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Abstract. This study deals with the problem of turbulence seven-hole probes can also be found. With increasing num-
measurement with small remotely piloted aircraft (RPA). It ber of holes, the range of the angle of incidence that can still
shows how multi-hole probes (MHPs) can be used to meabe measured with the probe increases. There are also probes
sure fluctuating parts of the airflow in flight up to 20Hz. with only one pressure port, which is constantly turned inside
Accurate measurement of the transient wind in the outdooithe probe $chlienger et al.2002. The shape of the probe
environment is needed for the estimation of the 3-D wind (conical, hemispherical or faceted) has an effect on the max-
vector as well as turbulent fluxes of heat, momentum, wateiimum incidence angle as well as on the sensitivity regarding
vapour, etc. In comparison to an established MHP systemReynolds number changege{ionis et al, 2009, due to the
experiments were done to show how developments of thalifferent points of flow separation. In airborne meteorology,
system setup can improve data quality. The study includeshe MHP made by Goodrich Sensor SysterRegemount
a re-evaluation of the pneumatic tubing setup, the conversior1982 has been the most commonly used probe for measure-
from pressures to airspeed, the pressure transducers, and thrents in the atmospheric boundary layer. Using flight cali-
data acquisition system. In each of these fields, the steps thération maneuvers, these MHPs can be used for wind mea-
were taken lead to significant improvements. A spectral analsurement on-board manned aircrddti€he et al.1996 Khe-
ysis of airspeed data obtained in flight tests shows the capdif et al., 1999. The development of the BAT prob&aw-
bility of the system to measure atmospheric turbulence up tdord and Dobosy1992 enabled the measurement of the tur-
the desired frequency range. bulent heat flux by combining fast temperature sensors with

the existing system.

Within the last decade, RPASs (remotely piloted air sys-

tems) have become more and more affordable and suitable
1 Introduction for atmospheric measurements and some have also been

equipped with MHPs%piel} et al.2007 van den Kroonen-
In many applications multi-hole probes (MHPs) serve theberg et al. 2008 Thomas et a).2012 Martin and Bange
purpose of measuring the flow angle and speed of arp014. The big advantage compared to manned aircraft is the
airstream. They are commonly used in wind-tunnel and roacdecreased disturbance of the airflow by the aircraft, due to
tests for the automotive industryifnmer et al, 2001) as  the smaller wingspan and wing load, which leads to smaller
well as in airborne measurementSrawford and Dobosy  upwash Crawford et al. 1996 and the reduced overall size,
1992. Many different designs and calibration techniques canwhich decreases the disturbance of turbulence measurements
be found in literature Telionis et al, 2009 Sumner 200Q according towyngaard et al(1985. Higher flexibility and
Pfau et al.2002 Lemonis et al.2009. The minimum num-  lower operating cost are other major advantages with small
ber of holes that are used for three dimensional flow measureRPAS. The Meteorological Mini Aerial Vehicle (RAV) is
ment is four, while probes with five holes are common and

Published by Copernicus Publications on behalf of the European Geosciences Union.



1028 N. Wildmann et al.: Multi-hole probes with RPA

one of such RPAS and the measurement technique that we
used in this system will be referred to as a benchmark in this
study. New developments made as part of this study will be
compared to the KAV where possible. Since the turbulent
wind vector and all turbulent flux measurements are strongly
dependent on the measurement of airflow angles and true ai
speed, a critical analysis of the systematic errors and source
for noise in the measurement with a MHP will be conducted.
This analysis includes the complete measurement chain fror|
the pneumatic setup of the probe and the pressure transduce
until the sampling of the data.

The meteorological wind vectar (i.e. the wind vector in
the earth’s orthonormal, meteorological coordinate system|
can be calculated from navigation, flow and attitude measure®

ment aboard a research aircraft using Fig. 1. Research RPA MASC. The position of the MHP approxi-
mately 15cm in front of the fuselage nose tip is depicted with the
v = vgs+ Mmf (vias+ R x5 (1)  redellipse.

(Williams and Marcotte2000. The ground-speed vectogs Research RPA MASC
describes the movement of the origin of the aircraft-fixed
coordinate system (index f) with respect to the earth’s sur-At the University of Tiibingen the research platform MASC
face and is determined using the on-board navigation systenfMulti-purpose Airborne Sensor Carrier) is operated and
Aboard an RPA the latter is usually a combination of an iner-equipped with a MHP, fast temperature sensors, a barome-
tial measurement unit (IMU) and a global navigation satellite ter and a humidity sensor to enable the measurement of ther-
system (GNSS). The determination of the ground spged  modynamic, turbulent scalars as well as the 3-D turbulent
and the rotation into the earth’s coordinate syskay using  wind vector and turbulent fluxes of water vapour, sensible
the Eulerian angles are not subject of the present study, andeat and momentum (Fig.andWildmann et al,2013. The
are described in literatureHaering 199Q Leise and Mas-  electrically powered motor-glider airplane with a wingspan
ters 1993 Boiffier, 1998 van den Kroonenberg et 22008  between 2.60 and 3.40 m has a total weight of 5-7 kg depend-
Bange 2009. ing on the battery and payload. Wind-tunnel experiments re-

The true-airspeed vectakss is the flow vector measured vealed that the fuselage and running pusher engine did not
by an in situ flow probe, in this study a MHP, preferably have a significant influence on the airflow at the location of
mounted at the nose of the RPA. Thuigsis defined in the  the MHP. The aircraft is equipped with the autopilot ROCS
aircraft's coordinate systeryi. The location of the MHP in  (Research Onboard Computer System), which has been de-
relation to the origin of the aircraft-fixed coordinate systém veloped at the Institute for Flight Mechanics and Control
is described by the lever-arm veckyy = (x,, yp,z,), Which  (IFR) at the University of StuttgarHaala et al.2011). The
points from the origin of the aircraft systefmto the location autopilot controls a constant airspeed of24m s 1 and
of the MHP. The vector of angular rotation ra®scontains  constant altitude with a precision &2 m. Navigation to pre-
the angular velocities of the aircraft systefirelated to the  defined waypoints is done relative to the take-off position.
meteorological system: and is among the primary output The flight tests that were performed to validate the results of
data of the IMU. this study were done with a MASC RPA.

In the following we focus on the determination of the true-

airspeed vectoviys defined by o 5
2 The probe

1

|vtag|
Vias= — tang |, 2
®T /1ttaRa 1@ p \ tang

2.1 Mechanical design of the probe

The MHP used at the University of Tubingen has a conical
head, nine holes and was designed and manufactured at the
(see alsolLenschow 1986 Leise and Masters1993 Institute for Fluid Dynamics (ISM) of the Technische Univer-
Williams and Marcotte200Q van den Kroonenberg et al.  sitat Braunschweig, Germany. The arrangement of the holes
2008 Bange 2009 with angle of attackry (positive for air  can be seen in Fi@. In addition to the five holes on the cone,
flow from below) and sideslip (positive for flow from star- ~ which are used to measure the flow angles, it has a ring with
board). All three variablea, 8, and|viad in EQ. (2) can be  four holes in a 90 offset pattern in front of it. These holes
derived from MHP pressure measurements. merge into one pressure port and provide a reference static
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Table 1 need to be solved fof and p, respectively. A de-
tailed description is given in AppendiX. The true airspeed
as used in Eq2) has to be calculated using the measured to-
tal air temperatur@ig, the static pressure and the dynamic
pressurey:

K
|vtad® = 2cpTrot |:1— (;ﬁ) ] 3

with the Poisson numberx =R/c,, where R =
287JkgtK~! is the gas constant for dry air and
¢, = 1005 J kg K~1is the specific heat for dry air.

In the MPAV conversion the ring pressure ports are used to
find ¢ and p to get a more angle-independent measurement.
However, it was identified that in certain flight conditions the
X ring can cause problems for turbulence measurement, since
— the ring port pressure shows an increased noise level, which
v is induced by the probe itself. Figufeshows the result of
- measurements during the calibration procedure of the MHP
i “ in a jet wind tunnel with a turbulence intensity of about 1 %.
At a constant airspeed of 22 m'sand angle of attack of 20
Fig. 2. Probe by ISM Braunschweig, picture and dimensions in mil- the angle of sideslig was varied betweer-20 and 20 in
limetres. steps of 2. Each position was held for 10 s and the standard

deviation of the ring port pressure was measured. It can be

seen that at certain angles of sideslip, the fluctuations of the
pressure, which is less sensitive to the flow angle comparedheasured pressure is higher than at other angles. This can be
to normal static ports of a Prandtl sonde. This pressure portonsidered to be aerodynamic noise introduced by the probe.
is then used in the standard calibration described in 3&t. To avoid measuring turbulence that is not primarily related
The same probe was also used in th&M Figure 3shows  to the atmosphere, a different pressure conversion method
a computational fluid dynamic (CFD) simulation of the probe (see Tablel, right column) that avoids using the ring port

4

done with OpenFOAM at two different angles of attack. pressure was tested. The method was initially proposed by
Treaster and Yocurtl979 and is one of the most basic five-
2.2 Differential pressure to flow angle conversion hole probe calibration methods. It only uses one front hole

and four side holes.
The conversion between differential pressures of the six pres- The calibration results with the occurring nonlinearities
sure ports of the probe-to-flow angles and true airspeed isre depicted in Figs/, 8 and9. Below 10 the nonlinear-
usually based on wind-tunnel calibration and can be done irities are comparably small, but at higher angles the use of
several ways (seSasangkp1997 Bohn and Simonl1975 a ninth-order polynomial in calibration becomes necessary
Treaster and Yocuml979. A typical solution is a poly- to represent the characteristics of the probe. Higher degree
nomial fit between normalized pressure differences and airpolynomials only marginally increase accuracy. The maxi-
flow angles, true airspeed and static pressure respectivelynum deviation from the resulting polynomial in the calibra-
The ISM probe was intensively used in field campaigns (e.gtion procedure is @7 for «, 0.59 for 8 and 0.15m3s? for
Martin et al, 2011, van den Kroonenberg et aR011% Spiel3  airspeed. These values also cover variations of wind-tunnel
et al, 2007 with the MPAV. Table 1 shows how dimension- speed and inaccuracies in the angle settings.
less coefficients are defined from the pressures at the probe. Figure 10 shows the measurement of the airflow angles
The definitions on the left are taken froBohn and Simon  and true airspeed in one flight leg of 1000 m (including parts
(2975, for an English summary se&piel3(2006. They are  of the turns at the beginning and the end). The flight was done
referred to as the KAV conversion method in the following.  at late afternoon on 23 September close to the Lindenberg ob-
The definition of the pressure ports and differential pressureservatory of the German Meteorological Service. The flight
is described in Figs4 and5. The coefficients, andkg are altitude was 100 m above ground in an atmospheric boundary
directly calculated from the pressures at the MHP ports (sedayer with weak stability.
Tablel for different methods to do so). Using a polynomial  The pressures from the five-hole probe were converted
fit with coefficients that were determined in a wind-tunnel in both ways, with the MAV method and with the MASC
calibration, the angle of sideslip, angle of attack and the co-method, avoiding ring-port measurements. While the air-
efficientsk, andk, can be calculated froth, andkg. Tofind  flow angles do not show a difference, it can clearly be seen
dynamic and static pressure, the expressiongfandk,, in that true airspeed is much less noisy in the latter method.

www.atmos-meas-tech.net/7/1027/2014/ Atmos. Meas. Tech., 7, 1044, 2014



1030 N. Wildmann et al.: Multi-hole probes with RPA

Fig. 3. OpenFOAM flow simulation around the probe tip at 247 sotal airspeed atUangle of sideslip in both figures? @ngle of attack
in the left figure and 1Dangle of attack in the right figure. The colour scale shows differential pressure to the environment in pascals.
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Fig. 4. Tubing system as used by the TU Braunschweig and describ8gi@B et al(2007) for the M2AV. The pressure transducer mea-
surements #0i are differential pressure readings of the low pressure port (LP) connected to the®fiele4 and the ring portholeBgtagic
compared to the high pressure port (HP), which in this case is the commoBRQ@dPs represents a barometric pressure sensor.

The spectra of the velocities estimated through teW  and diameter of the tubing, but also on the air volume inside
(Fig. 11) shows that the noise introduced by the ring-pressurethe pressure transducers. The magnitude and phase response
ports manifest as “white-noise” at higher frequencies, whileof tubing systems has been well investigatedB®rgh and
the MASC method shows significantly reduced noise and theTijdeman (1965. They derived theoretical estimates of the
presence of thé_g slope (Kolmogorov distribution for lo- response of a single tube connected to either a single or mul-
cally isotropic turbulence in the inertial subrange). tiple transducers connected in series with the variable tubing
It should be noted that the large difference between thdength, tubing diameter and transducer volume. Further stud-
two methods shows up explicitly at certain airflow angles, ies bySemaan and Scho{2012) investigated the validity of
which were included in the presented time series. Howeverthe model for short-tubing length and proved it suitable for
even though errors are smaller at other angle combinationgubing longer than 150 mm; however, their model does not
they can be completely avoided if the ring port pressure isaccount for branched tubing systems.
not used for true airspeed calculation. Since differential pressures are required for airflow angle
estimation, one strategy would be to connect the holes of
a five-hole probe to pressure transducers and calculate the
flow angles from the measured differential pressures as de-
scribed inSpielR et al(2007) for the MPAV. The schematic
. . . . of such a setup is shown in Fid. This setup has a strongly
As transient velocities are of particular interest, the Pneu-y - rched tubing system at the high pressure port of all trans-

mayc dyf‘am'c response of tubing and tra_ns_ducer ne_eds t ucers @o is branched six times), whereas the low pressure
be investigated to ensure measurements within a certain err;E

band in the target frequency range. The tubing system withi ort is in .most cases dlrectly connected to one hole of t.he
the MHP consists of a combinatio.n of a steel tube with an robe. This se_tup cannot be S|m_L_JIated by a simple model like
inner diameter of 0.7 mm and another tube of different ma—the one dgscnbed tyergh apd Tlidemaq969.

il PVC — 6| invl chloride) and diameter. The dv- Alternatively, the holes in the probe can be connected
terla. (eg. polyviny ide) : : y %o the transducers in the manner presented in Bid-his
namic response of the system depends not only on the lengt

3 Tubing response and calibration of the probe
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Fig. 5. Alternative tubing setup without branches as used in MASC. The pressure transducer measurBimanetsldferential readings of
all single port pressures of the prob@0—P4 and Ps;4tic, high pressure, HP) compared to one common reference port (low pressure, LP).
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Table 1. Comparison of two methods to define dimensionless coefficients for five-hole probe measurements.

Bohn et al. (1975) (I\ﬁAV) Treaster and Yocum (1979) (MASC)
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Fig. 6. Standard deviation of the pressure paPtg,iic in front of

the ring of the ISM probe during a wind-tunnel calibration. Angle Fig. 7. Two-dimensional plot okg overk,. The figure shows the
of attack 10, angle of sideslip shifted from 20 to 20.. nonlinearities that are larger for higher airflow angleandg.
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Fig. 8. Calibration coefficienk, for dynamic pressure against cali-

. Fig. 9. Calibration coefficienk , for static pressure against calibra-
bration angles for three attack angles.

tion angleg for three attack angles.

method of tubing connection was used in MASC. The mea-
sured pressures can be converted to the same measurem
as in the MAV setup as follows:

difference and its deflection is measured by piezoresistivity.
$Me LBA sensors estimate pressure difference through a ther-
mal mass-flow measurement.

dPyi = dPy — dP; To visualize_ the response of the pressure measurement sys-
tem, the amplitude and phase response as the two parts of the

with i =1,....4,s. 4) transfer functionH of the system are calculated:

To compare the MAV and MASC setups with respect to H(w) = |H(w)|*@ (5)
the tubing system, the model of Bergh and Tijdeman can- ’
not be used because it does not account for branches. Thergherew is the angular frequency aridthe phase shift. The
fore, an experiment was set up to assess the response of thgnplitude response is presented as the ratio between the stan-
two different tubing strategies (see Fig). What is depicted  dard deviatiornr of the tubing system being investigated and
as “tubing under investigation” in the sketch is in a first ex- the reference:
periment replaced with the #4V’s branched tubing system
as shown in Fig4 between the hole’0 and the high pres- |H(w)| = .
sure port (HP) of transducerP®s. In a second experiment, 0P (@)
the tubing is replaced with MASC's single tube, as shown in
Fig. 5 between holeP0 and the HP port of transducepP@.
For all connections, PVC tube of a length similar to the ac-

opo(w)

(6)

To find the phase response of the system, the cross-
correlation functiongpg p between the two sensors was
; . Lo calculated for each frequency and the time shift between the
tal setup that would be implemented in MASC (in this CaS€wo signals needed for maximum correlation was estimated.

0.18m) was used. Instead of the connection tORBENOle i time shift was converted to a phase angle in the follow-
of the probe, the free end of the tube is connected to a sealeﬂg manner:

volume attached to a speaker. A reference measurement was

made by placing another transducer directly on the cabin walla; = ¢ (max|o po Pret)s (7)
without any tubing in between the pressure source and the 180
transducer. The speaker was able to play sine waves with fre-¢ = At - w - - (8)

quencies from 10 to several 100 Hz. The measurement com-

puter was logging the transducer output at a rate of 1kHz. The tests with the P4V-Mini sensors showed consider-

The maximum investigated frequency was 200 Hz, which isable variations in the response of each individual transducer.

higher than the sampling rate that is used in flight. Therefore, the experiment was carried out only with the LBA
Initially, the response of the transducers themselves weraensors by Sensortechnics. In Settiurther reasons are

tested. The transducers included sensors of the type P4\given for choosing this type of sensor in future flight mea-

Mini by the company AllSensors and sensors of type LBA by surements. The amplitude and phase response of the two

the company Sensortechnics. The P4V-Mini sensors work oriubing systems are presented in Fi§. In the same figure,

the principle of a membrane that is displaced by the pressuréhe theoretical response for the single tube of same length

Atmos. Meas. Tech., 7, 1027041, 2014 www.atmos-meas-tech.net/7/1027/2014/
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Tubing under investigation

Acoustic test . sing
M box fuily Sm= \/(1 — €0Sp)2 + sing? - cos[a)t — arctanm} ,
P sealed

=/2(1—cosp) - Cos[wt —cot? g] ,

—2sin?. _cott?
_2s,|n2 COS[a)t cot 2]. (12)

Common low pressure port

Fig. 12. Schematic drawing of the experiment to measure the tub- From Fig.13, at 20 Hz the two tubing connections have

ing response. While the HP port of the reference transducer (Pre difference in phase shift of f’;\bout °1!.0Th.|s |mp||'es the
is directly connected to the acoustic box, the HP port of the pressurdransducer would measure a differential signal with an am-

) A . : 10 - L -
measurement under investigatiaPQ) is connected with the neces- Plitude of 2sin—- = 0.174 times the original absolute sig-
sary tubing of the real system. Ps is the common ambient pressurBal, which is added to the measurement and can thereby be

on the LP port of the transducers. defined as an error of almost 20 %.
To see the real behaviour of the two tubing strategies and
the artificial signals that are measured due to phase shift ef-
without branches as calculated with the Bergh and Tijdemarfects, a setup equal to that present in th&M was tested.
model is presented. That is, both ends of a transducer were connected to the
It can be seen that both tubing setups resemble oscillatorycoustic box whereby one port was connected to the box
dynamic systems with at least one resonance frequency. Théirough a branch with five other transducers connected in
first resonant frequency of the3v system was found to  parallel and the other port of the transducer was directly
be at around 80 Hz, while it is out of the measurement rangeonnected to the acoustic box via a 18 cm tube. In subse-
for the alternative setup. The damping factor of théM  quent tests, both ports of the transducers were connected via
setup is much higher than for the alternative setup, hencagcm tubes to the acoustic box, this would resemble the al-
the resonance amplitude was much smaller. The phase reernate tubing strategy that is now being used on MASC.
sponse attenuates toward48(°, which is characteristic for  |deally, as both ends of the transducers are connected to the
a second-order dynamical system. same “source” (acoustic box), the pressures in the transduc-
It should be recalled that in the #V setup, one side of ers should nullify one another and no pressures should be
the differential transducers was connected to the side holepgged. The results of a time series measuring a sweep from
of the probe directly, while the other side of the transducers10 to 100 Hz (in steps of 10 Hz and a rest time of 10 s at each
was connected to the front hole with a branch to five otherstep) are shown in Fig.4, left. The increase in amplitude of
transducers. In light of the acoustic tests performed here, ithe pressure signal is not only due to an increasing phase
was identified that the tubing responses on either side of thghift, but also due to the increasing power of the speaker
transducer differ significantly. Though the two tubing sys- at the same gain setting. Figutd, right, shows a normal-
tems have a nominally similar amplitude response, a phasgzed result for the measured frequency range, where the mea-
shift ¢ between each other would exist. Therefore an artifi-sured signal was divided by the prevailing pressure in the box
cial signalSm would be measured, which can be described ashat was measured with a second transducer. It can be seen

follows: that the relative error for 20 Hz is less than theoretically es-

) ] timated, but it is also obvious that the effect can be observed

Sm = Sinwt —sin(wt +¢), in real measurements and can be avoided with the point-to-
= Sinwt — SiNwt - COSp + COSwt Sing, point tubing connections.

= (1 - cosyp) sinwt + Sing coswt,

knowing that 4 The pressure tl‘anSducerS
a-sinwt + b - coswt = A cos(wt — o) The volume of the pressure transducers adds to the pneumatic
transfer function, and variation between different transduc-
with ers can lead to a significantly different amplitude and phase
response of the sensor at higher frequencies. Besides that,
A=+va?+4b2, 9) most pressure transducers are also sensitive to vibrations. In
b many MEMS (microelectromechanical system)-based differ-
tana = —, (20)

ential pressure transducers, deformation of a membrane ex-
o ] posed to the applied pressure is measured by the means of
the artificial signal is piezoelectricity (in our study the sensor of type P4V-Mini,
as used in the MRV for example). The piezoelectric voltage

a
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Amplitude response of pressure measurement system
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Fig. 13. Amplitude and phase response of the pressure measurement systems, including tubing, branches, transducer, etc. The MASC setu
was investigated in an experiment (grey line) and theoretically with the Bergh and Tijdeman model (dashed linéjAVtsetp cannot
be calculated with the model and thus is only investigated in an experiment (black line).

=3 " , deformation. A suitable alternative are sensors that work on
. ° M2AV / .
o masc E MRS thermal flow measurement (in our study the sensor of type
] 8- LBA, as used in MASC). Figur&5 shows a comparison be-

tween a membrane-based sensor and a thermal flow sensor
1 / which were at the same time exposed to accelerations by
/ mounting them on one solid board and applying shock accel-

pressure (Pa)
0
|
Normalized artificial signal (%)
40

1 {1 : erations in three different orientations. It can be seen that the

. ) accelerations in the direction perpendicular to the membrane

L S S O ... S oq——"" : - orientation (here the direction) affect the membrane-based
20 40 60 80 100 120 20 40 60 80

sensor, but not the thermal flow sensor. In the test, accelera-
tions of up to 5ms? were applied. Similar accelerations can
Fig. 14. Acoustic test of the MASC and the 3V tubing system  be found in straight-leg flights with the MASC system. Other

in comparison. Left: raw measurement of the transducers. Rightaircraft might have less or more vibration depending on the
percentage of prevailing pressure that is measured as an artefact dggopulsion and flight dynamics. The resulting pressure trans-
to different phase shifts at the high and low pressure ports of theg,cer noise with amplitudes of up to 3 Pa adds to the higher
transducer. frequency turbulence measurement and causes higher rela-
tive errors at lower turbulence intensity.

time (s) frequency (Hz)

is amplified and a voltage linear to the applied pressure is

put out by the sensor. However, the membrane can also bg Sampling and anti-aliasing

deformed by accelerations perpendicular to the membrane

surface. Since aircraft are always subject to vibrations andso far, errors by aerodynamic and mechanical effects that af-
accelerations it is important to consider this effect in the pres{fect the signal that is passed on by the pressure transducer
sure measurements when membrane-based pressure tramgere discussed. The next step in the measuring chain is to
ducers are used. The way to reduce the errors made due tmnvert this analog 0-5V signal from the pressure trans-
this effect can be to calibrate the sensors for the sensitivdlucer to a digital signal and logging the data of all chan-
ity regarding acceleration and measure the given accelerasels synchronously to one file. All data acquiring systems
tions in flight to subtract the acceleration-induced signal from(DAQ) need to address the effect of aliasing in the mea-
the transducer output signal. A way to avoid the issue ofsured frequency scales. Aliasing is critical in two ways: first,
sensitivity to accelerations completely is to choose a differ-high frequency noise signals can alias into the sampled fre-
ent measuring principle which is not based on a membranguency range, if they are not filtered. Second, the signal
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Fig. 15. Vibration/acceleration applied to pressure transducers in distinct directions

of the physical variable to be measured with frequencies 2. Oversampling of the signal at 500 Hz on-board the

slightly higher than half the sampling frequency can fold into
the sampled frequency range and then lead to overestimates
in the power of the signal at low frequencies. Commercial
DAQ are generally unsuitable for RPA because they are ei-
ther too heavy, too big or need too much power. The Univer-
sity of TUbingen developed the measuring computer AMOC
(Airborne Meteorological Onboard Computer) in coopera-
tion with the University of Applied Sciences Ostwestfalen-
Lippe. The computer is equipped with two STM32 micro-
controllers, a 24 bit, 16 channel analog-to-digital converter,
a telemetry interface, a SD (Secure Digital)-card slot for
data logging and various other interfaces (see &lli-
mann et al.2013. To obtain reliable turbulence measure-
ments within an error band of 10%, an anti-aliasing filter
was designed and implemented on the measuring computer
which contains the following parts.

1. A first order analog filter (RC-low pass) with cut-off
frequency at 160 Hz: only 50 % of the original ampli-
tude of signals with 160 Hz passes the filter, and only
10 % of the signal at 500 Hz. The amplitude response
of the analog filter can be seen in Fif as a dashed
blue line.

Atmos. Meas. Tech., 7, 1027041, 2014

3.

4,

measuring computer: only signals above 500 Hz ap-
pear as aliases in the measured signal on-board the
measuring computer. As described above, these signals
are already damped to less than 10 % of the original
signal.

Digital moving average filter with cut-off frequency at
70Hz in real-time on-board AMOC: the moving aver-
age filter is chosen because of its simple implemen-
tation, needing only little computing power in real-
time processing and giving an optimal noise reduction
while keeping sharp step responsBmfth 1997). The
rather poor performance of the filter in frequency sepa-
ration is still good enough for the given task. From the
red dashed line in Fidl6, it can be seen that the filter
still has a quasi-flat response at 10 Hz and still more
than 91 % of the signal amplitude is passed at 20 Hz,
while at 100Hz only 25 % passes and, thanks to the
complementary analog filter, the response of signals
above 150 Hz is always damped to a maximum of 6 %
of the original signal.

The log onto the SD-card at 100 Hz: logging at 100 Hz
is another oversampling step to achieve anti-aliased

www.atmos-meas-tech.net/7/1027/2014/
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data of up to at least 20 Hz. Sampling at 100 Hz, sig- _. ! . :

. Fig. 17. A variance spectrum and a structure function of true air-
nals between 100 and 150Hz can fOIC_i into the fre- speed measured with the MASC RPA in comparison to a measure-
quency range of up to S0Hz. The previous Steps €X-ment with the MAV RPA. In both plots, the result is an average
plained how these signals are already damped to leSgyer 15 legs of 27 s each. The structure function is normalized by
than 25 %. Frequencies above 150 Hz are damped t@42 and therefore dimensionless. In both plots, MASC results are
less than 6 %. shifted towards lower values for better readability. The dashed lines

indicate an estimation of the entry point of the inertial subrange. See
This means that in the frequency range from 0 to 50 Hz atext for flight conditions.

maximum error caused by aliasing of 25 % is theoretically
possible. In reality, the measured signal is a turbulent flow,
wherein the power of the signal decreases with increasin
frequency (power law K2 in the inertial subrange of lo-
cally isotropic turbulencekolmogoroy, 1941). This means

%nhancements compared to established measurement sys-
tems like the MAV were achieved, the result is compared

that the aliases naturally have a lower amplitude com areé0 measurements of thed4V in very similar meteorological
y b PareQ snditions. The MAV flight was in summer on 10 July 2010.

to the true signal at a specific frequency, which also mean o . .
that the maximum error that was estimated is overestimatedSThe MASC flight in late spring, 8 May 2013, both in the al

except for unnatural noise signals. Note that electromagnetk':,eady mixed layer in the late moring at an altitude of 200

. . ) . . .and 100 m respectively. It can be seen that the MASC system
noise typically begins at much higher frequencies that areﬂl-f I the theorv verv well up to 10 Hz. Sliaht dampin i
tered by the analog filter. Ollows the Iheary very wet up to - Slight damping ac
cording to the theory in Sech can be observed at higher
frequencies. According to the experiments that were done,
comparing tubing strategy, pressure transducers and probe
calibration, it would be expected that the?’AV system is
In order to demonstrate that the design considerations irsubject to more noise. The data does not reflect this. Instead,
the airflow measurement system, as described above, dm the structure function, a strong damping is observed in the
show the desired improvement in turbulence measuremensystem starting at a time lag of approximately 0.5 s, which
an analysis of the frequency response of the system in flightorresponds to turbulent signals with a frequency of 2 Hz.
was carried out. Kolmogorov's theory of locally isotropic tur- This suggests that the noise was reduced by a low-pass fil-
bulence in the inertial subrange provides theoretical slopes ofer in the pressure measurements of the probe. This cannot
variance spectrum and structure function. If measured dathe ascertained in the absence of more information on the
is compared to this theory, the quality of turbulence mea-DAQ used in the MAV. However, it can be stated that the
surement can be evaluated. Figti&shows the result of this MASC MHP setup meets the desired frequency response bet-
analysis for true airspeed measurements. To prove that reaér than the MAV system. Analysis of seven more flights of

6 Comparison of MASC and M2AV data
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Chichester, UK, 1998.
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Appendix A
. . . B 2 2 Tr. A
Five-hole probe pressures to airflow vector conversion 1kpo kg --- kao kaokpo kaokgg - kﬁokgo Ca,0
LkprkGy - ka1 katkps katkGy - kiakly || can

For a better understanding, a detailed step by step descriptio
of the measurement with a five-hole probe will be given here. ) : ) o
The description needs to be divided into the wind-tunnel cal-| 1 41 kg, -+ kan kankpn kankg,, ... ko,kg, | LCan

G . - ) ) e
ibration procedure and the actual instantaneous measuremeft | kpo k2q . ka0 ka0kpo kaok3y ... Kligkhg cs0

=)

of the airspeed vector. 1kp1 kgl o ke katkpa kalkél k31k§1 cpa
Al Wind-tunnel calibration : :

. . . Lkgn k2 ... kan kankgn kank2, ... k" k% c,
A wind-tunnel calibration is essential for the measurementL~ 7" "n on fantpn Santpn an’tpn J LEP 2

with a multi-hole probe. The goal of the wind-tunnel cali- | 1kgo k§0 ... ka0 ka0kpo kaokéo - kyokio | T cs0
bration is to find a relationship between the measured prest 1 kg, k§1 oo ka1 korkpy kalkgl kglkgl Cs1
sures @; and the airflow anglee and 8. Besides this, the .

probe needs to be calibrated to measure the correct dynamit :

and static pressure at any airflow angle (within the calibra-| 1 sn kg, -+ kan kankpn kank,, ... kukf, | L s
.t|on.range). In order to m_ake this fit robust against changgs 1kgo k§0 ... ka0 kaokgo kaokgo KBk ] Tego
in airspeed (i.e. changes in Reynolds number), a polynomial 1kp1 k2. . kot korkgy kork2, ... K K" o
fit is not directly applied to the raw pressure readings, but g1 «or el FolBhl Taltp - Ra1®p1 e
dimensionless coefficients are defined (see Taple : :

The presetting of the wind tunnel is a certain dynamic | 1kg, k2 ... kan kankpn kank3, ... kankgy | L€an
pressurey and static pressurg, which should be continu- — - (A3)
ously measured with an independent measuring system dur-
ing the calibration routinek, andks serve as the variables A solution for the coefficients can be found with a least
of the polynomial functions fow, g, andk,, andk,. k, and  squares method. For the coefficients this would, for ex-
k, can be understood as correction values for dynamic presample, yield
sure and static pressure with regards to the airflow angle at

the probe.
a=K-cq,
o = fa(kavkﬂ) " i 2 2
:B = f,B(koza kﬂ) S(Ca) — Z|ai _ ZKijca,j| _ ”0( _K €y || ’
kp = f:&‘(kot’ kﬁ) R i=1 - ]:l
kg = fq(kaskp) (A1) Coy = ar%amlnS(ca), (Ad)

The functionsf; (ks kg) are arranged as a polynomial of \yhere s is the minimization criterion and, is the best fit

L for the given calibration. For linear independent columns,
m m a unique solution can be found by solving the normal equa-
frlka, kﬁ) = Z(ka)l |:Z Xij (kﬁ)]] s (AZ) tion:
i=0 j=0

KTK ¢, =K'a,
with X;; the coefficientsy ;;, cg.ij, cs,ij andcey ;;, for the A Tl T
estimatio% ok, B, k, andk, rejspecjtively]. To acqhiiave a good Ca = (KKK e (AS)
accuracy with the polynomial fit, calibration with angle steps
of 2° is recommended. The calibration range for the MHP
under investigation is suggested to be not larger th&nr20
all directions. A sufficiently large number of calibration set- A2 Measurement with the multi-hole probe
tings yields four overestimated systems of linear equations,
which can be presented in matrix notation: Once the probe has been calibrated, velocity and flow angles

in arbitrary flows may be estimated as follows.

Thus, the output of the wind-tunnel calibration are the co-
efficientse,, cg, cs ande,.

— The instantaneous pressures across each hole of the
probe are converted to instantaneaus, k., andkg
according to Tablé4.
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— Subsequently,, k,, @ andB are estimated:

oa=K- ¢y,
B=K:cg,
k,=K-cs,
ky=K-¢,. (AB)

— Finally, the static pressure and the dynamic pressure
are calculated solving the equations in Tabléor p
andg, respectively.

Table Al. Calculation of static and dynamic pressure from five-hole
probe measurements with two different methods.

Bohn et al. (1975) Treaster and Yocum (1979)

p  Ps+dPos—k, AP Ps+AP—k,-(dPg— AP)
q dPos+kq - AP dPg— kg - (dPg— AP)
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