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Abstract

This study deals with the problem of turbulence measurement with small remotely pi-
loted aircraft (RPA). It shows how multi-hole probes (MHPs) can be used to measure
fluctuating parts of the airflow in flight up to 20 Hz. Accurate measurement of the tran-
sient wind in the outdoor environment is needed for the estimation of the 3-D wind5

vector as well as fluxes of heat, momentum, water vapour, etc. In comparison to an
established MHP system, experiments were done to show how developments of the
system setup can improve data quality. The study includes a re-evaluation of the pneu-
matic tubing setup, the conversion from pressures to airspeed, the pressure transduc-
ers, and the data acquisition system. In each of these fields, the steps that were taken10

lead to significant improvements. A spectral analysis of airspeed data obtained in flight
tests shows the capability of the system to measure atmospheric turbulence up to the
desired frequency range.

1 Introduction

In many applications multi-hole probes (MHPs) serve the purpose of measuring the15

flow angle and speed of an airstream. They are commonly used in windtunnel and
road tests for the automotive industry (Zimmer et al., 2001) as well as in airborne
measurements (Crawford and Dobosy, 1992). Many different designs and calibration
techniques can be found in literature (Telionis et al., 2009; Sumner, 2000; Pfau et al.,
2002; Lemonis et al., 2002). The minimum number of holes that are used for three20

dimensional flow measurement is four, while probes with five holes are common and
seven hole probes can also be found. With increasing number of holes, the range
of the angle of incidence that can still be measured with the probe increases. There
are also probes with only one pressure port, which is constantly turned inside the
probe (Schlienger et al., 2002). The shape of the probe (conical, hemispherical or25

faceted) has an effect on the maximum incidence angle as well as on the sensitivity
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regarding Reynolds number changes (Telionis et al., 2009), due to the different points of
flow seperation. In airborne meteorology, the MHP made by Goodrich Sensor Systems
(Rosemount, 1982) has been the most commonly used probe for measurements in the
atmospheric boundary layer. Using flight calibration maneuvers, these MHPs can be
used for wind measurement onboard manned aircraft (Friehe et al., 1996; Khelif et al.,5

1999). The development of the BAT probe (Crawford and Dobosy, 1992) enabled the
measurement of the turbulent heat flux by combining fast temperature sensors with the
existing system.

Within the last decade, RPASs (Remotely Piloted Air Systems) have become more
and more affordable and suitable for atmospheric measurements and some were also10

equipped with MHPs (Spieß et al., 2007; van den Kroonenberg et al., 2008; Thomas
et al., 2012; Martin and Bange, 2013). The big advantage compared to manned aircraft
is the decreased disturbance of the airflow by the fuselage, higher flexibility and lower
operating cost. The Meteorological Mini Aerial Vehicle (M2AV) is one of such RPAS
and the measurement technique that was used in this system will be referred to as15

a benchmark in this study. New developments made as part of this study will be com-
pared to the M2AV where possible. Since the turbulent wind vector and all turbulent
flux measurements are strongly dependent on the measurement of airflow angles and
true airspeed, a critical analysis of the systematic errors and sources for noise in the
measurement with a MHP will be conducted. This analysis includes the complete mea-20

surement chain from the pneumatic setup of the probe and the pressure transducers
until the sampling of the data.

The meteorological wind vector v (i.e. the wind vector in the earth’s orthonormal,
meteorological coordinate system) can be calculated from navigation, flow and attitude
measurement aboard a research aircraft using25

v = v gs +Mmf
(
v tas +Ω×sp

)
(1)

(Williams and Marcotte, 2000). The ground-speed vector v gs describes the movement
of the origin of the aircraft-fixed coordinate system (index f) with respect to the earth’s
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surface and is determined using the on-board navigation system. Aboard an RPA the
latter is usually a combination of an inertial measurement unit (IMU) and a global nav-
igation satellite system (GNSS). The determination of the ground speed v gs and the
rotation into the earth’s coordinate system Mmf using the Eulerian angles are not sub-
ject of the present study, and are described in literature (Haering, 1990; Leise and5

Masters, 1993; Boiffier, 1998; van den Kroonenberg et al., 2008; Bange, 2009).
The true-airspeed vector v tas is the flow vector measured by an in situ flow probe, in

this study a MHP, preferably mounted at the nose of the RPA. Thus v tas is defined in
the aircraft’s coordinate system f. The location of the MHP in relation to the origin of the
aircraft-fixed coordinate system f is described by the lever-arm vector sp = (xp,yp,zp)10

which points from the origin of the aircraft system f to the location of the MHP. The
vector of angular rotation rates Ω contains the angular velocities of the aircraft system
f related to the meteorological system m and is among the primary output data of the
IMU.

In the following we focus on the determination of the true-airspeed vector v tas defined15

by

v tas = −
|v tas|√

1+ tan2α+ tan2β

 1
tanβ
tanα

 (2)

(see also Lenschow, 1986; Leise and Masters, 1993; Williams and Marcotte, 2000;
van den Kroonenberg et al., 2008; Bange, 2009), with angle of attack α (positive for20

air flow from below) and sideslip β (positive for flow from starboard). All three variables
α,β, |v tas| in Eq. (2) can be derived from MHP pressure measurements.

Research RPA MASC

At the University of Tübingen the research platform MASC (Multi-purpose Airborne
Sensor Carrier) is operated and equipped with a MHP, fast temperature sensors,25
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a barometer and a humidity sensor to enable the measurement of thermodynamic,
turbulent scalars as well as the 3-D turbulent wind vector and turbulent fluxes of water
vapour, sensible heat and momentum (Fig. 1 and Wildmann et al., 2013). The electri-
cally powered motor glider airplane with a wingspan between 2.60 m and 3.40 m has
a total weight of 5–7 kg depending on the battery and payload. Wind tunnel experi-5

ments revealed that the fuselage and running pusher engine did not have a significant
influence on the airflow at the location of the MHP. The aircraft is equipped with the
autopilot ROCS (Research Onboard Computer System), which has been developed at
the Institute for Flight Mechanics and Control (IFR) at the University of Stuttgart (Haala
et al., 2011). The autopilot controls a constant airspeed of 24±1ms−1 and constant10

altitude with a precision of ±5m. Navigation to predefined waypoints is done relative to
the take-off position. The flight tests that were performed to validate the results of this
study were done with a MASC RPA.

2 The probe

2.1 Mechanical design of the probe15

The MHP used at the University of Tübingen has a conical head, nine holes and was
designed and manufactured at the Institute for Fluid Dynamics (ISM) of the Technische
Universität Braunschweig, Germany. The arrangement of the holes can be seen in
Fig. 2. In addition to the five holes on the cone, which are used to measure the flow
angles, it has a ring with four holes in a 90 ◦ offset pattern in front of it. These holes20

merge into one pressure port and provide a reference static pressure which is less
sensitive to the flow angle compared to normal static ports of a Prandtl sonde. This
pressure port is then used in the standard calibration described in Sect. 2.2. The same
probe was also used in the M2AV. Figure 3 shows a computational fluid dynamic (CFD)
simulation of the probe done with OpenFOAM at two different angles of attack.25
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2.2 Differential pressure to flow angle conversion

The conversion between differential pressures of the six pressure ports of the probe
to flow angles and true airspeed is usually based on wind tunnel calibration and can
be done in several ways (see Sasangko, 1997; Bohn and Simon, 1975; Treaster and
Yocum, 1979). A typical solution is a polynomial fit between normalized pressure differ-5

ences and airflow angles, true airspeed and static pressure respectively. The ISM probe
was intensively used in field campaigns (e.g. Martin et al., 2011; van den Kroonenberg
et al., 2011; Spieß et al., 2007) with the M2AV. Table 1 shows how dimensionless coeffi-
cients are defined from the pressures at the probe. The definitions on the left are taken
from Bohn and Simon (1975), for an English summary, see Spieß (2006). They are10

referred to as the M2AV conversion method in the following. The definition of the pres-
sure ports and differential pressures is described in Figs. 4 and 5. The coefficients kα
and kβ are directly calculated from the pressures at the MHP ports (see Table 1 for dif-
ferent methods to do so). Using a polynomial fit with coefficients that were determined
in a windtunnel calibration, the angle of sideslip, angle of attack and the coefficients kq15

and kp can be calculated from kα and kβ.

α = fα(kα,kβ)

β = fβ(kα,kβ)

kp = fs(kα,kβ)

kq = fq(kα,kβ) (3)20

To find dynamic and static pressure, the expressions for kq and kp in Table 1 need
to be solved for q and p respectively. The true airspeed as used in Eq. (2) has to be
calculated using the measured total air temperature Ttot, the static pressure p and the
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dynamic pressure q:

|v tas|2 = 2cpTtot

[
1−

(
p

p+q

)κ]
(4)

with the Poisson number κ = R/cp, where R = 287 Jkg−1 K−1 is the gas constant for

dry air and cp = 1005 Jkg−1 K−1 is the specific heat for dry air.

In the M2AV conversion the ring pressure ports are used to find q and p to get5

a more angle-independent measurement. However, it was identified that in certain flight
conditions the ring can cause problems for turbulence measurement, since the ring port
pressure shows an increased noise level, which is induced by the probe itself. Figure 6
shows the result of measurements during the calibration procedure of the MHP in a jet
windtunnel with a turbulence intensity of about 1 %. At a constant airspeed of 22 ms−1

10

and angle of attack of 10 ◦ the angle of sideslip β was varied between −20 ◦ and 20 ◦

in steps of 2 ◦. Each position was held for ten seconds 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 measured pressure is higher than at other angles. This can be
considered to be aerodynamic noise introduced by the probe.15

To avoid measuring turbulence that is not primarily atmosphere related, a different
pressure conversion method (see Table 1, right column) that avoids using the ring port
pressure was tested. The method was initially proposed by Treaster and Yocum (1979)
and is one of the most basic five hole probe calibration methods. It only uses one front
hole and four side holes.20

Figure ?? shows the measurement of the airflow angles and true airspeed in one
flight leg of 1000 m (including parts of the turns at the beginning and the end). The
flight was done at late afternoon on 23 September close to the observatory Lindenberg
of the German Meteorological Service. The flight altitude was 100 m above ground in
an atmospheric boundary layer with weak stability.25

The pressures from the five hole probe were converted in both ways, with the M2AV
method and with the MASC method, avoiding ring port measurements. While the
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airflow angles do not show a difference, it can clearly be seen that true airspeed is
much less noisy in the latter method. The spectra of the velocities estimated through
the M2AV (Fig. 9) shows that the noise introduced by the ring pressure ports manifest
as “white-noise” at higher frequencies, while the MASC method shows significantly

reduced noise and the presence of the k− 5
3 slope (Kolmogorov distribution for locally5

isotropic turbulence in the inertial subrange).
It should be noted that the large difference between the two methods shows up

explicitly at certain airflow angles, which were included in the presented time series.
However, even though errors are smaller at other angle combinations, they can be
completely avoided if the ring port pressure is not used for true airspeed calculation.10

3 Tubing response and calibration of the probe

As transient velocities are of particular interest, the pneumatic dynamic response of
tubing and transducer needs to be investigated to ensure measurements within a cer-
tain error band in the target frequency range. The tubing system within the MHP con-
sists of a combination of a steel tube of inner diameter 0.7 mm and another tube of dif-15

ferent material (e.g. PVC) and diameter. The dynamic response of the system depends
on not only the length and diameter of the tubing, but also on the air volume inside the
pressure transducers. The magnitude and phase response of tubing systems has been
well investigated by Bergh and Tijdeman (1965). They derived theoretical estimates of
the response of a single tube connected to either a single or multiple transducers con-20

nected in series with the variable tubing length, tubing diameter and transducer volume.
Further studies investigated the validity of the model for short tubing length and proved
it suitable for tubing longer than 150 mm (Semaan and Scholz, 2012). However, their
model does not account for branched tubing systems.

Since differential pressures are required for airflow angle estimation, one strategy25

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 described in Spieß et al.
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(2007) for the M2AV. The schematic of such a set-up is shown in Fig. 4. This set-up has
a strongly branched tubing system at the high pressure port of all transducers (P0 is
branched six times), whereas the low pressure port is in most cases directly connected
to one hole of the probe. This setup cannot be simulated by a simple model like the
one described by Bergh and Tijdeman.5

Alternatively, the holes in the probe can be connected to the transducers in the man-
ner presented in Fig. 5. This method of tubing connection was used in MASC. The
measured pressures can be converted to the same measurement as in the M2AV setup
as follows:

dP0i = dP0 −dPi10

with i = 1, . . . ,4,s (5)

To compare the M2AV and MASC setups with respect to the tubing system, the model
of Bergh and Tijdeman cannot be used because it does not account for branches.
Therefore, an experiment was set up to assess the response of the two different tub-15

ing strategies (see Fig. 10). The tubing system under investigation was connected via
a PVC-tube of length similar to the actual setup that would be implemented in MASC
(in this case 0.18 m), to a sealed volume attached to a speaker. A reference measure-
ment was made by placing another transducer directly on the cabin wall without any
tubing in between the pressure source and the transducer. The speaker was able to20

play sine waves with frequencies from ten to several hundred Hertz. The measurement
computer was logging the transducer output at a rate of 1 kHz. The maximum inves-
tigated frequency was 200 Hz, which is higher than the sampling rate that is used in
flight.

Initially, the response of the transducers themselves were tested. The transducers25

included: Sensors of the type P4V-Mini by the company AllSensors and sensors of type
LBA by the company Sensortechnics. The P4V-Mini sensors work on the principle of
a membrane that is displaced by the pressure difference and its deflection is measured
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by piezoresistivity. The LBA sensors estimate pressure difference through a thermal
mass flow measurement.

To visualize the response of the pressure measurement system, the amplitude and
phase response as the two parts of the transfer function H of the system are calculated:

H(ω) = |H(ω)|eiφ(ω) (6)5

where ω is the angular frequency and φ the phase shift. The amplitude response is
presented as the ratio between the standard deviation σ of the tubing system being
investigated and the reference:

|H(ω)| =
σP 0(ω)

σPref
(ω)

(7)10

To find the phase response of the system, the cross-correlation function %P 0,Pref
be-

tween the two sensors was calculated for each frequency and the time shift between
the two signals needed for maximum correlation was estimated. This time shift was
converted to a phase angle in the following manner:

∆t = t(max |%P 0,Pref
|) (8)15

φ = ∆t ·ω · 180
π

(9)

The tests with the P4V-Mini sensors showed considerable variations in the response
of each individual transducer. Therefore, the experiment was carried out with the LBA
sensors by Sensortechnics only. Section 4 will give more reasons why in flight mea-20

surements this type of sensors is chosen in future. The amplitude and phase response
of the two tubing systems are presented in Fig. 11. In the same figure, the theoretical
response for the single tube of same length without branches as calculated with the
Bergh and Tijdeman model is presented.

It can be seen that both tubing setups resemble oscillatory dynamic systems with at25

least one resonance frequency. The first resonant frequency of the M2AV system was
9792
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found to be at around 80 Hz, while it is out of the measurement range for the alternative
setup. The damping factor of the M2AV setup is much higher than for the alternative
setup, hence the resonance amplitude was much smaller. The phase response atten-
uates towards −180◦, which is characteristic for a second order dynamical system.

It should be recalled that in the M2AV setup, one side of the differential transduc-5

ers was connected to the side holes of the probe directly, while the other side of the
transducers was connected to the front hole with a branch to five other transducers. In
light of the acoustic tests performed here, it was identified that the tubing responses on
either side of the transducer differ significantly. Though the two tubing systems have
nominally similar amplitude response, a phase shift ϕ between each other would exist.10

Therefore an artificial signal Sm would be measured, that can be described as follows:

Sm = sinωt− sin(ωt+ϕ)

= sinωt− sinωt · cosϕ+ cosωtsinϕ

= (1− cosϕ)sinωt+ sinϕcosωt
15

knowing that:

a·sinωt+b · cosωt = Acos(ωt−α)

with:

A =
√
a2 +b2 (10)20

tanα =
b
a

(11)

the artificial signal is:

Sm =
√

(1− cosϕ)2 + sinϕ2 · cos
[
ωt−arctan

sinϕ
1− cosϕ

]
=
√

2(1− cosϕ) · cos
[
ωt− cot−1 ϕ

2

]
= 2sin

ϕ
2
· cos

[
ωt− cot−1 ϕ

2

]
(12)25
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From Fig. 11, at 20 Hz the two tubing connections have a difference in phase shift
of about 10◦. This implies, the transducer would measure a differential signal with an
amplitude of 2sin 10◦

2 = 0.174 times the original absolute signal, which is added to the
measurement and can thereby be defined as an error of almost 20 %.

To see the real behaviour of the two tubing strategies and the artificial signals that5

are measured due to phase shift effects, a setup equal to that present in the M2AV was
tested. That is, both ends of a transducer were connected to the acoustic box whereby
one port was connected to the box through a branch with five other transducers con-
nected in parallel and the other port of the transducer was directly connected to the
acoustic box via a 18 cm tube. In subsequent tests, both ports of the transducers were10

connected via 18 cm tubes to the acoustic box, this would resemble the alternate tub-
ing strategy that is now being used on MASC. Ideally, as both ends of the transducers
are connected to the same “source” (acoustic box), the pressures in the transducers
should nullify one another and no pressures should be logged. The results of a time
series measuring a sweep from 10 to 100 Hz (in steps of 10 Hz and a rest time of 10 s at15

each step) are shown in Fig. 12, left. The increase in amplitude of the pressure signal
is not only due to an increasing phase shift, but also due to the increasing power of the
speaker at the same gain setting. Figure 12, right, shows a normalized result for the
measured frequency range, where the measured signal was divided by the prevailing
pressure in the box that was measured with a second transducer. It can be seen that20

the relative error for 20 Hz is less than theoretically estimated, but it is also obvious that
the effect can be observed in real measurements and can be avoided with the point to
point tubing connections.

4 The pressure transducers

The volume of the pressure transducers adds to the pneumatic transfer function, and25

variation between different transducers can lead to significantly different amplitude
and phase response of the sensor at higher frequencies. Besides that, most pressure
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transducers are also sensitive to vibrations. In many MEMS-based differential pressure
transducers, deformation of a membrane exposed to the applied pressure is measured
by the means of piezoelectricity (in our study the sensor of type P4V-Mini, as used in
the M2AV for example). The piezoelectric voltage is amplified and a voltage linear to
the applied pressure is put out by the sensor. However, the membrane can also be5

deformed by accelerations perpendicular to the membrane surface. Since aircraft are
always subject to vibrations and accelerations it is important to consider this effect in
the pressure measurements when membrane based pressure transducers are used.
The way to reduce the errors made due to this effect can be to calibrate the sensors for
the sensitivity regarding acceleration and measure the given accelerations in flight to10

substract the acceleration induced signal from the transducer output signal. A way to
avoid the issue of sensitivity to accelerations completely is to choose a different mea-
suring principle which is not based on a membrane deformation. A suitable alternative
are sensors that work on thermal flow measurement (in our study the sensor of type
LBA, as used in MASC). Figure 13 shows a comparison between a membrane based15

sensor and a thermal flow sensor which were at the same time exposed to accelera-
tions by mounting them at one solid board and knocking it on the table in three different
orientations. It can be seen that the accelerations in the orientation perpendicular to
the membrane orientation (here the y-direction) affect the membrane based sensor,
but not the thermal flow sensor. In the test, accelerations up to 5 ms−2 were applied.20

Similar accelerations can be found in straight leg flights with the system MASC. Other
aircraft might have less or more vibration depending on the propulsion and flight dy-
namics. The resulting pressure transducer noise with amplitudes up to 3 Pa adds to
the higher frequency turbulence measurement and will cause higher relative errors at
lower turbulence intensity.25
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5 Sampling and anti-aliasing

So far, errors by areodynamic and mechanical effects were discussed that affect the
signal that is passed on by the pressure transducer. The next step in the measuring
chain is to convert this analog 0–5 V signal from the pressure transducer to a digital
signal and logging the data of all channels synchronously to one file. All data acquir-5

ing systems (DAQ) need to address the effect of aliasing in the measured frequency
scales. Aliasing is critical in two ways: first, high frequency noise signals can alias into
the sampled frequency range, if they are not filtered. Second, the signal of the phys-
ical variable to be measured with frequencies slightly higher than half the sampling
frequency can fold into the sampled frequency range and then lead to overestimates10

in the power of the signal at low frequencies. Commercial DAQ are generally unsuit-
able for RPA because they are either too heavy, too big or need too much power. The
University of Tübingen developed the measuring computer AMOC (Airborne Meteo-
rological Onboard Computer) in cooperation with the University of Applied Sciences
Ostwestfalen-Lippe. The computer is equipped with two STM32 microcontrollers, a 2415

bit, 16 channel analog to digital converter, a telemetry interface, an SD-card slot for
data logging and various other interfaces (see also Wildmann et al., 2013). To obtain
reliable turbulence measurements within an error band of 10 %, an anti-aliasing filter
was designed and implemented on the measuring computer which contains the follow-
ing parts:20

1. A first order analog filter (RC-low pass) with cut-off frequency at 160 Hz:
Only 50 % of the original amplitude of signals with 160 Hz passes the filter, only
10 % of the signal at 500 Hz. The amplitude response of the analog filter can be
seen in Fig. 14 as a dashed blue line.

2. Oversampling of the signal at 500 Hz onboard the measuring computer:25

Only signals above 500 Hz appear as aliases in the measured signal onboard the
measuring computer. As described above, these signals are already damped to
less than 10 % of the original signal.
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3. Digital moving average filter with cut-off frequency at 70 Hz in real-time onboard
AMOC:
The moving average filter is chosen because of its simple implementation, need-
ing only little computing power in real-time processing and giving an optimal noise
reduction while keeping sharp step responses (Smith, 1997). The rather poor per-5

formance of the filter in frequency separation is still good enough for the given
task. From the red dashed line in Fig. 14, 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 100 Hz only 25 % pass and thanks to the comple-
mentary analog filter, the response of signals above 150 Hz is always damped to10

a maximum of 6 % of the original signal.

4. The log onto the SD-card at 100 Hz:
Logging at 100 Hz is another oversampling step to achieve anti-aliased data up
to 20 Hz at least. Sampling at 100 Hz, signals between 100 Hz and 150 Hz can
fold into the frequency range above 50 Hz only. The previous steps explained how15

signals above 150 Hz are already damped to less than 6 % and therefore have
very little impact.

This means that in the frequency range from 0 Hz to 50 Hz, a maximum error caused
by aliasing of 6 % is theoretically possible. In reality, the measured signal is a turbulent
flow, wherein the power of the signal decreases with increasing frequency frequency20

(power law k−5/3 in the inertial sub-range of locally isotropic turbulence, Kolmogorov,
1941).. This means that the aliases naturally have a lower amplitude compared to the
true signal at a specific frequency, which also means that the maximum error that was
estimated is overestimated, except for unnatural noise signals. Note that electromag-
netic noise typically begins at much higher frequencies that are filtered by the analog25

filter.
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6 Comparison of MASC and M2AV data

In order to demonstrate that the design considerations in the airflow measurement
system, as described above, do show the desired improvement in turbulence mea-
surement, an analysis of the frequency response of the system in flight was carried
out. Kolmogorov’s theory of locally isotropic turbulence in the inertial subrange pro-5

vides theoretical slopes of variance spectrum and structure function. If measured data
is compared to this theory, the quality of turbulence measurement can be evaluated.
Figure 15 shows the result of this analysis for true airspeed measurement. To prove
that real enhancements compared to established measurement systems like the M2AV
were achieved, the result is compared to measurements of the M2AV in very simi-10

lar meteorological conditions. The M2AV flight was in summer on 10 July 2010. The
MASC flight in late spring, 8 May 2013, both in the already mixed layer in the late
morning at an altitude of 200 m and 100 m respectively. It can be seen that the MASC
system follows theory very well up to 10 Hz. Slight damping according to the theory in
Sect. 5 can be observed at higher frequencies. According to the experiments that were15

done, comparing tubing strategy, pressure transducers and probe calibration, it would
be expected that the M2AV system is subject to more noise. The data does not reflect
this. Instead, in the structure function, a strong damping is observed in the system at
2–3 Hz. This suggests that the noise was reduced by a low pass filter in the pressure
measurements of the probe. This cannot be ascertained in the absence of more infor-20

mation on the DAQ used in the M2AV. However, it can be stated that the MASC MHP
setup meets the desired frequency response better than the M2AV system.

7 Conclusions

It was shown in this study how a standard MHP can be optimized for turbulence mea-
surements with a few easy actions. It is of high importance to know the frequency re-25

sponse of each piece in the measuring chain, starting with the pneumatic response of
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the MHP itself, the tubing and the pressure transducers. The common error of vibration
sensitivity in membrane based pressure transducers was discussed, and we suggest
to use thermal flow sensors instead to avoid this effect. It was also shown how the data
acquisition has to be optimized for non-disturbed turbulence measurement in the de-
sired frequency range. The effect of anti-aliasing can be minimized by an appropriate5

filter design. Considering these points, precise measurements of mean flow and turbu-
lent fluctuation up to 20 Hz can be achieved with the given MHP and DAQ system. To
use the MHP in RPA applications for wind and flux measurement, it has to be embed-
ded into a measurement system consisting of the aircraft itself, inertial measurements
and an autopilot in best case. Questions like flow distortion by the fuselage and wings10

has to be discussed for each individual aircraft type. The fusion of airflow data with
inertial measurements to calculate wind is already described by van den Kroonenberg
et al. (2008).
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Table 1. Comparison of two methods to define dimensionless coefficients for five hole probe
measurements.

Bohn et al. (1975) (M2AV) Treaster and Yocum (1979) (MASC)

∆P

1
5

4∑
i=0

Pi −
1
5

4∑
j=0

Pj

2


1
2

+

[
P0 −

1
4
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Fig. 1. Research RPA MASC.
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Fig. 2. Probe by ISM Braunschweig, picture and dimensions in mm.

usually based on wind tunnel calibration and can be done in
several ways (see Sasangko, 1997; Bohn and Simon, 1975;
Treaster and Yocum, 1979). A typical solution is a poly-
nomial fit between normalized pressure differences and air-
flow angles, true airspeed and static pressure respectively.150

The ISM probe was intensively used in field campaigns (e.g.
Martin et al., 2011; van den Kroonenberg et al., 2011; Spieß
et al., 2007) with the M2AV. Table 1 shows how dimension-
less coefficients are defined from the pressures at the probe.
The definitions on the left are taken from Bohn and Simon155

(1975), for an English summary, see Spieß (2006). They are
referred to as the M2AV conversion method in the following.
The definition of the pressure ports and differential pressures
is described in figure 4 and 5. The coefficients kα and kβ
are directly calculated from the pressures at the MHP ports160

(see table 1 for different methods to do so). Using a polyno-
mial fit with coefficients that were determined in a windtun-
nel calibration, the angle of sideslip, angle of attack and the
coefficients kq and kp can be calculated from kα and kβ .

α= fα(kα,kβ)165

β = fβ(kα,kβ)

kp = fs(kα,kβ)

kq = fq(kα,kβ) (3)

To find dynamic and static pressure, the expressions for kq170

and kp in table 1 need to be solved for q and p respectively.
The true airspeed as used in equation 2 has to be calculated

using the measured total air temperature Ttot, the static pres-
sure p and the dynamic pressure q:

|vtas|2 = 2cpTtot

[
1−

(
p

p+ q

)κ]
(4)175

with the Poisson number κ=R/cp, where R= 287 J
kg−1K−1 is the gas constant for dry air and cp = 1005 J
kg−1K−1 is the specific heat for dry air.

In the M2AV conversion the ring pressure ports are used to
find q and p to get a more angle-independent measurement.180

However, it was identified that in certain flight conditions the
ring can cause problems for turbulence measurement, since
the ring port pressure shows an increased noise level, which
is induced by the probe itself. Figure 6 shows the result of
measurements during the calibration procedure of the MHP185

in a jet windtunnel with a turbulence intensity of about 1%.
At a constant airspeed of 22 m s−1 and angle of attack of
10 degrees the angle of sideslip β was varied between -20
degrees and 20 degrees in steps of 2 degrees. Each position
was held for ten seconds and the standard deviation of the190

ring port pressure was measured. It can be seen that at certain
angles of sideslip, the fluctuations of the measured pressure
is higher than at other angles. This can be considered to be
aerodynamic noise introduced by the probe.

To avoid measuring turbulence that is not primarily atmo-195

sphere related, a different pressure conversion method (see
table 1, right column) that avoids using the ring port pressure
was tested. The method was initially proposed by Treaster
and Yocum (1979) and is one of the most basic five hole
probe calibration methods. It only uses one front hole and200

four side holes.
Figure 8 shows the measurement of the airflow angles and

true airspeed in one flight leg of 1000 m (including parts of
the turns at the beginning and the end). The flight was done
at late afternoon on September 23rd close to the observa-205

tory Lindenberg of the German Meteorological Service. The
flight altitude was 100 m above ground in an atmospheric
boundary layer with weak stability.

The pressures from the five hole probe were converted
in both ways, with the M2AV method and with the MASC210

method, avoiding ring port measurements. While the airflow
angles do not show a difference, it can clearly be seen that
true airspeed is much less noisy in the latter method. The
spectra of the velocities estimated through the M2AV (fig-
ure 9) shows that the noise introduced by the ring pressure215

ports manifest as ”white-noise” at higher frequencies, while
the MASC method shows significantly reduced noise and the
presence of the k−

5
3 slope (Kolmogorov distribution for lo-

cally isotropic turbulence in the inertial subrange).
It should be noted that the large difference between the220

two methods shows up explicitly at certain airflow angles,
which were included in the presented time series. However,
even though errors are smaller at other angle combinations,

Fig. 2. Probe by ISM Braunschweig, picture and dimensions in mm.
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4 N. Wildmann et. al: Multi-hole probes with RPA

Fig. 3. OpenFOAM flow simulation around the probe tip at 24 m s−1 total airspeed at 0 degrees angle of sideslip in both figures, 0 degrees
angle of attack in the left figure and 10 degrees angle of attack in the right figure. The colour scale shows differential pressure to the
environment in Pa.

Fig. 4. Tubing system as used by the TU Braunschweig and described in Spieß et al. (2007) for the M2AV. The pressure transducer
measurements dP0i are differential pressure readings of the low pressure port (LP) connected to the holes P1-P4 and the ring port holes
Pstatic compared to the high pressure port (HP), which in this case is the common port P0. Ps represents a barometric pressure sensor.

Fig. 5. Alternative tubing setup without branches as used in MASC. The pressure transducer measurements dPi are readings of all single
port pressures of the probe (P0-P4 and Pstatic) compared to one common reference port. Ps represents a barometric pressure sensor.

Fig. 3. OpenFOAM flow simulation around the probe tip at 24 ms−1 total airspeed at 0 ◦ angle
of sideslip in both figures, 0 ◦ angle of attack in the left figure and 10 ◦ angle of attack in the right
figure. The colour scale shows differential pressure to the environment in Pa.
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Fig. 4. Tubing system as used by the TU Braunschweig and described in Spieß et al. (2007)
for the M2AV. The pressure transducer measurements dP 0i are differential pressure readings
of the low pressure port (LP) connected to the holes P1–P4 and the ring port holes Pstatic com-
pared to the high pressure port (HP), which in this case is the common port P0. Ps represents
a barometric pressure sensor.
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Fig. 5. Alternative tubing setup without branches as used in MASC. The pressure transducer
measurements dP i are readings of all single port pressures of the probe (P0–P4 and Pstatic)
compared to one common reference port. Ps represents a barometric pressure sensor.
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N. Wildmann et. al: Multi-hole probes with RPA 5

Bohn et al, 1975 (M2AV) Treaster and Yocum, 1979 (MASC)

∆P

1
5

4∑
i=0

(
Pi −

1

5

4∑
j=0

Pj

)2
 1

2

+

[
P0 −

1

4

4∑
i=1

Pi

] (dP1 + dP2 + dP3 + dP4)

4

kα
dP01−dP03

∆P
dP1−dP3
dP0−∆P

kβ
dP02−dP04

∆P
dP2−dP4
dP0−∆P

kq
q−dP0s

∆P
dP0−q

dP0−∆P

kp
Ps+dP0s−p

∆P
dP−p

dP0−∆P

Table 1. Comparison of two methods to define dimensionless coefficients for five hole probe measurements.
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Fig. 6. Standard deviation of the pressure ports in front of the ring
of the ISM probe during a windtunnel calibration. Angle of attack
10 degree, angle of sideslip shifted through -20 to 20 degrees.

they can be completely avoided if the ring port pressure is
not used for true airspeed calculation.225

3 Tubing response and calibration of the probe

As transient velocities are of particular interest, the pneu-
matic dynamic response of tubing and transducer needs to
be investigated to ensure measurements within a certain er-
ror band in the target frequency range. The tubing system230

within the MHP consists of a combination of a steel tube of
inner diameter 0.7 mm and another tube of different mate-
rial (e.g. PVC) and diameter. The dynamic response of the
system depends on not only the length and diameter of the
tubing, but also on the air volume inside the pressure trans-235

ducers. The magnitude and phase response of tubing systems
has been well investigated by Bergh and Tijdeman (1965).

They derived theoretical estimates of the response of a sin-
gle tube connected to either a single or multiple transducers
connected in series with the variable tubing length, tubing240

diameter and transducer volume. Further studies investigated
the validity of the model for short tubing length and proved it
suitable for tubing longer than 150 mm (Semaan and Scholz,
2012). However, their model does not account for branched
tubing systems.245

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 described
in Spieß et al. (2007) for the M2AV. The schematic of such250

a set-up is shown in figure 4. This set-up has a strongly
branched tubing system at the high pressure port of all trans-
ducers (P0 is branched six times), whereas the low pressure
port is in most cases directly connected to one hole of the
probe. This setup cannot be simulated by a simple model like255

the one described by Bergh and Tijdeman.
Alternatively, the holes in the probe can be connected to

the transducers in the manner presented in figure 5. This
method of tubing connection was used in MASC. The mea-
sured pressures can be converted to the same measurement260

as in the M2AV setup as follows:

dP0i = dP0 − dPi

with i= 1, . . . ,4,s (5)

To compare the M2AV and MASC setups with respect to265

the tubing system, the model of Bergh and Tijdeman cannot
be used because it does not account for branches. Therefore,
an experiment was set up to assess the response of the two
different tubing strategies (see figure 10). The tubing sys-
tem under investigation was connected via a PVC-tube of270

length similar to the actual setup that would be implemented
in MASC (in this case 0.18 m), to a sealed volume attached
to a speaker. A reference measurement was made by plac-
ing another transducer directly on the cabin wall without any

Fig. 6. Standard deviation of the pressure ports in front of the ring of the ISM probe during
a windtunnel calibration. Angle of attack 10 ◦, angle of sideslip shifted through −20 to 20 ◦.
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Fig. 7. Result of a windtunnel calibration of the MHP. The graph on the left shows mean values of 10 seconds at angle combinations between
-20 and 20 degrees for angle of attack and -20 to 20 degrees sideslip. The black line is the angles and airspeed that were set in the windtunnel,
the red line shows the result of the measurement after the polynomial fit. A polynomial fit of 9th order gives a maximum error of 0.47◦ and
0.59◦ for α and β respectively. The maximum error for true airspeed measurement is 0.15ms−1 and can also include variations in the
windtunnel speed. The graph on the right shows the corresponding errors for each calibration setting.
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Fig. 8. True airspeed, measured with the five hole probe and calculated with the M2AV method, and the MASC method respectively. Angle
of attack throughout the leg approx. 10 degrees; angle of sideslip approx. 8 degrees. Flight conditions, see text.

Fig. 7. Result of a windtunnel calibration of the MHP. The graph on the left shows mean val-
ues of 10 s at angle combinations between −20 and 20 ◦ for angle of attack and −20 to 20 ◦

sideslip. The black line is the angles and airspeed that were set in the windtunnel, the red line
shows the result of the measurement after the polynomial fit. A polynomial fit of 9th order gives
a maximum error of 0.47◦ and 0.59◦ for α and β respectively. The maximum error for true air-
speed measurement is 0.15 ms−1 and can also include variations in the windtunnel speed. The
graph on the right shows the corresponding errors for each calibration setting.
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Fig. 8. True airspeed, measured with the five hole probe and calculated with the M2AV method,
and the MASC method respectively. Angle of attack throughout the leg approx. 10 ◦; angle of
sideslip approx. 8 ◦. Flight conditions, see text.
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Fig. 9. Spectra of the true airspeed measurement in flight with stan-
dard calibration and new method. The red line shows the k− 5

3 slope.

tubing in between the pressure source and the transducer.275

The speaker was able to play sine waves with frequencies
from ten to several hundred Hertz. The measurement com-
puter was logging the transducer output at a rate of 1 kHz.
The maximum investigated frequency was 200 Hz, which is
higher than the sampling rate that is used in flight.280

Initially, the response of the transducers themselves were
tested. The transducers included: Sensors of the type P4V-
Mini by the company AllSensors and sensors of type LBA
by the company Sensortechnics. The P4V-Mini sensors work
on the principle of a membrane that is displaced by the pres-285

sure difference and its deflection is measured by piezoresis-
tivity. The LBA sensors estimate pressure difference through
a thermal mass flow measurement.

To visualize the response of the pressure measurement sys-
tem, the amplitude and phase response as the two parts of the290

transfer function H of the system are calculated:

H(ω) = |H(ω)|eiϕ(ω) (6)

where ω is the angular frequency and ϕ the phase shift.
The amplitude response is presented as the ratio between the295

standard deviation σ of the tubing system being investigated
and the reference:

|H(ω)|= σP0(ω)

σPref(ω)
(7)

To find the phase response of the system, the cross-
correlation function ϱP0,Pref between the two sensors was cal-300

culated for each frequency and the time shift between the two
signals needed for maximum correlation was estimated. This
time shift was converted to a phase angle in the following
manner:

Fig. 10. Schematic drawing of the experiment to measure the tubing
response. While the high pressure (HP) port of the reference trans-
ducer (Pref) is directly connected to the acoustic box, the HP port
of the pressure measurement under investigation (P0) is connected
with the necessary tubing of the real system. Ps is the common am-
bient pressure on the low pressure (LP) port of the transducers.

∆t= t(max |ϱP0,Pref |) (8)305

ϕ=∆t ·ω · 180
π

(9)

The tests with the P4V-Mini sensors showed consider-
able variations in the response of each individual transducer.
Therefore, the experiment was carried out with the LBA sen-310

sors by Sensortechnics only. Section 4 will give more reasons
why in flight measurements this type of sensors is chosen
in future. The amplitude and phase response of the two tub-
ing systems are presented in Figure 11. In the same figure,
the theoretical response for the single tube of same length315

without branches as calculated with the Bergh and Tijdeman
model is presented.

It can be seen that both tubing setups resemble oscillatory
dynamic systems with at least one resonance frequency. The
first resonant frequency of the M2AV system was found to320

be at around 80 Hz, while it is out of the measurement range
for the alternative setup. The damping factor of the M2AV
setup is much higher than for the alternative setup, hence the
resonance amplitude was much smaller. The phase response
attenuates towards −180◦, which is characteristic for a sec-325

ond order dynamical system.
It should be recalled that in the M2AV setup, one side of

the differential transducers was connected to the side holes
of the probe directly, while the other side of the transduc-
ers was connected to the front hole with a branch to five330

other transducers. In light of the acoustic tests performed
here, it was identified that the tubing responses on either side
of the transducer differ significantly. Though the two tubing

Fig. 9. Spectra of the true airspeed measurement in flight with standard calibration and new
method. The red line shows the k− 5

3 slope.
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Fig. 10. Schematic drawing of the experiment to measure the tubing response. While the high
pressure (HP) port of the reference transducer (Pref) is directly connected to the acoustic box,
the HP port of the pressure measurement under investigation (P0) is connected with the nec-
essary tubing of the real system. Ps is the common ambient pressure on the low pressure (LP)
port of the transducers.
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Fig. 12. Acoustic test of tubing system. Left: raw measurement of the transducers. Right: per-
centage of prevailing pressure that is measured as an artefact due to different phase shifts at
high and low pressure port of the transducer.
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Fig. 13. Vibration/Acceleration applied to pressure transducers in distinct directions.
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