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Abstract

The article presents the first attempt to analyze data obtained simultaneously by the Russian
BTN and Bulgarian R3DR instruments, flown in 2010 on the “Zvezda” module of the International
space station (ISS). Both instruments have well established sensitivity against gamma radiation. This
was verified in space, when the Russian spacecraft Soyuz TMA-16, initially docked to the aft port of the
“Zvezda” module, was relocated to the zenith-facing port of the “Poisk” module on January 21, 2010.
This maneuver brings a gamma ray source in the angle of view of both the BTN and R3DR instruments.
The comparison of the data, after the relocation, for the first channels of the spectrometers reveals that
they are elevated. This situation continues till March 18, 2010 when Soyuz TMA-16 spacecraft was
undocked from the ISS and landed. The final part of the paper, investigate the decrease of the R3DR
instrument dose rates in the region of the South Atlantic anomaly (SAA), generated by the additional
mass of the Soyuz TMA-16 spacecraft.

Introduction

Following the European Space Agency announcement of opportunity in
1996 for “Externally mounted payloads for 1% utilization phase” on the ISS,
scientists working in the fields of astrobiology proposed experiments, aiming at
long-term exposure of a variety of chemical compounds and extremely resistant
microorganisms to the hostile space environment [1]. The radiation fields
encountered in this environment is of pivotal interest to astrobiology [2]. To provide
information about the diurnal variation of this radiation, the EXPOSE-R platform
(Fig. 1) accommodated the Radiation Risk Radiometer-Dosimeter (R3D) for the
Russian segment (R) R3DR (pls. look at the red oval in Fig. 1). This is a low-mass
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and small-dimension automatic device measuring solar UV and visible radiation in
four channels and cosmic ionizing radiation during the EXPOSE-R mission in
2009-2010 [3].

The BTN-MD detection block is a spectrometer with four individual neutron
detectors. BTN-MD is a spare flight unit of High energy neutron detector (HEND)
experiment; installed on-board NASA spacecraft Mars Odyssey, intended for the
exploration and cartography of neutron radiation of Mars surface in different energy
ranges [4]. After several years of successful operation of HEND it was decided to
use a spare flight unit for the near Earth measurements on-board the 1SS [5]. The
Russian Zvezda module was chosen for this. Some preparations were made, such as
development of the BTN-ME inner control block and the Block-MF (a system for
providing temperature conditions) and a special mounting pylon for the BTN-MD
outside the station [5].

On Fig. 1 shows the mounting position of the EXPOSE-R facility at the left
side of the Russian Zvezda module of the ISS (only part of it is seen). The BTN
detector unit is seen in the zenith area of the module. Both units are at distance of
about 5 m.

Fig. 1. ESA EXPOSE-R facility Fig. 2. Position of the BTN detector unit and
R3DR instrument outside “Zvezda”
module of the ISS

Materials and Methods
R3DR instrument description

The R3DR instrument is a Liulin-type miniature spectrometer-dosimeter [6].
Its size is 76 x 76 x 34 mm and weight about 0.12 kg. The alignment of the four
photodiodes of the solar irradiance spectrometer is well seen in the centre of the
R3DR instrument in Fig. 1. The ionizing radiation PIN diode with a 2 cm? area is
located beneath the aluminium cover and is therefore not visible.



The ionizing radiation detector of the R3DR instrument (silicon PIN diode
of Hamamatsu S2744-08 type) was mounted about 3 mm below the 1 mm thick
aluminium cover plate. Additionally, there was a technological shielding of 0.2 mm
copper and 0.2 mm plastic material, resulting in less than 0.6 g cm total shielding.
This allows measuring the direct hits of electrons with energies higher than
1.18 MeV and of protons with energies higher than 27.5 MeV (https://www.nist.gov/
pml/stopping-power-range-tables-electrons-protons-and-helium-ions). The surface
of the detector (2 cm? by 0.3 mm thickness) was oriented to the open space. The
detector shielding, being larger from the sides and from behind (Fig. 1), stops the
outer radiation belt (ORB) relativistic electrons and attenuates the lower energy inner
radiation belt (IRB) protons, but practically does not change the amount of the
galactic cosmic rays (GCR) particles.

The instrument obtained one-fixed voltages of +15 V DC from EXPOSE-R
facility. The telemetry output from the instrument was arranged as an RS422 serial
interface with a maximum rate of 19.2 kbps. The instrument was controlled by a
master microprocessor, containing a 12-bit analogue-to-digital converter (ADC) for
the UV data channels and the multiplexer. The ionizing radiation dose and the flux
measurements were arranged by a charge sensitive preamplifier and another fast
12-bit ADC. The slave microcontroller determined the deposited energy spectrum.
Then the spectrum was transferred to the master micro-controller and to the
telemetry system. The measurement cycle of the instrument was fixed at 10s. During
this time, one energy deposition spectrum from the cosmic ionizing radiation channel
was accumulated. A pulse height analysis technique was used for obtaining the
deposited energy spectrum, which is further used for the calculation of the absorbed
dose and flux in the silicon detector [7].

Data analysis and dose interpretation procedure

The main measurement unit in the ionizing radiation spectrometer was the
amplitude of the pulse, after the preamplifier, generated by particles or quanta hitting
the detector. It is proportional to the energy loss in the detector by a factor of
240 mV MeV* and likewise to the dose and the linear energy transfer of the particle.
These amplitudes were digitized and organized in a 256-channel spectrum, using
only the first 8 bits of the 12 bit fast ADC. The dose D(Si) in Grey [Gy], which by
definition in System International is one Joule deposited in 1 kg of material, was
calculated by dividing the summarized energy deposition in the spectrum in J by the
mass of the detector:

(1) D(Gy) = f N.E,MD™,

i=1
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Where MD is the mass of the detector in kg, Niis the number of pulses registered in
channel “i”, E; is the deposited energy (in Joules, known through the calibration of
the detector) corresponding to channel “i”.

The calibration procedures, which were performed with analogical R3DR
instruments, are described in [8]. The response curve of the R3DR instrument is
expected to be very similar to that published by [9] because all Liulin instruments
were manufactured using the same electronic parts and the same schematic/scheme.
In the specific example of the calibration, performed by Dr. Yukio Uchihori, it was
found that the linear coefficient of the response curve, obtained during the
calibrations with protons, He* and Ne* ions was equal to 81.3 keV, whereas the
Liulin instruments predicted 81.4 keV. During the calibration process of the new
Liulin-type instruments, we adjusted the position of the first spectrometric channel
using a >*Am 60 keV gamma line. Furthermore, the linearity is controlled by
electronic methods, as described by AMPTEK INC. in the A225 preamplifier
operating notes (http://www.amptek.com/pdf/a225.pdf).

During the calibrations of the Liulin-type instruments it was found that the
absolute values of the measured doses were within 2.8% and 8% of the reference
value for the ’Cs and ®°Co sources, respectively [10]. The response of the
LIULIN-4 spectrometer (identical in construction to R3DR2 instrument) was
compared in [11] to that of the HAWK TEPC (http://www.fwt.com/detector/fw-
adlds.htm) on 42 aircraft flights in 2003—2004. On all flights, the absorbed dose
measured by both instruments agreed to within 5%. We consider that the flux and
dose rate errors of the R3DR measurements on the ISS are within 10% (interval).

The calibrations showed that except for charged energetic particles, the
Liulin instruments has sensitivity towards gamma rays, which allowed monitoring
of the natural background radiation [10]. The detector’s neutron effectivity is
minimal for neutrons with energy less than 0.5 MeV and has a maximum of a few
percent for neutrons with energy of 50 MeV [12]. The Hamamatsu PIN diodes of
type S2744-08 “neutron induced nuclear counter effect” was described by [13]. Via
this effect, neutrons could be observed in all channels of the spectrum.

Radiation sources selection procedure

The simplest method for source separation is described by Dachev [7], who
used the 1971 J. W. Haffner’s [14] experimental formulation of the dependence
between the incident energy of incoming protons E, and electrons E. and the dose to
flux ratio (D/F) in nGy cm? particle:

(20  DI/F(E,)=6x10°E, " +25x10°E, "
and

- -0.8 - 0.85
3  D/F(E,)=4x10"°E, * -6x10 °E,
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The valid ranges for formulae (2) and (3) are 1+10 MeV, and 1+1000 MeV,
respectively.

Dachev [7] shows that according to formulae (2) and (3) the data can be
simply split into two parts by using the dose to flux ratio (D/F). When the D/F is less
than 1.12 nGy cm? particle?, the expected predominant type of radiation in a 10-s
interval is ORB electrons. When the D/F is greater than 1.12 nGy cm? particle?, the
expected type of radiation is IRB or SEP protons [15]. The GCR source spans the
two ranges. The GCR source was identified by the requirements that their dose rates
are less than 15 uGy h,
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Fig. 3. Latitudinal distribution of the  Fig. 4. Design features of BTN-MD instrument
dose rates measured with the R3DR2
instrument

The procedure described by Dachev et al. [15] was upgraded. The result of
the separation of the four radiation sources (including SP) is seen in Fig. 3, revealing
the latitudinal distribution of the dose rates against McIlwain’s L values. The L value
is plotted on the x-axis. On the y-axis, the absorbed dose rate measured by the
R3DR2 instrument is plotted. Fig. 3a contains data from 21 June to 30 June 2015,
whereas the data on Fig. 3b are from 11 June to 20 June 2015. Each section contains
86 400 points at a 10-s resolution (10 days x 360 x 24 h).

Four different primary radiation sources, separated by the heavy black lines,
are seen in the data. These sources are plotted in Fig. 3 with different colors for the
IRB, ORB, GCR and SEP sources. From one 10-s independent measurement of the
dose rate (D) and flux (F), we were able to calculate one dose to flux ratio (D/F).



Using this, we were able to decide only what the predominant radiation sources were,
but we were not able to extract the exact doses of each source.

The GCR source contributes for the majority of the measurements in Fig. 3,
visualized as the area with many red points in the bottom over the L-value range
between 1 and 6. The dose rates vary between 0.03 and 15 uGy h.

The second permanent source of radiation corresponds to the protons in the
SAA region of the IRB, presented as a large maximum in the upper left corner of
Fig. 3, with a total of 5 876 points in Fig. 3a. They cover L-values between 1.2 and
2.6. The dose rates in the IRB region varied between 10 and 2 748 uGy h.

The GCR and IRB sources in both figures 3a/b look very similar because
these two sources have relatively slow time variations. Drastically different are the
ORB and SEP sources in the right parts of Figures 3a/b. The reasons for the radically
different ORB and SEP distributions are the magnetic storms on 23 and 25 June and
the SEP events on 18, 22 and 26 June 2015. The real SEP particles in Fig. 3a/b appear
at some smaller L-values. Then they rise and finally maintain some fixed dose rate
value at a range of L from 4 to 6. The SEP source in Fig. 3b appears only at L > 5,
because the SEP event on 18 May was very week.

The boundary seen at L = 4.7 in the ORB source in figures 3a/b is generated
by the Earth magnetic field hemisphere asymmetries. The ISS orbit in the Southern
hemisphere is extended up to L = 6, while in the Northern only up to L = 4.7.

BTN instrument description

Three detectors (SD, MD, and LD) are based on helium-filled (*He)
proportional neutron counters covered in cadmium shields and polyethylene spheres
of different thickness. The design aspects of these detectors are shown in Fig. 4. The
proportional *He counters are detectors of epithermal neutrons. In this case, having
given a good account (also as a part of the HEND experiment flight unit), the
LND2517 industrial counters (LND Inc. Company, United States) were used, filled
with ®He and a small addition of CO, under an atmosphere pressure of 6. The
registration concept in the proportional counter is based on the capture of a thermal
or epithermal neutron in a reaction of that type as follows:

(4) n+3He — °H + p + 764 keV

The total energy output in that reaction is distributed between the proton and
the triton in the ratio of 191 keV (triton) and 573 keV (proton) in inverse proportion
to their masses.

10
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MD instrument detectors

The counter itself is a metallic cylinder (cylinder jacket serves as a cathode)
with a thin (thickness about the fraction of a millimetre) tungsten wire along the
cylinder axis, which serves as the anode. A current of about 1 kV is applied between
the cathode and the anode. This allows the counter to work in the so-called
proportional mode, when the applied current is high enough for the primary electrons
formed during the ionization of gas molecules by a nuclear reaction of n + *He —°H
+ p in order to perform secondary ionization with the generation of a large number
of ion pairs. The collected charge on the electrodes of the counter and the
corresponding current impulse is proportional to the full energy output in the volume
of the counter. The digitalization of the signal received, during one neutron
registration act, allows the amplitude spectrum to be obtained.

We used 16 spectral channels to digitalize amplitude. The first 15 spectral
channels have approximately equal width and cover energy range up to 1 MeV. The
last channel is integral and allows particles that produce energy output greater than
1 MeV to be registered (these particles may be, e.g., high-energy neutrons). The
amplitude spectrum form measured in this proportional counter depends on the
kinematics of the reaction products and does not depend on the energy of the
incoming neutron (except episodes of high-energy neutron registration). The typical
form of the amplitude spectrum has a main peak that corresponds to the full energy
output (764 keV when both the proton and triton stayed in the volume of the detector)
and a wide low-energy plateau that corresponds to the episode when a proton or
a triton reached the walls of the detector (wall effects). The cross section of a neutron
capture starts in the thermal energy ranges (fractions of eV) and extends to the
epithermal energies (units and tens of keV) according to the power law ~E™*2. If
a proportional counter is covered in a layer of a cadmium (effective thermal neutron
absorber), its registration efficiency shifts to an epithermal-neutron energy range of
0.4 eV (cadmium threshold) to hundreds of eV.

To increase the energy range of the registered neutrons (suitable for
registering neutrons with higher energies), all detectors of the BTN-MD instrument

11



are covered in polyethylene (CH2) with various thicknesses. The polyethylene is an
effective neutron moderator due to the hydrogen in its composition. The various
thickness of the polyethylene leads to various moderation rates of incoming neutrons
to energies where the registration efficiency in gas-filled counter approaches the
maximum.

An SD detector (Fig. 4 to the right), with a polyethylene thickness of 2 mm,
has the maximum response to the neutron in the energy range of 0.4 eV to 1 keV.
The MD detector (Fig. 4 at the centre), with a thickness of medium polyethylene
about 15 mm, has maximum response to neutrons in energy range from 10 eV to
100 keV. LD detector, (Fig. 4 to the left) with a double polyethylene thickness of 30
mm, has the maximum response to neutrons in energy range from 10 eV to 1 MeV.
Figure 5 shows the sensitivity functions of all detectors in the BTN-MD instrument.
It is clearly seen that, due to various thicknesses of the moderators, in the
proportional counters, we managed to succeed in registering neutrons in a wide range
of energies of from 0.4 eV up to 1 MeV.

The fourth detector (SC) is intended to register only high-energy neutrons in
the energy range of 350 keV to 15 MeV. It was manufactured from a stilbene crystal
(C14H12) and covered in the anticoincidence shield from the crystal. The
configuration of the scintillation block is shown in Fig. 6. The fast neutron detector
is also shown there (in Fig. 6, it is marked as a stilbene). The stilbene is an organic
crystal with high hydrogen content. Upon registering a neutron with energy En,
a proton with energy Ep < En is dislodged (SC/IN/N signal shown in Fig. 6).

The registration of gamma rays with the formation of a free electron also
occurs in the stilbene (SC/IN/G signal). The forms (time profile) of the electric
pulses from the protons and the electrons differ very much, so the special electric
scheme developed for the BTN-MD allows these two events to be divided with an
error of no more than 1073,

The outer scintillation detector (signal measured in the detector SC/OUT,
see Fig. 6) was manufactured from a crystal, which has a high density and an atomic
number, which allows the high registration efficiency of gamma rays and charged
particles with the energies of more than 50 keV. To distinguish the outer cosmic
rays, the protons from the recoil protons formed in stilbene after the interactions with
the neutrons, an anticoincidence logic was implemented in the detector block. The
proton registration of the cosmic rays act in the outer detector SC/OUT is followed
by the VETO signal, which forbids the simultaneous registration of that proton in
the inner detector SC/IN.

ISS configuration during the R3DR and BTN simultaneous operation

In November 2006, the BTN MD neutron spectrometer was installed
onboard the Russian Zvezda module, which is a component of International Space
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Station (ISS). The R3DR dosimeter worked in the EXPOSE-R facility outside the
Russian Zvezda module of the ISS in the period 11 March 2009-20 August 2010.

Gamma
source

Fig. 7. The configuration of the Russian segment and the positions of both the BTN detector
unit and the R3DR instrument

Because of a failure of the computer, connecting the external facility to the
ISS and to the ground [16], no data were retrieved in three large time spans:
24 June—28 December 2009, 21 January—18 February 2010 and 12—21 March 2010.

Figure 7 shows the configuration of a part of the Russian segment during the
R3DR and BTN simultaneous operation in the period January-March 2010. On the
left bottom, part of the figure is the Zvezda module. The Zaria module is on the right
side. The Poisk module is in the middle.

The Soyuz TMA-16 was a crewed flight to and from the ISS. The launch of
the Soyuz rocket with the Soyuz TMA-16 spacecraft took place on Sept. 30, 2009, at
11:14:42 Moscow Summer Time. It transported two members of the Expedition 21
crew and a Canadian entrepreneur from the Baikonur Cosmodrome in Kazakhstan
to the ISS. Soyuz TMA-16 was docked to the ISS at the aft port of the Zvezda module
on Oct. 2, 2009 at 12:35:07 Moscow Time. On January 21, 2010, cosmonaut Suraev
and Expedition 22 Commander J. Williams relocated the spacecraft to the zenith-
facing port of the Poisk module. Soyuz TMA-16 landed in Kazakhstan on March 18,
2010.

The gamma ray source (red large circle), part of the KAKTUS-2B gamma
altimeter is mounted at the bottom of the descending module of the Soyuz TMA-16
spacecraft. It is used to initiate the firing of the boosters during the landing. The
position of the BTN detector unit is shown as a yellow rectangle in the figure. Its
angle of view is toward up that is why the BTN does not see the gamma source at
the Soyuz TMA-16 spacecraft until the moment of the relocation on January 21st,
2010.
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-+ Channels 0-4
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Fig. 8. BTN data obtained in January and March 2010

The R3DR instrument position is shown in Fig. 7 as a black dashed line
guadrate. It is mounted on the ESA EXPOSE-R facility and both are behind the body
of the Zvezda module and are not visible. The R3DR angle of view (blue lines in Fig.
7) is also toward up, analogically to that of the BTN. It does not see the body and the
gamma ray source on Soyuz TMA-16 spacecraft before the relocation on 21 of
January 2010. R3DR and BTN instruments, being gamma ray sensitive, start to show
the gamma radiation in the dataflow after the moment of the relocation on January
21%, 2010. On March 18, 2010, when Soyuz TMA-16 spacecraft went to landing,
both instruments loose the signal of gamma ray.

Data analysis
Gamma ray source analysis
BTN data analysis

Fig. 8a contains the gamma ray background measurements of the BTN
detector unit in the period January 14" — February 1%, 2010. Well-seen drop-up in
the count rates is observed in all channels, i.e. 1-16, at about 10:30 UT on January
21%,2010. Since this moment up to about 08:00 UT on March 18 (Fig. 8b), the counts
in the mentioned channels were elevated because of the quanta emissions of the °Co
gamma ray source at the Soyuz TMA-16 spacecraft. They became visible by the BTN
detector unit after the relocation of the Soyuz TMA-16 spacecraft.

Fig. 8b contains the gamma ray background measurements by the BTN
detector unit in the period 15-21 March 2010. In this case, a well-seen drop-down
in the count rates is observed in all channels from 1 t016 at about 08:00 UT on March
18, 2010. The change is associated with the undocking of the Soyuz TMA-16
spacecraft from the ISS for further landing. This brings the gamma ray source away
from the BTN detector unit, which stop to observe it.
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R3DR data analysis

Fig. 9a visualizes the variations of the R3DR instrument first channel count
rate in the period 16-25 January 2010, while Fig. 9b — the variations of the periods
6-10 and 22-27 March 2010. With black non-filled points is presented the count
rate. The points were selected with the following requirements: a) the total magnetic
field strength to be higher than 0.26 Gauss.

January 2010 —

Counts Channel 1

+ Counts Ch1
9 per. Mov. Avg. (Counts Ch 1)

s B % 3, 9%, 0> 0s, Oy, 7 ST IR IR
%; %z %; 0/0) ,/o; ‘D/oz u}oz %; %z %z %\? )/0\; 0/03 \9/0\? 0/0‘;\ J/o\? %9 S/o\? 6/03 )/o\?
UT (dd/mmlyy) UT (dd/mmlyy)

Fig. 9. R3DR data obtained in January and March 2010

This removes from the selection the IRB source protons in the region of the
SAA; b) the D/F ratio of the selected data to be higher than 1.5 nGy cm? particle™.
This removes from the selection the ORB relativistic electrons. As a result of both
requirements, only the GCR radiation was selected. The red dotted line in the figures
presents the moving average per 9 points of the count rate.

The first feature seen in the Fig. 9 is the meander of the minima and the
maxima in both variables. This is generated by the orbital movement in the longitude
of the ISS during 1 day that is why the meander is with about one day frequency.
The minima in Fig. 9 correspond to the crossings of the magnetic equatorial region,
while the maxima — to the crossings of the high latitudes in both hemispheres. The
geomagnetic shielding, measured by the vertical cut-off rigidity [17], is the reason
for the reduced GCR fluxes at low L values and for the rising fluxes toward the high
L values. The same meander is observed in the BTN data in Fig. 8.

The second main feature is the drop-up of the count rate around 21% of
January in Fig. 9a and the drop-down in the interval between 10 and 22 March 2010
in Fig 9b. Those are the same changes as the observed in Fig. 8. That is why we
consider that the R3DR count rate data reflect the observation of the gamma ray
source at the Soyuz TMA-16 spacecraft.

Historically, at first the gamma ray source at Soyuz type spacecraft was
observed by the R3D-B2 instrument (technologically identical to the R3DR
instrument) at the Foton-M2 spacecraft. The R3D-B2 instrument was mounted
inside the ESA Biopan-5 facility in ESTEC, The Nederland (Dachev 2013, look at
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Fig. 1 therein) and switched ON in ESTEC on 24 May 2005. It measured the
radiation during the whole transportation from ESTEC to Baikonur, Kazakhstan.
During the integration of the Biopan-5 facility in the Foton-M2 spacecraft on
29 May an additional source of radiation was observed by R3D-B2 instrument. It
rises up the doses from the normal background level of 0.1 uGy h* up to about
2 uGy h't. Having in mind the very small level of the D/F ratio of about 0.2 nGy cm?
particle, we identify it as the gamma radiation.

More precisely, the R3DR data analysis gives the following results for the
changes of the R3DR parameters on 21 January, connected with the arrival of the
Soyuz TMA-16 spacecraft, seen in Fig 9a: a) the average count rate in the first
channel rises up from 1.87 to 2.46 counts per 10 s; b) the average GCR dose rate
rises up from 7.31 to 7.94 uGy h'. The calculated average ambient dose rate [18]
rises from 27.2 to 29.8 uSv h. For the changes, connected with the outflow of the
Soyuz TMA-16 spacecraft, seen in Fig 9b the following results were obtained
respectively: a) the average count rate in the first channel falls down from 2.22 to
1.91counts per 10 s; b) the average dose rate fall-down is from 7.59 to
6.53 uGy h. The calculated average ambient dose rate [18 falls down from 28.4 to
24.6 uSv ht,

Analysis of the IRB source decrease

The analysis of the data from the R3DE instrument of the ESA’s EXPOSE-E
mission, outside the ISS at the European Technological Expose Facility (EUTEF) on
the ESA Columbus module, shows that the docking of the Space Shuttle with the
ISS decreased the SAA dose rates [19]. The R3DE instrument decreases were from
about 1500-uGy h! down to 600700 uGy h or by a factor of two.

2200
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0,70, 0. 0,
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Fig. 10. SAA dose rate variations from 11 to 31 January 2010
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The dose rate data from the R3DR instrument showed that: 1) before the
Space Shuttle docking, the SAA dose rates, measured with the R3DR, were higher
(~2500 pGy h) than the R3DE data; 2) The decrease of the SAA dose rates, after
the shuttle docking, was only by a factor of 1.25. These differences were explained
by the smaller shielding of the R3DR from the body of Zvezda module and by the
larger distance from the body of the Space Shuttle, docked to the American Destiny
module.

Having in mind the above, we decided to prove how the relocation of the
Soyuz TMA-16 spacecraft inside of the view angle (pls. look the blue lines in Fig. 7)
changes the SAA energetic protons dose rates.

Fig. 10 shows the SAA dose rate variations from 11 to 31 January 2010. The
points were selected with the following requirements: a) the total magnetic field
strength to be less than 0.23 Gauss. This specify the selection predominately the IRB
source protons in the region of the SAA; b) the D/F ratio of the selected data to be
higher than 1.5 nGy cm? particle’®; c) the dose rate to be higher than 15 uGy h.

Because of the large time interval on the X axis in Fig. 10, the 6-8 dose rate
data of the ascending and descending crossings of the SAA anomaly per day are
presented only by two bars. The first one corresponds to the descending orbits, while
the second one to the ascending orbits during one series of 6-8 crossings. The
differences in the dose rate amplitudes are produced by the east-west asymmetries
of the proton fluxes in the region of the SAA [20], which lead to the existence of
a predominant east to west drift velocity of the protons in the SAA.

In Fig. 7 the proton drift velocity is presented with light green arrow. The
picture really visualizes the descending orbits situation, when the station is flying in
the direction of the ISS velocity to the right. The R3DR instrument, being at the other
side of the Zvezda module (pls. look also Fig. 2), is shielded from the low energy
SAA protons by the body of the Zvezda module. That is why, the dose rate in the
descending (first) bars in Fig. 10 are smaller than the ascending bars. During the
ascending orbits, the ISS is rotated at 180° and R3DR is directly hit by the SAA
protons.

Well seen decrease of the SAA dose rates is observed on 21 January 2010,
when Soyuz TMA-16 spacecraft was relocated and came in the angle of view of the
R3DR instrument. The red curve, which connected the maximal dose rate bars,
underlines this change. More precise, the R3DR data analysis gives the following
results for the changes of the R3DR parameters on 21 January, connected with arrival
of the Soyuz TMA-16 spacecraft, as seen in Fig 10: a) the average dose rate in the
SAA decreases from 360 to 330 uGy h*; b) the maximal observed SAA dose rate
decreases also from 2063 to 1878 uGy h. These changes are statistically verified
by 4416 10 sec measurements in the period 11-20 January and 4340 measurements
in the period 22-31 January.

The rise of the SAA dose rates, connected with the undocking of the Soyuz
TMA-16 spacecraft, on March 18 2010 are not possible to be precisely analysed,
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because of rotating of the ISS at 180° on March 3, 2010. The data in the period
6-12 March are not collected in the same way as the data in the period 22—30 March
2010. The result is that both data sets are not possible to be compared.

Conclusions

The simultaneously obtained gamma ray data by the Russian BTN and the
Bulgarian R3DR instruments show very similar changes, connected with the
appearance of the gamma ray source in the angle of view of both instruments. The
undocking of the Soyuz TMA-16 spacecraft on March 18 2010 also brings identical
changes in both instruments. In conclusion, we are deeply convinced that the first
attempt for a mutual data analysis is very successful.
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CPABHSIBAHE HA JAHHUTE OT IPUBOPUTE BTN U R3DR
MN3BBH MEXAYHAPOJIHATA KOCMHUYECKA CTAHIUA

11. /laues, HU. Cemkosa, b. Tomos, IO. Mameuituyk, I1. lumumpoe, H. baukos,
P. Konesa, M. Hopoanoea, M. JTumeax, H. Mumpogpanos, /1. I'onosun,
A. Kosupes, A. Manaxos, M. Mokpoycoe, A. Canun, B. Tpemsaxos,
B. Llypwaxkoe, B. benzun, O. Heanosa

Pesrome

Crarusita npelcTaBs MIbPBUS ONUT 3a aHAJIU3 HA JaHHU, MMOJYYCHH €IHO-
BpeMeHHO OT pyckusi npubop BTN u Obarapckust mpubop R3DR, paGotunu Ha
Moxyna "3Be3na’’ Ha MexmyrapomHata kocmudecka crauius (MKC) mpes 2010 r.
W nBata mpubopa mMaT qOOpe ycTaHOBEHA YYBCTBHTEIHOCT KbM Tama-TbUCHHE.
ToBa Oemie m0Ka3aHO B KOCMOCA, KOTaTO PYCKHAT KocMuU4ecku Kopad "Cwro3
TMA-16", xoiiTo Oemre ckadeH KbM 3aHIS TOPT Ha Moayna "3Be3na', Ha 21 sHyapu
2010 r., 6erme mpemecteH B mopta Ha moayna Poisk. B pesynrar Ha Ta3u maHeBpa,
W3TOYHMK Ha rama JTbYH 10Ta/ia B bI'bJla Ha 3peHue Ha JBaTa mpudopa. CpaBHEHUETO
Ha CKOpPOCTUTE Ha OpoeHe B MbPBHUTE KaHAJIH Ha CIIEKTPOMETPHUTE MOKAa3Ba, 4e Te ca
noBuieHu. ToBa mpogpmkasa m1o 18 mapt 2010 r., KOrato KOCMHYECKUAT KOpad
"Cpio3 TMA-16" ce otaens or MKC u kana. [locnemnara vact oT crarusita
u3cieqBa HamajeHHeTo Ha ngo3ara oT mnpubopa R3DR B paiiona na HOxHO-
atnantuieckata anomanusa (FOAA). IlocieaHoTo e reHeprpaHo OT JOBIHUTEIIHATA
Maca Ha kocMmudeckus kopald "Cwio3 TMA-16", KoeTo AOMBIHHUTENTHO eKpaHHpa
npubopa R3DR. HamasisiBaHeTo Ha IMOTOKA OT HUCKO EHEPTUHYU MPOTOHHU BOJH JI0
HaMaJIsiBaHE Ha PETUCTPUPAHUTE A03H.
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Abstract

New approach to the risk management concept based on the assessment of damages (in % of
GDP), probability of occurrence and necessary measures to create resilient society is presented.
Several theoretical models are investigated and compared. The "acceptable risk" concept is developed
based on the preventive measures and expected results.

"Resilient”, "Transition" and "Forbidden" areas related to the damages and probability of
occurrence are graphically defined. The classification is based on two main factors (probability of
occurrence and potential damage) associated with risk processes and phenomena that develop and run
in the "Resilient”, "Transition" and "Forbidden" areas. Satellite data and information related to the
specific characteristics of the natural hazards and disasters are used.

Introduction

The paper deals with the new approach to the risk management concept of
natural hazards on the assessment of damages (in % of GDP), probability of
occurrence and necessary measures to create resilient society. Several theoretical
models are investigated and compared.

"Normal™, "Transition" and "Prohibited" areas related to the damages and
the probability of occurrence are graphically defined. Since the consequences of the
natural hazards depend not simply on their magnitude, but also on what happened
before, a new point of view affording an opportunity for better decisions, reducing
the risk and protect the population.

The recent research is based on the studies provided for the last two decades
by German Advisory Council of Global Change.
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Classifications and typology of the natural hazards and risks according
to the GDP, probability of occurrence and expected damages

New approach to the risk management concept based on the assessment of
damages (in % of GDP), probability of occurrence and expected damages is
presented. Several theoretical models are investigated and compared. The
"acceptable risk™ concept is developed by author based on the preventive measures
and expected results.

Classification is made on the base on German Advisory Council on Global
Change. It is change by the author according to our personals purposes and aims.
The classification is related to the damages and probability of occurrence. "Normal",
"Transition" and "Prohibited" areas related to the damages and probability of
occurrence are graphically defined.

Risks in the normal area have the following characteristics [6]:

* Low uncertainties regarding the probability distribution of damage;

* In total, a small catastrophic potential;

* Low to medium uncertainty about both the probability of occurrence and
the associated magnitude of damage;

» Low statistical confidence intervals with respect to probability and
magnitude of damage;

* Low levels of persistency and ubiquity (scope in time and space);

* High reversibility of potential damage, and

» Low potential for social conflict and mobilization.

The transitional area is reached if one or more of the following conditions
are met (WBGU, 1998):

» The damage potential is high;

* The probability of occurrence is high, approaching 1;

* The uncertainty of the probability distribution of adverse effects is high;

* The confidence intervals of probability and magnitude of damage are large;

* Persistency, ubiquity and irreversibility are particularly high, whereby
there must be reasonable grounds to assume a causal link between trigger and effects;

* For reasons of perceived distributional injustice or other social and
psychological factors, a major potential for conflict or mobilization is to be expected
(migration, refusal, protest, resistance).

If one of these conditions is given, then the product of probability and
severity will usually be in the transitional area. If the high level of risk is further
joined by a low benefit or a low expectation of opportunity, or if the product of the
two components of risk assumes extreme levels, then the risk is situated in the
prohibited area. In the prohibited area, the consequences to be expected from taking
a risk are so severe that risk reduction is unconditional. In extreme cases, the proper
response here is an immediate ban or moratorium [6].
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Table 1. Overview of risk classes according to WBGU and author, P signifies the
probability of occurrence and E the extent of damages [3, 6]

Damocles [P — low (approaching 0) Nuclear energy
Reliability of estimation of P — high Large-scale chemical facilities
E — high Dams
Reliability of estimation of E — high
Damocles | | P — low (approaching 0) Meteorite impacts
(defined Reliability of estimation of P — unknown
by author) | E —high (approaching infinity)
Reliability of estimation of E — high
Cyclops P — unknown Earthquakes, VVolcanic eruptions
Reliability of estimation of P — unknown AIDS infection; Mass development
E — high of anthropogenically influenced
Reliability of estimation of E — tends to be species; NBC-weapons systems
high (medium to high) Collapse of thermohaline
circulation, Epidemics
Pythia P — unknown Self-reinforcing global warming
Reliability of estimation of P — unknown Release and putting into circulation
E — unknown (potentially high) of transgenic plants;
Reliability of estimation of E — unknown BSE/nv-CJD infection; Certain
genetic engineering applications;
Instability of the West Antarctic
ice sheets
Pandora |P —unknown Persistent organic pollutants
Reliability of estimation of P — unknown (POPs)
E — unknown (only assumptions) Endocrine disruptors
Reliability of estimation of E — unknown
Persistence is high (several generations)
Cassandra | P — tends to be high Gradual human-induced climate
Reliability of estimation of P — tends to be low | change
E — tends to be high Destabilization of terrestrial
Reliability of estimation of E — tends to be ecosystems
high
Long delay of consequences
Medusa P — tends to be low Electromagnetic fields (pollution)
Reliability of estimation of P — tends to be low | Nanotechnologies
E — tends to be low (exposure high)
Reliability of estimation of E — tends to be
high
Achelous [P — high Natural hazard mainly from
(defined Reliability of estimation of P — tends to be high | hydrological and meteorological
by author) | E — medium to high origin

Reliability of estimation of E — tends to be
high
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10°-10°

10°-510% __
5.10%-103
103-102
102-10°
Very low Low Middle High Very High
Losses measured in % of the damages
0-5% 5-20% 20-50 % 50-70% 70-100%

Fig. 1. Classes of risk and their location in the normal (green), transition (yellow) and
prohibited (red) areas [3, 6]

Overview of Risk Classes

According to the German Advisory Council on Global Change, the names
of risk classes are taken from Greek mythology because of their symbolism. Risk
classes are defined in briefly below.

Damocles

Greek mythology reports that Damocles was once invited by his king to a
banquet. However, he was obliged to take his meal under a razor-sharp sword
hanging above him on a fine thread. For Damocles, opportunity and danger were
closely linked, and the Damocles’ Sword has become a byword for a happy situation
overshadowed by danger.

The threat was expressed as the possibility that, at any point in time, if albeit
with low probability, an event deadly to Damocles could occur. This class of risk
accordingly comprises sources of risk that have a very high catastrophic potential
but where the probability that this potential manifests itself as damage is considered
to be conceivably low. Nuclear power plants, large-scale chemical facilities and
dams are examples. In addition to large-scale industrial risks, various types of natural
disaster also fall within this class.
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Damocles |

In a fashion similar to the Damocles class, natural disasters with known
damage-probability functions entail major damage potentials in conjunction with
usually low probabilities of occurrence, as is for instance the case for meteorite
impacts.

Damocles | is created by author to separate anthropogenic risks (Damocles
class) from natural threats with very high disastrous and destructive potential.

Cyclops

In the Cyclops class, the probability of occurrence is largely uncertain, while
the maximum damage is well defined. A number of natural events such as floods,
earthquakes and El Nifio fall in this class, as does the occurrence of AIDS, wherever
there is no or only contradictory information about the probability of occurrence.

Pythia

When in doubt, the ancient Greeks consulted one of their oracles, among
which the most famous was the Delphic Oracle with its blind seeress Pythia.
However, Pythia’s answers always remained unclear: Pythia’s prophecies illustrated
that a major danger might be impending, but not how large its probability of
occurrence, its severity or its distribution might be. Pythia prophesied to King
Croesus that if he were to attack Persia he would destroy a great empire. Belligerent
Croesus failed to realize that this meant his own empire. The Pythia class thus
involves, for definable damage, a high degree of uncertainty as to possible adverse
effects and as to the probability of the risk’s occurrence. The potential for damage
can be stated, but the scale of damage is still unknown. This class includes risks
associated with the possibility of sudden non-linear climatic changes, such as the
risk of self-reinforcing global warming or the instability of the West Antarctic ice
sheet, with far more disastrous consequences than gradual climate change. It further
includes far-reaching technological innovations such as certain applications of
genetic engineering, for which neither the precise level of risk nor the probability of
certain damaging events occurring can be estimated at the present point in time.

Pandora

This class of risk includes such risks that have persistent, ubiquitous and
irreversible effects. Persistent organic pollutants (POPs), which remain stable over
long periods in the environment, are a typical example of this. Often the effects of
these risks are still unknown, or there are at most reasonable grounds to assume their
adverse effect.
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Cassandra

Many types of damage occur with high probability, but in such a remote
future that for the time being no one is willing to perceive the threat. The Cassandra
class of risk thus harbors a paradox: both the probability of occurrence and the
damage potential are known, but because the damage will only occur after a long
period there is little concern in the present. Risks of the Cassandra class are only then
of interest if the damage potential and the probability of occurrence are both
relatively high. This class is accordingly located in the prohibited area. The distant
time horizon between trigger and consequence easily creates the fallacious
impression of security. A typical example of such an effect is gradual anthropogenic
climate change, which can trigger severe damage in vulnerable areas such as coastal
and mountain zones.

Medusa

Some novel phenomena have an effect on modern people in a way similar to
that in which the Gorgons, as purely imaginary figures of fable, aroused fear and
terror. Some innovations are rejected even if scientists scarcely view them as
dangerous. According to the best knowledge of the risk experts, risks of this type are
located within the normal area, but, due to certain characteristics of the risk source,
is a particular source of dread that leads to massive rejection.

Achelous is created separately by author to present mainly the
meteorological risks (floods, droughts, etc.). This class has a very high probability
of occurrence and is very frequent in the everyday practice with very large diapason
of power. In relation to the other risks these ones are easy to model and to assess
expected damages. This class is one of the examples of assessment, planning and
mitigation the negative effects and fighting them with different preventive and
protective measures.

Table 2. Probability of occurrence and potential losses estimations [6]

Losses Very low Low Middle High Very High
measured

ino

g;nf’ag‘;;he 0+5% | 5+20% | 20+50% | 50+70% | 70-+100%
as part of the 0.0001 + 0.05 + N N -

GDP 0.05% 0.08% 0.08+15% | 15+5% 5+ 15%
Probability Very low Low Middle High Very High
High

frequency up to 5% up to 20% | up to 50% up to 70% | up to 90%
expected

Low frequency 6., 5 5 4 4 3 32 2,
expected 10 + 10 10 +5.10 10 +10 10 +10 10 +10
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These eight classes of risk call for specific strategies and tools and
technologies for action (risk, crisis and emergency management). The goal of the
specific strategies for the risk classes is to shift these from the prohibited or
transitional area into the normal area. The main aim is thus not to reduce risks down
to zero, but to a level that permits routine management. Naturally, more than one
strategy and more than one tool will be necessary for the classes in the cases.
Strategies and tools for action are out of scope of present report and will not be
described here.

The "acceptable risk™ concept is developed based on the risk classes and
their location in the normal, transition and prohibited areas. Expected damages are
measured in % of GDP and "acceptable risk" is graphically defined on Fig. 2.

P
106-10°

105-5.10% __

5.10%-10%__|

10°-107

102-10°
Very low Low Middle High Very High
Losses measures/part of the GDP
0,0001-0,05 0,05-0,08 0,08-1,5% 1,5-5 5-15%

Fig. 2. "Acceptable risk" in % of GDP [6]

According to the UNISDR [7], risk assessment is the core of the risk
management process. As shown in the diagram, if the levels of risk are not
acceptable, the process of risk management requires different approaches, methods,
techniques, tools and strategies to reduce it, depending on the specific characteristics
of a particular risk. As stated before, in the prohibited area, the consequences to be
expected are so severe that risk reduction is unconditional. In extreme cases, the
proper response here is an immediate ban or moratorium.
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Are the probability
and extent of the
risk known

yes l

Is the risk
located in the
normal area?

|

Assignment to
which class of
risk?

—_—

w

yes

A

Stimulating the production
of knowledge about the
probability and extent of damage;
Decentralized risk knowledge;
Government-assisted research;
Interdisciplinary design of
the global change research;
Study cognitive,motivational
and social factors that can form

‘risk traps’

Reducing disaster potential

Reducing disaster potential

>

Ascertaining probability of occurrence

Improving protection

Providing alternatives

Strengthening long-term responsibility

Normal risk
| out of scope
Damocles
Damocles |
Cyclops
Pythia —
Pandora —>
Cassandra
Medusa
Achelous —>

Building confidence

Mitigation policy

Fig. 3. Decision tree for classifying the risks of global change [3, 6]
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Natural Hazard Vulnarability Coping capacity Risk
event assessment assessment assessment perception

Risk management - > Prohibited
“ Risk “ area

assessment and
analysis

A
y

Acceptable Non- Acceptable

Fig. 4. A Methodological framework for risk assessment [3, 7]

Further Differentiation of Evaluation Criteria According to the
German Advisory Council on Global Change

In addition to the two classic components of risk — probability and magnitude
— further evaluation elements should be included in risk characterization [1, 4, 5].
These evaluation elements can be derived from risk perception research. They have
already been proposed as criteria for risk evaluation procedures in a number of
countries (such as Denmark, the Netherlands and Switzerland). The following are
particularly important:

Location — Spatial distribution of damage or of damage potential

Persistency — Temporal scope of damage or damage potential

Irreversibility — Non-restorability of the state that prevailed prior to
occurrence of damage. In the environmental context, this is primarily a matter of the
restorability of processes of dynamic change (such as reforestation or water
treatment), not of the individual restoration of an original state (such as preserving
an individual tree or extirpating non-native plant and animal species).

Delay effect — The possibility that there is large latency between the cause
and its consequential damage. Latency can be of physical (low reaction speed),
chemical or biological nature (such as in many forms of cancer or mutagenic
changes). It can also result from a long chain of variables (such as cessation of the
Gulf Stream due to climatic changes).

Mobilization potential (refusal of acceptance) — The violation of individual,
social or cultural interests and values that leads to a corresponding reaction on the
part of those affected. Such reactions can include open protest, the withdrawal of
trust in decision makers, covert acts of sabotage or other forms of resistance.
Psychosomatic consequences can also be included in this category.
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Low Tendstobelow Tendstobe high  High  Unknown

Probability of occurrence P B s
Certainty of assessment of P | - -

Extent of damage E

Certainty of assessment of E

Location

Persistency

Irreversibility

Delay effect

Mobilization potential

Fig. 5. An example of the application of the hazards evaluation criteria to
the risk potential of earthquakes; Cyclops risk class

Low Tends to be low  Tends to be high High  Unknown

Probability of occurrence P _ | |

Certainty of assessment of P | _ :l
Extent of damage E | _ :l

Certainty of assessment of E | _ :l
Location | _ :l
Persistency | _ :l
Irreversibility | _ :l
Delay effect L
Mobilization potential _ | | |

Fig. 6. An example of the application of the hazards evaluation criteria to the risk potential
of nuclear energy; Damocles risk class

The properties of the criteria range from "low" to "high". The various
meanings of ‘low’ and ‘high’ are briefly explained in the following, according to
German Advisory Council for Global Change.
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Unknown

Available knowledge does not permit
any specific rating in the spectrum from
low to high, nor a meaningful statement
of confidence intervals (e.g. lies with a
probability of 90% between x and y).

Certainty of assessment of P or E

Probability of occurrence P

"Low" means "highly improbable™
(approaching 0).

"Tends to be low" means "improbable".
"Tends to be high" means "probable".
"High" means "highly probable™
(approaching 1).

"Low" means "poor" certainty of assessment.

"Tends to be low" means "still relatively poor" certainty of assessment.
"Tends to be high" means "relatively good" certainty of assessment.
"High" means "good" certainty of assessment.

Location:

"Low" means "local".

"Tends to be low" means "regional”.
"Tends to be high" means
"transboundary".

"High" means "global".

Irreversibility:

"Low" means "restorable”.

"Tends to be low" means "largely
restorable”.

"Tends to be high" means "only partially
restorable".

"High" means "irretrievable™.

Mobilization potential:
"Low" means "politically not relevant".

Persistency:

"Low’ means "short-term” (<1 year).
"Tends to be low" means "medium-term"
(1-15 years).

"Tends to be high" means "long-term"
(15-30 years).

"High" means "several generations" (>30
years).

"Tends to be low" means "tends not to be politically relevant".
"Tends to be high" means "tends to be politically relevant”.

"High" means "politically highly relevant".

Delay effect:
Self-explanatory

Extent of damage E:
Self-explanatory

Applicability of remote sensing technologies to the risk classification
Despite enormous progress in science and technology, most of the natural,

environmental and man-made disasters are still unpredictable events.

According to Table 1 satellite systems are applicable mainly in the cases of

phenomenon falling in Achelous and Cyclops risk classes.
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Furthermore, according to the Figs. 3, 4 and 5 the usefulness of the satellite
observations is highest in hazards evaluation criteria related to risk assessment and
management [3, 8].

Conclusion

The performed approach to the WGBU classification shows the
effectiveness in case of assessment using percentage of damages and percentage of
GDP. The outlined areas — "normal”, “transition" and "prohibited" can present the
physical meaning of the risks. The areas are not clearly limited, but have dispersion
around the different levels of the damages.

The report demonstrates classification with high practical applicability- If
calculated risk for given event is "non-acceptable risk", the main goal is to shift it to
"normal™ area using most appropriate strategies and tools for action.
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KIIACUOPUKALINA HA TPUPOJHUTE U TEXHOI'EHHU PUCKOBE.
NPHJIOKUMOCT HA TEXHOJIOI'MUTE 3A JUCTAHUUOHHHU
N3CJIEABAHUSA

A. @panyosa

Pesrome

Hacrosmusar nokman pasriexkaa KiacupUKaus HA PasIHIHATE BHIOBE
r700ATHN PUCKOBE, CBBP3aHU C MMPOMEHHUTE B OKOJHATA cpena (MIPUPOIHH, TEXHO-
JIOTUYHH, OMOJIOTMYHM U T.H), pa3paboTeHa oT ['epMaHCKUsI KOHCYATaTUBEH ChBET
3a To0anHu npomeHu kbM Denepannoto [IpasurenctBoto Ha ['epmanus. Kiacu-
¢ukanusaTa e 6a3upaHa Ha JBaTa OCHOBHHU (pakTopa (BEpOSATHOCT 32 BH3HUKBAaHE H
IIOTCHIMAaJIHU HleTI/I) CBBpP3aHU C pUCKOBUTEC MMPOUECH U ABJICHHA, KOUTO CC pa3BUBAT
Y IpOTHYAT B T.H. ,,HOpMaJHa 00jacT”, ,,ipexo/iHa 30Ha” U ,,3a0paHeHa o0act”.

Cp3pmazeHarta KOJIMYECTBEHA KiIAaCH(UKAIMOHHA CHCTEMa € CBbp3aHa ¢
MpeBapuTeNHO Ae(pUHUPAHUTE OONACTH: ,,HOpMaiHa oOmacT (00JIacT Ha HHCKA
BEPOSITHOCT M HUCHK Pa3pyIIUTEIICH MOTEHIMAN), ,,IPeX0AHa 00IacT* Ha CPEAHH T10
CTOMHOCT BEPOSITHOCTH 3a CITyYBaHE M OYaKBaHH MIOPAXCHUS U ,,3a0paHeHa oomact™
(oO;acT Ha BUCOKHMTE BEPOSITHOCTH ¥ BUCOKH OYaKBAHU ITOPAYKCHUSL.

Ha 6a3a Taka ce3nanenara u momo0OpeHa kinacupukanys e fepuHupaH 1 T.H.
,,[IPUEMJITHB " pUCK (HMBO Ha MOTEHIMAIHUTE 3aryOu, KOUTO aJeHO OOILIECTBO HIIH
OOIITHOCT CYMTA 32 MPUEMJIMBH, KaTO CE€ MMa IPEIBH]I ChIIECTBYBAIIUTE COLIMAIIHH,
MKOHOMHYECKH, TTOJUTUYECKH, KYITYpHH, TEXHUYECKH W EKOJOTUYHH YCIIOBHSA),
0a3upaiiku ce MpeJMHO Ha eKCIIEPTHH OIICHKH.

3a Taka CBb3JaJeHaTa KOJIMYECTBEHAa KIacH(UKAIMOHHA CHCTEMa ca
M3I0JI3BaHH U CATENUTHH JaHHHU U MH(POPMaIHs, ChoOpa3eHn ChC crennduKarTa Ha
MIPUPOJHUTE OIMMACHOCTH U 6eIICTBeHI/I SIBJICHUSL.
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Abstract

This article presents the results of a study of the dynamics of the surface water area of the
Studena dam using satellite images from Sentinel 2A and 2B. The period considered is from the
beginning of 2019 to January 2020. The collected 35 cloud-free images from a total of 80 captured are
organized in a spatial database in a GIS environment. A water index - MNDWI (Modified Normalized
Difference Water) was used to determine the boundary of the water surface. The calculated areas for
all images and their trends are analyzed by graph. For about seven months from the maximum annual
area (0.91 km?) in June, a rapid decrease of 0.10 km? per month is observed until the beginning of
2020, when the lowest value was measured — 0.23 km?,

Introduction

The Studena Dam is located at the western end of Vitosha Mountain. It was
built in the period 1953-1955 and was put into operation in 1955 for the purpose of
water supply to the town of Pernik and the region. It is located on the Struma River
next to the village of Studena and is part of the water balance of Vitosha Nature
Park, [1-3]. It is therefore not allowed to fish and is protected. The area is 145.6 ha
(1.456 km?) [1.1]. During its operation, the amount of water (volume) and contour of
the water mirror varied greatly. In the period 1982-1994, it decreased by half, with
a decrease below the dead volume recorded in December 1993 to March 1994 [4].
In their study [5], the authors identified periods and conditions of longer drought of
the dam, considering the period 2001-2017. Due to the endangering low quantities
of water remaining and the growing social problem, the use of remote methods
gives us reliable and accurate information about the dynamics of the water surface
of the dam.
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Study area

The study area is the Studena Dam, located at the western end of Vitosha
Mountain, southwest of Sofia, near Pernik (Fig. 1). The specific purpose of the study
is to track and analyze the dynamics of the water surface of the dam for 20109.

Materials and Methods

Images of European Sentinel-2A and Sentinel-2B satellites [I.2], launched
under the Copernicus program, formerly known as GMES (Global Monitoring for
Environment and Security), and were used to study the dynamics of the water surface
of Studena dam. It is the European Earth observation and monitoring capacity
building program [1.3].

The data from this pair of satellites is appropriate because of its high
temporal resolution — every 5 days. The images are 10 m, 20 m and 60 m in spatial
resolution. Each of the satellites is equipped with a multispectral sensor (MSI) with
13 spectral channels in the visible, near infrared (VNIR) and shortwave infrared
(SWIR) (Table 1). The available spectral channels are suitable for accurate
determination of the water-land boundary [6, 7]. Access to the image databases from
the Copernicus Open Access Hub is free [1.2].

Table 1. Sentinel-2 spectral bands and spatial resolutions [1.4]

Band number | Central wavelength | Band width Spatial resolution
P (nm) (nm) (m)
1 443 20 60
2 490 65 10
3 (GREEN) 560 35 10
4 665 30 10
5 705 15 20
6 740 15 20
7 783 20 20
8 842 115 10
8a 865 20 20
9 945 20 60
10 1380 30 60
11 (SWIR) 1610 90 20
12 2190 180 20

A GIS database was created - a geographic information system for
monitoring the Studena dam by satellite images.

The use of satellite images gives a true idea of the objects on the Earth's
surface and their change over time and is a reliable source of information [6-8]. In
this article, they are used to accurately estimate the change in the water surface area
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of the Studena dam for the last one year. To determine the maximum water surface
of the dam, a topographic map K-34-059-1 - Pernik [1.5] and an image from Google
Earth, Image © 2020 Maxar Technologies, dated July 30, 2013, were used (Fig. 1)
[1.6].

Fig. 1. Maximum (1.43 km?, 30.07.2013) and minimum (0.23 km?, 09.01.2020)
water surface area of Studena dam [1.5]

Satellite data processing

For more accurate identification of the water surface, the generated water
index — MNDWI (Modified Normalized Difference Water) was used, which
combines the advantages of maximum absorption in the shortwave spectrum and
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maximum reflection in the green spectral channel [9, 10]. The index is calculated by
the formula:

PGREEN — pSWIR

1) MNDWI = )
PGREEN + pSWIR
Where

pGREEN is spectral channel 3 - green (560 nm),
pSWIR is a spectral channel 11 — shortwave-infrared (1610 nm).

Geographic information systems (GIS) capabilities have been used to
automatically calculate the index and extract the boundary of the water surface of
the dam, and a model has been created for this purpose (Fig. 2).

i h

Extract by Mask

Fig. 2. Model water surface builder

Results and Discussions

The main problem with the satellite images used is the cloud cover masking
effect. Only 35 cloudless images over the dam were studied from 80 taken from the
Sentinel-2A and Sentinel-2B satellites during the study period (01/01/2019—
29/01/2020). The normalized MNWI water index of formula 1) is calculated. On the
basis of the obtained index images for each date, the contours of the water surface of
the dam were extracted according to the model given in Fig. 2. The water surface
areas have been calculated and the tendencies for stepwise decrease of their values
and from there the quantities of water are clearly visible (Fig. 3).

The sharp decrease in the trends around the end of June and the beginning
of July and the dates 01, 11 and 21 October is noticeable. The individual trends are
characterized by a sharp decrease in the area of the water surface. The first decrease
is at the end of July and is within 0.09 km?2. The second is with a greater difference
of 0.24 km? and is observed in the first half of September. After 5-15 November
until about 15 December, a steep decline was observed (a decrease of about
0.18 km?), reaching a value of 0.23 km? at the end of the year. At the beginning of
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2020 (09.01.2020) the minimum value of the water surface of the Studena Dam -
0.23 km? — was reported.
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Fig. 3. Dynamics of the water surface area of the Studena dam in the studied period

In Fig. 1. the significant difference between the maximum measured in July
2013 and the minimum value in January 2020 of the water surface area of the dam
is clearly visible.

The increase of the water surface at the end of January 2020, after the
measures taken earlier, makes a positive impression.

The increase of the water surface area in May 2019 is clearly visible due to
more rainfall (all images from May have a dense cloud cover).

Conclusion

In conclusion, the analysis of the satellite imagery data confirms the clear
tendency to decrease the water surface area in 2019. There are clear sharp reductions
in area and, accordingly, the amount of water around the dates 03 and 23 July, 01,
11 and 21 October, 15 December.

The upward trend at the end of January 2020 gives optimistic hope.
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JUHAMHUKA HA BOJHATA IIOBBPXHOCT HA A30BUP CTYIEHA,
I'P. IEPHUK C U3ITOJI3BBAHE HA N30BPAKEHU A
OT SENTINEL 2A u 2B

I'. Kenen

Pesome

B Ta3u ctatus ca npencTaBeHH pe3yNTaTH OT M3CIeIBaHe Ha JHMHAMHUKATA
Ha TUTOIITa Ha BOJIHATA OBBPXHOCT Ha s30BUD ,,CTyleHA™ ¢ U3MOI3BaHE HA CIBT-
HUKOBU n300paxceHus ot Sentinel-2A, -2B. Pa3rinenanusaT nepuos € OT Ha4ajaoTo Ha
2019 r. no suyapu 2020 r. CpOpanure 24 Oposi n300pa>keHHs ca OpraHU3UPaHU B
mpocTpaHcTBeHa 0a3a nmaHHU B cpena Ha ['MIC. M3mom3BaH € BOJEH WHACKC —
MNDWTI (Modified Normalized Difference Water), ¢ momorra Ha Ko#To € ompe-
JleficHa TpaHUIlaTa Ha BOJHATA IMOBHPXHOCT. M3UWCIEHHWTE IUIOMM 332 BCHUYKH
N300paKCHUS U TEXHUTE TCHACHIIUY Ca aHAIU3UPAHU Ype3 rpaduka. 3a oKojo ce-
JeM Mecella OT MaKCHMalHaTa 3a TOJAWHATA IUIONI Mpe3 Mecell IOHU ce BHXKIa
0bp30TO HamansaBaHe cbe cpeano 0.10 km? meceuno 1o nauanoro Ha 2020 r., KoraTo
Ha 09 siHyapu e u3MepeHa Haii-Huckarta croitnoct — 0.23 km?,
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Abstract

The aim of this article is to present the results of spatial (2D and 3D) modeling of selected
archaeological landscapes (Kaliakra, Chirakman, Provadia-Solnitsata, Debelt-Deultum, Halka
Bunar) which was part of the project “Archaeological map of Bulgaria” during 2017 — 2018. To
create these spatial models we used aerial (UAV) photography and digital photogrammetry. The main
goal of this research was to prove the potential of UAV deployment of creating low-cost spatial
models for archaeological tasks.

Introduction

Since archaeological excavation is a destructive process it’s crucial
scientific task to accurately document the entire process. One of the most important
techniques for documenting is photographing the archaeological sites [1]. But
along with ground photography aerial perspective is also very valuable so aerial
photography and aerial reconnaissance started to be part of documenting the
archaeological landscapes. This lead to develop new scientific branches like aerial
archaeology and to distinguish new landscape features (crop marks, soil marks,
shadow marks etc.) used to find new archaeological sites [2].

Modern technological development enriches this field with new methods
for archaeological research like: satellite images; unmanned aerial vehicles (UAVS)
also known as unmanned aircraft systems (UASs) or just drones; airborne laser
scanning (LiDAR); digital photogrammetry; geographical information systems
(GIS) [3-7]. Some of them are already used in Bulgaria for archaeological
purposes [8-10]. Great opportunities to apply these methods are projects for
national archaeological mapping existing in many European counties from
Romania to Scotland [11, 12]. Bulgaria also has its archaeological map developed
by National Archaeological Institute with Museum — NAIM (Bulgarian Academy
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of Sciences — BAS) [13]. An important stage of its development was conducted by
the project of BAS “Archaeological map of Bulgaria” during 2017 — 2018 [14].

The aim of this study (which also was part of the project “Archaeological
map of Bulgaria”) is to accomplish aerial photography and to create spatial (2D
and 3D) models of five archaeological sites and their landscapes (specified by
NAIM) with ground sampling distance (GSD) at 7.00 cm/pixel or higher. These
archaeological landscapes are: (1) Kaliakra — antiquity and medieval site (Kavarna
Municipality, Dobrich Province); (2) Chirakman — antiquity and medieval site
(Kavarna Municipality, Dobrich Province); (3) Provadia-Solnitsata — prehistoric
(chalcolithic) site (Provadia Municipality, Varna Province); (4) Debelt-Deultum —
antiquity and medieval site (Sredets Municipality, Burgas Province); (5) Halka
Bunar — antiquity site (Bratia Daskalovi Municipality, Stara Zagora Province).

Data and Methods

To conduct this research we use a combination of UAV photography and
digital photogrammetry also known as UAV photogrammetry [15].

For aerial image acquisition we used UAV DJI Phantom 3 Advanced with
RGB camera FC300S (sensor 1/2.3", width 6.16 mm, height 4.62 mm, diagonal
7.7 mm, 4000 x 3000 pixels, 12 Megapixels) and software DJI Go and DJI Ground
Station Pro (for flight mission planning).

Table 1. General specifications of the input data

Archaeological Site | Total Number | Number of GSD GCPs
of Images Images for | (cm/pixel) for
2D/3D Orthorectification
Models
Kaliakra 587 435 5 No
Chirakman 514 188 7 No
Provadia-Solnitsata 512 427 6;2;3 Yes
Debelt-Deultum 3624 3069 6 Yes
Halka Bunar 1237 968 6 No

For spatial modeling purpose we used 75% frontal overlap and 60% side
overlap and regular grid for taking images. For the initial image dataset we provide
quality check and removed blur images if they exist. Then we selected the image
datasets used for spatial modeling excluding non-nadir images (Table 1). For some
archaeological sites NAIM provided coordinates of existing Ground Control Points
(GCPs) for high accuracy georeferencing. Some of them used an outdated
Bulgarian coordinate system 1970 (Krasovsky 1942 ellipsoid) which we
transformed to UTM zone 35N, datum WGS 1984 with BGSTrans v.4.2 coordinate
transformation software (freely distributed by Bulgarian Geodesy, Cartography and
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Cadastre Agency). Before image acquisition these GCPs were marked on the field.
If no GCPs exist for image georeferencing we used the DJI geotagged photos with
onboard GNSS/GPS.

_ _®_  UAV Flight Planning
L0 K (& and
Gie Image Aquisition

Quality Control
and Image Selection

Coordinates

Ground Control
Input Image @ -
Data Set . Pmpts

Software Processes: Final Outputs:
[ v Matching Image v Orthomosaic
/ Pairs v Point Cloud
v Calibration and v 3D Texture Mesh
. Camera Optimisation + DSM
Pix4Dmapper v Point Cloud v DTM
Densification v Contour Lines
2D Visualization 3D Visualization

blender

KRGOGIo ()
@ SAGA ‘ @ @Meshlab
GR_ASS\TD CloudCompare

Fig. 1. Workflow of the data processing

The next step of the workflow was data processing. Since our goal was to
create 2D and 3D spatial models we used digital photogrammetry and Structure
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from Motion (SfM) algorithms [16-18]. For this task from several software
opportunities we choose Pix4Dmapper software, because of its high quality in
creation dense point clouds [19] and many other advantages including: designed
for geospatial application; cloud service (avoiding high hardware system
requirements for fast data processing) etc.

The entire workflow of the data processing is shown on Fig. 1. For all input
data we apply same software settings to create outputs, including: point cloud, 3D
texture mesh, orthophoto mosaic, digital surface model (DSM with resolution
1 x GSD), digital terrain model (DTM with resolution 5 x GSD) and contour lines.

Results

The total area we covered is approximate 10.75 km? (1075 ha). For
visualization of the final output models we used several free and open source
software packages like QGIS for 2D and MeshLab for 3D visualization (Fig. 1).

The Provadia-Solnitsata archaeological landscape covers 0.78 km? (78 ha).
The whole archaeological landscape (Provadia-Solnitsata 1) has 6 cm/pixel
resolution and two different parts of it which are of special interest have greater
resolution — 2 c¢cm (Provadia-Solnitsata 2) and 3 cm (Provadia-Solnitsata 3)
respectively. Georeferencing accuracy of the spatial models with GCPs by Pix4D
reports is shown on Table 2. A visualization of the Provadia-Solnitsata mould
(Provadia-Solnitsata 2) is shown on Fig. 2. Debelt-Deultum archaeological
landscape is largest and covers 6.35 km? (635 ha). This landscape we divided to
five separate parts with 6 cm resolution. Two of them have GCPs (Table 2). A
visualization of one of them (Debelt-Deultum 5) is shown on Fig. 3. The
Chirakman archaeological landscape covers 0.47 km? (47 ha). It has 7 cm spatial
resolution and visualization is shown on Fig. 4. The Kaliakra archaeological
landscape covers 0.82 km? (82 ha). It has 5 cm spatial resolution and visualization
is shown on Fig. 5. The Halka Bunar archaeological landscape covers 2.33 km?
(233 ha). It has 6 cm spatial resolution and visualization is shown on Fig. 6.

Table 2. Georeferencing accuracy of the spatial models with GCPs

Archaeological Number RMS RMS Error RMS RMS
Landscape Models of Error X Y (m) Error Z Error Mean
GCPs (m) (m) (m)
Provadia-Solnitsata 1 13 0.070 0.132 0.445 0.203
Provadia-Solnitsata 2 4 0.007 0.062 0.070 0.045
Debelt-Deultum 3 3 0.323 0.453 8.764 0.484
Debelt-Deultum 5 3 0.069 0.039 0.123 0.068
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Fig. 2. Provadia-Solnitsata archaeological site. Top: DSM visualization — multidirectional
hillshade with color gradient (QGIS software). Bottom: 3D texture mesh visualization
(MeshLab software)
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Fig. 3. Debelt-Deultum archaeological landscape. Orthophoto visualization — fragment
for the east part at two different scales (QGIS software)
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Fig. 4. Chirakman archaeological landscape. 3D texture mesh visualization
(MeshLab and CloudCompare software)
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Fig. 5. Kaliakra archaeological landscape. Top: Orthophoto visualization — fragment
(QGIS software). Bottom: 3D texture mesh visualization (MeshLab software)
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Fig. 6. Halka Bunar archaeological landscape. Orthophoto visualization at two different
scales (QGIS software)
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Conclusion

The presented above results are part of national level program of
archaeological survey. The main goal of UAV deployment was to prove the
potential of creating low-cost aerial photography and spatial modeling for
archaeological tasks.

Some facilitation of field image acquisition was the lack of specific drone
legal regulations in Bulgaria but this may change in near future.

The advantages of UAV deployment include low-cost high resolution
photography; easy photography and aerial reconnaissance for terrains with difficult
access; simple and fast 2D and 3D spatial modeling; many opportunities for
visualization with different purposes: for future field investigations; for
archaeology and cultural heritage popularization and preservation etc.

Future UAVs deployment in archaeology should include emphasis upon
multispectral aerial reconnaissance for new archaeological site detection. Also an
airborne laser scanning for the whole territory of Bulgaria will be of great concern.
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MHNPOCTPAHCTBEHO MOJAEJIMPAHE HA APXEOJIOI'MYECKHA
JAHAIIA®THU YPE3 BJIA U HUD®POBA ®OTOI'PAMETPUSA

H. Ileemros

Pe3rome

B cratuara ca mpenctaBeHH pe3yiATaTUTE OT BB3AYIIHOTO 3acHEMaHe H
MPOCTPAHCTBEHOTO MOJEIHMPaHe HAa N30PaHU apXeOoIOTHYECKH JaHAAPTH JacT OT
mpoekTa Ha HAVIM-BAH ,, Apxeomorudecka kapra Ha bearapus™ (2017-2018 r.).
Bw3nymuoTo QoTorpadcko 3acHemane € ocbuiecTBeHO 4pe3 BJIA (OesnminoreH
nerarened amapar) tum DJI Phantom 3, a mpocTpaHCTBEHOTO MomenupaHe e
u3BBpIICHO upe3 codryep 3a mudposa dortorpamerpus Pix4Dmapper. 3acue-
TUTE apxeosormuecku Janamadrtu ca ,Kammakpa“, ,Yupaxman®, ,IlpoBamus-
Conuunara®, ,,Jleoent-leynrym™ u ,,Xanka bynap“ ¢ obma mrom 10.75 km?. 3a
BCEKH 3acHET 00eKT e chcTaBeHa cepus oT 2D u 3D momemm: obmak toukm, 3D
TEKCTypa, oprodoTo Mo3aiika, nuppoB Mojea Ha moBbpxHOcTTa (DSM), mudpos
mozen Ha tepeHa (DTM) u KOHTYypHM JuMHHMH. Pesynrature OT MpOyYBaHETO
JI0Ka3BaT MPUIOKUMOCTTa U mone3noctra Ha BJIA u nudposara dororpamerpus
KaTO CPaBHHUTEIHO €BTUH M OBpP3 METOA 3a JOKYMEHTHPAaHE M MOJCIUpaHe Ha
ApXCOJIOTUYECKH JaHAIA(TH 32 EeIUTe Ha apXeOJIOTHIECKUTE PAa3KONKH, TEPEHHN
npoy4yBaHud B TPYAHOAOTHIIHW MCECTHOCTH M 3a LCIUTC HAa KOHCECpBALUATA U
HOMYJISIPU3UPAHETO HA KYJITYPHOTO HACIECTBO.
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Abstract

The aim of the study was to compare in situ and remote sensing data, in order to assess the
applicability of satellite images in water quality monitoring of floodplain lakes. Two indicators of
trophic status were compared: chlorophyll a and total suspended matter. Two lakes on Lower Danube
floodplain were selected: Srebarna and Malak Preslavets. Data were obtained in july and august 2018.
Sentinel 2 MSI L1c images were analyzed in SeNtinel Application Platform (SNAP), (v. 6.0). According
to in situ data, Srebarna Lake indicated status of eutrophication, while Malak Preslavets experienced
hypertrophic conditions. Satellite data indicated eutrophic conditions for both lakes. Comparing the
results from in situ and satellite data, chlorophyll a showed higher correlation (r = 0.66) and
comparable results. On the other hand, significantly overestimation of suspended matter according to
satellite data were found, as well weaker correlation (r = 0.57) between both methods. Remote sensing
i.e. Sentinel products are emerging as a powerful tool in environmental observation. Although weather
conditions could have significant impact on environmental dynamic especially in floodplain lakes,
combining and comparing of different methods could improve the preciseness of the methodology as
well as assessment reliability.

Introduction

Eutrophication defined as nutrient enrichment mainly compounds of
nitrogen and phosphorous leading to: increased growth, primary production and
biomass of algae; changes in the balance of nutrients causing changes to the balance
of organisms; and water quality degradation [1], is global threat to the aquatic
ecosystems. The Water Framework Directive [2] requires measures for monitoring,
restoration and preservation of eutrophication process enhanced by human activity.
Water quality variables as water transparency, chlorophyll a and phosphorous
concentration are the most used in the trophic status assessment of inland waters [3].
However, small, shallow, polymictic floodplain lakes are often prone to dynamics of
the weather conditions, or a flood process, resulting in strong fluctuation of their
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state. Achieving reliable results for the environmental conditions of floodplain lakes
requires high-frequency monitoring, which could be expensive. Copernicus program
offers freely available data from Sentinel-2 missions. Each satellites carry
Multispectral Instrument (MSI) with a wide range of spectral channels, producing
images with high spatial resolution (10 + 60m), and a 5-day repeat cycle, providing
regular long-term data array. European space agency (ESA) also developed user
friendly SeNtinel Application Platform (SNAP) including large set of optical water
processors, generating data about optically determined water quality parameters
including chlorophyll-a and total suspended matter. Recent studies estimated good
relationship between in situ and Sentinel MSI data along trophic state gradient
[4, 5]. Sentinel 2 MSI L1C products are one of the newest and most precise data
providers, although atmospheric conditions for example undetected clouds could
significantly affect the results accuracy [6].

However, floodplain lakes due to their dynamic hydrology, wind
resuspension, nutrient inflow, vegetation development, could experience fast shift in
water consistent. Therefore, their optical properties are not limited to the chlorophyll
produced by the algae (Case 1 waters), but interfere with higher amount of dissolved
organic matter, minerals and sediments in the water, consequently defined as Case 2
waters [7]. The Case 2 Regional Coast Colour (C2RCC) processor developed as
multi-mission ocean colour processor is applicable to the most of the produced
satellite data, including Sentinel 2 MSI, representing good results for Case 2 waters
[8]. Due to complex, inherit optical properties total suspended matter is still very
often overestimated water quality parameter [9]. Hereafter in situ measurements are
essential, considering light penetration especially in turbid lakes [10].

The aim of the study is to actualize the trophic status prerequisite of
ecological state assessment of the two Lower Danube floodplain lakes, considering
their importance as floodplain wetlands providing wide range of ecosystem services.
The study also intend to compare and assess the reliability of the data obtained by
remote sensing and in situ data in order of trophic state assessment of small turbid
lakes.

Materials and methods

Two small and shallow floodplain lakes at Lower Danube were investigated
as case study objects — Malak Preslavets Lake and Srebarna Lake (Fig. 1). Malak
Preslavets is a former marsh, situated on Danube floodplain at 414 river km. After
its embankment in the end of 1970’s was transformed into small reservoir raising the
water level above 14 m a.s.l., since than flooding by the Danube did not occurred.
The maximum measured depth of the lake was over 3 meters with total water surface
area of 35 ha. Development of fringing reed belt along the shore (varying between 2
to 5 meters wide) and densely developed canopy of floating vegetation mainly
Nimphea alba, rooted in the central part of the lake, reduced its open water surface
to less than 10 ha. Srebarna Lake is also situated on the Danube floodplain at
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393 river km (Fig. 1). The lake was embanked and isolated from the Danube in 1949.
Later in 1994 Srebarna was reconnected with Danube through inlet channel allowing
flooding by the Danube, when the water level rises above 12 m a.s.l. at 393 rkm. The
maximum depth of the lake varies between 1.8 and 3 meters according to the Danube
flooding regime and the management of the channel facilities. The lake is
characterized with open water area of about 129.66 ha, and several large adjacent
pools with total area of 68.86 ha [11]. As the Srebarna Lake is more shallow and
wider, situated in open flat area, it reflect in e greater extend the changes in the
weather conditions, compared to Malak Preslavets, situated in a narrow valley
surrounded by hills.

Five replicates were sampled from Srebarna Lake and three replicates were
sampled from Malak Preslaverts, resuming totally eight samples (Fig. 2). Field
sampling was conducted twice (on 18" of July and replicated on 20" of August
2018), generating overall 16 samples. As shallow polymictic lakes, samples were
obtained subsurface from depth of 0.5 m. Water quality parameters such as
chlorophyll-a; transparency (Sechhi depth); total suspended matter; turbidity; water
depth and surface water temperature were measured. In order of obtaining necessary
sample volume for determining the chlorophyll a and total suspended matter
concentration between 0.1 and 0.35 litres of water were filtered, through CHMLAB
GF-5 grade glass fiber filters for each method. Chlorophyll-a concentration was
spectrophotometrically determined, extracted in 96% ethanol, following ISO
10260:1992. Total suspended matter assessment was performed according EN
872:2006. Turbidity was measured according ISO 7027-1:2016.

Fig. 1. Case study area: two small, shallow and turbid floodplain lakes - Malak Preslavets
and Srebarna

Freely available satellite data were used for assessment of chlorophyll-a and
total suspended matter (TSM) as indicators of eutrophication process. Sentinel 2
MSI_L1C products from 15 and 17 of July as well as from 19 and 21 of August were
selected and downloaded from scihub.copernicus.eu. The mean time differences
between in situ sampling and Sentinel-2 MSI sensing were approximately 2 days.
The content of both chlorophyll a and total suspended matter (TSM) was determined
by processing the images in SeNtinel Application Platform — SNAP (v 6.0.5) using
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Case-2 Regional Coast Colour (C2RCC) MSI operator, with C2X neural networks
recommended for turbid waters. Resampling by 20 m pixel resolution was performed
before image processing. Atmospheric correction (AC) was automatically performed
in C2RCC processor. In situ obtained environmental parameters such as surface
water temperature, salinity and altitude were set in C2RCC operator. In situ GPS
coordinates (Table 1) were used for match-up in pixels selection from Sentinel
images, where 3 x 3 pixels were extracted for each sampling station and average
values calculated (Fig. 2). In situ and satellite data were compared for the two
analyzed water quality parameters (chlorophyll-a and total suspended matter), based
on correlation analysis. T-test comparing two samples for means was used for
detecting significant differences in the two sets of data.

Fig. 2. Images of the Malak Preslavets lake and the Srebarna lake represented in SNAP.
Pins indicate the sampling sites. Three sampling sites were selected for the open water area
of the Malak Preslavets: N-North, C-Center, S-South (left pane) and five sampling stations

were selected for the Srebarna considering its larger open water area: N-North, E-East,

S-South, W-west, C-Center (middle pane). Data from 3 x 3 pixels around each station
(right pane) were extracted and average values calculated.

Results

Higher average depth was recorded along the studied period in the Malak
Preslavets — 2.26 (SD + 0.58) m against 1.82 (SD + 0.48) m in Srebarna lake
(Table 1). Surface water temperature in both lakes registered relatively equal values
27.07 (SD £ 0.21) °C for Malak Preslvets, against 26.47 (SD + 0.9) °C for Srebarna.
Water transparency shows considerably lower values for Malak Preslavets
0.47 (SD + 0.15) m and relatively higher values for Srebarna lake 0.89 (SD +0.12)
m. Turbidity was higher in Malak Preslavets registering 22.33 (SD + 9.5) NTU
against 6.17 (SD + 1.46) NTU for Srebarna lake. Total suspended matter also
registered higher values for Malak Preslavets 18.61 (SD + 7.35) g.m? against
2.95 (SD + 1.42) g.m? for Srebarna. Chlorophyll-a estimated higher concentration
in Malak Preslavets 87.95 (SD + 72.93) mg.m® and lower concentration in Srebarna
lake 19.09 (SD =+ 11.12) mg.m®,
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In seasonal trend average depth of Srebarna lake decrease from
1.9 (SD £0.5) min July to 1.7 (SD + 0.5) m in August, while the depth of Malak
Preslavets remained unchanged. Surface water temperature (at 0.5 m depth) was also
more stable in Malak Preslavets with 27 °C in July and 27.13 °C in august, while
Srebarna lake reported increase from 25.86 °C in July to 27.08 °C in August. Malak
Preslavets registered significant increase in chlorophyll a concentration, where
21.88 mg.m® was measured in July and 154.00 mg.m? in August. Increase in
chlorophyll a concentration in Srebarna Lake was also observed, registering
9.95 (SD =+ 5.45) g.m? in July and 28.23 (SD + 6.03) g.m® in August. The increase
of other measured variables: turbidity, total suspended matter and transparency also

was more expressed in Malak Preslavets compared to Srebarna lake.

Table 1. In situ measured water parameters: water temperature, depth, total suspended
matter, transparency (Sechhi depth), turbidity and chlorophyll-a
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26.83847 44.09422 N 18.07.2018 27 10.37 78 11 0.7 3.0

§ 26.83748 4409187 C  18.07.2018 27 2172 174 16 06 2.0

(3]

& 26.83648 44.09043 S 18.07.2018 27 3357 130 15 06 1.8

o

é 26.83847 44.09422 N  20.08.2018 27 16141 273 31 03 3.0

©
= 26.83748 4409187 C 20.08.2018 26.9 14512 215 32 04 20
26.83648 44.09043 S 20.08.2018 27.2 15549 248 30 04 1.8
o 27.07210 4410745 C 18.07.2018 259 3.55 4.2 5 10 23
§ 27.07210 4411105 N 18.07.2018 26.2 14.81 1.3 6 11 26
z 27.06660 44.10764 W 18.07.2018 24.6 474 1.4 5 10 16

27.07184 4410349 S 18.07.2018 26.2 14.81 2.0 6 09 16

@

% 27.07760 4410709 E 18.07.2018 264 1185 24 5 10 15

o]

% 27.07210 4410745 C 20.08.2018 26.9 29.62 3.1 7 09 21
27.07210 4411105 N 20.08.2018 26.3 17.77 2.0 5 09 24
27.06660 44.10764 W 20.08.2018 28 33.57 5.4 9 06 14
27.07184 4410349 S 20.08.2018 27.2 32.58 4.8 8 08 14
27.07760 4410709 E  20.08.2018 27 27.64 2.8 7 09 13
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Results from the satellite data analysis also registered lower concentrations
of both chlorophyll-a and total suspended matter in the Srebarna Lake, compared to
higher values in Malak Preslavets (Table 2). Seasonal trend confirmed increasing
concentrations of the chorophyll-a and total suspended matter from July to August
(Table 2).

Table 2. Average values of chlorophyll a and total suspended matter retrieved from 9
pixels matched-up to coordinates of sampling sites. Sentinel 2 MSI L1C products
processed in SNAP, and C2RCC processor.

® ) & e o
2 g c c‘éa j'gg é 2: é

=) = £ e
26.83847 44.09422 N 15.07.2018 37.06 439 444 24
% 26.83748 44.09187 C  15.07.2018 2851 29.2 317 4.8
g 26.83648 44.09043 S 15.07.2018 6757 615 6.92 4.6
% 26.83847 44.09422 N 19.08.2018 54.82 741 595 1.2
é 726 26.83748 44.09187 C  19.08.2018 66.85 929 7.14 1.1
8 26.83648 44.09043 S 19.08.2018 67.71 847 7.30 1.6
E:) 27.07210 44.10745 C 17.07.2018 3450 36.1 4.00 5.9
§ 27.07210 44.11105 N 17.07.2018 5752 47.1 6.42 8.4
(é) 27.06660 44.10764 W  17.07.2018 2493 20.6 3.07 44
;c) . 27.07184 4410349 S 17.07.2018 32,70 25.7 4.17 6.6
b= % 27.07760 44.10709 E 17.07.2018 37.83 38.8 442 6.7
& § 27.07210 44.10745 C 21.08.2018 38.40 37.2 483 49
27.07210 44.11105 N 21.08.2018 53.96 492 640 55
27.06660 44.10764 W  21.08.2018 40.80 425 489 6.1
27.07184 4410349 S 21.08.2018 4578 77.6 547 4.1
27.07760 4410709 E 21.08.2018 3565 825 378 35

Satellite data reveal significant changes in concentration of chlorophyll and
suspended matter in temporal scale (Fig. 3). Detailed information based on 244
pixels for the open area of Malak Preslavets and 2 144 pixels for the open water of
Srebarna Lake outline well pronounced spatial heterogeneity for both lakes (Fig. 3).
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Fig. 3. Sentinel MSI images processed in SNAP representing chlorophyll a and total

suspended matter retrieved by C2RCC operator using C2X neural networks. Malak

Preslavets register higher concentration for both parameters chlorophyll a and total
suspended matter than Srebarna lake. See the image from 19.08.2018 (on the left pane).

Correlation analysis revealed moderate relationship of concentration of total
suspended matter between in-situ and satellite data (r = 0.57, p = 0.022, n = 16).
Stronger relationship was determined for chlorophyll values (r = 0.66, p = 0.005,
n = 16) (Fig. 4). However, less than 44% of the dispersion in chlorophyll data was
explained comparing in-situ and satellite results, while only 32% of the dispersion
was explained for total suspended matter (Fig. 4).
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Fig. 4. Correlation between in situ values of chlorophyll a (left) and total suspended matter
(right) against Sentinel 2 MSI data retrieved from C2X algorithm in C2RCC processor
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Chlorophyll a concentration revealed similar mean values between Sentinel
2 data - 45.28 (SD +14.22) mg.m® and in situ data — 44.91 (SD +55.06) mg.m?
(Fig. 5). However, in situ data set showed significantly higher variation, compared
to Sentinel-2 data. Contrary, the total suspended matter revealed clear differences
comparing the mean values obtained by the two methods. In situ samples registered
mean values of 8.82 (SD +8.98) g.m?, while the Senitnel-2 C2X data set retrieved
almost six folds higher mean values of 52.73 (SD =+ 22.98) g.m* (Fig. 5).
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Fig. 5. Comparison between in situ values for chlorophyll a (left) and total suspended
matter (right) against Sentinel 2 data based on C2RCC processor and C2X algorithm

T-test Paired Two Sample for Means, comparing chlorophyll-a
concentration between both methods did not showed significant differences (t-stat =
0.03, one-tail p value = 0.49, t-Crit. = 1.75, n = 16). Contrary the total suspended
matter registered significant differences between the two data sets (t-stat = 9.07,
p <0.001, t-Crit. = 2.13, n = 16).

Discussion

In situ data showed high values of chlorophyll-a and low water transparency
indicating hypertrophic conditions of Malak Preslavets. Due to embankment, the
water level of Malak Preslavets was significantly raised compared to Danube water
level and no flood process occurs. The nutrient input from the local watershed is
entrapped in the lake causing progressive eutrophication. Eutrophic state was
registered in Srebarna Lake. The result confirmed last investigations [11, 13],
indicating sustainable improvement of the environmental conditions as a result of
maintenance of maximum water level and water volume.

Both methods showed pronounced spatial heterogeneity, especially in
Srebarna Lake considering its larger surface water area. However, the concentration
of chlorophyll a obtained by satellite data showed lower trophic state comparing to
in situ data. The average time differences between the date of field sampling (in situ
data) and remote sensing date (satellite data) was about 2 days. Taking into account
that water parameters can change over a short period due to dynamic weather
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conditions (mainly the strength and direction of the wind) reduction in data
comparability could occurred.

Comparison of total suspended matter revealed higher values retrieved by
satellite data. Concentration of coloured dissolved organic matter could also affect
light absorption hereafter the values of measured parameter. Considering the small
depth to transparency ratio of 3.22 and its high variability (SD + 2.09), bottom
reflectance also may have an influence on the water-leaving signal in the investigated
shallow waters [10]. High density of submerged macrophytes in Srebarna [11],
together with the large amount of suspended matter also could affect the light
attenuation and colour of the water [12]. Hereafter, due to complex optical properties
of turbid waters overestimation of total suspended matter is still in concern [9],
therefore in situ studies have important role in local data verification.

Conclusion

Lake Srebarna experienced eutrophic conditions, indicating stabilization of
the trophic status compared to previous years. On the other hand, in august 2018 in
situ data revealed hypertrophic conditions in Malak Preslavets. The assessment of
chlorophyll-a concentration according to both methods (satellite and in situ) showed
comparable results. Contrary, six-fold higher concentration of the total suspended
matter was determined by the satellite images and the used C2RCC operator, rather
in situ obtained data. Nevertheless, remote sensing i.e. Sentinel 2 MSI data, emerged
as valuable supportive tool for water quality monitoring, considering local
validation.
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OIIEHKA HA TPO®MYEH CTATYC HA MAJIKM MbTHH E3EPA
YPE3 CPABHEHUE HA HA3EMHHU U JUCTAHIIMOHHUA METO/A
HA U3CJEJIBAHE: YACTEH CJIVYAM OT 3AJTUBHATA TEPACA
HA JIOJIEH IYHAB

C. Ka3zakos, B. bucepkos, JI. IlexauBanos, C. Henkos

Pesrome
Llenta Ha mMpoydYBaHETO € J1a C€ OLIEHU TPOPUUHOTO CHCTOSHUE HA MAIIKH,
IUIATKA U MBTHH €3epa, CPaBHsIBaiKH IN SitU TaHHW U JaHHH OT CATEIUTHU U30-
Opaxenus. OOekTH Ha u3CieABaHe ca e3epara ,,Manbk [Ipecnasen’ u ,,CpedbpHa‘,
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pasmonoxeHu 3anuBHaTa Tepaca Ha Jonen JlyHaB. 3a oreHka Ha TPO(UYHOTO
CBCTOSIHUE Ca U3ION3BaHN OCHOBHH MMapaMeTpH 3a Ka4eCTBO Ha BOJHATA cpeia KaTo
xjopodrir-a, 00O CYCHEHANPAHO BEIIECTBO, NPO3PAYHOCT M MBTHOCT. J[Ba OT
napaMeTpuTe: XJIopodui-a U Oo0mO KOJMYECTBO CYCIEHAWpaHa MaTepus ca W3-
MOJI3BAHM 32 CPAaBHEHHE C JaHHU OT CATeIIUTHU N300pakeHus ot npoayktu MSI L1C
Ha carenurture Sentinel, ¢ momomrra Ha SeNtinel Application Platform (SNAP,
v. 6.0). In situ pesyaraTute HHIUKHPAT eyTpOdHH YCIOBHS B €3epoTo ,,CpedbpHa®,
nokato B ,Manbk IlpecmaBen™ ce peructpupar XuIEpTPOPHH YCIOBHUS.
CpaBHsiBaiiku pe3ynTature OT IN SitU M caTenuTHUTE TaHHHW, W JBaTa METoJa
mokazBar ymepeHa kopenmamus (r=0.66) W CBIIOCTABUMH CTOMHOCTH B
KOHIIEHTpanusTa Ha xyopodun-a. CTOWHOCTUTE Ha CYCICHAMPAHW BELIECTBa
nmokaspa ymepeHa kopenamus (r = 0.57) mexnay asara metona. [lo oTHomeHue Ha
CYCTICHIMPAHNUTE BEIIeCTBA pE3YNTaTUTe, IIONyYeHH OT CaTCIUTHUTE JaHHH,
3HAYUTENIHO HaaIeHsBar in Situ pesyararure. IIpoaykrure Ha Sentinel 2 MSI, ce
oyepTaBaT KaTO MEPCIEKTHBEH HM3TOYHUK Ha JaHHU 32 OKOJHATa Cpeaa, HO ¢
MPETIOPBUUTECIIHO PEIYJITATUTC OT COBbTHULUTE 1a C€ MOTBBPAAT OT HA3EMHU JaHHU.
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Abstract

The development of technology allows the accurate delivery of loads from an aircraft at a
precise location using aboard aviation systems. For this purpose, a mathematical model and
algorithm for a flight aviation system is proposed, which depending on the flight parameters and the
coordinates of the load delivery point, automatically determines the release time.

Study area

The moment of load separation is determined by comparing the angular
coordinates 1, ¢'1 at the point (target-T) of delivery and w14, 9’14 at the point of
landing of the load (Fig. 1), [5]:

1) fu=t/1=1/14=0, f,=¢/1—¢'14=0.

where Oxpyz is a distance-to-target coordinate system:;
Ox1y1z1 — associated coordinate system with the airplane.

Fig. 1. Determination of angular coordinates in the coordinate system Ox1y1z1
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The current position of the target is determined by a tracking system. The
position of the Orij coordinate system associated with the tracking device is
determined with respect to the horizontally stabilized Owxyz coordinate system
(Fig. 2) with the corners x and ¢.

Fig. 2. Determining the position of Orij relative to Oxyz

Provided the target is mobile, the vector equation for determining the
moment of release of the load from the airplane is determined by the vector scheme

(Fig. 3):

Fig. 3. Vector scheme for determining the moment of load release
2 D,=D,-B-S,

where O0:=B s the vector of the distance between the loading point and the
center of gravity of the airplane;
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O:T=D, - the distance vector to the target at the time of release;
TPy =S, - the vector of the road traveled by the load flight time;

OP, =D_ - the vector of the distance to the point of encountering the load
with the target.

The vector equation (2) is represented in scaled in the coordinate system
OX1y121.

Vector projections (S_t)l in the system Oxiyizi1, are determined using the
formula:

v, T
3) (S_l): Vtle ;
V., T

where T'is time of load flight, (\/_t)1 is the speed of the target in the system Oxuy1z:.

The vector equation for determining the speed of the moving target is
derived from Fig. 2 and Fig. 3 [5]:

4) \/_I:VV+cT)1xI'+%+a_)x5[,

where | is the distance between the mass center of the aircraft and the center of the
tracking device;

W - flight velocity vector of the aircraft;

o, - vector of the angular velocity of the aircraft;

D . . .
% - relative speed of the target to the tracking device;

@ - vector of the angular velocity of the tracking device;

The projection of the target velocity (\/_[1 in a bound coordinate system
Ox1yi1z; is determined by the formula:
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~W, (cos9cos 12cose +sin 9sin ucose) —
(- cosgsin u +sin 9cos ) -
., (cos@cos using +sin sin usinp);
V,, =W, -W, (—Sln9COS}/COS,uCOS¢)+COSSCOS}/Sin,uCOS(o—Sinj/Sin(p)—
5) ~W.,,(sin $cosysin i+ cos$cosy cos u)—

W, (~sin $cosy cos usin g + cos Icosy sin using + cosy cose);
-W, (SIHSSIH}/COS,UCOS(D cosgsinysin ucose — 0057/5|n(p)
(=sinsin ysin u +cos9cos y cos i) -

W, (sin 9siny cos usin g — cos 9sin ysin usin g + cos y cosg),
where relative road speed W. is calculated from formulas:

W =—al +o .l -D,;

rr 1i°j 1ji

6) W, =a,l,-ol, —o,D;

1r'j ljl’

t?

W, =-a,l;, + oyl + ®,D,.

Projection of the vector D, in a coordinate system Oxiy:z; is determined
by the formula:

X, cosd—-Hsing
7) (Sm)lz — X, sindcosy — H cos$cosy +Z,siny
X,singsiny + HcosYdsiny + Z, cosy

where X; and Z; are coordinates of the point of delivery of the load in the
horizontally stabilized coordinate system Oxyz, calculated by the system of
differential equations for body movement in space.

The vector (B_)1 in a system Ox1y1z1 is defined by the formula:

CD

8) (B) = B

w

71

Projection of the distance vector is obtained by formulas (2), (3), (7)
and (8)
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D)

D,. X,cos8—-Hsing B,
Dy, |=|—X,singcosy —H cosdcosy +Z siny |-| B, |-
D, X,sin@siny + Hcosgsiny +Z, cosy B,

W, —W, (cos$cos u2cos g +sin Isin 1 cosp)-W,, (—cos $sin u +sin $cos ) |
9) ~W,;(cos gcos sin g +sin gsin usin ),
W, —W,, (~sin $cosy cos oS @ +COS $COS ¥ Sin 12COS @ —Sin ¥ Sin ) —
~W,,(sin9cos ysin u+c0s9cos y cos u)—
-W, (—sin $COS ¥ COS 1£SiN @ + C0SJCOS ¥ Sin ysin¢+cos;/cosw);
W,, —W.__ (sin 9siny cos i cosp —cosJsin ysin 12cosg —cos ysinp)—
~W,,(~sin Jsin ysin u+cos9cosy cos u)—

-W, (sin Bsinycos;zsingo—cosgsinysin,usingo+cos;/005(p)

Angles p'1g, ¢/19 of the point of delivery of the load are determined by
formulas (Fig. 1):

D P
10) Mg = arctg[ﬁj S ardg(%] .

dxl dyl

The structural scheme of the on-board aviation load delivery system (ADS)
at a given point is based on the mathematical model (Fig. 4).
The structure of the ADS consists of:

- tracking system;

- a mathematical model for determining the target speed Vi;

- a ballistic model;

- a mathematical model for determining the distance to the point of
encountering the load with the target Dy;

- a block for determining the angular coordinates /14, ¢/14 Of the point of
delivery of the load

- at the point of delivery of the load;

- ballistic block;

- block with input parameters;

- A head-up display (HUD);

- Specific Ground Range (SGR).

The algorithm of a flight aviation system operation, automatically defining
the moment of separation, has been developed based on mathematical models

(Fig. 5).

68



Tracking System

i

3
V >
B
Vi
@ Wy N Mathematical Model for Determining
é_ m 7 Target Velocity V;
< m e
Wx1 i’
Wyl .
» le—
wz1
o >
- p Valy |9 Var| V| Vu
rYvyvy H ‘ l y A Yy A A
Ballistic Model Mathematical Model for Determining of the
T Delivery Distance Dq
Ao
A A
CX(M) m Dix1d Dy].d D14 ([)1
A 4 y A4
Ballistic Block to Block with Input
Bock Determine Parameters
/t/m, (ﬂlld
T U
H In
o Wing @'y
—————————— > HUD? yes
) ,ull 0 (ﬂ/l § SGR
_______(p_l__>

Fig. 4. Structural scheme of on-board aviation load delivery system
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Using the developed mathematical model and operating algorithm of an
aviation board system with a tracking system, the accuracy of load delivery is
determined at a point that is mobile.The accuracy in horizontal flight of the load
aircraft with the drag coefficient C,= 0.466 [3].

Speed of the target is 60 km/h with course angle y:= 30°.
The test shall be carried out for the following load separation conditions:

- horizontal flight;
- speeds —V = 180; 200; 220; 240; 260 m/s;
- altitudes — H = 600; 900; 1 200; 1 500; 1 800 m.

Load separation error is the sum of a random and systematic error. As a
consequence of this it is necessary to take some of its meanings. Considering that
in most cases its sign is not of interest, the formula for the estimation of the
accuracy of the load separation is used [1, 2, 4]:

11)  Ja,, =M?[4x]+D[AX],

where M[Ax] is the mathematical expectation of the error;
- D[AX] is error dispersion.

The results of the conducted study are shown in Tables 1 and Fig. 6.

Table 1. The accuracy 4/, Of delivery of load at a moving point

A= 0° — horizontal flight
\/a [m] V=180 [m/s] | 200 220 240 260
H=600 [m] 20.79 | 23.40 | 25.84 | 28.30 | 31.22
900 2491 | 28.18 | 31.59 | 35.00 | 37.55
1200 29.40 | 33.10 | 36.71 | 40.77 | 44.32
1500 33.25 | 37.40 | 41.77 | 46.48 | 51.16
1800 37.35 | 4254 | 46.45 | 51.69 | 56.87

As shown in Table 1 and Fig. 6:
- the accuracy ./«,, of delivery of load at a moving point when it is
separated from a horizontal flight is in the range from 20.79 m to 56.87 m.
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Fig. 6. Dependence of \/&z, , by V and H for delivering a load to a moving point

The accuracy of load delivery (C,= 0.466) at a point that is stationary when
the load is loaded from a horizontal flight from an aircraft (Table 2 and Fig. 7).

Table 1. The accuracy /«, , of delivery of load at a fixed point

A= 0° — horizontal flight
\/a [m] V=180 [m/s] 200 220 240 260
H=600 [m] 18.98 21.13 22.78 24.74 26.92
900 21.81 24.00 26.75 29.49 32.18
1200 24.65 27.62 30.37 33.41 36.21
1500 28.00 30.49 34.28 37.69 40.99
1800 30.48 34.37 37.50 40.92 45.93

72



50
45
40
H=1800, m
£ 3 — -
3 T
2 2 P =T
4 - P - | —
25—
e L —
i [ —
— [—
@ H=600, m
15
500 180 160 190 200 210 220 230 240 250 260
H.m Vv, mis
f v, mis
50
45
40
V=260, m/s —
£ 35 i >
] 1 _—
3 — _—
3 3 — ——
// - - - /
25 - —
V=180, m/s
20 V=180 mis |
15
600 800 1000 1200 1400 1600 1800
H,m

Fig. 7. Dependency of /e, by V and H for delivering
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As shown in Table 2 and Fig. 7:
- the accuracy of delivering load ./, , from a horizontal flight to a fixed
point is in the range of 18.98 m to 45.93 m.

Conclusion

The use of a tracking system in aviation flight systems provides
commensurate accuracy for delivering load to a mobile and stationary point. This
accuracy is approaching that of using freight that can be self-directed.

The developed mathematical apparatus and operating algorithm of aviation
aboard system provides the use of fire extinguishing equipment on mobile sea
platforms and hard-to-reach terrestrial areas.
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MATEMATHYECKHU MOJIEJI U AJITOPUTHBM HA PABOTA
HA CUCTEMA 3A OTAEJISIHE HA TAJIO OT JIETATEJIEH AITAPAT

M. Amanacoe

Pe3rome
Pa3BI/ITI/IeTO Ha TCXHOJIOTUUTE ITO3BOJISIBA TOYHOTO JOCTABsIHEC HaA TOBapI/I oT
JIeTaTeNieH amapaT Ha TOYHO OIPENIeleHO MSCTO C TOMOoIITa Ha OOpJHU aBHa-
LMOHHU CUCTEMHM. 3a Ta3H LEd € MPEAIoKeH MaTEMAaTHYECKH MOJIEN U alITOPUTHM
Ha paboTta Ha OOpjHAa aBUAI[MOHHA CHUCTEMa, KOSTO B 3aBHCUMOCT OT IOJCTHHUTE
rapaMeTpy ¥ KOOpIWHATUTE Ha TOYKATa 3a JOCTAaBSHE Ha TOBapa C€ OINPEaeis
aBTOMaTHYHO MOMEHTA Ha OTJIEJISHE.
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Abstract

A mathematical model with 4 degree of freedom created in Matlab for aircraft departure
trajectory is described in this article. As a reference aircraft a midsize commercial passenger aircraft
similar to an Airbus A320 has been chosen. The aircraft is represented by the rigid body and the
parameters of model are collected from Airbus and the simulated departure trajectory at the Munich
airport is based on a Standard Instrumental Departure. A semi-empirical model of Stone for
predicting the jet noise has been used. The proposed model is validated against 10 real flights
obtained from aircraft noise and flight track monitoring system at Munich airport. The computed
error between the real data and modelling is reported on. Obtained results are presented numerical
and graphically. The observed effects of flight operational parameters affecting the aircraft noise
emission level during take-off represent subjects of discussions in the paper.

Introduction

The air transport has risen in the recent years due to the steadily growing
number of passengers. As aircraft operations continue to grow as the average size
at the most congested airports increases, communities have become highly
sensitive to aircraft noise and their environmental impact. Aircraft noise is
considered to be one of the most significant environmental problem concerns the
local communities of modern cities, affecting mostly people living near airports,
the passengers on the airport and people worked on the airport. The aircraft noise
causes sleep disturbance, general annoyance, children impairment and
cardiovascular diseases. Aircrft can be considered as a complex set of noise
sources. Especially during the take-off, the engine plays the main role because the
thrust level is maximum, which generally causes the highest noise levels on the
ground. Due to technological improvements the significant progress has been made
in terms of reduction of aircraft noise. But the growing amount of air traffic in
Europe shows that an important part of the population is still exposed to
problematic noise levels. According to the European Aviation Environmental
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Report for 2019 in the European Union (EU), aircraft noise is the third biggest
source of noise exposure after road and rail traffic [1]. This is a critical issue that
affects the sustainability of commercial aviation.

The aircraft noise depends on many different factors and it’s very complex
to control it. Significant research is currently being undertaken with the goal of
reducing aircraft noise [2]. The theoretical models allow predicting and managing
the real object. There are two types of models that are used to predict and analysis
the aircraft noise in order to propose technology to reduce the impact of aircraft
noise. The theoretical models of the first group are based on empirical data and use
specialized software products [3, 4]. This work is focused on the second type of
models that use the basic principles of aircraft modelling. They represent the
aircraft as a point-mass model including the aerodynamics of the aircraft itself. The
differential equations describe the aircraft position in space and allow finding an
appropriate relationship between the investigated parameters. They allow the
optimization of aircraft trajectories and determination also of noise level from these
trajectories. The models that are used in the literature are with 4 to 6 degrees of
freedom [5-7]. Khardi propose a 6-degree of freedom model of aircraft [5]
simulating the aircraft departure trajectory in order to minimize aircraft noise levels
at reception points around airports. The reduction of noise is achieved by changing
the engine thrust. At work [6] an efficient trajectory parameterization for
optimization of departure flight paths is described. The aircraft model used in the
study has 6-degree of freedom and the noise level is decreased by varying the angle
of climb and the thrust setting of the engine. Zhang et al. [7] with aid of 6 degree of
freedom mathematical model simulated the aircraft departure trajectory describe
that a lower climb speed for the initial acceleration and constant speed climb is
preferred for a quieter departure. Paolo et al. [8] propose a simple model for
predicting aircraft noise in a given reference point and taking into account some
specific operational characteristics that have effect on noise impact on the ground.
The model of Stone [9] is widely used in the literature to calculate the engine noise.
This is a semi-empirical model which predicts the jet engine noise level for single
and mixed dual jets up to bypass ratios of 15 as the main source. In general, the
model can be applied to subsonic or supersonic flights up to Mach numbers of 2.5.
J. E. Bridges et al. [10] an alyse the method and prove its applicability to modern
engines with a high bypass ratio.

A mathematical model with 4 degree of freedom created in Matlab is
described in the current work. It includes two sections: modelling the aircraft
departure trajectory (take-off and climb), and modelling the engine jet noise level.
The goal is to provide a simple model for calculating the engine jet noise levels
from these trajectories in a given reference point. The model permits to develop an
easy way to find flight operational parameters that effect on aircraft noise levels on
the airports such as aircraft groundspeed and weight, and the angle of climb.
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Methodolody
Data secelction for aircraft trakectory modelling

For the simulation an aircraft similar to the Airbus A320 is chosen, which
is widely used for short to medium range flights [11]. The aircraft is equipped by
CFM565A engine. This engine develops a maximum thrust force of 112 kN.
According to performance training manual of Airbus [12] the aircraft take-off
velocity varies as function of the aircraft weight, the airport elevation, the ambient
conditions and it is limited by the tire maximum velocity. The take-off is supposed
to be performed with CONF1+F flaps/slats configuration. In Tab. 1 is shown the
selected parameters: the geometry of the aircraft and its engine, the runway
elevation.

Table 1. Aircraft take-off trajectory modelling data

Data from Parameter Value Unit
Wing span, b 35.8 m
. Wing are, S 122.6 m?
Aircraft - =
Irera Wing aspect ratio, A 9.395 -
Sweeper angle, y 25 degree
Runway elevation, hrunway 498 m
Runway Coefficient of rolling resistance, u 0.03 -
Endine Thrust, T 112 000 N
g Thrust specific fuel consumption, tsfc | 9.4444e-005 | N/sN

The international airport of Munich is selected as a baseline airport. The
airport is located around 30 km away from the Munich city centre. The airport
consists of two runways and it is one of the ten busiest airports in Europe.
Information about the track data and flight performances is provided by the aircraft
noise and flight track monitoring system of the airport [13]. The noise monitoring
network consists of 16 stationary measuring stations which are positioned at a
radius of 20 km around the airport. Additionally, three mobile measurement
stations are also used at places where no stationary measuring station provides
information about aircraft noise pollution.

Data secelction for jet engine noise modelling

The engine jet noise model requires input data with respect to geometry
and operational conditions of the engine (Table 2). From the Airbus technical data
are taken the geometric parameters [11]. The aircraft altitude, aircraft velocity and
the engine thrust setting determine the engine operation. According to the engine
operation, specific engine thermodynamic parameters have to be generated. To
calculate the parameters of ambient condition it has been used the International
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Standard Atmosphere (ISA) [15]. The required specific design parameter of the
engine for primary and secondary flow such as density, temperature and velocity of
the jet a turbofan calculator is used [16].

Table 2. Engine noise modelling data

Data from Parameter Value Units
Hydraulic diameter of inner contour, D19 1.2 m
Hydraulic diameter of outer contour, Dy 1.8 m
Nozzle area of inner contour, Asg Function of D1g m?
Nozzle area of outer contour, Ag Function of Dy m?
Engine Polar angle, o* 45 degree
Jet velocity in inner contour, vy Vary m/s
Flow velocity in outer contour, vig Vary m/s
Jet Temperature in inner contour, Ty Vary K
Flow Temperature in outer contour, Tig Vary K
Air pressure, p. 90 811.7 Pa
Ambien Air 'I_'emper.ature, Ty 284.913 K .
condition Air density, p« 1.167 kg/m
Air speed, ¢, 338.377 m/s
Mach number, M Vary -

The subscripts 9, 19 correspond to the primary and secondary flow parameters.

Modelling of aircraft departure trajectory and jet engine noise

In order to calculate the noise level a mathematical model simulated the
aircraft departure trajectory is developed. The aircraft departure trajectory includes
two sections: take-off and climb trajectory. Fig.1 shows the aircraft used during the
take-off modelling in which R is zero in the air.

5 m
(screen
height)

™~

g

- I N |
MR Ww

Ground run

Climb

~— Unstick
% D=—Q = ~
)

Transition

Fig. 1. Aircraft take-off trajectory
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Modeling of aircraft departure trajectory

For the present scope the aircraft is modelled as a rigid body with varying
mass, aerodynamics, thrust and gravitational forces. Some assumtions are made to
simplify the problem:

o all forces acting on the aircraft through its centre of gravity;

e no slideslip;

¢ small angle of attack;

e no wind present;

o the earth is flat and nonrotating.

Therefore, the equations of motion can be expressed as:

For the take-off configuration in the horizontal plane (1) and in the vertical
plane are (2):

1) V=
2) 0=L-R-W

For the climb trajectory (3):

X=V cosy

h=Vsiny
Y Vzﬂ—gsiny

m
,_(Tsina+L) gcosy
TTTwv v

where (x, h) are the position of the aircraft, (¥, y) are respectively the
velocity and the angle of the climb. The variables (7, tsfc, D, R, uR, m and g) are
respectively the engine thrust, thrust specific fuel consummation, the drag force,
the resultant vertical force with respect to the aircraft weight and wing lift, the
rolling friction, the aircraft weight and gravity acceleration. Those variables are
expressed as:
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T=T,5, ﬁ[l— M + MTJ

0

! D=2 pSV?(Cyo +kC2,a?)
2 x0 i~ Za
M=~
c

with Ty the full thrust, o the throttle setting, p the density of air at altitude,
po the density of air at ground, M the Mach number, S the wing span, Cz, the
gradient of the lift depends on the high lift device, Cx the drag coefficient for
a =0, ki the induced drag coefficient, ¢ the speed of sound at the altitude h [17].

Modelling of aircraft engine jet noise

The ground noise levels on airports depend of many variables such as
meteorological and runway characteristics, topographic conditions in the airport
locations, etc. During the take-off phase, one of the main predominated aircraft
noise sources is the jet noise. To model the aircraft engine jet noise in ths work is
used a semi-empire model of Stone [9]. The model estimates the noise as a
function of the exit velocity, pressure and temperature of the engine outflow. The
model assumes a symmetric noise emission with respect to the engine reference
axis.

5) L

Loom s a normalized sound pressure level and it is defined according to
the atmospheric conditions, the nozzle shape and the operating conditions of the

engine:
2 2 A
L. =141.0+10log10 [ P M G J +1OIoglo(_9j+
Peo,isA Coo.isa d

6) + 75|oglo(ﬁJ —15Ioglo[(l+ Ma,,, Cos(a*))z +0.04Ma } =
C

=L +AL

jet norm dir/spec (

Str

c-jet?

Ay ) +AL

c-jet

con
0

2
(D,

_1o|og10[1— Macos(a*)] +3I0g10( (2A9 +o.5}

where Vo is the effective jet speed defined as function of the jet exhaust
velocity and aircraft velocity:
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2
7) v_gzv{l—vxcos(oz*)}3

@ js the density exponent applying to hot jets as function of the effective
jet speed and the ambient speed of sound:

30(v,/c, )"
0.6+(V,/c, )3'5
Ma,

con s a convective Mach number and it is defined as function of aircraft
velocity, jet exhaust velocity, the ambient speed of sound and the polar angle:

8) o=

v, —Veos(a)
c

0

9) Ma_ =0.62

con

Str, is an effective Strouhal number.

toc

0.4 0.4[(1+cos(azo, )ﬂ
Str, = f “4':_;9/”{ rii/ﬂ} [hJ (1—Macos(a*))

r 0.5

10) ’ 2
[1+ 0.62("9;"@ ]cos(a*)J + 0.01538[\/90_\/““ j

[1+0 62[ Jcos( )Jz +0.01538[(\:/:j2

with %eor js a corrected directivity angle. It is defined as:

11) Ma,, = 0.62L05(a)

0

12) =a"(v/c,)”

L. . .
it js defined as
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A, VY ‘
19 V19
Ry YV

T m
13) ALC_jet=5loglo(‘—'9}+1OIog10 {1—E) 112 .
T V, 1+ﬁ
/\9

t,19 9
where the exponent m is defined as a function of the area ratio:

14) L JLLAG /A, for Ag/A, <207
6.0 for A,/A, >29.7

Results and discussion

To study the affect of the flight operational parameters on the jet noise
levels, it was simulated different aircraft trajectories based on the Airbus A320 at
Munich airport (Fig. 2). The parameters used in the simulations are listed in
Table 1 and 2. The simulated departure trajectory was based on a Standart
Instrumental Departure [14] and the calculation of the jet engine noise levels was
made for 2 points from that trajectory — during the take-off and during the climb.
The results regarding the noise levels were compared with the experimental data
published by the aircraft noise and flight track monitoring system at Munich airport
[13]. There are presented in Table 3 and 4.
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Fig. 2. Aircraft departure trajectory
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Table 3. Obtained numerical value from aircraft trajectory

Parameter Value Unit
Weight 51 600 62 000 73 500 kg
Vior 55 65 75 m/s
Time of take-off 31 33 35 S
Take-off ground run distance 913 1184 1474 m
VeLivs 90 100 110 m/s
Climb altitude, hciime 1552 1451 1380 m
Time of climb, tcLims 65 65 65 S
Angle of climb, y 15.36 11.82 9.52 degree
Table 4. Obtained numerical value from the jet engine model
Parameter Value Unit
Weight 51 600 62 000 73 500 kg
Noise level on the runway 63 68 72 dB
Noise level on the altitude 70 73 75 dB

According to the model:

on the runway, at minimum take-off weight mwrow = 51 600 kg and
aircraft groundspeed Vior = 55 m/s, the obtained level of jet engine
noise is 63 dB;

on the runway, at nominal take-off weight myrow = 62 000 kg and
aircraft groundspeed Vior = 65 m/s, the noise level from the jet engine
increases up to 68 dB;

on the runway, at maximum take-off weight murow = 73 500 kg and
aircraft groundspeed Vior = 75 m/s, the noise level from the jet engine
continues to increase up to 72 dB;

on the initial climb with velocity Vecume = 90 m/s and minimum
aircraft weight myrow = 51 600 kg, the noise level from the jet engine
is 70 dB;

on the initial climb with velocity Vcume = 100 m/s and nominal aircraft
weight murow = 62 000 kg, the noise level from the jet engine increase
up to 73 dB;

on the initial climb with velocity Vcume = 110 m/s and maximum
aircraft weight myrow = 73 500 kg, the noise level from the jet engine
continues to increase up to 75 dB.

The results of this work show that the engine jet noise levels are most
affected by the actual take-off weight and the groundspeed reached by aircraft
during the take-off and the inicial climb phase (Table 3 and 4). It can be noted that
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aircraft noise level is directly proportional to the take-off weight (Table 3): heavier
aircraft must increase engine thrust in order to reach the minimum speed for take-
off. During departure as the engine is the main noise source this action leads to an
increase in engine noise levels. It can also be obseved that noise is directly
proportional to the aircraft groundspeed (Table 3). These variables are affected by
adopted pilot technique. Analyzing the lowest and highest values of the take-off
ground run distances that correspond to the lowest and highest values of the noise
level it can be supposed that aircraft covers longer disnance on the ground reaches
lower altitude during the climb with larger ground speed deteriorets the noise
impact.

It was also able to use the experimental data from two noise monitoring
stations (located at the airport and Pulling) for a real departure procedure of A320
from runway 08L/26R at Munich airport. The measured and calculated noise level,
which are presented in Table 4 and Fig. 3 and 4, differ by 0.1 dB at the airport
station and 1.8 dB at Pulling station. These results show that the model that was
developed can be used with some confidence to predict noise level from aircraft in
the vicinity of airports.
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Table 4. Data from the measurement stations at Munich airport runway 08L/26R
on 29.04.2019 for the day period between 08:00 and 17:00

Vior, | tLor, Noise, [dB]
Ne Flight [m/s] [s] NMPO | NMP13
1 Munich-Cologne LH1984 75 35 65 77
2 Munich-Madrid LH1800 80 28 68 76
3 Munich-Paris LH2228 75 36 68 75
4 Munich-Paris AF1423 75 34 68 75
5 Munich-Berlin LH2194 80 32 69 73
6 Munich-Brussels LH2286 75 36 68 74
7 Munich-Cologne EWO083 75 40 72 74
8 Munich-London LH2476 75 30 63 75
9 | Munich-Amsterdam | LH2306 80 38 69 74
10 Munich-Paris LH1623 75 35 68 75
Conclusion

Aircraft noise is one the most detrimental environmental effect of aviation.
The impacts of aircraft noise on people living in the vicinity of airports cannot be
overestimated. In some airports, noise constrains air traffic growth. The main
source of the aircraft noise during departure is assumed to be from its engine. In the
current work is created a mathematical model simulated the aircraft departure
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trajecrory (take-off and climb). The jet engine noise level from these trajectories is
calculated. The trajectory model and the jet engine noise model are validated and
demonstrate a correct physical behaviour. The suggested model could be integrated
into noise-reduction measures that should take into account the interaction between
the flight operation parameters and noise leves for a careful air traffic planning

In the future, the research will focus on:

e including the atmospheric factors in the trajectory model because of
their non-negligible roles in flight performance during the take-off;

e creating a model to investigate the possibility of trajectory optimization
during the departure trajectory in order to decrease the engine noise
level.
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PACUYET YPOBHJ IITYMA BO3JAYIHIHOI'O CYJAHA IIPU B3JIETE
X. I'eopzuesa

Pe3rome

B 3T0l cTaThe onKMcaHa MareMaTHYecKass MOJENb ¢ 4 CTEIEeHsIMH CBOOOIbI,
coznmanHas B Matlab ans TpaekTopuu BbIIeTa camoyiéTa. B kauecTBe TallOHHOTO
camouiéta ObUT BEIOPaH KOMMEPUYECKHI MAaCCAKUPCKHIIA CaMOJIET CPETHETO pa3mepa,
noo0HbIi Airbus A320. Camouer mpencrasieH kak TBEpaoe Teno. [lapamerpsr
MOJIEJIM TIOJTyYeHBl M3 caiiToB Airbus, a Mojenupyemas TpaeKTOpHUs BbUIETA B
a’pornopTy MIOHXEHa, OCHOBaHA Ha CTaHJAPTHOM HHCTPYMEHTAJIbHOM BBLIETE.
JlJis TpOrHO3MpOBaHMS IIyMa CTPYd OblIa KCIIOJIB30BaHA MOJYIMITUPUYCCKAs
mozenb Croyna. IlpennoskeHHass Moiens MpoBEpeHa Ha cooTBeTcTBUE 10 peansb-
HBIM TI0JIETaM, TOJyYSHHBIM W3 aBHAI[MOHHOTO IIyMa W CHCTEMbl MOHHUTOPUHIA
TPaeKTOpUH IMoJjera B a’ponopty MronxeHa. PaccumThiBaercst ommbka MeXITy
pCaJIbHBIMU JaHHBIMU U MOACIIMPOBAHUC. HOHy‘IeHHBIe PE3YIbTATHI NPCACTABICHBL
YHCIICHHO U rpaduyecku. Habmronaemple 3 QeKThl IKCIUTyaTallMOHHBIX TTapaMer-
POB moMn€Ta, BIMAIOLIME HA YPOBEHb IIyMa BO3IYLIHOTO CyJHa BO BpeMs B3JeETa,
SIBIISTFOTCS IPEJIMETOM OOCYKJCHHS B JIOKYMEHTE.
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Abstract

In the paper hereby, steady flow around a thin-walled wing is analysed by means of the
Lifting Surface Method. In order to carry out tests, the wing has been divided into a finite number of
quadrilateral panels. All panel edges in turn are replaced by discrete straight vortex segments which
induce velocities within the flow field. The problem boils down to working out velocity circulation
distribution on the wing surface. For this purpose, numerical realization has been developed in C by
Minimalist GNU for Windows compiler and Code::Blocks IDE. To work out a solution to the linear
non-homogeneous algebraic system, the Gauss — Seidel stationary iterative method has been applied.
The obtained results for various angle of attack values are depicted by means of ParaView.

Introduction

The proposed study aims at displaying a fast algorithm for three-
dimensional smooth flow analysis. A straight slender wing with finite span has
been chosen for the test purposes. It has an exact resemblance to HAWK-2M
Unmanned aerial Vehicle (UAV) wing upper surface. The UAV is produced by
Aviotehnika Ltd. in Bulgaria. Although, the utilized algorithm is relatively old (it is
also widely known as the Lifting Surface Method), it is seldom used in conjunction
with iterative schemes for working out a solution to the linear algebraic system. In
addition, the lack of specific aerodynamic data motivates the proposed study, so
does development of a nonproprietary source code.

Method

The utilized approach towards working out a numerical solution follows
procedure thoroughly described in [1]. The wing is divided into finite number of
quadrilateral panels. Each panel is replaced afterwards by a vortex ring consisting
of four straight vortex segments with constant intensity 7". The rings purpose is to
replace the actual geometry by inducing velocities within the flow field. In this
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way, discontinuities of the velocity field magnitude are introduced which is what
the actual wing is designed for. Each panel centroid is considered a collocation
point. The velocities induced by all panels are computed successively at each
collocation point and a linear algebraic system is formed afterwards in terms of
velocity circulation distribution on the wing surface. A solution to the system is
worked out numerically employing the Gauss — Seidel’s stationary iterative
scheme. Validation of the implemented algorithm has also been carried out.

The Biot — Savart law applied to a straight vortex element

The velocity induced at point P, fig. 1, by a straight vortex element with
finite length ro might be computed by means of following formula, [1]:

I' rxr rh r
(1) ql’2 —_g.ro (_1__2J

Ar |r1 ><r2|2

Fig. 1. Velocity induced by straight vortex element

Formula (1) is an alternative expression of the Biot-Savart law, which establishes a
relationship between the induced velocity and the vortex element geometry. This
formula is mainly used about further computations, which are to be made in the
paper. It should also be noted that the velocity vector gi2, Fig. 1, is orthogonal to
the plane formed by vectors ri and r, which statement intuitively follows taking
into account the cross product in (1).

Computation of influence coefficients

The boundary condition imposed on the problem under consideration
implies that normal flow component is not allowed through the wing surface. The
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normal velocity component at each point of the wing could be divided into a self-
induced and a free-stream part, [1], i.e.

@ (u+Q,)n=0.

The self-induced part is a linear combination of the so-called influence coefficients,
which must be computed at each collocation point. These coefficients are defined
as velocity components normal to the surface due to singularity element (vortex
ring in our case) with unit strength, [1]. What is more, the velocity components
induced by a single vortex ring at given collocation point are defined as an
algebraic sum of velocities induced by all straight vortex segments comprising the
ring. For instance, the influence coefficient at collocation point 1 due to vortex
ring j is defined as dot product (3) between induced velocity u and panel normal
vector n,

(3) a;; =Uy; N,

At given collocation point, velocities induced by all vortex rings that the wing
contains must be added to each other. At that point, the left hand side of (2) is
represented by the sum (4),

N N
(4) Zaijrj :Zuljnlrj :_Qoonl'
j=1 j=1

In formula (4) circulation value 77j is unknown. In addition, the induced velocity
computed by means of (1) takes value of I" = 1.

Having traced all vortex rings influence upon all collocation points,
following linear non-homogenous algebraic system with constant coefficients is
formed:

&; &y ... ay|ll; RHS,
Ay Ay, Ay ... Ayl RHS,
(5) Ay 9y Qg ... gy rs = RHSs .
Ay, Ay, Ayg .- Ayl RHS,,

In system (5), the right-hand side (RHS) is computed at current collocation point as
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The approach described above is illustrated in Fig. 2 adopting double indexing
notation.

f,fr'+f s i+1, f+1 i=1 7

Fig. 2. Velocity induced at collocation point P47 dueto panel i=2,j=1

In order to put the system (5) together, normal unit vectors at each panel
must be computed in advance. This could be easily done recalling that the panel
area equals half the cross product

(7) Si =0.5(pxq).

The vectors p and g form diagonals of the quadrilateral panel, Fig. 2, upper left
corner. Hence, the unit vector is

S,
(8) nij :E
Il

Solving a linear algebraic system

Having computed the influence coefficients, a non-homogenous linear
algebraic system (5) is obtained in terms of circulation 7" distribution on the wing
surface. The system is said to be strictly diagonal dominant if the absolute value of
each main diagonal element is greater than sum of the absolute values of remaining
entries in the current row respectively, i.e.
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If the requirement (9) is met, then the following stationary iterative method, [2]
k_ 1 SR k1| _
10) x‘=—|b->ax-> ax | i=12..n k=123..
a;; = j=i+l

for working out a solution to the system (5) is said to converge unconditionally.
Method (10) is named after Gauss and Seidel who used it as a modification of the
widely known Jacobi method, [3].

(11) xik:i bi—> axi™"| i=12..,n k=123,...
& L

j#i
The convergence criterion used in the algorithm is the relative difference
(12)  max ‘x" — x"’l‘/‘x"‘ <1073
Both iterative schemes (10) and (11) require initial guess for the vector x.

Secondary quantities

After computing the velocity circulation distribution, it becomes possible
to work out lift L, pressure distribution p, and drag due to lift D values. Following
formulae are recommended, [1]:

o Lift on each bound vortex segment:

AI-ij =, (Fij _Fi—lj )Ayij i>1

(13) .
AL; = pQ,T';Ay; =1

e  Static pressure distribution:
(14)  Ap; = AL;/AS,

¢ Induced drag due to trailing vortex segments of each panel:
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AD; =—pw, (T -T ;) Ay, i>1

(15) _
AD; = pw, ", Ay; =1

where w is the induced velocity on the wing surface. Eventually, for total values it
yields:

e Total drag:
M N
(16) D=) > AD,
i=1 j=1
e Total lift:
M N
17)  L=> > AL
i=1 j=1

Since the fluid is assumed ideal, any other kind of drag force is expected to be zero
due to d’ Alembert paradox.

Source code description and validation

The source code has been developed in C. It utilizes two main structures
shown in Fig. 3. Firstly, a structure storing quantities due to one straight vortex
segment is created. In addition to geometry and velocity data, it contains a pointer
to a function working out the induced velocities g1, according to formula (1). Then,
another structure is created to store quantities related to one vortex ring. Since one
ring contains four segments, four pointers to the former structure are declared
within the latter. In this way, an inheritance is implemented facilitating code
development process and making it possible to clarify vortex segments pertaining
to the current ring and their location on the mesh. According to author’s
experience, double indexing of the panels in both curvilinear directions is the best
approach as it is shown in Fig. 2.

The source code reads a text file containing grid point coordinates. Having
read the data, the code passes them to aforementioned structures for further
processing. All data blocks such as structures and arrays are dynamically allocated
and assigned to pointers thereafter, which lets developer make use of the program
with arbitrary number of panels. Both the number of wake panels and their
geometry are computed automatically. Having completed the calculations, all data
blocks are set free.
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The source code has been developed by means of Minimalist GNU for
Windows v.4.9.2, [4] and Code::Blocks IDE v.17.12, [5]. The 3" party software
used is ParaView to visualize obtained data, [6].

#ifndef DEFS H

#define DEFS H

#define PI 180 4. * atan(l.) / 180.
#define I 10

#define J 32

#define AOA 10

#define IW 2

typedef double real;
typedef int int t;

typedef struct oneSegment {

struct oneSegment *that;

real u, v, w, x1, vyl, zl1, x2, y2, z2;

int t (*ql2) (struct oneSegment*, real, real, real, real);
} mySegment;

typedef struct onePanel {

struct onePanel *that;

real S, nx, ny, nz;

mySegment *East, *West, *North, *South;
} myPanel;

real **x, **y, **z, **xp, **yPp, **zP, **xW, **yW, **zW, *A, *b, **Gamma;
myPanel ***panel, ***panelW;

real** make2DArray (int_t X, int t Y);

int t delete2DArray(real **foo, int t X);

int t gl2Common (mySegment *foo, real xP, real yP, real zP, real G);
myPanel* makePanel (int t i, int t j, real **x, real **y, real **z);
int_t killPanel (myPanel *foo);

int t LHS(real *pA, real **G, int t knob);

int t RHS(real *pb);

int_t solvelS GS(real *a, real *b, real **G);

#endif

Fig. 3. Main header file used in the developed software

In order to estimate the program ability to work out a solution in advance, a
few validation cases were carried out. Firstly, the iterative scheme (10) was tested
with exact solution of small-sized system of linear non-homogenous equations,
precisely 3 and 4. The Gauss-Seidel method proved to be about three times faster
than Jacobi’s, as expected.

The proposed algorithm is tested further by means of a thin rectangular
wing divided into a mesh of 4 times 26 panels. This problem has been solved in [1]
by means of a FORTRAN code published in Appendix D.2. Unlike the presented
study, Gauss eliminations were used in [1] to solve the linear system of equations.
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Both results for circulation 7" distribution on the wing surface are shown in Fig. 4
and Table 1.

Numerical results

In Table 1 and Fig. 4, results from presented code validation are shown. In
Fig. 4, the wing semi span is solely depicted due to symmetry.

Table 1. Exemplary serial computations

Gamma, m%s, Katz and Plotkin, [1] | Gamma, m?/s, presented code
R/C 1 2 3 4 1 2 3 4
0.491 0.699 0.822 0.889 0.491 0.698 0.822 0.889
0.490 0.697 0.820 0.887 0.490 0.697 0.819 0.887
0.487 0.693 0.815 0.882 0.488 0.693 0.815 0.882
0.484 0.688 0.808 0.875 0.484 0.688 0.808 0.874
0.479 0.680 0.799 0.864 0.479 0.680 0.799 0.864
0.472 0.670 0.786 0.850 0.472 0.670 0.786 0.850
0.463 0.656 0.769 0.830 0.463 0.656 0.769 0.830
0.451 0.637 0.746 0.805 0.451 0.637 0.746 0.805

9 0.435 0.613 0.715 0.771 0.435 0.613 0.715 0.770
10 0.413 0.579 0.674 0.724 0.413 0.579 0.674 0.724
11 0.383 0.532 0.615 0.659 0.383 0.532 0.615 0.658
12 0.337 0.460 0.526 0.561 0.337 0.460 0.526 0.561
13 0.255 0.336 0.378 0.400 0.255 0.336 0.378 0.400

0N (WIN|F

Gamma distribution, Katz & Plotkin, [1], wing semi span Gamma distribution, presented code, wing semi span

1 2 3 . 5 6 7 8 s 1 1 1 13 1 2 3 2 5 6 7 8 9 1 1 12 13
H(02 M0204 HO206 HOE0B WO w002 w0204 H0406 mO608 mOS1

Fig. 4. Program validation, o. = 5 deg, Q.. = 1 m/s

In Fig. 5, numerical results are shown for lift force distribution along upper
surface of the Hawk-2M wing. In this case, the Gauss-Seidel numerical routine
(10) has been used to work out a solution to system (5). In case of angle of attack
a =10 deg, Q. = 16.7 m/s, p = 1.225 kg/m?, the total lift is L = 147 N. In addition,
the total lift coefficient is C. = 1.358. In Fig. 6, a screenshot taken during
numerical computations is depicted regarding same computational case. In the
figure, upper left corner of the coefficient matrix taking part in system (5) is clearly
visible. It is evident that the main diagonal elements are dominant with respect to
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the order of magnitude. In Fig. 7, the root wing foil of Hawk-2M UAV is depicted.
The wingfoil upper surface has been extruded along the semi span so as to obtain
the 3D slender wing used in the present study.

Fig. 5. Lift force distribution, N

-1.126e+881 8.969e-0061 8.536e-002 2.545e-602 1.117e-802

5.985e-003
8.650e-081 -1.069e+001 9.490e-001 9.085e-002 2.608e-002 1.179e-002
7.532e-862 T.107e-801 -1.823e+001 9.978e-801 9.618e-802 2.845e-802
2.08%e-062 8.111e-062 G.608e-001 -0.840e+000 1.044e+000 1.013e-001
8.606e-003 2.258e-062 8.669e-0802 1.018e+000 -9.5156+000 1.086e+0800
4.358e-003 9.202e-063 2.413e-002 9.217e-002 1.061e+000 -9.238e+000
2.506e-063 4.706e-003 9.953e-003 2.570e-002 9.740e-002 1.102e+000
1.572e-063 2.706e-063 5.042e-003 1.061e-002 2.721e-002 1.025e-001
1.850e-063 1.608e-003 2.900e-003 5.375e-003 1.124e-002 2.869e-0802
7.362e-064 1.134e-063 1.819e-003 3.092e-003 5.697e-003 1.186e-002
5.350e-0864 7.951e-864 1.216e-003 1.940e-003 3.279¢-003 6.013e-003
4.022e-004 5.789e-064 8.524e-004 1.297e-003 2.058e-003 3.461e-003
3.006e-064 4.3450-604 6.206e-004 9.003e-004 1.375e-003 2.173e-003
2.434e-004 3.345e-064 4.650e-804 6.622e-004 9.647e-004 1.453e-003
1.948e-0864 2.630e-004 3.588e-004 4.972e-604 7.026e-004 1.019¢-003
1.510e-064 2.001e-064 2.671e-004 3.608e-004 4.,045¢-604 6.912e-004
1.145e-864 1.489¢-064 1.945¢-804 2.564e-004 3.415¢-0804 4.614e-004
9.,251e-085 1.187e-064 1.528e-004 1.981e-004 2.587e-004 3.418e-004
7.982e-065 1.005e-0864 1.280e-004 1.640e-0804 2.114e-004 2.751e-004
6.800e-085 8.576e-085 1.083e-004 1.372e-004 1.749e-004 2.244e-004
5.801e-065 7.374e-005 9.231e-805 1.150e-804 1.462e-004 1.854e-004
5.135e-085 6.3B4e-085 7.932e-005 9.879e-005 1.234e-004 1.548e-004
4.503e-005 5.563e-065 6.864e-005 8.484e-005 1.851e-804 1.306e-004

Fig. 6. Matrix A upper left corner
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Fig. 7. NACA 63-415, 15%

4. Discussion

It is somewhat appropriate to note that velocities induced at given
collocation point by an arbitrary vortex ring are highly dependent of the distances
ri and rp, Fig. 1, dashed lines, Fig. 2. The longer the distance the least the
influence. Therefore, the biggest velocities are induced by a ring, which overlaps
the collocation point. This in turn implies that the user is expected to get a
diagonally dominant system of linear equations because diagonal elements with
same indices all in (5) are obtained whenever the collocation point and vortex ring
coincide.

In Fig. 2, a set of vortex rings (wake) is depicted right behind the wing
trailing edge. Essentially, this implements the Kutta condition implying that the
rear stagnation point should be held at the trailing edge. At that point, the flow
velocity takes zero value. The vortex straight segments in Fig. 2 along the trailing
edge replace the initial vortex. They would remain uncompensated if the vortex
wake were absent. It is well known fact that the velocity vector circulation makes
up for the initial vortex to preserve angular momentum of the mechanical system.
Having encountered the trailing edge panels, the algorithm appends wake rings
influences in order to impose the Kutta condition. For all that, the wake is a major
source of numerical errors, which is why it is recommended for its length to be no
less than 20 chords, [1].

In Table 1, Fig. 4, slight differences might be observed between results.
The explanation might be found the digit precision. In book [1], single precision
variables were used whilst in presented study results are quoted using double digit
precision. In Fig. 5, the numerical results are shown for angle of attack o = 10 deg.
It may be figured out that the lift force decreases dramatically in the vicinity of
ailerons thus reducing their efficiency. This is notably the case of take-off and
landing. Efficiency of Hawk-2M aileron has been already thoroughly discussed in
paper [7].

According to Fig. 6, the coefficient matrix is expected to be noninvertible.
The matrix determinant has been computed in addition by means of GNU
Scientific Library, [8], “gsl linalg LU det” routine. The obtained order of result
was quite small which makes the iterative scheme preferable to some direct
methods such as the Cramer’s rule.
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A possible algorithm extension would be simulating an unsteady flow
around the wing. In this case, the wake shape evolution should be computed in
addition. Also, it is advisable to study the topic of winglets design for this
particular wing. Unfortunately, it is not possible to dive into all details of the
source code due to the limited paper size. However, the source code is extensively
commented and distributed by the author on demand.

Some additional tests carried out by means of Jacobi’s and Gauss-Seidel’s
methods might be found in [9].
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AHAJIN3 HA CTAIIMOHAPHO TEYEHHUE OKOJIO TBHKO KPNJIO
IO METOJA HA HOCEIIATA ITOBBPXHOCT

K. Memooues

Pesrome

B HacTosmara craTHs CTalMOHAPHO TEUYEHHE OKOJO THHKO KPHJIO €
aHanM3upaHo 1Mo Meroja Ha HocelaTa MOBBPXHOCT. 3a Ja Ce MPOBEAAT YHCICHH
eKCIIEPUMEHTH, KPHWJIOTO O€ pas[esieH0 Ha KpaeH Opod KBaapaTHYHHU MaHEIH.
Benuku cTpaHn Ha maHeIMTE HA CBOW pell ca 3aMEHEHM OT JTUCKPETHH MPaBH BHUX-
POBHU CErMEHTH, KOUTO UHIYLUPAT CKOPOCTH B MOJETO HAa TEUEHUETO. 3ajayara ce
CBEXJIa JI0 HAMUpAHE Ha pa3lpe/ielIeHNeTo Ha IUPKYJIANATA 10 IOBbPXHOCTTA Ha
KpuiioTo. 3a uenra Oe pa3paboTeHa yucieHa peanu3anusa Ha e3uk C mocpeacTBoM
komnuiatop Minimalist GNU for Windows u pa3Boiina cpena Code::Blocks. 3a na
ce HaMepH pellieHHe Ha JIMHEeWHaTa HEXOMOTeHHa alreOpuvHa cuctema Oe TpH-
JI0’KeH uTepaTuBeH Metoa Ha ['ayc — 3aiiaen. [lonydyennrte pe3ynTaTu 3a pa3iundHA
BIJIM HA aTaka ca BU3yaln3UpaHu nocpenctsoM ParaView.
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Abstract

The article presents an algorithm for development of a Long endurance electric multirotor
unmanned aerial vehicle. Calculations for usage of different types of electric batteries have been made
and dependencies of flight time for different weights of batteries have been obtained. Options for
quadcopter and sixcopter have been considered.

Notation

Co — coefficient of drag force;

C. — coefficient of lift force;

D — drag force of the aircraft;

Epa: — €nergy of the batteries;

E 4 — specific energy of the batteries;
F — thrust of the propulsions;

g — acceleration of gravity;

K — glade ratio;

K. — glade ratio by maximum endurance;
Kr — glade ratio by maximum distance;
L — lift force of the aircraft;

mo — take-off mass;

m, — mass of the payload;

my,, — Mass of the batteries;

Mempiy — Mpty mass of the aircraft;
my,; — Specific mass of the batteries;
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m,, — specific mass of the payload;
Mempty — SPECific mass of the empty aircraft;
P — power;

P, — power for 1 motor;

R — distance of the flight;

t — flight time;

t, —endurance time;

V — air speed of the aircraft;

V. — cruise speed of the aircraft;
W — take-off weight;

p — air density.

1. State of the Art

In the past years, sales of multi-rotor unmanned aerial vehicles (UAV)
(copters) represent a major part (over 90%) of total sales of such aircraft. This is due
to UAV capability to perform take-off and landing on small non-equipped areas, to
carry out motionless hovering, and to be easily maintained. The only disadvantage
is their relatively short flight endurance due to low energy efficiency. Opportunities
for improvement of their aerodynamic and thrust efficiency are almost run out. It is
expected that the flight endurance will be increased by developing batteries with

higher specific energy E =

Mpat’
This paper presents a simple and efficient algorithm for development of

copters that fulfil customer requirements.

2. Initial Requirements

Customers most frequency requires copters with long endurance at the
payload used, which are relatively cheap, that possess high level of reliability and
simple maintenance [5-7].

3. Mathematical model

Basic properties and features
Copter mass can be presented as the sum of the masses of individual
subsystems:

(1) My = Meop + Mprop +mg + my + Mpq: [9]-

Required thrust for motionless hovering is a multiplication of required thrust
of one propulsor by the number of propulsor:
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) E =Fn[N].

Required thrust of one propulsor is calculated according to the formula by
accepting that 4% of the thrust is used to limit displacements caused by air
movement:

B) F = 1.04% [N].
Total required power is:

(4) B =nf(F)[W].

Required power of one motor for motionless hovering depends on required
thrust. This dependence is presented by manufacturers of electric motors for copters
in tables with experimental data. In tables, for a specific motor, propeller and battery
voltage, depending on revolutions, are presented data for power consumption and
achieved thrust.

According to data by using a parabolic regression we can find the
dependence:

(5) P = f(Fl) [VV],
(6) E=Pt= Embat [wh],
@ t= 60sz1 - % [min].

For the electric motor U8lite K150, with the propeller G28*9.2CF and
batteries with a voltage of 24 V, the following dependence between power
consumption and required thrust can be found:

Table 1
F1,N P1, W
11.54 69.6
12.13 74.4
13.27 84.0
14.37 93.6
15.31 103.2
16.17 110.4
17.51 124.8
18.69 134.4
19.68 146.4
21.12 160.8
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F1,N P1, W
21.85 168.0
22.90 180.0
24.03 194.4
25.01 206.4
26.74 230.4
28.22 247.2
30.89 283.2
34.13 326.4
39.81 415.2
47.86 552.0

P P, =f(F1) [W]
600

= 2 -
c00 P, =0,1361F,2 +5,2303F, ?S/’
400 /
300

200

100
0 T T T T T I}’_‘I
0,00 10,00 20,00 30,00 40,00 50,00 60,00

Fig. 1. Parabolic regression

For dependence between power consumption and required thrust of the
electric motor U8lite KV150, with the propeller G28*9,2CF and batteries providing
24 V.

When looking at a specific example about designing of an industrial copter,
some dependence can be found, which can be used for development of a copter
fulfilling customer requirements.

An example is considered where a customer requires a copter capable to

carry a payload with gimbal mass of m, <1500¢g and have a flight time of
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t = 90 min. Calculations have been performed for two basic copter configurations
with four rotors (quadcopters) and six rotors (sixcopters), which are the most
frequency used for these payloads. It should be noted that this copter are able to carry
higher loads at the expense of a reduced flight time.

After analysis of the masses of the structure, we accept:

o Mcons = 1350 g for quadcopter;
® Mcone = 2 700 g for sixcopter;
e m, = 500 g for avionics.

An option with a highly effective propulsion system has been considered.
The system consists of brushless electric motors US8lite KV150, a propeller
G28*9,2CF and batteries with a voltage of 24V. Flight times with different types of
batteries and specific electric energy have been compared: LiPo with
E =200 Wh/kg, LilON with E = 250 Wh/kg and promising batteries which are
expected to be used in 2026 with E = 1 200 Wh/kg.

Table 2

Quadcopter
Mpq¢ m F1 P E

200 | 250 | 1200
g g N W t, min
1500 6277| 16 437 41.22| 51.53| 247.33
1750 6527| 17 461| 45.52| 56.90| 273.12
2000 6777| 17 486| 49.34| 61.67| 296.02
2250 7027]| 18 512| 52.73| 65.92| 316.40
2500 7277| 19 538| 55.76| 69.70| 334.56
2750 7527]| 19 564 | 58.46| 73.08| 350.77
3000 7777] 20 591| 60.88| 76.10| 365.26
3250 8027| 20 619| 63.04| 78.79| 378.22
35001 8277| 21 646| 64.97| 81.21| 389.81
3750 8527| 22 675| 66.70| 83.37| 400.18
40001 8777\ 22 703| 68.24| 85.31| 409.47
42501 9027| 23 732| 69.63| 87.04| 417.77
4500 9277| 24 762| 70.87| 88.58| 425.19
47501 9527\ 24 792| 71.97| 89.96| 431.82
5000 9777] 25 822| 72.95| 91.19| 437.73
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104

Quadcopter

My m F1 P E

200 | 250 | 1200
g g N W t, min
5250| 10027| 26| 853| 73.83| 92.29| 442.99
5500| 10277 26| 885| 74.61| 93.26| 447.65
5750| 10527 27| 916| 75.30| 94.12| 451.78
6000| 10777| 27| 949| 7590| 94.88| 45542
6250| 11027| 28| 981| 76.43| 9554| 458.61
6500| 11277 29| 1014| 76.90| 96.12| 461.39
6750| 11527| 29| 1048| 77.30| 96.63| 463.81
7000| 1177730 1082| 77.65| 97.06| 465.88
7250| 12027| 31| 1116| 77.94| 97.43| 467.64
7500| 12277| 31| 1151| 78.19| 97.73| 469.12
7750| 12527| 32| 1186| 78.39| 97.99| 470.33
8000| 12777|33| 1222| 7855 98.19| 471.30
8250| 13027| 33| 1258| 78.68| 98.34| 472.05
8500| 13277 34| 1295| 78.77| 98.46| 472.60
8750| 13527 35| 1332| 78.83| 98.53| 472.96
9000| 13777| 35| 1370| 78.86| 98.57| 473.15
9250| 14027 36| 1408| 78.86| 98.58| 473.17
9500| 14277 36| 1446| 78.84| 9855| 473.06
9750| 14527| 37| 1485 78.80| 98.50| 472.80
10000| 14777| 38| 1524| 78.74| 98.42| 472.43
10250| 15027| 38| 1564| 78.66| 98.32] 471.93
10500| 15277| 39| 1604| 7856| 98.20| 471.34
10750| 15527| 40| 1645| 78.44| 98.05| 470.64
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Fig. 2. Flight endurance of a quadcopter
according to the mass of batteries at E = 200, 250 and 1200 Wh/kg
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Fig. 3. Flight endurance of a quadcopter
with a battery LiPo at E = 200 and LilON at £ = 250Wh/kg
according to the mass of batteries
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Following conclusions can be drawn according to table data and figures:

e The maximum endurance with LiPo batteries is less than 80 min
which do not fulfill customer requirements;

e Required flight time can be only achieved when using LilON
batteries with a mass of m,,; =5 000 g and m, = 9 777 g. By using these types of
batteries with a higher mass, the flight endurance increases slightly. Maximum
endurance of 98,58 min is reached by using batteries with a mass of m,,; = 9 850 g
and my = 14 027 g;

e With promising batteries, the required endurance will be achieved
at my, <1500 g and m, < 6 000 g. Promising batteries will provide flight
endurance over 8.5 hours so that the usage of other sources of energy will be
inefficient.

When designing, several copter configurations should be explored in order
to achieve the best solution. In this case, the scheme of a sixcopter is considered.

Table 3

Sixcopter
mbat mo |E1l p Espec

200 | 250 | 1200

g g N| W t, min

1500 [ 8341 |21 | 654 | 27.54 | 3442 | 165.24
1750 | 8591 |22 | 682 | 30.79 | 38.49 | 184.77
2000 | 8841 | 23| 711 | 33.77 | 42.21 | 202.61
2250 | 9091 | 23| 740 | 36.49 | 45.61 | 218.94
2500 | 9341 |24 | 770 | 38.98 | 48.73 | 233.89
2750 | 9591 | 24| 800 | 41.27 | 51.58 | 247.59
3000 [ 9841 | 25| 830 | 43.36 | 54.20 | 260.17
3250 | 10091 |26 | 861 | 45.28 | 56.61 | 271.71
3500 | 10341 | 26| 893 | 47.05 | 58.81 | 282.30
3750 | 10591 | 27| 925 | 48.67 | 60.84 | 292.04
4000 | 10841 | 28| 957 | 50.16 | 62.71 | 300.99
4250 | 11091 | 28| 990 | 51.54 | 64.42 | 309.21
4500 | 11341 |29|1023 | 52.80 | 65.99 | 316.78
4750 | 11591 | 30| 1056 | 53.95 | 67.44 | 323.73
5000 | 11841 | 30| 1091 | 55.02 | 68.77 | 330.11
5250 | 12091 | 31| 1125 | 56.00 | 70.00 | 335.98
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Sixcopter

mbat mo |F1l P Espec

200 | 250 | 1200

g g N| W t, min

5500 [ 12341 | 31|1160 | 56.89 | 71.12 | 341.37
5750 | 12591 | 32| 1195 | 57.72 | 72.15 | 346.31
6000 | 12841 | 33| 1231 | 58.47 | 73.09 | 350.84
6250 | 13091 | 33| 1268 | 59.17 | 73.96 | 355.00
6500 | 13341 | 34| 1304 | 59.80 | 74.75 | 358.80
6750 [ 13591 | 35|1342 | 60.38 | 75.47 | 362.27
7000 | 13841 |35|1379| 60.91 | 76.13 | 365.44
7250 | 14091 | 36| 1417 | 61.39 | 76.73 | 368.32
7500 | 14341 | 37|1456 | 61.82 | 77.28 | 370.94
7750 | 14591 | 37|1495| 62.22 | 77.77 | 373.32
8000 | 14841 | 38| 1534 | 62.58 | 78.22 | 375.46
8250 [ 15091 | 38| 1574 | 62.90 | 78.62 | 377.39
8500 | 15341 |39| 1614 | 63.19 | 78.98 | 379.13
8750 [ 15591 [ 40| 1655 | 63.45 | 79.31 | 380.67
9000 | 15841 | 40| 1696 | 63.67 | 79.59 | 382.04
9250 | 16091 411738 | 63.88 | 79.84 | 383.25
9500 | 16341 | 42| 1780 | 64.05 | 80.06 | 384.31
9750 | 16591 | 42| 1822 | 64.20 | 80.26 | 385.23
10000 | 16841 |43 | 1865 | 64.33 | 80.42 | 386.01
10250 | 17091 |44 | 1909 | 64.44 | 80.56 | 386.67
10500 | 17341 |44 | 1952 | 64.53 | 80.67 | 387.20
10750 | 17591 | 45| 1997 | 64.61 | 80.76 | 387.64
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Fig. 4. Flight endurance of a quadcopter and sixcopter
according to the mass of batteries at E = 200 Wh/kg

The tables and diagrams show that a sixcopter is not able to provide the
required flight endurance.

Conclusion

The algorithm allows to find options that fulfil customer requirements and
to eliminate options which do not fulfil these requirements and also are not
competitive.

Acknowledgements

Set up under the project 9ud-02-4/28.11.2018 “Development of an
innovative drone with long endurance and high altitude”, financed by the National
Innovation Fund of Ministry of Economic of Republic of Bulgaria.

References

1. U8 Lite KVV150. T-Motor. http://store-en.tmotor.com/goods.php?id=469

2. Stojkov, O., I. Kamburov. Matematicheski model na eksploatacijata na sistemite za
upravlenie na aviacionnoto v"or"zhenie. 1983 Nauchni trudove “VNVVU G.
Benkovski”, No. 44, VI, Sofia. (in Bulgarian)

108


http://store-en.tmotor.com/goods.php?id=469

3. Stojkov, O. Kompleksna obrabotka na informacijata poluchavana ot razlichni datchici.
1988 Nauchni trudove “VNVVU G. Benkovski”, No. 51, VI, Sofia. (in Bulgarian)

4. Stojkov, O. Optikoelektronni sistemi. NVU “V. Levski”, fakultet “Aviacionen”, Jubilejna
nauchna sesija. 2005, Vol. 1, Dolna MitropoliJa, 164-170, ISBN 954-713-071-4.
(in Bulgarian)

MHOI'OPOTOPEH BE3IIMJIOTEH JIETATEJIEH AITAPAT
CTOJSAMA MPOABJKUTEJIHOCT HA ITOJIETA

/. 3agpupos

Pe3rome
B Ta3u cratus ce mpejyiara anropuThbM 3a MPOEKTUpaHe Ha MHOTOPOTOPEH
OE3MUIIOTEH JICTATEJICH arnapaT ¢ ToJisiMa MPOAB/KUTEIIHOCT Ha nojieTa. HanpaBenu
ca MpecMsITaHus 32 U3TOI3BAHETO HA PA3IMIHH BUIOBE OATEPHH, KAaTO Ca MOMydeHH
3aBHCHMOCTH Ha TOJIETHOTO BpeME 3a Pa3ndyHH TeXHH MacH. Pasrienanu ca Ba-
PpUAHTH 32 YSTUPUPOTOPEH U MIECCTPOTOPCH OC3MUIIOTHH JICTATSIIHU arapaTH.
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Abstract

In this paper, the effect on a perforated plate on a centrifugal compressor is investigated
using numerical simulation. The performances and fluid flow are compared for two different vaned
diffusers, a base case where there are no perforated plates and a case where a perforated plate is
inserted in the rotor casing at exit and the stator blade. The impact of this geometry change on the
compressor performances it is studied in the case of adverse angles of attack at stator vane. Near
wall refinement ensures the accuracy resolution of the boundary layer with a y+ value of one unit
corroborated with a growth ratio of 1.1:1. Menter’s SST model was used in all numerical cases
performed, as implemented in ANSYS CFX. Following the results of the baseline diffuser, the optimal
position of the perforated cavity was determined.

Introduction

In recent decades, the compressor design technique has been constantly
improved, especially due to the development of CFD technology. Significant
improvements in the performance of compressors have been achieved by solving
three-dimensional equation for the impeller exit flow. Experimental studies and
numerical ones have shown that diffuser have a significant importance on stability
limit of a centrifugal compressor, depending on the impeller design and the
interface between the impeller and diffuser [1].

Performances of compression system are limited by the occurrence of
aerodynamic flow instabilities, which may lead to propulsion system instabilities
or, in some extreme case, machine damage. Trebinjac et al. [2] analyzed a
transonic centrifugal compressor stage, especially the space between the vaneless
and semi-vaneless space where the surge originates. Komatsubara [3] investigate
the surge and rotating stall in a centrifugal compressor using a phase portrait
reconstruction method, to clarify the cycle behavior of surge. Another study was
realized by Bousquet et al [4] who analyzed a 2.5 pressure ratio centrifugal
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compressor stage to achieve a comprehensive description of the flow field from
peak efficiency to near stall. In the work by Lennemann and Howard [5], on the
appearance of stall, the hydrogen bubble technique is used to determine the flow
pattern in an impeller which is in stall. Jansen [6] was probably the first to show
that the separation of the boundary layer precedes the initiation of the surge into a
vaneless stator. He was able to anticipate cell velocity and speed distribution, but
not the number of cells.

Surge into the vaned diffuser is initiated in the vaneless space at the
entrance into the diffuser. Due to the increase in static pressure and the increased
incidence angle on the leading edge, the flow decreases. Together with the
expanded range of vaneless diffusers, the specific speed of the rotor significantly
influences the behavior of the stage in unstable conditions at low mass flow rates.
A specific low velocity (corresponding to a low flow rate coefficient) can lead to
unstable rotor under low flow conditions [7]. This is supported by the fact that the
angle of the volute tongue is much more important in the case of high specific
speed stages [8]. The conventional approach to pumping industry is to maintain a
safety margin on a pump anticipation line (usually 10% of the air flow rate: which
means that the distance from the pump line to the edge is 10% of the flow rate If
the pumping line is at 0.5 kg/s, then the pumping edge is 0.55 kg/s).

In the cases of high-pressure ratio stages, the speed of sound may be
exceeding, thus leading to formation of shock waves. Hence, control of shock
waves plays an important role in high speed compressor performance. Savu [9]
proved that a perforated airfoil can reduce shock wave intensity and the noise
associated with it. Fig. 1 depicts the concept geometry and a shadowgraph proof of
concept. Also, porous layers are used to control the incompressible flow around
bodies, reducing drag. Bruneau et al. [10] developed a passive control method, in
order to establish the proper position of a porous layer, having as limits being the
fluid and the bluff-body. A suitable position of porous layer, can lead to a 40%
decreasing in drag coefficient. Another aspect is the complexity of structured grids
for porous geometries leading to high computational costs. Thus, Frink [11]
developed a new boundary condition, eliminating the grid construction for the
plenum, simplifying the model. Solving the Navier-Stockes equations, the
influence of porous surfaces on aerodynamic performances was analyzed for
supercritical flow [14]. Experimental measuraments revealed that for porous
airfoils displacement thickness increases with a lower flow resistance [15].

Studies regarding shock wave control, shape and position of bumps, slots
and other passive control devices have been realised over the years, having as
purpose a weaker lambda shock wave. Position and bump shape were investigated
by Zhou [12] using a sequential quadratic programming optimization method
coupled with adjoint method. Another approach regarding porous surfaces is
Dragan’s [13], which based on super circulation and Coanda effect, developed a
new rotary wing concept, with a channel imbedded inside the wing.
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shock wave

a)

b)

Fig. 1. Suppression of shocks by a permeable surface concept airfoil (a) and Schlieren
image of the experiment (b) (M = 0.785, a. = 00) [9]

The main focus of the research is to determine the effectiveness of a
perforated cavity incorporated on a rotor casing surface and diffuser vane surface,
for transition regime flow mitigation and increase perfomances at adverse angles of
attack, see Fig. 3. This comoressor that it is studied here it is subject to extreme
conditions near surge. In this case a steady regime it is chosen to quatify as a first
step the behavior of porous solution and the mass flow that it is need to modify the
flow structure. The idea is to obtain a stable regime with an extra connection
between rotor and stator. The air will be extracted from the rotor casing near the
exit, where the flow is fully turbulent and secondary flow and tip flow are
occurring. It will be studied the possibility to insert the air extracted from rotor
casing into the stator blade porous section. In order to provide quantitative data for
this type of passive control device, numerical simulations were conducted and
compared with a normal diffuser vane.
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Computational modeling

Compressor design specifications are presented in Table 1, mentioning number of
blades, diameters and boundary conditions. For the present paper, just one channel
was numerical studied, Fig. 2, in order to validated the concept.

Fig. 2. Computational domain of the centrifugal diffuser

Table 1 presents the specific parameters of the centrifugal compressor.

Table 1. Specifications of the compressor

Design operating condition

Inlet pressure 1 bar

Inlet temperature 288 K

Pressure ratio 3.5

Design rotational speed 37 550 rpm

Design mass flow rate 0.7 kg/s

Impeller

Blade count 11 main + 11 splitter
+11splitter

Inlet diameter 110.8

Exit diameter 219

Exit blade height 6.4 mm

Vaned diffuser

Blade count 18

Outlet diameter 298.8 mm

Vanes height 5.6 mm
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Impeller and diffuser, spatial discretization was performed using a
structured multi-block meshing strategy, realized by the mesh generator for
turbomachinery CFX TurboGrid. In order to capture the viscous and turbulent
effects near the compressor blades and wall, the mesh discretization is performed
such as y+ is equal to 1, increasing the mesh near the wall. Table 2 presents the
mesh statistics.

Table 2. Mesh statistics

Number of nodes 1.7 mil.
Number of elements 1.63 mil.

The computational fluid dynamics solver used in this case is ANSYS CFX.
As working fluid, ideal gas was chosen. For the blades and hub/shroud walls a
nonslip and adiabatic wall boundary conditions are applied. Between the
impeller/diffuser a stage connection was established.

T

Fig. 3. Grid structure: a) Impeller casing and Diffuser porous zone

The turbulence model used for this analysis is the k-omega SST (Shear
Stress Transport). This model has been shown to yield accurate results, and is more
suitable for such cases where it is important to capture both the phenomena
occurring near the walls and those of the entire field of computing.
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Table 3 illustrates the boundary conditions used for the numerical
simulation.

Table 3. Porous Boundary conditions

Rotor casing porous boundary condition
Openning Entrainment
Relative Pressure 1 bar
Openning Temperature 430 K

Diffuser porous boundary condition
Openning Entrainment
Relative Pressure 0.8 bar
Openning Temperature 428 K

Results and Discussions

The numerical results obtain shows a non-transient behavior of the flow
when the porous structure it is employed. Also, it was considered that a mass flow
of 6% of the entire mass flow rate should be extracted from the rotor and inserted
in the stator blade. The streamlines distribution inside the rotor shows no impact on
the flow close to exit in both cases.

Fig. 4. Streamlines inside rotor: a) with porous, b) base case

Also, the static pressure distribution shows that the porous material has an
impact in the region where it is used, but towards the exit of the compressor stage
the pressure distribution it is not modified, see Fig. 5.
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Fig. 5. Pressure distribution inside the domain at 0.5 of the blade height:
a) with porous, b) base case

The compressor regime studied in this case experience an adverse angle of
attack at the vane diffuser inlet and a high Mach number; see Fig. 6, 7, and 8. In
Fig. 6 it can be seen the low Mach number region on the diffuser blade, suction
side. The comparison between the two cases shows that in the porous case (Fig. 6a)
the low Mach number region is deacresed and it appears only at the end of the
blade.

Mach Number in St
Turbo Surtace 1

! 1.100e+00

8.250e-01

Mach Number in Stn Frame
Turbo Surface 1

' 1.100e+00

5.500e-01
2.750e-01

0.000e+00

a) b)
Fig. 6. Mach number distribution at 0.1 of blade height: a) porous case, b) base case

Also, at 0.5 of blade height, Fig. 7, it can be seen that the low Mach region
it is still present on the same place. The porous region manages to deacrease the
region area, thus increase the mass flow rate through that section.
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a) b)
Fig. 7. Mach number distribution at 0.5 of blade height: a) porous case, b) base case

When it comes to the tip of the blade region it can be seen a different
scenario, see Fig. 8, when there is no Low Mach number region present in the base
case, the extra flow rate that enters through the porous region has a negative impact
on the flow structure.

Mach Number in Stn Fi
Turbo Surface 1

l 1.100e+00

8.250e-01
5.500e-01
2.750e-01

0.000e+00

a) b)

Fig. 8. Mach number distribution at 0.9 of blade height:
a) porous case, b) base case

The idea was to destabilize or reduce the low Mach number zone that
forms inside the diffuser by inserting a small amount of air. The results show a
mofidication of the low Mach number zone.

Another difference observed between the two cases is the turbulent kinetic
energy plot. There it can be observed a high level of this energy where the flow
leaves the rotor and enters the vane diffuser. In the porous case there are two
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regions in that are instead of one due to porous material in that region. These two
regions have a low level of turbulent kinetic energy compared to the base case.
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Fig. 9. Turbulent Kinetic Energy distribution on the meridional plane:
a) porous case, b) base case

Also, in Fig. 10 it can be observed a reduction of static entropy levels in
the porous case.
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Fig. 10. Static entropy meridional distribution: a) porous case, b) base case

The velocity in stn frame plot shows no difference between the two cases,
see Fig. 11.
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Fig. 11. Velocity in stn frame meridional distribution: @) porous case, b) base case

Another important aspect is the static pressure distribution inside the
compressor stage. As it can be seen there is a slite increase at the exit of the rotor in
the porous case, however the trend is similar as in the base case, see Fig. 12.

Inlet to Outlet Chart

Pressure MCA on bnlet to Dutlet Line [ bar ]
e

—————— e e e e

Pressure MCA on Inlet to Outlet Line [ bar ]
=

Inlet to Outlet Chart

Jesss e e e, b
.

Fig. 12. Static pressure (mass avereged) from inlet to outlet: a) porous case, b) base case

The geometry changes made to the compressor stage modified the
performances at this regime, compared to the base case. Although the rotor
polytropic efficiency did not change, ~ 92%, so the extraction of air from the rotor
exit had no impact. In the stator case the insertion of air increased the polytropic

efficiency 2%, reaching 85%.
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Conclusion

The numerical analysis performed in this study to see the impact of
perforated casing, for rotor, and perforated airfoil in the case of the stator blade.
The scenario simulated in this case was to use the air extracted from the rotor exit
and inserted in the stator through the perforated airfoil. The idea was to destabilize
the low Mach number zone that formed in that area of the blade surface, thus
increase the channel witdth. The entrainment boundary condition simulated a
perforated airfoil where the pressure was not constant on the entire surface. Thus,
where the pressure was higher the mass flow rate entering the stator domain was
smaller and viceversa. This can be seen on the entire height of the stator blade.
This scenario increased the efficiency on the stator part while did not changed the
rotor performances.

In conclusion this idea has potential but more studies have to be performed
especially for transient regimes.
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Abstract

Supersonic flight has become a practical reality since the 1950s. One of the first ways to study
high speed effects of the shock waves is to evaluate the aerodynamic coefficients of an airfoil. The work
described herein refers to a series of 2.5D LES numeric simulations, to investigate the behavior of the
shock wave on the airfoil. To reduce the unwanted effects, a porous surface is placed on 80% of suction
and pressure side of a NACA 0012 airfoil. Solving the motion equations was carried out with Ansys
Fluent. Qualitative comparison consists in the pressure contours visualization for different angles of
attack, showing how shock waves form on the airfoil surfaces. After plotting the polar diagrams,
CL = f(AoA) and CL = f(CD), a quantitative comparison was made between the baseline airfoil and
the same airfoil but with porous media on each surface side.

Introduction

Current literature regarding porous media focuses mainly on the flow
through such a medium and its engineering applications, such as thermal transfer or
acoustic lining [1]. One approach to define and characterize porous media is
presented by W. Ehlers and J. Bluhm [2]. A review of thin porous media state of the
art is briefly analyzed in [3], with a main focus on new developed theories that
address the matter, such as GDL (Gas diffusion layers), MPN (molecular pore
network), PTM (pore topology method). With this baseline, experiments and
numerical applications were conducted in the medical field and biotechnology [4, 5]
and innovative technologies in the energetic field [6]. Recent studies show how
applications of porous media can improve flow in a wind tunnel. Khalid et al. use
porous boundaries and manage to obtain better results when simulating the flow
through a wind tunnel. Porous media was used in their paper [7] to reduce the wall
interference effects.

A lesser known application of porous media is the behavior of shock waves
in regard to it and may provide genuine optimization solutions. A study referring to
steady shock waves in porous aluminum that concentrates mainly on the interaction
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between the metal and the shock wave is presented in [8]. Its conclusions sustain the
theory that porous metals help in the mitigation of shock waves formation.
Furthermore, alongside with researches regarding porous metals, there are also
papers analyzing the behavior of shock waves in porous plastic solids [9]. Cohen and
Durban attempt to determine the influence of porosity on plastic solids using as a
baseline the Gurson model from 1977. Their findings in [9] conclude that porous
medium can influence the presence of shock waves by delaying their appearance and
also such a medium slows down their propagation speed.

G. Savu published his research regarding the porous airfoil in transonic flow
in the early 80's. He and his colleague carried on numerical and experimental work
on the behavior of a porous airfoil with a plenum chamber placed on the suction side.
They observed, in a supersonic wind tunnel, that the shock wave formed on the upper
surface of the airfoil can be splitted in smaller waves by using porous media on that
surface [10].

Another relevant point of view is offered by Gubin in his paper [11], in
which he states that when the porous area expands and becomes greater than that of
the shock wave, the technigque will have a greater impact.

In order to study the flow over an airfoil with porous media on the suction
side it is necessary to review the patterns regarding shock wave formation over a
standard airfoil model. This phenomenon is analyzed in [12], where the author uses
a NACA 0012 airfoil and considers angles of attack varying from 0° to 5° in a
transonic regime with Mach numbers in the range of 0.2 and 0.8.

In previous years, due to software development in the field of computational
fluid dynamics, the technology advances made it possible to detect shock waves
through some specific methods, more accurately than in the early case studies. These
methods include density gradient maxima, normal Mach number and characteristics
which are briefly presented with their advantages and disadvantages in [13]. Based
on these methods, researchers have determined other optimized ways to detect shock
waves, taking into account its mathematical definition and implying the use of
eigenvectors and the Riemann invariants [14].

The 2.5D LES (Large Eddy Simulations) are known to give more accurate
results and be more efficient in comparison with other CFD approaches, such as
2D URANS (Unsteady Reynolds-Averaged Navier-Stokes) or 2.5D URANS, in
terms of aerodynamic performance evaluations [15-17].

This paper is aiming to investigate the behavior of the shock wave formed
on an airfoil placed in a high speed flow. The 2.5D LES simulations was carried to
cover a set of geometrical and aerodynamic configurations representative for shock
wave regime.

CFD Setup

With a physics-based understanding of the flow instabilities that occur at
high speeds over an airfoil, we can develop a viable control technology for flow
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instabilities that will allow the airfoil to operate at an increased efficiency in that
regime. Due to the dimensional nature of the unsteady aerodynamic phenomenon
occurring during the appearance of a shock wave, the full extent of the implications
and interactions can be captured by fully viscous 2.5/3D unsteady CFD simulations.
However, lower order models are known to provide valuable guidelines regarding
the properties of unstable flow patterns in flow around airfoils.

High-fidelity computational approaches like Large Eddy Simulation (LES)
[18] or Detached Eddy Simulation (DES) [19] are suitable for understanding flow
dynamics associated with aerodynamic flows. They are resolving (not modelling) a
large range of flow scales.

The CFD used in this study integrates the LES discretized fully compressible
Navier-Stokes equations describing the conservation of mass, momentum and total
energy. Therefore, the Navier-Stokes equations have to be filtered with respect to
the grid size in order to obtain the LES governing equations [20].
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In this paper three cases were numerically investigated starting with the
NACA 0012 baseline airfoil. In the other two cases the structure of porous media
was changed: in the first case the airfoil was perforated on 80% of its upper/lower
surface, fourteen times and in the second case the airfoil has twenty-six holes to
simulate a porous media. Fig. 1 presents the geometries of the studied cases.

Fig. 1. Cases geometry: a) baseline, b) porous media case with 14 holes,
¢) porous media case with 26 holes

Accurate CFD methods require domains large enough to minimize the
boundary effects on the resulted prediction of the shock wave evolution. In Fig. 2,
the computational domain used in all three simulations is presented. In terms of
boundary conditions, pressure far field condition with Mach number value at the
domain border was imposed while for the airfoil, a no-slip wall BC was used.
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/| Pressure far field

Fig. 2. Computational domain

Mesh quality is a major factor in order to avoid slow convergence, or even
convergence problems. Because of its complex dimensional structure, producing a
good mesh of is not trivial.

The mesh was generated with ICEM CFD using block-structured meshing,
controlled in terms of skewness, growth and aspect ratio. For representation purposes
only, a course mesh generated by ICEM CFD for this study can be found hereafter.

TR TR

o

Fig. 3. Mesh: a) baseline, b) 14 holes porous media, ) 26 holes porous media.
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The target final mesh size will be about 2.5 million grid cells for a case, with
a ratio between two neighbour cells around 1.05. The first wall cell size was defined
in order to reach a y* of the order of unity at the first point away from the solid walls.

Results

In order to determine the best size and ratio of the porous wall placed on an
airfoil, in reducing the shock wave, several simulations were carried out, using the
LES methods. It is a well known issue that on the airfoil in a high speed flow the
shock wave has a bad influence on aerodynamic efficiency, generating entropy and
leading to boundary layer interactions which are difficult to control in flight. For the
baseline, the NACA 0012 was used and after that it was modified for the other two
cases, where PM was installed on 80% of the airfoil surface. In Fig. 4 the static
pressure flow field for the three studied cases it’s presented at different angle of
attack.
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Fig. 4. Static pressure flow field at: a) 0° AoA, b) 2° AoA, c) 4° AoA,
d) 6° A0A, e) 8° AoA, f) 10° AoA, g) 12° AoA.

Fig. 5 shows the variation of the lift coefficient for different angles of attack.
The maximum value for the airfoils with PM is obtain at AOA = 4 degrees, compared
to the baseline where the CL max is at AOA = 2 degrees. A note must be made that
the NACA 4 series is not suitable for high Mach number; hence the atypically low
angles of attack.
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Fig. 5. Lift coefficient variation as function of AoA

Regarding the drag coefficient variation, figures 6 and 7 depict the impact on
lift and lift to drag ratio evolution of the various porous configurations.
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Fig. 6. Lift coefficient variation as function of drag coefficient — note the “drag bucket”
extension of PM1
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Conclusion

The first major conclusion that can be drawn from this study is that porous
walls have a definite effect on the high speed aerodynamics of airfoils.

Lift coefficients improved on both cases, with a finer orifice airfoil having a
maximum at lower AoA compared to the other cases. Due to the greater size of the
orifices, the first porous wall case PM1 behaved similar to a flat plate with a
qualitative evolution similar to the baseline - although with better quantitative
values. The more fine porous wall, PM2, also showed clear improvement in both lift
and lift-to-drag ratio, but with the added note that the peak performance was
registered at a lower value of the AoA than the baseline and PM1.

Not very intuitively, the drag bucket of PM2 was more similar to that of the
baseline - to the extent that one can define such a notion when using this family of
airfoils under these conditions. The coarser orifice wall of PM1 leads to the overall
extension of this region of interest, therefore making it more useful to the designers
who must factor in stability and range of motion.

It is unclear wheather or not the shape of the plenum is relevant to the overall
performance but this parameter is worth further investigation.

Future Work

As future studies an experimental model of a centrifugal stator with porous
media on the blades will be manufactured using the National Research and
Development Institute for Gas Turbine — COMOTI technological research
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infrastructure (Fig. 8a). After that a tests campaign will be carried out to validate the
numerical results (Fig. 8b).

Fig. 8. a) CNDMU 70 Deckel Maho machine, b) NRDI COMOTI centrifugal compressor
testing facilities

Acknowledgement

This work was carried out within “Increasing Excellence in Research -
Development of RRDI for Gas turbine — COMOTI” Project CREaROR",
supported by the Romanian Minister of Research and Innovation, project number
Ctr. 3PFE/2018.

References

1. Bear, J. Dynamics of Fluids in Porous Media. Michigan, American Elsevier Publishing
Company, 1972, 764 p.

2. Ehlers, W., J. Bluhm. Porous Media: Theory, Experiments and Numerical Applications.
Berlin, Springer-Verlag, 2002, 459 p.

3. Yeghiazarian, L., K. Pillai, and R. Rosati. Thin Porous Media. Transport in Porous Media,
2016, 115, 3, 407-10.

4. Vafai, K. Porous Media: Applications in Biological Systems and Biotechnology. Florida,
CRC Press, 2010, 632 p.

5. De Lemons, M. Turbulence in Porous Media: Modeling and Applications, Second
Edition. Amsterdam, Elsevier, 2012, 408 p.

6. Mujeebu, M. A., M. Z. Abdullah, M. Z. Abu Bakar, A. A. Mohamad, and M. K. Abdullah.
Applications of porous media combustion technology — A review. Applied Energy,
2009, 86, 9, 1365-75.

7. Khalid, M., K. A. Juhany, and S. Hafez. Computational modeling of the flow in a wind
tunnel. Aircraft Engineering and Aerospace Technology, 2018, 90, 1, 175-85.

8. Czarnota, C., A. Molinari, and S. Mercier. The structure of steady shock waves in porous
media. Journal of the Mechanics and Physics of Solids, 2017, 107, 204-28.

132



9. Cohen, T., D. Durban. Steady shock waves in porous plastic solids. International Journal

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

of Solids and Structures, 2015, 71, 70-78.

Savu, G., O. Trifu. Porous Airfoils in Transonic Flow. American Instritute of
Aeronautics and Astronautics Journal, 1984, 22, 7, 989-91.

Gubin, S. A. Shock waves in porous media. Jorunal of Physics: Conference Series, 2018,
1099.

Leite, H. F., A. C. Avelar, J. B. P. F. Filho, and R. G. A. da Silva. Experimental Study
of Shock Wave Patterns over an Airfoil. American Institute of Aeronautics and
Astronautics: Conference Paper — Shock Dominated Flows 1, 2016, DOI:
https://doi.org/10.2514/6.2016-3935.

Ziniu, W., X. Yizhe, W. Wenbin, and H. Ruifeng. Review of shock wave detection
method in CFD post-processing. Chinese Journal of Aeronautics, 2013, 26, 3,
501-13.

Kanamori, M., K. Suzuki. Shock Wave Detection based on the Theory of Characteristics
for CFD Results. 20" AIAA Computational Fluid Dynamics Conference, 2011,
DOI: https://doi.org/10.2514/6.2011-3681

Li, C., S. Zhu, Y. Xu, and Y. Xiao. 2.5D large eddy simulation of vertical axis wind
turbine in consideration of high angle of attack flow, Renewable Energy, 2012, 51,
317-30.

Zhang, Y., H. Chen, S. Fu, and W. Dong. Numerical Study of an airfoil with riblets
installed based on large eddy simulation. Aerospace Science and Technology, 2018,
78, 661-670.

Oro, J. M. F.,, A. Meana-Fernandez, M. G. Vega, B. Pereiras, and J. G. Pérez. LES-based
simulation of the time-resolved flow for rotor-stator interactions in axial fan stages.
International Journal of Numerical Methods for Heat & Fluid Flow, 2019, 29,
657-681.

Rumsey, C. L., T. Nishino. Numerical study comparing RANS and LES approaches on
a circulation control airfoil. International Journal of Heat & Fluid Flow, 2011, 32,
5, 847-864.

Szydlowski, J., M. Costes. Simulation of Flow Around a Static and Oscillating in Pitch
NACA 0015 Airfoil Using URANS and DES. ASME 2004 Heat Transfer/ Fluids
Engineering Summer Conference, 2004, 2, 891-908. DOI: https://doi.org/10.1115/
HT-FED2004-56437.

Sagaut, P. Large Eddy Simulation for Incompressible Flows (3" Edition). Berlin,
Springer-Verlag, 2006, 575 p.

133



Bulgarian Academy of Sciences. Space Research and Technology Institute.
Aerospace Research in Bulgaria. 32, 2020, Sofia

DOI: https://doi.org/10.3897/arb.v32.e12
XZ-SERIES OF UNMANNED AERIAL VEHICLES IN 2020

Svetoslav Zabunov

Space Research and Technology Institute — Bulgarian Academy of Sciences
e-mail: SvetoslavZabunov@gmail.com

Key words: Multi-Rotor Unmanned Aerial Vehicles, XZ-Series of Drones

Abstract

The XZ-series of unmanned aerial vehicles was initiated in 2014 initially as an endeavour of
theoretical development of multirotor unmanned aircraft models. The idea and major work was done
by the author of the current article, and now, by the year of 2020, the series is still in constant process
of inventing new designs. Most of the models were patented at the Bulgarian Patent Office through
patents for inventions or utility models. In the recent years, publications on the XZ-series models have
appeared in foreign scientific journals with high scientific impact metric.

The XZ-series of flying machines includes various types of multi-rotor machines such as
standard multi-rotors, fixed wing multi-rotors and compound multi-rotors.

This article is a concise guide, as concise as it can be, to the XZ-series of unmanned aerial
vehicles as of middle 2020 and, as such, it shall be followed in the future by sequels, published
regularly, summarizing the ongoing process of the XZ-series aircraft model development.

Introduction

Found in 2014, the XZ-series of unmanned aerial vehicles is in constant
development today. The idea for the series belongs to the author of the current
publication. Although started as a theoretical enterprise in originating novel
multi-rotor unmanned aircraft models, it evolved into full-featured aircraft design
process implementing all the needed on-board avionics, including a developed by
the author autopilot (Z-pilot), dynamic reconfiguration battery module [2], motor
controllers for brushless direct current electric motors, etc. A few models were
brought to prototype stage and laboratory testing [1]. Many of the models were
patented at the Bulgarian Patent Office through patents for inventions or utility
models.

The XZ-series of aircraft includes multi-rotor aircraft of various types such
as standard multi-rotor machines, fixed wing multi-rotor aircraft and compound
helicopter multi-rotors. In the current article the XZ-series models are described
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systematically in thematic groups related to their technological background and are
summarized in an extended table for the sake of ease of reference.

In contrast to previous publications by the author, the current material does
not compare the XZ-series models to classical multi-rotors of other inventors, but
still does attempt to disclose the major advantages of the XZ-series models. There
are other specific publications, aiming at detailed and elaborate presentation of each
model to the scientific community and to the general public. These publications do
compare the XZ-series models to the known state of the art technological
achievements of the present day.

Information found in the table

As already mentioned, the models are divided into three major groups in
respect to their construction and paradigm: standard multi-rotors, fixed-wing multi-
rotors, and compound multi-rotors (see Fig. 1).

XZ-series of unmanned aerial vehicles are

divided into three major groups

e A

Standard
multi-rotors

Fixed-wing
multi-rotors

Compound
multi-rotors

Fig. 1. XZ-series unmanned aerial vehicles are divided into three major groups

Standard multi-rotor aircraft are based on an airframe, which has no
aerodynamic lifting properties but only supporting ones. The lift is generated by
horizontal or close to horizontally oriented rotors and attitude control is attained by
altering the speed of rotation of each individual rotor. In some cases, this group
encompasses models having aerodynamic surfaces employed for attitude control
only, but not for creating lift. Vertical or close to vertical rotors are also employed
for attitude control.

Fixed wing multi-rotors are distinguished from the former group by having
a fixed wing that generates lift in flight. These multi-rotors are still taking off and
landing vertically not utilizing the fixed wing. The latter is relied on during forward
flight only.
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The last group of aircraft includes the so called compound multi-rotors. They
employ vertical and horizontal rotors and no fixed wing. The horizontal rotors are
used to generate lift, while the vertical rotors are engaged after take-off in order to
generate horizontal trust and accelerate the aircraft in a horizontal motion without
having the airframe inclined as with the standard multi-rotors to achieve horizontal
propulsion.

The XZ-series of unmanned aerial vehicles as of 2020

Table 1. XZ-series of unmanned aerial vehicles complete list as of 2020

Model Description and images
Model:
XZ-1
Group:
Standard
Topology:
H-frame
Rotors: 4
Year: 2014

XZ-1 is a four rotor multi-copter based on the H-frame paradigm. It is
the first model in the series and was used as a testbed for experimenting
with the evolving idea of the edge-controller [3]. The model was also a
testbed for the first version of Z-Pilot autopilot. The prototype is powered
by lithium polymer batteries, 3 cell, 11.1 V nominal voltage. Radio control
is established in the standard 2.4 GHz band. The employed brushless direct
current electric motors are with KV rating of 1300 and maximum power of
60 W each. The used propellers are 11 inches in diameter.
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Model Description and images
Model:
XZ-1B XZ-1B model is a variant of XZ-1 with
Group: asymmetric rotor design where two of the
Standard . rotors on both sides of the main beam are
Topology: larger and thus responsible for creating
H-frame the main portion of the lift. The centre of
Rotors: 4 mass in this model does not coincide with
Year: 2014 the geometric centre of the airframe and
the smaller two rotors are used mainly for
attitude control. All rotors are mounted
; above the fuselage.
Model:
XZ-1C While the XZ-series does not include tri-
Group: copters, it does rely on T-frame paradigm
Standard of designing the airframe for some of its
Topology: ‘ models. Such an example is the XZ-1C
T-frame quadcopter. It is similar to XZ-1B for
Rotors: 4 ; having two larger and two smaller rotors
Year: 2014 mounted above the fuselage, but the
airframe is “T”-shaped.
Model:
XZ-1D Another T-frame topology drone of the
Group: @ XZ-series with four rotors. Approximately
Standard half of the lift comes from the larger rotor,
Topology: : which is situated in the middle of the airframe
T-frame @ while the rest of the rotors are used for the
Rotors: 4 other portion of the lift and for attitude control.
Year: 2014 The rotors are mounted above the fuselage.

The development stage is concept.
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Model

Description and images

Model:
XZ-1E
Group:
Standard
Topology:
T-frame
Rotors: 4
Year: 2014

0°
D

Still another T-frame topology drone and
very similar to the previous design, the XZ-
1D. The difference is that the larger rotor is
mounted under the fuselage. This mounting
strategy eliminates the possibility for
carrying large payloads under the fuselage
at its centre of lift or at its cross point, but
reduces the downwash aerodynamic
pressure on the airframe this improving
flight efficiency. The development stage is
concept.

Model:
XZ-1F
Group:
Standard
Topology:
Star
Rotors: 4
Year: 2014

Qo@ S
O

The XZ-1F is a Star-topology aircraft. This

paradigm of building an airframe is untypical
for the XZ-series, but was utilized in this model
for the sake of implementing a symmetric
construction for a tri-copter like design with the
addition of a centre large propeller, responsible
for the generating of roughly half of the lifting
force. The latter rotor is undermount, thus
guaranteeing the same benefits as with the
previous model.

Model:
XZ-1G
Group:
Standard
Topology:
T-frame
Rotors: 4
Year: 2014

The XZ-1G is still another T-frame multi-rotor
following the concept of XZ-1C, but having its
two smaller rotors mounted coaxially, one over the
other at its tail. The latter two propellers are
contra-rotating. The two larger rotors are over-
mount. This approach leads to smaller overall
dimensions of the aircraft in comparison to
XZ-1C.
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Model

Description and images

Model:

XZ-1H The XZ-1H is a design hybrid taking the
Group: approach of the tri-copter paradigm along with
Standard the T-frame topology of the fuselage, but also
Topology: —— borrowing the idea from classic helicopters of
T-frame a vertical attitude control rotor mounted at the
Rotors: 4 tail. The major three propellers have same
Year: 2014 sizes and are horizontally mounted.

Model:

XZ-1J The XZ-1J multi-rotor is a development from
Group: the previous design XZ-1H. The new approach
Standard minimizes the dimensions of the copter by placing
Topology: the vertical tail rotor on a supporting beam to one
T-frame side of the central horizontal rotor, thus saving
Rotors: 4 space. Stage of development is concept.

Year: 2014

Model:

XZ-1A XZ-1A is an H-frame model that elaborates on the
Group: first representative of the series, the XZ-1 by adding
Standard an undermount rotor at one of the cross points of the
Topology: fuselage. The additional rotor is larger and supports
H-frame an increased payload of battery load, thus increasing
Rotors: 5 the lifting and carrying capabilities of the aircraft.
Year: 2014 The dimensions are minimally enlarged, because the

undermount rotor disc partially overlaps with the
——discs of the two neighbouring overmount rotors.
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Model Description and images

Model:

XZ-5

=, 000 &=

Standard

Topology:

= @00 -

Rotors: 6

Year: 2014

The design of XZ-5 multi-rotor is highly conceptual and theoretical.
Although it is unpromising for real development for being constructively
non-rigid, it serves the purpose of basis for further desings of multicopters
with 6 or more rotors based on the H-frame paradigm.
The characteristic payload hard-point position is shown in the above

figure on the right. H-frame based aircraft are offering this type of hard-
point, which is suitable for different types of payloads especially for a
camera-based payload requiring large fields of view. All rotors are
overmount.

Model:

XZ-5A Evolving from the previous design

Group: XZ-5, another H-frame based multi-

Standard rotor is constructed — the XZ-5A

Topology: model. A seventh rotor with larger

H-frame Ay dimensions is added at the centre of the

Rotors: 7 fuselage and is undermount. This

Year: 2014 approach, as in previous design of the

XZ-series, increases the lifting
capabilities of the aircraft with little
sacrifice of its dimensions, enlarging
them at the centre along the smaller
dimension. Such an aircraft is suitable
for lifting larger payloads mounted at
the centre of the fuselage.

Again, certain measures should be
followed to guarantee rigidity of the
fuselage along its axis of symmetry
by establishing a specifically suitable
structure of the main beam of the

4 ' fuselage, should the model be im-
plemented in prototype design.
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Model Description and images
Model:
XZ-2
Group:
Standard
Topology: é@ é)
H-frame 1 > &
Rotors: 8
Year: 2014 @
t -

The XZ-2 model is development from the XZ-5. It adds another pair of
rotors on the same type of H-frame based fuselage elongating it even
further. This model is highly conceptual, similar to XZ-5, and serves for
further developments of other more practical designs. All rotors are
overmount.

Model:
XZ-3 XZ-3 is a practical model with crossed
Group: @@ beams in the fuselage in triangular structures
Standard @ @ insuring rigidity of the airframe. Itis an eight-
Topology: rotor aircraft. The ever increasing number of
X-frame @ @ rotors in the consecutive models of the series
Rotors: 8 @@ aims at higher stability, quicker response to
Year: 2014 external factors, lower noise and vibrations

and higher safety of operation. All rotors are

overmount.

The stage of development is concept.

Model:
XZ-6 XZ-6 is the first model in the
Group: @ @ XZ-series designed along the
Standard honey comb paradigm. The
Topology: approach guarantees optimal geo-
Honey @ <D metric covering of the horizontal
comb plane with rotor discs thus
Rotors: 12 minimizing the size and weight of
Year: 2014 @ @ the airframe structure and conse-

guently improving the lifting
capabilities of the aircraft and
also its flying time and range.
XZ-6 is again a practical design that led to the development of a few
multi-rotors along the honey comb paradigm that reached prototype stage.
All rotors are overmount. Its own stage of development is concept.
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Model Description and images

Model:

XZ-7 1 i 2 L - 2 /E“. "

Group: STV XX R

Standard VAR ARNY 7

Topology: \1// "'\f‘\:_,/j'/" N/

Honey AN AP

comb R AN BN A R

Rotors: 12 Vel /E/ . \:‘\ : ﬂ/{/ Niadet”

Alias: L el Xl |

Bulgarian ! il B

Knight . . . . - . .

Year: 2015 Bulgarian Knight multi-rotor is an award winning design and an article
on this model was published in recently [1]. The model won a gold medal
at the international inventions exhibition Tesla Fest 2016.

Based on the same honey comb paradigm [10], the multi-rotor XZ-7
was the first aircraft to prove in practice the design benefits of the optimal
covering approach and also of the undermount rotors scheme. Both ideas
were shown to bring adventages of significant merit through the
development of the Bulgarian Knight prototype and its laboratory tests.

The stage of development is prototype.

The aircraft was also used as a testbed in the early steps of the Z-Pilot
Nano V1.0 development — the first version of a nano-drone variant of the
Z-Pilot series of autopilots.

Model:

XZ-7-n-m Then and m indices
Group: @ @ @ in the model designation
Standard denote respectively the
Topology: number of rows and
Honey columns of beams mak-
comb ing up the airframe. XZ-
Rotors: R 7-2-2 is equivalent to
(seeeq.1.) @ @ @ XZ-7 Bulgarian Knight
Year: 2015 @ @ @ multi-rotor.

The XZ-7-n-m family of
drones has its rotors
under the airframe. The
number of rotors in a given model variant is calculated after the observation
that on each beam there are as many rotors as is the number of parallel
beams to it plus one. Hence, the number of rotors R is:
1) R=n*m+1)+m*(n+1)=2*n*m+n+m
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Model Description and images
Model:

XZ-14

Group:

Standard

Topology:

Tandem

helicopter

Rotors: 6

Year: 2015

XZ-14 is a model belonging to the well-known tandem rotor helicopters
group. This model, as all current XZ-series models, employs only fixed
pitch propellers, hence for attitude control it requires 4 additional small
vertical rotors, mounted on vertical beams. The large horizontal rotors,
creating the lift force, are undermount in respect to the fuselage.

XZ-14 is aerodynamically stable [5], in spite of its long vertical beams
and the four small rotors mounted at their tops, because the centre of mass
coincides with the aerodynamic centre of the aircraft.

The model is an award winning invention and has won a gold medal at
the international inventions exhibition Tesla Fest 2016, Novi Sad, Serbia.

Model: | | | ;

XZ-15 (,"i"\ 4 ‘"\,) 4 XZ-15 model is a development
Group: oy W -7 from the XZ-14 tandem multi-
Hybrid ¥ copter [9]. It is the only hybrid
Topology: I ! o model in the XZ-series having an
Tandem X I ] i internal combustion engine as the
helicopter b 5 . main source of power. The
Rotors: 6 I:I | :I engine is situated in the centre of
Year: 2019 y Y : the aircraft and is marked with
Alias: ¢ ' \ : red-orange colour in the figure to
Storm \ ' ) : the left. The fuel tanks are the two

\ ’ |
RN ¥ L. i green rectangles surrounding the
AL 2 ﬁf engine. Along two transmission
- - ' lines the torque of the engine is
‘ : ‘ transferred to the fixed pitch
large undermount horizontal rotors that are driven directly by the engine.
On the transmission shafts two electric generators are employed generating
electrical power that is buffered using batteries (red rectangles). The four
small rotors have horizontal or close to horizontal orientation and are
positioned at the edges of the fuselage. These rotors are driven by electric
motors powered by the generators and the batteries. The latter rotors are
used for attitude control, while the main two large rotors are employed in
generating lift.
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Model

Description and images

Model:
XZ-16
Group:
Standard
Topology:
Honey
comb
Rotors: 16
Alias:
Emerald
Year: 2019

The XZ-16 multi-rotor is again an example of a honey comb structure
drone. The honey comb approach seems very promising in creating new
models with superior characteristics and performance. The XZ-16 was
named Emerald and a prototype is under active development.

The aircraft facilitates 16 rotors, horizontal in disposition and
undermount in respect to the fuselage. The airframe has a rhombic shape,
meaning the fuselage is elongated along the longer rhombus diagonal.
Exactly this feature of XZ-16 led to the specific implementation of the
aircraft, among others, as a stereo camera payload platform [6]. In this role
the multi-rotor carries two cameras at the ends of its longest beam as shown
with orange squares in the figure below.

@ t‘——m = = = ==I| @ ———

i)

The developed prototype is of micro-drone dimensions weighing in the
proximity of 160 g and employing rotors with propeller diameters of only
55 mm. This very realization of the model is suitable for reconnaissance
tasks due to the small visibility footprint of the tiny aircraft and its superior
noise characteristics.

The aircraft’s current prototype is also very safe to operate with,
although not completely safe.
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Model

Description and images

Model:
XZ-18
Group:
Standard
Topology:
Honey
comb
Rotors: 18
Alias:
Diamond
Year: 2019

| The Diamond model
| 7/\‘\ -&‘ /‘ " (XZ-18) is the latest model
| A ﬂ“ ﬂy 2 of the series. As it was
| \.» R

1 LV mentioned  above, the
|k A (RO + honey comb approach
jawme  proved to be superior to
j:l\ other rotor schemes. As

1

advancement in respect to
] i \ the Bulgarian  Knight

drone the newer models

//9\[}/\[\&/ - i that follow the honey
- : " | comb paradigm do not rely
“n,../v \K-( \k /‘ of square beam airframes.
e T Instead they are based

on traingular beamed
airframes (XZ-16 also) as the latter are considerably more rigid [7].

XZ-18 has 18 rotors, which are undermount. The under-mounting of the
rotors increases the efficiency of lift and flight by 5% to 12% with different
models and for XZ-18 the efficiency gain is expected to be 9%. Hence this
mounting strategy is the preferred way of installing the rotors on multi-rotor
aircraft in the recent XZ-series models.

Further, the newer models have large numbers of rotors, exceeding 12
and thus allow the mounting of rotors under the fuselage without incurring
any consequential problems with the implementation of landing legs and
gear and utilizing hard-points for payloads.

The hard-point for the payload in the Diamond multi-rotor UAV is in
the centre of the fuselage structure. The aircraft relies on four legs for
landing, each constructed out of three beams. For these reasons the multi-
rotor is suitable mostly for payloads not requiring horizontal field of view,
for example cameras photographing the terrain directly below the aircraft
or other instrumentation such as ionizing radiation sensors, meteorological
data acquisition systems, ground sensing radar or any other devices that are
not dependant on the obstructed horizontal visibility.

The Diamond multi-copter was conceived as a platform for testing the
new micro- and nano-drone ionizing radiation sensors being under
development with the purpose of designing drones and robots used for
disaster management and ionizing radiation sources control.

The first prototype is planned to be developed in the early 2020 and shall
be again a nano-drone in the 200—250 g range of total weight.
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Model

Description and images

Model:
XZ-4
Group:
Fixed-wing
Topology:
Tail-sitter
Rotors: 6
Year: 2014

The first model of a series of fixed-wing multi-rotor aircraft having no
moving control surfaces and relying only on the rotors rotations per minute
to attain attitude control, because, as stated above, currently no model in the
XZ-series implements variable pitch propellers.

The XZ-4 [4] is a tail-
sitter airplane that takes-off
and lands on its tail —
vertically as a multi-rotor
drone and flies either
vertically or horizontally. The
horizontal mode is much more
efficient and also offers higher

=, speeds than the vertical

regime of flight. In horizontal

flight mode the aircraft is

inherently unstable and relies

on the autopilot to be

LA L stabilized. The current stage

of development is concept,

but due to the estimated

superiority in comparison to

existing vertical take-off and

landing aircraft the model is planned for prototype development and
laboratory and field testing.

Because 6 rotors are employed, the failure of one of the four rotors
mounted near the wing will not render the aircraft unconditionally
uncontrollable. Nevertheless, the aircraft is not immune to catastrophic
failure in case of propeller disintegration or a motor malfunction.

The fixed-wing multi-rotors of the XZ-series are award winning
inventions from Archimedes 2015, Inventarium Science 2015 and Tesla
Fest 2015 international inventions exhibitions.
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Model

Description and images

Model:
XZ-4A
Group:
Fixed-wing
Topology:
Tail-sitter
Rotors: 6
Year: 2014

NN @@@

Stage of development is concept.

This model is similar to the
XZ-4 aircraft, but exhibits a
larger margin for rotor failure.
Due to the mounting of the off-
wing propellers not on one side,
but on both sides of the wing,
the failure of any rotor is in
general terms manageable. The
design proposes higher rigidity
of the off wing rotor nacelles as
they are mounted at the fuselage
instead of at the wing, thus
relieving the wing structure
from  excessive  structural
tension and the following
structural ~ strength  require-
ments.

Model:
XZ-4B
Group:
Fixed-wing
Topology:
Tail-sitter
Rotors: 4
Year: 2014

.. S
@@%

The XZ-4B is still another
fixed-wing multi-rotor aircraft
having only four rotors, instead
of 6 as with the previous two
models. The airplane is thus
lighter, simpler and easier to
maintain, but is prone to
catastrophic failure if one of the
rotors suffers a damage.

XZ-4B is nevertheless a
valuable testing platform for
the vertical take-off and
landing approach in the field of
fixed pitch propeller multi-
rotors. It also does not rely on
moving aerodynamic surface
for attitude control which

makes it one of the simplest and cheapest aircraft in its class.

The stage of development is concept.
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Description and images

Model:

XZ-5B

Group:

Compound

- 909

H-frame ‘ I

Rotors: 7 @@@

Year: 2014 4 /

% | AR
-

The XZ-series of drones includes compound helicopters. These are
multi-rotors that rely on horizontal rotors for creating lift and at the same
time they use vertical rotors for creating horizontal trust and moving the
aircraft horizontally like an airplane. The benefits of this approach are
numerous and large helicopter companies are evaluating this it such as
Sikorski Aircraft and JSC Kamov.

In the field of small UAVs such a design is novel and was pioneered by
the XS-series through several of its models.

Model:

XZ-2A @ @ @ @ The XZ-2A model is again a

Group: development from XZ-2 which was turned

Compound into a compound multi-rotor. The model is

Topology: @@@@ again conceptual in its nature and serves

H-frame only as a basis for the creation of practical

Rotors: 9 compound multi-copters.

Year: 2014 The aircraft has 9 rotors, one of which is
vertical at its tail and is used for horizontal
propulsion.

Model:

XZ-2B XZ-2B is the first compound model

Group: O 4 from the XZ-series that is created with the

Compound l A A4 idea of complete realization and

Topology: extensive prototype testing. This model is

H-frame G ' Y Y not only following the compound heli-

Rotors: 10 U U\_/ copter paradigm, but it is also designed

Year: 2014 for rigidity and speed. It is aero-

dynamically sound, has stable fuselage
construction and its horizontal rotors are
undermount in respect to the airframe.
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Model

Description and images

Model: The XZ-6A model is a reduction from
XZ'6A_‘ @ @ the XZ-6. Two of the horizontal rotors are
Group: removed and two vertical rotors are
Compound G @ | mounted instead in their places aimed at
Topology: CD (D horizontal propulsion. The model benefits
Honey G @ | from the honey comb paradigm for
comb ) optimal geometric covering of the
Roto.rs. 12 horizontal rotors and also improves its
Year: 2014 horizontal speed properties by employing
vertical rotors at its tail.
The stage of development is concept.

Model:

XZ-2C s e Still further improve-
Group: '— ment on the XZ-2B model
Compound " i is one of the Ilatest
Topology: \:' i developments in the XZ-
H-frame ! ( | series — the XZ-2C aircraft
Rotors: 10 . 4\ [8]. This multi-rotor has 10
Alias: = < | rotors, 2 of which are used
Thunder “\(:%, = for horizontal propulsion
Year: 2019 . ! and are mounted at the tail

Y

of the fuselage. The 8 hori-
zontal rotors are mounted

Airframe
legs

surfaces exhibiting aerodynamic lift when the aircraft is in fast forward
flight. The aircraft lands on three flat streamlined legs. The payload is
positioned at the front of the fuselage. This hard-point placement allows
wide field of view in case of cameras used as payloads. The horizontal
rotors” rotation directions are chosen in such a way that the non-stalled
sections of the rotors are in minimal mutual interference. The current stage
of development is concept with the aim of prototype development.

on two parallel longi-
tudinal beams. The front 6
rotors are undermount
while the rears 2 are over
mount in respect to the
beams, thus minimizing
mutual interference among
the horizontal rotors during
forward flight. The two
beams are connected using
horizontal flat aerodynamic
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Conclusion

The XZ-series is in constant development during the last five years and is an
evolving project. It is oriented towards multi-rotor aircraft in different variants and
paradigms regarding multi-copters.

Multi-rotors require innovative development because this technology hides
a significant potential for modern inventions. The field, although initiated during
World War 1, is still lacking significant scientific attention and one should be
sparked.

The described developments are mostly theoretical, although not
exclusively. Nevertheless, the focus on the work has moved towards real
experiments with prototypes and flight tests.

The series has covered an astonishing variety of presentations in the
scientific media acquiring publications with all kinds of scientific metric such as
patents, international medals and awards received from exhibitions, conference
reports, and scientific articles published in high impact journals.
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XZ-CEPUS BE3IIWJIOTHU JIETATEJHU AITAPATH ITPE3 2020
C. 3a0yHoB

Pe3rome

Cepusita XZ 0e3nNWIOTHM JIeTaTeaHH amapaTd craptupa npe3 2014 r.
I’bPBOHAYATHO KATO HAYWHAHME, IEJAII0 TEOPETHYHU pa3pabOTKH HA MYJITH-
POTOpPHHU OE3MMJIOTHH JICTaTeTHH Mojaenu. Mpmesta m ocHoBHaTa paborta Oerre
OCBIIIECTBEHA OT aBTOpa Ha HACTOsMIATa cTaTus u cera, B 2020 ., cepusTa € Bce olre
B HENpEKbCHAT MpoLieC Ha U300peTsiBaHe Ha HOBM Mojenu. IloBedyeTo Moaenu ca
MaTEHTOBAaHU B BBITapCcKOTO MaTeHTHO BEJOMCTBO UpE3 IMATEHTH 3a M300pETCHHS
WM TIOJIe3HU Mozeid. [Ipe3 mocieTHUTe TOAMHY Ce MOSIBUXA MyOJINKAIUH OTHOCHO
cepusita XZ B 4yKJECTPAHHU HAy4YHH CIIUCAHUS C BUCOK HAYKOMETPUUYEH CTaTyC.

CepusiTa OT JeTALM MalIMHU XZ BKIIOYBA Pa3IHMYHU MYJITH-POTOPHU
JICTATEITHU armapaTv KaTo CTAHJAPTHU MYITH-POTOPHU, MYJITH-POTOPH C PUKCHPAHO
KPHJIO U ChCTABHU MYJITH-POTOPHH JICTATEITHA MAITHHH.

Ta3u craTust € KpaTko PBKOBOJACTBO, TOJIKOBA KPATKO, KOJKOTO MOXKE Ja
ObJle, BbPXY ChCTOSHUETO Ha cepusata XZ OE3MUJIOTHU JICTATCIHHU amapaTtd KbM
2020 r. OgakBa ce T4 me Obae MocienBaHa B Oblelie OT MPOIBIDKEHUS, TyOIu-
KyBaHU PEIOBHO, KOUTO IIie 00001aBaT PO IbJKAaBAIIHs IIPOLISC Ha Pa3padoTKa Ha
HOBH MoOjeJu B cepusita XZ.
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Abstract

Flight training is a complex and responsible training process for pilot and requires
experienced specialists, good organization and quality control of flight activity. Its main purpose is to
create highly qualified personnel with long-term professional skills in the techniques of piloting,
aircraft flying and the combat use of aircraft.

Assessment is an important part of the training process for young cadets. It determines the
extent to which trainees have been able to perceive, learn and comprehend their new flying activity and
their ability to apply the acquired knowledge in tense conditions. Assessment is directly related to the
quality of the flight training, and it should show the trainees the mistakes they have made and encourage
them to upgrade their knowledge and skills. The trainees should be well versed in the assessment
methodology and understand its purpose, otherwise the grades obtained will not be an indicator of
their ability.

1. Introduction

The high quality of training requires continuous improvement of the
methodology for flight preparation and the use of modern technical means. The use
of computer-based training tools and automated training systems have become
important nowadays.

In order to determine the knowledge gained and the level of training, trainees
should be assessed. Assessment is complex and involves assessing their theoretical
knowledge, their practical skills, and their physical endurance and discipline.

Evaluation of the piloting technique is of paramount importance in forming
the final assessment of the trainee. It is done after each flight, evaluating all the
elements of the exercise. The rating is the arithmetic mean of the assigned
performance estimates and has a different weight depending on the type of flight.
For this purpose, an assessment sheet is completed, which together with other
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documentation related to flight task is stored in student’s personal file. The overall
rating of the piloting technique is the arithmetic mean of the estimates of each flight.
The evaluation of the piloting technique by flight data recorder is performed
on two levels — qualitative analysis of the elements of the exercise and quantitative
assessment. Important for its determination are the records of parameters — speed,
height and load factor.
Qualitative analysis includes:

- determining flight stages;

- defining completed elements;

- the order of completion of the assignment;

- determining the deviations and errors in the piloting technique.

In the quantification of the piloting technique, each element is evaluated as
values of the recorded parameters, at certain stages of the executed element (the so-
called control points), are compared with the set ones. Any deviations of parameters
from setpoints are determined and evaluated accordingly.

In order to maintain the high quality of the training and to ensure that the
assessment is correct, the training methodology must be continuously improved and
assessment optimized. The main steps to increase the level of the training are:

- updating of the manuals regulating flight activity;

- realism, efficiency and flexibility in preparation;

- clear training methodology;

- up-to-date and accessible training programs;

- use of modern computer systems;

- use of flight simulators;

- clear standards for the evaluation of piloting techniques;
- updated student evaluation criteria;

- quality control.

2. Main purpose of optimization of flight technique’ assessment

The main goal in optimizing the assessment of piloting techniques is to
reduce the subjective factor in evaluating learners and improve the quality of
training, using modern computer models and applications. The subjective factor can
be reduced by correctly assessing the accomplished elements of the flight task in
accordance with the approved assessment standards. Doing this after each flight
(during the analysis of the exercise performed) or at the end of the flight, facilitates
the work of the instructor staff.

In order to achieve this goal, the following main tasks must be accomplished:

153



- to create a computer application for research and storage of the data
recorded by the aircraft flight data recorder;

- tocreate an algorithm for processing the recorded data and assessing the
piloting technique;

- to create a computer model to compare the recorded flight parameters
with their setpoints.

Another main objective is to create an electronic database for storing
information and evaluations of completed flight tasks. In this way, students’ personal
files can be made electronic.

3. A computer application model for flight assessment

The computer application for flight tasks assessment allows, using the
records from the flight data recorder of the aircraft, to perform a qualitative analysis
of the exercise performed and to evaluate the flight. Each trainee has their own
database, which contains all the necessary information about the exercises already
completed and the relevant assessment. Based on the evaluation of the completed
exercises an overall assessment of the level of preparation achieved can be
determined.

The main features of the application are:

- adding data for a new learner;
- removing or editing already existing learner data;
- selection of trainee;

- introduction of data, important in the formation of assessment of the
completed exercise;

- analysis of the information recorded by the flight data recorder;

- assessment of the elements performed in the exercise;

- an electronic database of exercises already evaluated,;

- calculating the overall assessment of the level of preparation achieved.

Advantages:

- use computerized systems for assessing pilot training;
- instructor staff is facilitated;
- make an objective assessment.

The application allows three choices to be made (Fig. 1):

- selection of a pilot;
- add/remove pilot;
- editing.
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Edit

- X
Pilot's list
Rank Name Surname Last name Rank ADD
1|
2 |
|3 | Remove
4| Name
Surname
Last name
Class
Flight Hours
< >
Close

Fig. 1. Pilot’s list

The choice of the trainee (pilot) to be assessed is related to the tasks they
have already completed (Fig. 2). This information includes:

exercise name and number and flight number;
the type of aircraft on which the trainee flies;
the flight height;

the area of flight;

type of flight;

time of day;

flight assessment.

The app allows you to add a flight to be evaluated, to remove incorrect
information and to make an overall assessment of the level of preparation achieved.
All this information is printable.
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1st Lt Georgi Jordanov

List ot flight assessments
Task N° Flight |Name Plane Hight Area Type | Day/Night _ Assessment
ADD FLIGHT
3
)
; . REMOVE FLIGHT l

Full Assessment

Rate of assimilation

— Discontinuance affect

Flight hours 300 » 16 cl
ose

Fig. 2. List of flight assessments

In order to evaluate the elements already selected, the entry from the flight
data recorder must be added. This record can be taken in tabular form from the Flight
Safety Office. Using this computer application, the recording is processed and
presented graphically (Fig. 3). This allows the evaluator to see which the elements
are and whether the safety measures are observed [1]. The evaluation of the elements
is made by comparing the actual values of the flight parameters with those set by the
already adopted evaluation standards (usually speed, load factor and altitude) [2].

File Edt View Inset Tools Desktop Window Help

Assess

Fig. 3. CVFDR
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Depending on the type of aircraft selected, the evaluator may see the relevant
assessment standards.

The flight technique learning rate and the impact of pause are also important
for the final assessment, so they can also be added.

When the flight assessment is made, all information is added and recorded
in the database of the selected trainee.

For more accuracy during the analysis of the entry, the application allows
the graphic to be zoomed in this part of the entry, where the element being evaluated
is. Hereby the values of the recorded flight parameters can be determined more easily

(Fig. 4).

00:10

00:10

Fig. 4. Flight parameters
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Fig. 5. Minimum safety height

When the area, the height and the type of flight are selected the minimum
safety height is automatically determined — red line (Fig. 5). The minimum safety
height is one of the important safety features. The minimum safety height can be
different depending on the terrain and the pilot’s skills. If the minimum safety height
is violated, the instructor can see this on the entry, which is important in forming the
flight assessment.

6. Conclusions

Quantitative evaluation of the piloting technique means the assessment of
the pilot’s actions in performing the flight elements in the different types of flight
training. Unlike qualitative evaluation, in which the completed elements are
determined and its main tasks is to determine the deviations and errors of the flight
assignment, in the quantitative analysis, an assessment of the important elements of
the type of preparation is made, and the main task is to determine their level. In the
guantification of the piloting technique, each maneuver is evaluated by comparing
the actual parameters for certain stages of the maneuver with recommended speeds,
heights and load factor. The average value and the deviation are determined and the
tolerances are compared.
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KOJIMYECTBEHA ONEHKA HA TEXHUKATA HA IIMJIOTUPAHE
I10 3AITUCHU OT PETUCTPATOP HA IIOJIETHHU JTAHHHU

A. Mapunoe, I. ﬁopdauoe, M. Kamoywes, C. Bunuoepos, K. Kamoywes

Pe3rome

OI1IeHABaHETO € BayKHA YACT OT Mpolieca Ha 00yueHHe Ha MITQJINs JICTaTeNIeH
CbCTaB, 0COOCHO B CIIyyaWTe, KOraTo OT OIICHKaTa 3aBHCH pa3lpeeiiCHHETO Ha
o0y4yaeMuTe Ha caMoJieT Win BepToseT. OIeHsABaHETO Ha TEXHUKATa Ha MJIOTHPaHe
B HAYaJHUS €Tall OMpeNeNs O KaKBa CTENEeH OOydaeMHUTEe MMAT MOTCHIMAT Ja
BB3[pUEMaAT, Hayd4aT U OCMUCJIAT HOBATa 3a TAX MAaTCpHd, U 10 KaKBa CTCIICH YCIIA-
BaT JIa MPUJIOKAT CBOMTE 3HaHMA. OLEHIBAHETO € MPSKO CBBP3aHO C KAYeCTBOTO Ha
oOydeHme, a OlleHKaTa TpsOBa Ja MOKaKe Ha 00y4aeMHTe MPOIMYCKHUTE, KOUTO J0-
MYyCKAaT, a ChIIO M Ja TH CTHUMYJHpa J1a HAJATPAXKJAT CBOWTE 3HAHWS M yMCHHUS.
OOyuaemuTe TpsOBa aa ca J0Ope 3almo3HATH ¢ METOJIMKATa 3a OICHSIBAHE M Ja
pasoupar HeiHaTa Iell, B MPOTUBEH ClTydail, 00yJ4aeMHsT OCTaBa ¢ BIICUATICHHUETO,
4e MOJYYCHUTE OLICHKH HE ca MOKa3aTeN 3a TeXHUTE 3HAHUS U YMEHHS.
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Abstract

The increase in air traffic and space flights, the rising cargo volumes and passenger
numbers all set complex research and applied scientific tasks and therefore pose more complex
requirements for obtaining up-to-date information on the system parameters and on the environment
in which they function. After the advent of IoT platforms, their use in all areas of technology has been
growing rapidly, as for instance in data collection and processing systems that are fully applicable to
aviation needs. One of the major problems in the building of new systems or upgrading existing ones
in line with current trends is the high cost of the innovations and the long time before their
implementation. In line with the current trends in aviation, this paper proposes an approach for
unified modules comprising a large set of possible sensors operating on a wireless standard for
transmitting information and connected in a single and cost-effective network and with minimal time
for construction, upgrading and renovation.

1. Introduction

There has been an exponential growth in the use of aeronautical and
aerospace vehicles for various purposes. Also, a number of new types have come
into existence, such as drones, unmanned aircraft, new classes of space rocket
systems, and more.

Most devices related to the operation of aviation systems or their missions
utilize multiple sensor-based, communications, executive and other types of means
and it is often necessary to establish continuous or ad hoc information exchange
between the ones located outside the skin of the aeronautic vehicle and those
located inside [1-3]. In many cases, it is appropriate that the communication
between the modules located on each side of the skin should be non-contact [4].
This will reduce the complexity of building a structure that requires resistance to
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high mechanical accelerations and vibrations, as well as to sudden changes in
ambient temperature.

Over the last few years, wireless sensor networks have focused
professional interest towards the numerous theoretical and practical challenges
associated with their application capabilities. Their wireless architecture enables
easy measurement of physical parameters such as temperature, humidity, pressure,
etc., as well as their integration into already existing measuring systems. Their
flexibility and capabilities for mathematical analysis and processing of the data, as
well as their easy programming, make it possible to build complete solutions for
technological process monitoring [5].

Three basic technologies for wireless communications are available to
date: radio frequency (RF) communication characterized by its high performance,
optical transmission, which requires positioning on the line of sight, and the one
most commonly used in modern underwater communications — acoustic
(respectively hydroacoustic). In all these technologies, it is important to also
consider the cost of bringing into production in relation to the target data
bandwidth for a given frequency range. The wireless communication technologies
suitable for use in aviation technology are the RF and optical ones. Nevertheless,
the provision of a communication channel often requires engineering constraints
that are extremely difficult to overcome [6, 7].

The article proposes an approach for providing wireless communication in
aerospace vehicles based on the use of composite materials and of unified modules
connected to a single network and operating on a wireless standard for transmitting
information at a relatively low cost and requiring minimal time for building,
upgrading and renovation.

The article proposes an approach for providing wireless communication in
aerospace vehicles. The approach is based on the use of composite materials and of
unified modules connected to a single network and operating on a wireless standard
for transmitting information. It is charactersied by its relatively low cost and
requires minimal time for building, upgrading and renovation.

2. Problem statement and solution

In the general case, the task of wireless communication comes down to the
positioning on the skin of the aerospace vehicle of a device with good radio
conductivity and/or optical transparency, and mounting on both of its sides of the
transceivers of the wireless communication system. There are therefore two aspects
to solving this problem:

e The first one involves the selection of a device with good radio conductivity
to ensure contact between the on-skin and the under-skin wireless
communication modules. The device should be able to withstand high
mechanical loads and provide small radio signal attenuation.
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e The second one involves means of reliable and stable wireless
communication.

3. Results:

3.1. Device providing contact between the on-skin and the under-skin
wireless communication modules

The contact device between the on-skin and the under-skin wireless
communication modules is generally a multi component device consisting of a
mechanical housing and a radio-transparent element. It is desirable that this device
should also be provided with a window transparent to light, in this way enabling
reduction of the energy consumption of the external sensor by activating the
operation of the wireless communication system through a pair of light source and
light receiver (LED). Magnetic impulse activation, for example with a reed relay, is
also possible, though this method poses the risk of disrupting the performance of
the electronic devices and of distortion of the radio signals.

The mechanical housing must be compatible in shape, construction and
material with the mechanical structure of the aerospace vehicle and its manufacture
should not generally constitute a serious engineering problem [8].

The main component of the composite device is the radio-transparent
element, which, among other things, should be relatively light, inexpensive, easy to
process, and must be able to withstand high mechanical loads.

It is known that the force that must be overcome when moving an object in
the air is:

(1) F==>.c,.p.5.V%, where:

ra =

— pisthe density of the air;

— Sisthe area of the transverse projection of the object (referent area);

— ¢, is Drag coefficient;

— V is the velocity of the object relative to the air. The force of the air
resistance depends on the square of the velocity and at a given constant
high velocity can be reduced by varying within certain limits the cross-
sectional area of the object.

Pressure (denoted by p) is a physical quantity characterizing the magnitude
of the normal force component acting on a unit of area. Pressure is a scalar value.
According to the definition in 1SO / IEC 80000, pressure is the ratio of the force to
the surface area:

2 p=z
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Therefore, with some approximation, we can state that the pressure on the
contact device between the on-skin and the under-skin wireless communication
modules will be:

(3) P = %cx p V2

The Drag coefficient values are shown in Table 1.

Table 1. Drag coefficient values

Shape Drag
Coefficient

Sphere —= O 0.47

Half-sphere ——= q 0.42

Cone —— q 0.50

Cube — D 1.05

Angled __ O 0.80

Cube

C;I(i):(?er HD 0.82

comaer — L] 213
Stre;;?jgned_’ C> 0.04

Streamlined

Half-ody 7 s

Measured Drag Coefficients

Calculations show that in extreme cases where the contact device is a long
cylinder (for example, a flat porthole that can be approximated in this way), the
speed of the spacecraft is in the range of 20 - 30 M (M ~ 300 m/s — first cosmic
velocity at Mach number 27 is 8 km/s), assuming average air density of 1.5 kg/m?,
the pressure on it reaches 26 MPa (~ 260 bar). At subsonic speeds the pressure
reaches 0.4 bar and at speeds with Mach number below 5 it is up to 10 bar.

Our calculations allow the conclusion that for spacecraft from the moment
of their launch until their orbit positioning it is appropriate that the contact device
between the on-skin and the under-skin wireless communication modules should be
provided with screens protecting them from the high dynamic external pressure
values. For other aircraft this will not be necessary.

These requirements can be satisfied by a limited number of materials,
mainly by composites. To this end, several types of composite materials have been
developed at IMSETHC-BAS. They consist of different combinations of the
following components:

e Fiberglass 300 gr/m?, 500 gr/m? (Fig. 1);
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Fig. 1. Fiberglass

Lantor Soric XF 3 mm (Fig. 2) — a special type of pressure-resistant core
material (filler) designed specifically for wvacuum infusion. Unlike
traditional fillers such as Coremat, Soric is made of pressure-resistant cells
that do not shrink in vacuum, thus preserving the structure and the
thickness of the material,

Fig. 2. Lantor Soric XF

Aluminum honeycomb structure (Fig. 3), intended as a filler in the
manufacture of composite panels and parts. Used properly, aluminum
honeycomb can reduce weight and increase the rigidity of composite
panels in a wide variety of applications;

Fig. 3. Aluminum honeycomb



e Polyester resin MULTIPOL® TP200 — high quality polyester resin,
thixotropic, pre-accelerated. It is very good for manual lamination or
infusion. Hardener: MEKP Catalyst (from 1 to 3%) of BUTANOX®.
Color: blue, transparent after application;

o Polyester isophthalic with neopentyl glycol gelcoat E-120. Composition:
Styrene. Thixotropic unsaturated polyester resin designed to be sprayed
onto the surface of the die as a protective layer against environmental
influences. It gives the products resistance to impact, light, water and
aging.

For the purpose of the research experiments, three types of composite
material constructions have been developed at IMSETHC-BAS for contact devices
between the on-skin and the under-skin wireless communication modules:

3.1.1. Composite plate designed to withstand pressures of up to 14 bars.
Composition:

— 4 layers of 3 mm thick fiberglass 500 gr/m?;

— 1 layer of 5 mm thick core material;

PR ——

Fig. 4. Composite plate designed to withstand pressures of up to 14 bars

— 4 layers of 3 mm thick fiberglass 500 gr/m?;

— Polyester resin MULTIPOL® TP200;

— Polyester isophthalic gelcoat with neopentyl glycol E-120.
Total thickness: 12 mm.
Features — opaque to light, radio transparent, include for frequencies of up
to 6 GHz.

3.1.2. Composite plate designed to withstand pressures of up to 10 bars.

Composition:
— 4 layers of 2 mm thick fiberglass 300 gr/m?;
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1 layer of 5 mm thick core material;

4 layers of 2 mm thick fiberglass 300 gr/m?;

Polyester resin MULTIPOL® TP200;

Polyester isophthalic gelcoat with neopentyl glycol E-120.

Fig. 5. Composite plate designed to withstand pressures of up to 10 bars

Total thickness: 10 mm.
Features — opaque to light, radio transparent, include for frequencies of up
to 6 GHz.

3.1.3. Composite plate designed to withstand pressures of up to 10 bars.
Composition:

— 3 layers of 2.5 mm thick fiberglass 500 gr/m?;
— 1 layer of 5 mm thick Aluminum honeycomb;
— 3 layers of 2.5 mm thick fiberglass 500 gr/m?;
— Polyester resin MULTIPOL® TP200.

Total thickness: 10 mm.

Features — transparent to light, radio transparent, including for frequencies
of up to 6 GHz.

Fig. 6 shows the experimental model for testing the functionality of the
three types of composite material constructions for contact devices between the on-
skin and the under-skin wireless communication modules.
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3

Fig. 6. Experimental model for testing the functionality of the three types
of composite material constructions

It consists of a metal cylindrical body (3) and a metal cylinder (2), mounted
on which are respectively the elements of the on-skin and the under-skin modules
for wireless communication.

The antennas of the transmitter and receiver module are connected by
means of diaphragms (4, 5), in which circular plates of various radio conductive
materials can be placed to analyze the communication efficiency.

3.2. Wireless communication device

Modern systems mainly use sensors producing digital output data, which
also makes it easier to upgrade existing systems or to build new ones using wireless
standards for data transmission. The requirements to be met by the channel used,
taking into account the specificities of the particular application, are as follows [9]:

— provision of sufficient capacity to transmit sensor data without delay
caused by the channel;

— validation of information transmitted by the sensor;

— guaranteeing uniqueness of the transmitted data in a multi-sensor mode of
operation;

— channel capacity in working conditions;

— ensuring autonomy when using battery power supply.

In wireless data transmission, account must be taken of environmental
features, i.e. the space distribution in the spacecraft/aircraft, which is a solid metal
structure that would impede the passage of electromagnetic waves. This
necessitates the availability of collector systems in single volumes. A single
volume defines a space without partitions and whose linear dimensions do not
exceed the maximum communication distance determined by the wireless protocol
used [10].
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Bluetooth is a wireless technology for short-distance data exchange from
fixed or mobile objects, which is used for personal area networks (PANS).
Bluetooth uses ultra high frequency UHF in the ISM frequency range from 2.4 to
2.485 GHz.

¢ Advantages:

1. Low power consumption.

2. Bluetooth can be integrated across devices, including portable devices
and mobile phones.

3. Low cost — steadily decreasing price of the hardware module (single
chip solution);

4. The distance between two devices can reach up to 60 m.

5. Well-designed structure.

6. Bluetooth uses 2.4 GHz bandwidth, data transfer speed can reach up to
1Mbps.

7. Supported by a free-membership consortium established in 1998, with
more than 2,000 members, including IBM, Intel, Nokia, Erricson, Toshiba, 3COM,
Lucent, Microsoft.

+ Disadvantages: Its operating range is smaller compared to other wireless
technologies.

The choice of Bluetooth Low Energy (BLE) is based on its being uniquely
applicable for building wireless data transfer modules. The features provided in its
specifications — authentication, encryption, and high-speed data transmission —
fully meet channel requirements, while its low power consumption, depending on
sensor consumption, ensures autonomy, for months, and at higher battery
capacities, for years. This, combined with the small size, enables building self-unit
networked modules that use a unified standard for data transmission. The fault
clearing time is reduced since the module is usually replaced.

In aviation system automation, the wireless communication standard finds
practical applicability mainly in the expansion of the capabilities of the sensor
network and its rapid upgrade.

To optimize the data transmission channel, different types of sensors are
used. The information collected via radio channel (Bluetooth standard) is
transmitted to the data collection system. The proposed approach eliminates the
need of a wired connection and allows the sensors to be repositioned when
necessary.

Another advantage is the reduced time and human resources (no need for a
skilled specialist to change the position of the sensors) necessary when changing
the positioning of the sensors, nor does this require additional infrastructure.

In the proposed approach, the linear structure of the system is preserved,
which, when using wireless communication channels, can be changed to star
connection, as shown in Fig. 7.
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In the selected experimental model, all modules are of Arduino specifications,
as shown in Fig. 8.

Arduino uno

Information recorded on an CD card

in Arduino uno from Arduine due

via a Bluetooth channel

Fig. 8. Transmission of information via Bluetooth modules
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The block diagram and data exchange principle of the test device are
shown in Fig. 9.

Fig. 9. Block diagram and data exchange principle of the test device

To analyze the capabilities of the Bluetooth communication standard, the
sensor selected is an acoustic receiver, which allows qualitative and quantitative
comparison (amplitude-frequency characteristics) of the input and output signals,
in this case noise and speech. This is achieved by comparing the spectrograms of
noise and noise + speech recorded on SD cards after the classification of speech
signals (their separation from noise-only signals) and those of noise + speech after
BLE communication.
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3.3. Test results

The verification of the proposed technical solutions was carried out by two
types of experiments: to determine the mechanical stability and to evaluate the
possibility for wireless communication.

Fig. 6 shows the experimental set-up used to evaluate the resistance of the
structure to mechanical stress. For this purpose, air was compressed in the metal
cylinder (2) under controlled pressure and monitoring the condition of the plates
made of composite materials according to item 3.1.1., 3.1.2, and 3.1.3.
Deformation was taken as the percentage of the angle between the tangent to the
most convex part of the plate (counting as its beginning the point where the plate is
tightened to the periphery of the cylinder with a flange) and the normal to the plate.
The test results are shown in Table 2.

Table 2. Tesr results

No | Composite according
to the configuration

Deformation of 3%
at pressure

Deformation of
5% at pressure

Destruction
at pressure

in item
1. 3.1.1. 11.8 bar 12,8 bar 15.6 bar
2. 3.1.2. 9.3 bar 10,1 bar 11.3 bar
3. 3.1.3. 8.9 bar 9,1 bar 10.8 bar

The results regarding the correspondence between the audio signal (speech)
before and after its wireless transmission via Bluetooth communication through the
plates made of the three composite materials are shown in Fig. 10.
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Fig. 10. Correspondence between audio signal (speech) before and after its wireless
transmission
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4. Conclusions
The results of the experiments using the model shown in Fig. 4 for testing

the strength properties of the proposed composite plates and the Bluetooth-enabled
wireless network for remote sensor data communication and transmission of the
collected data to an aviation electronics server using Arduino designed and
manufactured open source computer hardware and open source software and
microcontroller kits for building digital devices, taking into account the technical,
functional and financial requirements, allow the following conclusions to be
drawn:
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4.1. For spacecraft from the moment of their launch until their orbit
positioning it is appropriate that the contact devices between the on-skin and
the under-skin wireless communication modules should be provided with
screens protecting them from the high dynamic external pressure values. For
other aircraft this will not be necessary.

4.2. The proposed composite materials fully meet the requirements for
providing wireless communication with on-skin sensors in aerospace vehicles;

4.3. It is advisable to activate the operation of the wireless communication
system on a signal, and the easiest and cheapest way is with a pair of light
source and light receiver (LED). This requires that the composite material
should be transparent, i.e. most suitable is the composite of configuration
3.1.3;

4.4. The use of wireless communication standards in the construction of
sensor networks provides flexibility in their implementation and reduces the
time consumption. Another benefit of BLE sensor modules is the possibility to
use small-size batteries;

4.5. The construction of sensor concentrators/hubs enables the provision of
information on the parameters at different points, thus ensuring the correct
operation of the automated systems. It also allows a completely new approach
in their implementation. In practice, it is possible for each system to be given
individual configurations and to upgrade the sensors used:;

4.6. The disadvantages of the presented approach include in the first place
the limits on the distances imposed by the Bluetooth standard, though this will
be partially overcome in its upcoming fifth version. Another shortcoming is
the impossibility to position sensor modules behind metal partitions, which
requires placing additional concentrators and the use of “windows” made of
radio-transparent materials.
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KOMITIO3UTEH MOAYJI 3A BE3) KUYHA KOMYHUKALIUSA
B ABUOKOCMUNYECKUTE CPEJACTBA

H. I'eopzues, A. Konapoe, H. Hnuee

Pesrome

YBennyaBaHETO Ha BB3AYUIHUAT Tpaduk, B TOBAa YUCIO U HA KOCMHYEC-
KUTE TIOJIETH, KOJIMYEeCTBAaTa MPEHACSHNA TOBApH M IITHHUIM, KAaKTO U IMOCTABEHHUTE
3a pelaBaHe CIIOKHW HAayYHU W HAYYHO-TIPHJIOXKHHU 3aJayd, ITOBHIIABAT H3HC-
KBaHMSITA 32 MOJyyaBaHE HA MOCTOSHHA aKTyaJHa WH(pOpMaIHs 3a MapaMeTPUTE Ha
cucTeMuTe U 3ao0ukassmara ru cpeaa. C HaBiaM3aHeTo Ha rathopmure 3a loT ce
HaOJII01aBa TEH/IEIMS 32 M3IOJI3BAHETO MM BBB BCHUKH C(epH Ha TEXHOJIOTHHTE,
KaTo cUCcTEeMH 3a cOop M 00paboTka Ha MHQOpPMAIHS, KOETO € B ITbJIHA CHJIA U 32
HY)KIUTE Ha Bb3yXOIlUIaBaHeTo. EMH OT OCHOBHHTE MPOOJIEMU Ha M3TPAKIAHETO
Ha HOBU CHCTEMH WJIM HaJrpakJaHe Ha ChIIECTBYBAIHN, ChOpa3eHH CbC ChBPEMEH-
HHUTE TEH/ICHIINH, € BUCOKAaTa CEOECTOMHOCT M TOJIEMHSAT TIEPHO/] 32 peau3alys Ha
HACTOAIIUTE PCUICHUS. HpeHHaFaHI/IHT noaxoa Ha yHI/I(bI/I]_[I/IpaHI/I MOAyJau € TrojisiM
Ha0Op OT BB3MOXKHH CEH30pH, paboTeny Mo 0e3KMYeH CTaHAapT 3a NpelaBaHe Ha
nH(opManusITa CBBP3aHU B €MHHA MPEXa C OTHOCUTEIIHO HUCKA Ce0ECTOHHOCT
MHHHMAJIHO BPEMe 3a U3rpakJaHe, Harpakjane 1 OOHOBSIBaHe, 1aBa Bh3MOXKHOCT
3a OTroBapsiHEe HAa TCHICHIMUTE B cepaTa Ha Bb3/IyXOIIaBaHETO.
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Abstract

In this paper, we consider the results of a long-term study of the effect of prolonged stay
(more than 30 years) of elements of capillary intake devices - mesh phase separators in the liquid
propellant components (and under vapors) on the change in their working parameters (characteristics).
In the process of research, the following types of work were carried out: extracting mesh phase
separators from the propellant tanks of the missile stages to be detected after they were neutralized;
analyzing the chemical composition of the substances located on the grids of mesh phase separators;
determining the capillary holding capacity of the mesh, measuring the geometric dimensions of the
mesh by the optical method; and performing metallographic studies of the mesh patterns.

As a result, the authors determined the decrease in the capillary holding capacity of the
screen of mesh phase separators for 31 years of their stay in the liquid propellant components and
under their vapor. The analysis of the main factors was made that influenced the change in the design
parameters of the capillary intake device: uniform corrosion damage and local changes in the
microstructure of the structural material of the meshes, as well as a change in the value of the contact
angle of the propellant with the mesh material.

Introduction

Progress in space exploration is largely going along the path of creating and
launching new spacecraft, as well as expanding the existing (International Space
Station) and creating (in the future) a new space infrastructure for their maintenance
and operation. The increase in the scale of space activity and its ever-increasing
commercial orientation put forward special requirements for spacecraft, which
determine the development process in this area. This is the possibility of reusable
use and long-term operation of spacecraft [1].

The development of reusable spacecraft landing on Earth or transporting
goods in space with a launch from low Earth orbit presents new requirements for all
nodes and units, including mesh (capillary) phase separators, as the main functional
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elements of capillary intake devices included in the system for ensuring the
continuity of the supply of propellant components at the entrance to liquid rocket
propulsion systems [2, 3].

At the same time, the following questions are becoming urgent: studies of
near and far space, the study and development of planets and bodies of the solar
system (moon, Mars, the sun, planetary satellites, asteroids, etc.). This will require
the creation of [4-7]:

- research and observation satellites;

- space tugs of reusable use;

- space shuttles for the delivery of people and goods with the ability to land
on the planet and return to the orbital station;

- long-running infrastructure facilities: space and orbital stations of various
kinds, equipped with docking facilities, tugboats, tankers, propellant depots and
personnel modules.

The creation, operation and maintenance of the above objects entails the
need for permanent storage at orbital stations of various technical fluids transported
from the Earth, including high-boiling liquid propellant components: an oxidizing
agent - dinitrogen tetroxide N2Os (AT) and combustible - unsymmetrical
dimethylhydrazine (CHs):N.H, (UDMH), followed by filling them with orbit
spacecraft. At present, these propellant components are widely used in rocket
technology, in particular, in Proton, Cyclone, Titan, Arian rocket launchers, liquid
ICBMs, in propulsion systems of manned ships, satellites, orbital and interplanetary
space stations.

Obviously, their refueling and operation will occur under microgravity
conditions. Therefore, it is advisable that the propellant tanks of space stations and
spacecraft be equipped with capillary intake devices. Capillary intake devices and
their elements will have to be able to work with large numbers of “filling-emptying”
cycles (100 or more) and with a long active period of work in space (more than
15 years) [1].

Thus, at the present stage of development of space programs, the following
requirements will be imposed on storage systems and liquid withdrawal in general
and on capillary intake devices, as their integral part [1]:

- the possibility of reusable use;

- long period of operation;

- performance in aggressive environments.

At the same time, the operation of functional elements of systems (including
mesh phase separators of capillary intake devices), when all of the above
requirements are implemented, should take place without significantly reducing their
operating parameters (characteristics) throughout the entire period of operation [1].

In this article, the authors present the results of many years of research on
the effect of long-term storage (more than 30 years) of net phase separators in

176



components and under pairs of liquid propellant components (AT and UDMH) on
the change in their operating parameters (characteristics).

Object of research and parameters studied

In this work, the object of research was the main functional element of the
capillary intake device, which ensures the multiple launch of the propulsion system
of the spacecraft under zero gravity conditions and the reduction of undeveloped
residues of propellant components, the principle of which is based on the capillary
forces of the surface interaction - mesh phase separator [8-10].

The mesh phase separator under study was made of steel mesh No. 008 (steel
grade AISI 321), which is a twill weave fabric with square cells, having the following
characteristics according to the technical specifications [11]:

- wire diameter 55*% microns;

- nominal cell size in the light of 80 microns;

- permissible deviations of the arithmetic mean cell size + 13%;

- permissible deviation of the size of an individual cell + 75%;

- allowable deviation of the size of especially large cells 50-70%;

- the permissible number of especially large cells is not more than 9%, on a
grid with an area of 1 m2,

A schematic representation of a twill weave of wire cloth with square cells
is shown in Fig. 1.

Fig. 1. Schematic representation of a twill weave of wire mesh with square cells
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Since the principle of operation of the mesh phase separator is based on
capillary forces acting in the grid cells at the gas-liquid phase boundary, the main
parameter of its operability is capillary holding capacity.

Capillary holding capacity is the ability to prevent the penetration of free
vapor-gas inclusions through a mesh phase separator under external power
influences on propellant components. This parameter depends on the cell size,
surface purity and wire material, type and temperature of the propellant components
[1, 12-13].

The value of the Capillary holding capacity of the mesh phase separator is
determined by the formula [12-15]:

k-o
p-g-b

where Kk is a coefficient that take into account the geometry of the mesh cell;
o is the coefficient of surface tension of the propellant components; p is the density
of the propellant components; g is the longitechnical specificationdinal acceleration;
b is the mesh cell size; 6 is the contact angle between the propellant and the grid
material, which is assumed to be equal to zero under nominal conditions for the
propellant under consideration.

In spacecraft that have been in a charged state for a long time (15 years or
more) under the influence of aggressive propellant components (AT and UDMH),
the operational parameters of the mesh phase separators of capillary sampling
devices can change.

The reasons for the change in the design parameters of the mesh phase
separators of capillary sampling devices include the formation of films, gels,
precipitation grids on the surface of the wire as a result of corrosion processes, with
prolonged exposure to aggressive propellant (AT and UDMH) on the construction
materials of meshes, which, in addition to measuring the change in the geometric
dimensions of the wire and mesh cells can affect the value of the contact angle and
lead to a decrease in the capillary holding capacity.

Since there was no experimental determination of the change in the contact
angle, it was not possible to theoretically evaluate the influence of this factor on the
capillary properties of fine-meshed meshes.

Based on the foregoing, in order to determine the effect of a long stay of
elements of capillary intake devices in the components of liquid propellant
components on their parameters, we studied the changes in the capillary holding
capacity of the mesh phase separators of the screen meshes of the propellant
components that were in the liquid phase (AT and UDMH) and under them in vapors
for a) 15 years, b) 17 years and 6 months, ¢) 20 years, d) 20 years and 10 months, €)
23 years and f) 31 years, being in the propellant systems of refueling and ampouled
space stages of rocket.

The work was carried out in stages in the period from 1997 to 2016.

AH = - cos @
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According to the adopted test program, the work was performed in the
following order:

1) removing the mesh phase separator from the propellant tanks of the
vehicles being and analysing the chemical composition of substances located on the
screen of the mesh phase separator;

3) determining the capillary holding capacity of the mesh phase separator;

4) measuring the geometric dimensions of the screen of the mesh phase
separator with an optical method;

5) doing metallographic studies of screen mesh patterns of the phase
separator.

Moreover, in addition to the detectable mesh phase separators, the work in
items 3) and 4) was first carried out on new meshes No. 008 in order to obtain
reference data for the existing test conditions, experimental designs, and working
fluids.

1.1 Analysis of the chemical composition of substances located on the
screen of mesh phase separators after its removing from the propellant tanks

After neutralization, the propellant tanks were opened and the mesh phase
separator was dismantled.

Three samples of mesh No. 008, located in different parts of the tank, both
in the liquid phase of the propellant components and under its vapor, were extracted
from each propellant tank.

The following methods were used to determine the composition of
substances found on the networks of phase-separated meshes: X-ray fluorescence,
X-ray structural, atomic absorption, potentiometric, IR Fourier spectroscopy and
chromatography-mass spectrometry.

Thus, the studies showed that the composition of cations on mesh of oxidizer
and fuel tanks is almost the same. The detected metal cations correspond to the
elements that make up the alloy of aluminum and steel - the main structural materials
of the defective fuel system. However, due to the small amount of the substance on
the mesh in contact with UDMH, it was not possible to establish its composition by
the methods listed above.

1.2 Determination of capillary holding capacity of mesh phase
separators

Tests of the mesh phase separator were carried out in a pilot plant. The
experimental device is shown in Fig. 2.
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Fig. 2. Scheme of the experimental device for determining the capillary holding
capacity of the mesh phase separators

In Fig. 2 is shown: 1 — cylindrical container; 2 — a partition; 3 — CPS;
4 — porthole; 5 — fitting with a calibrated nozzle; 6, 7 — piezometers; 8 — filling and
drain fitting; 9 — valve for the removal of vapor of the working fluid; 10 — valve
dosed gas supply; 11 — valve boost the upper compartment; 12 — video cameras.

In Fig. 3, as an example, photographs of a single breakthrough of gas bubbles
and a mass breakthrough in whole groups of cells are presented.

To obtain the reference data, control samples of mesh phase separators using
standard technology from the same mesh roll were prepared. Tests of the reference
mesh phase separators were carried out according to the same procedure.
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Fig. 3. Photographs of the single breakthrough of gas bubbles (A) and the mass
breakthrough over whole groups of cells (B)

More than 56 samples of meshes (including reference ones) that were in the
liquid phase of the propellant components and under their vapor for a period of a) 15
years, b) 17 years and 6 months, ¢) 20 years, g were tested. d) 20 years and 10
months, e) 23 years and f) 31 years, as part of the propellant systems of refueling
and amplified space rocket stages.

AT and UDMH were used as working fluids, which are identical to those
normally supplied to rocket propellant systems.

The tests were carried out in the temperatures range:

—plus 1 —plus 18 °C — for AT;
—plus 1 —plus 16 °C — for UDMH.

In total, it was carried out:

— 364 tests to determine the capillary holding capacity of mesh phase
separators at AT;

— 337 tests to determine the capillary holding capacity of mesh phase
separators at UDMH.

The array of experimental data obtained as a result of the tests was
approximated by linear dependence by the least squares method.

Fig. 4 summarizes the test results to determine the capillary holding capacity
of the mesh phase separators, mesh samples after 15-31 years of their presence in
the highly toxic and aggressive components of liquid rocket propellant and under
their vapors — AT (A) and UDMH (B) depending on temperature.
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Fig. 4. Dependence of the capillary holding capacity of the samples of the mesh phase
separator at temperature: A — for AT; B — for UDMH

In Fig. 4 shows: 1 — the upper limit of capillary holding capacity, calculated
in accordance with the data on the permissible deviations of the geometric
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parameters of the mesh No. 008; 2 — approximation of the test results to determine
the capillary holding capacity of the reference mesh patterns; 3 — approximation of
the test results to determine the capillary holding capacity of the mesh phase
separator after a long stay in the fuel components; 4 — the lower boundary of the
capillary holding capacity, calculated in accordance with the data on the permissible
deviations of the geometric parameters of mesh No. 008; x — the values of the
experimental determination of the capillary holding capacity of the reference mesh
samples; o — the values of the experimental determination of the capillary holding
capacity of the mesh phase separator after a long stay in the propellant components.

1.3 Optical method for measuring the geometric dimensions of mesh
phase separators

To draw conclusions about the presence and magnitude of corrosion of the
wires of the mesh phase separator, their initial geometric parameters (dimensions)
must be known. For this, the dismantled mesh phase separators and reference mesh
samples No. 008 were investigated by the optical method.

Measurements were made uniformly over the screen area in several zones
not lying along the same wires. In each zone, in two perpendicular directions, “wire-
cell-wire ...” measurements were performed in succession, 10 pieces of each
element.

The main geometric parameters of the dismantled mesh phase separators and
reference mesh samples are shown in Fig. 5.
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Fig. 5. The main geometric parameters of the dismantled mesh phase separators and reference mesh
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D - the basic geometric parameters of the mesh cells UDMH
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In Fig. 5 shows: D ave. — the arithmetic mean of the diameter of the wire;
D min — the smallest value of the diameter of the wire; D max — the largest value of
the diameter of the wire; b ave. — the arithmetic mean value of the cell size; b max —
maximum cell size; P*b — the relative number of cells that go beyond the upper
tolerance limit of the nominal cell size.

From the graphs shown in Fig. 5 (C, D), it can be seen that the cell sizes of
all mesh phase separators correspond to technical specification.

1.4 Metallographic studies of mesh phase separator

The purpose of the metallographic study was to determine the state of the
screen of the mesh phase separators after prolonged exposure to propellant
components.

For a metallographic study, samples (fragments) were cut out of the working
part of the screen of mesh phase separators for the preparation of microsections, the
studies of which were carried out using a metallographic optical microscope, which
allows direct visual observation and photographing with an increase of 50 to 1000
times. The study revealed the presence of corrosion lesions and changes in the
microstructure of materials in the samples.

Fig. 6 presents, as an example, the photographs of non-etched macro sections
and the micro-structure of steel, indicating the absence of corrosion damage and
changes in the microstructure of the structural materials of the mesh after a long stay
in the propellant components — AT and UDMH.
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Fig. 6. Photographs of non-etched micro-sections and micro-structure of steel:

A — non-etched micro-section of a mesh from the AT propellant tank; B — non-etched micro-
section of a mesh from the UDMH propellant tank; C — microstructure of a mesh from the
AT No. 1; D — microstructure of a mash from the UDMH No. 1; E — microstructure of a
mesh from the AT No. 1; F — microstructure of a mesh from the UDMH No. 1

2. Analysis of the research results

The main factor determining the change in the design parameters of capillary
intake devices after a long stay of its structural elements in the liquid propellant
components (AT and UDMH) and under their vapors is a change in the
characteristics of the capillary holding capacity of the mesh phase separators
compared to reference patterns of meshes.

Capillary holding capacity, in turn, depends on the following factors (see
formula):

a) physico-chemical properties of the propellant used;

b) propellant temperature;

¢) geometric dimensions of the mesh (wire diameter and mesh cell sizes);

d) contact angle of the propellant with the mesh material.

Moreover, the parameters a), b), ¢) and d) are mutually dependent on each
other and have a complex effect on capillary holding capacity.

Based on the obtained experimental data (see Fig. 5 (A, B)), a linear
regression of changes in the approximate values of the parameters of capillary
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holding capacity for 31 years of the stay of the elements of capillary intake devices
in liquid propellant components (AT and UDMH) and under vapors with
superimposed regression of the change in the parameters of capillary holding
capacity under the condition of speed corrosion of stainless steel — 1-10% mm/year
was constructed, which is shown in Fig. 7 (A, B).

Changes capillary holding capaciry, AH %

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Time of being in the propellant and under vapors, year

Fig. 7. Linear regression graph of changes in the approximated values of the parameters
of capillary holding capacity over the 31 years of the stay of elements of capillary intake
devices in liquid propellant components and under its vapors with superimposed regression
of changes in the parameters of capillary holding capacity properties under the condition
of steel corrosion rate - 7710 mm/year

In Fig. 7 shows: 1 — the curve of changes in the parameters of capillary
holding capacity for the screen of the mesh phase separator located in the AT,
approximated by the results of experimental data; 2 — the curve of changes in the
parameters of capillary holding capacity for the screen of the mesh phase separator
located in the UDMH, approximated by the results of experimental data;
3 — the curve constructed on the basis of the corrosion rate of stainless steel —
1-10* mm/year; experimental values of arithmetic mean values of capillary holding
capacity: x — AT, o — UDMH.

As can be seen from Fig. 7 for 31 years of being in the propellant components
and under their vapors, the average approximated value of the capillary holding
capacity for the screen of the mesh phase separator located in the AT has decreased
by ~ 6.3% with respect to the reference mesh, and for those in UDMH — by ~ 18.5%.

The results of chemical analysis of samples of propellant components (AT
and UDMH) discharged from propellant systems after long-term operation showed
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that they practically did not change their indicators compared to the initial values
given in the standards.

Therefore, the influence of changes in the physico-chemical properties of the
fuel used on the capillary holding capacity can be neglected.

The effect of temperature was taken into account by using temperature-
averaged values of capillary holding capacity.

Deposits found on meshes from a propellant tank of an oxidizer (AT) during
defect detection hydrated nitrates of metal, are mainly aluminum and iron. Also, in
the composition of the deposits, there are oxides, metal chlorides and water in small
guantities. The formation of deposits occurred during technological operations
(draining of propellant components, neutralization, opening of propellant tanks
during fault detection) and cannot fully be a consequence of corrosion changes in the
microstructure of the structural materials of the mesh phase separator due to its long
stay in the AT.

Inspection of the screen of mesh phase separators from UDMH propellant
tanks showed that the surface of the samples did not change compared to the initial
one, there was neither darkening of the surface, nor the presence of deposits, or
deposits.

Metallographic studies of samples of reticulated mesh phase separator that
have been in the AT for a long time and in UDMH showed that the structural material
of the presented samples of mesh of local corrosion lesions (intergranular, pitting,
contact, crevice corrosion, cracks) was not detected.

Thus, one of the main factors affecting the change in the parameters of
capillary holding capacity can be considered the change in the geometric dimensions
of the mesh (excluding mechanical damage to the main structural material of the
mesh), due to uniform corrosion.

Available domestic and foreign data on the rate of uniform corrosion for
stainless steel indicate [16-18]:

- corrosion rate in AT at 50 °C < 1-10 * mm/year;

- corrosion rate in UDMH at 50 °C < 1-10 * mm/year.

It should be noted that for AT, the given values of the corrosion rate are an
upper estimate, since they do not take into account the influence of super-blow gases
and storage temperature regimes of charged and amplified upper stages of spacecraft.

So, nitrogen, which is the boost gas in this case, reduces the corrosion rate
by 8 times in comparison with atmospheric air. And the corrosion of steel stored in
non-leaking AT residues if nitrogen is used as boost gas is 10 times lower than when
the air is used.

For the screen of mesh phase separators located in the AT and UDMH, the
capillary holding capacity parameters decreased by ~ 7.2% over a period of 31 years,
which would correspond to a decrease in the nominal wire diameter (55 microns) at
6.2 microns. This indicator is close to the values of the minimum diameters of wire
meshes measured by the optical method (see Fig. 5 (A, B)).
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For the screen of mesh phase separators located in the AT, the change in the
parameters of capillary holding capacity over a period of 31 years does not contradict
theoretical calculations about the corrosion rate of stainless steel in the liquid phase
of AT and under its vapors. Over the course of 31 years, due to a corrosive change
in the geometric dimensions of the mesh cells, the capillary holding capacity of the
mesh phase separators has decreased by ~ 7.2%, while according to experimental
data, the capillary holding capacity has decreased by ~ 6.3%.

For the screen of mesh phase separators found in UDMH, the change in the
parameters of capillary holding capacity over a period of 31 years significantly
exceeds the possible change in the value of capillary holding capacity due to
corrosion ~ 18.5% against ~ 7.2%.

This may indicate that the main change in the parameters of capillary holding
capacity occurs due to a change in the contact angle ().

Based on the assumption that the value of the contact angle (6) is not equal
to zero, using formula and the experimentally obtained value of the change in
capillary holding capacity which is equal ~ 18.5% of the value for the reference
mesh, we define the arithmetic mean value of 0 in the 31 year, and it will be ~ 28.6°
[1, 12, 13, 19, 20].

The reasons for the proposed change in the contact angle require additional
study and analysis, as well as the reasons for the capillary holding capacity to exceed
the upper tolerance limit calculated in accordance with the data on the allowable
deviations of the geometric parameters of mesh No. 008 in accordance with the
technical conditions (see Fig. 4 (A), curve 1), both for mesh phase separators that
have been in the liquid phase of AT and under vapors for a long time, and for
reference meshes, since it cannot be fully explained by grid cells impurity. An
increase in the parameters of capillary holding capacity is not unambiguously a
positive factor and should be considered within the framework of the operation of
the entire pneumohydraulic system of the stage, since it can lead to an increase in
the resistance of the mesh phase separator.

Conclusions

The results of a long-term study of the effect of a long stay (more than 30
years) of elements of capillary intake devices — mesh phase separators in the
components (and under their vapor) of liquid propellant components (AT and
UDMH) on the change in their operating parameters (characteristics), detail that:

- for the 31-year stay in the liquid propellant components and under its
vapors, the average approximated value of the main parameter that determines the
operability of capillary intake devices — the capillary holding capacity of the mesh
phase separators for the mesh located in the AT decreased by ~ 6.3%, with respect
to the reference mesh, and for those in UDMH — by ~ 18.5%;
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- the most likely reason for the decrease in capillary holding capacity for the
mesh phase separators located in the AT is the uniform corrosion of the structural
materials of the mesh because its value is close to theoretical, which is ~ 7.2% for
31 years;

- for the mesh phase separators found in UDMH, the decrease in capillary
holding capacity over a period of 31 years is significantly higher than expected as a
result of uniform corrosion (~ 18.5%, against ~ 7.2%), which may be due to an
increase in the arithmetic mean of the contact angle (0) from zero to a value of
~ 28.6°. The reasons for the change in the contact angle require further study and
analysis.

Based on the fact that when designing a continuity system, the parameters
of the mesh phase separators are determined with a safety factor of 2, the results of
studies of samples of the mesh phase separator indicate that during their long stay in
liquid propellant components (AT and UDMH ) and under their vapors for 31 years,
a decrease in the parameters of capillary holding capacity by ~ 6.3% (for AT) and
by ~ 18.5% (for UDMH) does not violate the design parameters of the mesh phase
separators of capillary filters molecular devices.

The research results indicate that steel mesh No. 008 used as mesh phase
separators fully meets the requirements for liquid storage and selection systems and
for capillary intake devices, as their integral part at the present stage of development
space exploration programs, namely:

- reusable features;

- long period of operation;

- operability in aggressive environments.

The use of steel mesh No. 008 in the functional elements of spacecraft flight
continuity systems (using AT and UDMH as propellant) and space station propellant
storage systems will definitely not lead to a critical decrease in their design
parameters over a period of 31 years operation.
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HNCCIEAOBAHUE BJIUAHUA JJIMTEJIBHOI'O IIPEBBIBAHU A
EJEMEHTOB KAIIWJISIPHBIX 3ABOPHBIX YCTPOMCTB
B KOMIIOHEHTAX ’KHJAKHNX PAKETHBIX TOIL/IUB
HA NX ITAPAMETPBI

A. H. Munau, O. M. Heanos, H. B. Ceovix

B macrosmeit pabote paccMOTpPEeHBI pe3yiabTaThl MHOTOJICTHETO HCCIe-
TOBAHUS BIUSHUS JIATEIBLHOTO MpeObiBanus (0oiree 30 J1eT) 2IeMEHTOB KamvLIsp-
HBIX 3a00pHBIX YCTPOWCTB — KaNWUIAPHBIX (a3opaszaenuTescii B KOMIIOHEHTaxX (U
1o mapaMu) skunkoro paketHoro tTorusa (N2Os u (CHz)2N2H:)) Ha u3mMeHenue ux
paboumx mapameTpoB (XapaKTepUCTHK). B mpoliecce nccienoBaHuil MpoBeIeHBI
paboThl MO W3BIICUYCHUIO KAMMWLLIPHBIX (hazopaszzenuTenieil 3 TOIMBHBIX 0aKoB
neeKTHPYeMBIX CTYTIEHEeH paKeT MMocie X HeUTpanu3aluy, aHaIu3y XUMHYECKOTO
COCTaBa BEIIECTB. HAXOMAIIMXCS HAa CETKaX KamWULIPHBIX (hazopasimenurernei,
OIIPE/ICIICHHIO KaMJUISIPHOH yIep )KUBAIOIIEel CIIOCOOHOCTH CETOK, 3aMepy reoMeT-
PHUYECKUX Pa3MEPOB CETOK ONTHYECKHM METOJOM M MPOBEICHHUIO MeTauiorpadu-
YEeCKHUX HUCCIIeIOBAaHUH 00pa3IoB CETOK.

B pesynbprarte nmpoBeIeHHBIX padOT aBTOPaMH OIpe/ie/ieHa BETMUNHA CHIKECHHS
KalMWUTSIPHON yJepKUBalOLIel crmocOOHOCTH CETOK KamWUIAPHBIX (pazopazaenure-
neii 3a 31 rox ux npeObIBaHUs B KOMIIOHEHTAX JKUAKOTO PaKETHOTO TOILIMBA U TIOA
UX TapaMH, IPOBE/ICH aHAIM3 OCHOBHBIX (DAaKTOPOB, MOBJIMSBIINX HAa U3MEHEHHUE
MPOEKTHBIX TapaMeTPOB KaIWLIIPHOTO 3a00pPHOTO YCTPOMCTBAa: PaBHOMEPHBIX
KOPPO3UOHHBIX MOPAXKEHUH U JIOKATBHBIX U3MEHEHU MUKPOCTPYKTYPBI KOHCTPYK-
IIMOHHOT'O MaTepHaya CEeTOK, a TaK K€ M3MEHEHHIO 3HAYCHUsSI KPaeBOTrO yIiia KOH-
TaKTa TOIUIMBA C MATEPUATIOM CETOK.
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Abstract

The article presents the achievements in the field of cryobiology and is related to the work
for ESA project. Space food is a variety of food products specially formulated and processed for
space flight use. Food should meet specific requirements to ensure balanced nutrition for those
working in extreme conditions while being easily and safely stored, prepared and consumed in low
gravity environments. It is reviewed domestic and foreign market for space foods and defined
requirements to astronauts; for other users: military; extreme professions; extreme sports, for
hospitals and children gardens. There are summarizes the nutritional requirements for all mentioned
above group users of space foods. There is shown Bulgarian experience in research and development
of space foods and comparison of the Bulgarian Space Menu.

Introduction

The intake of food is one of the most important physiological factors which
is of decisive importance in sustaining the work capacity, adaptive powers and
health condition of the astronauts during long space flights. The dominant negative
factors encountered in the extraordinary labour and living conditions in space are
weightlessness, high pressure, high radioactivity, peculiar microclimate, and great
nervous and psychological stress, limited scope of movement, noise and vibrations,
among others. The qualitative and quantitative sufficiency of the food is of crucial
importance in helping astronauts cope with the negative processes underway in the
organism under the influence of the adverse factors typical of long space flights.

Space food is a variety of food products specially formulated and
processed for space flight use. Food should meet specific requirements to ensure
balanced nutrition for those working in extreme conditions while being easily and
safely stored, prepared and consumed in low gravity environments. Despite the

193


https://doi.org/10.3897/arb.v32.e16
mailto:getsovp@space.bas.bg
mailto:director@ikht.bg

wide variety of food and beverages consumed by astronauts, it is very important
that they are provided with a nutritional formula that provides all the necessary
vitamins and nutrients and guarantees the working capacity and nervous
psychological resistance of the crews [1-4].

The different forms in which food is provided include the following [5, 6]:

1. Rehydratable — both commercial and internally processed freeze - dried
foods are included in the NASA food provisions and then rehydrated during the
mission using the potable water supply. Rehydratable foods are typically side
dishes, such as spicy green beans and cornbread dressing, or cereals. ESA
rehydratable products include soups, shrimp cocktail and scrambled eggs fall into
this category. Ambient and hot water are available to the crew for rehydration of
these items.

2. Thermostabilized — this process, also known as the retort process, heats
food to a temperature that renders it free of pathogens, spoilage microorganisms,
and enzyme activity. NASA thermostabilized products include pouched soups,
sides, desserts, puddings, and entrees. ESA thermostabilized products include beef
with mushrooms, ravioli and tuna in this way.

3. Natural form — natural form foods are commercially available, shelf
stable foods. The moisture of the foods may range from low moisture (such as
almonds and peanuts) to intermediate moisture (such as brownies and dried fruit),
but all have reduced water activity, thus inhibiting microbial growth. These foods
help to round out the menu by providing very familiar menu options, additional
menu variety, and foods requiring no preparation time.

+ SPACE FOOD
Food Types

Thermostabilised
Meals are heated before

N

N

Q’?,\\\ being packaged inta cans,
S flexible b: lasti

£V Rehydratable e e e

& Astronauts simply add directly from the container.

water before each meal.

The packages have a

one-way valve to prevent

liquid from escaping.

Natural

Fresh fruit and vegetables
are eaten soon after arrival.
Nuts and dried fruits

have a longer shelf-life.

O N —

Beverages

Beverages come in powdered
form. Astronauts turn the
powders into a drink by plugging
it to the galley water dispenser.
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4. Beverages — the beverages currently used on the International Space
Station (ISS) are either freeze-dried beverage mixes (such as coffee or tea) or
flavoured drinks (such as lemonade or orange drink). The drink mixes are weighed
and then vacuum sealed inside a beverage pouch. In the case of coffee or tea, sugar
or powdered cream can be added to the pouch before sealing. Empty beverage
pouches are also provided for drinking water [7, 8].

5. Extended shelf life bread products — items, such as scones, waffles,
tortillas, and dinner rolls, can be formulated and packaged to give them a shelf life
of up to 18 months. Like the natural form foods, breads add to menu variety and
address crewmembers’ desire for familiarity.

6. Fresh food — foods such as fresh fruits and vegetables, which have a
short shelf life, are provided on a limited basis, more for psychological support
than as a means to meet dietary requirements.

7. lrradiated — irradiation is not typically used to process foods to
commercial sterility. However, NASA has received special dispensation from the
Food and Drug Administration (FDA) to prepare 9 irradiated meat items to
commercial sterility (FDA 2009).

Space foods Bulgaria

The Institute of Cryobiology and Food Technologies and the Space
Research and Technologies Institute in Sofia are pioneered biotechnologies for the
production of space foods, offering a comprehensive menu known as the
Bulgarian Space Menu (BSM) to the joint Soviet-Bulgarian space flights, within
the framework of the Shipka project. As a result, the Republic of Bulgaria became
the third country in the world, alongside Russia and the USA, to produce space
foods [9, 10].

Bulgaria has experience and traditions in the development of freeze-dried
foods and beverages designed for space crews and people’s contingents working in
extreme conditions.

Lyophilisation is a process of separation of moisture from fresh produce by
vacuum and low temperatures, allowing virtually completely (to 95%) to be stored
in these nutrients, vitamins, trace elements, even the original form natural flavour,
taste and colour. Preserved by Lyophilisation product excludes the use of
flavourings, colourings or preservatives. One of the most important advantages of
this method is the small deformation of the initial product, which allows avoiding
its destruction and restoring the original structure of freeze-dried products in
cellular hydration. For long-term, safe and proper storage of food and organic
foods that method is highly reliable and highly efficient. The high quality,
convenience of storage and transportation leads to a widespread industrial
development of the sublimation drying of food products. Major manufacturers of
such foods are the United States, England, Canada, Denmark, France, China and
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others. The production list of most businesses includes fruit, vegetables, seafood,
meat, poultry, eggs, mushrooms, tea, dairy products and ready-made culinary
products. Over the last decade, cryobiotechnology enters more extensively in the
manufacture of innovative products for the pharmaceutical, health, environment
and other specific activities.

The BSM consists of 27 types of lyophilized foods based on meat, meat
and vegetables and fruit and milk mixes; soups, main meals, desserts, Bulgarian
yoghurt and fruit in the shape of quick meal and food pills. The pills are suitable
for daily nutritional rations with a minimized mass of 300-500 g and a volume
adapted to long space flights (Appendix1).

The BSM complies with modern nutritional requirements, with respect to
composition and energy value, under extreme conditions during long space flights.
The daily space food allowance of lyophilized foods has an energy value of
12 819 kJ /3 050-3 150 kcal/ and features the following chemical composition:
proteins 135 g, fats 110 g, carbohydrates 380 g. The lyophilized space rations are
rich in vitamins such as (3-carotene, A, the B complex, D, P, PP, C and others,
mineral salts such as Na — 4.5g, K — 3.0 g, Ca — 0.8g, Mg — 0.4g, Fe — 0.05 g,
P — 1.7g, organic acids, flavins, pectin substances, live lactic acid bacteria which
play the role of detoxicants and regulators of the digestive tract.

The BSM is intended for a diet of four meals a day - two snacks, lunch and
supper, with an interval between the meals of between three to five hours.
Consumption of the lyophilized space foods is prescribed after rehydration, at
temperatures between 27 to 65 °C /except the fruit/, depending on the type of
foodstuff. The durability of the space foods extends to five years and they do not
contain artificial preservatives.

The BSM is characterized by the delectable traditional flavour of
Bulgarian cuisine, a high content of extracts, excellent organoleptic qualities
assigned foods used in space conditions where sensory response is considerably
subdued because of the change in the physiological activity of the sense of taste.
The strong mix of flavour and taste of Bulgarian space foods contributes to the
high rate of acceptance, good digestibility and favourable physiological impact on
metabolism, adaptability, immune resistance and the work capacity of astronauts.
At the same time, the Bulgarian space menu ensures a maximized diet free of
dullness, providing for diversity in the daily menu of the astronauts in the course of
protracted space flights.

The domestic and foreign market for space foods includes:

- Astronauts;

- Teams such as military, civil defence, firefighters, high rescuers, crew
and others;

- Restorative infant feeding problems, mothers, students and athletes and
other International market;
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- Specialized hospitals to treat patients in the stages of medical evacuation,
meals to troops operating in extreme terms.

- Extreme sports — mounting climbers, caving people and etc.

In addition to the above potential users of the innovative product markets
are possible for crews working in conditions of prolonged space flight for the
personnel of nuclear submarines, paratroopers, Special Forces, commandos and
others.

Space Food’s Requirements to Astronauts

Astronauts need the same number of calories during a spaceflight as they
need on Earth. Fat, protein and carbohydrate provide energy to keep up their
activities on the Space Station. Energy intake can differ for each person. The
World Health Organization estimates energy requirements and issues
recommendations based on a formula [11].

Energy equation*
MEN WOMEN *4 80 kg man needs about 3000
1.7 (n.6W + 879) = 1.6 (8.7W + 829) — calories a day
e S X calories A 60 kg woman needs about 2100
calories a day

* Per day for people 30-60 years old
W= weight in kg

Current ISS crew members receive about 1.8 kg of food plus packaging per
person per day. Part of this food is thermostabilized, because the thermostabilized
food is still generally preferred in taste tests to freeze dried items by crew
members. Since the ISS utilizes solar panels for a power source and not fuel cells
that produce water as a by-product, there is no mass advantage to using
freeze-dried foods. Water is now transported to the ISS for rehydration.
Furthermore, contributing to the mass increase is an increase in the required caloric
delivery. The required calories as stated in the mission guidelines are based on the
actual caloric needs of the crewmember, which are based on body weight and
height. The result is an average caloric requirement of 3 000 kcal (12 550 kJ) as
opposed to the 2 500 kcal (10 460 kJ) provided to the Apollo crew. In light of these
mass challenges, NASA is considering various avenues of food mass reduction
while still providing the crew with adequate calories and an acceptable diet [1].

Without adequate nutrition, human performance and sustainment are
endangered. Adequate nutrition has 2 components — required nutrients and supplied
energy in the form of calories. Distinct health issues stem from inadequate calories
and from inadequate micronutrient intake. It is important that the crewmembers are
provided with the required level of nutrition throughout their missions to prevent
disease.
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Table 1. Summarizes the nutritional requirements for long-duration missions

Nutrients Daily dietary intake Nutrients Daily dietary intake
Protein * 0.8 g/kg and Thiamin Women: 1.1 mg
* 535% Ofthe tOtal Men: 12 mg
daily energy intake . .
andy 9y Riboflavin 1.3 mg
«2 of 3 of the amount [f| Folate 400 pg
in the form of animal [J| Niacin 16 mg niacin equivalent
protein and 1 of 3 in T
the form of vegetable Biotin 30pg
protein Pantothenic 30 mg
PGCarbohydrate 50% to 55% of the acid
total daily energy Calcium 1200 to 2000 mg
intake Phosphorus * 700 mg and
Fat 25% to 35% of the +-<1.5 x calcium intake
total daily energy i
intake Magnesium * Women: 320 mg
Q - 6 fatty acids | 14 g * Men: 420 mg and
Q - 3fattyacids | 1 1516 g * <350 mg from
supplements only
Saturated fat <7% of total calories [J| Fluoride 1 500 to 2 300 mg
Trans fatty acids | <1% of total calories [§{ Potassium 474
Cholesterol <300 mg/d Iron 810 10 mg
Fiber 10 to 14 g/4187 kJ Copper 0.5t0 9 mg
Fluid «1to 1.5 mL/4187 kJ [l Manganese * Women: 1.8 mg
and * Men: 2.3 mg
*>2000 mL Fluoride » Women: 3 mg
Vitamin A 700 to 900 pg * Men: 4 mg
Vitamin D 25 ug Zinc 11 mg
Vitamin K Women: 90 ug
Men: 120 pg Selenium 55 to 400 pg
Vitamin E 15 mg
Vitamin C 90 mg lodine 150 pg
Vitamin B12 2.4 ug
Vitamin B6 1.7 mg Chromium 35 ug

The ability of the food system to meet the nutritional requirements can be
determined only when the nutritional profile of the entire space food system is
known for the time at which the food is consumed.

During the development of an extra-terrestrial food system, mission
resources, including mass, volume, power, crew time, and waste disposal capacity,
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must be considered. Misuse of these resources could limit mission success.
Consistently, the balance of resources with other necessary mission factors-food
guality or crew hygiene — is at the forefront of planning and design. The
conundrum of long exploratory missions is that these missions are both resource
constrained and of long duration, requiring strict adherence to nutritional
guidelines. Even though food and resource utilization may be at odds, both are vital
to mission success. In short, the food must provide the nutrients to sustain crew
health and performance, must be acceptable throughout the course of the mission,
must be safe even after cooking and processing, and must be formulated and
packaged in such a way that the mass and volume are not restrictive to mission
viability.

Bulgarian potential customers except astronauts are Ministry of Defence,
State Agency “Civil protection”, Emergency Services, and other Specialized
Hospitals.

Space Foods Requirements for other users
Foods Requirements for Military

The exact determination of the energy requirements of the military
personnel is linked with the implementation of scientifically grounded approaches
for calculation of the total energy requirement. Each vital, work or daily human
activity is connected with consumption of energy, which is supplied by the
organism by means of dissolving the received nutrient substances [12-14].

The average daily energy requirement of female and male servicemen with
the same functional duties and analogical physical activities is shown at Table 2.

Table 2. Average daily energy requirement of female and male servicemen with the same
functional duties and analogical physical activities

Average daily
Duration Average energy
. S of the Examined | daily energy requirement for
Physical activities research Gender persons | requirement | 1 kg of the body
in days kcal/daily weight kg.kcal-
1.daily-1
Cor_mnued WO_I’|$ M 6 6678 935
during the training of 7
Norwegian rangers F 4 5597 95.7
Field training with M 29 6129 83.0
intense physical 2.25 = 20 4727 820
loads
Physical training 14 M 20 4048 56.1
F 10 2378 411
Administrative 11 M 1 2332 38.7
activities
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Foods Requirements for sailors and submariners

Nutritional requirements of Navy Personnel are different from those of
ground forces due to logistic constraints posed when being away from sea-coast.

Energy expenditure at ships was in the range of 2 449-4 907 kcal/day with
a mean of 3 313 + 578 kcal/day, while in the case of submariners, it was
3168 + 282 (2 606-3 907) kcal/day.

Energy intake in the case of sailors and submariners was not different
either at hoer establishment and/or at ship/submarines. Energy intake was found to
be 3518 + 286 kcal/day. The energy contribution from carbohydrates, fats and
proteins was 59.9 per cent, 27.8 per cent, and 12.3 per cent, respectively (Table 3)
[15].

Table 3. Nutrient intake of sailors and submariners

Nutrients Intake
Energy (kcal) 3518 £ 286
Protein (g) 108 £ 25
Total Fat (g) 109 + 24
Visible Fat (g) 68 £ 10
CHO (g) 52751
Vitamin A (ng) 625102
Vitamin C (mg) 5822
Thiamin (mg) 1.7 +0.15
Riboflavin (mg) 1.6 £0.3
Niacin (mg) 33+37
Iron (mg) 38.0x6.6
Calcium (mg) 1410 £ 156
Phosphorus (mg) 1534+ 125
Sodium (mg) 7000 £ 330
Potassium (mg) 2856 £ 135
Zinc (mg) 16.2+1.30
Copper (mg) 2.80=0.50
Energy contribution

Carbohydrates per cent 59.9
Protein (per cent) 12.3
Fat (per cent) 27.8
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Energy requirements for military personnel in extreme conditions

Energy requirements in hot climate. In areas of hot climate, a person is in a
state of permanent heat pressure, especially during the summer months. When the
temperature of the habitat is equal to or higher than the average temperature of the
body surface, evaporation of sweat is the only way to maintain the body's thermal
equilibrium. Calculations show that in similar conditions for the discharge of every
4.2 MJ (1 000 kcal) of metabolic heat from the body surface and upper respiratory
tract, at least 1 725 g of moisture should evaporate. This moisture comes mainly
through the sweat glands, which are able to secrete 10-12 and even up to 15 litters
of sweat per day under heat stress conditions [16].

With many days of loss of large amounts of sweat (over 4-5 litters), the
deficiency of mineral salts, especially potassium, and vitamins can be significant,
which necessitates the correction of dietary rations to prevent salt depletion and
devitaminization.

Energy requirement under hot climatic conditions

The analysis of the available literature imposes the conclusion, that
generally the high temperature of the environment influences insignificantly on the
daily energy requirements of the military personnel. A study, carried out in the
desert shows, that the artillery units consume averagely 4 108 kcal/daily under
average daily air temperature of 20.6 °C. Similar total energy requirements
(3941 Kkcal/daily) are observed for the infantry units in Israel, where the
temperatures vary from 23 up to 31 °C. The Royal Australian Air Forces in North
Australia consume about 3 702 kcal/daily, at temperatures varying from 24 to
33 °C, and the reformed tasks are linked with guard and transport support of an
airport [17].

The comparison between the energy requirements of the artillery, of the
infantry and of the ground units from the Air Forces show, that the general energy
requirements are similar to the values, observed under cooler conditions
(4 099 kcal/daily for training at the permanent dislocation station, 3 346 kcal/daily
and 3 568 kcal/daily for everyday activities of the supporting units).

One of the reasons for that, roots in the fact, that the servicemen perform
their obligations more efficient in hot, dry and clear days. The energy requirements
are connected mainly with the sort and the duration of the activities, which are
being performed, not with the hot meteorological conditions.

Energy requirements in winter and under cold climatic conditions

Hoyt and team consider that the general energy requirement of the military
personnel increases in winter and under cold climatic conditions. In the
examination of the American marines in cold weather (under temperatures of the
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environment from —10 up to 5 °C), average energy requirements of 5 398 kcal/daily
are observed [18]. The general energy requirements had been around
4 156 kcal/daily in warm weather (under temperatures of the environment from 9
up to 31 °C) for the same course at the same place, under analogical general
physical and mental pressure.

Energy requirements in the highlands

It is recommended to provide personnel operating in the mountains with a
diet containing up to 4 500 kcal (about 17 MJ). With regard to the qualitative
composition, then, given the difficulties of metabolizing fat and partially proteins,
they provide an increase in the carbohydrate quota, and preference is given not to
one of them, but to their mixtures.

The servicemen from the American Army, located in Potosi, Bolivia at
3500-4 050 m altitude, have had an average daily energy requirement of
3535 kcal, 10 days long, during the construction of the infrastructure [94]. These
values are a little bit higher than the general energy requirements of
3 463 kcal/daily for servicemen from the engineering units, performing similar
activity at a sea area.

Requirements for extreme professions
Civil protection crews. On-board emergency packages

Designed to provide rescue professional emergency services, professional
emergency rescue units for civil defence, emergency situations and disaster relief
when on board a ship in an emergency. The diet is a set of canned and concentrated
foods per person per day and consumed with the permission of the ship’s
commander in case of accidents (Table 4).

Table 4. The Following Products are Included in the Food Ration

Products Weight(g)

Bread (biscuits) army of wheat flour 1 grade 150
Canned meat-cereal and meat-vegetable 500
Food concentrates briquetted, not requiring cooking 120
Or Food concentrates briquetted for instant cooking 120
Condensed whole milk with sugar 90
Or chocolate paste 50
Or dry milk 70
Or dry milk drink 70
Sugar 15
Lollipop 20

202



Products Weight(g)
Or sugar 40
Or fruit stick 50
Or fruit jam 60
Instant coffee 2
Black tea 2
Multivitamins, coated tablets 2
Plastic spoon, (pcs). 1
Can opener, (pcs) 1
Drinking water, canned , (ml) 125

Food And Energy Value of Food Ration — proteins 83 g; fats 92 ¢;
carbohydrates 348 g, Energy Value — 2 552 kcal.

Requirements for fire brigade crews

This study piloted the use of an electronic activity monitor (MTI AM
7164-1.2) as a tool for estimating activity (EE(ACT), kcal day?) and total
(EE(TOT) kcal day™) energy expenditure in wildland fire fighters during extended
periods of wildland fire suppression. Ten Hot Shot fire fighters (9 men, 1 woman)
volunteered to wear a MTI monitor during every work shift for 21 consecutive
days. Summarizing whole-body motion data each 1 min, the raw activity data
(counts min*) were transformed into units of kcal min? using a custom computer
program with standard conversion equations. EE(TOT) averaged (Mean + SD)
4 768 + 478 kcal day®, while EE(ACT) averaged 2 585 + 406 kcal day?, neither of
which differed significantly (P = 0.198 and 0.268, respectively) from literature
values reported for Hot Shots using the doubly labelled water technique. These
data suggest that the electronic activity monitor provided reasonable estimates of
EE in wildland fire fighters. This study should be verified, however, with a more
complete validation methodology to ensure these findings [19].

Requirements for extreme sports
Caving peoples

The impact of caving activity on body composition and hydration were
assessed through bioelectrical impedance, and nutritional habits of cavers
surveyed. During cave activity, measured total energy expenditure (TEE) was in
the range 225 + 287 kcal/h for women-men (MET = 4.1), respectively; subjects had
an energy intake from food in the range 1 000 + 1 200 kcal, thus inadequate to
restore lost calories.
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Comparison of dietary intake and energy expenditure (TEE) in a normal
day versus the full cave day and cave activity per se, offers interesting cues

(Table 5).

Table 5. Anthropometric measurements, physiological variables, and dietary intake

Men Women

Mean sD Mean sD
Height (m) 1.7 0.1 1.6 0.1
Weight (kg) 73.2 17 55.4 6.0
BMi 24.7 3.0 21.8 21
TEE (keal/24h), normal day 3487.9 528.2 23I67.3 HEE
TEE (kcal/24h), cave day 5128.5 BE2.5 30809 441.1
TEE (kcal/h), cave activity 2875 48.5 2254 279
MET's, cave activity 4.1 0.7 4.1 0.5
Intake (kcal24 h), nomal day 2640.7 673.5 1858.1 324.3
Intake (keal24 h), cave day 3393.7 1530.3 MET2.9 732.3
Intake (keal 10 h), cave activity 1186.8 473.4 1008.2 513.2
B, body mass index; MET, metabaolic equivalent of 1ask; TEE, total energy expenditure; SD, standard
deviation.

Requirements for children gardens and hospitals
The physiological norms of nutrition of the population

Lyophilized space foods can also be used to feed the population based on
physiological nutrition norms.

Energy needs are defined as mean energy needs expressed in MJ and kcal
per day for population groups age-differentiated by reference height and weight
estimated for different levels of physical activity and representing the average daily
requirement over a period of at least one week.

The application of the physiological norms of nutrition aims at meeting the
physiological needs, achieving normal growth and development and creating
prerequisites for long-term good health of the population [20].

Table 6. Average energy needs for boys and girls from 1 to 19 years of ageby age groups

Age Boys Girls
(years) MJ/daily Kcal/daily MJ/daily Kcal/daily
1-<3 4.36 1040 4.09 980
3-<5 5.66 1350 5.26 1260
5-<7 6.80 1630 6.32 1510
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Age Boys Girls
(vears)  Iy13/daily xcal/daily MJ/daily Keal/daily
7-<10 7.55 1800 7.07 1690
10 - <14 9.92 2370 9.35 2230
14 - <19 13.12 3130 10.35 2470
Table 7. Average adult energy needs
Low active Moderately Active lifestyle 20\;?\2/
Age Body |Height lifestyle active lifestyle y lifestvle
weight (cm) MJ MJ MJ y
ears) | () (cal)/dail (ccal)/dail (iccal)/daily MJ
Y y (kcal)/daily
Men
19 <30 |70 178 9.81 (2344) |[11.21 (2679) 12.61 (3013) |14.0 (3348)
30-<60 |72 176 9.56 (2 286) [10.93 (2612) 12.29 (2939) [13.66 (3 265)
60 - <75 |79 173 8.66 (2070) [9.90 (2 365) 11.13 (2 661)
75 + 68 171 8.47 (2024) [9.68 (2 314)
Wimen
19 -<30 (56 164 7.65(1828) |[8.74 (2089) 9.83 (2 350) 10.93 (2 612)
30 <60 |60 164 7.63 (1823) [8.72(2083) 9.80 (2 343) 10.89 (2 604)
60 — <75 |60 160 6.99 (1672) |[7.99 (1911) 8.99 (2 150)
75 + 55 158 6.70 (1 600) |[7.65 (1829)
Pregnancy and nursing**
| +0.29 (+ 70)
Pregna- | Trimester +1.09 11 (+ 260)
ncy
I +2.09 (+ 500)
) 0-6 +2.09 (+500)
Nursing | Month

The main customers of lyophilised products are mountaineers and athletes
who need long-term shelf-life foods. And when they have gone through this
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freezing and drying, they last up to 5 years and more. Recently, consumers of this
recipe are also vegetarians.

The Bulgarian Space Menu was highly praised and appreciated by the
members of the Himalayan expeditions, the Transatlantic Women's Regatta, the
two expeditions to the Antarctic and on many other occasions.

Conclusion

Taking into account the most common requirements, our potential
customers and our long-standing experience in developing freeze-dried foods at
this stage, we are continuing to study the trends in space-based food development.

The aim of the ESA project is the development and implementation of
technology for astronauts and various contingents of people working in extreme
conditions. This project will definitely contribute to the development of science
and practice in the particular scientific field. Products developed under this project
will contribute to improving the efficiency of contingent working in extreme
conditions. At the same time the results of the experiments will serve as the basis
for new theoretical and experimental research in cryobiology and contribute to its
development.
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MNPUJIOKEHUE HA KPUOTEXHOJIOT'USATA ITPU Cb3JJABAHE
HA KOCMHUYECKHN XPAHU 3A EKUITA’KHU, PABOTELIIA
B EKCTPEMHH YCJIOBUA

II. I'eyos, 1]. Ilgéemxos, I. Comupos, H. Haueea, 3. Xybenoasa,
M. /lonesa, II. Memoouesa

Pe3rome

Crarusara mpencTaBsl MMOCTIDKCHHUATAa B 001acTTa Ha KPHOOHMOJIOTHATA U €
CBBbp3aHa Cc paboTara Ha aBTopuTe O MmpoekT ¢ EKA. Kocmmueckara xpana e
pasHooOpasue OT XpaHUTEITHH NPOAYKTH, CIICIUAIHO Ch3JaleHH U 00pabOTeHU 3a
M3MON3BaHEe B KOCMHUYECKHU MOJIETH. Ta3u XpaHa TpsOBa Ja OTroBaps Ha peauiia
cnenu(UUHU U3MCKBAHMUS, 32 Jla MOXKE Jia OCUTYpH OaJlaHCUPAaHO XpaHEeHe 3a pabo-
TEIIUTE B EKCTPEMHU YCJIOBHsS, KaTO CBHIIEBPEMEHHO JIECHO M 0€30MacHO ce
ChbXpaHsIBa, MPUTOTBI M KOHCYMHUpa B Cpela ¢ HUCKa TpaButanus. HampaseH e
Mperyie/i Ha BHTPCIIHUS U YYXKJCCTPAHEH Ma3ap Ha KOocMU4Yecku xpanu. Onpe-
ACJICHU Ca H3UCKBAHUATA KbM ACTPOHABTHUTC, KAKTO W 3a APYrd INOTCHIUMAJIHH
MOTPeOUTENN: BOCHHH; XOpa C EKCTPEMHH Npodecun; 3a eKCTPEMHHU CIIOPTOBE, 3a
OOJHHMIIA M JETCKU rpaguHd. JlageHn ca o000mEeHN XpaHWUTEIHN M3UCKBAHUS 3a
BCHUYKHU CIIOMEHATH MO-TOpe IpylnH MOTpeOuTeNHn Ha KocMU4ecku xpaHu. [lokazan
¢ OBJITAPCKUST OMUT B U3CIICIBAHETO H Pa3pab0TBaHETO HA KOCMUYECKHUTE XPaHU H
CH3/13/ICHOTO OBIrapCKO KOCMHYECKO MEHIO.
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Abstract

This brief overview presents an attempt to systematize some of the available historical and
recent data on the impact of zeolite science and engineering on the progress of various areas of Earth
and Space development. The basic structural and chemical properties of natural and synthetic
zeolites are presented. Valuable applications of the zeolites, such as catalysts, gas adsorbers and ion
exchangers are also included. The most commonly used methods for the synthesis of zeolites from
different materials are presented, as well as some Bulgarian developments for the reuse of waste
materials to zeolites. The important role of zeolites as an indispensable material for improving the
quality of soil, fuels, water, air, etc., required for the needs of orbiting space stations and spacecrafts
has been confirmed by typical examples.

Aim and scope

The aim of this review is to briefly outline the application of zeolites in the
vast field of aerospace engineering and the launch industry. Zeolitic materials are
indirectly related to improving the quality of production of satellites, ground
equipment, aviation and spacecraft flights, fuels, water and air purification in
aircraft, as well as ensuring the safety of passengers and crew. Some of the general
structural and chemical concepts are presented here, such as aerospace terms,
catalysis, ion exchange and cracking, the main zeolite properties, materials, etc.
Mentioned here are also some Bulgarian achievements.

Zeolites and their main properties

Zeolitites are a large group of crystalline minerals having microporous and
regular structure [1, 2]. This definition usually refers to the natural zeolitic
minerals, but it also refers to a synthetic crystalline substance with zeolitic
properties, i.e. a material with a crystal structure formed by a three-dimensional
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open framework of tetrahedra with inner channels and cavities providing the
material with the capabilities of ion exchange and reversible dehydration. The main
differences between natural and synthetic zeolites are the time scale in which they
are produced, the amount of material that is produced and the quality of zeolites.
The great advantage of natural zeolites is the volume and quantity that they can
extract, unlike the relatively low volumes produced in the laboratory, but only the
creating of synthetic zeolites can provide materials with certain desired properties
tailored to the specific industrial needs. The number of naturally occurring zeolite
types is about 40, and the artificially synthesized zeolites are almost 200 unique
frameworks [2]. More information about both, natural and synthetic zeolites can be
found in the International Zeolite Association (IZA) web pages such as, for
instance: http://www.iza-structure.org/databases/.

~ /e
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Si-tetrahedron Al-tetrahedron

I:I p-cage O
(sodal?e unit)

a-cage l _— — a-cage
(LTA) ul ! (FAU)
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- 1+ ! O %
Sms
[ ]
Zeolite A Sodalite Zeolite - X, Y
(LTA) , (SOD) , (FAU)
pores - 4A pores - 3A pores - 7,4A

Fig. 1. Examples of building units and pore / cage sizes of three zeolite structures:
zeolite A (LTA), sodalite (SOD), and faujazite (FAU) — zeolites X, Y

The composition of zeolites can be represented by the general formula
Mx/n[(AlIO2)x(SiO2)y].zH20, where n is the charge of the metal cation M, and the
values of x, y and z depend on the type of zeolite. For example, the respective
formula for zeolite NaA, also known as LTA (Linde Type A), is
Nai2[(AlO2)12(Si02)12].27H,0, implying that zeolite LTA has 12 tetrahedra in
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every cell unit, occupied by 12 Na atoms and 27 H,O molecules. Zeolites X and Y
belong to the group of faujasite (FAU), faujasite-Na, faujasite-Mg or faujasite-Ca,
having the same basic formula: (Naz,Ca,MQ@)35[Al7Si17045].32(H20). The structures
of these three types of zeolites are presented in Fig. 1.

Zeolitic materials are readily dehydrated and rehydrated, and can be used
as cation exchangers (removal of metal cations from wastewaters, detergent
ingredient), absorbers (for gases and liquids), molecular sieves (membranes,
purificators), catalysts (petrochemistry, environmental issues, fine chemicals) etc.
Due to these specific structural peculiarities, they are invaluable in chemical
industry, and also in development of various traditional and modern fields, like
green chemistry, hybrid materials, medicine, animal food, soil improvement,
optical and electrical based applications, microsystems and nanotechnology, etc.
The morphology and size of zeolite crystals could have also important impact on
their applications. Besides, from a practical point of view, zeolites are
environmental-friendly in technological processes.

Aerospace sector

The aerospace industry refers to Class 3530 of the United Nations’
International Standard Industrial Classification (ISIC) which covers the
manufacture of aircraft and spacecraft. This broad class comprises the
manufacturing of both non-space items (passenger and military aeroplanes,
helicopters, gliders, balloons, etc.) and space items (including spacecraft,
spacecraft launch wvehicles, satellites, planetary probes, orbital stations and
shuttles). This also includes the manufacturing of their parts and accessories, used
in civil or military applications, such as aircraft instrumentation, navigation and
control systems, ignition parts and other electrical parts for internal combustion
engines, space radio and telemetry systems, etc. [3, 4].

Scientific interest to zeolite growth in space

An important impetus for writing this review is the longstanding and
growing interest in the topic of the zeolites and their current and future use not only
on earth but also for the needs of the space industry.

Since the first flight of the Wright brothers in 1903, the humankind has
come a long way, and in 2019 we have not only commercial aircraft for more than
850 passengers at once, but also a great variety of business and private aircrafts,
such as airplanes, helicopters, drones, etc. Currently, we have more than 4800
satellites in orbit around the earth. In 2018 was tested the newest solar aircraft that
stayed in flight for almost a month. One of the greatest achievements in
engineering space industry is the International Space Station that is a low orbit
space research center.
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NASA's effort to stimulate commercial use of space, it is “to enlarge the
technology base on which to build new commercial space industries and to help
move emerging technologies from the laboratory to the marketplace with speed and
efficiency” [4]. The Battelle center has sponsored experiments on eight Space
Shuttle missions since 1990. The huge potential of the zeolites has aroused great
interest among space competitors. Two NASA Space Commerce Centers (Battelle
Advanced Materials Center, Columbus, Ohio, and Clarkson Center for Commercial
Crystal Growth, Potsdam, New York) have merged their endeavours with a number
of industrial and academic institutions, sending to fly 38 sample zeolite solutions in
1992 Shuttle mission. Results of that flight were applied to a zeolite growth
experiment package flown aboard STS-57 in 1993. The clear conclusion was that
zeolite crystals, which have wide and important significant commercial potential,
can be grown larger and more efficient with fewer defects in orbit (Fig. 2).

Fig. 2. Zeolite crystals, which have significant commercial potential, can be grown larger
and with fewer defects in orbit. This photo compares orbit-grown (left) and Earth-grown
zeolite crystals (right) [4].

Main zeolite applications

The three main applications of zeolites in the fields of catalysis, gas
adsorption and ion exchange are schematically presented in Fig. 3 and are briefly
described below [2]:

Catalysis: It is the most important application of zeolites in industry and
benefits from a zeolite framework with well-defined pores and acidity. The
largest application is the Fluid Catalytic Cracking (FCC) process, which is used for
production of gasoline from heavy oil through cracking. Zeolite Y is the key
component in the FCC catalysts, due to it pore size, and high activity provided by
acid sites when is ion exchanged with rare earth or hydrogen cations. For example,
ZSM-5 zeolite is used extensively as catalyst in the petrochemical industry.

Gas Separation: Adsorption is a common phenomenon in which a part of
gas or liquid in contact with a solid is retained and concentrated at its surface.
Zeolites are widely used in adsorption-related applications. Gas separation through
adsorption may be achieved via the strength of adsorption (selective adsorption) or
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rate of adsorption (molecular sieving by size and shape). Acid gases, such as HCI,
SOs, and NO; are strongly adsorbed on molecular sieves because of their polarity
but are accompanied by degradation of the molecular sieve crystalline structure.
Other gases, such as CO,, SO, and H.S are reversibly adsorbed. Examples of gas
separation by selective adsorption using zeolites are the selective uptake of CO»
over N2 and separation of CO, from natural gas or synthesis gas. An example of
gas separation by molecular sieving zeolites is the separation of xylene isomers.

lon exchange: The ions held in channels and cavities of zeolites are
exchangeable and zeolites can take up cations from mixtures with other cations.
For instance, zeolite A is applied industrially as detergent builder to takes up
Ca ions from water, and exchanges them with Na ions of the zeolite, which makes
the water soft. The success of zeolite A as detergent is due to its high and fast
calcium uptake, good dispersibility, low sedimentation tendency, low abrasiveness
and high degree of whiteness. Zeolite crystals should have a small particle size
(around 4 pum) and narrow particle size distribution.

Catalysis Gas separation lon exchange

crude oil

cation 1

e %o
refined productg selective adsorption caton2 , o

Fig. 3. Schematic illustration of the three main applications of zeolites: catalysis, gas
adsorption and ion exchange [5]

Water and wastewater treatment

The most prominent features of zeolites include the exchange of
undesirable cations and the absorption of inorganic and organic molecules of
specific dimensions. Their values of high mechanical strength, chemical stability
and abrasion make zeolites a special material for softening and purifying drinking
and industrial waters, as well as many other applications [6]. The negative charges
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act as a magnet to attract positively charged toxins, heavy metals and some
radioactive elements. Due to their large surface area and porosity, zeolites are
perfect catchers for bacteria.

As a rule, the greater the Al content corresponds to the higher cation
exchange capacity of the zeolite. The negative charge at [AlO.]™ -tetrahedra is
compensated by easy replaceable metal-cations such as Na* , K*, Ca*" , Mg?*, etc.,
that determine the ion-exchange ability of zeolites for effective removal of
pollutants from contaminated waters. The most common cation in synthetic natural
and natural zeolite structure is Na*, which can be easily replaced from aqueous
solution, e.g. by Sr?* or Cs* ions.

Softening
Nowadays, most of the commercial washing powders contain zeolite,

instead of harmful phosphates. Zeolites are widely used in industrial water
softening systems and in domestic “on the tap” filters, since they could be easily
regenerated. Zeolite NaA is nontoxic to fresh and marine waters, and is the first
zeolite introduced as a water softener in laundry detergents in 1978. Similar
behaviour has the zeolite NaP. Especially valuable appears to be the zeolite X, that
due to its larger pore diameter of 0.74 nm has higher magnesium binding capacity
compared to zeolites A and P [6]. It was successfully introduced into detergents
market a dozen years ago. Synthetic zeolite 13X and the natural clinoptilolite have
been also reported for use in detergent formulations. Experiments show that zeolite
A and zeolite X were more effective in cleaning than clinoptilolite at low
temperatures, while all these builders had the same effectiveness at high
temperatures. Due to the advantageous builder properties of zeolites combined with
their human and environmental safety, they have been included in an extensive
range of detergent industry. In Europe, the USA, Japan and several regions of East
Asia, zeolites have almost entirely replaced phosphates.

Ammonia removal

Ammonia in the environment originates from metabolic, agricultural and
industrial processes and from water disinfection. Ammonia in water is an indicator
of possible bacterial, sewage and animal waste pollution, and may have harmful
effect on human and animal health. Natural clinoptilolite has higher selectivity for
NH* ion than synthetic zeolites. Despite of their lower selectivity to ammonia ion,
synthetic zeolites, namely types A, X and Y, have much higher ammonia exchange
capacity than naturally occurring zeolites [6].

Heavy metals removal

Heavy metals, like Cd, Cr, Cu, Ni, Zn, Pb and Hg, are well known with
their toxicity. Some of them tent to accumulate in living organisms, and may cause
serious health effects, including reduced growth and development, cancer, organ
damage, nervous system damage, and even death. Many natural and synthetic
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zeolites have been widely explored for heavy metals immobilization form natural
or industrial water. The number of the scientific articles devoted on this problem in
the past ten years exceeds one hundred. Clinoptilolite, NaA, NaP, NaP1, NaX are
among the most studied zeolites for adsorption of heavy metals (Pb?*, Co?*, Cu®,
Zn%*, Mn%, Fe*, Cd?*, Ba?*, As?*, Cr¥, Ni%, Hg?, Ag', etc.) from aqueous
solutions. Generally, the synthetic zeolites have much better removal performance
than natural ones. Heavy metals-loaded zeolite could be regenerated [6, 7].

Radioactive species removal

Various processes used in the nuclear fuel cycle and in the application of
radionuclides in industry, medicine, and research generate low or intermediate
level liquid wastes, containing radioactive isotopes (e.g. **'Cs, Sr, 5°Co, “Ca,
SI1Cr, 11ImC(, 119mAg). Adsorption of some radioactive elements (U%*, Th*, I*, Mo?",
La®, Nd*, Sm®*, Ag*, Cs', Co?, Sr?*, Cd?*) on some natural (clinoptilolite,
mesolite, analsite, etc.) and synthetic (NaA, NaX, NaY, ZSM5, etc.) zeolites are
presented in [6]. Some of the main advantages of using zeolites for nuclear
wastewater [7] are their resistance to degradation in the presence of ionizing
radiation, their low solubility and that they can be used for long term storage of
long-lived radioisotopes in stainless steel containers. The “saturated” zeolites can
be also transformed into concrete, glass, or ceramic bodies, and stored indefinitely.

Sea water desalination

The reverse osmosis membrane materials for desalination have been
recently reviewed as appropriate method for water desalination. According to this
mechanism, MFI zeolite, which has an effective nanopore diameter of 0.51 nm,
appears suitable for separating the smaller water molecules (0.26 nm) from larger
ions like Na* and CI~ having hydrated sizes of 0.72 and 0.66 nm, respectively [6].
Hydroxysodalite and NaA zeolites (pore diameters 0.4 nm and 0.8 nm,
respectively) are tested using an experimental pervaporation setup. The polymer-
zeolite NaA nanocomposite membranes and those with added NaX nano-zeolite,
being developed recently, appear to be particularly promising for ion removal from
aqueous solutions.

Petroleum industry and fuels

Catalytic cracking

Catalytic cracking is the breaking of large molecules into smaller ones at
elevated temperatures via the use of a catalyst (see Fig. 4). As discussed in the
previous subsection, molecules will crack when subjected to severe thermal
conditions without a catalyst. However, the presence of a catalyst allows for a more
controlled reaction. Fluid Catalytic Cracking (FCC) is the most widely used
process for the large-scale production of gasoline with high octane number [5].
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Fig. 4. Fluid catalytic cracking (FCC). A) An example of FCC.
B) Schematic of development strategies for zeolite Y for FCC catalysis.

Introduction of
— rare-earth ions —
Zeolite Y More active and more stable

The remarkable properties of zeolites allow the development of cleaner and
more efficient processes for the production of fuels and chemicals. Because
zeolites are highly porous and possess adjustable acidity, they are commonly used
as absorbents, as molecular sieves for separating mixtures by selective absorption,
as well as catalysts in petroleum processing.

Synthetic zeolite Y, as well as other mesoporous materials (e.g. MCM-41),
are long ago used as catalysts in the petrochemical industry, for instance in fluid
catalytic cracking and hydrocracking. Various different solid acidic catalysts have
been studied and tested for catalytic cracking, but zeolites are the best performing
ones. The Y zeolite is the main zeolitic component of the FCC process, which can
be incorporated in industrial catalysts in various forms: Recently, ZSM-5 zeolite is
used as a co-component to increase the yield of light olefins which are produced as
secondary products. The typical reaction temperature for catalytic cracking ranges
from 450 to 560 °C. Examples of the various applications of zeolites and zeotypes
in the catalytic conversion of oil and gas are given in the review paper of Vogt
et.al. [8]. Some refinery applications are presented briefly, such as fluid catalytic
cracking and hydrocracking, and also a wide variety of important petrochemical
processes. Discussed are also effects of zeolite—binder interactions in commercial
catalysts, where the zeolite is only part of the system.

With the right catalyst in hand, engineers may be able to steer the cracking
process along a reaction path that increases cooling and generates better fuel
products or ones less prone to coking. Catalysis specialists from University of
Virginia have studied zeolite Y and its effect on the pyrolysis of JP-10 juel.
Because of its compositional simplicity, JP-10 (exo-tetrahydrodicyclopentadiene)
is often used in combustion research. Zeolite Y is a porous aluminosilicate catalyst
used commercially for petroleum cracking. In the absence of the catalyst, thermal
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cracking converted JP-10 to numerous products, the predominant ones being
cyclopentadiene and cyclopentene. In the presence of the catalyst, however, the
fuel reacted to form naphthalene and substituted indenes. The catalyst also slightly
decreased JP-10’s endothermic cooling capacity and lowered the cracking
temperature by 210 °C. In effect, the catalyst protects the fuel by preventing it from
reaching the temperature at which hard-to-control thermal reactions take off [9].

Scientists at Tianjin University also studied the effect of zeolites on JP-10
cracking using an acidic aluminosilicate catalyst HZSM-5. They succeeded to grow
nanosheets of HZSM-5 with Si/Al values of 25 (ZNS-25) and thicknesses of about
2.0 nm. The catalytic cracking of JP-10 over ZNS-25 gave a better conversion than
that obtained over a conventional bulk HZSM-5 catalyst, and the deactivation rate
was relatively low. The nanosheets were more active at converting JP-10 than the
respective bulk zeolites with the higher aluminium content. The explanation is that
nanostructuring shortens the length of the zeolite channels and exposes more
surface area for cracking. Shortening the zeolite channels enhances diffusion of
reactants and products, especially the size of JP-10. And increasing the aluminium
content increases the number of catalytically active acidic sites, which in the case
of the nanosheets are located on the surface where they are exposed and accessible
to reactants.

Gas separation, molecular sieves and adsorption

The most important property of zeolites is their internal porosity which
derives from their dehydrated crystalline structure. With very active zeolites, the
external surface area constitutes less than one percent of the total area available for
adsorption. These materials have a great deal of internal volume available for
adsorption which is only accessible by a network of channels or apertures (see
Fig.1). Molecules small enough to enter the channels can access the internal
volume where the crystal adsorption sites are located. Zeolites have the potential of
providing precise and specific separation of gases, including the removal of H,O,
CO; and SO, from low-grade natural gas streams. Other separations include noble
gases, N2, O,, freon and formaldehyde.

The first comprehensive published review of the design and performance
of advanced oxygen systems was written in 1996 by members of the USAF
Armstrong Laboratory and of the RAF School of Aviation Medicine. The evolution
of on-board oxygen generating systems and the first generation of oxygen
concentrators working by using molecular sieve adsorption technology are
described. Such systems have been in use in the US Navy, the US Air Force and
the Royal Air Force for over 20 years. They are mounted on high-performance
combat aircraft and will continue to be used in the future. In 1998, the results of an
American experiment were published in which 5A zeolite was used to remove CO;
at the International Space Station. The device, known as the "four-bed molecular
sieve" or 4BMS, was intended to eliminate through adsorption the excess CO;
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exhaled by the crew and on-board animals. The packed bed was filled with solid
sorbent media (5A zeolite) to scrub CO, from the air blown through it. The
COz-saturated bed was regenerated several times a day in a programmed cycle.
During the regeneration cycle, the process air stream was diverted to a second (and
previously regenerating). The concentrated CO, was removed from the bed using
heat and vacuum [10].

An important aspect of air revitalization for life support in spacecraft is the
removal of CO, from cabin air. Several types of CO, removal systems are in use in
spacecraft life support. These systems rely on various removal techniques that
employ different architectures and media for scrubbing CO,, such as permeable
membranes, liquid amine, adsorbents, and absorbents. Sorbent systems have been
used since the first manned missions. The current state of key technology is the
existing International Space Station (ISS) Carbon Dioxide Removal Assembly
(CDRA), a system that selectively removes carbon dioxide from the cabin
atmosphere. The CDRA system was launched aboard UF-2 in 2001 and resides in
the U.S. Destiny Laboratory module. During the past four years, the CDRA system
has operated with varying degrees of success. There have been several approaches
to troubleshooting the CDRA system aimed at developing work-around solutions
that would minimize the impact on astronaut time required to implement interim
solutions. The CDRA is a critical piece of life support equipment in the air
revitalization system of the ISS, and is demonstrated technology that may
ultimately prove well-suited for use in lunar or Mars base, and Mars transit life
support applications [11].

Another modern zeolite system has been described recently, in which the
removal of carbon dioxide from space cabin air is under strict control. The system
is integrated into a closed air regeneration cycle aboard spacecraft. The continuous
operation of a double-adsorbent regeneration system with CO-dependable
productivity is maintained through programmable setting of adsorption
(desorption) semicycle time. The automatically changing system productivity
ensures continuous intake of concentrated CO,. Control of the adsorption-
desorption process is based on calculation of the differential adsorption
(desorption) heat from gradient of adsorbent and test inert substance temperatures.
The adaptive algorithm of digital control is implemented through the standard
spacecraft interface with the board computer system and programmable
microprocessor-based controllers [12].

Coating technology

A molecular absorber is also based on absorption property of the highly
porous materials which have large specific surface area. Currently, NASA Goddard
Space Flight Center has developed a sprayable coatings technology with broad
application by using of zeolites, named a Molecular Adsorber Coating (MAC). The
coating is comprised of highly porous zeolitic materials that help capture outgassed
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molecular contaminants on spaceflight applications. The adsorptive capabilities of
the zeolite coating can alleviate molecular contamination concerns on or near
sensitive surfaces and instruments within a spacecraft. The preliminary tests of
NASA’s MAC technology are discussed for use on future missions to Mars. The
study involves evaluating the coating’s molecular adsorption properties in
simulated test conditions, which include the vacuum environment of space and the
Martian atmosphere [13].

Electrically based applications

Electrically conducting zeolite-like frameworks are not typical electronic
materials, but may offer new avenues in energy applications. Because of their
superior catalytic, adsorption, and separation capabilities, zeolites can be used as
cell component materials (such as electrodes and membranes). For instance,
Ce0O,-decorated ZSM-5 zeolitic nanocatalysts could be used to make CeQ,/ZSM-5-
modified glassy-carbon electrodes for electrochemical oxidation of methanol.

Silver—zeolite composites are interesting materials with unique optical
properties. Zeolites assist Ag in naturally emitting light, which could lead to new
lighting technologies—supplementing or replacing fluorescent lights or LEDs. At
present, the controlled synthesis of Ag—zeolite composites with responsive optical
properties remains a challenge. Recently was reported the synthesis and
characterization of novel LTA(Li)-Ag zeolites which display better luminescence
performance, compared to LTA(Na)-Ag samples. Yellow (19% water content),
green ( 17-2% water content) and blue (less than 1% water content) emitters were
observed in LTA(Li)-Ag zeolite composites with the same composition (low silver
loadings) but different hydration levels. This shows the great potential that this new
type of luminescent Ag-zeolite might have as blue emitting materials and as
luminescence-based humidity sensors at macro and micro scale [14].

Soil improvement

The main problem in space is the limitation of life support resources. The
CO: removal from breading air in space and recycling of wastewater are two
important areas of application for zeolites. Particularly promising application is the
use of zeolites loaded with several substances as planting substrates and artificial
soil in extra-terrestrial station to grow plants, which convert CO;, back to O,
remove excess environmental humidity and turn wastewater into drinking water.

Bulgaria is the third country in the world, after the USA and Russia, with a
space greenhouse. In 1995 during the Zeolite Meeting' 95 in Sofia was presented
the report "Zeolite Gardens in Space”, devoted to the use of natural zeolites in
space applications and occurrence in extra-terrestrial environments. These studies
were initiated in the period 1950-1980 by the US Air Force and Russian scientists.
In 1984, a Russian-Bulgarian group created the first space greenhouse named
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SVET. The first experiment was realized in 1990 after the equipment was installed
to the MIR Orbital Station and the first fresh vegetables (radishes and Chinese
cabbage) were produced in space. Result of next experiments was the growth of
wheat and beans, rich in proteins. The Balkanite substrate, made from the natural
zeolite clinoptilolite, extracted in the Kardzhali region, with added mineral salts,
was used as the nutrient medium for growing the plants. Zeolites mixed with Mars
soil could solve the problems of Mars soil bioremediation and even with formation
of the atmosphere [15].

Zeolite synthesis from natural and industrial products

Natural zeolites and synthetic zeolites from natural materials

Among the most common natural zeolites are clinoptilolite, analcime,
chabazite, fauhazite, ferrierite, kaolin and mordenite. Their cations are mainly
alkaline (Na and K) and alkaline earth (Ca and Mg) metals. Due to their high
content of Si and Al, clays are often used and different zeolites (A, X, Y, P, etc.)
have been synthesized [6].

Rice husk zeolites

Alkali activation of Bulgarian rice husk or rice husk ash, as sources of
Si0,, and almost pure Al from aluminum cans resulted in zeolites Sodalite, A, X, P
and Y. Pure highly crystalline and completely white zeolite NaA was successfully
synthesized from untreated rice husk by means of new economical and
technologically feasible procedures, avoiding the rice husk burning [16].

Synthetic zeolites from coal fly ash

Coal fly ash is the most abundant coal combustion by-product, partly used
in concrete and cement manufacturing. Most of this waste is disposed in open
landfills, creating serious problems with air and water pollution. The fly ash
contains a significant amount of crystalline and amorphous aluminosilicates which
makes him a suitable material for the synthesis of zeolites. More than 15 types of
zeolites (e.g. NaA, NaX, NaY, NaP1, Sodalite, K-chabazite, Linde F, etc.) could be
synthesized, and the type and yield of the zeolite obtained are strongly influenced
by the chemical and mineralogical composition of the fly ash used.

Fly ashes from Bulgarian TPPs (“Maritza East 2 and 37, “Varna”,
“Bobovdol”, “AES Galabovo”, “Republika” and “Rousse East”), burning local and
foreign coals, have been hydrothermally activated [7, 17-19]. At higher
temperatures and different alkali concentrations the ashes were transformed into
different zeolitic materials, containing zeolite Linde F, blend of zeolites A and P, or
Hydroxy Sodalite [17]. The obtained synthetic zeolites of type Hydroxy Sodalite
were applied as ion-exchangers in systems of nuclear safety for trapping
radioactive *¥'Cs and *Sr [7]. The highly-porous zeolite Na-X from fly ash of TPP
“Maritza East” has been studied as high capacity inexpensive adsorbent of CO;
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with application in gas separation systems [18]. Cobalt-modified zeolites showed
high activity in degradation of different VOCs (acetone, n-hexane, toluene and 1,2
dichlorobenzene). It is promising candidate for development of a dual
catalytic/adsorption system for VOCs and CO- elimination [19].

Slag zeolites

The waste slag from the Bulgarian TPP “Sviloza” was alkali treated at
room temperature for more than a year. The zeolited product contains zeolites X
and Linde F. It was tested as absorbent of a textile dye from aqueous suspensions.
Due to its better developed active specific surface, the dye was almost completely
absorbed for much shorter times than the untreated slag [20].

Conclusion

Undoubtedly, the zeolites are a necessary and obligatory element of present
and future terrestrial and space engineering. Due to their unique properties, zeolites
have a great potential as effective sorbent materials for a large number of water
treatment applications, such as water softening (for boilers and drinking), ammonia
removal (from municipal sewage, animal farms, additives to feed, fertilizer factory
wastewaters, fish breeding ponds, swimming pools), removal of heavy metals
(from natural waters, acid mine drainages, industrial wastewater), phosphates
removal, removal of dissolved organic compounds and dyes, oil spillages
treatment, soil conditioning agents, separation of solid impurities, radioactive
wastewater purification, seawater desalination, and many others.

Synthetic zeolites obtained by reprocessing of industrial and municipal
wastes have huge potential as a cost-effective, environmental-friendly solution that
can improve the efficiency of waste water treatment. Their low price and the
additional ecological benefit (reduced mining and solid wastes disposal) increase
their popularity and inspire growing interest among researchers and manufacturers
worldwide.

Many more challenges remain for the future, which require the
development of brand new zeolitic materials that are suitable for a huge variety of
practical needs and specifications of aerospace engineering. For many decades,
NASA and its international partners have been at the forefront of Mars exploration
through a series of missions. Advances in space exploration and space travels need
new type zeolites. Aerospace engineering is one of the most important branches of
engineering and will help humankind to dominate the skies and all the space above.
Aerospace engineering with the help of novel technologies will help us not just to
conquer the sky, but to reach the stars, and the zeolites will be an invaluable and
indispensable tool in this mission.
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MNPUJIOKEHUE HA 3EOJIMTUTE B HABEMHATA U KOCMHUYECKA
HHAYCTPUA - OB30P

A. Mumeesa, B. Cmosanosa

Pe3rome

TO3I/I KpaT’bK npernez[ € OIIuT 3a CI/ICTeMaTI/ISI/IpaHe Ha HAKOU OT HAJIMYHUTC
I/ICTopI/I'-IeCKI/I U IIO-HOBU HJAaHHUW JAHHU 3a BJIUIAHUCTO HA 3€0JIMTHATaA HayKa n TCX-
HUKa BHPXY MpOrpeca Ha Pa3InyHu 00JacTH OT pa3BuTHeTo Ha 3emsaTa u KocMmoca.
[IpencraBeHn ca OCHOBHHTE CTPYKTYPHH W XMMHUYHH CBOWCTBA Ha MPUPOIAHHUTE U
CUHTETUYHHUTE 3€OJUTH. BKIIIOUEHH ca CHINO TaKa IICHHHW MPUJIOKECHUS HA 3€0JH-
TUTE KaTO KaTalM3aTOpH, T'a30BH ajcopbaropu u HoHooOMeHHUIM. [IpeacraBenu
ca Hail-4ecTo W3MOJI3BaHUTE METOAHM 32 CHHTE3 Ha 3€O0JIMTH OT Pa3INYHH Ma-
TepHUaii, KaKTO U HAKOU OBJIrapCKH pa3pabOTKHU 32 PELMKIUPAHE HAa OTHAIBIH 10
3eonuTH. BaxkHaTa posis Ha 3€0JIMTUTE KaTO HE3aMEHUM MaTepHall 3a 1oa00psBaHe
KauyeCTBOTO Ha TMOYBHU, TOPUBA, BOJH, BB3IyX U T.H., HCOOXOJUMH 3a HYXKIHUTE HA
OpOUTATHUTE KOCMHYECKHA CTAHIIMM M KOCMHUYECKHTE KOpaOu, € MOTBBPIACHA C
TUIINYHU TIPUMEPH.
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Abstract

This article provides an overview of worldwide web and e-Learning resources for Earth
Observation (EO) education for secondary schools. The main EO education initiatives supported by
international, EU and national organizations. The article elaborates on future prospects of EO
education in the education system its relevance for the society and its connection with STEM subjects.

Introduction

As space and remote sensing (RS) technologies develop and free
spaceborne data abundance and availability becomes a fact, methods and
approaches for information generation take advantage of the enhanced data quality
offered and remote sensing applications gain value tackling societal needs and
supporting economy. Spaceborne RS owes its origins to space exploration and
military applications. It was used initially to serve strategic purposes for planetary
research and wide covering earth exploration. The ending of the Cold War and the
development of telecommunications shifted the emphasis from maintaining a
strategic advantage to economic growth and environmental awareness.
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In the 21% century the geospatial revolution generated a plethora of
geospatial data. The need of standardization and homogenization has emerged to
cope with credibility and user confidence issues. Addressing these on an
international level was issued a draft K-12 strategy for earth observation (EO)
education by CEOS [1]. On an EU level with the INSPIRE Directive, the European
Commission set forth the goals of integration of geospatial data in the
eGovernment. The initial operations of Copernicus services (formerly the GMES
programme) have pushed developments forward both for data users and the
governments to utilise and exploit the unprecedented availability of satellite data
and products on an operational basis. The Copernicus programme is expected to
boost up European economy, which is still recovering from the World economic
crisis and now entering a new unprecedented COVID-19 crisis. It will create a new
entrepreneurship opportunities in the space sector. Parallel to these scientific and
technological developments the society shall be able to keep pace in understanding
and adopting the latest products and make benefit from its investment in Earth
Observation (EO). In this context, data and products must be provided in a
comprehensible, easy to follow and accessible way. Users having the skills,
knowledge and understanding may then use and incorporate them in existing
production working chains or find new added value use cases. Users not having
these skills shall at the same time understand what this information thesaurus
brings along to embrace emerging changes, approve the work of the specialists and
give their consent to support the EO investment in the future; thus, setting the
foundation for a sustainable chain of services and products. In order to come up to
this result fundamentals and understanding of EO must be integrated in an efficient
manner within multiple disciplines or even stand-alone ones when necessary, in the
already overloaded school training programmes. In this context citizens will be up-
to-date with new data sources, remaining receptive to adopt spaceborne products
and services, and understand the processing techniques and communication
mechanisms that are relevant to their individual needs.

The wide variety of EO satellites, data sets (satellite and airborne), and
application areas relevant to STEM subjects, has been reflected in the course of the
years in the diversity of existing training initiatives and resources regarding
secondary school education in EO. On a national level, the most structured
approach towards mapping sciences and EO data use has the USA, which has
carried out several studies on different aspects of this type of education. In 1981,
the first comprehensive overview of the remote sensing education in USA was
published in IJRS [2]. From this study it becomes clear that mapping sciences have
been catalogued into a Mapping Sciences Education Data Base, which was to
become operational and published on an annual basis as ‘Directory of Courses and
Programs in the Mapping Sciences’. The authors of this work also emphasized on
the standardization of RS education, which is at present also a hot topic in Europe.
Although not yet implemented in the secondary-schools, it is a first attempt
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towards a systematic view on geospatial sciences and education. On a European
level, the first attempt to review RS education as a whole was performed in the 80s

of the 20th century [3]. It is acknowledged hat France has played a pioneering role
in promoting remote sensing at the level of secondary schools. In France, the
introduction of remote sensing to modernise teaching in primary and secondary
schools has become official government policy. In the mid of 1980s, an Institute,
the Groupement pour le Developpement de la Teledetection Aerospatiale, regularly
organized courses for school teachers [4]. In June 1986, EARSeL in co-operation
with the Council of Europe, ESA and the Commission of the European
Communities (CEC), organized an European Workshop to assess the current
situation of remote sensing education and training in Europe and recommended
further action (Council of Europe, 1989) [5]. But, the first more comprehensive
outlook on RS education on an international level came only in the beginning of
1990s with the ISPRS Commission VI Symposium Modern Trends of Education
and Remote Sensing held between 13 and 16 September 1990 on Rhodes Island,
Greece. One of the Commission VI goals is targeted to the school education: ‘(3)
compilation of ideal syllabi and course layouts for undergraduate education on
remote sensing and GIS’ [6]. However, at that stage there were still no discussions
or papers dealing with the RS education in schools. At a dedicated workshop in
1992, RS was put for the first time on the round table discussions as part of the
National Curriculum for Science of UK [7]. In this article, the teachers’ perspective
from career development point of view was studied for the first time [8]. At the
Frascati‘s EO Education Workshop (2014) [9] a number of barriers to effective EO
education at different levels were identified. Among these were: (i) the difficulties
in identifying and accessing data suitable for education at different levels, (ii) the
relative lack of clear and intuitive example data and case studies suitable for
learning about different applications or relevant to specific geographical regions,
and (iii) the fragmentation of European education resources which leaves
newcomers to the arena of EO education overwhelmed by the task of finding
resources that suit their own needs. During the LeanrnEO! Workshop in Frascati
was recognising the importance of embracing EO education; the European Space
Agency (ESA) has taken the initiative to develop a Roadmap for EO Education. It
keeps up with the structure established by the LearnEO! Roadmap for EO
education in Europe (2015) [10].

The aim of the present review is to provide an overview of the available
international, regional and national education resources in EO for secondary
schools, to identify subjects which are not yet well represented in the curricula but
would benefit from using remote sensing in the classroom, and to address several
didactic aspects which could help establishing Earth Observation in school. In first
part of this work the authors have selected and presented in an alphabetical order
the institutions providing the resources — web-resources and e-learning, EU funded
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projects. In the follow-up of this work we will present the national and
international projects, outreach activities, and FOSS software tools for education.

Data and methods

Besides other resources the review integrates material presented at the
Frascati EO Education Workshop 2014 [11] with other information obtained in the
ESA LearnEQ! Project, and ESA EO Open Science 2016. It is also based on
experience obtained in the project Science Education through Earth Observation

for High Schools (SEOS)* supported in the 6th FP-EU, FIS, and from the ongoing
EO4GEO project (ERASMUS+). The authors from the EEOBSS project team also
made use of their own experience when introducing Earth Observation into the
curriculum of Bulgarian high schools in 2016-2019.

Earth observation resources for secondary school education

The main review items are presented in an alphabetical order of the
material producer/provider in order to not give priority of a specific resource,
rather to list it as is. Thus, it is expected that this will allow the reader to have a
more objective view on the state-of-the-art. In this article, the EO education is
organized in the following categories: 1) web-resources and e-learning,
2) initiatives supported by national funding bodies and international organizations,
3) outreach activities, 4) citizen science, and 5) software and tools. The last three
cathegories will be covered in the second part of the review.

Web-Resources and E-Learning

Carleton University

The University of Carleton has developed the Earth Exploration Toolbook
(EET, URL.: http://serc.carleton.edu/eet/index.html). It is developed by teams of
scientists and educators; the EET is a collection of online Earth system science
activities. Each activity or chapter introduces one or more scientific data sets and
analyses tools that enable users to explore some aspect of the Earth system. The
chapters are written for the teacher, generally at the secondary and college level.
However, the chapters can be used by other educators, students, citizens, and
policy makers to guide their own learning, adapt to their own purposes, and enable
them to answer their own Earth system science questions based on scientific data.

http://www.seos-project.eu
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ESA

A dedicated website for EO Education and Training activities is published
on ESA’s EO portal [12]. This provides a comprehensive overview and easy access
to all ESA programmes in EO education, training and capacity building. A section
on primary and secondary level EO education includes descriptions and links to
online tools, teacher training courses and material that can be ordered from the
ESA education office. Another section includes summaries of EO training courses
at University level with links to their respective webpages with access to
presentations and ESA / Third Party Mission (TPM) data used for exercises.
Similar material is available for advanced training at post-graduate level.

The ESA Eduspace multi-lingual website [13] is dedicated to secondary
education. The aim of Eduspace is to provide attractive image data, information
and tools suitable for teaching and learning a variety of topics in Geography,
Physics, Environmental Science and related subjects, according to the curriculum
of each country. The main value of Eduspace lies in the practical nature of its e-
learning content. The website not only explains the theory and applications of EO
in terms suitable for a secondary school audience, but also provides case studies
that demonstrate practical examples of how EO data is used. Each case study
presents the student with a real world problem, which one needs to address through
hands-on processing of EO data using software designed for use in schools.

The Eduspace Image Catalogue [14] provides Eduspace users with a multi-
mission catalogue of EO data over Europe. This offers teachers and students
carefully selected example data for use in Eduspace case studies and allows them
to adapt (personalise) the case studies with EO data from their specific region of
interest. The Interactive Meteosat on-line application — a new online tool that
shows satellite data combined with student measurements has been developed as an
Eduspace module along with a case study on the interpretation of Meteosat images.

LearnEO! is an ESA project with partners such as the National
Oceanography Centre (NOC), CLS, GEO-K, and UNESCO (Bilko) [15]. The
project offers a holistic framework for EO education with lessons on different EO
applications (200 data sets with description). The project is using the UNESCO
Bilko software as a main application for the trainings. It also has a resource library
with extra information and tools (hands-on materials, quizzes) and offers a support
for lesson writers and lesson users.

In the field of e-learning, ESA has also developed “Earth from Space: The
living beauty” [16] — the first electronic book showcasing EO applications,
developed for Apple’s iPad and available through iTunes. The 105 page book takes
the reader on a scientific voyage that shows how some of the latest technology has
changed the way we view the Earth. There are five chapters: Solid Earth, Oceans,
Cryosphere, Atmosphere and Land, showing the most impressive results of ESA’s
EO missions. Electronic books on individual missions are also being developed.
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In 2010, ESA jointly with Geospace GmbH issued a “School Atlas:
Geography from Space” edited by Beckel, L. The Atlas presents a new way and
outlook towards European EO education. It bridges the gap between the EO
science and secondary school education through a tailored product built mainly on
EO data. With this new approach the Atlas achieves one major goal — to prove that
EO data and products can be used for virtually all class activities in Geography.
The Atlas is available in German and English both in digital form and in print [17].

ESA Massive Online Open Courses (MOOC) has been specifically
designed to overcome perceived ‘barriers’ to the use of EO by non-technical users.
The Monitoring Climate Change from Space [18] MOOC, started in June 2015,
provides basic information about the use of EO data to monitor and study climate
variability and change. The course explores and addresses some of the problems
related to the take-up and usage of EO data and demonstrates the benefits of using
EO data in scenario planning. It encourages wider use of EO data by providing
practical, real-world examples of how EO data are used to monitor and adapt to
climate change, increase resilience to climate-related hazards, and provide decision
support for sustainable development and resource management planning. In
September 2016, ESA has started a new MOOC with topic Earth Observation from
Space: the Optical View [19]. This free online course provides an introduction to
optical Earth observation - monitoring our planet from satellites, using
photography, imaging in various wavelengths, LIDAR and other optical sensing
technologies. The SAR-edu [20] team is developed its own MOOC which was
released in 2017, and provides the ‘Radar View’ on EO from space. The web-
platform for MOOCs FutureLearn is the home of these MOOCs. However, the
necessity to develop and host in one place as well as new and updated policy of
ESA has led to the development of EO College where the first MOOC Echoes in
Space: Introduction to Radar Remote Sensing is hosted [21].

Every summer, ESA’s Education Office welcomes about 40 secondary
school teachers from across Europe to ESA’s European Space Research and
Technology Centre (ESTEC) in the Netherlands for the ESA Summer Workshop
[22]. In the course of over four days teachers participate in a variety of workshops
that show how space can be used as a context for teaching different school
subjects.

The ESA Teacher’s Pack “Watching Over the Earth* includes a selection
of Remote Sensing/EO topics and is targeted to lower secondary level students (age
11-14). The pack is available in several languages (English, French, German,
Spanish, Italian and Dutch) in hard copy, and may also be downloaded from a
dedicated ESA website [23].
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Copernicus (European Commission)

The EC and Copernicus programme published its first Copernicus MOOC
in the beginning of 2020 as an effort to make the Copernicus data and its services
accessible to everyone [24]. The MOOC consists of three chapters: “Chapter 1:
Understanding Copernicus data and services”, “Chapter 2: Learning from success
stories”, and “Chapter 3: Do It Yourself!”.

NASA

NASA has its own education programme and website — NASA for
Educators [25], which offers free resources in STEM subjects from K-4 until 9-12
(secondary school education) and higher and informal education. Some of the
education resources are well suited both for the STEM subjects taught in class and
for EO data applications. One of the most exciting initiatives of NASA is
KidSAT/EarthKAM student remote sensing programme [26]. Within this
programme the students developed a camera system for the Space Shuttle, while at
a later stage the EarthKAM continued onboard the International Space Station
(ISS). The students have been developing a series of image acquisition requests
based on approved science proposals that have been combined into a set of
instrument commands that are uplinked to the ISS. In this context, a brand new
programme is Expedition Earth and Beyond (EEAB). This programme is designed
to motivate the students to gain interest in Science, Math, Engineering, and
Technology (STEM) related subjects [27].

The goal of the NASA Applied Remote SEnsing Training (ARSET) [28] is
to increase the utility of NASA earth science and model data for policy makers,
regulatory agencies, and other applied science professionals in the areas of Health
and Air Quality, Wildfires, Water Resources, Eco Forecasting, and Disaster
Management. As such, the training is highly specialized but some parts of it could
be used also for education purposes in secondary schools. For instance, the topics
are matching some of the Geography lessons in class and could serve as a
supplementary material for extracurricular activities. The two primary activities of
this project are webinars and in-person courses. There is also a recently added
section for workshops. The user could also suggest a course, if it is not present on
ARSET but is a topic of common interest.

European Spatial Data Research (EuroSDR)

European Spatial Data Research (EuroSDR) holds distance e-learning
courses on EO and geo-information topics [29]. These courses can be followed
over the Internet, allowing participants to update their knowledge with minimum
disruption. Each course requires about thirty hours of online study and is
completed in two weeks. However, these courses are not suited to secondary school
students, but they could be used for capacity building of geography teachers.
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University of Heidelberg

The Research Group for Earth Observation at the Heidelberg University of
Education has developed two learning modules for secondary school education in
web-based learning environment [30]. First, BLIF (“Blickpunkt Fernerkundung”)
or Satellite Image Learning Center (SILC) [31] which provides online software to
analyse remote sensing data independently and to answer first problem oriented
geographical questions. Ten game-based learning modules allow students to test
their existing knowledge of satellite images and pick up new information. The
games are organised into easy and difficult ones. Second, “geo:spektiv”
(www.geospektiv.de) which provides specific online learning modules (based on
BLIF) to work on spatially and environmentally relevant questions. Both platforms
have been developed to get secondary school pupils in touch with remote sensing
data and to use satellite imagery in applied geographic tasks.

Initiatives supported by national funding bodies and international
organizations

Challenger Center

The Challenger Center is an international organization dedicated to bring
all students dynamic educational experiences and help inspiring future generations
of STEM-conscious leaders. The Center organizes various training activities
through online lessons and resources which partially cover the EO topics [32]. The
lessons are interactive and engaging which help build motivation.

CReSIS Middle School Program

The Center of Excellence in Remote Sensing Education and Research
(CERSER) continuously strives to provide education and research opportunities on
ice sheet, coastal, ocean, and marine science. One of those continued an outreach
effort is the Center for Remote Sensing of Ice Sheets (CReSIS) Middle School
Program. Sponsored by the National Science Foundation (NSF) CReSIS Middle
School Program offers hands on experience for middle school students. CERSER
and NSF offer students the opportunity to study and learn about remote sensing and
its vital role in today's society as it relates to climate change and real world
problems. The CReSIS Middle School Program is an annual two-week effort that
offers middle school students experience with remote sensing and its applications.
Specifically, participants received training with GPS where the students learned the
tools, mechanisms, and applications of a Garmin 60 GPS. As a part of the program
the students were required to complete a fieldwork assignment, where several
longitude and latitude points were given throughout campus [33].
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EARSeL

The European Association of Remote Sensing Laboratories (EARSeL)
organises a Special Interest Group on Education and Training [34] which holds
Workshops and sessions at its annual Symposia for educational experts and
secondary school teachers. These typically last 1-2 days, often associated with
conferences or exhibitions of interest, and are supported by ESA.

EUROGEO

The principal goals of the European Association of Geographers
(EUROGEO) are to advance the status of geography by: organizing events and
activities for members, producing publications for members, supporting
geographers in their jobs and careers, identifying and promoting good practice,
lobbying at European and national level, giving advice on geography, making
recommendations to decision makers. During the past few years, two projects
implemented by EUROGEO have targeted the geography and GeolCT to transfer
innovation to meet changing labour market needs and improve the quality of geo-
education. These projects are intended mainly for university and vocational
training level: GeoSkills Plus [35] and YouthMetre [36]. The latter one provides
useful statistics for the education of the youngsters on a country level within EU27.

European Geosciences Union (EGU)

The European Geosciences Union (EGU) Committee on Education has
organised Geosciences Information for Teachers (GIFT) Workshops since 2003.
These 2.5-day teacher-training workshops are held in conjunction with EGU’s
annual General Assembly and typically host about 80 teachers. Their main
objective is to spread first-hand scientific information to science teachers in
primary and secondary schools, thereby shortening significantly the time between
discovery and text-book. Teachers are provided with material that can be used
directly in the classroom and many of the lectures from the GIFT workshops are
freely available as videos on YouTube™ or EGU TV [37].

Global Learning and Observations to Benefit the Environment (GLOBE)

The GLOBE programme (http://www.globe.gov) is one of the few
international programmes (the programme is sponsored by NASA, NSF and
supported by NOAA and U.S. Department of State) offering free education
resources, tools and training to students and teachers in STEM subjects. The
network consists of GLOBE students, teachers and scientists. The activities are
various starting from the annual GLOBE conference, virtual workshops, and
various dedicated data-collection campaigns. The programme has its own highly-
structured approach towards data collection following specific protocols since 1995
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[38]. The field data collected by various schools is accessible through a
visualization tool [39]. Although the data collected by schools is field data, many
students and their teachers choose to work with NASA satellite data and products
for their projects showing a synergistic approach towards field and satellite
measurements [40-42]. One of the field campaigns co-developed with NASA
scientists in 2016 was for field data collection to validate the SMAP mission [43].

Joint Information Systems Committee (JISC)

The Joint Information Systems Committee (JISC) funded Landmap service
which ran from 2001 to July 2014 and collected, modified and hosted a large
amount of EO data for the majority of the UK, including imagery from ERS,
ENVISAT, ALOS, high-resolution Digital Elevation Models (DEMSs) and Digital
Terrain Models (DTMSs) and aerial photography dating back to 1930. After removal
of JISC funding in 2013, the Landmap service is no longer operational, with the
data now held at the NEODC [44].

“Remote Sensing Environmental Applications” - a Greek test course

The structure of the educational material of the “Remote Sensing
Environmental Applications” test course developed for Greek schools is presented
through a MOODLE platform. The educational e-material is designed for an e-
learning course in the field of remote sensing and environmental applications. The
e-material is written in Greek language and it is addressed to students in the first
year of Lyceums. The e-material is used in the terms of the “Project” course [45].

UNESCO

UNESCO and its network of Space for Heritage partners use results of
various space projects to develop educational packages and to organize exhibitions
for the general public. These bring space science and technology closer to society
[46]. The UNESCO’s Bilko project [47] provides software, example data and
tutorials for teaching marine and coastal applications of remote sensing.

University of New Hampshire

The University of New Hampshire has developed its GLOBE Carbon
Cycle project (supported by NASA and NSF) [48]. The project is focused on
bringing into the classroom the cutting edge research and research techniques in the
field of terrestrial ecosystem carbon cycling. Students can collect data about their
school field site through existing GLOBE protocols of phenology, land cover and
soils as well as with protocols focused on biomass and carbon stocks in vegetation.
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EU funded projects

Digital-earth Center of Excellence for the Geographical Education

The Greek digital-earth Center of Excellence for the Geographical
Education was found in 08 June 2012 after the approval of the evaluation
committee of the digital-earth.eu Centre of Excellence of the European Program
Digital-earth (Comenius Network project). The Center has registered offices in the
Faculty of Primary Education in the Aristotle University of Thessaloniki. An annex
of the Center is operating in the Department of Geography of the University of
Aegean in the island of Lesvos. The staff is composed by primary and secondary
school teachers, PhD Students, postgraduate students, and students of the Faculty
of Primary Education of the Aristotle University of Thessaloniki or the Department
of Geography of the University of Aegean or other Greek Universities. The Center
is expected to become an area of communication with teachers who work in
schools abroad and it will support them in their work. There have already been
initial agreements for future cooperation between the Centre for Research and
Technology Hellas/Information Technologies Institute (ITI-CERTH) and EARSeL
Education Department [49].

Science Education through Earth Observation for High Schools (SEOS)

The Science Education through Earth Observation for High Schools
(SEOS) web-site [50-51] provides teaching modules that use remote sensing to
support the science education curricula in high schools throughout Europe and
beyond, with emphasis on Geography, Biology, Physics, Mathematics and
Environmental Sciences [52]. Coordinated by the University of Oldenburg,
Germany, 16 internet-based elLearning tutorials were developed on selected topics
and tested in co-operation with European partner schools. These are available from
the project web-site in different languages.

SAR-EDU

SAR-EDU [53] is a joint education initiative for Radar Remote Sensing,
conducted and coordinated by the Friedrich-Schiller University Jena and the
German Aerospace Centre (DLR) [54]. The project goal is to provide knowledge
about the basics, methods and applications of Radar Remote Sensing to users and
scientists.

FIS — Remote Sensing in School Lessons

Working with remote sensing data is postulated in the school curricula of
several states in Germany. Moreover, the application of aerial, satellite, or even ISS
imagery can be seen in the light of problem-based learning (pbl) fostering
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competences and practice skills. These were and still are the main goals of the
scientific projects “Remote Sensing in School Lessons” (FIS-lI: 50EE0615,
2006-2009; FIS-1I: 50EE0932, 2009-2015; FIS-Ill: 50EE1703, 2017-2019)
funded by the German Aerospace Centre (DLR) and the Federal Ministry for
Economic Affairs and Energy (BMWi). The project is carried out at the
Universities of Bonn and Bochum. FIS established a close collaboration with
several schools in Germany and has widened the reach through advanced teacher
trainings all over Germany. Based on the elaborated and evaluated FIS-concept, a
comprehensive, well-structured learning portal on remote sensing has been
published comprising more than 30 digital learning units for 5 STEM subjects
dealing with satellite data of ESA, DLR, and NASA missions (English:
www.fis.uni-bonn.de/en). For FIS-1, a concept to demonstrate the value of remote
sensing as a key technology within the scope of their standard education was
developed. Since remote sensing is more than the simple visual interpretation of
satellite imagery, this concept includes computer-based remote sensing methods
[55]. The main task of FIS-Il was to develop a comprehensive, well-structured
learning portal to teach about remote sensing based on this concept. The learning
portal was successfully implemented and can be accessed at www.fis.uni-bonn.de
since 2012. It grants pupils and teachers alike a structured introduction into the
topic by providing them with digital and interactive learning modules about all the
important aspects of remote sensing [56]. Currently, Sentinel data and data of
Copernicus contributing missions are integrated in existing modules. FIS-I11 also
aims at the development of Massive Open Online Courses (MOOQOCsS) in order to
combine topics dealing with the sustainability of the coupled human-environmental
systems. Additionally, augmented reality applications are tested for mobile
learning as a possibility to overcome the technical limitations in German schools
by mobile learning and the pupils’ smartphones [57].

Columbus Eye and KEPLER ISS

In the project Columbus Eye — Live Imagery from the ISS in Schools
(funded by DLR and BMWi, 50JR1307, 2013-2017), which was started in 2013 in
Bonn and is now carried out in Bochum, the combination of research in
microgravity and earth observation is integrated into education — which is unique in
Germany. The project’s initializer was the Blue Dot mission by astronaut
Alexander Gerst and the NASA “High Definition Earth Viewing” (HDEV)
experiment that begun around the same time. The astronaut and geophysicist’s
perspective became accessible to the pupils through Columbus Eye. HDEV
consists of four commercial off-the-shelf (COTS) cameras mounted onto the
Columbus External Payload Adapter (CEPA) of the ESA Columbus Laboratory.
The main purposes of the HDEV experiment are to test the robotic installation of
external payloads and to examine the suitability of COTS HD cameras for
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upcoming space missions to the Moon and Mars [58]. Columbus Eye acts as the
exclusive European partner of the HDEV experiment. The project is in charge of
filing and publishing the HDEV data in a web portal and, thus, making the data
accessible to the public [59]. A concept for the pupils to perform complex image
processing in an intuitive way was developed and implemented. Pupils and
teachers have access to interactive learning modules about earth observation data
from the ISS and its uses at http://columbuseye.uni-bonn.de/english [60]. Materials
for M-learning and the realization of augmented reality applications are currently
being developed in KEPLER ISS (50JR1701, 2017-2019). The project succeeds
Columbus Eye and exploits not only HDEV videos but also other remote sensing
instruments onboard the ISS. In 2018, KEPLER ISS will accompany the ESA
space travel mission “horizons” where Alexander Gerst fly for a second time to the
ISS in order to manage the astronaut staff as first German commander. Here,
KEPLER ISS will carry out a national school competition called “self-eSTEAM”.
It bridges the gap between space-related science, humanities, and the application of
digital media. Finally, the project will use Moon and Mars digital elevation models
implemented in virtual reality applications for pupils [61]. Learning materials of
the mentioned projects aim at autonomous identification, handling and solving of
problems by the pupils. The pupils’ active participation in the lessons causes a shift
from being taught to learning themselves: The teacher’s role changes from
presenter of knowledge to guide for autonomous learning, turning their main tasks
toward giving directions and providing help for the learning process.
Accompanying the Blue Dot mission, the DLR Space Administration held the
“Beschiitzer der Erde” (“Earth Guardian”) national school competition. Former and
current members of the FIS and Columbus Eye projects produced scripts for
Alexander Gerst to perform in videos as well as teaching materials used in the
contest. So far, more than 5,000 pupils and 500 teachers were approached directly
through 36 school events and 41 “teaching-the-teacher” workshops dealing with
interactive STEM education based on satellite imagery and ISS footage. This
included teachers at both elementary and the high school level. Downloads of the
projects’ over 53 classroom resources (digital teaching units, learning tools,
experiments, augmented reality apps) in German and English language reach a
number of ~1,500 per month.

Discussions and conclusions

Some of the most pronounced key issues yet to become perspectives are
addressed here in short:

Lack of access to data and information suitable for non-experts

The problem is very much pronounced for non-scientific audiences with
interest in EO education who do not usually have access to archives designed for
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professional audiences. The lack of the necessary technical skills and the
motivation to invest a large amount of effort required to identify and select relevant
examples adds up to the barriers for employing EO education in schools on
European level as in Bulgarian secondary schools. ESA and others have a number
of initiatives to remedy this, with libraries that provide inspiring and often
spectacular examples of EO images. As suggested in the EO Roadmap, to give
students the opportunity to develop an intuitive understanding of EO, it is essential
to give students and teachers easy access to relevant EO data instantly but on their
own terms, both in school-based education and informal learning.

This is already done through ESA Academia (mostly European states), and
GLOBE programmes (USA STEM programme with an international impact);
although much effort is needed for a global impact. Teachers themselves do not
have the time to be self-taught as it was noted in the EO Roadmap, requiring
tailored teacher guidelines for EO education, which is the approach of EEOBSS.

Lack of relevant examples and case studies

This issue is to be addressed by revising the worksheets from different
projects so as to make national case studies which will support the national STEM
education strongly. If such examples are not present, they should be built from
scratch based on best use-cases from the science or business practice which shall
be adapted.

Fragmentation of EO education resources and initiatives

For a newcomer to EO, an impressive and wide array of information,
websites and education related tools is available, which creates an information
barrier where to start from and what is most important. The present article aims at
addressing this issue by mapping the available resources to make an informed
decision. More sustained efforts are provided, for example by the ESA portal for
education and training [62] which provides access to resources for schools in
EduSpace, as well as information about training courses and other resources
provided by ESA for professional users.

Acknowledgements

The work is part of a Project task within EEOBSS (ESA-PECS for
Bulgaria), Contract No. 4000117592. The views expressed herein do not in any
way reflect the official position of the European Space Agency.

References

1. Hausamann, D. Practical EO Education for Students and Teachers, CEOS WG-D, draft
strategy for K-12 education, 2014.

237



2. Jensen, J. R., and R. E. Dahlberg, Status and content of remote sensing education in the
United States. International Journal of Remote Sensing, 1983, 4(2), 235-45.
doi:10.1080/01431168308948543

3. Bullard, R. ~K. (). European remote sensing: future needs in education. In N. Longdon
& O. Melita (Eds.), European Remote Sensing Opportunities: Systems, Sensors
and Applications, 1985, 233, 151.

4. Voite, C. Europe's role in remote sensing education and training, Journees
internationales sur la Formation des Utilisateurs de Teledetection (Toulouse:
Groupement pour le Developpement de la Teledetection Aerospatiale (GDTA).
1985, 169-84.

5. Voiite, C. The status of remote sensing education and training in 1990. Int. J. of Remote
Sensing, 1992, 13(6-7), 1365-74. do0i:10.1080/01431169208904197

6. Commission VI: Economic, Professional and educational aspects of photogrammetry
and remote sensing. ISPRS Journal of Photogrammetry and Remote Sensing,
1993, 48(2), 43-45. d0i:10.1016/0924-2716(93)90047-Q

7. Gilbert, J. K. Risk-taking and teachers’ professional development: The case of satellite
remote sensing in science education. Research in Science Education, 1992, 22(1),
157-62. doi:10.1007/BF02356891

8. Session 5. Cost/benefit aspects of remote sensing education. Short contributions. Int. J.
of Rem. Sens., 1994, 15(15), 3101-09. doi:10.1080/01431169408954310

9. ESA: ESA Earth Observation Education and Training, Activities & Achievements
2010-2013, 2014.

10. LearnEO! D170 — Roadmap for EO Education. V.1.2. May 2015.

URL: http://www.learn-eo.org/roadmap.pdf

11. EO Education and Training. https://earth.esa.int/web/guest/eo-education-and-training

12. ESA Eduspace. URL: http://www.esa.int/SPECIALS/Eduspace_EN

13. EARTH ONLINE. Earth Observation information discovery platform.

URL.: https://earth.esa.int/eogateway/

14. Earth Observation information discovery platformu https://earth.esa.int/eogateway/

15. LearnEO. URL.: http://www.learn-eo.org/

16. ESA’s first iBook. URL: www.esa.int/Highlights/ESA_s_first_iBook

17. ESA School Atlas. http://www.esa.int/Education/ESA_School_Atlas

18. Climate from Space MOOC. https://www.futurelearn.com/courses/climate-from-space

19. Optical Earth Observation.
https://www.futurelearn.com/courses/optical-earth-observation

20. SAR-EDU. URL.: https://saredu.dlIr.de/

21. Echoes in Space. Introduction. URL.: https://eo-college.org/courses/echoes-in-space/

22.Annual ESA Summer Teacher Workshop. URL: www.esa.int/Education/
Teachers_Corner/Annual_ESA_Summer_Teacher_Workshop

23. ESA Teacher’s Pack. URL: www.esa.int/Education/Teacher_s_pack

24. Copernicus MOOC. URL: https://mooc.copernicus.eu/

25.STEM on station. URL: http://www.nasa.gov/audience/foreducators/stem_on_station/
index.html

26. Mah, G. R. Follow-Ons to the KidSAT/EarthK AM student remote sensing program. In
M. ~S. El-Genk (Ed.), AIP Conference Proceedings, 2000, 504, 534-39. AIP.
d0i:10.1063/1.1302534

238



27. Expedition Earth and Beyond (EEAB). URL.: https://ares.jsc.nasa.gov/interaction/eeab/

28. ARSET. NASA. URL: http://arset.gsfc.nasa.gov/

29.EUSDR. URL: http://www.eurosdr.net/education/current

30. BLIF. URL: https://www.rgeo.de/en/p/blif/

31.SILC. URL: http://rgeo.de/SILC/

32.STEM resources. Challenger. https://www.challenger.org/stem-resources/

33. Hayden, L. B., D. Johnson, and J. Baltrop. "Remote Sensing Training for Middle School
through the Center of Excellence in Remote Sensing Education." In AGU Fall
Meeting Abstracts, vol. 1, p. 1050. 2012.

34. EARSeL SIG ‘Education and Training’. http://www.earsel.org/SIG/ET/index.php (last
date visited 18 March 2017)

35. ADAM. URL: http://www.adam-europe.eu/adam/project/view.htm?prj=10734

36. Youth Development Index (YDI). URL: http://youthmetre.eu/youthmetre/

37.EGU. Outreach. URL: www.egu.eu/outreach/egu-tv

38. GLOBE protocols. URL: http://www.globe.gov/get-trained/protocol-etraining

39. GLOBE data. URL.: http://www.globe.gov/globe-data

40. GLOBE International Virtual Science Fair, 2016. URL: http://www.globe.gov/news-
events/globe-events/virtual-conferences/2016-international-virtual-science-
fair/instructions

41. GLOBE International Virtual Science Fair, 2016. Reports. URL.: http://www.globe.gov/
news-events/globe-events/virtual-conferences/2016-international-virtual-science-
fair/virtual-science-fair-reports

42.Becker, M. L., Congalton, R. G., Budd, R.,, & Fried, A. (1998). A GLOBE
Collaboration to Develop Land Cover Data Collection and Analysis Protocols.
Journal of Science Education and Technology, 7(1), 85-96. doi:10.1023/
A:1022540300914

43. SMAP. GLOBE. URL: https://www.globe.gov/web/smap/overview/how-to-participate

44. Landmap Project. URL:
http://catalogue.ceda.ac.uk/uuid/ 7f1280cf215da6f8001eae5¢c2f019fe8

45, Nikitopoulou, T., and A. Retalis. Development of an educational e-material on remote
sensing environmental applications: a case study for schools. Proc. SPIE 8795, 1st
International Conference on Remote Sensing and Geoinformation of the
Environment (RSCy2013), 879503 (August 5, 2013); doi:10.1117/12.2028125.

46. Education and Outreach. UNESCO. www.unesco.org/new/en/natural-sciences/science-
technology/space-activities/space-for-heritage/education-and-outreach

47.BILKO. URL: http://www.bilko.org

48. Global Carbon Cycle. URL.: http://globecarboncycle.unh.edu/index.shtml

49. Digital Earth. URL: http://www.digital-earth.edu.gr/index.php/en/info

50. Reuter, R. SEOS — EARSeL’s project on science education through earth observation
for high schools. AMBIENCIA, 2012, 8(4), 583-90;

URL.: http://revistas.unicentro.br/index.php/ambiencia/article/view/1861

51. SEOS. URL: http://www.seos-project.eu/home.html

52. http://revistas.unicentro.br/index.php/ambiencia/article/view/1861

53. Eckardt, R., N. Richter, S. Auer, M. Eineder, A. Roth, I. Hajnsek, D. Walter et al. SAR-
EDU-AnN education initiative for applied Synthetic Aperture Radar remote sensing.
In: EGU General Assembly Conference Abstracts, 2013, 15, 2459.

239


http://www.globe.gov/

54. SAR-EDU. URL: https://saredu.dlr.de/

55.VoB, K., Goetzke, R., Thierfeldt, F. and Menz, G. Integrating Applied Remote Sensing
Methodology in Secondary Education. Proc. IGARSS 2007 Barcelona, Spain.
2007, 2167-69.

56. Goetzke, R., Hodam, H., Rienow, A. and K. VoB. Teaching Materials, Encyclopedeia,
Easy-to-Use Image Processing — The FIS Learning Portal on Remote Sensing.
EARSeL eProceedings, 2013, 12, 2, 164-73.

57.Lindner, C., Hodam, H., Ortwein, A., Selg, F., Schultz, J. & Rienow, A. (2018):
Sentinel-Daten fiir digitale und interaktive Anwendungen im Schulunterricht. 38.
Wissenschaftlich-Technische Jahrestagung der DGPF und PFGK18 Tagung in
Miinchen — Publikationen der DGPF, 2018, Band 27, 117-28.

58.Rienow, A., Hodam, H., Menz, G., Weppler, J. and S. Runco. Columbus Eye — High
Definition Earth Viewing from the ISS in Secondary Schools. 65th International
Astronautical Congress 2014, 29 September-03 October 2014 in Toronto, Canada.

59. Schultz, J., Ortwein, A. and A. Rienow. Technical Note: Using ISS Videos in Earth
Observation — Implementations for Science and Education. European Journal of
Remote Sensing, 2018, 51(1), 28-32.

60. Rienow, A., Graw, V., Heinemann, S., Schultz, J., Selg, F., and G. Menz. Inspecting the
Blue Dot: Goals, Methods, and Developments of the Project ,Columbus Eye*. In:
ESA Living Planet Symposium 2016, 9-13 May Prague 2016.

61. Lindner, C., Hodam, H., Ortwein, A., Schultz, J., Selg, F., Rienow, A. & Jiirgens C.
Towards a New Horizon in Planetary Observation in Education. In: Proc. of 2nd
Symposium on Space Educational Activities, April 11-13, 2018, Budapest,
Hungary.

62. EO Education and Training. https://earth.esa.int/web/guest/eo-education-and-training

OBb30P HA PECYPCUTE 110 HABJIIOAEHUE HA 3EMSITA
3A CPEJHOTO OBPA3OBAHHUE —YACT 1

JI. ®unuee, U. Manaxoc, P. Poiimep, I. Mapoupocan, II. Cpeiposa,
JI. Kpaneea, /. lumumpos, K. Mapunu, A. Puiinoe

Pesrome

Ta3u craTtusi MpeAoCTaBs Mperyiel] Ha CBETOBHHTE HWHTEPHET PECypcH U
pecypcuTe 3a eIeKTpoHHO o0ydeHue mo HaOmoaenne Ha 3emsara (EO) 3a cpegaurte
yumnuina. HakpaTko ce mperiiexxgar OCHOBHHTE 00pa30oBaTelIHHW WHUIMATHBH H
npoekTu 3a EO, moaxpeneHn ot MeKAyHapOJHH, €BPONIEHCKH U HAIIMOHAIHN OpTa-
Hu3anuu. B cratusra ce pasrnexpar npobiemure U nepcrnektuBu Ha EO oOpa-
30BaHMETO B 00Opa3oBaTelHaTa CHUCTEMa, HETOBOTO 3HAYCHHE 32 OOIIECTBOTO M
Bpb3Kara My cb¢ STEM npeamerure.
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New Books
DOI: https://doi.org/10.3897/arb.v32.e19

A NEW EDITION OF A BOOK ABOUT
THE NATURAL HAZARDS, THEIR PREVENTION
AND PROTECTION

Millions of victims, much more injured and
[PUPOARW homeless, great amount of losses and heavy
SIFNBLURN WSS  (estructions — these are only part of the negative

, consequences due to the different natural hazards all
over the world. Even today — at the beginning of 21
century the humanity still pays the great price to the

U3YYABAHE

PEBEHLINT terrible effects of the natural hazards. There are no
L places on the Earth, where natural hazards do not

\ &= = @ disturb the almost everyday life of the humanity.
_ Y > Almost everywhere in the world the victims
o T e and damages strongly depend of the quality of

constructions and the ability of the population to
combat the disasters. The effectiveness of the emergency planning and execution,
the fast and well organized reaction to the negative effects of the disaster are
among other important factors influencing the mitigation to the different hazards.
The 21% century started with a lot of very heavy natural hazards — earthquakes
(Japan, 2011, Sumatra, 2004 both with magnitudes larger then 9), tsunamis (2004,
2011 both with heights over going 20-30 meters — victims between 20-30 000 to
200 000-300 000, Palu and Krakatau events in 2018 — more then 10 000 deaths,
coronavirus pandemic events, huge forest fires in Australia, California, Spain, etc.).

That’s why the new edition of the book “Natural hazards and ecological
catastrophes — study, prevention, protection” 1is extremely useful and
knowledgeable. The author — Prof. Garo Mardirossian from the Space Research
and Technology Institute of the Bulgarian Academy of Sciences (SRTI-BAS) is
well known author with his publications on the natural hazards, risk perception and
risk management as he is working hard on the problems of the natural hazards and
their effects to the population. This is his 3 edition of his famous book of these
topics. All editions have been accepted gratefully by the audience.

In this there are some general topics on the natural hazards, their
generation and propagation as well as the physical properties as a base of their
abilities to produce negative effects. Many terms like risk, vulnerability, multi risk
and preliminary assessment of the consequences and damages are among the initial
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items developed at the book. Separately a lot of space is targeted to the ecological
catastrophes, man-made wars and their consequences and the geophysical
weapons. Step by step the study goes deeper discovering the nature and effects of
such events as earthquakes, landslides, cyclones, volcanic eruptions, tsunamis,
avalanches, floods, forest fires, thunderstorms, tornadoes, etc. A lot of data about
the observed cases, statistics about the victims and the damages, the most extreme
cases etc. are under the focus of the author. Special attention is paid to the natural
hazards at the territory of Bulgaria. Under discussion are the main parameters
generating the negative effects to the population and the infrastructure. Special
attention is paid to the prevention and the protection as well to the individual and
societal directions. Very useful is the presentation of the abilities of the aerospace
technologies about such investigations and observations and their high
effectiveness. Completely new chapter is targeted to the aerospace technologies
used to the natural disasters identification, development and on Earth effects. Thus
supporting the idea that such methodologies could be very effective and useful tool
against the natural hazards the book provides a lot of improvements in that
direction.

The book is presented well to the readers and illustrated with many
schemes, figures and photos. It could be useful to many different specialists —
scientists and researchers in the fields of geophysics and ecology, geography and
meteorology, etc. as well as to the decision-makers and Civil defence authorities,
engineers and land planers, etc. and about the students and pupils from the schools
and universities.

The book contains 372 pages, 56 figures, 20 tables, etc. Useful annexes
contain the measuring scales about the different natural hazards.

That’s why due to its actual content and usefulness and because such books
are rare not only for us but also in the world practice, the appearance of the book —
by Prof. Mardirossian is a huge event among the scientific community.

Prof. Boyko Ranguelov

Mardirossian, G. Prirodni bedstvija i ekologichni katastrofi — izuchavane,
prevencija, zashtita. Izdatelstvo na BAN ,,Prof. Marin Drinov”, Sofija, 2020, 372 p.
ISBN 978-619-245-013-7 (in Bulgarian)
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In Memoriam

PROF. ROUMEN NEDKOV
(1956 — 2020)

Prof. Dr. Eng. Roumen Donchev Nedkov, our dear
colleague, friend, leader, teacher and scientist, dedicated to
research, and training of young scientists, passed away on
November 28, 2020.

Prof. Nedkov graduated in 1980 in St. Petersburg,
Russia, as a Dipl. Engineer in "TV Systems Qualimetri,
Video Recording and Image Processing”. In 1981 he
started working at Bulgarian Air Force Academy "G.
Benkovski”. In 1989, at the Technical University, Sofia, he
graduated as a Ph.D., with a thesis "A Study of the
possibilities for automated digital signal processing in aircraft systems". Without a
break, since 1987, his scientific space-research career at the Bulgarian Academy of
Sciences started in the Space Research Institute (SRI) and reached the professor
academic title in the later renamed Space Research and Technology Institute
(SRTI). He was also a part-time associate professor and a professor at Sofia
University "St. Kliment Ohridski", Faculty of Biology (2006-2018). He was the
founder and head of the Aerospace Information Department (2006-2020), a
Deputy Director (2010-2018) and a Director (2018-2020), a member of the
Scientific Council of SRTI-BAS and of the Council of the Educational Centre at
BAS. He was a member of Editorial Board of “Aerospace Research in Bulgaria”.

Prof. Nedkov is the author of a number of patents and a lot of scientific
articles and reports published in renowned journals and collections of prestigious
scientific forums. His works in the field of Remote Sensing of the Earth and the
planets are valued by the scientific community.

His activity on various programs, contracts and projects for realization of
scientific applied developments is significant. He actively participated in:

The program of the 2™ Bulgarian Cosmonaut - the "Shipka" project (1988);

The development of the Video Spectrometric Complex VSK "FREGAT"
(1989) - the international project "Phobos" as part of the study of the Planet Mars;

Projects for regular monitoring studies of the pollution of a number of
cities and territories of Bulgaria as part of National and Regional programs and
projects with the European Academy of Sciences (ESA).

Prof. Roumen Nedkov was fully devoted to the development and
strengthening of the SRTI-BAS by constantly supporting its scientists from all
departments and research fields for the successful continuation of the fundamental
and applied space research.
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ASSOC. PROF. DOYNO PETKOV
(1947 — 2020)

Assoc. Prof. Dr. Eng. Doyno Ivanov Petkov suddenly passed
away on November 28, 2020. We lost a SCIENTIST and a dear
colleague, friend, mentor.

His whole life was devoted to the science. In 1971 Doyno
Petkov graduated as a Dipl. Engineer in “Electronics and Information
Technologies” at the Technical University, Sofia. In 1993, at the
Technical University, Sofia, he graduated as a Ph.D. with a thesis
"Application of the principles of self-organization in remote sensing
systems”. In 1971 he started working at the Central Institute of
Computer Science where he designed and implemented minicomputers
and software operating systems. In 1976 he was invited to join the Central Laboratory for Space
Research at the Bulgarian Academy of Sciences (BAS). As a member of the smart engineers’
young team he was heading a couple of scientific projects in the field of the creating Multi-channel
spectral image acquisition and processing Systems for Remote Sensing of the Earth and Planets.
His theoretical and practical knowledge, creative scientific spirit, and management abilities were
constantly of great importance for the development and implementation of computer systems for
remote sensing spectrometric and radiometric systems. Some of them are: * The Spectrometric
systems "SPECTRUM" aboard the ‘Salyut’ and ‘MIR’ space stations, part of the Scientific
Programs of the two Bulgarian Cosmonauts; * The Satellite spectrometric system for remote
sensing, part of Bulgarian National Space Program "BULGARIA-1300-11" focused on the remote
sensing of the Earth; * The Video-spectrometric and navigational complex VSK "FREGAT"
aboard the interplanetary space station "PHOBOS" for exploring Mars and its satellite Phobos.

As a head of the Department "Science" at the Bulgarian Ministry of Education and
Science he developed regulations and laws in the field of science for Universities, BAS and other
national scientific organizations. There as a Director he was responsible for the projects: “"Creation
of the National Academic Internet Network'; "Science Park Network" (‘Phare’ Program) and
"Identification of sources for research funding™ (World Bank).

Assoc. Prof. Petkov was a long-term Head of Departments “Methods for Remote Sensing
of the Earth and Planets” and “Remote Sensing Systems”, Deputy Director of ‘Solar-Terrestrial
Influences Laboratory’ and later the ‘Space Research and Technology Institute” (SRTI). He was the
National Contact Person for the ‘Space’ theme as part of the EU’s 7" and Horizon 2020 Framework
Programmes for Research & Innovation. He was a participant in the negotiating delegation for
accepting Bulgaria as a member of the European Space Agency.

Doyno mastered the words” sense, his wisdom was of great support for many of us, his
dedication to science is a life-standard for some of us. With an experience as a visionary, coupled with
the understanding of academic ethics as a norm for the progress of the scientific teams, Doyno’s
moral served as a drive for the strengthening the SRTI-BAS. His friends will sadly miss him.
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