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Abstract:

The investigation of transitional, partly separated
boundary layers in highly loaded cascades requires a
measuring technique o register the three-dimensio-
nal character of the turbulent flow. The concept of
this measuring technique, a multiple hot-sensor
anemometry, is the object of this paper.

Beside the selection of the hardware components the
development of an extensive software was necessary.
Therefore the aquisition of the upcoming measuring
signals, the way of saving these data, the processing
and the possibilities of evaluation are important
criteria that have to be considered.

The controlling program named SMASH (software

for measurement and analytical evaluation of signals
from hot-sensor anemometry) consists of several
modules and provides a powerful tool for all steps
from configuring the whole experimental set-up to
the output of the evaluation results.

Problems in calibrating triple-sensor probes will be
discussed. A simplificd traversing unit is presented.
Especially the influences of pressure, temperature
and Mach number on the calibration results are
pointed out. Calibration errors due tp the procedure
are estimated and calculated flow properties are
compared.
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Nomenclatare

a) Symbols:

a directional calibration coefficients
G velocity calibration coefficients
kqky influence factors

u {mm] coordinate in circumf. direction
X [mm] coordinate in flow direction

z [mm] coordinate in spanwise direction
a [°] yaw angle of the probe

i [’} pitch angle of the probe

w [’} roll angle of the probe

A,B,n calibration coefficients

E [Vl anemometer output voltage

Nu [-1 Nusselt number

Tu {9} degree of turbulence

Re -] Reynolds number

U, V,W[m/s] components of velocity vector I
in probe-fixed coordinate system

uo velocity quotient

b) Indices:

cal calculated

e normalized effective

eff effective

err relative error quantity

] sensor-fixed coordinate system

trav traversed

D computed with directional approach

v computed using the velocity calibration

¢) Abriviations:

iD, 3D one dimensional, three dimensional

CTA Constant Temperature Anemometry

DLR Deutsche Forschungsanstalt fiir Luft-
und Raumfahrttechnik

HFA HeiBfiihler-Anemometrie (hot-sensor a.)

IEEE Institute of Electrical and Electronical
Engineers

ISA Institut fiir Strahlantriebe (UniBwM)

SMASH  Software zur Messung und Auswertung
von Signalen der Heiffithler-Anemo-
metrie
(Software for Measurement and Analyti-
cal Evaluation of Signals from Hot-
Sensor Anemometry)

UniBwM  Universitit der Bundeswehr Miinchen



1. Introduction

The aecrodynamic optimization of compressor and
turbine blades leads to a further increased blade
loading while optimized designs of turbo compo-
nents lead to computer programs which take into
consideration as many effects as possible. One of
these effects which still represents a big problem is
the realistic modelling of turbulence for the cal-
culation of the turbulent flow. A customary method
to investigate these problems experimentaly in a
wind tunnel is to use a plane cascade model.

The High-Speed Cascade Wind Tunnel of the Uni-
versity of the Federal Armed Forces Munich (Fig.
1.1} is installed in a tank, which can be evacuated up
to 40 hPa and pressurized up to 1200 hPa, so that an
independed variation of Mach and Reynolds number
is possible, The rebuilding of the wind tunnel, which
was formerly in operation at the DLR in Braun-
schweig, was finished in November 1985 (see /1/).
After some calibration tests the establishment of
different measuring techniques started simulta-
neously with the research work {see /2/). One of the
main topics of this work are investigations on the los-
ses of turbomachine bladings and on the boundary
layer behavior.

The multidimensional hot sensor technique is a ne-
cessary supplement of the existing measuring tech-
nique on the High-Speed Cascade Wind Tunnel. Up
to now, already a 1D-hot-sensor technique was in-
stalled and tested. Experience was gained with this
system, but the limitations of this system were soon
obvious, since the computing power of the installed
computer as well as the software made the off-line
evaluation of the test data impossible. Thus it was
decided to extend the existing 1D-technique to a
multidimensional technique and to increase the data
storage and computing power extensively. Efficient
computer programs had to be prepared for the con-
trol of the measurement system, the control of the
large amount of test data, and for the documentation
of the tests in a respectable manner.

Extensive tests especially on the accuracy of the
veloeity and directional calibration procedure were
carried out. The influence of different measurement
parameters, c.g recording time, cutoff-frequency,
temperature- and pressure variation on the calibra-
tion results will be presented in this paper.

2. Concept of the 3D-Hot-Sensor Anemometry -
Setup at the High-Speed Cascade Wind Tunnel

The hot-wire/hot-film technique is based on the
principal of heat transfer between a cylinder and the
flow around it. While the mean element of a hot-
wire probe is a thin sensor of 2.5 to 5 ym diameter
made of platinum or tungsten the sensor of a hot-
film probe consists of a thin coating of 0.5 um on a
crystal cylinder of 70 - 200 pm diameter.

The wire is heated by an electrical current and
cooled by the flow. Thus a change of velocity causes
a variation of the sensor’s temperature. In a constant
temperature hot-wire anemometer system which is
used at the institute, the temperature of the sensor is
kept constant by amplification of the error signal of
the bridge which changes the measured supply vol-
tage of the bridge (see Fig. 2.1). The system is limi-
ted to a maximum frequency of 70 kHz, but in this
case the cutoff-frequency is not higher than 25 kHz,
More details about the system can be found in

/3/./4/.

The sensor of the 3D-Hot-Film Anemometry (3D-
HFA} consists of three spatially stretched wires or
films. These sensors are used in various sizes de-
pending on measuring tasks, However even when
using very thin wires the smallest sensor still needs a
measuring volume of 1 mm®. The two triple probes
used at the High-Speed Cascade Wind Tunnel and a
test object is shown in Fig. 2.2,

The setup of the 3D-HFA at the High-Speed Cas-
cade Wind Tuannel is based on a "digital solution”
which means that the analog output signal of the
anemometer is digitized, filtered, and stored on a
hard disk. After the measurement the stored data
can be subsequently evaluated.

Figure 2.3 shows the hardware setup of the 3D-HFA
which can be devided in three parts:

- the hot-film-digitization with the direct storing on
a fast hard disk (Through-Put-Disk)

- the peripheral data measurement controlled by an
IEEE-Bus for temperatures, pressures, traversing
coordinates, etc,

- the monitoring of the anemometer output signal by
using two voltmeters for AC and DC, an oscilloscope
and a fast-fourier-analyzer



2.1 The Experimental Setup of the Hot-Film
Data Acquisition System

As mentioned before the experimental setup consists
of three sectiops. In the first part the analog output
signals of the three anemometers have to be digi-
tized, filterd and stored. The hardware for this task is
an optimized system of an A/D-converter with an
anti-aliasing-filter and a digital filter with zoom
function which allows a converting-frequency only
2.56 times higher than the cutoff-frequency, All three
modules are always working with an internal sample
rate of 262 kHz but if lower cutoff-frequencies are
wanted the data are recorded only partially. For
measurements with the anemometer system a cutoff-
frequency of 25.6 kHz or 12.8 kHz is normaily used.
The 14 bit A/D-converter of the system achieves a
high resolution with a relative error of 0.024% for
DC- and AC-measurcments {see Fig, 2.4).

When setting up the HFA-system the record time of
the anemometer signals necessary for a calibration
or a cascade measurement could only be estimated.
Therefore it was set up with the possibility of very
long record times. This was achieved by storing the
digitized signals directly on a fast hard disk with a
maximum transfer rate of 900 kbytes/s. With a
storage capacity of 150 MBytes and a "compression
factor" of about 2 very long record times e.g. 30
seconds can be realized for some shots before a
transfer to the magneto-optical-disk is necessary.
These long record times were spent on turbulence
measurements with the 1ID-HFA which is also in-
stalled at the High-Speed Cascade Wind Tunnel.

22 The Peripheral Data Acquisition System

In addition to the hot film signals a lot of other data
(peripheral data) have to be recorded, e.g. pressures,
temperatures, traversing coordinates, etc.. A hard-
and software is used that was developed and tested
for wake and profile pressure distribution measure-
ments at the institute /5/.

For temperature measurements Pt100 platinum re-
sistance thermometers are used. Up to 6 thermo-
meters can be installed at different positions in the
wind tunnel, eg. in the settling chamber, in the
measuring cross section, etc. The signals of the
thermometers are scanned to a digitial voltmeter,
which is connected with the host computer by an
IEEE-Bus.

The system DPT-6400 enables the measurement of
up to 24 differential pressures in six different ranges
from 25 hPa up to 1000 hPa. A fully automatical zero
and span calibration or only a zero offset calibration
of all transducers is supported by the operating

system of the DPT-640{. The calibration pressures
for the transducers are generated by two digital pres-
sure controllers. The digital barometer measures the
barotmetric pressure as a reference for all pressure
measurements (see Fig. 2.5).

The traversing system at the High-Speed Cascade
Wind Tunnel for a triple hot-film probe has five
motor driven axis and one additional, manual ad-
justable axis for moving the probe behind or in
between the cascade. The five motor driven axis are

(see Fig. 2.6):

- x-axis = linear axis in flow direction

- z-axis = linear axis in spanwise direction

- u-axis = linear axis in circumferential direction
- p-axis = axis of rotation around the z-axis

- p-axis = axis of rotation around the probe axis

Triple hot film probes have to be calibrated not only
for the velocity- but also for the directional sensiti-
vity. For the directional calibration the probe has to
be rotated around the z-axis (pitch angle) and the u-
axis (yaw angle) at the same flow conditions. A rota-
tion of the probe around the z-axis is already instal-
led. To prevent a complicate modification for the
variation of the yaw angle a simple method is fo
rotate the probe around it’s own axis (roll angle ¢)
and obtain the pitch and yaw angle by a coordinate
transformation of the adjusted angle ¢ and 8 (see Fig.
2.6). A system of position and control units in the
control room of the test facility was designed for
computer or manual remotely controlled movement
of the probe. Using the program modules the posi-
tion accuracy is 0.04 mm for linear axis, 0.02° for the
g-axis, and 0.1° for the g-axis. A detailed description
of the extended traversing system is given in /6/,/7/.
Figure 2.7 shows the traversing arm of the hot-sensor
probes,

23 The Software for Measurement and Analy-
tical Evaluation of Signals from Hot-Sensor
Anemometry (SMASH)

In order to control the acquisition system and to
evaluate the signals of the hot-film ancmometry a
program package was developed (SMASH). This
software is highly modular and flexible for many
different test applications. When programming the
software parts of the software for wake and profile-
pressure  distribution measurements, eg the
configuration or the contro! of the peripheral data
acquistion, were used. The program consists of five
moduls (see Fig. 2.8):

- the configuration module
- the calibration module
- the measurement module



- the evalnation module
- and the documentation module

In the configuration module all cascade data, the
data of the experimental setup and the actual test-
specific data can be controiled or changed before the
next cxperiment is performed.

In the second program maodule a triple hot film
probe can be calibrated for velocity- and directional
scnsitivity. The procedure to calculate the velocity
and directional coefficients was developed at DLR-
Gottingen. An advantage of this procedure is the
possibility to calibrate the velocity- and ditectional
sensitivity separatly. The evaluation can be per-
formed on- or off-line to obtain the calibration coef-
ficients.

After reading configuration and calibration data a
measurement can be carried out. For every measu-
ring point of the traversing program data are ob-
tained which are written on the through-put-disk in a
compressed binary manner. During the traversing to
the next point these data are reread and stored on
the magneto-optical-disk together with the peri-
pheral data to be evaluated off-line later.

The evaluation module, also part of the DLR-de-
veloped program, transforms the anemometer volta-
ges to the velocity vector using the calibration coeffi-
cients of the second module. Fluctuations of the flow
velocity with respect to time are measured with a
sufficiently high frequency in order to calculate the
degree of turbulence as weli as the Reynolds stress
tensor.,

The last module performs the documentation of the
configuration and cascade data as well as the cali-
bration coefficients and the results of the measure-
ments.

3. The Calibration of Triple Hot-Sensor Probes

On account of the results reported in /8/, a proce-
dure was chosen that allowes the seperate calibration
of triple-sensor probes regarding their velocity-rela-
feed and  directional characteristics without  the
knowledge of the cxact probe geometry. Using a
probe-fixed coordinate system (see Fig. 2.2) with the
x- axis along the major axis of the probe shaft, the
components of the free-stream velocity U are:

U = |U| -cosa-cossg (3.1=a)
V = 0} -sina-cosg (3.1b)
W = [Ui-sing (3.1c)

For a hot-sonsor King’s heat transfer law is /9/
Nu = A + B-Re" (3.2)

where A,B and n are calibration constants.

If the probe’s ambient pressure at the calibration
agrees with the pressure at the actual measurement
the measurable bridge voitage E can be described
with a heat balance as

2

E° = A* + B’ " (3.3)

At a velocity calibration the effective cooling velocity
Uefg is for each sensor of a not-inclined probe (a8
=09

Uogs = lul =u (3.4}

Suitably, equation (3.3) will be replaced by a fourth
order polynomial:

U_.p=Cp+CqB+C,EL + 0 E° + ¢, EY

eff o 1 2 3 4
{3.5a)

To register the dependence of the sensor cooling
from the flow direction, the relation suggested by
Jgrgensen /10/

Weem 02 4 v s Wt (3l
is widely used. The tangential and the binormal ve-
locity components V_ and W _ in a sensor-fixed coor-
dinate system are considered with the influence fac-
tors k; and k,.

Assuming that the directional characteristcs of a
probe remain relatively constant, only the velocity
calibration has to be repeated more often because of
a curve drift due to aging and fouling processes. The
transformation of equation (3.6) to the probe-fixed
coordinate system leads to the approach
Uggg = 8,U% + 28,UV + 23,UW
+8,V? + 28, VW + &, W2
{3.7a)
The effective cooling velocity in equation (3.5a) still
depends on the knowledge of the coefficients &,
Therefore a normalized effective cooling velocity U,
is used when performing a calibration without known
directional coefficients (2,8 = 0°):
g = Ugff/al = I.E:’.lz (3.8)

The velocity coefficients c; of the polynomial

U

= 2 3 4
Ue-— co+ clE + c2E + c3E + c4E
(3.5b)
are computed using the least squarcs method for
different pairs of values E(U).

For determination of the directional coefficients a,
the pitch and the yaw angle of the probe is varied at
a constant free-stream velocity. The effective cooling
velocities are calculated from the measured voltages
and adjusting surfaces are computed again with the
least squares method:

- 2
Ue = alU + 2a2U‘V + 2a3UW

2 2
+a4v +2a5VW+ aew
(3.7b)



By transforming the directional coefficients, a ve-
locity calibration could be performed at nearly arbi-
trary flow angle.

The evaluation of hot-sensor measurements is per-
formed with known coefficients ¢; and a, by compu-
ting the instantaneous velocity vector from the ane-
mometer output signals /8/. On the assumption that
the effective cooling velocity calculated with the
equations {3.5b) and (3.7b) is ideally identical there
are three equations for three unknown velocity com-
ponents. a

3.1 The Influence of Different Measurement
Parameters on Calibration Results

Different influence parameters on ISA’s 3D-hot-sen-
sor anemometry were investigated within an exten-
sive test program. In order to optimize this measu-
ring technique for its use in cascade testing at the
High-Speed Cascade Wind Tunnel the results of
velocity and directional calibrations were analyzed
for different settings /11/:

a} Variation of wind tunnel-dependent parameters
like tank pressure, settling chamber total tem-
perature and upstream turbulence;

b) Variation of measuring system-related para-
meters like data aquisition time, sampling rate
and frequency span, etc;

The two mainly dominating influences on the results
of a velocity calibration are shown in Fig. 3.1: When
setting different Reynolds numbers independently at
a certain Mach number by varying the tank pressure
the density of the fluid is changed. With increasing
density the heat transfer from the sensor to the fluid
and thus the bridge voltage at the anemometer in-
creases, The temperature of the fluid influences the
calibration curve in the opposite direction: The con-
trol system of the anemomecter keeps the sensor
temperature constant when working with the CTA-
method. Therefore at a higher temperature of the
fluid a lower heat flux is transferred which leads to a
lower voltage from the anemometer /12/,/13/.

The increase of the voltage input range e.g. from 12
dBVp to 18 dBVp or the variation of the voltage re-
cording time between 200 ms and 1000 ms did not
result in any changes of the calibration output.
However these parameters play an important role
for the accuracy and reproducibitity of the evaluation
of measurements, the calculation of the velocity
vector and turbulence quantities.

Based on the evalvation of averaged measuring
values for each velocity setting, the shape of the fit-
ting velocity calibration curve within the interesting
range is reproduced very well, Informations about

the different setitings probably get lost within the
averaging procedure. Below a free-stream velocity of
about 20 m/s the calibration points are approxima-
ted insufficiently due to the limited compressor ope-
rating range and the pressure aquisition system
choosen for higher dynamic pressures. The mean
square deviation for the experimentally relevant ap-
proximation is about 1% before performing a cor-
rection concerning pressure and temperature fluc-
tuations.

The adaption of the temperature corrections of
Bearman /14/ and Kanevce, Oka /15/ that are al-
ready successfully applied at the single sensor anc-
mometry (1D-HFA) enables a compensation of
temperature deviations of =10 K. Fig. 3.2 shows a
temperature correction. The remaining deviations of
the calibration curves are caused by a shightly diffe-
rent setting of the tank pressure. A correction of
these pressure influences, at the development stage
within the scope of the 1D-HFA-testing, will be in-
troduced also for this 3D-HFA.,

Compared with a triple-wire probe DANTEC 55P91
the triple-film probe 55R91 of the same geometry
and overheat ratio is much more sensitive for velo-
city changes (Fig. 3.3). The different behavior of the
sensor curves results from a changed roll angle posi-
tion to the probe shaft axis.

With a higher degree of the upstream turbulence
also higher output voltages at a certain velocity were
expected because of an increased heat transfer.
However the calibration measurements with a built-
in turbulence generator did not confirm that. It is as-
sumed that the degree of turbulence is still too low
{measured degree of turbulence Tu=3.5%) to have a
significant influence on the calibration results.

The directional characteristics of the used probes are
shown in Fig 3.4 The pitch and yaw angle were tra-
versed from -25° to +25° in 5°-steps. The effective
cooling velocity is computed from the measured
voltages at Machnumber Ma=0.6 using the velocity
calibration and related to the absclute value of the
free-stream velocity. The velocity quotient is

UQ = Ue/|g| (3.8)

The different characteristics for the semsors are
again a result of the roll angle position to the probe
shaft axis and thus to the probe-fixed coordinate
system, Depending on the angle position of the
probe to the free-stream, a different influence on the
cooling of the sensor (respectively the effective
cooling velocity) can be observed. The figures show
the distribution of the related coofing velocity UQ
depending on the traversed pitch and yaw angle,



Basically, these contour line plots form a bowl-like
part of a curved surface. The almost exclusive
sensitivity to a change of the pitch angle g of the wire
probe’s sensor 3 or the film probe’s sensor 1 resilts
from a position in a plane parallel to the x-y-plane.
The slowly increasing sensitivity to the yaw angle
indicates the inclination towards the y-axis. If the
sensor is not located in a plane parallel to another
plane of the coordinate system, the curved surfaces
arc turned and these sensors are sensitive towards
both of the traversing angles.

The variation of the above mentioned parameters
also showed the independence of the data aquisition
system from (reasonable} changes in some HFA-
settings, a fact that helps reducing calibration time
and storage capacity. The reproducibility of the di-
rectional characteristics illustrates Fig 3.5, where
beside some set-up parameters the traversed angles
and stepwidths were changed. Because the isolines
show measured data and not yet the adjusted surface
therc might appear certain instabilities in these
isolines.

The computations of the directional characteristics
from calibration tests at different temperatures and
tank pressures indicate a fundamental independence
of the behavior for each sensor. Differences in level
or gradient of the formed surfaces can be explained
by the used velocity calibrations: If the measured
voltages are combined with a velocity calibration e.g.
of a lower temperature, not only higher velocities U,
and thus UQ are computed but also the velocity
differentials for two constant voltages increase
because the calibration curves become less steep at
higher velocities. In the areal representations of the
related cooling velocity this fact is indicated by
increasing  gradients dUQ/de and dUQ/dg
respectively. The effect on the gradient decreases
with increasing tank pressure. It seems to be
necessary to calibrate for the velocity and the
directional sensitivity at the same conditions in the
tank. The use of temperature corrigated measuring
data should ensure an adjustment and the
reproducibility. The influence on the surface’s
gradient described in the lafter also results from a
change in tank pressure.

Calibrations at different Mach numbers showed the
influence of this important parameter. Fig. 3.6
presents the directional characteristics for Ma=0.15
and Ma=0.6. The roll angle position of the probe
was not exactly the same in both tests, so the plots
have to be turned for about 7°. The strong decrease
of the gradient as well as the curvature of the
calibration surfaces with increasing Mach number is
evident. It means the sensors lose some of its
sensitivity and therefore the measurements probably
don’t have the same accuracy.

The above drawn comparisons were based on an ef-
fective cooling velocity calculated with equation
(3.5b). Because the velocity calibration showed very
good results the assumption should be justified that
realistic directional characteristics of the probes are
shown. For an estimation of errors of the directional
coefficients (more or less computed with the same
nuierical algorithm) the effective cooling velocity
was also calculated using equation (3.7b). The rela-
tive error of the related cooling velocities is

UeV _ UeD
uoy - U9y lu] ol _Yev ~ Uep
Uy Uev Usv
|uf
Usy ~ Yep =y (3.9)
Uy e,err
and cut of it the relative deviation U of the ef-

fective cooling velocity can be determined. U,,, is
the computed value using the velocity calibration and
U,y is the theoretically equal velocity computed
witE the directional approach. Fig. 3.7 showes an
example of the adjusted surfaces (UQp) for the
calibration and the distribution of the relative devia-
tion U_ . . In those areas where the related cooling
velocity’ reaches values lower than 0.7 the relative
error increases to absolute higher values than 2%.
Obviously the measured data are not approximated
well enough in these regions.

The evaluation of the calibration data as hot-sensor
measurements with known calibration coefficients
gives a further impression the occuring effects. The
evaluated flow properties of two different settings
are presented in Fig. 3.8 (see also Fig. 3.5). In all
cases the structures of the comparable distributions
are very similar. The relative deviation of the calcu-
lated velocity

Iucall - |H[
g

= Ucal,err (3.10)

mostly reaches values of +1%. The error of the cal-
culated traversing angles

74

B

(3.11a)

err = %cal 7 %rav
= (3.11b)

err = Bcal " Birav

is about #1° in most positions. For traversed angles
from 15° and beyond 20° especially the pitch angle of
the probe is insufficiently calculated, a fact that in-
creases with Mach number and that has to be taken
into account. Other deviations might depend on the
slight pressure and temperature fluctuations in the
tank.



4, Conclusions

At the High-Speed Cascade Wind Tunnel of the
University of the Federal Armed Forces Munich a
fully computer controlled measurement system for
three dimensional hot-film anemometry has been
established, With the new data acquisition system all
measured data are directly digitized and stored on a
hard disk.

For the operation of the data acquisition system a
software package (SMASH) was designed for mod-
ularity and flexibility to the various test conditions,
The program provides all control and acquisition
functions for the calibration of a triple hot-film
probe as well as for measurements behind or in
between the cascade.

An extensive test program showed the accuracy and
the reproducibiltity of the data aquisition system.
The dominant influences on the calibration results
are tank pressure and ambient temperature of the
probe. Temperature fluctuations and deviations
between calibration and measurement are compen-
sated and a correction method for pressure deviation
will be introduced.

The sensor position in the probe-fixed coordinate
system and the free stream Mach number dominates
the behavior of the directional characteristic und
thus the quality of the mathematical approximation
using an approach that is independent of the know-
ledge of the actual probe geometry,

Detailed investigations concerning different probe
geometries and improvements of the directional
calibration at high Mach numbers are necessary.
Assuming a shortcoming of the approximation to
model the measured characteristics the procedure
including the evaluation of flow properties will be

tested furthermore.
[
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Constant - Temperature - Anemometer

Amplifier

Do

\

Comparison-
resistance Ry

Probe-
resistance R

Variation of the velocity
Variation of the temerature of the sensor
Variation of the resistance of the sensor
Error signal of the Wheastone’s bridge
Anemometer: Amplification of the error signal
Compensation of the bridge
Compensation of the resistance of the sensor

f

Compensation of the temperature of the sensor

Fig. 2.1: Schematic view of the constant temperature anemometry
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triple probe

3 Anemometer

A/D Converter (14 bit)
+ Anti-Aliasing Filter

analog anemometer output signal

IEEE-Bus i 900 kByte transfer rate

Throug-Put-Disk
{150 MByte Harddisk)

IEEE-Bus i 900 kByte transfer rate

Host Computer

5CsY I

Magneto-Optical-
Disk
(650 MByte)

Fig. 2.4: Data flow of the anemometer signals

IEEE-Bus

Peripheral
Measurement
Data
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Fig. 2.6:  Schematic view of the traversing system

NG

*) manual adjustable



aqoxd aimeredwel pue -jpuesd ‘eqoid old1n prepuels gyim uue Suisiosrs]

LTy

1}

— T

\
8qo.g aimeledwa]

3
o

-
©

et i
e = == I — 4 JE Fie===l g
A d i w\ u ./ B M

nun-een-ooy |4t~ L\ x@l\ 3G0id 4IM J0H
m— : = 2 |
_le ,/.l IMI % I mnohn_,zﬁcm._m
) v S

Jeg Buizyigels R Y

A

Japnusuer) Bunejoy

S

wiy Buisiaael)

wayg Buziqes



$ONUSW UIIIDS PUB SINPOW HSYINS ‘7 913

snuslW UL o} Yoeq oo <-

puetuwos weisAs Bugesedo ue uny
Bie'y, BB ML A

[ed'y Bl BINY &

16, egeg

By egeivug

SYNSSJ UONEN|EAS JU8LND Julld
SJUBIDYE0D UOIBIQIES JUaLND Julld 4
BIED BPEOSED JUalno g

Blep uoneinbyuoo jueuno uld .

{sucne|e.102 Japio pUCDeS JO UsHEINDED)

{uonoeup pue anjea eNjosqe sy
“Jo10en ARDO|aA 8Ly Jo Uone|noes)

" wx BNUBN UL . g

xx UOHENEBAT 4

SNUBL LIBL 0} ¥oBQ 0Ly <-
UONEIQIED~ -1 40

*
UONEIGIBO-0I82-140 «
8NUBL UlBW O} oBg o8 <- :omhw_a_wmmm ME_“__O ¥ enusLL Ulell o) %oeq 0 <-
JuBWAInbe o SN0« HeIqI[ed [BUOlDRNG o BIEP BPEOSED HOBUD
uoyeIqeD ARooies HeYD-1 4Q pue elep dn-jes |ejuswnedxes upg
%810 Ind-ybnoi) suijo Bunsr .
8iY UOHEIQIED MU BBl . BlEp oyioadsisel ipa
LoRSOd JUBLIND BU) JE JUBWBINSEL 1SB) 4 8y vonrigieD Hunsixe pes epeOSED pU neinb

weiBold WelweinsEsw g uny . 14 uoneIqHES Bupsixe peel s}y &p pue uolieinByuoo peey

e BNUBI JUOLIGINSBON ey L ee ONUBW UONBIGQED sk © 1 x ODUSWUONEINBYUOD 4

. Anewowsuy JOsusS-10H woy sieubis Jo

LIOIEN[BAT [EONATEUY PUR JUBLUSINSES JO) SJEMYOS
xxxx HEVWS  xexx




Voitage £ [V]

Voltage E [V]

Voltage E [V]

7.0
6.0 |

5.0

3.0}

2.0L

7.0

6.0 |
5.0 |

4.0}

7.0
6.0 f
5.0
s0f
3.0

20l

4.0 |

Probe: DANTEC 55R91

Pk =225 hPa, T,=35°C
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Fig. 3.1: Velocity calibrations at different tank pressures px and temperatures T,
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Fig. 3.4: Directional characteristics of the tested probes

Lewsd UOQ
T30
1258
170
115
t o
105
100
095
020
D85
o 6o
[
0
D 65
Lig 1]
055
& &0
0415
0,40

TN Y AR BEBEIBTOOMTMGI ™

t. =500ms
fo = 655 kHz

hﬁa =006



pitch angle 8 [} pitch angle g [°]

pitch angle g [°]

probe: 55R91

Py = 225 hPa

Ty = 40°C

tS = 500 ms

fo = 65.5 kHz
a=086

Tu = 3.5%

20 ¢

:2: ?’—’:’\\

x

-10 0 10

yaw angle a {°]

20

yaw angle a []

Sensor 1

Sansor 2

Sensor 3

pitch angle g [

pitch angie 8 [°]

pitch angle § [°]

probe: 55R91

Pk = 225 hPa

TtVK = 40°C

!5 = 2000 ms

fo = 16.4 kHz
a=06

Tu = 1.3%

-12 -6 0 & 12

yaw angle a {°}

yaw angle ¢ [°]

yaw angle a [°]

Fig. 3.5: Directional characteristics for different parameters
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