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Abstract

The evaluation of open jet wind tunnel interferences in real facilities is challenging as the
aerodynamic properties of the testing object in unlimited flow conditions are typically not
sufficiently known. That is why many approaches on wind tunnel corrections are based
on potential flow models. The present work provides new methods for the evaluation of
nozzle, open jet, collector and moving ground interferences with CFD using OpenFOAM®.
Therefore, the full scale DrivAer reference model with estateback, notchback and fastback
and an Audi RS5 DTM race car were selected to be representative automotive bodies. The
aerodynamic simulations on these models were performed in both open road and wind
tunnel conditions. The investigations on nozzle interferences focused on nozzle parameters
such as the blockage ratio in the range of 2.4 % to 19.7 %, the longitudinal distance between
the nozzle exit and model center from 3 m to 9 m as well as on the nozzle and the plenum
method of dynamic pressure determination. Parameters for the collector interferences
were the collector cross-sectional area in the range of 1 to 5 nozzle areas, the collector flap
angle from 0 ◦ to 30 ◦ and the test section length of up to 4.0 hydraulic nozzle diameters.
The studies on moving ground interferences returned the moving belt dimensions required
for the aerodynamic development of the selected race car. Based on the results for the
interference effects under investigation, potential design recommendations for a modern
automotive open jet test section were derived. Furthermore, an extended, potential flow
model was developed in order to account for the effect of the open jet expansion. A better
agreement of the new correction method with the CFD results was achieved compared to
the classical solid blockage correction.
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1 Introduction

Wind tunnel interferences in general have been known effects for more than a hundred
years as Prandtl (1919) was one of the first to perform investigations on airfoils. Several
studies followed in order to achieve a better knowledge about the requirement to apply
corrections to testing data obtained in wind tunnels. On the one hand, these studies
include different kinds of wind tunnel boundaries such as closed wall, open jet or mixed
types. On the other hand, different properties of the testing object (model), e.g. stream-
lined and bluff bodies, were subject of extensive evaluations of interferences between the
model and the wind tunnel boundaries. The present work focuses on the particular ap-
plication of near-ground vehicles in open jet wind tunnels with moving ground simulation
for the development of automotive aerodynamics1.

1.1 Motivation

Experimental testing in wind tunnels is often the essential approach to develop automo-
tive aerodynamics even though Computational Fluid Dynamics (CFD) have been showing
a remarkable improvement in accuracy and turn-around time for the last decades. Wind
tunnel measurements remain the method of choice if a large number of model configu-
rations are desired to be tested within a short time. However, as old as wind tunnel
testing itself surely is the consideration of wind tunnel interferences in order to obtain
representative results. Lock (1929) was the first to introduce a correction formula to
account for the effect of the solid blockage2 on the effective tunnel velocity the model is
exposed to. Lock’s correction method accounts for the interferences between the model
and the wind tunnel for both two- and three-dimensional applications in closed wall and
open jet wind tunnels. Lock (1929) considers different tunnel geometries such as circular
and rectangular wind tunnel nozzles as well as different shapes of symmetrical3 models.
The principle idea of Lock to extract a correction formula for a sphere and to use a model
shape factor for different model geometries is adopted and extended by Glauert (1933) and
Young and Squire (1945). Glauert (1933) introduces two additional phenomena. Firstly,
the effect of virtual mass created by the displacement of volume due to the wake of the
model and, secondly, the effect from a gradient of static pressure along the wind tunnel
test section. Glauert considers the virtual mass of the wake as an additional model vol-
ume in order to calculate the model shape factor using Lock’s approach. Furthermore, he

1Sometimes also called the 3/4 open jet wind tunnel, e.g. see Deutenbach (1995).
2Solid blockage denotes the blockage of the test section due to the solid boundaries of the model and

does not include the blockage effects of the re-circulation zone and wake downstream the model.
3The model is not mandatory symmetric in stream-wise but in lateral directions. Thus, the symmetric

model treated by Lock (1929) denotes a zero lift configuration.
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1 Introduction

introduced a correction formula in order to account for the horizontal buoyancy1 induced
by a longitudinal pressure gradient.

Apart from the potential flow based approaches from e.g. Lock (1929), Glauert (1933) and
Young and Squire (1945) an empirical method is presented by Maskell (1961) focusing on
a correction method for bluff bodies2. Maskell’s method is based on momentum balance
considerations presenting a blockage correction for closed wall wind tunnels. Therefore,
he includes the retrospective effect of the blockage-induced wake distortion on the rear
end base pressure of bluff bodies.

Mercker (1986) presents a blockage correction for automotive bodies in closed wall test
sections. Therefore, the approaches above are combined in order to apply corrections for
the solid blockage and wake blockage to measurements of passenger cars. A correction
method for the automotive, open jet test section is presented by Mercker and Wiede-
mann (1996). Therefore, the open jet expansion correction from Lock (1929) and the
horizontal buoyancy correction from Glauert (1933) for pressure gradients are adopted by
suggesting appropriate model shape factors for automotive bodies. Furthermore, Mercker
and Wiedemann (1996) derive dynamic pressure corrections to account for interference
effects involving the nozzle and the collector in open jet test sections. These include a
nozzle blockage, collector blockage and a jet deflection correction (partially) based on
potential flow considerations. A separate correction of the nozzle blockage for the nozzle
and the plenum method of dynamic pressure adjustment are introduced by Mercker et
al. (1997). Later, an alternative approach for the horizontal buoyancy correction due
to static pressure gradients is presented by Mercker and Cooper (2006). The so-called
"Two Measurement Correction" applies a horizontal buoyancy correction based on drag
measurements in two wind tunnel configurations with different static pressure gradients.

An alternative approach for automotive, open jet wind tunnels is presented by Wickern
(2001). Compared to the work of Mercker et al., the correction methods by Wickern are
entirely based on potential flow models. Therefore, Wickern (2001) adopts the model of
Lock (1929) in order to calculate the model shape factor for automotive bodies. Fur-
thermore, Wickern and Schwartekopp (2004) introduce a potential flow model in order to
account for the induced velocity and horizontal buoyancy effects due to the nozzle inter-
ference. Later, Wickern (2014) introduces the "Self-Correcting Open Jet Wind Tunnel"
based on the compensation of the open jet and the nozzle interference by selecting an
appropriate longitudinal model position along the test section.

It is worth to mention that many other techniques apart from theoretical models were
applied in order to achieve a better understanding for wind tunnel interferences. For
example, on-road testing is a wide-spread method to compare aerodynamic data obtained
in wind tunnels, see e.g. Zaccariotto (1991), Le Good and Passmore (1994), Howell et al.
(2002) and Lawson et al. (2007). Furthermore, wind tunnel correlation tests are performed

1In closed wall wind tunnels the horizontal buoyancy correction includes both the virtual mass and
empty tunnel gradients.

2From aerodynamic aspects the flow around a bluff body is characterized by regions of detached and
re-circulating flow (downstream the model). In contrast, the term "wake" denotes flow regions with a
significant loss of momentum present for both streamlined and bluff bodies.
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1 Introduction

to compare the results for selected vehicles in different facilities, see e.g. Guertler (2000)
and Hennig and Mercker (2011). As an example, Figure 1.1 illustrates the results from the
latest EADE correlation test for the uncorrected drag coefficients ∆CD of seven production
cars including moving ground simulation. The curves still show some significant differences
in the range of |∆CD| ≤ 0.015 even though a large amount of research work was already
performed on wind tunnel interferences. Thus, the requirement of sufficient wind tunnel
corrections and design rules for new facilities is still present in order to bring aerodynamic
results closer together.1

1.2 Objectives

Testing a model in a wind tunnel is, by definition, merely a simulation of the aerodynamic
conditions of a "real" application. Fundamentally, this is caused due to the transformation
of the reference system of a moving model in, ideally, still air towards a resting model
surrounded by a moving air flow and moving floor for ground vehicles. Thus, the exact
evaluation of wind tunnel interferences requires either the comparison of the wind tunnel
results with the real application in order to apply corrections or to ensure the elimination
of potential interferences by the design of the facility. However, firstly the measurement
of aerodynamic forces is often difficult in the real application, at least with the desired
accuracy of typically ∆CD ≈ ±0.002. Secondly, entirely eliminating interference effects
in a facility substantially requires the limitation of the blockage conditions and, hence,

1 2 3 4 5 6 7−0.015

−0.010

−0.005

0.000

0.005

0.010

Wind Tunnel Facility

∆CD

Vehicle 1 Vehicle 2 Vehicle 3 Vehicle 4
Vehicle 5 Vehicle 6 Vehicle 7 Vehicle 8

Figure 1.1: EADE Correlation Test 2011: Uncorrected drag coefficients ∆CD for seven
wind tunnel facilities compared to the average drag coefficient from all facil-
ities. The curves represent seven selected vehicles in baseline configuration
(with underhood flow) and moving ground simulation. The corresponding
data is presented by Hennig and Mercker (2011).

1It is worth to mention, that existing correction methods already bring the results from Figure 1.1
closer together, see e.g. Hennig (2017) for more information.
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1 Introduction

certain minimum dimensions of the test section and its components. But what size,
e.g. of a nozzle, is large enough to minimize interferences? In terms of a cost-effective
development, is it reasonable to build a facility of that size or preferably apply corrections?
Of course, the answers to these questions depend on the desired accuracy. Furthermore,
the experimental evaluation of wind tunnel effects at realistic Reynolds-numbers is often
restricted due to constructional limitations of a particular facility.

Compared to an experimental approach on a selected model, CFD offers the opportunity
to vary the wind tunnel geometry and, hence, the blockage conditions within a larger
range. Additionally, the simulations of a model at negligible blockage conditions is re-
alizable in CFD by adjusting the size of the domain. Thus, the opportunity using CFD
to compare both the flow field around the model and the resulting effects on the integral
forces in wind tunnel and open road is expected to be a promising method to evaluate
wind tunnel interferences. Furthermore, existing studies e.g. presented by Fischer et al.
(2007), Fischer et al. (2010) and Hennig (2017) verify CFD to be a promising tool in order
simulate wind tunnel aerodynamics of existing facilities.

Figure 1.1 shows that the results predicted in different wind tunnels significantly depend
on the particular model geometry. That is why it is expected to be rather difficult to
formulate a general rule valid for the whole range of automotive bodies. Nevertheless,
it seems reasonable to classify automotive bodies with respect to some general shape
properties, e.g. the rear end shape. For the present work, the DrivAer reference model was
selected to serve as a rather detailed but generic vehicle geometry offering different rear end
shapes. The DrivAer model is an open-source reference geometry for both research and
industrial purposes. The geometry is available for download online at Technical University
of Munich (2018). Heft et al. (2012) introduce the model as "a new realistic, generic car
model for aerodynamic investigations". Since then, the model was adopted from different
research institutions and industry. Both experimental and numerical investigations were
applied to the model. After the upgrade of the large wind tunnel (WTA) of the Technical
University of Munich (TUM) with moving ground simulation, presented by Mack et al.
(2012), several aerodynamic tests were performed using a 40% scale DrivAer model. Thus,
experimental data is available in order to validate CFD.

The main objective of the present work is to achieve a better understanding of the essential
interference effects in automotive, open jet wind tunnels using the DrivAer model in order
to design a new facility. The past has shown, that real facilities offer a large number of
potential sources, which may interfere with the model. That is why, the author focused on
the interferences due to the wind tunnel nozzle and open jet, the collector and the moving
ground simulation, which were estimated to be of the highest relevance. Essentially, the
answers to the following questions were desired:

1. Which design rules are to be followed in order to either eliminate or confine inter-
ference effects?

2. In terms of a practical design, what are reasonable dimensions for a new facility?

3. In terms of a practical design, which wind tunnel corrections are necessary?

4



1 Introduction

1.3 Approach and Structure

The general approach of the present work is illustrated in Figure 1.2. It contains the
presentation of the state of the art (Chapter 2), three basic steps (Chapter 3-5) to achieve
a better understanding for open jet wind tunnel interferences followed by a summary and
suggestions for potential future work (Chapter 6).

Chapter 2 The state of the art towards the knowledge of interference effects in open
jet wind tunnels is presented. It is well known, that wind tunnel interferences in general
have been under investigation for more than a hundred years. Therefore, a description of
the most essential aerodynamic interference effects in automotive, open jet wind tunnels
and existing correction methods are presented.

Chapter 3 CFD was the tool to evaluate wind tunnel interferences. The numerical meth-
ods and the principle of the separation of interference effects are explained. Experimental
data was produced in order to validate the numerical results for both the simulation of
the flow around a vehicle and its interferences with a wind tunnel.

Chapter 4 The numerical model is applied to separate the effects of the nozzle and open
jet, the collector and moving ground simulation on the model tested in an open jet test
section. The studies were restricted to the DrivAer geometry and a limited amount of
wind tunnel parameters.

Chapter 5 Existing wind tunnel corrections were extended towards a new correction
method to account for additional effects connected to the open jet expansion. The cor-
rection models are compared to the CFD results. Finally, design criteria for potential
facilities were derived.

Chapter 6 The most essential results of the present work are summarized and assessed
with regard to the transfer-ability towards the design and correction of "real" facilities.
Consequences and suggestions for potential future work are drawn in order to extend the
range of parameters for wind tunnel studies.

State of
the Art

Chapter 2

Methods &
Validation

Chapter 3

Wind
Tunnel
Studies
Chapter 4

Correction
& Design
Criteria
Chapter 5

Summary
& Future
Work

Chapter 6

Figure 1.2: General approach of the present work.
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2 Wind Tunnel Interferences and Corrections

Since the beginning of the 20th century the relevance of wind tunnel interferences has been
observed in different technical applications of both aerodynamics and hydrodynamics.
This includes investigations on conventional open jet and closed wall wind tunnels (classic
closed wall and adaptive walls) as well as hybrid forms containing both solid and open
test section boundaries. The present work focuses on interference effects in open jet wind
tunnels for automotive aerodynamics. An overview of previous approaches is given in the
current section. Therefore, the interferences under investigation are presented in Figure
2.1. An early general correction formula for the open jet interference is presented by Lock
(1929) whereas Glauert (1933) was one of the first to work on an approach for the effects
of empty test section gradients1. Both nozzle and collector interferences are introduced
to be relevant for open jet test sections by Mercker and Wiedemann (1996). For these
interferences the state of the art, namely the description and correction methods for the
corresponding effect, is given. Of course, empty test section flow gradients are often
associated with e.g. the nozzle or the collector, but treated separately here. It is worth to
mention, that the current chapter does not cover the entire range of known wind tunnel
interferences. Furthermore, the majority of correction methods is based on the assumption
of an invariant flow under constraint wind tunnel conditions as discussed e.g. by Mercker
and Cooper (2006)2.

Nozzle Interferences
(section 2.2)

Open Jet Interferences
(section 2.1) Collector

Interferences
(section 2.3)

Empty Test Section Flow Gradients
(section 2.4)

Figure 2.1: Schematic illustration of the interference effects under investigation.

1The work of Glauert (1933) focused on gradient effects in closed wall tunnels, but, later, the method
was adopted by other researchers for open jet tunnels, too.

2The flow is invariant under constraint if typical flow phenomena, e.g. attached and detached regions,
do not significantly change due to the presence of wind tunnel boundaries.
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2 Wind Tunnel Interferences and Corrections

2.1 Open Jet Interferences

2.1.1 General Blockage Phenomena

The interference between a testing object with the jet boundary in a wind tunnel facility
is caused by the practical limitation of the nozzle dimensions and hence the jet diameter.
This interaction is mainly driven by the volume displacement due to the blockage of
flow by both streamlined and bluff bodies. Consequently, the interference decays with
increasing wind tunnel and/or decreasing model dimensions.

Jet Expansion by Solid Blockage

As evaluated by Lock (1929), wind tunnel interferences occur due to the flow field interac-
tion between wind tunnel and the solid boundary of the model to test. In his investigations
Lock (1929) focuses on symmetrical, streamlined bodies with attached flow and without
lift induced flow deflection. For a considerable high blockage ratio the general effects of
solid blockage on streamline paths and the velocity field1 in both a closed wall and an
open jet test section are given by Figure 2.2.

Closed Wall Test Section

∆u
u∞

y

Open Jet Test Section

∆u
u∞

y

Jet Boundary Conditions Jet Boundary Conditions

uy = 0 ∂p

∂y
= 0 u = u∞ p = p∞

Figure 2.2: Effects of solid blockage of a cylindrical body in the closed wall ( ) and the
open jet ( ) wind tunnel following the approach of Lock (1929); stream-
lines for the real flow (without interference) ( ) and in wind tunnel con-
ditions ( ); corresponding velocity profiles ∆u/u∞ ( ) and ( ).

1∆u/u∞ denotes the induced velocity from the dipole singularity and, in wind tunnel conditions,
from the jet interference. Thus, the condition for the undisturbed flow is ∆u/u∞ = 0.
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2 Wind Tunnel Interferences and Corrections

Figure 2.2 illustrates the general interference effects in both closed wall and open jet test
sections for the attached1, two dimensional flow around a symmetrical, cylindrical body.
In closed wall test sections the furthest streamlines are defined by the geometry of the wind
tunnel walls. For straight, friction-less test section walls the outer streamlines coincide
with these walls. Thus, the corresponding boundary conditions at the jet boundary are
defined by2:

Closed wall test section: uy = 0, ∂p

∂y
= 0 −→ uWT = ux ≥ uReal (2.1)

The conservation of mass leads to an increase of the local flow velocity uWT within the test
section compared to the "real" flow velocity uReal without any wind tunnel disturbance.
In contrary, the location of the open jet boundary is not fixed by wind tunnel walls, but
can be obtained from the constant static pressure condition p = p∞:

Open jet test section: p = p∞, u = u∞ −→ uWT ≤ uReal (2.2)

The constant pressure boundary conditions p = p∞ leads to the condition of constant
velocity at the jet boundary u = u∞ or ∆u/u∞ = 0. However, as illustrated in Figure 2.2,
for a considerable blockage the local flow velocity at the equivalent location but in "real"3
flow conditions is rather higher. The result is a decrease in effective flow velocity uWT ≤
uReal in open jet wind tunnel test sections compared to "real" flow conditions. Since based
on a potential flow model, the velocity profile of an open jet is not sufficiently represented
at the jet boundary. As shown by Miller and Comings (1957), friction effects at the jet
boundary cause both an inner and an outer limit of the free shear layer. Consequently,
Miller and Comings (1957) demonstrate flow gradients within the the open jet for both
static pressure and velocity. These conditions are not covered by the potential flow model
e.g. of Lock (1929).

Jet Expansion by Wake Blockage

As discussed above, the effect of solid blockage is caused by the displacement of volume
due to the solid boundaries of a body. In case of automotive aerodynamics a typical
model can be characterized as a bluff body. Flow separations at the rear end of the model
typically produce regions of re-circulating flow and increase the loss of the momentum in
the wake region4. A comparison of streamlines with the attached flow around a sphere is
given in Figure 2.3. On the one hand the wake volume enhances the jet expansion and
induces a further decrease of effective flow velocity; on the other hand a flow gradient
between front and rear is created.

1Attached flow around a sphere denotes idealized, potential flow conditions and is not representative
for the real flow conditions.

2The boundary conditions are formulated for a closed wall test section with constant cross section
following y = const.

3"Real" flow denotes unlimited flow conditions of the real application (without wind tunnel interfer-
ence).

4The term wake denotes regions with a loss of momentum downstream the model present for both
sreamlined and bluff bodies.
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2 Wind Tunnel Interferences and Corrections

Open Jet

Wake

Open Jet + Wake Blockage

Figure 2.3: Effects of wake blockage of a cylindrical body in the open wind tunnel test
section; streamlines for the real flow ( ) and in wind tunnel conditions
( ).

2.1.2 Open Jet Blockage Corrections

Open Jet Correction by Lock

Lock (1929) was the first to derive a general correction formula to account for the open
jet interference of symmetrical, streamlined bodies. His work is a continuation of former,
partially two-dimensional investigations in closed test sections e.g. by Fage (1929), Fage et
al. (1929) and Ower and Hutton (1929). The model is based on the equations of potential
flow for which the three-dimensional, vectorial velocity field u = (ux, uy, uz) is defined as
the gradient of the scalar velocity potential Φ:

u =

 ux
uy
uz

 = ∇Φ (2.3)

For an irrotational ∇ × u = 0 and incompressible flow ∇ · u = 0 the velocity potential
satisfies Laplace’s equation:

∆Φ = ∂2Φ
∂x2 + ∂2Φ

∂y2 + ∂2Φ
∂z2 = 0 (2.4)

The principle of superposition is permitted as (2.4) is a linear, differential equation. Thus,
for a number n of velocity potentials Φi with i = 1 . . . n the "total" induced velocity u
results from the summation of ui:

∆Φ =
n∑
i=1

∆Φi −→ Φ =
n∑
i=1

Φi −→ u =
n∑
i=1

ui (2.5)

The summation of the induced velocity for a number of singularities is an essential method
for the classical solid blockage correction as it is based on the method of mirror images
of singularities. The mirror images are applied to both open jet and closed wall test

9



2 Wind Tunnel Interferences and Corrections

sections as illustrated in Figure 2.4 for an arbitrary singularity in a rectangular wind
tunnel. The induced velocity in wind tunnel conditions is calculated on the tunnel axis
in the center of the model x = 0. In the following, the application for both different
model and wind tunnel configurations is explained. The fundamental equations for the
corresponding singularities are given in Table A.4 in appendix A.5 on page 164.

Sphere in a Square Tunnel (Lock (1929))

In general, the flow around a sphere is obtained from the combination of parallel flow and
a dipole. The axial ux and the radial ur velocity components are:

ux(x, y, z) = M

4π

1− 3 x2

x2 + y2 + z2

(x2 + y2 + z2)3/2 + u∞ (2.6)

ur(x, y, z) = −3M
4π

x (y2 + z2)1/2

(x2 + y2 + z2)5/2
(2.7)

The dipole moment M is set to achieve the stagnation point condition for a sphere with
the radius RM:

ux(x = RM, y = 0, z = 0) = 0 −→ M = 2π u∞RM
3 (2.8)

Eq. (2.6) and (2.7) describe the flow around a sphere without wind tunnel disturbance.
As shown in Figure 2.4 the flow field in wind tunnel conditions is represented by the
application of mirror images. Thus, the induced velocity in the wind tunnel is calculated
from the summation of mirror images. In the classical solid blockage correction the

++ + + +

++ + + +

++ + + +

++ + + +

++ + + +

Closed Wall Wind Tunnel

H

W

-+ + - +

+- - + -

-+ + - +

+- - + -

-+ + - +

Open Jet Wind Tunnel

W

Figure 2.4: Series of images for both the closed wall (left) and the open jet (right) test
section. The dashed lines ( ) indicate the mirroring planes for a wind
tunnel ( ) of the width W and the height H.
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2 Wind Tunnel Interferences and Corrections

velocity interference is calculated at x = y = z = 0. The dipole moment M in (2.6) and
(2.7) is substituted with eq. (2.8).

∆ux
u∞

= RM
3

2

∞∑
m=−∞

∞∑
n=−∞︸ ︷︷ ︸

without m=n=0

(−1)m+n

(ym2 + zn2)3/2 (2.9)

∆ur
u∞

= 0 (2.10)

For a square, open jet with WN = HN the coordinates ym and zn are calculated using the
column index m and the row index n:

ym = mWN = mHN, zn = nHN (2.11)

The relation between model radius RM and model frontal area AM as well as the tunnel
cross section AN is:

AM = π RM
2, AN = WNHN = HN

2 (2.12)

Eq. (2.9) is substituted with eq. (2.11) and (2.12):

∆u
u∞

= ∆ux
u∞

= 1
2

(
RM

HN

)3 ∞∑
m=−∞

∞∑
n=−∞︸ ︷︷ ︸

without m=n=0

(−1)m+n

(m2 + n2)3/2 (2.13)

∆u
u∞

= ∆ux
u∞

= 1
2π3/2

(
AM

AN

)3/2 ∞∑
m=−∞

∞∑
n=−∞︸ ︷︷ ︸

without m=n=0

(−1)m+n

(m2 + n2)3/2 (2.14)

Rankine Ovoid in a Square Tunnel (Lock (1929))

To represent the flow field around a symmetric, streamlined body with the infinite flow
u∞ Lock (1929) used a combination of equal source and sink (doublet). Therefore, Figure
2.5 illustrates the flow field around a Rankine ovoid of length 2l and thickness 2t as well
as the induced velocity ∆ux and ∆ur within the symmetry plane x = 0. Again, the flow
field is rotational and symmetric with respect to the x-axis. Therefore, the radial distance
r =
√
y2 + z2 is used. Figure 2.5 shows that the induced velocity from source and sink

sums up with equal magnitude for the axial velocity component ∆ux. However, the radial
component ∆ur for source and sink is also equal in magnitude but of opposite in sign.
Thus, ∆ur sums up to zero for x = 0.

11
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Source Sink

r

x

2c
2l

t

Source Sink

r

∆ux

SourceSi
nk

r

∆ur

Figure 2.5: Flow field around a Rankine ovoid following the approach of Lock (1929);
left: Streamline image; Right: Induced velocity ∆ux and ∆uy along y at
x = 0)

In terms of potential flow equations the same approach as for the dipole is applied:

ux(x, y, z) = Q

4π

 x+ c(
(x+ c)2 + y2 + z2

)3/2 − x− c(
(x− c)2 + y2 + z2

)3/2
+ u∞ (2.15)

ur(x, y, z) = Q

4π

 (y2 + z2)1/2(
(x+ c)2 + y2 + z2

)3/2 − (y2 + z2)1/2(
(x− c)2 + y2 + z2

)3/2
 (2.16)

For x = 0 eq. (2.15) and (2.16) turn into:

x = 0 : ux(y, z) = Q

2π
c

(c2 + y2 + z2)3/2
+ u∞ (2.17)

x = 0 : ur(y, z) = 0 (2.18)

As for the dipole the radial velocity ur at x = 0 for the doublet is zero. The velocity ux in
eq. (2.17) refers to the source strength Q and the source and sink positions c. To draw a
connection to the thickness 2t and hence to the frontal area AM the corresponding stream
function Ψ is applied at x = 0 and r = t and set to zero:

x = 0, r = t : Ψ(y, z) = 0 = − Q2π
c

(c2 + t2)1/2
+ 1

2u∞t
2 (2.19)

Q = πu∞
t3

c

((
c

t

)2
+ 1

)1/2

(2.20)

The substitution of Q in eq. (2.17) with eq. (2.20) brings:

x = 0 : ux(y, z)
u∞

= 1
2t

3
((

c

t

)2
+ 1

)1/2 1
(c2 + y2 + z2)3/2

+ 1 (2.21)

12



2 Wind Tunnel Interferences and Corrections

As for the sphere, the induced velocity at the model center results from the mirror im-
ages:

∆u
u∞

= ∆ux
u∞

= 1
2t

3
((

c

t

)2
+ 1

)1/2 ∞∑
m=−∞

∞∑
n=−∞︸ ︷︷ ︸

without m=n=0

(−1)m+n

(c2 + ym2 + zn2)3/2
(2.22)

The coordinates ym and zn are identical to equation (2.11). The induced velocity is then:

∆u
u∞

= ∆ux
u∞

= 1
2

(
t

HN

)3 ((c
t

)2
+ 1

)1/2 ∞∑
m=−∞

∞∑
n=−∞︸ ︷︷ ︸

without m=n=0

(−1)m+n((
c

HN

)2
+m2 + n2

)3/2 (2.23)

∆u
u∞

= ∆ux
u∞

= 1
2π3/2

(
AM

AN

)3/2 ((c
t

)2
+ 1

)1/2 ∞∑
m=−∞

∞∑
n=−∞︸ ︷︷ ︸

without m=n=0

(−1)m+n((
c

HN

)2
+m2 + n2

)3/2 (2.24)

Eq. (2.23) and (2.24) still refer to the source and sink position c rather than the model
length 2l. Lock (1929) calculated l from the stagnation point condition using eq. (2.15)
and (2.20) at y = z = 0 and x = l:

ux
u∞

= 0 = 1
4
t3

c

((
c

t

)2
+ 1

)1/2 [ 1
(l + c)2 −

1
(l − c)2

]
+ 1 (2.25)

Lock (1929) re-arranged eq. (2.25) towards the bi-quadratic form:
( l

c

)2

− 1
2

= lt2

c3

(
1 +

(
t

c

)2)1/2

(2.26)

The solution of eq. (2.26) returns the half-model length l for a given c and t.

Rectangular Tunnels (Wuest (1961))

Investigations for rectangular, open jet wind tunnels were conducted later, eq. by Wuest
(1961). Therefore, the approach of Lock (1929) was adopted and extended for wind
tunnels with WN 6= HN. The entire method is identical and the result for the induced
velocity for the sphere (dipole) is:

∆u
u∞

= 1
2π3/2

(
AM

AN

)3/2 ∞∑
m=−∞

∞∑
n=−∞︸ ︷︷ ︸

without m=n=0

(−1)m+n(
m2WN

HN
+ n2HN

WN

)3/2 (2.27)
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and for the Rankine ovoid (doublet):

∆u
u∞

= 1
2π3/2

(
AM

AN

)3/2 ((c
t

)2
+ 1

)1/2 ∞∑
m=−∞

∞∑
n=−∞︸ ︷︷ ︸

without m=n=0

(−1)m+n(
c2

AM

(
AM

AN

)
+m2WN

HN
+ n2HN

WN

)3/2

(2.28)

The Correction Formula (Lock (1929))

As explained above, Lock (1929) performs calculations for different model shapes and
tunnel shapes in order to propose a general correction formula for the jet expansion. For
a given model geometry Lock (1929) derives the velocity correction to be proportional to
the blockage ratio:

∆u
u∞
∼
(
AM

AN

)3/2
(2.29)

Furthermore, Lock (1929) separates the effects on the induced velocity for those applied
by the model and the wind tunnel. Therefore, he uses the model shape factor λ and the
tunnel shape factor τ :

uc
u∞
− 1 = ∆u

u∞
= τλ

(
AM

AN

)3/2
(2.30)

The model shape factor λ refers to the model volume and is independent of the wind
tunnel geometry. The reference is the sphere for which λ = 1. The tunnel shape factor τ
takes into account the mirror images and is assumed to be independent from the model
geometry. However, the results for a square tunnel are:

Dipole τ = 1
2π3/2

∞∑
m=−∞

∞∑
n=−∞︸ ︷︷ ︸

without m=n=0

(−1)m+n

(m2 + n2)3/2 (2.31)

Doublet τ = 1
2π3/2

∞∑
m=−∞

∞∑
n=−∞︸ ︷︷ ︸

without m=n=0

(−1)m+n(
c2

AM

(
AM

AN

)
+m2 + n2

)3/2 (2.32)

Eq. (2.31) and (2.32) show that the summations for τ for both the dipole and the
doublet are not identical. Lock (1929) assumes the effect of the model length and hence
c negligible as the model dimensions are expected to be much smaller than the tunnel
dimensions (c2/AN ≈ 0).

Equation (2.30) contains the following approximations for the open jet test section:

• The model of interference is symmetrical and no wake interference is existent.

• The jet boundary confirms the boundary conditions p = p∞ and u = u∞ as stated
in equation (2.2).

14



2 Wind Tunnel Interferences and Corrections

• By its displacement, the model induces a velocity in the wind tunnel test section.
The interference is calculated at the model center.

• Within the symmetry plane x = 0 the flow is parallel to the undisturbed flow and
hence u = ux and ur = 0.

• The tunnel dimensions are rather large compared to the model dimensions c2/AN ≈
0.

• The jet boundary remains at its location. The model does not affect the open jet
cross section.

• The tunnel shape factor τ accounts for a specific tunnel geometry whereas ∆u ∼ τ .

• The model shape factor λ accounts for the shape of the body by using the reference
of the sphere λ = 1 whereas ∆u ∼ λ.

The basic idea is to use a general equation to correct the velocity interference ∆u. It is
derived for a sphere in a circular tunnel and hence for a rotationally symmetric flow field.
To consider different shapes of both the wind tunnel and the model geometry Lock (1929)
performs calculations for τ and λ.

The only geometric length scale referred by equation (2.30) is the frontal area of the model
AM. Since it is based on a sphere with λ = 1, the additional volume of solid blockage for
longer bodies but of equivalent frontal area is considered by λ. Lock (1929) determines λ
for different two-dimensional shapes such as the ellipse, the Rankine oval as well as the
simple and the generalized Joukowski shape. Furthermore he picks the Rankine ovoid
and the spheroid for investigations in three dimensions as shown by Figure 2.6. The
calculation of λ does not take into account any wind tunnel geometry but only returns
the ratio of velocity interference for different model shapes. The extra volume for longer
bodies of l/t > 1 generally also produces a model shape factor λ > 1.

spheroid

rankine ovoid

l/t

2

4

6

8
λ

sphere
λ = 1

l

t

1 2 3 4 5 6 7 8 9 10 11

Figure 2.6: Model shape factor λ for a Rankine ovoid and a spheroid with the fineness
ratio l/t as given by Lock (1929).
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2 Wind Tunnel Interferences and Corrections

For the calculation of τ for a rectangular tunnel the following equation is given e.g. by
Wuest (1961):

Closed Jet τ = 1
2π3/2

∞∑
m=−∞

∞∑
n=−∞

 1m+n

m2WN

HN
+ n2HN

WN


3/2

(2.33)

Open Jet τ = 1
2π3/2

∞∑
m=−∞

∞∑
n=−∞

 (−1)m+n

m2WN

HN
+ n2HN

WN


3/2

(2.34)

An empirical approximation for τ of rectangular, open jet wind tunnels is given e.g. by
Wickern (2001):

τ = −0.03
(
W

H
+ H

W

)3
(2.35)

An overview of tunnel shape factors for both open jet and closed wall tunnels is presented
in Table 2.1.

Open Jet Correction by Mercker et al.

As stated above, most of the first wind tunnel corrections were applied in aerospace aero-
dynamics and for closed wall test sections. Later on, open jet wind tunnel interferences
for ground vehicles were focused, too. Main aspects are the usage of an open jet test
section and the bluff body characteristics of typical passenger cars. E. Mercker was one of
the first to develop practical wind tunnel corrections for automotive wind tunnels. In the
first paper Mercker (1986) introduces a correction procedure for closed wall wind tunnels
including a solid blockage and a wake blockage correction. Therefore, the approach of
Lock (1929) is adopted in order to calculate the corrected wind tunnel velocity using eq.
(2.30). Later, also the open jet wind tunnel is considered by Mercker and Wiedemann
(1996). Automotive, open jet wind tunnels have the solid wind tunnel boundary on the
floor as part of the model. To apply the approach of Lock (1929) a duplex mirror im-
age of the testing object is created as shown in Figure 2.7. For a rectangular nozzle the

Table 2.1: Tunnel shape factors τ for rectangular tunnels by Lock (1929) and Wuest
(1961).

WN

HN

1.00 1.20 1.40 1.60 1.80 2.00
1.00 0.83 0.71 0.63 0.56 0.50

Closed Wall 0.8061 0.8193 0.8521 0.8988 0.9562 1.0227
Open Jet -0.2376 -0.2528 -0.2893 -0.3389 -0.3969 -0.4611

16



2 Wind Tunnel Interferences and Corrections

A
N
,D

=
2A

N A
N

A
M

A
M
,D

=
2A

M

Figure 2.7: Duplex mirror image for an automotive, open jet wind tunnel as shown by
Mercker and Wiedemann (1996).

dimensions change as following (duplex dimensions with index "D"):

AN,D

AN
= HN,D

HN
= AM,D

AM
= 2, WN,D

WN
= 1 (2.36)

Mercker and Wiedemann (1996) apply a velocity correction for the effect of the jet ex-
pansion by following eq. (2.30) using the blockage factor εS:

εS = ∆u
u∞

= τλ
(
AM

AN

)3/2
= τ

(
VM

AM LM

)(
AM

AN

)3/2
= τ

(
VM
LM

)
AM

A
3/2
N

(2.37)

The model shape factor, introduced by Lock (1929), is replaced by an area ratio of using
an effective, average model area AM,eff = VM/LM. Compared to Lock (1929), a value λ =
1 is not present for a sphere but for a cuboid. In a later approach Mercker (2013) adapts
λ by additionally including the wake volume VW and the wake length LW:

λ =
(

VT
AM LT

)1/2
=
(

VM + VW
AM (LM + LW)

)1/2

(2.38)

The understanding of "wake" here is the re-circulation region of detached flow downstream
the rear end of the car. The calculation of the wake volume VW includes the separation
area of the wake AW:

VW = 1
2 k (AW)3/2 with: k = 2.6 (2.39)

The formula for the wake length LW is taken from Garry et al. (1994):

LW = k
√
AW (2.40)
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Open Jet Correction by Wickern et al.

As a second example of automotive, open jet wind tunnel corrections Wickern (2001)
also adopts the classical solid blockage correction using eq. (2.30) on page 14. For the
correction of open jet interferences Wickern (2001) focuses on the calculation of the model
shape factor λ for typical automotive shapes. The work of Young and Squire (1945) is
referred who perform investigations on the calculation of λ:

λ =
√
π

2
VM

AM
3/2 (2.41)

The displacement of the open jet by the wake volume is not considered as the approach of
Young and Squire (1945) is limited to the solid blockage. To apply a correction for bluff
bodies, Wickern (2001) uses the approach of Glauert (1933):

λ = G

√
π

2
VM

AM
3/2 with: G = VM,real + VM,virtual

VM,real
(2.42)

The Glauert-factor G relates the portion of total volume and solid volume whereas Wick-
ern (2001) uses the approximation of G presented by Garner et al. (1966):

G = 1 + 0.4 t
l

= 1 + 0.4
√
AM√

π (LM + LW) with: t =
√
AM

π
(2.43)

Thus, the Glauert-factor G is calculated from the equivalent model diameter t and the
total length of the model LM and the re-circulation area LW. The calculation of LW is
equivalent to eq. (2.39) and (2.40) but using a k = 2. The final calculation for λ presented
by Wickern (2001) is:

λ = G

√
π

2
VM + VW

AM
3/2 (2.44)

2.2 Nozzle Interferences

2.2.1 Dynamic Pressure Determination

One of the most essential quantities for any wind tunnel measurement is the effective
flow velocity u∞ and, respectively, the dynamic pressure pdyn,∞ of the undisturbed flow.
However, in typical facilities of automotive, open jet wind tunnels the velocity field inside
the test section is overall affected by the testing object. Thus, a reference point to directly
determine the undisturbed flow velocity is not at all available. This, in fact, becomes
relevant as soon as the testing object is added to the test section. To overcome this issue
the most common approach today is to perform a wind tunnel calibration for the empty
test section. Therefore, the "natural" flow gradients of the wind tunnel itself are used to
predict the dynamic pressure for a testing configuration. The wind tunnel nozzle turned
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2 Wind Tunnel Interferences and Corrections

out to be an excellent source for that since it creates a remarkable change in both dynamic
and static pressure along the converging region of the nozzle.

For long, two common methods are typically used in modern wind tunnels in order to
adjust the speed of the open jet — the plenum method (PM) and the nozzle method
(NM). Both methods are explained in Figure 2.8. The basic idea is to calibrate the
pressure drop ∆p in the empty wind tunnel for a preferred range of testing speed. The
difference between the two methods is then the selection of the pressure taps. The plenum
method uses the differential, static pressure between the settling chamber (high pressure
side) and the plenum (low pressure side) whereas the nozzle method operates with a
second nozzle reference on the low pressure side, see also Figure 2.8. Both methods are
calibrated for the empty wind tunnel test section to achieve the dynamic pressure at a
representative reference point in the test section pdyn,ref = f(∆pPM) and/or pdyn,ref =
f(∆pNM) respectively. For configurations including a testing object the dynamic pressure
of the undisturbed flow p∞ = pdyn,ref is then obtained from the wind tunnel calibration
by measuring the tunnel gradients ∆pPM and/or ∆pNM for the particular method. Based
on the working principle, both the plenum and the nozzle method are somewhat affected
by flow gradients applied by the testing object. A simplified visualization of these effects
is given by Figure 2.9. The plenum method (Figure 2.9 left) uses the pressure drop
between settling chamber and plenum as the testing object is added. Following the theory
explained in section 2.1 the constant pressure condition at the jet boundary enforces also
a constant velocity at the same location. Assuming a sufficient large plenum, the pressure
at the jet boundary then equals the plenum pressure pp. This leads to the condition that

Plenum

Reference Point

∆pPM

Nozzle Nozzle Reference Point

Plenum

∆pNM

Plenum Method Nozzle Method

pdyn,ref

pdyn

pdyn,ref

pdyn

Figure 2.8: Approach for the calibration of an open jet wind tunnel for the plenum
method (left) or the nozzle method (right), e.g. Nijhof and Wickern (2003).
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Figure 2.9: Schematic illustration of the velocity obtained by the plenum method uPM
(left) and the nozzle method uNM (right). Assuming a velocity profile in
the wind tunnel that is equivalent to open road conditions, the velocity of
the undisturbed flow is given by u∞. The plenum method determines the
velocity at the jet boundary, wheres the nozzle method produces the integral
average velocity for the nozzle exit.

a constant pressure drop for the plenum method ∆pPM returns a constant velocity at the
jet boundary. Due to the presence of the testing object the upstream velocity is typically
decreased compared to the undisturbed flow velocity u∞. For significant blockage ratios
AM/AN the plenum method predicts a velocity uPM lower than the undisturbed flow
velocity u∞. For the nozzle method (Figure 2.9 right) the pressure drop in the nozzle
indicates the test section dynamic pressure. It is hence based on the continuity effect that
provides a constant mass flow through the nozzle if the pressure drop ∆pNM is constant.
Again the upstream flow of the model decelerated by the model blockage. For the same
flow conditions as explained for the plenum method the nozzle method predicts the average
velocity at the nozzle exit. It can be obtained from the integral of the velocity profile
within the nozzle exit area. Thus, the velocity determined using the nozzle method uNM
is lower than both uPM and u∞.

For the measurement of the aerodynamic force coefficients Ci the following dependency is
well known:

Ci = Fi

AM pdyn
(2.45)

Fi indicates the force acting in the corresponding direction and AM the model frontal
area. The dynamic pressure pdyn now includes either the plenum or the nozzle method.
Both methods predict a dynamic pressure that is lower than the "correct" value of the
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undisturbed flow. An increase of the aerodynamic force coefficients, compared to the
corrected force coefficients Ci,c, is hence expected:

Ci,NM ≥ Ci,PM ≥ Ci,c (2.46)

Obviously, essential factors for this effect are the blockage ratio AM/AN and the distance
between nozzle and testing object.

2.2.2 Nozzle Interference Corrections

Nozzle Corrections by Mercker et al.

Mercker and Wiedemann (1996) developed an approach to account for the effects on the
dynamic pressure created by the interference between testing object and nozzle. This
paper considers interference effects for a wind tunnel operating with the nozzle method.
Later, Mercker et al. (1997) extends this study as the plenum method is included as well.
The method is based on a potential flow model whereas the testing object is represented
as a half-infinite body using a source singularity in parallel flow, see Figure 2.10. The
basic idea is to calculate the velocity interference at the nozzle exit for both the nozzle
and the plenum method. Assuming a parallel flow at the nozzle exit the lateral velocity
components ur are eliminated. Thus, only the stream-wise velocity component ux is
relevant and can be expressed as:

ux(x, r) = u∞ + Q

4π
x

(x2 + r2)3/2
(2.47)

x

r jet boundary

xM,f

xs

R
N

nozzle

source

ux (x = xs, r)

Figure 2.10: Principle of modeling nozzle blockage using a point source.
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To express this equation in terms of the frontal area AM of the model the source strength
is substituted:

Q = AMu∞ (2.48)
ux(x, r)
u∞

= 1 + AM

4π
x

(x2 + r2)3/2
(2.49)

According to Figure 2.9 the velocity interference for the plenum method is obtained at
the jet boundary at the nozzle exit. For a circular tunnel with the radius Rn the location
of interference is then at x = −xs. Eq. (2.49) results in:

plenum method: 1
εq,PM

= uPM
u∞

= 1− AM

4π
xs

(x2
s +R2

n)3/2
(2.50)

The correction factor εq,PM for the plenum method is introduced. To calculate the inter-
ference velocity uNM for the nozzle method eq. (2.49) is integrated over the nozzle exit
area, which is considered to be a circular jet:

uNM
u∞

= 1
AN

AN∫
0

ux(x, r)
u∞

dA = 1
AN

2π∫
0

RN∫
0

ux(x, r)
u∞

r dr dφ (2.51)

Thus, the interference velocity for the nozzle method results from the integration of eq.
(2.49). The correction factor εq,NM for the nozzle method is:

nozzle method: 1− εq,NM = uNM
u∞

= 1− AM

2AN

(
1− xs

(x2
s +R2

n)1/2

)
(2.52)

To consider the effect of the flow constraint due to the proximity of the nozzle a ring
vortex with the circulation Γ is placed along the nozzle exit plane, see Figure 2.11. The

x

y

z
Γ

xM,c

a) Streamline Constraint by Nozzle b) Ring Vortex at Nozzle Exit
Real Flow
Wind Tunnel Flow

r

Figure 2.11: Streamline constraint by the nozzle (left) and modeling with a ring vortex
(right) as given by Mercker et al. (1997).
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result is a further expanding flow near the model and an increased stream-wise velocity
ux along the test section:

ux = Γ
2

R2
N(

R2
N + x2

M,c

)3/2 (2.53)

In the first papers Γ is assumed to be proportional to the perturbation velocity of the
nozzle method εq,NM, see Mercker et al. (1997):

Γ = 2RN u∞ εq,NM (2.54)

The effective blockage factor for the nozzle method can then be obtained from the sub-
stitution of Γ in eq. (2.53).

1− εNM = εq,NM
R3

N(
R2

N + x2
M,c

)3/2 (2.55)

The effective blockage factor εq,PM for the plenum method is approximated by Mercker
et al. (1997) by:

εPM = εq,PM − εq,NM + εNM (2.56)

In a later paper Mercker and Cooper (2006) apply different circulations for both methods
of dynamic pressure determination:

ΓNM = 2RN u∞ εq,NM, ΓPM= 2RN u∞ εq,PM (2.57)

The complete formula for the blockage factors εPM and εNM are now used as the recip-
rocate. The blockage factors to calculate the corrected velocity uc are given by Mercker
and Cooper (2006):

εq,PM = uc
uPM

− 1 =

AM,D

4π
xs

(x2
s +R2

n)3/2

1− AM,D

4π
xs

(x2
s +R2

n)3/2

 R3
N(

R2
N + x2

M,f

)3/2
 (2.58)

εq,NM = uc
uNM

− 1 =

AM,D

2AN,D

(
1− xs

(x2
s +R2

n)1/2

)

1− AM,D

2AN,D

(
1− xs

(x2
s +R2

n)1/2

)
 R3

N(
R2

N + x2
M,f

)3/2
 (2.59)

The application for automotive, open jet wind tunnels is realized using the duplex method
(AM,D = 2AM, AN,D = 2AN) explained in section 2.1. The tunnel radius of the duplex,
rectangular nozzle is then:

RN,D =
(2AN

π

)1/2
(2.60)
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Eq. (2.58) and (2.59) contain the position of the point source xs as the reference for the
distance between model and nozzle. The distance xM,f of the front end of the half-infinite
body is represented by the location of the stagnation point ux = 0 in eq. (2.49):

xM,f = xs −
(
AM

4π

)1/2
(2.61)

Furthermore, the position of the source xs is selected to represent the front end of a car.
In their first papers Mercker et al. (1997) decided for a fixed source location defined by
the dimensions of the vehicle (LM: length of the model; xM,c: distance between nozzle
and center of the model):

xs = xM,c −
LM

2 +
(
AM

2π

)1/2
(2.62)

Later, Mercker and Cooper (2006) and Mercker (2013) use an iterative approach to cal-
culate xs, if both the dynamic pressure from plenum method pdyn,PM and from the nozzle
method pdyn,NM are known from a wind tunnel measurement. The position of the point
source is moved until the corrected dynamic pressure pdyn,c is equal for both methods:

pdyn,c ≡ pdyn,PM (1 + εPM)2 = pdyn,NM (1 + εNM)2 (2.63)

Another effect considered by (Mercker & Wiedemann, 1996) is the jet deflection, which is
created by an increased flow angle at the jet boundary. Figure 2.12 depicts the increase
of the jet deflection effect for decreasing distance to the nozzle using the example of a flat
plate. In the approach of Mercker and Wiedemann (1996) the effect of jet deflection is

uNM u∗

nozzle nozzle

Nozzle at infinity Nozzle close to plate

pl
at
e

β1

β2 > β1

pl
at
e

A
N

A
∗

Figure 2.12: Jet deflection effect as given by Mercker and Wiedemann (1996). The
interaction between the nozzle and the model enforces a flow acceleration
in the nozzle as well as an increased flow angle at the jet boundary for a
significantly small distance between nozzle and model.

24



2 Wind Tunnel Interferences and Corrections

considered by a substitution of the nozzle area AN in the jet expansion correction, see eq.
(2.37):

εS = τ
(
VM
LM

)
AM

A∗
3/2 with: A∗ ≤ AN (2.64)

Since the jet deflection is assumed to be a velocity correction of the same sign as the jet
expansion A∗ is effectively smaller than the nozzle area AN. The magnitude of A∗ is cal-
culated from the continuity of flow using the nozzle method, see Mercker and Wiedemann
(1996):

AN uNM = A∗ u∗ −→ A∗ = AN
u∗

uNM
= AN

1 + εq,NM
(2.65)

Nozzle Corrections by Wickern et al.

In his first paper Wickern (2001) introduces a correction method for the effect of the
dynamic pressure determination due to the presence of the model. In principal, the
method is identical to Mercker’s correction above as it is based on the induced velocity
of a potential flow singularity on the nozzle cross section. However, Wickern (2001) gives
results for both a dipole and a doublet and also takes into account the mirror images.
Furthermore, the correction is applied to a rectangular open jet and not to a circular
such as the correction of Mercker, e.g. in Mercker and Cooper (2006). The flow at the
nozzle exit is assumed to be parallel and hence the induced velocity is limited to the axial
component. For the dipole in a rectangular tunnel Wickern (2001) formulates the induced
velocity as:

∆u
u∞

= ∆ux(x, y, z)
u∞

= 1
2π3/2

(
HN

WN

)3/2 (AM

AN

)3/2
·

∞∑
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(−1)m+n

(
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−m

)2
+
(
z
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WN

)2
− 2

(
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WN

)2

((
x

WN

)2
+
(
y

WN
−m

)2
+
(
z

WN
− nHN

WN

)2)5/2 (2.66)

From eq. (2.66) Wickern (2001) recognized the same dependency of ∆u from the blockage
ratio as the classical solid blockage correction presented in eq. (2.30) and introduced a
new tunnel shape factor τ2 for the nozzle blockage:

∆u
u∞

= τ2(x)λ
(
AM

AN

)3/2
(2.67)
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2 Wind Tunnel Interferences and Corrections

The tunnel factor τ2(x) is not constant as the nozzle blockage effect depends on the
distance between model and nozzle. For the nozzle method Wickern (2001) applies the
condition of constant mass flow at the nozzle exit and integrates eq. (2.66):

τ2,NM(xc) = 1
2π3/2

(
HN

WN

)3/2
·

∫
AN
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dA
AN

(2.68)

The effect of the singularity on the dynamic pressure for a wind tunnel operating with
the plenum method is assumed to be negligible. Thus, the tunnel shape factor is zero:

τ2,PM(xc) = 0 (2.69)

The same approach for the doublet is given in appendix A.1.1 on page 141. Wickern
(2001) computes results for τ + τ2,NM in order to compare the effect of the model on the
dynamic pressure for the nozzle method. Figure 2.13 depicts the curves given by Wickern
(2001) as a function of the distance between nozzle exit and model center xc for the dipole
and different doublets in a square tunnel. Figure 2.13 depicts that the summation of τ
and τ2,NM is possible as both the nozzle blockage and the solid blockage are considered
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Figure 2.13: Tunnel shape factors τ + τ2,NM given by Wickern (2001) for a square, open
jet (WN/HN = 1) for a dipole and doublets with different spacing between
source and sink.
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2 Wind Tunnel Interferences and Corrections

with a velocity correction. The correction formula is based on the classical solid blockage
correction.

The dynamic pressure correction for the nozzle method by Wickern (2001) is a similar
approach to Mercker et al. However, the difference is that Wickern (2001) uses a doublet
for automotive corrections in a rectangular tunnel. Furthermore, a dynamic pressure
correction is applied only for the nozzle method.

In a later paper Wickern and Schwartekopp (2004) upgrade the nozzle correction by an
additional effect. For a better understanding the principle effect is given in Figure 2.14 for
a streamlined body in rather extreme blockage conditions. As explained above, the nozzle
method returns the average velocity within the nozzle exit. Far upstream in the nozzle the
velocity is assumed to be uniform and equivalent to the velocity of the nozzle method uNM.
The flow is accelerated at the nozzle exit up to a higher magnitude. The jet boundary
velocity is equivalent to the plenum method uPM. Due to the contracting flow behind the
model the jet cross section is reduced whereas the jet boundary velocity remains constant
as uPM. Far downstream the flow behind the streamlined body is expected to be uniform
again. The pressure equates the room pressure p∞. Wickern and Schwartekopp (2004)
balance the increase of momentum with a force Fx acting on the model. This force is
the same for a wind tunnel operating with both the plenum and the nozzle method as it
results from a model induced pressure gradient. Thus, Wickern and Schwartekopp (2004)
call it the nozzle gradient effect. The correction formula is hence not a dynamic pressure
but a gradient correction to account for the drag increase due to the interference between
model and nozzle:

∆CD = Fx
ρ

2u∞
2AM

(2.70)

uNM

uPM

uPM

Control Volume

pNM pPM
Streamlined Body Ajet,∞AN

Figure 2.14: Simplified velocity conditions in the wind tunnel due to the nozzle blockage
by a streamlined model Wickern and Schwartekopp (2004).
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The force Fx is calculated from the momentum balance within the control volume. This
approach is given in appendix A.1.1. The result is given by Wickern and Schwartekopp
(2004):

∆CD =
[
uPM
uNM

− 1
]2 AN

AM
(2.71)

It is obvious that the drag correction requires the input of the velocity from both methods.
Wickern and Schwartekopp (2004) combine the momentum balance with the potential flow
model from eq. (2.67):

uPM
uNM

= ∆u
u∞

+ 1 = τ2,NM λ
(
AM

AN

)3/2
+ 1 (2.72)

The substitution of uPM/uNM in eq (2.71) with eq. (2.72) brings:

∆CD = τ2,NM
2 λ2

(
AM

AN

)2
= τNG λ

2
(
AM

AN

)2
with: τNG = τ2,NM

2 (2.73)

The final set of equations for the method of Wickern et al. is:

Nozzle Blockage: ∆u
u∞

= τ2,NM λ
(
AM

AN

)3/2
(2.74)

Nozzle Gradient: ∆CD = τNG λ
2
(
AM

AN

)2
(2.75)

In his latest paper Wickern (2014) formulates an approach towards the self-correcting
open jet wind tunnel. The basic idea is to balance the drag increasing effect of nozzle
blockage and nozzle gradient with the drag decreasing effect due to the jet expansion. As
the result, Wickern (2014) recommends particular longitudinal positions for the model for
which the corrections of open jet and nozzle cancel out each other.
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2 Wind Tunnel Interferences and Corrections

2.3 Collector Interferences

2.3.1 Collector Blockage

The collector serves as an essential component in any open jet wind tunnel test section.
The design of the collector is strongly connected to the dimensions of the wind tunnel
nozzle as it operates as a flow stabilizer for the open jet. Flow fluctuations increase along
the propagation of an open jet due to the instabilities within the free shear layers. For
example, Wickern (2014) recommends not to exceed a test section length LTS of three
hydraulic jet diameters LTS ≤ 3 dN. Otherwise, problems with tunnel resonances and/or
energy losses may occur as also discussed byWiedemann et al. (1993), Arnette et al. (1999)
and Lacey (2002). Due to the restriction of the test section length collector interferences
are of significant importance in many wind tunnel facilities. For bluff body aerodynamics
with detached flow wake distortion due to the collector can be present especially for rather
short test sections. At this point it is worth to mention that the collector often affects
the static pressure distribution along the test section. This effect is discussed in section
2.4. A second effect of importance is the collector blockage caused by the momentum loss
in the near and far wake region of the model. A better understanding of this effect is

Model Near Wake Far Wake

Model Near Wake Far Wake

Model Near Wake Far Wake

Collector

CollectorLarge Collector

Small Collector

Without Collector z-Profile z

z

z

u

u

u

Real Flow
Open Jet

Small Collector

Large Collector

z-Profile

z-Profile

Open Jet

Open Jet

Figure 2.15: Collector blockage and its effect on the jet boundary (left) and on the veloc-
ity distribution u(z) in the wake of the model (right); schematic illustration
for a small and a large collector inlet area.
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2 Wind Tunnel Interferences and Corrections

presented by Figure 2.15 by comparing the velocity interference for a small and a large
collector inlet area AC.

Assuming attached flow downstream the collector inlet Figure 2.15 depicts the expansion
or constriction of the open jet by the collector compared to a half-infinite test section.
The conservation of mass enforces an acceleration of flow for the small collector and a
deceleration for the large collector even for a streamlined model, for which no wake is
present. For bluff bodies an additional acceleration of flow is expected due to blockage
of the near and/or the far wake at the collector inlet. These interferences can affect both
lift and drag measurements whereas a general tendency of increase or decrease of forces,
such as for the nozzle, is not possible. An extensive study to evaluate the effect of test
section length LTS and collector area AC is provided by von Schulz-Hausmann and Vagt
(1988), see Figure 2.16. von Schulz-Hausmann and Vagt (1988) give results for automotive
bodies evaluated in a model scale tunnel using the 1:4 scaled Porsche 944 as well as the
1:4 and 1:5 scaled MIRA Van. The curves in Figure 2.16 are representative for the 1:4
scale models. As stated in Figure 2.15, the effect of the collector on the measured drag
coefficient CD is strongly connected to the collector area (here normalized to the nozzle
area AC/AN). For the short test section configuration LTS/dN = 2 a steep drag gradient
is visible within the range 1.0 ≤ AC/AN ≤ 1.7. Based on Bernoulli’s equation von Schulz-
Hausmann and Vagt (1988) derive a theory to predict the influence of the collector. For
the shortest test section this model matches well for AC/AN ≈ 1.2. However, the curves
diverge with increasing collector area. Accordingly, with increasing test section length
the collector interference decreases and turns out to be almost negligible for LTS/dN =
2.96.
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AC
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LTS/dN = 2.32
LTS/dN = 2.00
Theory

Figure 2.16: Approach by von Schulz-Hausmann and Vagt (1988) to evaluate the collec-
tor interference on an automotive body. The parameters under investiga-
tion are the test section length LTS and the collector inlet area AC adjusted
by the flap angle αC (left). The results are plotted for the normalized drag
coefficient CD/CD,ref (right).
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2.3.2 Collector Interference Corrections

The principle blockage phenomena for the collector interference are similar to those for
the nozzle interference. However, in typical facilities the influence of the collector on the
static pressure gradient in the empty test section is significantly higher than those of the
nozzle. Furthermore, the effects of empty test section flow gradients is discussed in section
2.4. For now, the collector interferences are treated to be blockage effects only present if
the model is placed inside the test section.

Mercker and Wiedemann (1996) introduce a correction method to account for the collector
blockage. They adopt the approach of Mercker (1986) for closed jet test sections, which
is based on the work of Maskell (1961) and Glauert (1933):

εW = AM

AC

(
CD

4 + 0.41
)

(2.76)

εC = εWRC
3(

(LTS − xc)2 +R2
C

)3/2 −→ ∆u
u∞

= εC (2.77)

The wake blockage factor εW is used to account for the velocity increase at the collector
inlet due to the momentum loss in the wake of bluff bodies. As for the nozzle interference
in eq. (2.55) on page 23, Mercker and Wiedemann (1996) use the ring vortex method
also to represent the flow constraint by the collector, see eq. (2.77). The induced velocity
∆u at the model center is calculated from εC. The ring vortex is placed at the equivalent
collector radius RC:

RC =
√

2AC

π
(2.78)

Later, the set of equations is adapted in order to distinguish between collector block-
age and wake distortion. An overview of the entire correction approach is presented by
Mercker (2013).

2.4 Empty Test Section Flow Gradients

All the effects discussed above for the open jet, the nozzle and the collector occur if the
model is installed inside the test section. Thus, these effects are not recognized in the flow
field of the empty wind tunnel test section. However, many facilities show flow gradients
even if no model is installed, e.g. as provided by Hennig and Mercker (2011). Empty
wind tunnel gradients can be the result of components to control and/or stabilize the test
section flow. The static pressure gradient is a widely used term in order to characterize
gradients in wind tunnel test sections.
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2 Wind Tunnel Interferences and Corrections

2.4.1 Static Pressure Gradient

Wind tunnel testing is a simulation of open road conditions. The transformation of a
moving car through stationary air/ground towards a resting car with moving air/ground
requires to ensure a flow field of constant velocity and static pressure along the test section.
Due to limitations of wind tunnel dimensions, e.g. test section length, the realization of
zero gradient test section is often challenging. Figure 2.17 depicts two typical examples
of reasons for the presence of a gradient in static pressure as also presented by Hennig
and Mercker (2011).

For a realistic moving ground simulation in a wind tunnel the near ground flow needs to
be uniform and hence without any boundary layer. Different methods were established to
remove the boundary layer profile at the nozzle exit. The most common techniques are the
boundary layer suction, scoop and tangential blowing. More information are presented
by Wickern et al. (2003). As shown in Figure 2.17, a gradient in static pressure can be
created by a boundary layer suction. Furthermore, the collector typically influences the
static pressure at the end of the test section. Obviously, these empty test section gradients
change with test section length and specific collector design. It is worth to mention, that
several further design criteria are of importance to achieve a wind tunnel flow free of
gradients. Those are e.g. the nozzle, the plenum dimensions and the design of the moving
ground simulation. However, in the scope of this work the main focus is on the collector
design.

Cp

Boundary layer
suction (BLS)

x
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2

3

1
2
3

Effect of boundary layer suction
Effect of collector (short test section)
Effect of collector (long test section)

Figure 2.17: Static pressure coefficient cp along the empty test section. Flow gradients
are added by the boundary layer suction and the collector (short and long
test section setup). Schematic illustration following the data presented by
Hennig and Mercker (2011) for the Audi Aeroacoustic Wind Tunnel.
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2.4.2 Static Pressure Gradient Corrections

For automotive applications Mercker and Wiedemann (1996) formulated a general hor-
izontal buoyancy correction to account for the effect of a static pressure gradient. The
correction is applied to the drag coefficient ∆CD,HB that is manipulated by a horizontal
gradient dcp/dx:

∆CD,HB = 1
AM

dcp
dx Veff (2.79)

AM again denotes the frontal area of the model and Veff represents the effective model
volume including the displacement of volume in the wake region. Mercker and Wiedemann
(1996) refer to the work of Glauert (1928), who focuses on simple bodies such as a sphere,
and recommended to calculate the effective model volume from the model volume as
Veff = 1.75VM. A similar approach is presented by Wickern (2001) whereas he uses the
Glauert factor G from eq. (2.43) in order to calculate the effective model volume:

∆CD,HB = 1
AM

dcp
dx (VM + VW)G (2.80)

Later, Mercker et al. (2005) separate the effects of static pressure gradient into a portion
solid-body buoyancy force ∆CD,HB and wake distortion ∆CD,W to apply the correction to
the drag coefficient CD:

CD,c = CD + ∆CD,HB + ∆CD,W (2.81)

∆CD,HB = G
VM
AM

dcp
dx (2.82)

∆CD,W = cp,Wc − cp,Mb (2.83)

Mercker et al. (2005) defines the wake distortion, e.g. due to a positive pressure gradient
by the collector, as a projection of pressure increase at the position of wake closure on
the rearward model surface and hence as an increase in model base pressure. Therefore,
the difference of empty test section static pressure at the position of the model base cp,Mb
and the location of wake closure cp,Wc is applied to the drag correction.

For the method above, the location of wake closure must be known. To overcome this
issue, Mercker and Cooper (2006) introduce a method to apply the drag correction on
the base of two measurements with different static pressure gradients, e.g. by using two
different collector positions. Both static pressure gradients must be known to obtain the
corrected drag coefficient CD,c,i(x) for the pressure distributions i = 1 and i = 2:

CD,c,i(x) = (CD + ∆cp,i(x)) pdyn,c
pdyn

with: ∆cp,i(x) = cp,i(xfb)− cp,i(x) (2.84)

The drag correction equals the difference of static pressure coefficient ∆cp,i(x) in the
empty test section between the front bumper location xfb and a downstream location x.
Additionally, a dynamic pressure correction pdyn,c/pdyn is applied to account for the effects
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Figure 2.18: "Two-Measurement Correction" approach as presented by Mercker and
Cooper (2006) to account for the effect of an empty wind tunnel static
pressure gradient (left). The corrected drag coefficient for the pressure
distribution 1 and 2 is identical at the position xi (right).

of nozzle, open jet and collector interference. Starting from the front bumper location,
Mercker and Cooper (2006) move the location of x further downstream until the corrected
drag for both pressure distributions is identical. This position represents the sensitivity
length xi, see Figure 2.18.
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One of the essential steps on the way to a modern open jet wind tunnel concept for
automotive aerodynamics is to identify and quantify all relevant interference effects for
a particular wind tunnel design. The overall system of a closed circle wind tunnel was
experienced to be of high complexity. However, the base of every wind tunnel concept is
to define the general tunnel dimensions, e.g. the nozzle area AN, the test section length
LTS and the longitudinal position of the model xc.

The evaluation of particular interferences applied by the nozzle, the open jet expansion,
collector and empty tunnel flow gradients was realized using CFD simulations. The CFD
model was developed in order to return the flow around a vehicle for both open road and
wind tunnel conditions. The comparison of integral forces and local flow field phenomena
returned information about the corresponding interference effects. The full scale DrivAer
model was selected to be an appropriate representative for a typical mid-size production
car.

3.1 Numerical Methods

Initially, the numerical methods to simulate the flow around a vehicle in open road and
wind tunnel conditions were selected. In general, the flow conditions for both the open
jet and automotive aerodynamics are highly unsteady. One important aspect were the
instabilities within the free mixing shear layer at the boundary of the open jet. An
unsteady numerical method was desirable in order to cover these conditions. However,
time-resolved simulations such as the Direct Numerical Simulation (DNS) or the Large
Eddy Simulation (LES) require a huge amount of computational time and, hence are not
(yet) reasonable methods for the simulations of a vehicle inside an open jet wind tunnel
in several configurations. Thus, the Delayed Detached-Eddy Simulation (DDES) as a
hybrid RANS/LES-method was selected in order to examine open jet interferences. In
the following, the simulation method and the setup are explained more in detail.

3.1.1 Delayed Detached-Eddy Simulation (DDES)

The biggest challenge for the simulation of high Reynolds number flows is the effect
of turbulence, see e.g. Pope (2000). In the last decades, different CFD methods were
applied in order to overcome the requirement of fully resolved turbulence. Simulations
based on the Navier-Stokes-Equations were simplified to reduce computational costs. The
Reynolds-averaged Navier-Stokes equations (RANS) are based on an averaging of the
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Reynolds stress terms within the conservation of momentum. Consequently, the use of
turbulence models is necessary. The classical RANS returns a time-averaged solution for
an unsteady flow field as all turbulent structures are modeled. The principle of Large Eddy
Simulations (LES) is to solve turbulence length scales on grid scale (GS). Accordingly,
smaller length scales are modeled using a sub-grid scale (SGS) turbulence model.

Spalart et al. (1997) introduces the Detached-Eddy Simulations (DES) as a hybrid RANS/
LES-method. The DES combines the advantages of partially resolved turbulence of the
LES with the considerably lower computational effort of RANS. The principle of the DES
is to assign both RANS and LES regions of the flow field. Near wall regions, especially
within the boundary layer, are solved using RANS whereas LES is applied to the rest of
the flow field. The main advantage of DES is to apply wall functions to the boundary
layers and, hence a coarser grid spacing of y+ > 1 is applicable in near wall regions.
Spalart et al. (1997) suggests to use the Smagorinsky model for the SGS eddy viscosity
and the Spalart-Allmaras (SA) one-equation turbulence model by Spalart and Allmaras
(1992) within the RANS regions. The turbulent viscosity νt = ν̃fv1 is calculated from the
transport equation presented by Spalart and Allmaras (1992). Spalart et al. (1997) uses
the distance to the closest wall d as well as the grid spacing filter ∆ as a criteria in order
to adjust the turbulent length scale d̃:

d̃ = MIN (d, CDES ∆) (3.1)

Thus, the model works as the SA model for d � ∆ and as the SGS model for d � ∆.
CDES is a model constant whereas Shur et al. (1999) recommends to use CDES = 0.65. For
the SA model the switch between RANS and LES region is independent from the local
flow field, but only defined by the local grid spacing ∆. Spalart et al. (1997) presents two
methods to calculate ∆ for a particular volume cell:

maximum length: ∆ = MAX (∆x,∆y,∆z) (3.2)

equivalent cube: ∆ = 3
√

∆x∆y∆z (3.3)

The work of Spalart et al. (2006) and Spalart (2009) shows that grid-induced separation
may occur if the LES regions are (partially) located inside the boundary layers. Menter
and Kuntz (2004) also propose a shielding function to overcome this effect. The De-
layed Detached-Eddy Simulation (DDES), as a further development of the DES, applies
a shielding function to ensure that the boundary layers are covered by the RANS regions.
The shielding function fd is presented by Spalart et al. (2006) and takes into account
the molecular ν and the turbulent viscosity νt, the wall distance d as well as the velocity
gradients ui,j and the Kármán constant κ:

rd = νt + ν
√
ui,jui,jκ2d2 (3.4)

fd = 1− tanh
(
[8rd]3

)
(3.5)

d̃ = d− fdMAX (0, d− CDES ∆) (3.6)
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3.1.2 Numerical Setup

Islam et al. (2009) introduce the application of DES for automotive aerodynamics using
the open-source CFD toolbox OpenFOAM®. In principle, the CFD method applied in the
present work was based on the work of Islam et al. (2009) but includes further develop-
ment. Consequently, OpenFOAM® version 2.3.x distributed by ESI-OpenCFD was used
in order to run DDES simulations whereas the SA model was applied within the RANS
regions. Near the wall the Spalding wall function was used, see Shih et al. (2000).

Grid Generation

The numerical grids were generated with the snappyHexMesh utility provided by Open-
FOAM®, see ESI-OpenCFD (2017). Based on a structured, hexahedral grid snappy-
HexMesh generates a hexa-dominant volume mesh with the option of surface-parallel
layers in particular regions. The near-wall layers were spaced in order to achieve a non-
dimensional wall distance in the range of 30 ≤ y+ ≤ 300.

CFD Domains

Three general types of CFD domains were used to separate the interference effects for
wind tunnel nozzle, open jet, collector and moving ground simulation, see Figure 3.1.
The open road (OR) domain was set up as a rectangular shaped box. With a blockage
ratio of AM/AN ≈ 0.084 % for the full scale DrivAer model the domain was considered
to be quasi-infinite and, hence, free of interference effects. The half-infinite wind tunnel
(HIWT) included both a nozzle and an open jet of variable cross section AN whereas the
jet is not restricted at the outlet. Thus, the interference effects were limited to those
from the nozzle and the open jet as the plenum dimensions correlated to those of the OR
domain. As an upgrade of the half-infinite wind tunnel the finite wind tunnel (FWT)
additionally included a collector and a diffusor geometry. Both collector interference and
empty tunnel flow gradients were added depending on the particular dimensions. An
additional plenum outlet was used in order to define the reference pressure inside the
plenum. The plenum dimensions remained quasi-infinite.

Open Road
(OR)

Half-Infinite
Wind Tunnel

(HIWT)

Finite Wind Tunnel
(FWT)

Outlet
Plenum

InletInlet

Inlet Outlet

Outlet

Outlet

Figure 3.1: CFD domains to cover open road and wind tunnel conditions.
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Simulation Procedure and Specifications

The flow field for each simulation was initialized with the potential flow solution calculated
with potentialFoam, see Figure 3.2 a). For an open jet wind tunnel the potentialFoam
solution did not return a realistic flow field. However, this initialization was experienced
to be the most stable approach. Based, on the initial, in-compressible fields the DDES
were run using the PISO-algorithm (Pressure-Implicit with Splitting of Operators), see
ESI-OpenCFD (2017). The flow fields were averaged for a time range of 7 s, see Figure
3.2 b) - d) for different wind tunnel configurations. Regarding run time the simulations
were split into two phases – the starting and the final phase. The basic idea was to
reduce the computational time for the starting phase of the simulation until the flow
fields were fully developed. Therefore, a rather large time step of ∆t = 10−3 s was used.
After 6 s of physical time, the time step was reduced to ∆t = 10−4 s to increase the
accuracy of the simulation. The physical run time for all wind tunnel simulations was
15 s, whereas the flow fields and aerodynamics force coefficients were averaged between
8 s ≤ t ≤ 15 s. For the standard, DrivAer simulations this averaging range was selected in

ū/u∞

0.0 1.10.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Half-Infinite Wind Tunnel:
Final Flow Field (DrivAer)

Open Road:
Final Flow Field (DrivAer)

Half-Infinite Wind Tunnel:
Final Flow Field (Empty)

Half-Infinite Wind Tunnel:
Initial Flow Field (Empty)

c)

d)

b)

a)

Figure 3.2: Average flow field ū/u∞ for different domain configurations: a) Empty, half-
infinite wind tunnel after initialization with potentialFoam; b) Final field for
the half-infinite wind tunnel; c) Final field for the half-infinite wind tunnel
with DrivAer; d) Final field for the open road with DrivAer.
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order to achieve an average accuracy for each force coefficient of ±0.001. An example for
the temporal sequence of the drag and lift coefficient CD and CL is presented in Figure
3.3. Furthermore, an overview of the most relevant simulation settings is given in Table
3.1. The discretization of the numerical grid is presented in Table 3.2. It is worth to
mention, that the discretization scheme for the convection term of u was adjusted for
the starting phase in order to enhance stability. Therefore, a Linear Upwind Stabilized
Transport (LUST) was applied to allow high Courant-numbers in the starting phase.

Boundary Conditions

Depending on the CFD domain (open road, half-infinite wind tunnel, finite wind tunnel),
different boundary conditions were applied to the domain inlets and outlets, see Table
3.3. For all domain types the inlet boundary was defined as a velocity inlet and with a
constant value for the turbulent viscosity, calculated from the inlet velocity as well as from
turbulent length and turbulent intensity. Furthermore, a zeroGradient pressure condition
was used at the inlet.
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Figure 3.3: Time resolved sequence of the force coefficients CD and CL for the starting
and the final phase of the simulation. ∆CD(t) and ∆CL(t) denote the un-
steady, raw coefficients whereas ∆CD,Av and ∆CL,Av represent the backward
average coefficients from t = 15 s. ∆Ci refer to the overall average of the
corresponding coefficient Ci.
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Table 3.1: Simulation settings and specifications for the CFD wind tunnel studies using
the mock-up DrivAer Geometry.

Open Road Half-Infinite Finite
Wind Tunnel Wind Tunnel

OR HIWT FWT
Number of Volume Cells 7− 10 · 107 9− 16 · 107 10− 12 · 107

Computational Run Time 50− 100 h 80− 120 h 110− 120 h
Number of Cores 512
Density % 1.1584 kg/m3

Kinematic Viscosity ν 1.5711 · 10−5 m2/s

Reynolds-Number Re ≈ 1.1 · 107

Velocity u∞ 38.888888 m/s

Turbulence Length Lturb 0.01m
Turbulence Intensity TU 0.5%
Starting Phase 0 s ≤ t ≤ 6 s; ∆t = 10−3 s
Final Phase 6 s ≤ t ≤ 15 s; ∆t = 10−4 s
Time Averaging 8− 15 s

Table 3.2: Discretization of the numerical grid for DDES. The keywords conform to the
nomenclature of OpenFOAM® as presented by ESI-OpenCFD (2017).

Mathematical Term Keyword
∂/∂t backward
∇u, ∇ν̃ cellLimited Gauss linear
∇p Gauss linear
∇ · (Φu) Gauss CoBlended: LUST, linearUpwind (start)

Gauss CoBlended: filteredLinear2V, linearUpwind (final)
∇ · (Φν̃) linearUpwind
∇2() Gauss linear limited corrected

The outlet boundary conditions were identical for the open road and half-infinite wind
tunnel domain. For the half-infinite wind tunnel domain the pressureInletOutletVelocity
was the only stable approach for u to deal with the entrainment of the free shear layer.
Furthermore, it was essential to use also the totalPressure condition, which defined the
reference pressure p∞ = 0 at the outlet. For the finite wind tunnel domain, the definition
of the reference pressure was set at the plenum outlet in order to achieve p∞ = 0 in the
plenum chamber. Therefore, a zeroGradient condition was used at the outlet of the high
speed wind tunnel diffusor. To ensure real, closed circle wind tunnel conditions, the mass
flow through the collector and the diffusor was enforced using a fixedMean condition for
u at the outlet, which was calculated from the mass flow through the nozzle. With this
approach the final mass flow through the plenum outlet was controlled to be zero.

All other boundaries related to the wind tunnel and the model were either slip or friction
walls. For slip walls the slip keyword was used for all fields p, u, ν̃ and νSGS. For friction
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Table 3.3: Boundary conditions of p, u, ν̃ and νSGS for the different domains (OR: Open
Road, HIWT: Half-Infinite Wind Tunnel, FWT: Finite Wind Tunnel) ex-
pressed as OpenFOAM® keywords, see ESI-OpenCFD (2017).

Boundary Domain p u ν̃, νSGS

Inlet
OR

zeroGradient surfaceNormalFixedValue fixedValueHIWT
FWT

Outlet
OR totalPressure pressureInletOutletVelocity zeroGradientHIWT
FWT zeroGradient fixedMean

Outlet FWT totalPressure pressureInletOutletVelocity zeroGradientPlenum

walls such as parts of the nozzle and the collector as well as the model the conditions
zeroGradient for p, fixedValue for u = 0 and ν̃ = 0 and the nutUSpaldingWallFunction
for νSGS were applied. An additional condition was used for the wheels for u. The wheels
were treated as friction walls, but the rotatingWallVelocity condition simulated the wheel
rotation. It was well known that this approach requires a rotationally symmetrical rim
design, which was present for the DrivAer but not for the race car simulations. Waeschle
(2007) shows methods to increase the accuracy, e.g. by using sliding mesh simulations.
However, computational time was limited and sliding mesh hence not reasonable. The
moving belt in case of ground simulation was simulated with translatingWallVelocity.

3.2 Validation of the CFD Model

The numerical methods introduced in section 3.1 were validated using test cases and ex-
perimental data. The DrivAer reference model was selected to evaluate the basic wind
tunnel interferences for nozzle, open jet and collector in chapter 4. In preparation, the fol-
lowing section describes both the simulation of the DrivAer aerodynamics and of the wind
tunnel aerodynamics for the Audi Aeroacoustic Wind Tunnel (AAWK). The validation
included the comparison of flow field characteristics such as velocity and static pressure.
Furthermore, the interaction of the AAWK with an Audi A4 series production car was
validated with respect to the aerodynamic force coefficients measured with different wind
tunnel characteristics, e.g. longitudinal model position in the test section.

3.2.1 DrivAer Simulations

In the present work, two general configurations of the DrivAer model were considered to
validate the numerical methods – the mock-up and the open cooling model. Both the
results from experimental and numerical investigations, using the 40% scale model of the
TUM, are presented below.
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Mock-up DrivAer Model

Collin et al. (2016) present results of CFD simulations of the mock-up DrivAer with
generic, closed rims and smooth underfloor inset with different rear ends. The 40% scale
model was tested in the WTA and in the AAWK whereas the measurement equipment for
the force measurements were identical in both tunnels. Furthermore, the model setup was
comparable as the main body was attached to a top strut and each wheel was supported by
wheel struts, see Figure 3.4. A six-component, internal balance and four one-component,
wheel balances measured the aerodynamic forces. Following this approach, both drag and
lift forces acting on the main body were measured, whereas only drag was captured for
the wheels1. The rear ends for the main body were modular for estateback, notchback and
fastback. Figure 3.5 shows the experimental setup in the wind tunnels WTA and AAWK.
The main differences for the testing conditions in both facilities were the blockage ratio,
test section length and the moving ground simulation (e.g. moving belt width). The main
specifications for WTA and AAWK are presented in Table 3.4.

Moving Belt WTA

Side View

Top View
Moving Belt WTA

Moving Belt AAWK

Top Strut
Internal Balance
Main Body

Wheels

Wheel Struts

Wheel Balance

Modular Rear End

Figure 3.4: Methodology for the model support for the DrivAer model. The main
body with modular rear ends was attached to a top strut using an inter-
nal, six-component balance. The wheels were supported separately by one-
component balances via wheel struts.

1Due to the wheel support via wheel struts the wheels were decoupled from the main body.
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Figure 3.5: Experimental setup as presented by Collin et al. (2016) and Collin et al.
(2018) of the 40 % scale DrivAer model of the TUM in the WTA (left) and
in the AAWK (right).

Table 3.4: Specifications of the wind tunnel facilities WTA and AAWK as presented
by Collin et al. (2016), Wickern and Lindener (2000) and Mack et al.
(2012).

WTA at TUM AAWK at Audi
Nozzle Size WN x HN 1.80m x 2.40m 2.79m x 3.94m
Nozzle Cross Section AN 4.32 m2 11.00 m2

Contraction Ratio 7.0:1 5.5:1
Length of Test Section 4.80 m 9 m – 10 m
Collector Cross Section 7.54 m2 37.5 m2
Model Position xc = 2 m xc = 4 m
Belt Dimensions LB x WB 4.53m x 1.39m 5.50m x 1.00m
Max. Speed of Belt 50 m/s 65.3 m/s
Material of Belt Polyester-Based Polyester-Based
Boundary Layer Treatment Scoop (adjustable) Suction System (adjustable)
Max. Inflow Velocity 65.0 m/s 83.3 m/s

Turbulence Level < 0.4 % < 0.3 %
Displacement Thickness a 1.9mm < 1.0mm
Boundary Layer Thickness a 29mm 23mm
* Measured at the center of the turntable/model at y = 0 m.

The wind tunnel interference effects were expected to be negligible1 for the AAWK as
the solid blockage was in the range of AM/AN ≈ 3 %. Thus, for the simulations the open
road domain, presented in Figure 3.1 in section 3.1.2, was selected. Furthermore, Heft
(2014) shows that the proximity of the model support is known to affect the aerodynamics
of the DrivAer model significantly. Thus, both simulations with and without top strut
and wheel struts were run in order to evaluate the effect in CFD. An overview of the
experimental and numerical tests is presented in Table 3.5.

1The blockage ratio was considered to be negligible. However, interferences due to e.g. boundary
layer treatment and/or empty tunnel flow gradients could not be sufficiently excluded.
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Table 3.5: Conditions in experiments and CFD for the validation of the DrivAer simu-
lations as presented by Collin et al. (2016).

Experiment Experiment CFD CFD
TUM Audi with Struts w/o Struts

Model Scale 1:2.5 1:2.5 1:1 1:1
Reynolds Number 5.2 · 106 5.2 · 106 1.1 · 107 1.1 · 107

Dynamic Pressure NM NM Inlet Velocity Inlet Velocity
Domain WTA AAWK Open Road Open Road
Blockage Ratio 8.02% 3.15% < 0.084 % < 0.084 %
Moving Ground Single Belt Single Belt Infinite Belt Slip
Struts yes yes yes no

It is worth to mention, that the CFD simulations were run on a Reynolds number of
Re ≈ 1.1 ·107 as it was representative for a full scale production car case at u ≈ 38.9 m/s.
However, Collin et al. (2016) show that the effect of Re > 5.5 · 106 is expected to be
negligible.

The model support using top strut and wheel struts was expected to cause interference ef-
fects with the model. Thus, the CFD simulations were set up with and without the struts.
In the simulations without struts a slip ground condition was applied as it matched the
latter simulation setup, which was used to evaluate the open jet interferences in chapter 4.
The setup with struts was selected to cover the experiments as good as possible. There-
fore, a moving ground was applied to the simulations instead of the slip floor condition
without struts. For all simulations and experiments the DrivAer model was tested with
different rear ends: estateback (EB), fastback (FB) and notchback (NB).

In general, no wind tunnel corrections were applied for the comparison between experi-
ments and CFD. It is well known that, especially for the wind tunnel measurements in
the WTA, corrections might be required as the blockage ratio of approximately 10%, the
gradient in static pressure as well as nozzle and collector interference were not negligi-
ble. However, for the measurements in the AAWK the blockage ratio was rather low and
interference effects expected to be negligible.

The results for the experiments at TUM and Audi as well as for the CFD simulations with
and without struts are given in Table 3.6 and Table 3.7. Table 3.6 contains the absolute
coefficients for drag CD, front lift CL,f and rear lift CL,r. The drag coefficient at TUM
and WTA matches in the range of ±0.001 for all rear ends investigated. This result was
somewhat surprising as larger interference effects were expected for the WTA. However,
the model position was selected in order to balance the static pressure gradient between
the front and the rear end and the nozzle method was used, following the self-correcting
approach of Wickern (2014). Thus, a compensation of the overall interferences for drag
was possible. Larger differences of up to 0.020 - 0.030 occurred for the front lift coefficient.
However, reasons for the can be the differences in moving belt width as the belt in the
AAWK barely covered the model. Collin et al. (2017) experience a significant influence of
belt width especially on the CL,f. Furthermore, a high sensitivity of front lift with respect

44



3 Numerical Methods and Validation

Table 3.6: Aerodynamic force coefficients for drag CD, front lift CL,f and rear lift CL,r
from experimental and numerical data as presented by Collin et al. (2016).
DrivAer configuration: mock-up, smooth underfloor, generic wheels (closed),
with mirrors.

Experiment Experiment CFD CFD
TUM Audi with Struts w/o Struts

CD

Estateback 0.299 0.298 0.299 0.295
Fastback 0.252 0.251 0.251 0.244
Notchback 0.255 0.255 0.255 0.247

CL,f

Estateback −0.093 −0.069 −0.122 −0.107
Fastback −0.063 −0.039 −0.090 −0.085
Notchback −0.057 −0.033 −0.087 −0.078

CL,r

Estateback −0.061 −0.062 −0.093 −0.098
Fastback 0.055 0.063 0.039 0.044
Notchback 0.029 0.037 0.014 0.024

Table 3.7: Rear end deltas for drag ∆CD, front lift ∆CL,f and rear lift ∆CL,r from ex-
perimental and numerical data as presented by Collin et al. (2016). DrivAer
configuration: mock-up, smooth underfloor, generic wheels (closed), with mir-
rors.

Experiment Experiment CFD CFD
TUM Audi with Struts w/o Struts

∆CD

EB - FB 0.048 0.047 0.048 0.052
EB - NB 0.044 0.043 0.044 0.048
FB - NB −0.004 −0.004 −0.004 −0.003

∆CL,f

EB - FB −0.030 −0.030 −0.032 −0.022
EB - NB −0.036 −0.036 −0.035 −0.029
FB - NB −0.005 −0.005 −0.003 −0.007

∆CL,r

EB - FB −0.116 −0.125 −0.132 −0.142
EB - NB −0.090 −0.099 −0.107 −0.122
FB - NB 0.026 0.026 0.025 0.020

to the pitching angle was investigated during the measurements in the WTA. The match
for CL,r was in the range of lower than 0.010.

Comparing the CFD results with the measurements, a good agreement of ∆CD = ±0.001
was achieved by adding the struts to the model. Bigger differences occurred for both
∆CL,f ≈ ±0.030 and ∆CL,f ≈ ±0.030. However, CFD generally showed a better match if
the struts were included, especially for the rear end deltas, see Table 3.7.
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Open Cooling DrivAer Model

In addition to the DrivAer mock-up model, the existing 40% scale model of the TUM
was upgraded with the latest open cooling geometry presented by Wittmeier and Kuthada
(2015). A comparison of the geometry for mock-up and open cooling DrivAer is given
in Figure 3.6. In principle, the underfloor did not change significantly except for the
transmission tunnel. The open cooling version includes an adapted engine and gearbox
combination in order to create a cooling outlet at the rear end of the engine under-shield.
Additional outlets were located inside the front wheel houses. This model update included
a set of new parts such as upper and lower grille, radiator package, engine compartment,
engine, gearbox, exhaust pipes as well as a new underfloor inset. More information about
the upgrade is presented by Collin et al. (2018).

The radiator package was designed as a stack of two honeycombs, a perforated sheet and
the fan shroud, see Figure 3.7 left. Sealing frames were applied between these components
in order to prevent leakage flow. The perforated sheets were parametric with respect to
the position (W0, H0, a), the diameter d and the number of holes N , see Figure 3.7
right. The parameters were adjusted to achieve different openness ratios in the range of
5 % < Ao/Ac < 50 %:

Ao/Ac =
π

4d
2N

W H
(3.7)

The corresponding pressure drop curves of the package including honeycombs and per-
forated sheets were determined experimentally, see Figure 3.8. Additionally, the curve
of Wittmeier and Kuthada (2015) is given, which is located in the middle range of the
investigated sheets.

Mock-Up with Detailed Underfloor

Engine Under-Shield Underfloor Inset Exhaust Pipes Engine / Gearbox

Open Cooling Configuration

Figure 3.6: Geometry changes from the mock-up DrivAer with detailed underfloor inset
(left) towards the open cooling DrivAer model (right) as presented by Collin
et al. (2018).

46



3 Numerical Methods and Validation

Honeycomb 1
Honeycomb 2Perforated Sheet

Fan Shroud

Sealing
Frames

W0 a d H0
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W

Figure 3.7: Radiator package assembly for the 40 % scale model (left) and parameters for
the perforated sheet dimensions (right) as presented by Collin et al. (2018).
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Figure 3.8: Pressure drop curves for different perforated sheets in the radiator assembly
as presented by Collin et al. (2018). Ao/Ac denotes the openness ratio of
the sheets. The FKFS data is based on the work of Wittmeier and Kuthada
(2015).

After upgrading the DrivAer model with open cooling the first measurements were ob-
tained using the new geometry with closed cooling in order to compare the results with
existing data. Therefore, the model was set up in the WTA of the TUM using the same
approach as described above for the mock-up model, see e.g. Figure 3.5 left. The results
for both the absolute values for CD, CL,f and CL,r and the cooling deltas ∆CD,c, ∆CL,f,c
and ∆CL,r,c are presented in Table 3.8.
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Table 3.8: Aerodynamic force coefficients for drag CD, front lift CL,f and rear lift CL,r.
The TUM values are presented by Collin et al. (2018), the FKFS 2015 values
by Wittmeier and Kuthada (2015) and both the FKFS 2018 and Ford 2018
by Hupertz et al. (2018).

Wind Tunnel Facility TUM FKFS 2015 FKFS 2018 Ford
Dynamic Pressure NM PM PM NM
Model Scale 1:2.5 1:4 1:4 1:1

CD

Estateback 0.314 0.312
Fastback 0.279
Notchback 0.279 0.277 0.273 0.252

CL,f

Estateback −0.078 −0.070
Fastback −0.045
Notchback −0.040 −0.039 0.035 −0.026

CL,r

Estateback −0.001 0.011
Fastback 0.109
Notchback 0.087 0.098 0.117 0.114

∆CD,c
Notchback

0.008 0.007 0.012 0.011
∆CL,f,c 0.031 0.026 0.041 0.032
∆CL,r,c −0.032 −0.030 −0.019 −0.032

Table 3.9: Characteristics of perforated sheets. The coefficients C1 and C2 denote the co-
efficients from Figure 3.8. D and F denote the Darcy-Forchheimer coefficients
determined at 27 ◦C and p∞ = 990 hPa, % = 1.135 kg/m3, µ = 1.85 · 10−5 Pa s.

Ao/Ac d a W0 H0 C1 C2 D F
% mm mm mm mm kg/s kg/m 1/m2 1/m

50.3 4.0 5.0 7.5 7.5 2.90 1.65 6.03 · 106 1.12 · 102

39.2 2.5 3.5 8.3 7.8 5.32 2.90 1.10 · 107 1.96 · 102

28.3 1.5 2.5 6.3 6.3 9.04 7.80 1.88 · 107 5.29 · 102

19.7 1.0 2.0 5.5 6.0 9.12 23.48 2.67 · 107 1.54 · 103

12.3 1.0 2.5 7.5 7.5 19.34 64.34 5.26 · 107 4.23 · 103

4.8 1.0 4.0 7.5 8.0 51.75 278.06 1.07 · 108 1.89 · 104

Summarizing, a good agreement of the absolute coefficients measured in this work was
achieved compared to the FKFS 2015. Bigger differences occurred in comparison to the
FKFS 2018 and Ford 2018. However, explanations for this are differences in model scale
and, hence, Reynolds number as well as the wind tunnel facilities. Apart from this, a
better agreement for all selected models and wind tunnel was gained in terms of cooling
deltas. More details for these comparisons are presented by Collin et al. (2018) and
Hupertz et al. (2018).

For the CFD simulations of the open cooling DrivAer, in principle, the setup for the mock-
up DrivAer was adopted but the Reynolds-number was reduced to 4.9 million in order to
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meet the conditions from the experiments. The simulations were performed with moving
ground simulation including the moving belt dimensions of the WTA as well as the model
support of the 40% scale model. Two particular DrivAer configurations were selected –
the estateback and the notchback with open wheel houses and different perforated sheets.
Therefore, the Darcy-Forchheimer law was used, see ESI-OpenCFD (2017):

∆p
∆x = −

(
µuD + 1

2% u
2 F

)
(3.8)

An overview of the specifications for the perforated sheets is presented in Table 3.9.

The results for the cooling deltas of the estateback and the notchback in both experiments
and CFD are illustrated in Figure 3.9. A good agreement of ∆CD,c < 0.001 and ∆CL,i,c <

0.010 between CFD and experiments was achieved in all configurations investigated.
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Figure 3.9: CFD and experiment: Effects of underhood flow on aerodynamic force co-
efficients for drag ∆CD,c, front lift ∆CL,f,c and rear lift ∆CL,r,c as presented
by Collin et al. (2018). Ao/Ac denotes the openness ratio of the perforated
sheets.

3.2.2 Wind Tunnel Simulations

In the second step of the validation for the CFD methods the interference between model
and wind tunnel was tested. This approach started with the simulation of an empty, half-
infinite open jet test section in order to evaluate the sensitivities and challenges in the
prediction of the open jet propagation. After that the simulation of the Audi Aeroacoustic
Wind Tunnel with and without a production car will be presented.
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Half-Infinite Wind Tunnel Domain

As already introduced in section 3.1.2 the half-infinite wind tunnel domain was selected to
reduce the relevant wind tunnel interferences to those applied by the wind tunnel nozzle
and the open jet. The most important dimensions are shown in Figure 3.10.

The wind tunnel nozzle was simplified towards a rectangular channel and, hence, no
converging region was present to formulate a general condition, independent from a specific
nozzle geometry. However, the fixed condition in terms of the nozzle was the width-to-
height ratio, which constant with WN/HN = 1.4. The length of the nozzle was 13.7 m,
which was determined to be a sufficient distance to prevent any upstream interference of
the inlet with the model. The length of the test section was 60 m and, hence, considered
to be infinite.

For the simulations of the empty, half-infinite test section the grid resolution of the free
shear layer at the jet boundary turned out to be an essential factor as it had a strong
impact on the free jet propagation. This effect is presented in Figure 3.11 for the unsteady
velocity field u/u∞ and Figure 3.12 for the average velocity field ū/u∞ in the symmetry
plane of the tunnel y = 0 up to x = 10 m downstream of the nozzle exit.

In general, the grid size in the empty test section was constant at ≈ 46.8 mm. However,
the grid resolution was partially increased to properly resolve the velocity gradients in
the free shear layer in y- and z-direction. Figure 3.11 and 3.12 a) present the field for
the coarsest grid investigated. In the first 2-3m downstream the nozzle exit the shear
layer appeared to be rather stable as the grid was too coarse to resolve the turbulent
structure on grid scale. Further downstream the eddies were (partially) resolved. The
point of firstly resolving eddies in the shear layer led to an abrupt expansion of the shear
layer velocity profile, see Figure 3.12. Comparing the result for the high resolution mesh
with a grid spacing of 2.9mm, the first turbulent structures appeared further upstream

HN

10.0 m 3.7 m

Inlet/Outlet

Test Section

Slip Walls

Nozzle

Friction Walls

xc

60.0 m

Plenum

Model

Figure 3.10: Dimensions of the half-infinite wind tunnel in the plane y = 0. HN denotes
the nozzle height and xc the distance between nozzle exit to the wheel base
center of the model.
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Figure 3.11: Unsteady velocity field u/u∞ for different grid resolutions ∆x, ∆y, ∆z
within the free shear layer downstream a nozzle with 11 m2: a) 23.4mm;
b) 2.9mm.
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Figure 3.12: Average velocity field u/u∞ for different grid resolutions ∆x, ∆y, ∆z within
the free shear layer downstream a nozzle with 11 m2: a) 23.4mm; b)
2.9mm.

(≈ 0.2 m downstream the nozzle exit). The result was a more consistent expansion of the
free, turbulent shear layer, also in the average velocity field.

A grid size of 2.9mm turned out to be the highest, reasonable resolution for a full wind
tunnel simulation including a vehicle model, even though a grid-converged solution could
not be guaranteed. This condition was applied not only because of the number of cells
but also due to the fact that a higher resolution forced a further decrease of the time step
< 10−4 s. Furthermore, also for 2.9mm the shear layer was only partially resolved with
the highest resolution, see Figure 3.13. The basic idea was to use the highest resolution
only in the area of the largest velocity gradients close to the nozzle exit.
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Figure 3.13: Final grid refinement and length of the refinement regions.
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Figure 3.14: Average velocity ū/u∞ at y = 0 for different x-locations and grid refine-
ments.

As stated above, depending on the grid size within the free shear layer, the location y and
z respectively of the jet boundary was significantly affected. Figure 3.14 illustrates the
average velocity profiles at y = 0 at 0.5m, 1.0m, 2.0m and 3.0m downstream the nozzle
exit for four grid densities. Therefore, based on the highest resolution, the refinement
regions were removed step-wisely. In general, a lower grid resolution led to a lower shear
layer thickness further downstream, e.g. at x = 2.0 m and x = 3.0 m. The effect on
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the static pressure coefficient Cp(x) is shown in Figure 3.15 once in the symmetry plane
of the test section at z = 0.6 m and y = 0.0 m as well as in a more lateral region at
y = 1.0 m and y = 1.5 m which is representative for the range where the model is located.
The abrupt resolving of turbulent structures acted as a singularity inside the test section
followed by a positive peak in the static pressure. This effect appeared to be of numerical
nature and, hence, not to be physically plausible. However, for the most critical nozzle
with AN = 11 m2 with the highest resolution the gradient of the static pressure coefficient
was in the range of ∆Cp < ±0.002 for x ≤ 10.0 m, |y| ≤ 1.0 m and |z| ≤ 1.5 m. A plot
for the range of up to x = 10 m and for a selection of four different nozzle cross sections
is presented in Figure 3.16.
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Figure 3.15: Static pressure Cp in the empty test section of the half-infinite wind tunnel
for different refinement levels in the free shear layer. x = 0 is the nozzle
exit. The profiles were extracted at different positions (left and right).
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Figure 3.16: Static Pressure Cp in the empty test section of the half-infinite wind tunnel
for different nozzle cross sections 11.0 m2 ≤ AN ≤ 89.6 m2. x = 0 denotes
the nozzle exit. The profiles were extracted at y = 0.0 m and z = 0.6 m.
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Audi Aeroacoustic Wind Tunnel (AAWK)

Based on the knowledge presented for the CFD simulations for the empty, half-infinite
wind tunnel test section a simulation setup for the Audi Aeroacoustic Wind Tunnel
(AAWK) was created. Therefore, not the entire airline was included. The CFD do-
main included settling chamber, wind tunnel nozzle, plenum and test section, collector
as well as the high speed diffusor. Thus, the domain correlated to the finite wind tunnel,
see Figure 3.17. In the first step the empty test section was simulated for the wind tun-
nel setup with a velocity of 140 km/h, static ground and without boundary layer suction.
Therefore, the test section length was adjusted using the collector position of LTS = 9.5 m,
see Figure 3.18 for the static pressure gradient.

ū/u∞

0.0 1.10.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 3.17: Velocity field ū/u∞ for the empty AAWK test section in CFD.
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Figure 3.18: Static Pressure Cp in the empty test section of the AAWK with static
ground, boundary layer suction off and a test section length of LTS = 9.5 m.
The profiles from both experiment and CFD were extracted at y = 0.0 m
and z = 0.8 m.
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Figure 3.18 compares the static pressure coefficient Cp(x) for both experiment and sim-
ulation at y = 0 and z = 0.8 m. A reasonable agreement of CFD with the experiments
was achieved. Figure 3.18 also shows the later standard location of the vehicle in the test
section at xc = 4.0 m.

Furthermore, a validation of the velocity field inside the open jet test section, in particular
close to the jet boundary, was desired. Therefore, three-component, hot wire measure-
ments were performed in both the empty test section and with an Audi A4 Avant, see
Figure 3.19 and Figure 3.20. These measurements were extracted as velocity profiles for
ū/u∞(y) at z = 0.7 m and ū/u∞(z) at y = 0.0 m (symmetry plane). The velocity profiles

Y1 Y2 Y3 Y4 Z1 Z2 Z3 Z4

Velocity Profiles ū/u∞:

Y1:
Y2:
Y3:
Y4:

x = −3.9 m
x = −2.5 m
x = 0.0 m
x = 2.7 m

Z1:
Z2:
Z3:
Z4:

x = −3.9 m
x = −2.5 m
x = 0.3 m
x = 2.7 m

y

x
z

x

Figure 3.19: Positions for velocity profiles ū/u∞ for the experiments with hot wire
anemometers. The y-profiles Yi were extracted from a height z = 0.7 m,
the z-profiles Zi were extracted at the symmetry plane y = 0.0 m. The
Audi A4 Avant was located at the standard AAWK position at xc = 4.0 m.

Figure 3.20: Experimental setup of an Audi A4 series estateback car in the test section
of the full scale Audi Aeroacoustic Wind Tunnel (AAWK). The hot wire
probe is attached to a traversing arm.
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were measured 0.1m downstream the nozzle exit, in the center of the turntable as well
as directly in front of and behind the car. The hot wire probe was attached to a z-arm
and was traversed around the car. For both the measurements and simulations of the
Audi A4 Avant the cooling inlets were closed. The results for experiments and CFD are
presented in Figure 3.21 for the profiles Yi and Figure 3.22 for the profiles Zi. The com-
parison between CFD and experiments for the y-profiles shows a good agreement close to
the nozzle at Y1 but a slightly increasing difference for the location of the jet boundary
further downstream for both empty test section and with model. The offset of the most
downstream position at x = 2.7 m (Y4) was about 0.1m. However, this offset was detected
to be equal for both empty configuration and with the model. Thus, the displacement of
the jet boundary in y-direction was adequately predicted in CFD.

Comparing the profiles Z1, Z2,Z3 and Z4, the agreement of CFD with the experiments was
better and no increasing discrepancy downstream in z-direction for the location of the jet
boundary was determined. This was a good confirmation of the refinement strategy for
the free shear layer presented above. Furthermore, an explanation for the shift of profile
Y4 of about 0.1m can be a slight difference of the angle of the nozzle side wall of about
0.5 ° either in CFD or experiments. A lateral effect of the z-arm in the experiments due
to a displacement of the flow only y-direction can not be reliably ruled out as well.
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Figure 3.21: Horizontal velocity profiles ū/u∞ for different x-locations in CFD and ex-
periments.

56



3 Numerical Methods and Validation

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.00.00
0.25
0.50
0.75
1.00
1.25

z [m]
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ū/u∞ Z2 : x = −2.5 m

CFD empty
CFD Audi A4
Exp. empty
Exp. Audi A4

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.00.00
0.25
0.50
0.75
1.00
1.25

z [m]
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ū/u∞ Z4 : x = 2.7 m

CFD empty
CFD Audi A4
Exp. empty
Exp. Audi A4

Figure 3.22: Vertical velocity profiles ū/u∞ for different x-locations in CFD and exper-
iments.

In the last step of the validation of wind tunnel interferences in CFD a comparison of the
effect of the longitudinal model position on the aerodynamic forces was drawn. There-
fore, the Audi A4 Avant was set up at different positions xc in the experiments. These
positions were limited by the adjustment range of the AAWK wheel drive units and the
wheel base of the model. The maximum range, which was achieved in the experiments,
was ∆xc = ±0.3 m originating from the standard model position xc = 4.0 m. Finally,
five measurements were performed in the experiments covering both nozzle and plenum
method for the determination of the dynamic pressure. The wind tunnel was set up with
static ground and without boundary layer treatment. Based on the standard position
xc = 4.0 m, the collector was located at xcoll = 9.5 m. For each change in model position
xc the collector position was adjusted by the same distance in order to keep a constant
distance between the model and the collector. The same approach was applied in CFD
including the positioning of the wheel drive units.

Figure 3.23 shows the velocity field ū/u∞ in the symmetry plane y = 0 for two selected
model positions xc = 3.7 m (top) and xc = 4.3 m (bottom). Furthermore, the varying
position of the collector at xcoll = 9.2 m (top) and xcoll = 9.8 m (bottom) is presented.
The effects of the model position on the aerodynamic force coefficients is given in Figure
3.24. The coefficients are presented as deltas referring to the standard position. The
largest effect of model position was determined for ∆CD in both experiments and CFD.
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Figure 3.23: Velocity field ū/u∞ for the AAWK test section with Audi A4 Avant in
CFD in the symmetry plane y = 0.0 m. The images show the car located
at different distance to nozzle: xc = 3.7m (top) and xc = 4.3m (bottom).

The maximum delta between xc = 3.7 m (top) and xc = 4.3 m was ∆CD ≈ ±0.015
for the nozzle method and ∆CD ≈ 0.006 for the plenum method. The prediction of the
monotonous gradient in CFD correlated well with a maximum discrepancy of < 0.001. For
∆CL,f and ∆CL,r not a clear trend such as for ∆CD was determined neither in experiments
nor in CFD. The maximum effect of model position on the lift coefficients was in the range
of five counts. However, also for front and rear lift coefficient the agreement of CFD and
experiments was acceptable.

Summarizing, the study on model position confirms the prediction of Wickern (2014)
expecting a higher nozzle interference with the model using the nozzle method. However,
it is worth to mention that a variation of the model position along the rather short
test section of the AAWK certainly involves further wind tunnel interferences as well. For
example, the boundary layer thickness is larger if the model is located at xc = 4.3 m rather
than for xc = 3.7 m. Furthermore, the static pressure gradient caused by the collector was
known not to be shifted by the same distance as the shift of collector position. Thus, the
variation of the longitudinal model position was expected to include a change of several
wind tunnel interferences, which was predicted well in CFD.
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Figure 3.24: Effect of model position in the AAWK in CFD and experiments.
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4 Numerical Evaluation of Open Jet Wind
Tunnel Interferences

In the following section, the numerical methods introduced in chapter 3 are applied to
some selected wind tunnel interferences created by the nozzle and the open jet (section
4.1), the collector (section 4.2) and moving ground simulation (section 4.3). The inves-
tigations included flow field analysis in order to draw a connection to the effects on the
corresponding aerodynamic force coefficients.

4.1 Nozzle and Open Jet Interferences

With the objective to perform wind tunnel simulations, for which only interferences be-
tween the nozzle, the open jet and the model are relevant, the approach is presented in
section 4.1.1, followed by the general results in section 4.1.2. A more detailed analysis to
separate the effects for the nozzle and the open jet is given in section 4.1.3.

4.1.1 Methodology

The setup for the half-infinite wind tunnel (HIWT), presented in section 3.2.2, was
adopted in order to evaluate the nozzle and the open jet interferences. The basic method-
ology was to perform simulations for the mock-up DrivAer with smooth underfloor and ro-
tating wheels at different longitudinal positions along the test sections 3.0 m ≤ xc ≤ 9.0 m
and for different blockage ratios 2.4 % ≤ AM/AN ≤ 19.7 %. The same model configuration
was simulated in open road, corrected conditions (Ci,c) in order to evaluate the absolute
effect for the aerodynamic force coefficients ∆Ci (∆CD,∆CL,r,∆CL,f) in the wind tunnel
(Ci):

∆Ci = Ci − Ci,c (4.1)

The dynamic pressure pdyn in order to calculate the force coefficients in the wind tunnel
was extracted for both the nozzle method pdyn,NM and the plenum method pdyn,PM. In real
facilities, both pdyn,NM and pdyn,PM are calculated from an empty test section calibration
by using the corresponding measurement for the pressure drop when the model is present.
Thus both methods require a converging region and a settling chamber upstream the
nozzle exit. However, the nozzle of the half-infinite wind tunnel was defined to have a
constant cross section AN in order to remain independent from a specific nozzle geometry
except for the constant width-to-height ratio WN/HN = 1.4, see Figure 4.1.
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Figure 4.1: Schematic image of the "virtual nozzle" approach to calculate the dynamic
pressure pdyn,NM and pdyn,PM in the half-infinite wind tunnel in CFD.

In the present study, a "virtual nozzle"1 was attached to the existing nozzle to determine
the dynamic pressure pdyn,NM and pdyn,PM, see Figure 4.1. This approach followed some
theoretical assumptions:

• The reference static pressure in the plenum remained constant: p∞ = 0.

• The static pressure pN at the inlet upstream the nozzle exit was increased according
to the plenum due to the proximity of the model: pN ≥ p∞.

• The virtual pressure probes in the nozzle were not contaminated by the model. The
pressure built-up in the virtual nozzle was equal for both the empty test section and
with the model.

• Reynolds effect due to the change in velocity were negligible.

Based on these assumptions, the adjustment of the dynamic pressure using the nozzle
method sets a constant mass flow through the nozzle. Thus, the dynamic pressure pdyn,NM
was calculated from the inlet velocity uN as it was constant for all simulations. However,
the friction wall section of the nozzle caused a slight increase of the actual test section
velocity compared to the inlet conditions of ≤ 0.4 %. Therefore, for each simulation with
the model the dynamic pressure for the nozzle method was used from a reference point
at xref = xc, yref = 0 and zref = 0.6 m from the empty test section simulation. This
approach considered a potential, longitudinal gradient of test section velocity, which was
lower than 0.1 % in the investigated range. For the simulations with the DrivAer model
the calculation of the nozzle method dynamic pressure pdyn,NM was based on the reference
velocity (empty test section) at the corresponding model position:

pdyn,NM (xc) = %

2 uref (xc)2 = pdyn,ref (xc) with: uref (xc) > uN (4.2)

1The virtual nozzle extends the physical nozzle, included in CFD, by a converging region in order to
determine the dynamic pressure for the plenum method.
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The index "ref" denotes the flow conditions in the empty test section. Therefore, for each
simulation with the DrivAer model pdyn,NM (xc) = pdyn,ref (xc) was used at the correspond-
ing reference point xc from the empty tunnel simulation as uN remained constant for all
simulations1. Thus, the CFD model of the wind tunnel simulated a facility operating with
the nozzle method. The calculation of the plenum method dynamic pressure pdyn,PM for
configurations with the DrivAer model required further input data from the particular
simulation. By definition, the dynamic pressure for plenum method is determined from
the pressure drop between the settling chamber and the plenum pSC − p∞. Using the
approach of the virtual nozzle pSC was calculated from pN using Bernoulli’s equation:

pSC = pN + %

2
(
uN

2 − uSC2
)

= pN + %

2uN
2
[
1−

(
AN

ASC

)2]
(4.3)

The assumption of negligible Reynolds effects brought a linear approach for the dynamic
pressure pdyn,PM ∼ pSC:

Cp,SC = pSC − p∞
pdyn

= pSC
pdyn

= const. −→ pdyn,PM
pdyn,ref

= pSC
pSC,ref

(4.4)

The static pressure in the plenum chamber was known to be zero p∞ = 0. Thus, the
dynamic pressure pdyn,PM for the plenum method was calculated from the ratio of static
pressure in the virtual settling chamber with model pSC and in the empty test section
pSC,ref using equation (4.3):

pdyn,PM = pSC
pSC,ref

pdyn,ref =
pN + %

2uN
2
[
1−

(
AN

ASC

)2]

pN,ref + %

2uN
2

[
1−

(
AN

ASC

)2] pdyn,ref (4.5)

Therefore, pN was extracted from each simulation as the integral average for the inlet patch
of the nozzle. The calculation of pdyn,PM includes the assumption of a particular converging
ratio ASC/AN as it affects the remaining dynamic pressure in the virtual settling chamber
pdyn,SC. Figure 4.2 shows the decay of pdyn,SC with increasing converging ratio and the
corresponding decay of dynamic pressure predicted by the plenum method pdyn,PM for a
selected simulation with the largest nozzle interference investigated AM/AN = 19.7 % and
xc = 3.0 m. The dotted line indicates the asymptotic limit. For a typical converging ratio
ASC/AN = 6 the remaining offset was ≈ 0.3 % and, hence, considerably accurate. Thus,
a virtual converging ratio of ASC/AN = 6 was selected to calculate pdyn,PM in the CFD
simulations. Collin et al. (2016) propose an alternative approach to calculate the plenum
method dynamic pressure using a different assumption. Following the correction model of
Wickern (2014) the dynamic pressure correction for the plenum method is negligible, as
he only applies a gradient correction. Consequently, Collin et al. (2016) assume that the
dynamic pressure for the plenum method can be directly calculated from the stagnation
point pressure. However, both approaches returned almost identical values for pdyn,PM

1This approach was based on the assumption that the pressure taps for the nozzle method were not
contaminated by the upstream effect of the model.
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Figure 4.2: Sensitivity analysis for the predicted dynamic pressure for the plenum
method pdyn,PM depending on the converging ratio of the virtual nozzle
ASC/AN. pdyn,SC/pdyn,N denotes the dynamic pressure in the virtual set-
tling chamber. The values are presented for the simulation with the largest
nozzle interference: AM/AN = 19.7 %, xc = 3.0 m.

as the maximum difference between the method of Collin et al. (2016) and the method
described above was < 0.3 %.

4.1.2 General Effects on Aerodynamic Force Coefficients

Based on the method explained above, the mock-up DrivAer with mirrors, smooth un-
derfloor and generic closed wheel was selected for the simulations in both open road and
wind tunnel conditions. Therefore, different rear end shapes (estateback, fastback and
notchback) were investigated. The results for open road conditions set the reference to
evaluate the interference effects in the half-infinite wind tunnel, see Table 4.1. Based on
these results, the interferences for the wind tunnel simulations were derived.

Table 4.1: Aerodynamic force coefficients CD, CL, CL,f and CL,r for the DrivAer with
estateback, fastback and notchback in open road conditions. AM denotes the
frontal area of the model. The slip boundary condition was applied to the
floor of the domain.

AM CD CL CL,f CL,r

Estateback 2.166 0.299 −0.202 −0.101 −0.101
Fastback 2.162 0.247 −0.034 −0.075 0.041
Notchback 2.165 0.251 −0.051 −0.073 0.021
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Drag Contributions for Nozzle and Open Jet Interferences

The most detailed investigations were performed for the estateback as it was expected to
be, in terms of drag, the rear end shape with the largest wind tunnel interference effects.
The simulations included four cross sections for the nozzle (AN = 11.0 m2, AM/AN =
19.7 %; AN = 22.4 m2, AM/AN = 9.7 %; AN = 33.6 m2, AM/AN = 6.4 % and AN = 89.6 m2,
AM/AN = 2.4 %) as well as different longitudinal model positions 3.0 m ≤ xc ≤ 9.0 m,
see Figure 4.3 for some selected vector fields. The results for the drag coefficients are
presented in Figure 4.4 for the nozzle and the plenum method.
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Figure 4.3: Velocity field ū/u∞ in the plane y = 0 for different nozzle cross sectional
areas AN and blockage ratios AM/AN and xc = 3.0 m.
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Figure 4.4: Drag coefficients ∆CD for the DrivAer estateback referring to open road
conditions for the nozzle method (top) and the plenum method (bottom).
The curves represent the dependency on the longitudinal model position xc
for different blockage ratios AM/AN.

As presented by Collin et al. (2016), for both the nozzle and the plenum method the drag
coefficient was lower than in open road conditions if the model was located "far" away
from the nozzle (here xc = 6.0 m and xc = 9.0 m respectively). This effect was explained
with the jet expansion by the model as it decays for the larger nozzles selected. The drag
increased with decreasing distance to the nozzle. The drag increase due to the proximity
of the nozzle was larger for the nozzle method and partially resulted in a compensation
of drag increasing and decreasing effects ∆CD = 0. This was in good agreement with the
theory of the self-correcting wind tunnel by Wickern (2014) although ∆CD = 0 was not
achieved for all tunnels using the plenum method.

Additional simulations were performed to compare the effects on drag presented above
for different rear ends of the DrivAer, see Figure 4.5 for the nozzle with AN = 11.0 m2,
AM/AN = 19.7 % and Figure A.6 in appendix A.3.2 on page 147 for AN = 22.4 m2,
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Figure 4.5: Drag coefficients ∆CD for the DrivAer referring to open road conditions. The
curves represent different rear end shapes for a nozzle with AN = 11.0 m2

and AM/AN = 19.7 %. Thick lines denote the nozzle method (NM) and thin
lines the plenum method (PM).

AM/AN = 9.7 %. The trends of drag for the fastback and the notchback were almost
identical as the biggest differences between both rear ends were ∆CD ≤ 0.002. Comparing
fastback and notchback with the estateback "far" away from the nozzle exit plane, e.g.
xc = 6.0 m, the estateback remained with a higher drag deficit due to the jet expansion.
Furthermore, the estateback is exposed to a higher absolute drag increase if the model
is located closer to the nozzle and the nozzle method is used. Thus, the distance to the
nozzle for the drag compensation with the nozzle method was lower for the estateback
(xc ≈ 3.7 m) than for both fastback an notchback (xc ≈ 4.0 m).

Lift Contributions for Nozzle and Open Jet Interferences

Figure 4.6 depicts the effects on both front and rear lift of the estateback for the plenum
method and different blockage ratios. The results for the nozzle method were comparable
and are attached in appendix A.3.2 on page 148. Except for a rather low distance to the
nozzle xc < 4.0 m, both ∆CL,f and ∆CL,r were positive in all simulations, which was an
effective deficit of negative lift as both coefficients were negative in open road conditions,
see Table 4.1. Thus, the theoretic expectation of an effective reduction of all aerodynamic
forces due to the jet expansion was confirmed. In general, the longitudinal gradient for
the lift coefficients was, if at all present, significantly lower than for the drag coefficient. A
self-compensating effect such as for drag was not investigated. Summarizing, the results
for the lift coefficients of the estateback were reasonable. However, the remaining offset of
the rear lift coefficient for the largest nozzle of ∆CL,r(xc > 6.0 m) ≈ 0.005 was somewhat
suspicious.
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Figure 4.6: Lift coefficients ∆CL,f and ∆CL,r using the plenum method for the DrivAer
estateback referring to open road conditions. The curves represent the de-
pendency on the longitudinal model position xc for different blockage ratios
AM/AN.

The comparison of lift effects on different rear ends are given in Figure 4.7 for the high-
est blockage ratio AM/AN = 19.7 % and in Figure A.8 in appendix A.3.2 on page 149
for AM/AN = 9.7 %. For all rear ends the longitudinal gradients for both ∆CL,f and
∆CL,r were significantly smaller than for the corresponding drag coefficients. Further-
more, these gradients died out with increasing distance to the nozzle. In contrast with
∆CL,f, the absolute change of rear lift was of opposite sign for both the fastback and the
notchback (∆CL,r ≤ 0) compared to the estateback (∆CL,r ≥ 0). Furthermore, the rear
lift interference "far" away from the nozzle was larger for the estateback. Considering the
lift coefficients in open road conditions in Table 4.1, the explanation was the negative,
absolute rear lift of the estateback compared to positive for both fastback and notchback.
Again, this confirmed the expectation of an absolute deficit of aerodynamic forces due to
the jet expansion. The same effect was experienced for lower blockage ratios.
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Figure 4.7: Lift coefficients ∆CL,f and ∆CL,r for the DrivAer referring to open road
conditions. The curves represent different rear end shapes for a nozzle with
AN = 11.0 m2 and AM/AN = 19.7 %. Thick lines denote the nozzle method
(NM) and thin lines the plenum method (PM).

4.1.3 Separation of Interferences with Nozzle and Open Jet

The results presented for the half-infinite wind tunnel included interferences with both the
nozzle and the open jet. For all blockage ratios under investigation the overall interferences
were not negligible. However, for all nozzle cross sections and rear ends under investigation
the nozzle interference decayed with increasing distance to the model. The consequence
was, that only open jet interferences remained further downstream. For the practical
design of a wind tunnel operating with the plenum method the correction of the nozzle
interference can be dispensable if the model position is selected accordingly. Thus, the
separation of the particular effects was desired in order to obtain a correction approach
for a later design.
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Separation of Nozzle Interferences

The most essential interference between the nozzle and the model is the prediction of
the dynamic pressure in the open jet test section and, hence, the effective velocity of the
on-coming flow. Therefore, it was assumed that the velocity profiles upstream the model
were itself similar in shape but scaled compared to open road conditions.

The basic idea of the approach to define an effective on-coming velocity was to use a refer-
ence point Pref (xref = −3.0 m, yref = 0.0 m, zref = 0.5 m) upstream the model to calculate
the effective test section velocity ueff:

ueff = ū (xref, yref, zref)
ūc (xref, yref, zref)

u∞ (4.6)

The result was a non-dimensional velocity field u∞/ueff in the wind tunnel, which was
in good agreement with open road conditions upstream the model. A comparison of
the infinite velocity u∞ predicted by both the nozzle and the plenum method with the
calculated, effective velocity ueff is presented in Figure 4.8 for different blockage ratios
and model positions.

3.0 4.0 5.0 6.00.96

0.98

1.00

1.02

xc [m]

u∞/ueff AM/AN = 19.7 %

Plenum Method
Nozzle Method

3.0 4.0 5.0 6.00.96

0.98

1.00

1.02

xc [m]

u∞/ueff AM/AN = 9.7 %

Plenum Method
Nozzle Method

3.0 4.0 5.0 6.00.96

0.98

1.00

1.02

xc [m]

u∞/ueff AM/AN = 6.4 %

Plenum Method
Nozzle Method

3.0 4.0 5.0 6.00.96

0.98

1.00

1.02

xc [m]

u∞/ueff AM/AN = 2.4 %

Plenum Method
Nozzle Method

Figure 4.8: Comparison of the infinite velocity u∞ predicted by the plenum and the noz-
zle method to the effective velocity ueff for different blockage ratios AM/AN
model locations xc.
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As expected from the considerations in chapter 2 (Figure 2.9 on page 20), the velocity
predicted by the nozzle method was lower than the effective velocity. However, the results
for the plenum method were somewhat surprising. In contrary to Figure 2.9, the plenum
method predicted an infinite velocity marginally higher than the effective velocity. The
opposite effect was expected due to the deceleration of the flow upstream the model.
Therefore, a comparison of the upstream velocity profile at the nozzle exit in z-direction
is presented in Figure 4.9 for a selected configuration (AM/AN = 19.7 % and xc = 3.0 m).
Figure 4.9 depicts the vertical, non-dimensional velocity profiles ū/ueff(z) for both wind
tunnel and open road conditions. Obviously, the main differences were given by the
restrictions in nozzle height HN ≈ 2.8 m in the wind tunnel simulation. Up to a height
of HN ≤ 1.5 m the velocity was identical. However, both profiles showed significant
differences close to the jet boundary as the velocity in the wind tunnel deviated from the
asymptotic profile in open road conditions. The result was a velocity at the jet boundary
higher than infinite velocity ū/ueff > 1. This explained the effects presented above as
the plenum method predicts the velocity at the jet boundary. Another explanation is
presented by Wickern (2014) describing the nozzle gradient effect. For a rather high
blockage, the nozzle gradient creates a pressure built-up inside the nozzle, which also
explains the effect on the plenum method dynamic pressure.

Summarizing, it is worth to mention that the differences between the effective velocity
and those predicted by the plenum method were rather small for a larger distance to the
nozzle: 1 ≤ u∞/ueff ≤ 1.004. Thus, the correction required for drag was in the range
of one drag count. The results for both the drag and the total lift coefficient using the
effective on-coming velocity are illustrated in Figure 4.10. It is worth to mention that
the curves in Figure 4.10 still contain the effect of the open jet expansion. Compared to
the results for the plenum method in Figure 4.4, the longitudinal gradients on drag were
significantly larger. Figure 4.10 shows that nozzle-induced interferences were in the range
of the accuracy of the CFD (∆CD ≈ ±0.002, ∆CL ≈ ±0.005) for xc > 5.0 m.
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Figure 4.9: Effective velocity z-profile ū/ueff in open road conditions and in the half-
infinite wind tunnel with AM/AN = 19.7 % and xc = 3.0 m.
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Figure 4.10: Drag and lift coefficients ∆CD and ∆CL using the effective velocity for the
DrivAer estateback referring to open road conditions. The curves represent
the dependency on the longitudinal model position xc for different blockage
ratios AM/AN.

Open Jet Interferences

Based on the results from Figure 4.10, it was assumed, that the effects at the really
downstream position for the corresponding nozzle cross section were those applied by
the jet expansion and, hence, resulted from interferences with the open jet. Therefore,
the remaining difference to open road conditions for ∆CD and ∆CL were extracted for
∆xc = 6.0 m and ∆xc = 9.0 m respectively in order to draw the effect of the open jet
over blockage ratio, see Figure 4.11. Figure 4.11 presents the effect of the jet expansion
in comparison for CFD and the classical solid blockage of Lock (1929) using λ = 2 as
suggested by Wickern (2014), see also equation (2.30) in section 2.1.2 on page 14:

∆u
u∞

= τλ
(
AM

AN

)3/2
(4.7)
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The results for drag show a good agreement up to AM/AN ≈ 10 % but the curves diverged
for a further increase of the blockage ratio. The same trends were determined for the
fastback and the notchback, see Figure A.9 and Figure A.10 in appendix A.3.2 on page 150
and 151. For the largest blockage ratio under investigation CFD predicted a significantly
lower drag reduction due to the jet expansion as expected from the classical solid blockage
correction. The opposite effects were investigated for the lift correction. It is worth to
mention again, that the accuracy in lift prediction in CFD was estimated to be in the
range of five counts. Furthermore, the total lift of both the fastback and the notchback
was rather small and the corresponding correction was in the range of accuracy of CFD.

The classical solid blockage correction from Lock (1929) applies velocity correction in-
duced in the model center. However, Collin et al. (2016) show that, in fact, a stream-wise
velocity gradient was determined in the CFD simulations. Depending on the local block-
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Figure 4.11: Estateback: Effect of open jet expansion on drag ∆CD and lift coefficient
∆CL depending on the blockage ratio AM/AN. The curves denote the
results from CFD and the classical correction from Lock (1929) using λ = 2
as proposed by Wickern (2014).
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age ratio the model is exposed to a gradient in jet expansion. Therefore, Figure 4.12
illustrates the induced velocity ∆u/u∞ due to the jet expansion for the estateback and
the notchback. As a reference, the comparison of the velocity profile at y = 0.0 m and
z = 1.7 m the normalized velocity was scaled to be identical at x = −3.0 m. The curves
show a decrease in effective test section velocity around the model up to x ≈ 0.5 m, which
is, approximately, the location of the largest blockage along the model. For both the es-
tateback and the notchback the velocity deficit decreases again for x > 0.5 m. Due to the
bluff body characteristics of the DrivAer body the re-acceleration of the flow around the
rear region of the model did not reach the same velocity as in front of the model. Thus,
a velocity deficit remained in the wake region of the model. The result was a reduction
of both drag and lift.
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Figure 4.12: Longitudinal velocity gradient ∆u/u∞ along the model extracted from the
simulation with AN = 11.0 m2 and xc = 3.984 m. The profiles were ex-
tracted from the y = 0.0 m and z = 1.7 m and normalized at x = −3.0 m.

4.2 Collector Interferences

Based on the results for the interference between nozzle and model in section 4.1 the half-
infinite wind tunnel was "upgraded" towards a more realistic finite wind tunnel by adding
a collector. The methodology is discussed in detail in section 4.2.1. For the present study,
two general shapes of collector geometry were considered, the generic and the generic,
converging collector. The results for both types are presented in section 4.2.2 and 4.2.3
respectively.
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4.2.1 Methodology

The objective of the collector studies was mainly to achieve a better understanding about
design parameters for the wind tunnel collector and its interaction with the model depend-
ing on the test section length. However, the collector interference was expected to decay
as the longitudinal distance between the model and the collector increases. Thus, one of
the key achievements was to determine the requirement of a minimum test section length
in order to eliminate an effect on the aerodynamics of the model. The parameters under
investigations were the test section length LTS and the distance between model center
and collector inlet xcoll respectively, the collector cross sections AC, AC,in and AC,out and
the flap angle αcoll.

The CFD simulations for the collector interference comprised about 140 configurations.
Thus, this approach was decided to be applied only for one wind tunnel nozzle. Con-
sidering both the results from section 4.1 and the practical feasibility for a real facility,
the nozzle cross section was selected with AN = 22.4 m2. Thus, for the full scale Dri-
vAer model, representing a mid-size production car, the corresponding blockage ratio was
AM/AN = 9.7 %. It is worth to mention, that wind tunnel interferences with the nozzle
and the open jet were determined to be not negligible at this blockage ratio. However, it
turned out to be a sufficient compromise of accuracy and feasibility.

The second step was to specify the distance xc between nozzle exit plane and the model
center as it was desired to be constant for the collector investigations. On the one hand
the premise was to eliminate longitudinal gradients originating from the nozzle as much
as possible, but on the other hand, to limit the distance to the nozzle in order not to
"waste" test section length. Comparing the results for the estateback, fastback and notch-
back for the nozzle AN = 22.4 m2 operating with the plenum method, the longitudinal
drag gradient was lower than 0.001 at the model position xc = 4.8 m. Thus, no nozzle
interference corrections were expected to be required.

For the upcoming investigations the wind tunnel test section was set up with two general
collector shapes, see Figure 4.13. The basic idea was to use a simple collector geometry,
although it was well known that the collector design is often rather complex. Figure 4.13
depicts both a generic collector (top) with a constant cross section AC and a generic,
converging collector (bottom) with a stream-wise decreasing cross section from AC,in to
AC,out. The essential parameters of the generic collector were, as stated above, the cross
sectional area AC as well as its x-position in the test section xcoll. Furthermore, the width-
to-height ratio WC/HC was a possible parameter, but it was selected to be constant and
equivalent to the nozzle:

WC

HC
= WN

HN
= 1.4 (4.8)

Additional geometric parameters such as the thickness (0.4 m) and the specific shape of
the flap’s tip were expected to be of minor importance. The collector surface was (only)
partially treated as a friction wall in order to limit the computational effort. Therefore,
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Figure 4.13: Collector geometry for parametric studies using a generic collector (top)
and a generic, converging collector (bottom). The parameters under inves-
tigation were the test section length LTS and the distance between model
center and collector inlet xcoll respectively, the collector cross sections AC,
AC,in and AC,out and the flap angle αC. Both the cross section of the nozzle
AN and the model position xc were constant.

5.2 m inlet length were applied with friction followed by a slip wall treatment all the way
through the outlet.

Obviously, the converging collector exposed a larger number of additional parameters
such as the flap angle αC and the flap length. However, the flap length was defined to
be 5.2 m and the flap angle was selected to be equal for the side flaps and the top flap.
Therefore, the width-to-height ratio above was set for the inlet area WC,in/HC,in = 1.4.
Thus, depending on AC,in and αcoll the outlet ratio was WC,in/HC,in < 1.4. Additionally,
2.2 m of friction wall were added for the converging collector in order to cover the transition
into the high-speed diffusor sufficiently.

As stated above, the test section setup was based on the half-infinite test section with
AN = 22.4 m2 and xc = 4.8 m. Thus, the evaluation of collector interferences in the finite
wind tunnel (FWT) referred to the corresponding simulation in the half-infinite wind
tunnel (HIWT), see Table 4.2:

∆Ci = Ci,FWT −∆Ci,HIWT (4.9)
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Table 4.2: Reference for collector interferences in the finite wind tunnel (FWT). Aero-
dynamic force coefficients CD, CL, CL,f and CL,r for the DrivAer with estate-
back, fastback and notchback from the simulations with AN = 22.4 m2 and
xc = 4.8 m (plenum method).

AM CD CL CL,f CL,r

Estateback 2.166 0.288 −0.186 −0.096 −0.090
Fastback 2.162 0.239 −0.029 −0.070 0.041
Notchback 2.165 0.243 −0.050 −0.066 0.017

4.2.2 Results for the Generic Collector

The generic collector with constant cross section AC was subject of a first, detailed inves-
tigation regarding the effects of test sections length LTS and AC on the model for the test
section configuration explained above. Therefore, again the estateback was selected for a
wide range of these parameters: 8.2 m ≤ LTS ≤ 18.7 m and 1.0 ≤ AC/AN ≤ 3.0 . Based
on these results, some selected configurations were performed for both the fastback and
the notchback, too. The results are discussed below separately for the drag and the lift
coefficients.

Drag Contributions for Collector Interferences: Generic Collector

Figure 4.14 depicts the effects on the drag coefficient ∆CD over the collector cross section
AC/AN. The particular curves denote different test section lengths. The results are
presented in a similar form as given by von Schulz-Hausmann and Vagt (1988) described
in section 2.3 on page 30.
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Figure 4.14: Aerodynamic drag coefficient ∆CD for the DrivAer with estateback refer-
ring to the half-infinite wind tunnel AN = 22.4 m2 and xc = 4.8 m. The
curves represent different test section lengths LTS.

76



4 Numerical Evaluation of Open Jet Wind Tunnel Interferences

Figure 4.14 illustrates two characteristic sections regarding the dependency of ∆CD on
AC/AN, which were divided approximately at AC/AN ≈ 1.6. For AC/AN < 1.6 the drag
increased with decreasing collector cross section, which correlates well with the theory
of von Schulz-Hausmann and Vagt (1988) based on Bernoulli’s equation. A decrease of
collector cross section induced a larger average velocity at the collector inlet (and upstream
of it) as the mass flow was defined by the nozzle to be constant. Accordingly, at least
for rather short test sections, the model was exposed to a higher velocity. For all lengths
of the test section investigated, the cross section with no effective drag interference was
AC/AN ≈ 1.1. Figure 4.15 provides a better understanding to explain the effects from

ū/u∞

0.0 1.10.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

AC/AN = 2.00

AC/AN = 1.50

AC/AN = 1.00

Figure 4.15: Velocity field ū/u∞ in the symmetry plane y = 0 for a test section length
LTS = 8.2 m. Top: AC/AN = 1.0; Middle: AC/AN = 1.5; Bottom:
AC/AN = 2.0. The arrows denote the local direction of the vector field.
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Figure 4.14. The decrease of drag with increasing collector cross section for AC/AN < 1.6
was explained with an expanding or, respectively, compressing effect of the open jet due
to the collector boundaries. Thus, a disturbance of the propagation of the "free" open
jet was investigated. Following the results from Figure 4.14 the ratio AC/AN = 1.1
correlated well with the half-infinite wind tunnel results. Figure 4.15 (top) depicts the
flow field for AC/AN = 1.0, for which an acceleration of the flow due to the collector cross
section was investigated. For the plane y = 0, the entrainment in the free shear layer
was mainly precipitated over the top of the collector and the jet basically filled the whole
cross section of the collector. Comparing the flow field for AC/AN = 1.5 (middle), which
was the configuration close to the drag minimum in Figure 4.14, the jet boundary barely
follows the larger cross section of the collector with an expansion of the jet. The jet still
"fills" most of the collector area, whereas a small flow separation was determined at the
collector inlet. This "over-expansion" caused an average deceleration of the jet velocity
due to the collector and, hence, an effective reduction of drag at the model. For a further
increase to AC/AN = 2.0, see Figure 4.15 (top), the jet boundary was no longer attached
to the collector walls at the collector inlet but further downstream inside the collector.
Furthermore, the entrained mass flow in the free shear layer of the jet partially entered
the collector and generated significant re-circulating zones around the collector tip. At
the same time the jet expansion due to the collector started to decay with increasing
AC for AC/AN > 1.6. With this decay the flow around the model was accelerated with
increasing collector area compared to AC/AN = 1.6, which was connected to an effective
drag recovery at the model. Summarizing, with the effects explained above depending
on the cross sectional area of the collector, an attached region and a detached region for
AC for AC/AN were classified. An increase of the collector cross section in the detached
region was experienced as an effective extension of test section length LTS. This effect
was consistent for all test section lengths investigated. Figure 4.16 illustrates the results
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Figure 4.16: Drag coefficient ∆CD for the DrivAer with estateback referring to the half-
infinite wind tunnel AN = 22.4 m2 and xc = 4.8 m. The curves represent
different collector inlet cross sections AC/AN.
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for the estateback in terms of LTS. A consistent decay of collector interference with
increasing test section length was observed. As a first intermediate result, the maximum
drag interference determined for the estateback was |∆CD,max| = 0.028 for LTS = 11.7 m,
|∆CD,max| = 0.006 for LTS = 14.0 m, |∆CD,max| = 0.002 for LTS = 15.8 m and |∆CD,max| <
0.001 for LTS = 18.7 m.

Comparing the estateback with both the fastback and the notchback, some selected con-
figurations were simulated. In terms of drag dependency on test section length, Figure
4.17 depicts the comparison of the estateback with the notchback. The results for the fast-
back were similar, see Figure A.11 in appendix A.3.3 on page 152. In general, the trends
for all rear ends were consistent to the effects explained above. The drag interference was
determined to be slightly lower for both the notchback and the fastback compared to the
estateback. However, the decay of drag interference with increasing test section length
was still comparable.

Lift Contributions for Collector Interferences: Generic Collector

Figure 4.18 depicts the corresponding lift results ∆CL,f and ∆CL,r from Figure 4.14 for
the estateback. As expected, the interference of the collector with the front lift ∆CL,f was
significantly lower than for the rear lift ∆CL,r. For a test section length LTS ≥ 11.7 m
the influences on ∆CL,f were already < 0.005 and, hence within the range of accuracy.
Thus, the focus was put on ∆CL,r for the following investigations. Comparing the rear
lift results from Figure 4.18 with the drag results from Figure 4.14, similar trends but of
opposite, absolute sign were identified. According to the reference without a collector,
the negative shift in rear lift for Ac/AN < 1.1 and positive for Ac/AN > 1.1 was explained
with an increase and a decrease respectively of effective flow velocity, especially at the
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Figure 4.17: Drag coefficient ∆CD for the DrivAer with estateback and notchback re-
ferring to the half-infinite wind tunnel AN = 22.4 m2 and xc = 4.8 m. The
curves represent different collector inlet cross sections AC/AN.
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Figure 4.18: Lift coefficients ∆CL,f and ∆CL,r for the DrivAer with estateback referring
to the half-infinite wind tunnel AN = 22.4 m2 and xc = 4.8 m. The curves
represent different test section lengths LTS.

rear end of the model, see also Figure 4.15. Thus, the absolute down-force was reduced if
the model was exposed to decelerated flow due to the collector.

Comparing the rear lift interferences for different rear ends, Figure 4.19 presents the
results for the estateback and the notchback. The corresponding results for the fastback
showed similar trends, see Figure A.12 in appendix A.3.3 on page 152. In general, the
rear lift data was noisier than the drag data as the experienced accuracy was in the range
∆CL,r±0.005. However, considering the scale in Figure 4.19, some trends could be derived
though. In principle, both the fastback and the notchback showed, in terms of positive or
negative sign, the same trends for ∆CL,r. That was somewhat surprising, following the line
of arguments above for the estateback using an effective velocity increase or decrease due
to the collector. Considering the absolute rear lift from the reference case, see Table 4.2, a
decrease of rear lift was expected for both the fastback and the notchback with decreasing
velocity. However, both Figure 4.19 and Figure A.12 show the opposite trend. Going back
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Figure 4.19: Rear lift coefficient ∆CL,r for the DrivAer with estateback and notchback
referring to the half-infinite wind tunnel AN = 22.4 m2 and xc = 4.8 m.
The curves represent different collector cross sections AC/AN.

to the argument concerning the attached and detached collector and the corresponding
expansion or compression of the open jet, it was worth take into account the effect of the
flow angle. Figure 4.20 illustrates both the effect of the collector on local velocity ū/u∞
and the vertical flow angle αu,z downstream the model compared to the reference without
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Figure 4.20: z-profiles at the collector inlet (x = 3.5 m) for the velocity ū/u∞ (left) and
the vertical flow angle αu,z (right). The test section length was LTS = 8.2 m.
The curves denote two cross sectional areas of the collector as well as the
reference without collector.
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collector (half-infinite test section). As discussed above, a small cross sectional area of the
collector induced an over-velocity in the plane under investigation whereas the opposite
effect occurred for a large collector. Comparing the flow angle, the small collector induced
a negative shift in flow angle and, accordingly, the large collector a positive shift, also
present in the wake region of the model. Thus, a combination of velocity and flow angle
interference was determined for simulations with collector, especially for rather short test
sections. A positive, induced flow angle for AC/AN > 1.1 explained an increase of rear
lift ∆CL,r for all rear ends under investigation.

4.2.3 Results for the Generic, Converging Collector

Based on the results for the generic collector, some selected configurations were set up for
the generic, converging collector. Firstly, a similar approach as for the generic collector
using the shortest test section LTS = 8.2 m was performed by varying both the cross
section AC,in/AN and the flap angle αC and, secondly, the decay of interference due to
the generic, converging collector with increasing test section length was evaluated. Figure
4.21 depicts the flow field at y = 0 for LTS = 8.2 m, AC,in/AN = 2.0 and for three different
flap angles αC. The velocity field for αC = 0 ◦ (top) represented the detached collector as
the flow attached not at the tip of the collector but further downstream. Comparing, the
result for the flap angle αC = 10 ◦ (middle) the open jet attached at the downstream end
of the flap and for αC = 30 ◦ (bottom) approximately at the middle of the flap. The effect
of the collector on the velocity field close to the model seemed comparable for αC = 0 ◦
and αC = 10 ◦, but a significant acceleration of the flow, especially in the wake region of
the model, was investigated for αC = 30 ◦.

Drag Contributions for Collector Interferences: Generic, Converging Collector

As stated above, the general approach for the generic collector was repeated for the
generic, converging collector and for the estateback. The effect on drag of both the
collector inlet area AC,in/AN and the flap angle αC is presented in Figure 4.22. It is worth
to mention, that the reference area for the converging collector was the inlet area AC,in/AN.
For the following discussion the focus is put on the sections, for which the collector had
drag decreasing effect, as this range was expected to be more relevant for the practical
solution in a real facility. In principle, the collectors with different flap angle showed the
same trends as determined for the generic collector. Two general effects were:

1. The maximum drag reduction (= minimum drag) due to the generic collector (αC =
0 ◦) was at AC/AN ≈ 1.6 and representative for the corresponding test section length
LTS. The maximum drag reduction ∆CD,max decreased with increasing flap angle:
∆CD,max = −0.157 for αC = 0 ◦, ∆CD,max = −0.118 for αC = 10 ◦, ∆CD,max =
−0.065 for αC = 20 ◦, ∆CD,max = −0.028 for αC = 30 ◦.

2. For the converging collector, the location of AC/AN of maximum drag interference
∆CD,max was shifted towards AC/AN > 1.6 if the reference area was the collector
inlet AC,in. The opposite effect was present if the outlet AC,out was the reference.
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Figure 4.21: Velocity field ū/u∞ in the symmetry plane y = 0 for a test section length
LTS = 8.2 m and a collector inlet area of AC,in/AN = 2.0. Top: αC = 0 ◦;
Middle: αC = 10 ◦; Bottom: αC = 30 ◦. The arrows denote the local
direction of the vector field.

Thus, an effective extension of test section length, depending on the flap angle, was
determined for the converging collectors under investigation. Therefore, the decay of
maximum drag interference ∆CD,max with increasing test section length was taken from
the generic collector (αC = 0 ◦) in order to calculate the effective test section length LTS,eff
for each converging collector. Figure 4.23 shows that, although LTS was constant with
LTS = 8.2 m, the effective test section length increased with increasing flap angle αC
up to 11.7m for αcoll = 30 ◦. In the next step, the corresponding curve, as presented in
Figure 4.22, was interpolated for each effective test section length LTS,eff from Figure 4.23.
Furthermore, the curves were shifted with respect to AC in order to match the maximum
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Figure 4.22: Drag coefficient ∆CD for the DrivAer with estateback referring to the half-
infinite wind tunnel AN = 22.4 m2 and xc = 4.8 m. The curves represent
different flap angles αC for a test section length LTS = 8.2 m.
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Figure 4.23: Maximum drag reduction ∆CD for the generic collector depending on the
test section length. Based on the generic collector, the effective test section
length LTS,eff for the configurations of the converging collector at LTS =
8.2 m was interpolated.

drag reduction at AC/AN = 1.6. Figure 4.24 depicts the results using the example of
the collector with αC = 10 ◦ and an effective test section length of LTS,eff = 8.8 m. The
solid line represents the interpolated data for the generic collector with αC = 0 ◦ for
LTS = 8.8 m. Two different references were used for the collector area of the converging
collector, the inlet area AC,in (circle markers) and the outlet area AC,out (square markers).
After shifting the curves in order to match the maximum interference, a good agreement
with the generic collector was achieved on the left branch (attached collector: AC/AN <

1.6) using AC,in and, respectively on the right branch (detached collector: AC/AN > 1.6)
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Figure 4.24: Conformity of generic αC = 0 ◦ and the generic, converging collector αC =
10 ◦ by interpolation of the drag interference for αcoll = 0 ◦ at the effective
test section length LTS,eff = 8.8 m for αC = 10 ◦. The marks denote the
choice of reference cross section AC,in and AC,out respectively.
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Figure 4.25: Drag conformity of the generic αC = 0 ◦ and the generic; converging collec-
tor for αC = 10 ◦, αC = 20 ◦ and αC = 30 ◦.

using AC,out. Thus, AC,in turned out to be appropriate for the attached and AC,out for
the detached collector in order to show the conformity of interference with the generic
collector. Therefore, Figure 4.25 brings this knowledge together, comparing the results
for the larger angles αC > 10 ◦ as well. Figure 4.25 depicts the comparison of conformity
between the generic and the generic, converging collector using the approach above. In
general, the results showed good agreement for the range under investigation. Based on
the knowledge about of an effectively extended test section due to the collector angle, the
configurations of the converging collectors with the maximum interference were selected
for simulations with increased test section length LTS ≤ 15.8 m. Figure 4.26 shows that
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the effect of collector interference decayed "faster" with increasing test section length if the
flap angle was increased. Consequently, the maximum collector interference determined
was reduced by increasing the flap angle in the range under investigation.
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Figure 4.26: Decay of drag interference ∆CD,max for the DrivAer with estateback refer-
ring to the half-infinite wind tunnel AN = 22.4 m2 and xc = 4.8 m. The
curves represent the maximum expected drag reduction for the correspond-
ing flap angle αC.
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Figure 4.27: Rear lift coefficient ∆CL,r for the DrivAer with estateback referring to
the half-infinite wind tunnel AN = 22.4 m2 and xc = 4.8 m. The curves
represent different flap angles αC for a test section length LTS = 8.2 m.
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Lift Contributions for Collector Interferences: Generic, Converging Collector

The same approach as presented for the interferences regarding drag was applied to eval-
uate the effects for the rear lift coefficients ∆CL,r. As discussed above, the effects of the
collector on front lift were significantly smaller and, hence, are not discussed here further
in detail. In, principle, the rear lift interferences for the converging collectors confirmed
the trends investigated for drag. Therefore, Figure 4.27 presents the results for the test
section length LTS = 8.2 m, including three different flap angles and referring to the col-
lector inlet area AC,in. The same effect of an extended effective test section length as for
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Figure 4.28: Rear lift conformity of generic αC = 0 ◦ and the generic, converging collec-
tor for αC = 10 ◦, αC = 20 ◦ and αC = 30 ◦.
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Figure 4.29: Decay of rear lift interference ∆CL,r,max for the DrivAer with estateback
referring to the half-infinite wind tunnel AN = 22.4 m2 and xc = 4.8 m.
The curves represent the maximum expected drag reduction for the corre-
sponding flap angle αcoll.
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drag was investigated for the rear lift coefficient, too. Furthermore, also conformity with
the generic collector was confirmed, see Figure 4.28, although the accuracy (±0.010) was
not as good as for the drag coefficient (±0.002). However, the rear lift coefficient was
experienced to be more sensitive. Furthermore, the decay of maximum rear lift interfer-
ence was in good in agreement with the results for drag. For larger flap angles of the
converging collector the interference died out at a shorter test section length, see Figure
4.29.

4.3 Moving Ground Interferences

The third basic interference under investigation in this work was the effect of moving
ground simulation in an automotive wind tunnel due to the relative movement between
a car and the street in open road conditions. An essential requirement for the current
wind tunnel concept was to be applicable to the development of both production and
race cars. Due to the rather low ground clearance, modern race cars were expected to
be the essential application of wind tunnel testing in terms of the design of a potential
moving ground system. In the following, the methodology and the results of the approach
to define design criteria for a moving ground system for the aerodynamic development of
race cars are presented. They were based on the work of Collin et al. (2017).

4.3.1 Methodology

A basic assumption to evaluate the interference between moving ground and vehicle aero-
dynamics was to trade the effects to be independent from general blockage phenomena
in both open and closed jet facilities. Thus, the open road domain was selected in order
to run simulations on moving belt configurations. Obviously, this was a rather ideal-
ized approach as methods of boundary layer treatment in a real facility were entirely not
considered. A detailed discussion of the present approach is presented by Collin et al.
(2017).

Based on the CFD methods for the open road domain, presented in section 3.1.2, some
small adjustments were applied to the numerical setup in order to meet the requirements
of the race car configuration. Due to the desired Reynolds number of Re ≈ 12.4 million
the final time step was reduced to 5 · 10−5 s in order to limit the local CFL-number.
Furthermore, the total, physical simulation time was reduced to 10 s whereas both flow
field and integral forces were averaged during the last 7 s. This brought an averaging
accuracy of ∆CD ≈ ±0.002 and ∆CL,f ≈ ∆CL,r ≈ ±0.005. Both drag and lift coefficients
were validated using experimental data of the corresponding DTM race car and were in
a range of 5 % accuracy, see Collin et al. (2017).

The first approach was to compare the results for a typical 5-belt system and a single-belt
system, see Figure 4.30. The length of both the center belt (5-belt) and the single-belt were
selected with LB,f/LM = LB,r/LM = 0.9. The width of the single-belt was WB/WM = 1.6.
The wheel drive units (WDU) for the 5-belt had WWDU/WM = 0.2 and LWDU/LM = 0.06,
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Figure 4.30: Schematic illustration of the floor boundaries of the domain for the 5-belt
(left) and the single-belt (right) simulation as presented by Collin et al.
(2017).

see Collin et al. (2017). For all simulations the same numerical grid was used and the
moving ground regions were set by changing the floor boundary to either friction static
floor or translating wall, see Figure 4.30. The beginning of the moving ground was treated
to be idealized as the further upstream condition was always selected to be slip floor. The
results, for the 5-belt system are presented in Figure 4.31, referring to the single-belt
results. As expected, the moving ground simulation using a 5-belt brought a significant
loss of aerodynamic, negative lift, especially on the front axis (∆CL,f = 0.529) compared to
the single-belt simulation. Although, not negligible, the effects on both drag and rear lift
were a lot smaller. Summarizing, the requirement of a single-belt for the selected race car
was confirmed. Thus, the objective was to determine the characteristic belt dimensions
of the single-belt for the selected race car, see Figure 4.32.
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Figure 4.31: Aerodynamic force coefficients ∆CD, ∆CL,f and ∆CL,r for a selected 5-belt
moving ground system. The deltas ∆Ci refer to the results for a single-belt
system.
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Figure 4.32: Schematic illustration of the methodology for the variation of the moving
belt rear length (left) and the width (right) as presented by Collin et al.
(2017). Moving belt rear length using WB/WM = 1.6 and LB,f/LM = 0.9:
a) LB,r/LM = 0.3, b) LB,r/LM = 0.5, c) LB,r/LM = 0.6, d) LB,r/LM = 0.9.
Moving belt width using LB,f/LM = LB,r/LM = 0.9: a) WB/WM = 0.975,
b) WB/WM = 1.100, c) WB/WM = 1.250, d) WB/WM = 5.000.

The present study included the parameters of the rear length LB,r/LM of the moving
belt as well as the belt width WB/WM. The front belt length was set to be constant
with LB,f/LM = 0.9. This approach was based on the assumption of an idealized flow
at the upstream end of the moving belt as the biggest effects were expected due to
the boundary layer treatment rather than from the moving ground itself. The study
concerning the rear belt length was performed using a constant belt width WB/WM = 1.6
and, correspondingly, the belt length was constant LB,r/LM = 0.9 for the study of the belt
width. Figure 4.32 depicts selected configurations of dimensions under investigation:

• 0.30 ≤ LB,r/LM ≤ 2.00

• 0.98 ≤ WB/WM ≤ 5.00

The lower limits were applied by the dimensions of the model, particularly by the wheels.
A similar CFD approach, comparing different systems for moving ground simulation, is
presented by Hennig et al. (2011) for the latter wind tunnel upgrade at FKFS explained
by Hennig et al. (2012). Hennig et al. (2011) show results for both passenger cars and race
cars using different moving belt alignments. In principle, higher effects are investigated for
race cars and especially the lift coefficients were affected. Hennig et al. (2011) recognized
different effects on the lift balance ∆CL,f and ∆CL,r depending on the particular race car.
For the generic F3 race car the interferences for ∆CL,r were larger than for ∆CL,f whereas
the results for the generic LMP race car show the opposite trend. That is why, no general
rule can be derived for the interferences in lift as the results are strictly connected to the
particular vehicle geometry.
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4.3.2 Results for the Single-Belt Dimensions

The results for the interference of both the belt length and width are shown below in
Figure 4.33 and Figure 4.34 respectively. The value for ∆CD, ∆CL,f and ∆CL,r refer to
the maximum belt dimension selected.In general, the effects were significantly smaller for
the belt length. The maximum interferences were investigated for the rear lift coefficient
∆CL,r,max = 0.013. However, even the maximum interference was relatively small com-
pared to the total amount of down-force for the selected race car. For a belt length of
LB,r/LM ≥ 0.9 the deltas were in the range of the averaging accuracy of the simulation
and, hence, estimated to be negligible.
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∆CD, ∆CL,f, ∆CL,r Effect of Moving Belt Length
Drag Coefficient ∆CD

Front Lift Coefficient ∆CL,f

Rear Lift Coefficient ∆CL,r

Figure 4.33: Effect of the rear length of the moving belt on aerodynamic force coefficients
∆CD, ∆CL,f and ∆CL,r.
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∆CD, ∆CL,f, ∆CL,r Effect of Moving Belt Width
Drag Coefficient ∆CD

Front Lift Coefficient ∆CL,f

Rear Lift Coefficient ∆CL,r

Figure 4.34: Effect of the width of the moving belt on aerodynamic force coefficients
∆CD, ∆CL,f and ∆CL,r.
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4 Numerical Evaluation of Open Jet Wind Tunnel Interferences

Based on these results, for a typical race car of a model length of LM ≈ 5 m a rear belt
length of LB,r ≈ 4.5 m was expected to be sufficient. Assuming the model to be located
at the longitudinal center of the moving belt, a total belt length of LB ≈ 9.0 m was
required. Comparing the results for the belt width, the largest effects were determined
for the front lift coefficient ∆CL,r,max = 0.051, approximately twice as big as for the
rear lift coefficient ∆CL,r,max = 0.026. This was obviously only representative for the
selected race car and configuration. However, the interferences decayed with increasing
belt width and were in the range of accuracy for WB/WM ≥ 1.5. Assuming a car with
a typical width of WM ≈ 2.0 m, the required belt length derived from the results was
WB ≈ 3.0 m. Summarizing, the CFD simulation concerning the single-belt moving ground
simulation yielded in a requirement of belt dimensions of approximately LB ≈ 9.0 m and
WB ≈ 3.0 m.

92



5 Consequences for the Design of Open Jet
Wind Tunnels

The results of the CFD wind tunnel studies, presented in chapter 4, provided a more
detailed knowledge about the interferences between model and nozzle, open jet, collector
and moving ground simulation. Apart from local flow phenomena, the effects on the
aerodynamic forces measured at the model are certainly the aspects of highest priority
for a practical facility. Summarizing the results from chapter 4, a practical design of
an automotive, open jet wind tunnel by entirely eliminating all discussed interferences
did not appear to be reasonable. The interference due to the open jet expansion turned
out to be the limiting factor as it was determined to be negligible (e.g. ∆CD ± 0.001)
for a blockage ratio of AM/AN ≈ 2 − 3 %. For a range of typical production cars with
2 m2 ≤ AM ≤ 3 m2 a wind tunnel nozzle with AN ≈ 100 m2 will be required in order to be
free of corrections. A rather realizable size is surely in the range of 20 m2 ≤ AN ≤ 30 m2.
Therefore, a new approach to apply a jet expansion correction is presented in section 5.1
and compared to both the classical correction from Lock (1929) and the CFD results.
Final design criteria for an open jet wind tunnel are discussed in section 5.2.

5.1 Correction Methods for the Open Jet Expansion

The CFD simulations of the flow around the DrivAer model in several open jet test
sections allowed to draw conclusions regarding the effect of jet expansion with respect
to the blockage conditions. The discrepancies between the CFD results and the classical
blockage correction were obvious. In this chapter, a new approach to account for the
effects of jet expansion is proposed and explained below. A comparison of the results for
the new method with both the classical approach and the CFD results is presented in
section 5.1.3.

The details of the classical solid blockage correction, first introduced by Lock (1929),
were described in section 2.1.2. Figure 5.1 illustrates the principle of this approach. The

Effect
The Jet Expansion
Induces a Velocity
at the Model Center

Method
Mirror Images of the
Singularities to Ob-
tain the Velocity ux

Result
∆ux
u∞

= τ λ
(
AM

AN

)3/2

Figure 5.1: Principle approach of the classical correction for the open jet expansion.
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5 Consequences for the Design of Open Jet Wind Tunnels

strategy of applying mirror images at the wind tunnel boundaries satisfies the theoretical
boundary condition for an open jet as stated in eq. (2.2) on page 8:

p = p∞, u = u∞

The effectively decreased velocity of the flow around a model in the open jet test section
is corrected by the application of a velocity correction. The classical correction method
calculates the velocity interference from the mirror images with respect to the center of the
model (x, y, z) = (0, 0, 0). Based on the flow around a sphere (λ = 1) the mirror images
return the tunnel shape factor τ for different tunnel geometries. The effective increase
in jet diameter in proximity of the model is neglected and hence the tunnel cross section
(nozzle height HN and width WN) is equivalent to the one from the mirror images.

Based on these approximations the classical solid blockage correction, stated in Figure.
5.1 was derived. However, the discrepancies in CFD and the classical approach for rather
high blockage ratios are expected to be connected to an insufficient coverage of the jet
expansion effects by the classical theory. However, an alternative approach was developed
in this thesis. An overview of the considered effects is given by Figure 5.2. The main
difference between closed and open jet test sections is the jet boundary condition. For
closed jets the location of the jet boundary is fixed due to the solid walls. For an open jet
the velocity at the jet boundary in potential flow theory is known and equates u∞ of the
undisturbed flow. However, the displacement of the jet boundary by the model causes the
wind tunnel interference. It is not known, but can be calculated from the mirror images
using the stream function Ψ, see method 1 in Figure 5.2. This correction accounts for the
change in effective jet cross section AN,e for an expanding jet and is discussed in detail
in section 5.1.1. This effect is not included in the classical solid blockage correction. For
the correction of the velocity interference ∆u two methods were applied. Method 2.1 is
identical to the classical solid blockage correction. The induced velocity is calculated from

Effect 1
Expansion of Jet
Cross Section

Method 1
Mirror Images of the
Stream Function Ψ

Result 1
AM

AN,e

Effect 2
Velocity Correction
for Jet Expansion

Method 2.1
Mirror Images of ∆u
at Model Center

Method 2.2
Mirror Images of ∆u
over Model Surface

Result 2
∆u
u∞

Figure 5.2: Overview of the effects and the methods to develop a new correction for the
open jet expansion. The methods for effect 1 and 2 were based on a potential
flow model for the wind tunnel flow around a sphere and returned either a
velocity correction or an adaption of the blockage ratio.
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5 Consequences for the Design of Open Jet Wind Tunnels

the sum of mirror images at the model center. Method 2.2 takes into account that the
induced velocity at a particular location is not constant. For example, the maximum jet
expansion for a sphere is located in the plane at the model center x = 0 and is smaller
for any other x-normal plane x > 0 and x < 0. Thus, the induced velocity is a gradient
field. Both method 2.1 and 2.2 are discussed in section 5.1.2. The effects and methods,
presented in this chapter, were applied to the flow around a sphere in both two and three
dimensions. The general idea to use a model shape factor λ is adopted to compare the
results with the results from CFD.

5.1.1 Expansion of Jet Cross Section

In the approach of Lock (1929) the effective displacement of the jet boundary is not
considered. In fact, the jet expansion leads to an increase of the jet cross section in
the proximity of the model. Thus, the location of wind tunnel interference is effectively
displaced away from the model. Method 1 takes into account the increase of the jet cross
section by computing mirror images of the stream function Ψ. The equations were derived
for both two- and three dimensional blockage conditions. The essential equations were

x
y

z

W
N,eW

N,0

HN,e

HN,0

negative mirror
image −M

positive mirror
image +M

mirror planes
P1

P2

Ψ = const.
u/u∞ = 1

Figure 5.3: Jet expansion for a sphere in a rectangular wind tunnel. The mirror images
alternate in sign ±M enforcing a constant velocity u/u∞ = 1 at the jet
boundary (Ψ = const.). The cross section x = 0 of the mirror images denotes
the dimensions (WN,e and HN,e) of the expanded jet. The dimensions of the
initial jet are WN,0 and HN,0.
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5 Consequences for the Design of Open Jet Wind Tunnels

taken from Table A.3 and A.4 in appendix A.5. Figure 5.3 shows the general effect of
the jet expansion and the placement of mirror images for a sphere in a rectangular, open
jet. The mirror images are extracted in the x-normal plane of the model center (x = 0).
The approach of alternating sign for the singularities enforces the jet boundary condition
u/u∞ = 1. The jet boundary is represented by streamlines and hence the stream function
Ψ for each streamline is constant. The method below used the mirror images to calculated
the effective stream function of the expanded jet at x = 0. Based on this knowledge the
corresponding jet dimensions WN,0 and HN,0 for the undisturbed flow (x → ∞) were
calculated. Figure 5.4 illustrates the method of extracting mirror images in both two and
three dimensions. The indices for the columns m and the rows n design the level of the
corresponding image. In two dimensions only one index, here n, was sufficient. For the
rectangular tunnel both indices were applied. It is important to mention that the mirror
images for the rectangular jet satisfy the jet boundary condition u = u∞ at y = ±WN,e/2
and z = ±HN,e/2 respectively. Thus, the shape of the expanded jet cross section at x = 0
is rectangular as also shown in Figure 5.3. This is an approximation as the displacement
in y- and z-direction is assumed to be constant.
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,e

-+ - +
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3D: Rectangular Jet
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N
,e

m = −2 m = −1 m = 0 m = 1 m = 2

n = −2

n = −1

n = 0

n = 1

n = 2

Figure 5.4: Mirror images at x = 0 for two and three dimensions. The indices m and n
denote the level of the corresponding image. Two levels are illustrated but
for the calculation the condition m,n→∞ is considered.
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5 Consequences for the Design of Open Jet Wind Tunnels

Two Dimensions

The two-dimensional example of a dipole in parallel flow represents the flow around an
infinitely long cylinder. The flow field is characterized by a stream-wise coordinate x and
a lateral coordinate y. The field variables Ψc and ux,c represent the flow field without
wind tunnel interference:

Ψc(x, y) = u∞y −
M

2π
y

x2 + y2 (5.1)

ux,c(x, y) = u∞ −
M

2π
x2 − y2

(x2 + y2)2 (5.2)

The dipole moment was calculated from the stagnation point ux,c = 0 by using the radius
of the cylinder RM:

ux,c(x = −RM, y = 0) = 0 −→ M = 2π u∞RM
2 (5.3)

For the model center x = 0 eq. (5.1) and (5.2) can be simplified towards:

Ψc(x, y)
u∞

= y −RM
2 y

x2 + y2 −→ Ψc(x = 0, y)
u∞

= y − RM
2

y
(5.4)

ux,c(x, y)
u∞

= 1−RM
2 x2 − y2

(x2 + y2)2 −→ ux,c(x = 0, y)
u∞

= 1 + RM
2

y2 (5.5)

For wind tunnel conditions, the second term in both equations of Ψc and ux,c is added by
the mirror images of the dipole. The vertical distance of each dipole was calculated using
the mirror index n and the tunnel height HN,e:

yn = HN,e

2 −HN,e n = HN,e

2 (1− 2n) (5.6)

The substitution of y in eq. (5.4) and (5.5) with eq. (5.6) and the expansion of the mirror
images returned the field variables in wind tunnel conditions:

Ψ(x = 0, y = HN,e/2)
u∞

= HN,e

2 − 2 RM
2

HN,e

∞∑
n=−∞

(−1)n

1− 2n (5.7)

ux(x = 0, y = HN,e/2)
u∞

= 1 + 4
(
RM

HN,e

)2 ∞∑
n=−∞

(−1)n

(1− 2n)2 (5.8)

The solution of the infinite summations for Ψ and ux returned:
∞∑

n=−∞

(−1)n

1− 2n = π

2

∞∑
n=−∞

(−1)n

(1− 2n)2 = 0 (5.9)
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As shown by Lock (1929) the result of the mirror images for the ux is 0. Thus the velocity
at the wind tunnel boundary equates to the velocity of the undisturbed flow u∞. For Ψ
the summation results in π/2. Eq. (5.7) and (5.8) turn into:

Ψ(x = 0, y = HN,e/2)
u∞

= HN,e

2 − π RM
2

HN,e
(5.10)

ux(x = 0, y = HN,e/2)
u∞

= 1 (5.11)

The reduction of the stream function at the jet boundary by the summation of the set of
dipoles gives the increase of the jet diameter in the center line of the model. Furthermore,
the streamline with the stream function in eq. (5.10) represents the jet boundary. With
increasing longitudinal distance x → ∞ the effect of the dipole decays. The effective
tunnel height HN,0 was calculated from the stream function of the parallel flow:

Ψ(x→∞, y = HN,0/2)
u∞

= HN,0

2 (5.12)

For the streamline at the jet boundary the condition (5.12) = (5.10) is valid. The effective
blockage ratio can be obtained by rearranging the variables:

HN,0

HN,e
= 1− 2π

(
RM

HN,e

)2

= 1− π

2

(
HM

HN,e

)2

(5.13)

AM

AN,0
= HM

HN,0
= 1
AN,e

AM

1− π

2

(
AM

AN,e

)2
 (5.14)

Eq. (5.13) and (5.14) are analytic solutions of the increase of jet cross section at x = 0 for
a cylinder in a two-dimensional tunnel. Figure 5.5 depicts the dependency of the radius
and the blockage ratio within the maximum jet cross section. Furthermore, a comparison
to the assumption without jet expansion is given. For low blockage ratios AM/AN,0 < 0.15
the difference appears to be negligible, at least on the selected scale. In fact, the error of
AN,e/AN,0 < 1.01 was determined to be valid for AM/AN,0 < 0.08. Thus, the increase of
jet cross section cannot be generally neglected.

Three Dimensions: Rectangular Open Jet

The flow field in around a sphere in a rectangular tunnel changes with the ratio of tunnel
height HN to tunnel width WN and is in general not rotational symmetric. Thus, the y-
normal and z-normal wind tunnel boundaries are evaluated separately in order to achieve
the nominal jet expansion for each direction. Therefore, the stream functions Ψy and Ψz
are calculated as vector components of Ψr:

Ψy = y

r
Ψr and Ψz = z

r
Ψr with r =

√
y2 + z2 (5.15)
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Figure 5.5: Two Dimensions: Effect of blockage ratio AM/AN,0 on the height HN,e/HN,0
of the expanded, open jet (left) and on the corresponding, effective blockage
ratio AM/AN,e (right). The results were extracted from eq. (5.13) and (5.14).

Using the same approach as shown above for the two-dimensional tunnel, eq. (5.4) was
adapted:

Ψy,c(x = 0, y, z)
u∞

= 1
2y
√
y2 + z2 − RM

3

2
y

y2 + z2 (5.16)

Ψz,c(x = 0, y, z)
u∞

= 1
2z
√
y2 + z2 − RM

3

2
z

y2 + z2 (5.17)

The effective stream function at the jet boundary was again calculated from the mirror
images of the dipole terms:

Ψy(x = 0, y = WN,e/2, z = 0)
u∞

= 1
8WN,e

2 − RM
3

2

∞∑
m=−∞

∞∑
n=−∞

(−1)m+n ym
ym2 + zn2 (5.18)

Ψz(x = 0, y = 0, z = HN,e/2)
u∞

= 1
8HN,e

2 − RM
3

2

∞∑
m=−∞

∞∑
n=−∞

(−1)m+n zn
ym2 + zn2 (5.19)

The coordinates ym and zn denote the distance between a specific point (x, y, z) and a
dipole mirror image with the index m and n:

ym = y −mWN,e and zn = z − nHN,e (5.20)
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Eq. (5.18) and (5.19) can be re-written as:

∞∑
m=−∞

∞∑
n=−∞

(−1)m+n ym
ym2 + zn2 =

∞∑
m=−∞

∞∑
n=−∞

(−1)n
WN,e

(1
2 −m

)
WN,e

2
(1

2 −m
)2

+ (nHN,e)2
(5.21)

∞∑
m=−∞

∞∑
n=−∞

(−1)m+n zn
ym2 + zn2 =

∞∑
m=−∞

∞∑
n=−∞

(−1)n
HN,e

(1
2 − n

)
(mWN,e)2 +HN,e

2
(1

2 − n
)2 (5.22)

Compared to eq. (5.9) the double-infinite series of sums are related to the ratio of tunnel
width WN,e and tunnel height HN,e. Thus, no general, analytic solution was found here,
but a numerical solution was applied. A substitution of χy and χz for the sums was
applied:

χy =
∞∑

m=−∞

∞∑
n=−∞

(−1)m+n

1
2 −m(1

2 −m
)2

+
(
n
HN,e

WN,e

)2 (5.23)

χz =
∞∑

m=−∞

∞∑
n=−∞

(−1)m+n

1
2 − n(

m
WN,e

HN,e

)2

+
(1

2 − n
)2

(5.24)

An analytic solution for the double infinite summations χy and χz was not found in this
work. However, both factors can be calculated using a numerical approach. Therefore, a
MATLAB script was created to calculate solutions for χy and χz in a selected range of
tunnel aspect ratio WN,e/HN,e. As also mentioned by Wickern (2001), the summation of
alternating sign converges quickly and n = 10 levels of mirror images turned out to be
sufficient for realistic aspect ratios, see Figure 5.6 left. Furthermore, the values of χy and
χz were plotted in Figure 5.6 right. The infinite limits are:

lim
W/H→0

χy = π, lim
W/H→∞

χy = 0, lim
W/H→0

χz = 0, lim
W/H→∞

χz = π (5.25)

In the next step, eq. (5.18) and (5.19) were adapted in order to fit the streamline condition
for the original tunnel dimensions WN,0 and HN,0:

Ψy(x = 0, y = WN,e/2, z = 0)
u∞

= 1
8WN,e

2 − RM
3

2
χy

WN,e
= 1

8WN,0
2 (5.26)

Ψz(x = 0, y = 0, z = HN,e/2)
u∞

= 1
8HN,e

2 − RM
3

2
χz

HN,e
= 1

8HN,0
2 (5.27)
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Figure 5.6: Solutions for the summation of χy and χz. The summation of χy converges
after 10 images (left). The dependency of χy and χz is given for different
tunnel aspect ratios WN,e/HN,e (right). For WN,e/HN,e −→ 0 : χy = π,
χz = 0; for WN,e/HN,e −→∞ : χy = 0, χz = π.

Thus, the effective jet expansion can be formulated by the use of the model and tunnel
length scales:

WN,0

WN,e
=

√√√√1− 4χy

(
RM

WN,e

)3

and HN,0

HN,e
=

√√√√1− 4χz

(
RM

HN,e

)3

(5.28)

An alternative form is to express the jet expansion related to the blockage ratio:

AM

AN,e
= πRM

2

WN,eHN,e
−→ RM =

√
WN,eHN,e

π

AM

AN,e
(5.29)

The result is:

WN,0

WN,e
=

√√√√1− χy
4
π3/2

(
HN,e

WN,e

AM

AN,e

)3/2

and HN,0

HN,e
=

√√√√1− χz
4
π3/2

(
WN,e

HN,e

AM

AN,e

)3/2

(5.30)

The corrected nozzle area and blockage ratio are then:

AN,0 = WN,0HN,0 (5.31)
AM

AN,0
= AN,e

AN,0

AM

AN,e
= WN,e

WN,0

HN,e

HN,0

AM

AN,e
(5.32)

The set of equations is now sufficient to solve the dimensions of the expanded jet for a
sphere in a rectangular tunnel. The input parameters for a typical application are the
nozzle area AN,0, the blockage ratio AM/AN,0 and the aspect ratio of the tunnelWN,0/HN,0.
Therefore, an iterative approach is proposed in order to calculate the dimensions of the
expanded jet. The algorithm is given in Figure 5.7. The results are given in Figure 5.8.
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Output (AN,e,WN,e, HN,e)

Error
ΨN,W

Adjust Tunnel Width WN,e

Recalculation of Tunnel Width (χy −→ Ψ(0,WN/2, 0))

Adjust Tunnel Height HN,e
Error
ΨN,H

Mirror Images for Tunnel Height (χz −→ Ψ(0, 0, HN/2))

Adjust Tunnel Width WN,e
Error
ΨN,W

Mirror Images for Tunnel Width (χy −→ Ψ(0,WN/2, 0))

Initialize Mirror Dimensions (WN,e = WN,0, HN,e = HN,0)

Calulate Tunnel Dimensions (AN,0, WN,0, HN,0, ΨN,W, ΨN,H)

Set Blockage Ratio (AM/AN,0)

Input Parameters (AM, RM, WN,0/HN,0)

WHILE LOOP

WHILE LOOP

FOR LOOPS

FOR LOOPS

FOR LOOPS

WHILE LOOP

FOR LOOP

OK
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OK

NOT OK

NOT OK

NOT OK

Go to Next Blockage Ratio

Figure 5.7: Algorithm to calculate the dimensions of the expanded, rectangular jet. An
outer for loop performed iterations for different blockage ratios. Three while
loops iterate the dimensions of the mirror images in order to match the
stream function at the jet boundary.
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Figure 5.8: Effect of blockage ratio AM/AN,0 on the dimensions of the expanded jet at
x = 0: a) Increase of jet width; b) Increase of jet height; c) Effect on the
aspect ratio of the expanded jet; d) Effective blockage ratio.

5.1.2 Velocity Correction for the Jet Expansion

Method 2.1: Mirror Images at the Model Center

The calculation of the induced velocity by the mirror images at the model center is
equivalent to the approach of Lock (1929). Furthermore, the calculation of the resulting
velocity interference is rather simple as the lateral components ∆uy and ∆uz are zero. The
summation of ∆ux for a rectangular tunnel by Garner et al. (1966) and was introduced
in section 2.1.2:

∆ux(x = 0)
u∞

= RM
3

2

∞∑
m=−∞

∞∑
n=−∞︸ ︷︷ ︸

without m=n=0

(−1)m+n 1
((mWN,e)2 + (nHN,e)2)3/2

(5.33)
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It is worth to mention that the induced velocity for the open jet conditions is calculated
from the double infinite summations only of the mirror images. Therefore, the effect of
the model m = n = 0 is excluded.

The correction of the drag coefficient CD,c/CD results from the dynamic pressure correc-
tion:

CD

CD,c
= pdyn,c

pdyn
=
(

∆ux(x = 0)
u∞

λ+ 1
)2

(5.34)

Method 2.2: Mirror Images over the Model Surface

The second method is to calculate the velocity interference in the rectangular open jet test
section as the integral velocity over the model area. Therefore, both velocity components
ux,c and ur,c are used from Table A.4 in the appendix on page 165. The flow field around
the sphere without wind tunnel interference is obtained from:

ux,c(x, y, z)
u∞

= 1 + RM
3

2
r2 − 2x2

(x2 + r2)5/2 (5.35)

ur,c(x, y, z)
u∞

= −3
2RM

3 xr

(x2 + r2)5/2
(5.36)

For a specific location (x, y, z) the velocity field of the flow around the sphere in a rect-
angular tunnel is written for ux and ur in the same way as for method 2.1:

ux(x, y, z)
u∞

= 1 + RM
3

2

∞∑
m=−∞

∞∑
n=−∞

(−1)m+n rm,n
2 − 2xm,n

2

(xm,n2 + rm,n2)5/2 (5.37)

ur(x, y, z)
u∞

= −3
2RM

3
∞∑

m=−∞

∞∑
n=−∞

(−1)m+n xm,nrm,n

(xm,n2 + rm,n2)5/2
(5.38)

The coordinates xm,n and rm,n in eq. (5.37) and (5.38) can be written as:

xm,n = x (5.39)

rm,n =
(
ym

2 + zn
2
)1/2

=
(
(y −mWN,e)2 + (z − nHN,e)2

)1/2
(5.40)

The substitution with eq. (5.39) and (5.40) yields in:

ux
u∞

= 1 + 1
2RM

3
∞∑

m=−∞

∞∑
n=−∞

(−1)m+n (y −mWN,e)2 + (z − nHN,e)2 − 2x2(
x2 + (y −mWN,e)2 + (z − nHN,e)2

)5/2 (5.41)

ur
u∞

= −3
2RM

3
∞∑

m=−∞

∞∑
n=−∞

(−1)m+n x
(
(y −mWN,e)2 + (z − nHN,e)2

)1/2
(
x2 + (y −mWN,e)2 + (z − nHN,e)2

)5/2 (5.42)
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From eq. (5.38) the sign of ±rm,n indicates the sign of ±ur. The substitution of rm,n with
eq. (5.40) using ym2 and zn2 eliminates the sign of both the corresponding coordinates.
Thus, ur is separated into its components uy and uz:

uy
u∞

= ym
rm,n
· ur
u∞

(5.43)
uz
u∞

= zn
rm,n
· ur
u∞

(5.44)

The velocity components extracted from eq. (5.42) are then:

uy
u∞

=−3
2RM

3
∞∑

m=−∞

∞∑
n=−∞

(−1)m+n x (y −mWN,e)(
x2 + (y −mWN,e)2 + (z − nHN,e)2

)5/2 (5.45)

uz
u∞

=−3
2RM

3
∞∑

m=−∞

∞∑
n=−∞

(−1)m+n x (z − nHN,e)(
x2 + (y −mWN,e)2 + (z − nHN,e)2

)5/2 (5.46)

The velocity correction is based on the integral average of the velocity ∆u/u∞ induced
by the mirror images. Figure 5.9 depicts the definition of the coordinates ϕ and θ for a
particular surface element dA. The angle ϕ denotes the angle between the y-axis and the
center point of dA projected on the xy-plane. θ is the angle between the center point
of dA and the z-axis. The principle is to integrate the velocity over the model surface
whereas the velocity at the model surface represents the local velocity interference in the

z

y

x

RM

ϕ

θ

dA = rM dϕ · RM dθ

rM = RM · sin θ
rM

= RM
2 sin θ dϕ dθ

Figure 5.9: Polar coordinates for the integral velocity over the surface of the sphere.
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open jet. Due to symmetry conditions the integration of velocity for 1/8 of the sphere
surface A is sufficient (0 ≤ ϕ ≤ π/2; 0 ≤ θ ≤ π/2):

∆u
u∞

= 1
A

∫
A

∆u(x, y, z)
u∞

dA = 4
π

π/2∫
θ=0

π/2∫
ϕ=0

∆u(x, y, z)
u∞

sin θ dϕdθ (5.47)

with: dA = RM
2 sin θ dϕ dθ (5.48)

A = π/4 ·RM
2 (5.49)

This approach provided a general, integral velocity correction applicable to all force di-
rections. However, as shown above the jet expansion enforced a longitudinal gradient of
velocity interference depending on the local cross section of the model. E.g., the veloc-
ity interference for a sphere is smaller at the stagnation point rather than for the model
center. Furthermore, the face normal direction of a surface element of the sphere is more
drag relevant at the front and more lift and side force relevant in the model center. Thus,
a weighting function was applied to the integral velocity considering the projected area
of each surface element for the corresponding Cartesian direction i = x, y, z:(

∆u
u∞

)
i
= 1
A

∫
A

∆u(x, y, z)
u∞

dAi (5.50)

with: dAi = xi
RM

dA xi = x, y, z (5.51)

The result was a velocity correction separately for the corresponding directions and, hence,
different correction quantities for the drag and lift force coefficient:

CD

CD,c
=
[(

∆u
u∞

)
x
λ+ 1

]2

and CL

CL,c
=
[(

∆u
u∞

)
z
λ+ 1

]2

(5.52)

The solution of the equations above was performed with a numerical approach in MAT-
LAB, see appendix A.4.3 on page 158.

5.1.3 Comparison of the Results

After the description of the extended correction models, the results for the interference
corrections for the open jet expansion are presented, firstly for a sphere in a rectangular
tunnel and, secondly in comparison to the CFD results from chapter 4. Compared to the
method of Lock (1929), the effect of increasing jet cross section in proximity to the model
was added. Furthermore, an integral velocity correction was applied, in order to achieve
a separate correction for lift and drag.

Sphere in a Rectangular Tunnel

It is worth to mention, that the combination of parallel flow and a dipole in potential flow
returned a rather idealized flow field around a sphere and did not contain the rearward,
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pressure induced flow separation, which is characteristic for the flow around a "real"
sphere. In potential flow, the longitudinal velocity gradient around the model, due to
the jet expansion, is compensated between the front and the rear face of the sphere and,
hence, the resulting interference is expected to be zero. This is based on the assumption,
that wall skin friction is negligible. This situation is expected to change for a "real"
sphere as the longitudinal gradient is not compensated due to the rearward separation.
The present correction models are based on the assumption, that, the asymptotic theory
with blockage conditions remains comparable.

Figure 5.10 presents the results for the correction of both the drag CD,c/CD and the lift
coefficient CL,c/CL for a sphere in rectangular tunnel whereas the aspect ratio WN/HN =
0.7 of the tunnel was used from the duplex images of the nozzle from chapter 4 with
WN/HN = 1.4. Both the model of Lock (1929) and method 2.1 are based on a velocity
correction using the velocity interference in the model center. Thus, the correction for
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Figure 5.10: Correction of the drag CD,c/CD and the lift coefficient CL,c/CL for a sphere
in a rectangular, duplex tunnel with WN/HN = 0.7. To represent a sphere,
the model shape factor was selected with λ = 1.
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both the drag and the lift coefficients were identical for each model. The remaining
difference was the reference blockage ratio AM/AN as Lock (1929) uses the blockage ratio
of the expanded jet at x = 0 whereas the blockage ratio in method 2.1 was determined
from the stream function. Thereby, the effective correction in method 2.1 was lower than
for the model of Lock (1929). Method 2.2 was based on method 2.1 but added the integral
velocity correction, which was separate for drag and lift. The result was a further decrease
in effective correction whereas the lift interference was larger than the drag interference.
This result was reasonable as the lift effective surface of the sphere was located in regions
close to the model center x = 0, in which the jet expansion was the largest.

DrivAer Model in a Rectangular Tunnel

The application of the models above to the CFD results required the adjustment of the
model shape factor λ. In theory, different methods for the calculation of λ are presented.
The original idea of Lock (1929) was to use λ as a factor for the volume of the model
compared to the sphere with equivalent frontal area. This principle is adopted by Wickern
(2014) or Mercker (2013) by suggesting to additionally include the wake volume of bluff
bodies. Based on the volume of the model, the result for a typical automotive body is
in the range of λ ≈ 2, Wickern (2014). However, in the present work λ was adjusted in
order to achieve the best fit of the potential flow models with CFD for lower blockage
ratios AM/AN < 10 % as the objective was to compare the asymptotic behavior of the
wind tunnel corrections with CFD.

Figure 5.11 illustrates the application of the potential flow corrections to the CFD results.
The fastback and the notchback results from CFD were excluded for the lift coefficients
as the total lift coefficients were low with CL = −0.054 and CL = −0.031 and, hence, the
accuracy of the interference in percentage was in the range of CL,c/CL ± 0.1. For both
the drag and the lift coefficients a good agreement was achieved for all methods under
investigation by adjusting λ for a blockage ratio of AM/AN ≤ 0.1. Furthermore, for drag,
λ was in good agreement with Wickern (2014) if the velocity interference was calculated in
the model center (see Lock (1929) and method 2.1). However, for all models λ turned out
to be significantly higher in order to match the lift interference. In general, the asymptotic
behavior of both method 2.1 and 2.2 was comparable, but λ was adjusted differently. The
agreement with CFD was Ci,c/Ci ≤ 1 % within the entire range of investigation whereas
the results of the Lock-Model diverged for higher blockage ratios, e.g. AM/AN ≈ 20 %.

The main reason for the different results of λ for drag and lift was expected to be the
difference in fineness ratio of an automotive body compared to the sphere. The projected
effective area of the sphere is equal for drag and lift Aref = πRM

2. For an automotive body,
the lift effective surface area is significantly larger than the frontal area of the model. This
explained a larger λ for lift rather than for drag.

108



5 Consequences for the Design of Open Jet Wind Tunnels

0.00 0.05 0.10 0.15 0.20 0.251.00

1.05

1.10

1.15

1.20

1.25

1.30

AM/AN

CD,c/CD Drag Coefficient: Comparison with CFD Results

Lock (1929) λ = 2.0
With Jet Expansion (∆u/u∞: Method 2.1) λ = 2.0
With Jet Expansion (∆u/u∞: Method 2.2) λ = 3.5
CFD DrivAer Estateback
CFD DrivAer Fastback
CFD DrivAer Notchback

0.00 0.05 0.10 0.15 0.20 0.251.00

1.05

1.10

1.15

1.20

1.25

1.30

AM/AN

CL,c/CL Lift Coefficient: Comparison with CFD Results

Lock (1929) λ = 4.8
With Jet Expansion (∆u/u∞: Method 2.1) λ = 4.8
With Jet Expansion (∆u/u∞: Method 2.2) λ = 5.5
CFD DrivAer Estateback

Figure 5.11: Correction of the drag CD,c/CD and the lift coefficient CL,c/CL for a sphere
in a rectangular, duplex tunnel with WN/HN = 0.7. The model shape
factor λ was adjusted in order to achieve a best fit of the correction models
with CFD for low blockage ratios.

5.2 Design Criteria for Automotive, Open Jet Wind
Tunnels

This section provides an overview of the most essential results and their consequences for
a specific design of an automotive, open jet wind tunnel. The basic idea was to define a
series of parameters in order to define a new wind tunnel layout. Therefore, a compromise
of accuracy and effort (e.g. costs for investment and operation) was desired. It is worth to
mention, that this work does not provide the knowledge about the entire range of relevant
parameters for the design of a wind tunnel. The CFD studies, presented in chapter 4,
were based on specific assumptions, which certainly affected the results. However, a better
understanding of some essential design parameters was obtained.
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Interference Effects in Automotive, Open Jet Wind Tunnels

Nozzle & Open Jet Collector Moving Ground
Simulation Plenum

Figure 5.12: Overview of the essential sources for interference effects in open jet wind
tunnels.

An overview of the most essential sources for wind tunnel interferences in an open test
section is illustrated in Figure 5.12. Three of them were subject of the present work. The
conclusions and consequences obtained from the present work concerning the interferences
from nozzle and open jet, collector and moving ground simulation are discussed below in
section 5.2.1 - 5.2.3. Some basic further considerations, e.g. for plenum interferences, are
presented in section 5.2.4.

5.2.1 Nozzle Design

The wind tunnel nozzle is one of the most essential components of a wind tunnel as the
decision for a specific cross sectional area of the nozzle AN defines the solid blockage for a
selected model with AM. The solid blockage ratio AM/AN is certainly the most common,
non-dimensional parameter in order to characterize the relation of the length scales of
model and wind tunnel. Effectively, the design of the nozzle defines the dimensions of the
open jet and, hence, is part of the discussion concerning the test sections length. E.g.,
Wickern (2014) suggests not to exceed an effective test section length of three hydraulic
jet diameters in order to restrict jet instabilities with an adequate portion. Thus, it is
worth to mention that the decision for a specific nozzle dimension is always connected to
the required test section length, defined by the collector position.

The present work included nozzle dimensions covering a range of blockage ratio of 2.4 % ≤
AM/AN ≤ 19.7 %. The investigations involved two general interference effects – the nozzle
and the open jet interference. The open jet interference turned out to be the only effect,
which was not sufficiently eliminated with decreasing blockage ratio, at least not for a
nozzle with a realizable cross section. E.g. the remaining drag deficit due to the jet
expansion for the estateback was ∆CD ≈ 0.006 in a tunnel with AN = 33.6 m2. The
consequence was that a correction of the open jet interference was required. An alternative
approach to eliminate a subsequent jet expansion correction is the "self-correcting open
jet wind tunnel" presented by Wickern (2014). The principle is to compensate the drag
decreasing effects of the open jet with the drag increasing effects of the nozzle by selecting
an appropriate longitudinal model position xc. In general, the self-correcting approach
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from Wickern (2014) was confirmed in the CFD for the nozzle method and (partially) for
the plenum method. However, on the one hand no compensation was achieved in CFD for
lift at the self-correcting model position for drag and, hence, a subsequent lift correction
was required. On the other hand, the model position in a real facility is always connected
to the location of wind tunnel balance whereas the wheel base center is typically located in
the x-center of the balance and the turntable1. In CFD, the self-correcting model position
was different for the specific rear ends of the DrivAer even though the blockage ratio was
identical. Thus, the latter model position in a real facility is not universal but must be
adjusted for the specific model under investigation in order to avoid the requirement of
drag corrections. This is not expected to be very practicable as, firstly, the optimal model
position must be determined and, secondly, an error due to a inaccurate model position
is likely.

Based on the results, it is recommended to operate the wind tunnel with the plenum
method and, for a selected nozzle, to locate the model at a position xc, for which the
gradient induced by the proximity of the nozzle is sufficiently decayed, e.g. ∆CD ≤ 0.001.
Therefore, the model position xc was determined to be xc ≥ 4.8 m for a nozzle with
AN = 22.4 m2. Consequently, the force coefficients measured with this approach require to
be corrected in order to account for the jet expansion effect. The jet expansion correction
can either be applied using the classical solid blockage correction from Lock (1929) or
using the methods 2.1 or 2.2 developed in this work. The application of the correction
methods presented in Figure 5.11 on the CFD data at xc = 6.0 m is shown in Table 5.1.

Table 5.1: Effects of the open jet interference on ∆CD, ∆CL,f and ∆CL,r for different
blockage ratios and rear ends. The table presents uncorrected data as well as
corrected data using the approach of Lock (1929), method 2.1 and 2.2. The
corrections apply the model shape factors λ as presented in Figure 5.11.

AM/AN = 6.4 % AM/AN = 9.7 % AM/AN = 19.7 %
∆CD ∆CL,f ∆CL,r ∆CD ∆CL,f ∆CL,r ∆CD ∆CL,f ∆CL,r

Uncorr.
EB -0.006 0.001 0.008 -0.010 0.001 0.008 -0.023 0.013 0.020
FB -0.004 0.003 -0.001 -0.008 0.004 0.000 -0.016 0.011 -0.006
NB -0.006 0.002 -0.004 -0.008 0.006 -0.002 -0.017 0.012 -0.008

Lock
EB -0.001 -0.004 0.003 0.001 -0.008 0.000 0.008 -0.013 -0.005
FB 0.001 0.000 0.000 0.001 -0.003 0.004 0.010 -0.009 0.005
NB -0.001 -0.002 -0.003 0.001 0.000 0.000 0.009 -0.006 -0.004

Meth. 2.1
EB -0.001 -0.004 0.004 0.000 -0.006 0.001 -0.001 -0.005 0.003
FB 0.000 0.000 0.000 0.000 -0.002 0.004 0.002 -0.003 0.001
NB -0.001 -0.001 -0.003 0.000 0.001 0.000 0.001 0.000 -0.005

Meth. 2.2
EB -0.001 -0.004 0.004 0.000 -0.006 0.001 -0.002 -0.004 0.004
FB 0.001 0.000 0.000 0.000 -0.002 0.003 0.002 -0.002 0.001
NB -0.001 -0.001 -0.003 0.000 0.001 0.000 0.000 0.001 -0.005

1Assumption: The aerodynamic forces are measured with an external, underfloor balance
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Proposing an appropriate nozzle cross sectional area for a wind tunnel facility is rather
difficult without specifying a particular accuracy and correction effort. However, the data
presented in Table 5.1 offers the opportunity to get an overview from the results of the
CFD studies and the potential flow correction approaches. Up to a blockage ratio of
AM/AN ≤ 9.7 % the corrected drag data from all methods under investigation were in the
range of ±0.001. For the highest blockage ratio AM/AN = 19.7 % only method 2.1 and 2.2
were in the range of accuracy of CFD of ∆CD ≈ ±0.002 and ∆CL,f ≈ ∆CL,r ≈ ±0.005.
The method from Lock (1929) yielded in differences of up to ∆CD ≈ ±0.010, which
was caused by the difference in asymptotic prediction compared to CFD. Based on this
knowledge, it is suggested to choose a nozzle cross section of AN ≥ 22.4 m2, for which all
correction methods returned adequate results.

ū/u∞

0.0 1.10.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

y = 0.0 m

z = 0.5 m

xc
lN,M,f LM,f LM,rHN

WN

Figure 5.13: Flow field ū/u∞ in the planes y = 0.0 m (top) and z = 0.5 m (bottom) for
the recommended nozzle configuration with AN = 22.4 m2, WN/HN = 1.4
and xc = 4.8 m. LM,f = 2.2 m and LM,r = 2.4 m denote characteristic model
lengths.
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An example is presented in Figure 5.13 using a nozzle with AN = 22.4 m2 (WN/HN = 1.4
and a model location of xc = 4.8 m. It is recommended to use the distance lN,M,f between
nozzle exit and model front instead of xc to be more independent from particular model
lengths.

Summarizing the most essential results for the nozzle design, the following dimensions are
recommended for a DrivAer characteristic production car in full scale:

• AN = 22.4 m2 with AM/AN = 9.7 % and WN/HN = 1.4

• lN,M,f = 2.6 m with xc = 4.8 m, LM,f = 2.2 m and LM,r = 2.4 m

5.2.2 Collector Design and Test Section Length

The CFD studies on collector interferences were based on a rather generic collector geome-
try. It was well known that real designs for a wind tunnel collector are often very complex
in terms of the geometry. General effects of the collector parameters under investigation
on the model tested in the wind tunnel were evaluated. The basic idea was to understand
the sensitivities of the particular parameters, find analogies between the generic and the
generic, converging collector and, finally, determine the test section length, for which col-
lector interferences die out. Therefore, a particular nozzle geometry AN = 22.4 m2 and
model position xc = 4.8 m was selected based on the results for nozzle and open jet inter-
ferences. It is worth to mention that the present study did not consider further aspects
such as the jet stabilization by the collector and, hence, no recommendation towards a
critical test section length, in terms of jet instabilities, could have been derived.

The results from the generic collector with a flap angle of αC = 0 ◦ showed that the
collector interference was eliminated for all test section lengths under investigation by
selecting an appropriate collector cross sectional area AC/AN. The effect of the collector
was removed with two approaches, firstly, for AC/AN ≈ 1.1 the collector was expected to
match the free open jet propagation and, secondly, interferences died out for AC/AN ≥ 3.0.
However, a rather short test section, e.g. LTS = 8.2 m is not recommended for both of
these methods. The selection of AC/AN ≈ 1.1 showed large gradients in the aerodynamic
forces and, hence, a high sensitivity with respect to the collector area dCD/dAC. For
AC/AN > 1.6 the collector was characterized to be "detached" as the open jet attached
not at the collector inlet but further downstream. With a further increase of AC/AN
the effective test section length increased as well. A rather negative effect on the jet-
stabilizing effect of the collector is expected if the flow attaches "too far" downstream
from the collector inlet. Thus, the only reliable solution using the generic collector was to
extend the test section length LTS. For a test section length of LTS = 15.8 m the effects
on the aerodynamic forces were ∆CD,max ≤ 0.002 and ∆CL,f,max = ∆CL,r,max ≤ 0.005 and,
hence, in the range of accuracy of the CFD simulations.

The upgrade of the generic collector with an additional parameter, the flap angle αC > 0 ◦,
offered the opportunity to investigate a more realistic collector geometry. The most es-
sential result was certainly the effective extension of test section length due to an increase
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of the flap angle αC. Furthermore, a detailed comparison of the results showed the con-
formity for the converging collector with the generic collector also for short test sections
LTS = 8.2 m. Based on this knowledge, the maximum expected interference for the con-
verging collector was determined for an increasing test section length LTS ≤ 15.8 m for
the estateback, which showed the largest interferences.

The results for the maximum interference of the converging collector at different test
section lengths are presented in Table 5.2. The consequence is that the test section can
be shorter for a collector with a larger flap angle αC. Considering the accuracy of the
simulations (∆CD ≈ ±0.002 and ∆CL,f ≈ ∆CL,r ≈ ±0.005) the minimum test section
length for the estateback was LTS ≈ 11.7 m for αC = 30 ◦, LTS ≈ 14.0 m for αC = 20 ◦ and
LTS ≈ 15.8 m for αC = 10 ◦. It is worth to mention that the values in Table 5.2 state the
maximum interference. The corresponding cross sections AC,in/AN are given and increase
with the flap angle. Consequently, it is expected, that based on these values increasing
or decreasing the cross section of the collector the interference is further reduced.

The recommendation is to choose the test section length and the corresponding collector
design carefully as it is connected to the nozzle dimensions. Wickern (2014) proposes not
to exceed a test section length of LTS/DN,h = 3.00, which corresponds to a test section
length of LTS = 14.0 m for AN = 22.4 m2. However, modern facilities sometimes have a
test section length LTS/DN,h > 3.00. Thus, a reliable recommendation for a maximum
test section length in terms of jet stability can not be derived from the results in this work.
That is why the suggested design is proposed with LTS = 14.0 m and AC,in/AN = 2.20 as,
from the aerodynamic side, it turned out to be an adequate layout. For a real facility it
is recommended to optimize the collector geometry for further aspects as well. These are
e.g. design criteria concerning the open jet stability, tunnel resonances and aero-acoustic
aspects.

Figure 5.14 illustrates this concept and some essential length scales to characterize the
wind tunnel design. The test section length LTS is a very specific value, strictly connected
to the specifications applied by the nozzle design, model position and the model itself.
To be more independent from the model characteristics it is recommended to use the
distance lW,C between the end of the re-circulation (wake) downstream the model and the

Table 5.2: Maximum effects of the collector on ∆CD, ∆CL,f and ∆CL,r for test section
lengths LTS and collector angles αC. The reference was the simulation in the
half-infinite jet without collector. DN,h denotes the hydraulic diameter of the
wind tunnel nozzle.

LTS = 11.7 m LTS = 14.0 m LTS = 15.8 m
LTS/DN,h = 2.51 LTS/DN,h = 3.00 LTS/DN,h = 3.39
AC,in/AN = 1.75 AC,in/AN = 2.20 AC,in/AN = 3.25

∆CD ∆CL,f ∆CL,r ∆CD ∆CL,f ∆CL,r ∆CD ∆CL,f ∆CL,r

αC = 10 ◦ -0.024 -0.005 0.017 -0.005 0.001 0.001 -0.001 -0.001 0.004
αC = 20 ◦ -0.013 -0.004 0.006 -0.002 -0.002 0.001 0.002 -0.001 0.000
αC = 30 ◦ 0.000 -0.003 0.002 -0.001 -0.002 0.004 0.002 -0.003 0.000
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Figure 5.14: Flow field ū/u∞ in the planes y = 0.0 m (top) and z = 0.5 m (bottom) for
the recommended collector configuration with AC/AN = 2.20 , WC/HC =
1.4 and LTS = 14.0 m. LM,f = 2.2 m, LM,r = 2.4 m and LW = 3.3 m denote
characteristic model lengths.

collector inlet or the distance lM,r,C between the rear end of the model and the collector.
Therefore, the wake length LW of the estateback was determined in CFD using the total
pressure criteria.

Summarizing the results and consequences from the collector studies, the following pa-
rameters were essential for the collector design:

• lW,C ≥ 1.2 m and lM,r,C ≥ 4.5 m for αC = 30 ◦ with LM,r = 2.4 m and LW = 3.3 m

• lW,C ≥ 3.5 m and lM,r,C ≥ 6.8 m for αC = 20 ◦

• lW,C ≥ 5.3 m and lM,r,C ≥ 8.6 m for αC = 10 ◦
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5.2.3 Moving Ground Simulation

The CFD studies on the moving ground simulation were applied to a selected race car.
The results showed large interferences, especially for lift, for the 5-belt moving ground
simulation. Thus, from the aerodynamic point of view, a 5-belt system did not provide suf-
ficient flow quality and a single-belt system is recommended. The following consequences
are based on the assumption that the desired wind tunnel facility offers the opportunity
to test both full scale production cars and race cars. Therefore, the investigations on the
moving ground simulation were limited to race car considerations. It is worth to mention,
that typical facilities for the development of production cars are equipped with a 5-belt
system (or similar) and that a requirement of a single-belt for these cars was not proven.
Furthermore, the decision for a particular technique – e.g. 5-belt or single-bet – involves
not only aerodynamic flow quality but further aspects. For example, the experimental
setup itself in order to measure the aerodynamic forces. External underfloor balances are
typical for full scale applications. Measuring aerodynamic forces on a single-belt with an
underfloor balance involves larger parasitic forces than for a 5-belt system if the moving
belt is connected to the balance. However, these aspects were not involved in the present
work and are not discussed more in detail but are recommended to be considered for the
design of a moving ground simulation system.

The results from the moving ground investigations showed that the interferences decay
with increasing belt dimensions such as moving belt length LB and width WB. The
remaining effects were in the range of the averaging accuracy of CFD for rear belt length
of LB,r ≥ 0.9LM whereas LM denotes the length of the model. Assuming a typical race car
length of LM ≈ 5.0 m this yielded in LB,r ≥ 4.5 m. Assuming the model to be located in
the center of the moving belt the total belt length is then LB ≥ 9.0 m. The corresponding
result for the belt width required WB ≥ 1.5WM and, hence, WB ≥ 3.0 m for a car with
WM ≈ 2.0 m. Thus, a moving belt of the size LB x WB = 9.0 m x 3.0 m is recommended.
Based on the design recommendations for the nozzle and the collector, this concept was
integrated into the concept of the test section length of LTS = 14.0 m, see Figure 5.15.

The selected dimensions were rather theoretic values based on the results from the CFD
studies and did not involve further aspects such as the assembly space of the specific
components, e.g the diameter of the front and rear rollers of the moving belt. Further-
more, the elimination of boundary layer of the on-coming flow at the nozzle exit is an
essential step in order to simulate the aerodynamics of ground vehicles and is an essential
part of the moving ground simulation. Possible solutions are a boundary layer suction,
scoop, tangential blowing or combinations of these solutions. However, the integration
of a boundary layer treatment certainly affects the layout of the test section. The up-
stream integration of e.g. a boundary layer suction must be considered in terms of its
consequences on the package due to the assembly space. It is recommended to include
these aspects into the design package of a potential facility as they were not sufficiently
investigated in the present work.
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Figure 5.15: Schematic illustration of the integration of the selected moving belt system
(single-belt) into the suggested test section layout: LTS = 14.0 m, xc =
4.8 m, LB = 9.0 m, WB = 3.0 m, RTT = 4.8 m.

5.2.4 Summary

Based on the consequences determined for automotive, open jet wind tunnels an example
for a final design recommendation is presented in Table 5.3. It is important to mention
that this concept involved investigation for a specific model geometry (DrivAer model)
for a limited amount of possible parameters and does not include security surcharges, e.g.
for the test section length. The test section length LTS was restricted to three hydraulic
jet diameters in order to follow the proposal of e.g. Wickern (2014). Real facilities are
sometimes equipped with longer test sections, but a recommendation towards a maximum
possible test section length for a particular nozzle diameter could not be derived from
this work. Further aspects such as package considerations were surely not sufficiently
considered as well and, hence, the design proposal mainly based on aerodynamic aspects
itself.
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Table 5.3: Specifications of the recommended design for an automotive, open jet wind
tunnel.

Wind Tunnel Parameters Symbol Specification
Nozzle
Cross Sectional Area AN 22.4 m2

Width WN 5.6 m
Height HN 4.0 m
Hydraulic Diameter DN,h 4.67 m
Longitudinal Model Position xc 4.8 m
Distance to Model Front lN,M,f 2.6 m
Aspect Ratio WN/HN 1.4
Collector
Cross Sectional Area Inlet AC,in 49.3 m2

Cross Sectional Area Outlet AC,out 20.6 m2

Width Inlet WC,in 8.3 m
Width Outlet WC,out 4.9 m
Height Inlet HC,in 5.9 m
Height Outlet HC,out 4.2 m
Non-Dimensional Cross Sectional Area Inlet AC,in/AN 2.2
Non-Dimensional Cross Section Area Outlet AC,out/AN 0.9
Aspect Ratio Inlet WC,in/HC,in 1.4
Aspect Ratio Outlet WC,out/HC,out 1.2
Flap Angle αC 20 ◦
Flap Length LC 5.2 m
Distance to Model Rear lM,r,C 6.8 m
Distance to Wake Closure lW,C 3.5 m
Test Section Length LTS 14.0 m
Non-Dimensional Test Section Length LTS/DN,h 4.0
Moving Ground Simulation (Single Belt)
Belt Length LB 9.0 m
Belt Width WB 3.0 m
Turntable
Radius RTT 4.8 m
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The present work provides a better understanding for some particular interference effects
in automotive, open jet wind tunnels, evaluated with CFD simulations. The effects under
investigation were the nozzle, the open jet, the collector and the moving ground interfer-
ences in order to draw recommendations for the design of a modern facility. A summary
of the main results and aspects for future work are presented in section 6.1 and 6.2.

6.1 Conclusions

The basic idea was to evaluate open jet wind tunnel interferences for automotive bodies
using DDES simulations with OpenFOAM®. Therefore, the DrivAer reference model was
selected for the investigations on nozzle, open jet and collector interferences and the Audi
RS5 DTM car for the studies on moving ground simulation. The numerical methods,
presented in chapter 3, were validated for the simulation of selected automotive bodies
(DrivAer, Audi RS5 DTM) in both model and full scale as well as for simulations of the
Audi Aeroacoustic Wind Tunnel with and without an Audi A4 Series production car inside
the test section. The grid refinement within the free shear layers of the open jet turned
out to be of crucial importance as it affected the open jet propagation. However, the grid
density, especially close to the nozzle exit, was limited due to local CFL-number consid-
erations. The validation of wind tunnel interferences was based on both the comparison
of flow field data (hot-wire probes and static pressure gradient) and aerodynamic force
coefficients and showed a good agreement of CFD with the experiments. In particular,
this included the effect of the longitudinal model position xc on vehicle aerodynamics for
both the plenum and the nozzle method.

Based on the validation of the numerical setup, three different CFD domains were created
for the numerical wind tunnel studies. The open road domain represented the flow around
the model without wind tunnel constraints whereas the half-infinite wind tunnel (without
collector) and the finite wind tunnel domain (with collector) were used to simulate the
model in wind tunnel conditions. Consequently, the differences in the results between open
road and wind tunnel conditions were evaluated to be open jet wind tunnel interferences.
The most essential results concerning interferences due to nozzle and open jet, collector
and moving ground simulation are summarized below. Furthermore, the consequences
derived from the CFD investigations are discussed towards a recommended design for a
future, automotive, open jet facility. It is worth to mention that the results were entirely
based on simulations at u∞ = 38.89 m/s and a cross-flow angle β = 0 ◦.
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Nozzle and Open Jet Interferences

The CFD simulations in the half-infinite wind tunnel domain included both the effects
from nozzle and open jet interferences. Therefore, a generic, rectangular nozzle of variable
cross section AN but without a converging region was used in order to remain indepen-
dent from a particular stream-wise nozzle curvature. Furthermore, the aspect ratio of the
nozzle remained constant with WN/HN = 1.4. The CFD simulations of the full scale Dri-
vAer model with estateback, fastback and notchback were applied to different test section
conditions such as four nozzle cross sections1 11.0 m2 ≤ AN ≤ 89.6 m2 and varying lon-
gitudinal model positions 3 m ≤ xc ≤ 9 m. In general, the "theoretical approach towards
the self-correcting open jet wind tunnel" presented by Wickern (2014) was confirmed for
both the nozzle and the plenum method of dynamic pressure determination. Accord-
ingly, for some particular model locations xc the drag decreasing effect due to the open
jet expansion was compensated with the drag increasing effect of the nozzle. The nozzle
interference decayed with increasing distance xc between the nozzle exit plane and the
model, especially for the plenum method. However, "far away" from the nozzle, a deficit
in drag remained for all blockage ratios under investigation. This interference (open jet
expansion) decayed with decreasing blockage ratio, but with a different asymptotic trend
as predicted in the classical solid blockage correction presented by Lock (1929). However,
up to a blockage ratio of AM/AN ≈ 10 % both approaches CFD and Lock (1929) showed
a good agreement for the correction of drag, if a model shape factor λ = 2 as proposed
by Wickern (2014) was applied.

Collector Interferences

Based on the CFD results for the nozzle and open jet interferences, one particular nozzle
configuration with AN = 22.4 m2 and AM/AN = 9.7 % was selected in order to evaluate
the collector interferences. On the one hand, this cross section was experienced to be an
adequate compromise between effort (e.g. costs) and accuracy and on the other hand the
jet expansion correction for drag was consistent in CFD and Lock (1929). Furthermore,
the longitudinal model position was set to xc = 4.8 m, for which the nozzle interference
using the plenum method decayed to ∆CD ≈ ±0.001. For the CFD studies on collector
interferences a generic collector with a flap angle of αC = 0 ◦ and a generic, converging
collector with αC ≤ 30 ◦ were designed. The parameters under investigation were the
collector inlet area 1.00 ≤ AC/AN ≤ 4.75 and the test section length2 8.2 m ≤ LTS ≤
18.7 m. The length of the collector flap remained constant with 5.2m. In general, the
experimental results presented by von Schulz-Hausmann and Vagt (1988) were confirmed.
Flow field analysis showed, depending on AC/AN, an attached or detached flow of the
open jet at the collector inlet, whereas detached flow conditions were determined as an
effective extension of effective test section length3 LTS,eff ≥ LTS. The comparison of
the generic, converging collector with the generic collector also indicated an extension

1The corresponding blockage ratio was in the range 2.4 % ≤ AM/AN ≤ 19.7 %.
2The corresponding non-dimensional test section length was 1.8 ≤ LTS/DN,h ≤ 4.0 .
3The effective test section length LTS,eff denotes the "aerodynamic length" depending on the point of

flow attachment along the collector/diffusor. In contrast, LTS was defined as the distance between nozzle
exit and collector inlet.
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of effective test section length with increasing flap angle αC > 0 ◦. Thus, the collector
interferences decayed "faster" for αC > 0 ◦ with increasing test section length compared
to αC = 0 ◦.

Moving Ground Interferences

The CFD studies on moving ground interferences were a rather idealized approach in
order to determine the required moving belt dimensions of a single belt for race car
aerodynamics. Accordingly, the parameters under investigation were the moving belt
width WB and length LB. The open road domain was selected for the investigations
and the moving belt dimensions were simulated by varying the floor boundary conditions
between static and moving friction walls. The incident flow was undisturbed from any
boundary layer treatment. The largest effects on the aerodynamics of the Audi RS5 DTM
race car were investigated on front lift for the belt width and on rear lift for the rear belt
length. However, the effects decayed with increasing belt dimensions and were evaluated
to be negligible for a belt width of WB ≈ 3.0 m and a belt length of LB ≈ 9.0 m.

Correction Methods and Design Recommendations

The final step of the present work was to wrap up the results from the CFD studies above
in order to provide recommendations for the design of a modern, automotive open jet wind
tunnel. The open jet expansion was evaluated to be the only interference effect, which
did not sufficiently decay with decreasing blockage ratio. Consequently, a correction
method was required for nozzle cross sections of AN < 90 m2 and blockage ratios of
AM/AN > 2 %. Therefore, an extended, potential flow correction method based on the
approach from Lock (1929) was developed in order to correct the open jet interference.
The new method adopted Lock’s application of mirror images, but additionally considered
the displacement of the jet boundary by the presence of the model by using the stream
function Ψ. Furthermore, an extended approach for the calculation of the induced velocity
∆u/u∞ as an integral average over the model surface was presented. A better agreement
with CFD up to a blockage ratio of AM/AN ≈ 20 % was achieved with the new method for
all rear ends under investigation whereas the Lock solution was up to ∆CD ≈ 0.010 off.
The recommendation of a particular test section design was still rather challenging as the
present work did not cover the entire range of relevant parameters for a practical facility.
Nevertheless, some design rules were derived from the CFD studies. The nozzle cross
section AN and the blockage ratio AM/AN respectively, the longitudinal model position xc
and the test section length LTS turned out to be the essential parameters in order confine
interference effects. A blockage ratio of AM/AN ≈ 10 % with xc = 4.8 m was determined to
be adequate for sufficiently accurate results, e.g. ∆CD = ±0.002 , if either the correction
method from Lock (1929) or the new approaches were applied. The suggested test section
length was restricted to LTS = 14.0 m by following the recommendation of e.g. Wickern
(2014) to not exceed LTS/DN,h = 3 in terms of open jet stability. New facilities partially
exceed a length of three hydraulic diameters, e.g. Buckisch et al. (2015), but CFD did not
provide the ability to draw conclusions for this aspect. However, for a collector flap angle
of αC = 20 ◦ and αC = 30 ◦ a test section length of LTS = 14.0 m seemed sufficient.
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6.2 Future Work

The design recommendations above are certainly connected to the restrictions of parame-
ters under investigation. One of these parameters was the vehicle geometry defined by the
DrivAer reference model. Due to the frontal area of AM ≈ 2.16 m2 the DrivAer represents
a mid-size production car and, hence, the investigations did not cover higher blockage con-
ditions of e.g. production cars with up to AM ≈ 3 m2 (or larger). Further more the model
geometry used for the wind tunnel studies was rather simplified (e.g. smooth underfloor,
mock-up, closed wheels) and uncertainties regarding the effect of further model details on
interference effects remain. Thus, it is recommended to perform additional investigations
on higher blockage conditions with detailed production cars in order to draw conclusions
on the final design of a real facility, e.g. the test section length required. Furthermore,
the simulations were performed for a cross-flow angle of β = 0 ◦. Turning a model in wind
tunnel in order to create cross-flow conditions surely increase the effective blockage ratio
and should be considered for a new facility.

A second geometric parameter was the nozzle design. Due to the generic shape (no
converging region) some assumptions were used, especially for the determination of the
dynamic pressure. Consequently, a potential contamination of the pressure taps inside the
nozzle was not considered but is of crucial relevance for a real nozzle design. In addition,
the nozzle cross section was rectangular and the aspect ratio remained constant with
WN/HN = 1.4 . In general, different shapes of the nozzle are possible and are recommended
to be considered, e.g. WN/HN > 1.4 for cross-flow conditions, see e.g. Hennig and Mercker
(2011). The same conclusions can be drawn for the collector, which also remained constant
in its aspect ratio. The investigations on the generic collector covered a rather simple
geometry. A more complex geometry is shown e.g. by Hennig (2017) including "breathers"
to extend the effective test section length. A further important aspect concerning the
collector is the effect of test section length on open jet stability and tunnel resonances
as these effects were not considered in the present work. The maximum realizable test
section length LTS/DN,h for a particular nozzle dimension remains unknown.

Moving ground simulation is one of the essential techniques in modern facilities to suffi-
ciently establish open road flow conditions in a wind tunnel. Consequently, the boundary
layer treatment for nozzle exit flow is part of the moving ground simulation and was
entirely not investigated in the present. Furthermore, the decision for a particular mov-
ing belt system, e.g. 5-belt or single belt, is rather challenging regarding a compromise
between flow quality and measurement accuracy. Modern concepts for moving ground
simulation are highly complex and part of the concept for a facility. Its integration inside
the test section requires more research.

Finally, it is worth to mention, that the design of an automotive, open jet wind tunnel is
always a compromise of different requirements for the particular application. Furthermore,
the number of wind tunnel parameters and their combination is quasi-infinite. The present
work contains results from more than 300 CFD simulations and does only cover a small
amount of potential parameters.
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Nomenclature

Symbols

Latin

a m Distance between holes for perforated sheets
A∗ m Cross-sectional area of the nozzle (jet deflection)
Ao m2 Open cross-sectional area (perforated sheets)
Ac m2 Closed cross-sectional area (perforated sheets)
AC m2 Cross-sectional area of the collector
AC,in m2 Cross-sectional area of the collector inlet
AC,out m2 Cross-sectional area of the collector outlet
Ajet,∞ m2 Cross-sectional area of expanded, open jet (Wickern)
AM m2 Frontal area of the model
AM,D m2 Duplex frontal area of the model
AM,eff m2 Effective frontal area of the model from model volume
AN m2 Cross-sectional area of the nozzle
AN,0 m2 Cross-sectional area of the undisturbed jet
AN,D m2 Duplex cross-sectional area of the nozzle
AN,e m2 Cross-sectional area of the expanded jet
ASC m2 Cross-sectional area of the settling chamber
c m Half-distance between source and sink
C1 − Linear Darcy-Forchheimer coefficient
C2 − Quadratic Darcy-Forchheimer coefficient
cp − Static pressure coefficient (Mercker-Wiedemann)
cp,Mb − Static pressure coefficient at model front base

(Mercker-Wiedemann)
cp,Wc − Static pressure coefficient at wake closure

(Mercker-Wiedemann)
cp − Static pressure coefficient
CD − Aerodynamic drag coefficient
CDES − Model constant for DES
CD,c − Corrected aerodynamic drag coefficient
CD,ref − Reference aerodynamic drag coefficient
CL − Aerodynamic lift coefficient
CL,f − Aerodynamic front lift coefficient
CL,r − Aerodynamic rear lift coefficient
Cp − Static pressure coefficient
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Nomenclature

Cp,SC − Static pressure coefficient in the settling chamber
d m Diameter of holes for perforated sheets
d m Distance to closest wall
D m2 Linear porous media coefficient
DN,h m Hydraulic diameter of the nozzle
d̃ m Distance to closest wall (SA-model)
F m Quadratic porous media coefficient
F kg m/s2 Aerodynamic force
fd − Shielding function for DDES
fv1 − Factor for SA turbulence model
Fx kg m/s2 Aerodynamic force in x-direction
Fy kg m/s2 Aerodynamic force in y-direction
Fz kg m/s2 Aerodynamic force in z-direction
G − Glauert factor
H m Height
H0 m Geometric parameter for perforated sheets
HC m Collector height
HC,in m Collector height at inlet
HC,out m Collector height at outlet
HM m Model height
HN m Nozzle height
HN,0 m Height of the undisturbed jet
HN,D m Duplex nozzle height
HN,e m Height of the expanded jet
HWDU m Height of wheel drive unit
k − Wake factor
l m Length
LB m Moving belt length
LB,f m Moving belt length front
LB,r m Moving belt length rear
LM m Model length
lM,r,C m Length from model rear end to collector inlet
LM,f m Length from front end to the center of the model
LM,r m Length from rear end to the center of the model
lN,M,f m Length from nozzle to the model front end
LT m Total length (model + wake)
LTS m Test section length
LTS,eff m Effective test section length
Lturb m Turbulence length scale
LW m Wake length
lW,C m Length from wake closure to collector
m − Index of mirror image (potential flow)
M m4/s Dipole moment in potential flow (3D)
n − Index of mirror image (potential flow)
N − Number of holes of perforated sheets
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Nomenclature

p kg/m s2 Relative, static pressure
p∞ kg/m s2 Relative, static pressure of undisturbed flow
pdyn kg/m s2 Dynamic pressure in wind tunnel conditions
pdyn,c kg/m s2 Corrected dynamic pressure in wind tunnel conditions
pdyn,N kg/m s2 Dynamic pressure at the nozzle inlet
pdyn,NM kg/m s2 Dynamic pressure for nozzle method
pdyn,PM kg/m s2 Dynamic pressure for plenum method
pdyn,ref kg/m s2 Dynamic pressure at reference point for tunnel calibration
pdyn,SC,ref kg/m s2 Dynamic pressure in settling chamber at reference conditions
pN kg/m s2 Static pressure at the nozzle inlet
Pref − Reference point
pSC kg/m s2 Static pressure in the settling chamber
Q m3/s Source or sink strength in potential flow (3D)
r m Coordinate in radial direction
rd − Function for DDES
rm,n m r-coordinate of 3D mirror image
RM m Model Radius
Rn m Radius (Mercker-Wiedemann)
RN m Nozzle radius (Mercker-Wiedemann)
RC m Collector radius (Mercker-Wiedemann)
Re − Reynolds number
RTT m Radius of the turntable
t m Thickness
t m Time
TU − Turbulence intensity
ū m/s Average flow velocity
u m/s Flow velocity
u∗ m/s Flow velocity (jet deflection)
u∞ m/s Flow velocity of on-coming flow undisturbed by the model
uc m/s Corrected flow velocity in wind tunnel conditions
ueff m/s Effective, local flow velocity in wind tunnel conditions
uN m/s Flow velocity at the nozzle inlet
uNM m/s Flow velocity for nozzle method
uPM m/s Flow velocity for plenum method
ur m/s Velocity component in r-direction
ur,c m/s Corrected velocity component in r-direction
uReal m/s Flow velocity in real, infinite conditions
uReal m/s Reference flow velocity
uSC m/s Flow velocity in the settling chamber
uWT m/s Flow velocity under wind tunnel constraint
ux m/s Velocity component in x-direction
ux,c m/s Corrected velocity component in x-direction
uy m/s Velocity component in y-direction
uz m/s Velocity component in z-direction
Veff m3 Effective model volume (Mercker-Wiedemann)
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Nomenclature

VM m3 Model volume
VM,real m3 Real model volume
VM,virtual m3 Virtual model volume
VT m3 Total volume (model + wake)
W m Width
W0 m Geometric parameter for perforated sheets
WB m Moving belt width
WC m Collector width
WC,in m Collector width at inlet
WC,out m Collector width at outlet
WM m Model width
WN m Nozzle width
WN,0 m Width of the undisturbed jet
WN,D m Duplex nozzle width
WN,e m Width of the expanded jet
WWDU m Width of wheel drive unit
x m Cartesian coordinate in stream-wise direction
xc m Distance between nozzle exit model center
xcoll m Distance between model center and collector
xfb m x-coordinate of model front base
xM,c m Distance between nozzle exit and model center

(Mercker-Wiedemann)
xM,f m Distance between nozzle exit and model front end
xm,n m x-coordinate of 3D mirror image
xref m x-coordinate of reference point
xs m Distance to source or sink
y m Cartesian coordinate in lateral, horizontal direction
yn m y-coordinate of mirror image (potential flow)
y+ m Non-dimensional wall distance
yref m y-coordinate of reference point
z m Cartesian coordinate in lateral, vertical direction
zm m z-coordinate of mirror image (potential flow)
zref m z-coordinate of reference point
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Nomenclature

Greek

α ◦ Angle of attack
αC

◦ Collector flap angle
αu,z

◦ Vertical flow angle
θ ◦ Cross-flow angle
Γ m2/s Circulation
ΓNM m2/s Circulation for nozzle method
ΓPM m2/s Circulation for plenum method
Γ m2/s Circulation
∆ m Grid spacing filter
∆CD,Av − Backward average of drag coefficient
∆CD,c − Cooling drag coefficient
∆CD,max − Maximum induced drag coefficient
∆CD,HB − Induced drag by horizontal buoyancy
∆CL,c − Cooling lift coefficient
∆CL,f,c − Cooling front lift coefficient
∆CL,f,max − Maximum induced front lift coefficient
∆CL,max − Maximum induced lift coefficient
∆CL,r,c − Cooling rear lift coefficient
∆CL,r,max − Maximum induced rear lift coefficient
∆CD,W − Induced drag by wake interference (Mercker-Wiedemann)
∆CL,Av − Backward average of lift coefficient
∆x m Grid length in x-direction
∆y m Grid length in y-direction
∆z m Grid length in z-direction
∆pNM kg/m s2 Reference pressure drop for nozzle method
∆pPM kg/m s2 Reference pressure drop for plenum method
∆t s Time step
∆u m/s Induced velocity by wind tunnel interference
∆ux m/s Induced x-velocity by wind tunnel interference
εc − Blockage factor collector
εNM − Blockage factor nozzle method
εPM − Blockage factor plenum method
εq,NM − Blockage factor dynamic pressure (nozzle method)
εq,PM − Blockage factor dynamic pressure (plenum method)
εs − Blockage factor jet expansion
εw − Blockage factor wake
θ ◦ Angle (polar coordinate)
κ − von Kármán constant
λ − Model shape factor
µ kg/m s Dynamic viscosity
ν m2/s Kinematic viscosity
ν̃ m2/s Turbulent viscosity (SA-model)
νSGS m2/s Turbulent viscosity (SGS-model)
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Nomenclature

νt m2/s Turbulent viscosity
% kg/m3 Density
τ − Tunnel shape factor
τ2 − Tunnel shape factor for nozzle blockage
τ2,NM − Tunnel shape factor for nozzle blockage (nozzle method)
τ2,PM − Tunnel shape factor for nozzle blockage (plenum method)
τNG − Tunnel shape factor for nozzle gradient
φ ◦ Angle (polar coordinate)
Φ m2/s Potential function in potential flow (3D)
χy − Tunnel summation factor for y-component
χz − Tunnel summation factor for z-component
Ψ m3/s Stream function in potential flow (3D)
Ψc m3/s Corrected stream function (without wind tunnel interference)
Ψr m3/s r-component of vectorial stream function
Ψy m3/s y-component of vectorial stream function
Ψz m3/s z-component of vectorial stream function

133



Nomenclature

Abbreviations

AAWK Audi Aeroacoustic Wind Tunnel
CFD Computational Fluid Dynamics
CFL Courant-Friedrichs-Lewy
DDES Delayed Detached-Eddy Simulation
DES Detached-Eddy Simulation
DNS Direct Numerical Simulation
DrivAer Automotive, aerodynamic reference model
EADE European Aerodynamic Data Exchange
EB Estate Back
Exp. Experiment
FB Fastback
FKFS Forschungsinstitut für Kraftfahrwesen und Fahrzeugmotoren Stuttgart
FWT Finite Wind Tunnel
GS Grid Scale
HIWT Half-Infinite Wind Tunnel
LES Large Eddy Simulation
LUST Linear-Upwind Stabilized Transport
NB Notchback
NM Nozzle Method
OR Open Road
PISO Pressure-Implicit with Splitting of Operators
PM Plenum Method
RANS Reynolds-averaged Navier Stokes Equations
SGS Sub-Grid Scale
SA Spalart-Allmaras
SC Settling Chamber
TS Test Section
TUM Technical University of Munich
WDU Wheel Drive Unit
WT Wind Tunnel
WTA Wind Tunnel A (= large model wind tunnel) of TUM
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Appendix

A.1 Methods to Correct Open Jet Wind Tunnel
Interferences

A.1.1 Nozzle Interferences

The Method of Mercker et al.
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u(r) = x2
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The Method of Wickern et al.

The axial velocity component for the flow around a doublet is given by the substitution
of Q in eq. (2.15) on page 12 with eq. (2.21):
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Thus the induced velocity at the location (x, y, z) is calculated from the mirror images:
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The tunnel shape factor τ2,NM is then:
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A.2 Experimental Data
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Figure A.1: DrivAer with estateback: Effects of underhood flow on aerodynamic force
coefficients for drag ∆CD,c, front lift ∆CL,f,c and rear lift ∆CL,r,c as presented
by Collin et al. (2018). Ao/Ac denotes the openness ratio of the perforated
sheets.
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Figure A.2: DrivAer with fastback: Effects of underhood flow on aerodynamic force
coefficients for drag ∆CD,c, front lift ∆CL,f,c and rear lift ∆CL,r,c as presented
by Collin et al. (2018). Ao/Ac denotes the openness ratio of the perforated
sheets.
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Figure A.3: DrivAer with notchback: Effects of underhood flow on aerodynamic force
coefficients for drag ∆CD,c, front lift ∆CL,f,c and rear lift ∆CL,r,c as presented
by Collin et al. (2018). Ao/Ac denotes the openness ratio of the perforated
sheets.
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A.3 CFD Simulations

A.3.1 Grid Study
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Figure A.4: Unsteady velocity field u/u∞ for different grid resolutions ∆x, ∆y, ∆z
within the free shear layer downstream a nozzle with 11 m2: a) 23.4mm; b)
11.7mm; c) 5.9mm; d) 2.9mm.
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ū/u∞

0.00 1.000.25 0.50 0.75

Min (∆x, ∆y, ∆z) = 23.4mm

c)

d)

b)

a) l = 10m

Min (∆x, ∆y, ∆z) = 11.7mm

Min (∆x, ∆y, ∆z) = 5.9mm

Min (∆x, ∆y, ∆z) = 2.9mm

Figure A.5: Average velocity field u/u∞ for different grid resolutions ∆x, ∆y, ∆z within
the free shear layer downstream a nozzle with 11 m2: a) 23.4mm; b)
11.7mm; c) 5.9mm; d) 2.9mm.
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A.3.2 Nozzle and Open Jet Interferences
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Figure A.6: Drag coefficients ∆CD for the DrivAer referring to open road conditions.
The curves represent different rear end shapes for a nozzle with AN =
22.4 m2 and AM/AN = 9.7 %.
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Figure A.7: Nozzle method: Lift coefficients ∆CL,f and ∆CL,r for the DrivAer estateback
referring to open road conditions. The curves represent dependency on the
longitudinal model position xc for different blockage ratios AM/AN.
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Figure A.8: Lift coefficients ∆CL,f and ∆CL,r for the DrivAer referring to open road
conditions. The curves represent for different rear end shapes for a nozzle
with AN = 22.4 m2 and AM/AN = 9.7 %.
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Figure A.9: Fastback: Effect of open jet expansion on drag ∆CD and lift coefficient ∆CL
depending on the blockage ratio AM/AN. The curves denote the results from
CFD and the classical correction from Lock (1929) using λ = 2 as proposed
by Wickern (2014).
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Figure A.10: Notchback: Effect of open jet expansion on drag ∆CD and lift coefficient
∆CL depending on the blockage ratio AM/AN. The curves denote the
results from CFD and the classical correction from Lock (1929) using λ = 2
as proposed by Wickern (2014).
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A.3.3 Collector Interferences
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Figure A.11: Drag coefficient ∆CD for the DrivAer with estateback and fastback refer-
ring to the half-infinite wind tunnel AN = 22.4 m2 and xc = 4.8 m. The
curves represent different test section lengths LTS.
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Figure A.12: Rear lift coefficient ∆CL,r for the DrivAer with estateback and fastback
referring to the half-infinite wind tunnel AN = 22.4 m2 and xc = 4.8 m.
The curves represent different test section lengths LTS.
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A.4 MATLAB Scripts

A.4.1 Summation of Images for a Rectangular Tunnel

1 % Input
2 number_of_images = 100;
3 height = 1;
4 width_to_height_ratio_min = 0.01;
5 width_to_height_ratio_max = 5.00;
6 width_to_height_ratio_step = 0.01;
7

8 % Prepare Export
9 DATname_1 = 'expansion_rectangular_chi_y.dat';

10 fileID_1 = fopen(DATname_1,'w');
11 DATname_2 = 'expansion_rectangular_chi_z.dat';
12 fileID_2 = fopen(DATname_2,'w');
13 fprintf(fileID_1,'%f %f\r\n',0,pi);
14 fprintf(fileID_2,'%f %f\r\n',0,0);
15

16 % Run Loops for aspect ratios
17 for width_to_height_ratio = width_to_height_ratio_min : ...

width_to_height_ratio_step : width_to_height_ratio_max
18

19 width = width_to_height_ratio * height;
20 % Initialize chi_y and chi_z
21 chi_y = 0;
22 chi_z = 0;
23

24 % Outer loop for index m (columns)
25 for m = −number_of_images : 1 : number_of_images
26 % Inner loop for index n (rows)
27 for n = −number_of_images : 1 : number_of_images
28 chi_y = chi_y + (−1)^(m+n) * (1/2 − m)/((1/2 − m)^2 + (n * ...

height / width)^2);
29 chi_z = chi_z + (−1)^(m+n) * (1/2 − n)/((1/2 − n)^2 + (m / ...

height * width)^2);
30 end
31 end
32

33 fprintf(fileID_1,'%f %f\r\n',width_to_height_ratio,chi_y);
34 fprintf(fileID_2,'%f %f\r\n',width_to_height_ratio,chi_z);
35

36 end
37

38 fclose(fileID_1);
39 fclose(fileID_2);
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A.4.2 Expanded Jet Dimensions

1 % Input
2 model_area = 2*2.16585;
3 number_of_images = 100;
4 tunnel_width_to_height_ratio_psi = 0.7;
5 error_limit_psi = 0.005;
6 delta_step = 0.001;
7 blockage_ratio_psi_min = 0.01;
8 blockage_ratio_psi_max = 0.8;
9 blockage_ratio_psi_step = 0.01;

10

11 % Calculate Global Variables
12 model_radius = sqrt( model_area / pi );
13

14 % Prepare Export
15 string_width_to_height_ratio_psi = ...

strrep(num2str(tunnel_width_to_height_ratio_psi),'.','_');
16

17 DATname_1 = ['expansion_rectangular_iteration_' ...
string_width_to_height_ratio_psi '_width.dat'];

18 fileID_1 = fopen(DATname_1,'w');
19

20 DATname_2 = ['expansion_rectangular_iteration_' ...
string_width_to_height_ratio_psi '_height.dat'];

21 fileID_2 = fopen(DATname_2,'w');
22

23 DATname_3 = ['expansion_rectangular_iteration_' ...
string_width_to_height_ratio_psi '_width_to_height_ratio.dat'];

24 fileID_3 = fopen(DATname_3,'w');
25

26 DATname_4 = ['expansion_rectangular_iteration_' ...
string_width_to_height_ratio_psi '_blockage_ratio.dat'];

27 fileID_4 = fopen(DATname_4,'w');
28

29 fprintf(fileID_1,'%f %f\r\n',0,1);
30 fprintf(fileID_2,'%f %f\r\n',0,1);
31 fprintf(fileID_3,'%f %f\r\n',0,tunnel_width_to_height_ratio_psi);
32 fprintf(fileID_4,'%f %f\r\n',0,0);
33

34 % Run Blockage Loops
35 for blockage_ratio_psi = ...

blockage_ratio_psi_min:blockage_ratio_psi_step:blockage_ratio_psi_max
36

37 display(blockage_ratio_psi);
38

39 % Calculate Tunnel Dimensions and Jet Boundary
40 tunnel_area_psi = model_area / blockage_ratio_psi;
41 tunnel_height_psi = sqrt( tunnel_area_psi / ...

tunnel_width_to_height_ratio_psi );
42 tunnel_width_psi = tunnel_width_to_height_ratio_psi * ...

tunnel_height_psi;
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43 psi_jet_boundary_y = tunnel_width_psi^2 / 8;
44 psi_jet_boundary_z = tunnel_height_psi^2 / 8;
45

46 % Initialize Mirror Dimensions and Stream Function
47 tunnel_width = tunnel_width_psi;
48 tunnel_height = tunnel_height_psi;
49 delta_psi_y = −1;
50

51 % Outer While Loop To Calculation Expandet Jet Dimensions at x = 0
52 while abs(delta_psi_y) > error_limit_psi
53

54 % Initialize psi to Calculate Width of Expanded Jet
55 psi = 0;
56

57 % Inner Loop to Calculate Width of Expanded Jet
58 while psi < psi_jet_boundary_y
59

60 % Decide for Direction of Step y
61 if delta_psi_y < 0
62 tunnel_width = tunnel_width + delta_step * 2;
63 else
64 tunnel_width = tunnel_width − delta_step * 2;
65 end
66

67 % Initialize chi_y
68 chi_y = 0;
69

70 % Outer For−Loop for Mirror Images in Columns (= y)
71 for m = −number_of_images:1:number_of_images
72

73 % Inner For−Loop for Mirror Images in Rows (= z)
74 for n = −number_of_images:1:number_of_images
75

76 % Calculate Summations of chi_y
77 chi_y = chi_y + (−1)^(m+n) * (1/2 − m)/((1/2 − m)^2 ...

+ (n * tunnel_height / tunnel_width)^2);
78

79 end
80

81 end
82

83 % Calculate the Stream Function at the Jet Boundary
84 psi = tunnel_width^2 / 8 − model_radius^3 * chi_y / 2 / ...

tunnel_width;
85

86 end
87

88 % Initialize psi to Calculate Height of Expanded Jet
89 psi = 0;
90

91 % Inner Loop to Calculate Height of Expanded Jet
92 while psi < psi_jet_boundary_z
93

94 % Increase Tunnel Height by Step
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95 tunnel_height = tunnel_height + delta_step * 2;
96

97 % Initialize chi_z
98 chi_z = 0;
99

100 % Outer For−Loop for Mirror Images in Columns (= y)
101 for m = −number_of_images:1:number_of_images
102

103 % Inner For−Loop for Mirror Images in Rows (= z)
104 for n = −number_of_images:1:number_of_images
105

106 % Calculate Summations of chi_y
107 chi_z = chi_z + (−1)^(m+n) * (1/2 − n)/((1/2 − n)^2 ...

+ (m / tunnel_height * tunnel_width)^2);
108

109 end
110

111 end
112

113 % Calculate the Stream Function at the Jet Boundary
114 psi = tunnel_height^2 / 8 − model_radius^3 * chi_z / 2 / ...

tunnel_height;
115

116 end
117

118 % Initialize chi_y
119 chi_y = 0;
120

121 % Outer For−Loop for Mirror Images in Columns (= y)
122 for m = −number_of_images:1:number_of_images
123

124 % Inner For−Loop for Mirror Images in Rows (= z)
125 for n = −number_of_images:1:number_of_images
126

127 % Calculate Summations of chi_y
128 chi_y = chi_y + (−1)^(m+n) * (1/2 − m)/((1/2 − m)^2 + ...

(n * tunnel_height / tunnel_width)^2);
129

130 end
131

132 end
133

134 % Re−Calculate the Stream Function with New Tunnel Height
135 psi = tunnel_width^2 / 8 − model_radius^3 * chi_y / 2 / ...

tunnel_width;
136

137 % Calculate Error in Psi at y−Jet Boundary
138 delta_psi_y = psi − psi_jet_boundary_y;
139

140 end
141

142 % Calculate Expansion Ratios
143 ratio_tunnel_width = tunnel_width / tunnel_width_psi;
144 ratio_tunnel_height = tunnel_height / tunnel_height_psi;
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145 ratio_tunnel_area = tunnel_width * tunnel_height / ...
tunnel_width_psi / tunnel_height_psi;

146

147 % Calculate Expanded Tunnel Properties
148 tunnel_width_to_height_ratio = tunnel_width / tunnel_height;
149 blockage_ratio = model_area / tunnel_width / ...

tunnel_height;
150

151 % Write Results To Output File
152 fprintf(fileID_1,'%f %f\r\n',blockage_ratio_psi,ratio_tunnel_width);
153 fprintf(fileID_2,'%f %f\r\n',blockage_ratio_psi,ratio_tunnel_height);
154 fprintf(fileID_3,'%f ...

%f\r\n',blockage_ratio_psi,tunnel_width_to_height_ratio);
155 fprintf(fileID_4,'%f %f\r\n',blockage_ratio_psi,blockage_ratio);
156 end
157

158 fclose(fileID_1);
159 fclose(fileID_2);
160 fclose(fileID_3);
161 fclose(fileID_4);
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A.4.3 Integral Velocity

1 % Input
2 model_area = 2*2.16585;
3 number_of_images = 10;
4 tunnel_width_to_height_ratio_psi = 1.05;
5 error_limit_psi = 0.005;
6 delta_step = 0.001;
7 blockage_ratio_psi_min = 0.01;
8 blockage_ratio_psi_max = 0.3;
9 blockage_ratio_psi_step = 0.01;

10 delta_phi = pi/2/90;
11 delta_theta = pi/2/90;
12 lambda = 3.5;
13

14 % Calculate Global Variables
15 model_radius = sqrt( model_area / pi );
16

17 % Prepare Export
18 string_width_to_height_ratio_psi = ...

strrep(num2str(tunnel_width_to_height_ratio_psi),'.','_');
19 string_lambda = strrep(num2str(lambda),'.','_');
20

21 DATname_1 = ['lambda_' string_lambda '_W_H_' ...
string_width_to_height_ratio_psi '_width.dat'];

22 fileID_1 = fopen(DATname_1,'w');
23

24 DATname_2 = ['lambda_' string_lambda '_W_H_' ...
string_width_to_height_ratio_psi '_height.dat'];

25 fileID_2 = fopen(DATname_2,'w');
26

27 DATname_3 = ['lambda_' string_lambda '_W_H_' ...
string_width_to_height_ratio_psi '_width_to_height_ratio.dat'];

28 fileID_3 = fopen(DATname_3,'w');
29

30 DATname_4 = ['lambda_' string_lambda '_W_H_' ...
string_width_to_height_ratio_psi '_blockage_ratio.dat'];

31 fileID_4 = fopen(DATname_4,'w');
32

33 DATname_5 = ['lambda_' string_lambda '_W_H_' ...
string_width_to_height_ratio_psi '_q_correction_x.dat'];

34 fileID_5 = fopen(DATname_5,'w');
35

36 DATname_6 = ['lambda_' string_lambda '_W_H_' ...
string_width_to_height_ratio_psi '_q_correction_y.dat'];

37 fileID_6 = fopen(DATname_6,'w');
38

39 DATname_7 = ['lambda_' string_lambda '_W_H_' ...
string_width_to_height_ratio_psi '_q_correction_z.dat'];

40 fileID_7 = fopen(DATname_7,'w');
41
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42 DATname_8 = ['lambda_' string_lambda '_W_H_' ...
string_width_to_height_ratio_psi '_q_correction.dat'];

43 fileID_8 = fopen(DATname_8,'w');
44

45 fprintf(fileID_1,'%f %f\r\n',0,1);
46 fprintf(fileID_2,'%f %f\r\n',0,1);
47 fprintf(fileID_3,'%f %f\r\n',0,tunnel_width_to_height_ratio_psi);
48 fprintf(fileID_4,'%f %f\r\n',0,0);
49 fprintf(fileID_5,'%f %f\r\n',0,1);
50 fprintf(fileID_6,'%f %f\r\n',0,1);
51 fprintf(fileID_7,'%f %f\r\n',0,1);
52 fprintf(fileID_8,'%f %f\r\n',0,1);
53

54 % Declare Variables
55

56

57 % Run Blockage Loops
58 for blockage_ratio_psi = ...

blockage_ratio_psi_min:blockage_ratio_psi_step:blockage_ratio_psi_max
59

60 display(blockage_ratio_psi);
61

62 % Calculate Tunnel Dimensions and Jet Boundary
63 tunnel_area_psi = model_area / blockage_ratio_psi;
64 tunnel_height_psi = sqrt( tunnel_area_psi / ...

tunnel_width_to_height_ratio_psi );
65 tunnel_width_psi = tunnel_width_to_height_ratio_psi * ...

tunnel_height_psi;
66 psi_jet_boundary_y = tunnel_width_psi^2 / 8;
67 psi_jet_boundary_z = tunnel_height_psi^2 / 8;
68

69 % Initialize Mirror Dimensions and Stream Function
70 tunnel_width = tunnel_width_psi;
71 tunnel_height = tunnel_height_psi;
72 delta_psi_y = −1;
73

74 % Outer While Loop To Calculation Expandet Jet Dimensions at x = 0
75 while abs(delta_psi_y) > error_limit_psi
76

77 % Initialize psi to Calculate Width of Expanded Jet
78 psi = 0;
79

80 % Inner Loop to Calculate Width of Expanded Jet
81 while psi < psi_jet_boundary_y
82

83 % Decide for Direction of Step y
84 if delta_psi_y < 0
85 tunnel_width = tunnel_width + delta_step * 2;
86 else
87 tunnel_width = tunnel_width − delta_step * 2;
88 end
89

90 % Initialize chi_y
91 chi_y = 0;
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92

93 % Outer For−Loop for Mirror Images in Columns (= y)
94 for m = −number_of_images:1:number_of_images
95

96 % Inner For−Loop for Mirror Images in Rows (= z)
97 for n = −number_of_images:1:number_of_images
98

99 % Calculate Summations of chi_y
100 chi_y = chi_y + (−1)^(m+n) * (1/2 − m)/((1/2 − m)^2 ...

+ (n * tunnel_height / tunnel_width)^2);
101

102 end
103

104 end
105

106 % Calculate the Stream Function at the Jet Boundary
107 psi = tunnel_width^2 / 8 − model_radius^3 * chi_y / 2 / ...

tunnel_width;
108

109 end
110

111 % Initialize psi to Calculate Height of Expanded Jet
112 psi = 0;
113

114 % Inner Loop to Calculate Height of Expanded Jet
115 while psi < psi_jet_boundary_z
116

117 % Increase Tunnel Height by Step
118 tunnel_height = tunnel_height + delta_step * 2;
119

120 % Initialize chi_z
121 chi_z = 0;
122

123 % Outer For−Loop for Mirror Images in Columns (= y)
124 for m = −number_of_images:1:number_of_images
125

126 % Inner For−Loop for Mirror Images in Rows (= z)
127 for n = −number_of_images:1:number_of_images
128

129 % Calculate Summations of chi_y
130 chi_z = chi_z + (−1)^(m+n) * (1/2 − n)/((1/2 − n)^2 ...

+ (m / tunnel_height * tunnel_width)^2);
131

132 end
133

134 end
135

136 % Calculate the Stream Function at the Jet Boundary
137 psi = tunnel_height^2 / 8 − model_radius^3 * chi_z / 2 / ...

tunnel_height;
138

139 end
140

141 % Initialize chi_y
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142 chi_y = 0;
143

144 % Outer For−Loop for Mirror Images in Columns (= y)
145 for m = −number_of_images:1:number_of_images
146

147 % Inner For−Loop for Mirror Images in Rows (= z)
148 for n = −number_of_images:1:number_of_images
149

150 % Calculate Summations of chi_y
151 chi_y = chi_y + (−1)^(m+n) * (1/2 − m)/((1/2 − m)^2 + ...

(n * tunnel_height / tunnel_width)^2);
152

153 end
154

155 end
156

157 % Re−Calculate the Stream Function with New Tunnel Height
158 psi = tunnel_width^2 / 8 − model_radius^3 * chi_y / 2 / ...

tunnel_width;
159

160 % Calculate Error in Psi at y−Jet Boundary
161 delta_psi_y = psi − psi_jet_boundary_y;
162

163 end
164

165 % Calculate Expansion Ratios
166 ratio_tunnel_width = tunnel_width / tunnel_width_psi;
167 ratio_tunnel_height = tunnel_height / tunnel_height_psi;
168 ratio_tunnel_area = tunnel_width * tunnel_height / ...

tunnel_width_psi / tunnel_height_psi;
169

170 % Calculate Expanded Tunnel Properties
171 tunnel_width_to_height_ratio = tunnel_width / tunnel_height;
172 blockage_ratio = model_area / tunnel_width / ...

tunnel_height;
173

174 % Write Results To Output File
175 fprintf(fileID_1,'%f %f\r\n',blockage_ratio_psi,ratio_tunnel_width);
176 fprintf(fileID_2,'%f %f\r\n',blockage_ratio_psi,ratio_tunnel_height);
177 fprintf(fileID_3,'%f ...

%f\r\n',blockage_ratio_psi,tunnel_width_to_height_ratio);
178 fprintf(fileID_4,'%f %f\r\n',blockage_ratio_psi,blockage_ratio);
179

180 delta_u_x = 0;
181 delta_u_y = 0;
182 delta_u_z = 0;
183 A_sum = 0;
184 A_x_sum = 0;
185 A_y_sum = 0;
186 A_z_sum = 0;
187

188 % Integration of velocity by mirror images over sphere surface
189 % Outer loop for theta
190 for theta=delta_theta/2:delta_theta:pi/2− delta_theta/2;
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191

192 % Inner loop for phi
193 for phi=delta_phi/2:delta_phi:pi/2−delta_phi/2;
194

195 % Calculation of cartesian coordinates from polar coordinates
196 x = model_radius * sin(theta) * sin(phi);
197 y = model_radius * sin(theta) * cos(phi);
198 z = model_radius * cos(theta);
199

200 % Integration of the surface area
201 delta_A = model_radius^2 * sin(theta) * delta_phi * ...

delta_theta;
202 A_sum = A_sum + delta_A / (pi / 2 * model_radius^2);
203 A_x_sum = A_x_sum + delta_A * x / (pi / 4 * model_radius^2) ...

/ model_radius;
204 A_y_sum = A_y_sum + delta_A * y / (pi / 4 * model_radius^2) ...

/ model_radius;
205 A_z_sum = A_z_sum + delta_A * z / (pi / 4 * model_radius^2) ...

/ model_radius;
206

207 % Initialize velocity
208 chi_x = 0;
209 chi_y = 0;
210 chi_z = 0;
211

212 % Outer For−Loop for Mirror Images in Columns (= y)
213 for m = −number_of_images:1:number_of_images
214 % Inner For−Loop for Mirror Images in Rows (= z)
215 for n = −number_of_images:1:number_of_images
216 % Exclude the model itself: m=0, n=0
217

218 % Calculate Summations of chi_y
219 chi_x = chi_x + (−1)^(m+n) * ( ...

(y−m*tunnel_width)^2 + (z−n*tunnel_height)^2 − 2 ...

* x^2 ) / (( x^2 + (y−m*tunnel_width)^2 + ...
(z−n*tunnel_height)^2 )^2.5);

220 chi_y = chi_y + (−1)^(m+n) * ( x * ...
(y−m*tunnel_width) ) / (( x^2 + ...
(y−m*tunnel_width)^2 + (z−n*tunnel_height)^2 )^2.5);

221 chi_z = chi_z + (−1)^(m+n) * ( x * ...
(z−n*tunnel_height) ) / (( x^2 + ...
(y−m*tunnel_width)^2 + (z−n*tunnel_height)^2 )^2.5);

222 if (m==0) && (n==0)
223 u_c_x = 1 + model_radius^3 / 2 * (−1)^(m+n) * ( ...

(y−m*tunnel_width)^2 + (z−n*tunnel_height)^2 ...
− 2 * x^2 ) / (( x^2 + (y−m*tunnel_width)^2 ...
+ (z−n*tunnel_height)^2 )^2.5);

224 u_c_y = − 1 * model_radius^3 * 3 / 2 ...

*(−1)^(m+n) * ( x * (y−m*tunnel_width) ) / ...
(( x^2 + (y−m*tunnel_width)^2 + ...
(z−n*tunnel_height)^2 )^2.5);

225 u_c_z = − 1 * model_radius^3 * 3 / 2 ...

*(−1)^(m+n) * ( x * (z−n*tunnel_height) ) / ...

162



Appendix

(( x^2 + (y−m*tunnel_width)^2 + ...
(z−n*tunnel_height)^2 )^2.5);

226 end
227 end
228 end
229 u_x = 1 + model_radius^3 / 2 * chi_x;
230 u_y = − 1 * model_radius^3 * 3 / 2 * chi_y;
231 u_z = − 1 * model_radius^3 * 3 / 2 * chi_z;
232 u = sqrt( u_x^2 + u_y^2 + u_z^2 );
233 u_c = sqrt( u_c_x^2 + u_c_y^2 + u_c_z^2 );
234 delta_u = u − u_c;
235 delta_u_x = delta_u_x + delta_A * x / (pi / 4 * ...

model_radius^2) / model_radius * delta_u;
236 delta_u_y = delta_u_y + delta_A * y / (pi / 4 * ...

model_radius^2) / model_radius * delta_u;
237 delta_u_z = delta_u_z + delta_A * z / (pi / 4 * ...

model_radius^2) / model_radius * delta_u;
238

239 end
240 end
241 q_corr_x = (delta_u_x * lambda + 1)^2;
242 q_corr_y = (delta_u_y * lambda + 1)^2;
243 q_corr_z = (delta_u_z * lambda + 1)^2;
244 fprintf(fileID_5,'%f %f\r\n',blockage_ratio_psi, 1/q_corr_x);
245 fprintf(fileID_6,'%f %f\r\n',blockage_ratio_psi, 1/q_corr_y);
246 fprintf(fileID_7,'%f %f\r\n',blockage_ratio_psi, 1/q_corr_z);
247

248 end
249

250 fclose(fileID_1);
251 fclose(fileID_2);
252 fclose(fileID_3);
253 fclose(fileID_4);
254 fclose(fileID_5);
255 fclose(fileID_6);
256 fclose(fileID_7);
257 fclose(fileID_8);
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A.5 Potential Flow Equations

Table A.3: Potential flow equations for parallel flow as well as for source/sink and dipole singularities in two dimensions

ux(x, y) uy(x, y) Φ(x, y) Ψ(x, y)

parallel flow u∞ 0 u∞x u∞y

source sink
Q

2π
x

x2 + y2
Q

2π
x

x2 + y2
Q

2π ln
√
x2 + y2 Q

2π arctan
(
y

x

)

dipole −M2π
x2 − y2

(x2 + y2)2 −M2π
2xy

(x2 + y2)2
M

2π
x

x2 + y2 −M2π
y

x2 + y2
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Table A.4: Potential flow equations for parallel flow as well as for source/sink and dipole singularities in three dimensions

ux(x, y, z) ur(x, y, z) Φ(x, y, z) Ψ(x, y, z)
ux(x, r) ur(x, r) Φ(x, r) Ψ(x, r)

parallel flow
u∞ 0 u∞x

1
2u∞(y2 + z2)

u∞ 0 u∞x
1
2u∞r

2

source sink

Q

4π
x

(x2 + y2 + z2)3/2
Q

4π
(y2 + z2)1/2

(x2 + y2 + z2)3/2 − Q4π
1

(x2 + y2 + z2)1/2 − Q4π
x

(x2 + y2 + z2)1/2

Q

4π
x

(x2 + r2)3/2
Q

4π
r

(x2 + r2)3/2 − Q4π
1

(x2 + r2)1/2 − Q4π
x

(x2 + r2)1/2

dipole

M

4π

1− 3 x2

x2 + y2 + z2

(x2 + y2 + z2)3/2 −3M
4π

x (y2 + z2)1/2

(x2 + y2 + z2)5/2
M

4π
x

(x2 + y2 + z2)3/2 −M4π
y2 + z2

(x2 + y2 + z2)3/2

M

4π

1− 3 x2

x2 + r2

(x2 + r2)3/2 −3M
4π

xr

(x2 + r2)5/2
M

4π
x

(x2 + r2)3/2 −M4π
r2

(x2 + r2)3/2
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