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Abstract
A new 0.5 m x 0.5 m and 60 m/s subsonic wind tunnel of Göttinger type with closed test section is built in the Fluid Mechanics
Laboratory of the Faculty of Mechanical Engineering at the Universität der Bundeswehr München. The preliminary power
estimation of the planned tunnel is based on an existing NASA program, which accuracy is validated here against some
existing large scale wind tunnels and their real working conditions. The space limitations in the laboratory lead to individual
design solutions, for example a short and partially separating high speed diffuser where the suppression of separation is
finally realised by a particular, intrusive flow element. The design of the sheet metal corner vanes is based on extensive
CFD studies in addition to literature based experience. The entire wind tunnel is finally self built and about 90% of the
material is based on hardware store equipment. The commissioning of the wind tunnel is accompanied by performance
and flow quality measurements, the results of which will be presented.
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NOMENCLATURE

Formula symbols

AN Cross Section Area of Nozzle Exit m2

AR Aspect Ratio (exit to inlet area) of Diffuser -

AS Cross Section Area of Settling Chamber m2

ATS Cross Section Area of Test Section m2

Ax/A0 Aspect Ratio (exit to inlet area) of Diffuser -

u Wind Speed in x-Direction m/s

c Wind Speed m/s

cp Pressure Coefficient -

δ1 Displacement Thickness of BL m

∆p Pressure Difference/Loss Pa

η Efficiency -

AFAN Cross Section Area of Fan m2

κ Contraction Ratio of Nozzle -

λ Wind Tunnel Factor -

Lx/R0 Ratio of Diffuser Length to Diffuser Inlet
Width -

N/Wi Ratio of Diffuser Length to Diffuser Inlet
Width -

PH Hydraulic Power W

Re Reynolds Number -

ρ Air Density kg/m3

Tu Turbulence Level %

V̇ Volume Flow m3/s

ζ Pressure Loss Coefficient -

Indexes

∞ Parameter in Test Section

tot total

x,y,z wind tunnel coordinate directions

Abbreviations

AVZ BMW Aerodynamisches Versuchszentrum

BL Boundary Layer

CFD Computational Fluid Dynamics

EVZ BMW Energietechnisches Versuchszentrum

EWK BMW Energietechnischer Windkanal in EVZ

HSD High Speed Diffuser

TE Trailing Edge

UniBw M Universität der Bundeswehr München

1. INTRODUCTION

A new wind tunnel for the education of students and for
smaller research projects is being built in the Fluid Mechan-
ics Laboratory of the Faculty of Mechanical Engineering
at the UniBw M. The boundary conditions are given by
the available space in the laboratory and the aerodynamic
specification which can be summarised in table 1.
Other requirements include a minimum footprint in the lab-
oratory and a certain simplicity of construction, as the wind
tunnel has to be self-built as cheaply as possible. This leads
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Parameter Value Unit

Max. Length 10.5 m

Max. Wind Speed 60 m/s

Max. Height 4 m

Test Sect. Area 0.5 x 0.5 m2

Test Sect. Length 2 m

Max. Wind Speed Variation ±0.5 %

Turbulence Level ≤ 0.3 %

Pressure Deviation in Cross
Section

≤ 1 %

TAB 1. Specification of new wind tunnel with closed test sec-
tion

to a vertical design of the wind tunnel with the test section
and fan on the ground and a mainly wooden construction
with an aluminium supporting structure. This layout, with
the settling chamber, test section and fan in a row on the
floor, results in a short high speed diffuser behind the test
section, which may separate. In addition, the corners will be
designed based on a CFD study focusing on the pressure
drop across the corners and the flow quality behind the cor-
ners as a function of several corner parameters (number,
length and spacing of corner vanes). A further focus is on
the design of the settling chamber (flow straightener, num-
ber and type of turbulence screens) and the nozzle shape
(contraction ratio and contour) to achieve the specified flow
quality in the test section. The power requirement to spec-
ify the correct fan is estimated once the preliminary design
has been established. A NASA wind tunnel calculation pro-
gram [1] will be used, which will first be validated against
the real power requirements of several existing large wind
tunnels. The NASA programme essentially calculates the
pressure loss of all wind tunnel components and adds these
to the total pressure loss from which the power requirement
is derived.

2. FIRST POWER ESTIMATION

Estimating the likely power requirements of the facility is one
of the first questions to be answered when designing a wind
tunnel. The power plant is an expensive long lead item in
wind tunnel construction and the required electrical power
will determine the running costs of the facility. A first esti-
mate is usually easy to make as the airflow (or hydraulic)
power is defined by

(1) PH = ∆p · V̇

where ∆p is the pressure difference in a flow (loss or gain).
V̇ is the volume flow c · A. The aerodynamic power of the
flow in the test section is therefore defined by the specified
flow velocity c and the cross-sectional area A in the test sec-
tion. However, in an Eiffel type wind tunnel (open inlet and
open outlet) the fan must provide the dynamic pressure of
the flow plus any pressure drop along the duct. The pres-
sure requirement in a Göttinger type wind tunnel (closed
circuit) is only caused by the pressure losses in the circuit
once the flow is accelerated and steady. The pressure re-
quirement is usually expressed as a multiple of the dynamic
pressure in the test section,

(2) PH = ζ
ρ

2
c2∞ · V̇ = ζ

ρ

2
c3∞ ·ATS

Parameter Value Unit

Diameter 0.9 m

Hub Diameter 0.5 m

Fan Power 21.94 kW

Motor Power 30 kW

Speed 1500 1/min

Sound Pressure 106 dB

No. of Blades 12 -

Pressure Increase 1200 Pa

Fan Efficiency η 0.76 -

Volume Flow 50.000 m3/h

14 m3/s

TAB 2. Technical data of TROX AXN 12/56/900 M-DFan

with the pressure loss coefficient ζ, which becomes an
’aerodynamic quality factor’ in wind tunnel design. The
wind speed c∞ and the cross sectional area ATS are now
defined in the test section. This can also be thought of as
the power to be put into the airflow, and the pressure loss
coefficient can then be defined as the tunnel power factor,
also called λ, see [2]. The fan shaft input power can be
estimated by dividing equation 2 by the fan efficiency ηFan.

(3) PFan =
ζ · ρ · c3∞ ·ATS

2 · ηFan

Typical values for ζ vary between 0.15 ≤ ζ ≤ 0.4 for closed
loop wind tunnels with closed test sections and 0.45 ≤ ζ ≤
0.8 for closed loop wind tunnels with open jet test sections.
Eiffel type wind tunnels show a range of 1.2 ≤ ζ ≤ 1.9, [1],
[3], [4]. Typical fan efficiencies can be found in the range
of ηFan = 55% for simple industrial fans and up to about
ηFan = 90% for optimised wind tunnel fans.
Given the specification, table 1, a ζ ≈ 0.25, an expected
mean fan efficiency of ηFan = 70% and an air density of
ρ = 1.13kg/m3, a first power estimate leads to a fan power
of PFan ≈ 11kW. If we add a safety margin to the tunnel
factor ζ due to probable inaccuracies in construction quality
(leaks, steps, roughness, design challenges), set it to ζ =
0.4, and add a speed safety margin of ∆c∞ = +5m/s, the
required fan power may be estimated as PFan ≈ 20.5kW.

3. COMPONENT DESIGN

3.1. Fan and Transition Elements

The fan selection is usually based on the required volume
flow V̇ and pressure rise ∆p across the fan. With the above
assumptions we can estimate a ∆p ≈ 1000Pa and a volume
flow of V̇ = 16m3/s. For this project a TROX AXN 12/56/900
M-D fan with outlet guide vanes is selected which meets the
above performance requirements, see table 2. However,
the nominal air flow rate is lower, but the possible pressure
rise is higher. It is assumed that the parameters can be
adjusted, if necessary, during commissioning of the wind
tunnel by adjusting the inclination of the fan blades.
According to [3], a fan to test section area ratio of 2 or 3 to
1 is recommended. The current selection gives a fan to test
section area ratio of AFan/ATS = 2.55. The fan is mechani-
cally decoupled from the ground by damping elements and
from the airline by elastic fabric sleeves to minimise the in-
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troduction of vibrations into the wind tunnel structure. The
entire airline will have rectangular cross-sections, so there
must be transition elements from rectangular to circular to
the fan and vice versa from the fan. These transition ele-
ments are designed to keep the cross sectional area con-
stant, i.e. from the fan diameter of 0.9m the elements tran-
sition over a distance of 0.5m to 0.8m× 0.8m rectangular.

3.2. Test Section

The cross-sectional area is defined as 0.5m x 0.5m to ac-
commodate the planned tests. The length of the test section
should be between 2.5 and 3.0 times the hydraulic diameter
of the test section if wind tunnel wall corrections are to be
made using a wall pressure signature method, [5]. Since
this should be an option, and since the test section also
needs to be of sufficient length for a likely application of
adaptive walls, the relative length should be even greater:
it is described in [6] for the application of single step wall
correction methods with 2D adaptive walls that any model
perturbations should be zero at the inlet and outlet of the
test section. The fact that the model blockage can be larger
in adaptive wall test sections than in solid wall test sections
is taken into account by setting the length to 4.0 hydraulic
diameters, i.e. 2m.
In addition, the straight walls should be inclined in flow di-
rection to compensate for boundary layer growth and thus
maintain a constant axial pressure in the empty test section.
Therefore, the required displacement at the end of the test
section is calculated using the displacement thickness for
turbulent boundary layers on a flat plate according to [7]:

(4) δ1 = 0.048
x

5
√
Rex

.

For the given test section length and a wind speed of 50m/s,
δ1 = 4mm is calculated at the end of each wall. It is ex-
plained in [8] that it is sufficient to displace two walls to
achieve a 3D flow correction, i.e. the wall end displace-
ments for the top and bottom walls are set to 8mm each
to compensate for the total boundary layer growth and thus
ensure a constant velocity in the test section. The side walls
are kept parallel.
Air vents are located at the end of the test section to allow
tests to be carried out at ambient pressure. This means that
the rest of the wind tunnel is pressurised during testing.

3.3. Settling Chamber (Flow Straightener and Screens)

The settling chamber with flow straightener and turbulence
screens as well as the nozzle are main contributors to the
flow quality in the test section. There is a trade-off between
the contraction ratio of the nozzle, which determines the
size of the total airline, the pressure losses in the airline and
the specified flow quality. The higher the contraction ratio,
the larger the wind tunnel, the lower the pressure losses and
the better some of the flow parameters in the test section.
Initial sketches of the airline show that a nozzle contraction
ratio of κ = AS/AN = 6 is the maximum possible to stay
within the space constraints in the laboratory and still ac-
commodate reasonable diffusers.
The settling chamber has a cross section of 1.225m x
1.225m with the nozzle contraction ratio set to κ = 6.
The length of the settling chamber is determined by the
number of turbulence screens and the required spacing
between the settling chamber components. Firstly, a
certain distance from the flow straightener (honeycomb)
to the exit of corner 4 should be maintained to allow the
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FIG 1. Contour of nozzle

corner vane wake to dissipate before the flow enters the
honeycomb. The honeycomb should have approximately
25,000 cells according to [2] and [3] with a cell length to
diameter ratio of 6 to 8. A sheet steel honeycomb with a
cell diameter of 6.4mm and a length of 51.2mm is selected,
resulting in approximately 35,000 cells in the cross section
and a cell length to diameter ratio of 8. Three screens are
placed behind the honeycomb in the settling chamber to
reduce turbulence. The screens have a wire diameter of
0.4mm and a wire spacing of 1.3mm, giving a pressure loss
coefficient of ζ = 1.96 for each screen according to [9]. The
screen spacing should be 500 times the wire diameter, [3],
giving a spacing of 200mm.
The expected turbulence reduction from the three screens
and the contraction can be estimated from [3]. The turbu-
lence level in the test section also depends on the assumed
turbulence level in front of the screens. A turbulence level of
Tux,y,z ≤ 0.1% in the test section can be estimated with an
assumed turbulence level of Tu = 5% before the screens.

3.4. Nozzle

Nozzle design is usually one of the most important parts of
the wind tunnel design as it is the last component before
the flow enters the test section. Therefore, the flow quality
in the test section is directly influenced by the nozzle flow.
The possible contraction is already defined to be κ = 6 and
the length should be small due to space constraints in the
laboratory. The work in [10] focuses on the design of noz-
zles for small low speed wind tunnels and recommends a
5th order polynomial function, see equation 5. The applica-
tion of this function results in a nozzle with a length to height
ratio of 1, an inflection point at x/l = 0.5 and a contour as
shown in the figure 1.

(5) y(x) = hi + (hi − he) ·
(
−10x3 + 15x4 − 6x5)

The nozzle is finally build from wooden panels by an exter-
nal carpenter.

3.5. High Speed Diffuser, HSD

The position of the fan should be on the floor for ease of
construction and the airline should be vertical for a mini-
mum footprint in the laboratory, see chapter 1. However,
these constraints, together with the now designed settling
chamber, nozzle, test section and fan transition parts, result
in a relatively short transition from the test section to the fan.
And therefore a relatively steep diffuser, which may sepa-
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Cone Element

Test Section HighSpeedDiffuser Transition Fan

FIG 2. Cone element in high speed diffuser

Empty hight speed diffuser (HSD)

HSD separated in 4 ducts

HSD cone element

Backleg Diffuser

FIG 3. Flow regimes in straight-wall, two-dimensional dif-
fusers, based on [11]

rate, see also the sketch in fig. 5. A wide angle diffuser may
solve the space problem, but the additional pressure losses
due to additional screens should be avoided. Several mea-
sures are considered to avoid flow separation, such as tur-
bulator strips, division of the diffuser duct into four ducts,
and an intrusive flow element (cone) to direct the flow to the
fan with uniform and minimum opening ration, fig.2.
Figure 3 shows the flow regimes in 2D straight wall diffusers
characterised by the geometry, [11]. The 2D diffuser is char-
acterised by the aspect ratio AR = Ax

A0
, i.e. the ratio of the

outlet area to the inlet area of the diffuser and the ratio of
the diffuser length N to the inlet width Wi. The triangle in
the diagram shows the expected flow regime for the empty
diffuser, i.e. this will be close to "appreciable stall" and well
above the line a–a which marks the start of stall. With a ver-
tical and horizontal splitter plate, the diffuser is divided into
four less critical ducts. The aspect ratio remains constant,
but the relative length increases. The dot marks this less
critical configuration, but still on the stall line a–a. Adding a
body of revolution (cone) inside the diffuser directs the flow
to the fan blade ring area, square in diagram, which is well
below the critical line a–a.
A comprehensive CFD study was carried out in [12] to in-
vestigate the flow behaviour in a 3D square diffuser as used
here. The results are shown in fig. 4 and confirm the results
shown in fig.3.

Maximum pressure recovery

p0

FIG 4. Flow regimes in straight-wall, three-dimensional
quadratic diffusers, based on [12]

A detailed discussion of the high-speed diffuser design will
be part of a future publication including the analysis of sep-
aration areas and pressure loss of the different designs.
However, flow investigations by wool tuft visualisation have
shown that flow separation occurs without any precaution
and can be successfully avoided by the conical element that
will be added to the high speed diffuser.

3.6. Backleg Diffuser

The backleg diffuser is much less critical than the high-
speed diffuser because the available length is sufficient to
open the area from corner two to the final area of the set-
tling chamber without separation. This means that the max-
imum cross section area in the wind tunnel is achieved at
the end of the diffuser and the start of corner three. The ex-
pected flow regimes are also marked with a star in figures
3 and 4, which show a certain distance to the onset of flow
separation. Fig. 4 also shows that this diffuser design can
probably provide the maximum possible pressure recovery
in this section.

3.7. Corners

The design of the corners is based on both literature and
an additional CFD study, the details of which will be part of
another publication. In principle, bended sheet metal vanes
should provide sufficient flow quality for this project. How-
ever, a CFD study showed that the geometric parameters
of the turning vanes influence the flow quality behind the
corner and the pressure drop across the corner in such a
way that a careful decision about the corner vane parame-
ters should be made based on the flow requirements behind
a corner. For example, a higher number of vanes may im-
prove the flow quality behind the corner, but may cause a
higher total pressure loss due to increased friction. There-
fore, a trade-off between these two requirements must be
found. The CFD-study also showed that it is very impor-
tant to use vane extensions, i.e. a straight extension of the
trailing edge with a length of appr. 25% of the vane radius.
This increases the circulation and the effectiveness of the
flow re-direction. The corners have the same inlet and out-
let area each, i.e. they are not diffusing. The realised corner
parameters are listed in table 3.
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Corner 1 2 3 4

Number of
Vanes

12 14 10 13

Radius 10cm 10cm 25cm 25cm

Vane
Spacing

8.7cm 7.5cm 15.7cm 12.4cm

Vane Cord 14.1cm 14.1cm 35.4cm 35.4cm

Vane TE
Extension

2.5cm 2.5cm 6.3cm 6.3cm

TAB 3. Corner parameters

4. DETAILED PERFORMANCE ESTIMATION

The expected power requirement of the wind tunnel under
the specified conditions can be estimated more accurately
once the basic design of the tunnel is known. Each part of
the wind tunnel is pre-designed either according to known
standards or by individual detailed pre-design (high speed
diffuser and corners). The pressure loss factor ζ can be
calculated for each component and summed over all parts
of the wind tunnel to give the complete airline. This proce-
dure is generally summarised in a program presented in [1],
which is used here.
The program uses well-known standard ζ calculation proce-
dures, which can be found, for example, in [9]. The program
uses the wind tunnels individual dimensions of each wind
tunnel element, the atmospheric boundary conditions un-
der test and the specified wind tunnel performance (planned
wind speed or available power).

4.1. Validation of Performance Calculation Program

A study using data from several existing full-scale wind tun-
nels was carried out to validate the general suitability and
accuracy of the program. Actual performance data during
wind tunnel operation was recorded and compared with the
calculation based on real wind tunnel dimensions, compo-
nent details and environmental conditions. The wind tun-
nels studied were

a) BMW EVZ-EWK, an environmental simulation wind tun-
nel of the Energie- und umwelttechnisches Versuchszen-
trum (EVZ) of BMW in Munich with 3/4 open test section
and an area of 8.4m2. Several test conditions were in-
vestigated. The total pressure drop across the heat ex-
changer and the flow straightener in the program were
taken from measurements. The 3/4 open test section is
accounted for in the calculation by 3/4 shear layer loss
and boundary layer development on the bottom wall. The
temperature was set to 25◦C and the test section was
empty.

b) BMW AVZ-1:1 Windkanal, the large BMW aerodynamic
wind tunnel of the Aerodynamisches Versuchszentrum
(AVZ) with a 3/4 open test section with an area of 25m2.
The test section was empty. The total pressure drop
across the heat exchanger and the flow straightener in
the program were taken from measurements, the total
pressure drop across the FOD screen was estimated.

c) The BMW AVZ-AeroLab, the smaller BMW wind tunnel of
the Aerodynamic Test Centre with a 3/4 open test sec-
tion and 14m2 cross-section. The investigation was car-
ried out with a full scale model in the test section. The
total pressure drop across the heat exchanger and flow
straightener in the programme was taken from measure-

WT Conditions Power Dev. ζ

BMW 250km/h

EVZ measurement 1250kW

EWK calculation 1212kW -3% 0.66

BMW 200km/h

EVZ measurement 676kW

EWK calculation 680kW 0.6% 0.73

BMW 100km/h

EVZ measurement 95.2kW

EWK calculation 87.7kW -8.6% 0.74

BMW 60km/h

EVZ measurement 21.3kW

EWK calculation 19.3kW -10.4% 0.75

BMW 200km/h

AVZ measurement 1612kW

1:1 calculation 1551kW -4% 0.55

BMW 140km/h

AVZ measurement 512kW

1:1 calculation 545kW 6% 0.55

BMW 280km/h

AVZ measurement 2250kW

AeroL calculation 2304kW 4.4% 0.54

BMW 140km/h

AVZ measurement 269kW

AeroL calculation 299kW 10% 0.55

RUAG 245km/h

LWTE measurement 2789kW

calculation 2968 kW 6% 0.38

TAB 4. Comparison of calculated and real WT power con-
sumption

ments, the total pressure drop across the FOD screen
was estimated.

d) RUAG LWTE, the large wind tunnel in Emmen with closed
test section and 32.5m2 cross section. The test was per-
formed with an empty test section.

The results are listed in the table 4. The fan efficiency is an
important parameter that directly affects the results. How-
ever, the fan map has not been taken into account and in-
stead the fan efficiency has been set to a constant value
of ηFan = 0.89. This may explain the variation in prediction
accuracy with wind speed. But the deviation in the predic-
tion is very small (≤ 10%) if a reasonable operating point
is chosen. Otherwise, the individual fan maps should be
considered and the realistic fan efficiency should be used
to further improve the prediction accuracy.

4.2. Power Estimation and Power Requirement of new
Wind Tunnel

The design details of the wind tunnel can be added to the
NASA programme for a detailed calculation of the wind tun-
nel performance once the design of the wind tunnel com-
ponents and the airline is finalised. The design based on
the initially described boundary conditions given by the lab-
oratory dimensions and a low-cost self-build construction is
shown in figure 5. The detailed input and output data are
given in Appendix A and show very good agreement with
the initial power estimation in chapter 2. The pressure loss
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coefficient ζ = dp
q

is estimated to ζ = 0.38 resulting in a
required fan power of PFan = 18kW.
In the meantime the wind tunnel is commissioned and data
are available. The maximum achievable wind speed is
c∞ = 61.8m/s at the maximum rotational speed of the fan
(1500RPM). The measured pressure increase over the fan
is dp = 895Pa. With a corresponding dynamic pressure
in the test section of q∞ = 2100Pa the wind tunnels loss
coefficient calculates to ζ = 0.426.
The deviation from theory and wind tunnel measurement
can be explained by leakages between the various wind tun-
nel elements. The sealing of the wind tunnel will be one of
the major refinishing actions. The sealing problem is ob-
vious when blowing smoke into the airline. However, the
requirement of a wind speed of c∞ = 60.0m/s is met and
it showed, that the initial safety margins were properly cho-
sen.

5. FLOW QUALITY

5.1. Axial Pressure Distribution

The axial static pressure distribution is measured by a pitot
static probe through a longitudinal slot in the ceiling of the
test section. The probe is connected to a Chell µDAQ-
64DTC-Q pressure scanner. Positioning is provided by an
ISEL 2-axis traverse mounted permanently at the top of the
test section. The wind speed is set to 50m/s. The reference
pressures p∞ and q∞ are taken from the wind speed con-
trol which is calibrated to the centre of the test section, see
chapter 5.5. The axial static pressure distribution is shown
in fig. 6 as cp[%], see equation 6. The axial distribution of
the pressure coefficient cp shows a constant flow velocity in
this area. The visible variation in cp corresponds to a local
static pressure deviation of appr. ±1Pa. Other measure-
ments showed static pressure deviations of up to ±3Pa at
50m/s, which can be attributed to uncertainties in pressure
measurement.

(6) cp,x =
px − p∞

q∞
· 100%

Another parameter to evaluate the constancy of the axial
wind speed is the axial pressure gradient dcp/dx. This pa-
rameter is not applicable here as the wind speed appears
to be virtually constant in the test section.
Important is the proof of the correct wall inclination angle
which was set according to chapter 3.2 for a wind speed
of 50m/s. The constant axial pressure shows that the wall
angle is correct for this speed.

5.2. Flow Uniformity, Cross Sectional Pressure Distri-
bution

Flow uniformity is analysed by measuring the pressure dis-
tribution in the cross-sectional area at the centre of the test
section with a static pitot probe. Positioning is achieved us-
ing a traverse system in the vertical direction at different po-
sitions through the test section ceiling. The measurement
grid extends from about −200mm to about 200mm in both
lateral and vertical directions, see fig. 7. The pressure vari-
ation is again expressed as the pressure coefficient cp[%],
i.e. the difference between the local static pressure and the
static pressure at the centre of the test section (reference
position) related to the dynamic pressure of the flow at the

reference position, see equation 7.

(7) cp,yz =
pyz − p∞

q∞
· 100%

Figure 7 shows the pressure variation in the reference area
of the test section at 50m/s. The variation is approximately
cp = ±0.2% in the main centre area. The location of the
maximum deviation of about cp = −0.8% is in the lower
right area of the test section floor. However, the remain-
ing area of the test section shows only minor deviations. A
very important result is that the wake of the fan hub is not
present in the test section because the fan hub with a di-
ameter of 0.5m is operated without a rear cone due to the
cooling requirements of the hub mounted motor.
The vertical centreline at x, y = 0mm is additionally investi-
gated by a detailed pressure measurement with a pitot static
probe positioned by the traverse at a wind speed of 40m/s.
Fig. 8 shows the velocity profile u(z). The wake of the fan
hub is not visible, but there is a slight overspeed above the
upper and lower boundary layers. This overspeed is caused
by the wall interference as the probe approaches the wall.
The relative velocity variation is ∆uz/u0 ± 0.1% in the main
flow outside the boundary layers, see fig. 9.

5.3. Turbulence Level

The turbulence level, equation 8, is determined at the refer-
ence position using a 1D hot wire probe and a Dantec CTA
system at wind speeds of 20, 30 and 40,m/s. Preliminary re-
sults indicate a turbulence level of Tu = 0.38% with a low
pass filter set at 10kHz. However, it has not yet been possi-
ble to repeat the measurements as the wooden tunnel still
suffers from wood chips in the airline, which prevents the
use of hot wires in the test section for an extended period of
time.

(8) Tu =

√
u2

u∞

5.4. Sound Pressure Level

The sound pressure level is measured to assess the work-
ing conditions in the laboratory. The measurement position
is next to the test section at a distance of 1m in the area
of the test section reference point. The measurement is
carried out with a Brüel& Kjaer free-field microphone and
a mobile SQuadriga II DAQ system from HEAD acoustics.
Initially, the noise from the electric converter of the WT mo-
tor dominates, until the wind tunnel becomes the dominant
noise source above 10m/s, see fig. 10. The sound pres-
sure level is averaged over time as the sum of all frequen-
cies with an (A) weighting. Workplace regulations require
hearing protection at sound pressure levels above 85dBA,
which is given above a wind speed of 50m/s.

5.5. Flow Speed Measurement and Control Accuracy

The self-built wind tunnel incorporates a self-programmed
wind tunnel control system which allows wind speed control
and fan speed adjustment. Wind speed control is achieved
using the nozzle method and calibration at the test section
reference point (test section centre). The nozzle method
consists of four circumferential static measurements in the
settling chamber (pSC) and four at the nozzle exit (pNE), each
connected by a ring pipe and pneumatically averaged. The
calibration factor k is determined by a q∞-measurement at
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FIG 6. Axial distribution of static pressure coefficient cp in the
test section at 50m/s

FIG 7. Flow uniformity, variation in static pressure coefficient
cp at 50m/s
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FIG 8. Vertical velocity distribution at 40m/s at the test section
centre

the reference position with a pitot static probe. The calibra-
tion factor is determined by the equation 9 to k = 1.024.

(9) k =
q∞

pSC − pNE

The wind speed is calculated using the equation 10 with the
measured flow temperature T∞ and ambient pressure p∞.
The ambient pressure corresponds to the static pressure in
the test section due to the test section ventilation.

(10) c∞ =

√
2RT∞

p∞
k (pSC − pNE)

The speed control shows a very accurate and stable regu-
lation of the wind speed, here recorded and displayed over
300s at 20Hz, see figure 11. The upper figure shows the
speed measurement using a pitot static probe at the ref-
erence point taken from the raw pressure signals recorded
at 20Hz. The lower figure shows the same measurement,
but the results are shown with a 1s floating average ap-
plied to visualise the constancy of the speed control. The
speed variation over time corresponds to uRMS = 0.03m/s
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FIG 9. Relative vertical deviation of uz from reference point at
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FIG 10. Sound Pressure Levels (sum, A-weighted) 1m beside
test section in laboratory

or 0.06%. The average wind speed deviation from the set-
point shows a negligible deviation in the reference position
of less than 0.01m/s at a setpoint of 50m/s which is less
than 0.02%.

6. CONCLUSION

The wind tunnel fits into the available space in the labora-
tory and is entirely self designed and self built. Only the
nozzle was built by an external carpenter. The initial specifi-
cation lead via a first power estimation to a fan, which finally
met the initial wind speed requirement in the wind tunnel.
The NASA wind tunnel power estimation tool was validated
against several large scale wind tunnels and proved to work
in within an accuracy of ±10% or better. The flow quality
with respect to the axial and vertical distribution of pres-
sure/speed is very good with a speed variation u < ±0.1%
in the measured points. Any wake of the fan hub is not
present in the test section, the flow is undisturbed and even.
The wind speed control is very accurate and stable at the
calibration speed of 50m/s in the reference point and also
with a very low variation. The turbulence level measure-
ment must be confirmed once the debris in the wind tunnel
has been reduced.

FIG 11. Speed variation over time at 50m/s. Upper pic: speed
from raw pressure signals, lower pic: speed from 1s
floating average
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