
INTRODUCTION
Building upon the first investigations of wind tunnel wall 
interferences by Prandtl in 1919 [1] and later e. g. Garner [2] and 
Ewald [3], almost a hundred years of research has been focused to 
achieve better knowledge about the effects in both open and closed 
wind tunnel test sections. Likewise, today there are a number of 
methods to account for these effects in full scale open jet test sections 
for aerodynamic development of passenger cars. For example, the 
methods of Wickern et al. [4,5,6,7] and Mercker et al. [8,9,10,11,12] 
are based on potential flow models and partially include different 
interference effects between car and wind tunnel boundaries. Hence, 
different results can be expected for specific configurations of wind 
tunnel test sections. Nowadays, computational power has achieved a 
level which enables unsteady DDES of cars in open jet test sections 
at realistic Reynolds numbers.

Compared to a number of strongly simplified reference models [13], 
the DrivAer reference geometry [14] was designed in order to cover 
the geometric properties of a typical passenger car in a more detailed 
way. This work contains results of wind tunnel tests of the 40% 
scaled DrivAer model [15] in wind tunnels of the TUM [16] and Audi 
[17]. Due to differences such as solid blockage, static pressure 

gradient and moving ground simulation, measurements in those wind 
tunnels sometimes produced different results in terms of aerodynamic 
forces. Based on the experimental results, the setup of the DDES 
using the full scale DrivAer geometry has been validated and 
developed further into combined wind tunnel and DrivAer 
simulations. This work focuses on interferences between the wind 
tunnel nozzle, open jet and car model including different rear ends. In 
order to isolate these effects, the test section geometry was set up to 
allow the assumption that influences of collector, static pressure 
gradient, moving ground simulation and plenum dimensions are 
negligible. However, for an adequate transferability to a real wind 
tunnel test section, a full modeling of all test section characteristics is 
required. Thus, this study provides a better knowledge of 
interferences between car, nozzle and open jet.

Since the proximity of the model with significant blockage ratios 
produces interference effects with the wind tunnel boundaries for 
both the plenum and nozzle method [18], the requirement of the 
application of wind tunnel corrections seems plausibly justified. 
Therefore, Wickern [7] proposes an approach for a self-correcting 
open jet wind tunnel by considering interference effects between 
nozzle and model which can be balanced in order to obtain the 
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correct drag coefficient. Wickern’s potential flow model predicts the 
compensation of drag-increasing effects (nozzle blockage, model 
induced nozzle gradient) and drag decreasing effects (solid blockage) 
at different longitudinal model positions for wind tunnels operating 
with either the plenum or the nozzle method. To cover the physics of 
a “real” open jet test section in a more detailed way and to determine 
its effects on a realistic car geometry, CFD was applied to Wickern’s 
approach for blockage ratios of AM / AN = 0.024 … 0.197. The results 
were compared to the two potential flow models of Wickern [7] and 
Mercker and Cooper [8]. An essential advantage of CFD is that the 
effects on lift forces can be determined as well. However, lift force 
corrections are typically not covered by classical potential flow 
theory since the applied models are based on duplex mirror images. 
Based on the results, some consequences for the design of open jet 
test sections have been derived. However, it should be noted that 
general conclusions covering the entire range of designs for 
automotive vehicles cannot be reliably drawn here since the results of 
the present study are strongly connected to the selected geometries.

EXPERIMENTAL SETUP OF DRIVAER 
MEASUREMENTS

The DrivAer Geometry
For the experimental investigations we used the DrivAer reference 
geometry which emerged from a collaboration between the TUM and 
industry partners [14]. The DrivAer geometry represents a generic, 
yet detailed vehicle geometry aiming to close the gap between very 
idealized vehicle geometries for principal investigations (like the 
Ahmed body [19] and the SAE body [20]) and very detailed vehicle 
geometries. It contains most of the features that dominate the flow 
field around a typical mid-sized mass production passenger car. The 
very modular DrivAer geometry includes three different rear ends - a 
fast back, a notch back and an estate back (station wagon) shape - and 
two underfloor geometries, including a completely smooth and a 
detailed version that features more geometrical details like an exhaust 
system. Figure 1 illustrates the geometrical set that can be obtained at 
the Institute of Aerodynamics and Fluid Mechanics of the TUM free 
of charge.

Figure 1. DrivAer geometry with three different rear ends: fast back (red), 
notch back (white) and estate back (blue) - as introduced in [14].

Since its introduction, the DrivAer geometry has been subjected to 
numerous published research projects performed by universities and 
within the industry throughout various countries.

The 40% Scaled DrivAer Wind Tunnel Model
The wind tunnel model that was employed in the present study 
offered the same geometrical flexibility as the basic DrivAer 
geometry (see also Mack et al. [15] for details). It was possible to 
exchange the rear end panel, the underfloor inset and the wheel/rim 
geometry without major effort. In combination with an underhood 
extension (not part of the basic DrivAer geometry) to also simulate 
cooling air flow, this provided a multitude of possible combinations. 
Figure 2 depicts a CAD scheme of this 40% scaled wind tunnel 
model in one particular configuration and of the top sting holding the 
model’s body in place.

The outer shell of this wind tunnel model was made of carbon fiber 
mounted on an aluminum spine, which resulted in a fairly lightweight 
design. Underfloor inserts made of polyurethane provided additional 
stiffness without adding too much weight. Throughout the process of 
designing this wind tunnel model, special care was taken to provide 
plenty of space for the housing of measurement technology as well as 
space inside the engine compartment for adding a model radiator and 
ducts for cooling investigations. Even though the design of this wind 
tunnel model was very simple compared to wind tunnel models used 
in the industry, it greatly served and still serves its purpose in various 
research projects at the Institute of Aerodynamics and Fluid 
Mechanics at the TUM.

Figure 2. CAD scheme of the 40% scaled DrivAer model as introduced in 
[15].

In the present study, we picked model configurations with lower 
geometric complexity; we installed the smooth underfloor inset and 
closed the cooling inlets but exchanged the rear end shapes between 
the configurations fast back, notch back and estate back. Furthermore, 
the wheels used in this study had sealed rims surrounded by non-
pneumatic and non-deformable tires made of carbon fiber. These 
simplifications led to a less complex flow field around and through 
the vehicle and, hence, significantly reduced the complexity of the 
numerical modeling.

Table 1 lists the most important geometrical properties of the wind 
tunnel model including the model’s frontal area to determine its solid 
blockage. The exact value of the solid blockage depends on the 
chosen configuration (see separate contributions). The blockage ratio 
totaled to about 11.7% in the WTA and was well below the 
recommended value of 10% in the AAWK (see next section).
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Table 1. Dimensions of the 40% scaled DrivAer wind tunnel model [15].

Please keep in mind that the nozzle exit area of the WTA was reduced 
by the inlet area of the boundary layer scoop - 144 10-3 m2 - that "cuts 
off" the lower part of the flow through the nozzle. Furthermore, the 
blockage effects of all struts were considered as well. Excluding the 
struts, the solid blockage would have totaled to about 8.3% in the WTA.

Table 2. Dimensions of the employed wind tunnel facilities as published in [1] 
and [16].

The model was equipped with various sensors and gauges to record 
aerodynamic properties and to log the attitude of the vehicle. The 
most important measuring instruments were the set of five force 
balances and the multi channel pressure transducer. We employed a 
six-component force balance of the RUAG 188-6 series to record the 
aerodynamic forces acting on the body of the vehicle. This “main” 
balance was accompanied by four one-component wheel load cells of 

the RUAG 270-1 series to measure the drag forces on the wheels. 
Please note that the nature of this setup did not allow for the 
measurement of lift forces or side forces acting on the four wheels.

Surface pressures were recorded using a pressure transducer 
manufactured by Scanivalve. Three ZOC33 modules featured a total 
number of 192 ports that could be sampled simultaneously. The 
pressure taps (0.3 mm inner diameter) were evenly distributed over the 
top surface and the center line of the underfloor of the vehicle and were 
connected to the ZOC33 modules via hoses of 0.8 mm inner diameter.

The Employed Wind Tunnel Facilities
We conducted experimental studies in two inherently different wind 
tunnels: the wind tunnel at the TUM (WTA) and the aeroacoustic wind 
tunnel at Audi (AAWK). The most important difference was their 
sizes. While the wind tunnel at the TUM featured a nozzle exit area of 
about 4.32 m2 - and hence was only suited for model-scale testing of 
passenger cars - the wind tunnel at Audi had a nozzle exit of about 11 
m2 and was almost exclusively used for full-scale testing of typical 
passenger cars. Both of these wind tunnels have closed-return airlines 
and a 3/4-open test section. Before addressing some details of these 
two facilities, a quick overview table of the major properties and 
dimensions of these wind tunnels is provided in Table 2.

Being able to test the DrivAer wind tunnel model inside these two 
substantially different wind tunnel facilities was ideal for validating 
the theories of the present study. Figure 3 and Figure 4 depict the 
setup of the 40% scaled DrivAer model inside the AAWK and the 
WTA. We used the same method to support the model in both testing 
series. It consisted of five struts - one top strut (or top sting) to hold 
the body of the vehicle in place and four additional struts to support 
each wheel separately. Fortunately, both wind tunnels were equipped 
with traverse systems that were stiff and sturdy enough to support the 
vehicle (including the additional aerodynamic loads), largely easing 
the positioning of the model inside the test sections. Please note that 
in this setup the wheels were not connected to the body of the vehicle 
but were held only by the wheel struts.

Figure 3. 40% DrivAer wind tunnel model (with estate back rear end installed) 
inside the AAWK.

In the same line of thinking, this measurement technology (all 
balances/load cells, pressure transducers, etc.) was also used in both 
wind tunnels. This combination of using exactly the same wind 
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tunnel model, the same support struts and the same measurement 
technology in both tunnels significantly eased the comparison of the 
obtained results.

Figure 4. 40% DrivAer wind tunnel model (with fast back rear end installed) 
inside the WTA at the TUM.

Both of the mentioned wind tunnels were equipped with a rolling 
road system to simulate the relative motion between ground and 
vehicle and to drive the wheels of the vehicle. While the WTA was 
equipped with a so-called single belt system, the AAWK featured a 
five belt system used for full size testing. In this case, however, we 
only employed the long center belt - which was wider than the track 
width of the model - and covered the four wheel drive units.

Not only were geometrical parameters like the solid blockage 
associated with the differences in sizes of these two wind tunnels but 
also with the differences in their aerodynamic properties. For the 
present study, the most important aerodynamic property is the 
gradient of the static pressure along the center lines of the test 
sections as indicated in Figure 5. Furthermore, measurements of the 
static pressure gradient in direction of y and z were obtained in the 
plane x = -1.0 m in the WTA. The standard deviation of static 
pressure gradient Δcp (y,z) was determined to be 0.00094 within a 
range of -0.4 m ≤y ≤ 0.4 m and 0.02 m ≤ y ≤ 0.97 m respectively. 
Figure 5 also contains a sketch of the DrivAer model and the size of 
the test section of the WTA as a reference. The test section of the 
WTA covers the region between x = -2.0 m to x = 2.8 m (nozzle exit 
plane to collector inlet plane), while the much larger test section at 
the AAWK begins at x = -4.0 m and ends at x = 5.5 m. The position x 
= 0 m refers to the center of the wheel base of the 40% scaled 
DrivAer model in both tunnels. Please note that the values of the 
static pressure coefficients were adjusted (by a constant offset in cp) 
such that they were cp = 0 at the center of the wheel base of the 
vehicle in order to ease the comparison of the curves.

Figure 5. Pressure gradients inside the TUM model-scale wind tunnel and the 
full-scale wind tunnel at Audi as found in [1], [16] and [5].

Even though the pressure values plotted in Figure 5 were recorded at 
different z-positions1 (at z = 0.24 m in the WTA and at = 0.60 m in the 
AAWK), they illustrate the pressure distributions (or pressure 
gradients) present in both test sections. It is clear that the model 
support system (MSS) which held the model influenced the pressure 
gradient across the test section of the WTA. It is also apparent that the 
increase in static pressure by the collector started rather far upstream 
and was therefore likely to offset the measured drag values, 
producing smaller values.

In contrast to this, in the larger AAWK the pressure gradient was 
much flatter in the region where the model was mounted, and hence, 
the falsifying effect due to the so-called horizontal buoyancy was 
expectedly smaller. Figure 5 also particularly illustrates the effect of 
the boundary layer suction system that was used in the AAWK (see 
also the investigations by Wickern et al. [5]). However, since this 
happened quite far upstream of the wind tunnel model - with a 
pressure peak at around x = -3 m - its detrimental effect onto the 
static pressure distribution was largely reduced at the front of the 
vehicle model. For more details about the employed wind tunnel 
facilities, interested readers may refer to the publications of Wickern 
et al. [1] and Mack et al. [16].

Wind Tunnel Testing Procedure
Each wind tunnel run contained a “static” tare to set the pressure 
scanners and the force balances to zero and a “dynamic” tare at a belt 
speed of 5 m/s to account for the (mechanical) rolling resistance of 
the wheels. The use of non-deformable tires largely reduced the 
complexity of this procedure. For example, we did not experience a 
significant change in tire temperature nor the associated change in 
rolling resistance. Due to the arrangement of the wheel load cells that 
recorded the drag forces acting on the rotating parts, ventilation 
losses (notable as an additional drag component) were part of the 
measured drag values. Ventilation losses are essentially losses 
associated with the torque required to maintain the rotation of the 
wheels opposing those aerodynamic forces that slow down their 
rotational movement (e.g. also see Mayer et al. [21]).

Due to the design of the airline of the WTA, the properties of the free 
stream were heavily influenced by the surrounding weather 
conditions. Hence, we conducted tests at constant Reynolds numbers, 
which resulted in a certain variation of the free stream velocities. The 
Reynolds dependency of the measured drag value of the DrivAer fast 
back configuration is plotted in Figure 6. Although the standard 
testing Reynolds number (about Re ≈ 5.2 · 106) was not quite in the 
leveled-out region, we were not able to continuously test at 
significantly larger Reynolds numbers due to the limitations of the 
wind tunnel facility at the TUM.

In the WTA, we recorded the dynamic pressures using the plenum 
and the nozzle method. The measured values using the nozzle method 
were roughly 2% below those measured when applying the plenum 

1 The z-position of the static pressure recordings (z = 0.24 m) in the WTA matched the 
z-position of the static pressure recordings in the AAWK (z = 0.60 m) scaled by the 
scaling factor of the wind tunnel model. We did not perform a thorough investigation of 
the variation of the static pressure for additional z-positions within the symmetry plane.
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method. In the standard cases, absolute forces and absolute pressures 
were normalized by the dynamic pressure measured using the plenum 
method.

Figure 6. Reynolds dependency of aerodynamic drag acting on the DrivAer 
fast back measured in the WTA. Please note that this test was conducted with 
different wheels/rim geometries than the other tests of this study.

CFD SIMULATION OF DRIVAER MODEL IN 
¾ OPEN TEST SECTION

CFD Setup

Wind Tunnel Geometry
The basic idea of this approach was to perform CFD simulations of the 
full scale DrivAer reference model in open road conditions and open 
jet test sections for the purposes of charting interferences between wind 
tunnel and car model. Thereby, the investigated effects in this work are 
limited to those that affect the measurement of aerodynamic forces in a 
wind tunnel. It is well known that a number of further components such 
as boundary layer treatment, moving ground simulation, static pressure 
gradients and collector walls often influence the aerodynamic forces on 
the model in a wind tunnel as well. However, to isolate the 
interferences between model, nozzle and open jet, the applied CFD 
domains were set to be as illustrated in Figure 7.

	
A. Open road domain

B. Wind tunnel domain
Figure 7. Schematic model of the domains for both open road and wind tunnel 
simulations with the full scale DrivAer reference model (here estate back). Due to 
illustration purposes, the plenum dimensions are adapted to fit the view (plenum 
dimensions: Bp = 72 m, Hp = 36 m and Lp = 64 m).

Figure 7 depicts the domains for the simulations of the DrivAer in 
open road and wind tunnel conditions. For open road conditions 
(Figure 7 A) a rectangular-shaped domain was created and its width 
Bp = 72 m, height Hp = 36 m and length Lp = 64 m were selected to 
achieve a blockage ratio of 0.084%, which was assumed to be 
negligible. The simulations in the open road domain set the reference 
to compare aerodynamic forces and to evaluate the interference 
effects inside the wind tunnel domain (Figure 7 B). In order to be less 
dependent on a specific nozzle shape, the nozzle has been 
approximated by a rectangular channel. To cover the boundary layer 
growth along the nozzle walls (side and top), this channel was split 
into two sections - an inlet channel with a slip wall boundary 
condition and nozzle walls including wall friction. The length lN = 
3.74 m was adjusted in order to achieve a realistic boundary layer 
thickness at the nozzle exit plane and was based on a selected 
reference nozzle geometry with AN = 22.4 m2. This nozzle area is 
considered to be of reasonable size for a potential future wind tunnel 
project. The length linlet of the total inlet channel was selected by linlet 
+ lN = 10.0 m in order to be large enough for the inlet boundary 
condition to not affect the velocity field near the model.

All floor boundaries were set to be slip walls for both open road and 
wind tunnel conditions, thereby eliminating any influence of possible 
boundary layers on the ground. This is essential since the longitudinal 
model position was varied within the present study. Hence, the effect 
of changing boundary layer profiles for different model positions had 
to be avoided. The plenum was considered to be infinite since its 
dimensions were the same as those for the open road domain. The 
dimensions mentioned above were regarded as constants for all 
nozzle sizes investigated. Since the motivation of this work is to 
determine longitudinal effects of the model location inside the test 
section, the distance xc between nozzle exit plane and wheel base 
center was varied. This approach was applied to the full scale 
DrivAer geometry with different rear end shapes, smooth underbody, 
mockup and generic wheels as presented for the 40% scaled wind 
tunnel model by Mack et al. [15].

In addition to xc, the second parameter to be varied was the nozzle 
area AN in the range 11.0 m2 ≤ AN ≤ 89.6 m2. This was applied to 
evaluate interferences for different blockage ratios in the range of 
0.024 ≤ AN / AM ≤ 0.1972. Based on the reference nozzle area of AM = 
22.4 m2 we picked two larger nozzles with a desired area factor of AN 
/ AN.ref = 1.5 and AN / AN.ref = 4.0 respectively. Furthermore, a smaller 
nozzle of AN = 11.0 m2 representing comparable blockage conditions 
of full scale cars in the AAWK was selected. Figure 8 illustrates this 
concept concerning nozzle size and blockage ratio AM / AN. The 
width-to-height ratio BN / HN of the nozzle was deemed constant with 
BN / HN = 1.4. All full scale DrivAer dimensions can be scaled from 
the 40% scaled model in Mack [15].

2 The values were calculated from the estate back frontal area. The blockage ratio 
marginally changed due to the variation of the rear end shapes.
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Figure 8. Nozzle dimensions with respect to full scale DrivAer geometry 
(nozzle area AN, nozzle width BN, nozzle height HN, model area AM, model 
width BM, model height HM).

CFD Model
The CFD simulations were performed as DDES based on the 
unsteady Navier-Stokes equations by using a one equation turbulence 
model introduced by Spalart and Allmaras [22] for sub-grid scale 
turbulence modeling. Audi uses the DDES implementation in an 
advanced version of OpenFOAM® package 2.3.1 [23]. The 
simulations were based on the schematic models explained above 
whereas Table 3 shows the boundary conditions for the geometric 
patches involved, expressed as OpenFOAM® types. The CFD model 
contains boundary layer growth along the nozzle walls and rotating 
wheels. The application of the translatingWallVelocity boundary 
condition for the u field of the wheels was considered to be a 
reasonable approach here since the closed generic wheel geometry is 
rotationally symmetric.

Table 3. OpenFOAM® boundary conditions for the wind tunnel domain. The 
mathematical expression of boundary conditions can be found in [23].

The wind tunnel basically operated with a velocity inlet and a 
pressure outlet. The outlet boundary condition was essential for 
achieving a stable simulation, which is why it was challenging to find 
a working combination of boundary conditions for u the and p the 
field. Due to the combination of almost zero velocity in the plenum 
and high velocity in the open jet, there were no uniform distributions 
of u or p, and hence, there were field gradients on the outlet patch. In 
the region of the open jet the flow propagated out of the domain, 
whereas the entrainment mass flow of the free shear layer produced 
an excess of mass flow compared to the inlet. Hence, the conditions 
at the outlet patch must allow the domain to suck this excess air back 
into the plenum in order to meet the requirement of the conservation 
of mass. However, the combination of totalPressure for the field p 
and pressureInletOutletVelocity for u worked very well. Physically, 
the outlet boundary condition applied a zeroGradient condition for u, 
if the flow left the domain, whereas u was calculated from the flux if 
backflow was detected [23]. A few more boundary conditions such as 
zeroGradient or inletOutlet were tested for the field u. However, the 
boundary condition pressureInletOutletVelocity turned out to be the 
only one which provided the flexibility in backflow at the outlet. For 
example, inletOutlet expects a user defined input (= velocity field) for 
the backflow condition, which is applied uniformly in all backflow 
regions at the outlet. This was accompanied by the occurrence of 
stability issues.

Figure 9. Visualization of normalized velocity fields u/u∞ in the plane y = 0: a) 
initial flow field (potentialFoam) for the nozzle with AN = 11.0 m2; b) fully 
developed flow field after 15.0 s of simulation time, started from a); c) fully 
developed flow field from b) including DrivAer with estate back; d) flow field 
around the DrivAer with estate back in open road conditions.

For the initialization of the simulation the potential flow solution of 
the flow field was applied using potentialFoam. This was determined 
to be the most stable way for the flow field initialization. In a), Figure 
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9 depicts the initialized flow field in proximity to the nozzle for the 
empty wind tunnel test section at the time 0. The problem here was 
that the potential flow solution did not produce an open jet, and 
hence, a longer starting period of about 6 s for the flow field to fully 
develop was necessary. To enhance performance and limit the overall 
computational time the simulation was split into two sections. In the 
first section, the simulations ran with a rather large time step of ΔtStart 
= 1·10-3 s. In combination with an upwind scheme, the simulation 
could be controlled to remain stable by accepting a loss of accuracy. 
However, this method was determined to be sufficient for developing 
the flow inside the test section. After 6 s the time step was reduced to 
ΔtFinal = 1·10-4 s in order to gain a maximum Courant number of Cou 
< 20. The simulation end time was set to be 15.0 s, whereas the flow 
field was averaged between 8.0 s and 15.0 s (see b) in Figure 9 for the 
empty wind tunnel test section). Additionally, Figure 9 shows the 
time averaged velocity fields in c) for a simulation of the DrivAer 
with estate back in the test section (configuration: AN = 11.0 m2, xc = 
3.984 m) and in d) for the corresponding simulation in open road 
conditions. All images in Figure 9 show limited views from a 
restricted region of the domain in the symmetry plane y = 0. 
Therefore, Fig. A1 to A4 in Appendix A provide a more thorough 
visualization of the flow field in the entire domain. The period for 
time averaging was determined in order to achieve an accurate 
average of the unsteady aerodynamic forces of about ± 0.001 in lift 
and drag. Therefore, initial tests ran with an end time of 20.0 s in 
which the backward average provided a required averaging time 
range of 7.0 s (from 8.0 s to 15.0 s).

Figure 10. Unsteady and averaged aerodynamic drag (top) and lift (bottom) 
referenced by the average value from t = 8 s to t = 15 s. Unsteady forces and 
standard deviation are plotted on minor scale ΔCi(t), backward averaged 
values on major scale ΔCi,Av.

To limit the overall simulation time, the end time was reduced from 
20.0 s to 15.0 s without losing accuracy in the averaging of unsteady 
aerodynamic forces. As an example Figure 10 depicts the unsteady 
value for drag and lift coefficient (estate back, AN = 11.0 m2, xc = 
3.984 m) including raw data as well as backward averaged data from 
t = 15.0 s and the standard deviation. In terms of visualization, the 
plots are drawn on different scales - ΔCi,Av for backward averaged 

value and ΔCi(t) for unsteady forces and standard deviation. For the 
drag coefficient the standard deviation was in the range of 0.012 and 
< 0.035 for the lift coefficient respectively. As stated above, the 
selected averaging period was between t = 8.0 s and t = 15.0 s. The 
plots in Figure 10 show that compared to drag, the averaging of the 
lift forces takes more physical time to converge within the same 
accuracy. For an overview of the most relevant simulation settings 
please see Table 4.

Table 4. Settings and properties for the simulation of DrivAer in open test 
section.

Test Cases and Validation

¾ Open Jet Test Case
In order to eliminate any static pressure gradients and to isolate the 
interference between model, nozzle and open jet, a constant static 
pressure inside the test section was desired. Therefore, the empty test 
section, as shown in Figure 7, served well as a test case. The slip wall 
condition on the ground as well as the plenum size3, which was 
considered infinite, turned out to be adequate conditions for a 
preferably free jet propagation. Due to the growth of boundary layers 
along the nozzle walls, there was a noticeable acceleration and a drop 
in static pressure inside the nozzle channel. However, the static 
pressure along the test section cp(x) turned out to be rather constant if 
the mesh refinement inside the free shear layer allowed for the 
solution of essential turbulent structures on grid scale. The reason for 
this is the fact that the sub-grid scale turbulence model Spalart-
Allmaras works poorly in the free turbulent shear layers since it 
isotropically models turbulence. In this region the open jet 
propagation displayed a very sensitive behavior depending on the 
meshing resolution. Figure 11 shows an example for the effect of grid 
size inside the free turbulent shear layer on the velocity field for grid 
length scales of Δx = 23 mm and Δx = 3 mm. For a better 
visualization, the curves were fitted in a way to achieve Δcp(x = 0) = 
0. For the grid with Δx = 23 mm considerable fluctuations at the jet 
boundary began further downstream at x ≈ 2 m, whereas the same 
effect appeared further upstream at x ≈ 0.3 m for the finer grid. It is 
obvious that turbulent structures had to increase in length scale to be 
resolved by the grid. The sub-grid scale model itself did not properly 
3 Since the regions of reverse flow showed very low velocities u/uref << 0.05, the 
assumption of an infinite plenum was derived from the flow field characteristics.
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