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Abstract

The aim of this study is to present a concept of a bomb adaptor, able to carry and release Russian-made bombs by
NATO aircraft, the F-16 fighter jet in particular. The adaptor has been constructed as a response to dealing with
a problem of utilizing post-Soviet aerial bombs and thus reducing the costs connected with this undertaking. Owing to
such an adaptor, aerial bombs can be suspended to the weapon stations of the F-16 aircraft and used during training
or in combat missions. In particular, weapon stations of the F-16 aircraft, construction of a bomb adaptor, cross-
section of a bomb adaptor, bomb adaptor suspended on a bomb station of the F-16 aircraft, manner of fixing the
samples in the machine for strength testing, safety assessment of the construction, Static tensile test, static strength
test, simulated strength testing made by SolidWorks software are presented the article. There were solved problem of
stability of an aerial bomb, placed in the adaptor, the applied calculation methods allowed selecting proper
construction materials for the project, it does not require high costs of building it. The strength testing confirms full
usefulness of the adaptor and ensures safe exploitation both on the ground and in the air. This type of testing was
skipped due to lack of technical capabilities to conduct it.
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1. Introduction

There is ongoing modernization of armed forces, including the Polish Air Force, during which
new equipment is introduced and the one in service is upgraded. When the Su-22 and the MiG-29
service life ends, there will appear a problem of using or utilising various Russian-made
munitions, including e.g. a large number of unnecessary explosive weapons, stored in Polish bomb
depots. All munitions, which are in commission but cannot be exploited, generate excessive stocks
and therefore should be properly utilised or defused, according to the Ministry of Defence
documents, which regulate management of combat assets.

Therefore, the inspiration to design a bomb adaptor for the F-16 aircraft was an attempt to
solve the problem of utilization of post-Soviet aerial bombs, to limit or fully eliminate the costs
connected with this task. Aerial bombs fitted with a bomb adaptor can be suspended to weapon
stations of the F-16 aircraft and later used in training tasks or combat missions.

Consequently, the adaptor will be able to reduce the costs on three levels: Storing and utilizing
bombs of varying weight and size and application; Training pilots in combat missions; Purchasing
new ballistic bombs for the F-16 aircraft.

The adaptor is fitted to carry ballistic bombs of different application, weight and size, which
are activated by a bomb fuse with a fan [6].

2. Weapon stations of the F-16 aircraft

The F-16 bombs are carried on ejector racks, with single, double and triple hook assemblies.
On each hook assembly, it is possible to suspend ordnance of 9-16 inches in diameter (approx.
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0.23-0.4 m), 91 inches in length (approx. 2.3 m) and up to 1,000 pounds in weight (approx. 445
kg) [5].

Fig.1.Weapon stations of the F-16 aircraft, used for Fig.2. Triple Ejector Rack TER-9/A with MAU-12
carrying bombs [5] hook assembly (own photo)

3. Construction of a bomb adaptor

The main element of the construction is a bomb adaptor. Its main application is to adjust
various carriage racks (bomb hook assemblies) of the F-16 aircraft, which are designed to suspend
bombs with the store’s lugs - 14 inches in span (approximately 355 mm), and to carry bombs of
the store’s lugs, whose span equals 250 mm [1].

The whole construction comprises:

— amounting frame;
— apole supporting store’s lugs (which serves as a hook assembly);
— upgraded bolt retainers.

The shape of the bomb adaptor resembles a rectangle. In order to increase endurance of the
store’s lugs, the decision was taken not to fix it with forward welding. Instead, there is one single
element closing the adaptor’s bar. In the bottom part of the adaptor, there are three holes, 23 mm in
width. The holes are intended to fix the store’s lugs, which are stabilized on the pole. The outside
holes serve as fitting for bombs with a medium and large weight and size, whereas the middle hole
is for bombs with a small weight and size. The adaptor was made from a closed profile,
70x70 mm.

Fig.4. Cross-section of a bomb adaptor in XY plane

Fig.3. Bomb adaptor (own design) (own design)

Basic measurements of the bomb adaptor: The span of the lugs equals 14 inches (0.35 m); The
length of the adaptor equals 365 mm; The width of the adaptor equals 70 mm; The height,
excluding the bomb lugs, equals 50 mm.

In order to lower the mass of the construction, the adaptor was built as a thin-walled 5 mm
object. In the bottom part of the adaptor, there are milled holes, which enable to decrease the
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adaptor’s weight (4.3 kg). Cutting the holes does not worsen the endurance of the adaptor (it is
possible to further lower the mass by open working the sidewalls).

Inside the adaptor runs a pipe, 11 mm in diameter, whose aim is to improve stability of the
pole, strengthen the construction and help insert the pole, which supports the store’s lugs.

Parallel to the bomb lug openings, there are 5 mm thick welded plates. They are to stabilize
the bomb lugs through minimizing their rocking movement and strengthening the construction.

The pole functions as a hook assembly in the adaptor, running through the whole length of the
adaptor. The pole is secured from sliding out with a welded chuck. On the other side, there is
a hole for fixing the pin, which protects the pole from uncontrollable sliding out.

The pole measures 385 mm in length, whereas its diameter equals 10 mm. In order to stabilize
the suspended bomb, there are bolt retainers with the thread of 57 mm in diameter. The bolt
retainers are made with St3 alloy steel.

Fig.5. Upgraded bomb retainers (own photo) Fig.6.Bomb adaptor suspended on a bomb station of the
F-16 aircraft (own photo)

Fig.7. Bomb adaptor with a suspended Fig.8. Manner of fixing the samples in the machine
bomb (own photo) for strength testing (own photo)

4. Safety assessment of the construction

One of major elements of the adaptor, particularly vulnerable to overloading is suspension
lugs. In order to check the strength of the construction, we conducted strength tests of this element.

In the case under research, the most significant characteristics of stresses are yield strength
Rpo2 and ultimate tensile strength Rm. The yield strength Rpo.2 is the maximum stress, which
causes permanent elongation of the specimen, which equals 0.2% of the initial gauge length.

Rpoz = 22 [MPa]. 1)
So

Because of yield strength Rpo., it is possible to calculate the force Fo.2. When it is extended,
there is irrecoverable change in a geometrical configuration, excluding further use of the material.
The strength yield is usually calculated for materials, which do not have clear yield point [2].
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Ultimate tensile strength Rm is equal to the maximum value of the force Fm, which causes full
fracture of the material, in the researched case it specifies the moment of shearing the rod.

Rm = ’;—;” [MPa]. )

4.1 Static tensile test

The aim of the research is to determine experimentally the following mechanical values: yield
point, tensile strength, rupture stress, relative elongation, uniform relative elongation, and necking.

The static tensile test is the basic type of testing metals, which find technological applications,
making it possible to determine plastic, and strength properties of a metal. The test involves
stretching samples of clearly specified shapes in special machine grips, which allow continuously
raise the force from zero level to the value where the specimen breaks.

4.1.1 Test description

The test was conducted on the ZWICK ROELL Z100 machine. In order to assess whether the
bomb adaptor complies with the strength requirements, the specimens made with St3 steel
underwent stretching.

The table below presents findings of the values obtained after checking the characteristic
values as well as Fo.2 force, calculated based on the average value of yield strength Rpoz.

After transforming the formula: Rpo2 = % it is possible to calculate the value of the force
0

Fo2: Fo.2=Rpo.2 - So. 3)

The force Fo2 deforms the material and excludes its future safe exploitation. However, the
force Fm causes total damage of the material.

Tab. 1. Findings of strength tests (own research)

Sample Rpo.2 Rpo2/R Rm Fm Fo>
no MPa m% MPa kN kN
1 308 73.68 418 60.21
2 292 70.87 412 59.36
3 281 69.21 406 58.51 42.36
4 294 71.35 412 59.36

Fig.9.Samples after testing (own research)

If we multiply the bomb mass by the value of gravitational acceleration, we obtain the weight
of the bomb, measured in Newtons.
F=m-qg, 4)
F=500kg - 9.815; F=4.9kN.
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One should remember that this force is distributed on two suspension lugs. Therefore, the final
value of the force, which while at rest, is exerted by the bomb of weight and size equalling 500 kg

is % F that is 2.45 kN.

According to the safety requirements, the maximum exploitation load Pe should be lower than
the maximum acceptable one Pacc, equal to a breaking load Pn, divided by a safety factor n. We
took the value of a safety factor as n=1.5 for further deliberations.

Pe < Pacc = %”- (5)

For the sake of calculations, we accepted the yield strength Rpo.2, since as it was already
mentioned, this is the point, which when exceeded, excludes further proper exploitation of the
device.

This condition may be as follows:

Fe <Facc = %’ (6)
— Foz,
Facc = = @)
Face = 233kN
15

Facc = 28.22 kN.

If we divide the value of maximum acceptable force by the value of the force, which is exerted
by the bomb, weighing 500 kg, on the adaptor, we obtain the value of maximum acceptable
overload amax, which can be achieved by an aircraft, being certain that the lugs of the bomb adaptor
will not be destroyed.

Fdo

dmax = -1 2, (8)
=F
2

Ay = 28228

maX = > 45kN

amax= 11.5.

In order to check the strength calculations, we additionally used “SolidWorks” software, where
the model of the adaptor was subjected to the load, which equalled 5000 N [8].

Fitting Data imaging Fitting details
Elements: 4 walls
Type: Static

geometry

Fixed-1

Loading Upload the picture Loading details
Elements: 1 wall
Type: Apply

normal force
Force-1 Value: 5000 N
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In aircraft, a typical solution is to mount bombs on hook assemblies, which are placed on
frames. In the designed adaptor, the role of the assembly hook is taken by a pole. This is quite
anovel solution, therefore the component is considered to exert a vital role for the whole
construction, which in turn resulted in conducting appropriate strength tests.

Tab. 2 Protocol of simulated strength testing made by SolidWorks software

Name Type Min Max
Displacement URES: Resultant 0 mm 0.00736909
displacement Knot: 896 mm
Knot: 9862

Nazwa models Czeset
Nazwa badania. Simulationxoress Study
Typ wykresu: Statyczne przemieszczenie Displacement
Shala deformacii 5482.37
LRES tim)
7.36%-003
6.75%-003
6:1418-003
5.5278-003
. 4913003
42992003
36858-003
. 3070e-003
2.456e-003

. 18426-003

1.2282-003
£.141e-004
1.0002-030

4.2. Static strength test

The aim of the test is to conduct an attempt of shearing the rod. This attempt makes it possible
to observe the behaviour of the specimens under increasing load, to determine the biggest tension,
which can be applied to a given specimen in order to exceed the yield point and cause its fracture.

In the case at stake, the aim was not to compare various materials but to make an attempt at
creating the most realistic reflection of stresses, which are present in the rod. Therefore, we
constructed a new testing machine to fix the sample [4]. The new device is a “compromise*
between the real conditions and the conditions which take place during the testing, according to
the norm PN-86/H-0432.

4.2.1 Description of test

The tested specimens were made of brass, aluminium and various types of steel. All the
specimens were do=10 mm in diameter, which denotes that the cross-sectional area of the sheared
surface equalled So=78.54 mm?.

The following graph depicts the dependence of the maximum bomb mass, possible to carry by
poles made of materials which underwent strength testing, firstly for bombs suspended only on
one lug and secondly on two suspension lugs [6].

Fig.10. Phases of shearing steel (own photo)
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Fig. 12. Influence of the bomb mass on the load
factor for bombs suspended on one
suspension lug (own research)

In order to build the pole in the adaptor, we used 40HM steel, which is quality, chrome-
molybdenum, alloyed steel. It is used for element components, which require very high strength,
malleability, and parts, which are exposed to variable loadings [2].

In conclusion to the test findings, the designer bomb adaptor will prove its usefulness, since the
adopted construction solution is capable of carrying a bomb with the mass equalling 500 kg and
load factor of=11, with no risk of damaging the suspension lug. The pole itself is capable of
carrying the bomb whose mass equals 2.144 kg during its flight path, with the load factor which
does not exceed n=7.

Fig. 11. Specimens after research (1-brass, 2-aluminium
3-steel, 4-hardened steel) (own photo)

5. Conclusions

The suggested bomb adaptor, designed for the multi-role F-16 aircraft is an attempt to take
advantage of exploiting post-Soviet bombs. Constructing the adaptor allowed to formulate
a number of conclusions:

— firstly, we proved that there are construction possibilities to use post-Soviet bombs of various
weight and size, and various span between the suspension lugs.

— we solved the problem of stability of an aerial bomb, placed in the adaptor. A great deal of
research as regards strength of materials and the applied calculation methods allowed selecting
proper construction materials for the project.

— the adaptor has uncomplicated construction and it does not require high costs of building it
(this solution was essential due to the fact that the bomb adaptor will be separated from the
aircraft, during launching, together with the bomb.)

— The conducted strength testing confirms full usefulness of the adaptor and ensures safe
exploitation both on the ground and in the air. For the sake of full view of the behaviour of the
adaptor during a flight, it is advisable to conduct testing in an aerodynamic tunnel [7]. This
type of testing was skipped due to lack of technical capabilities to conduct it.
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Mass [kg]
O
g

1 2 3 4 5 6 7

—m—Aluminum | 4059 | 2030 | 1353 | 1015 812 | 677 | 580
—e—Copper | 4137 | 2068 | 1379 | 1034 827 | 689 | 591
—+—Brass | 5637 | 2819 1879 | 1409 | 1127 @ 940 | 805
——St3 Steel | 6661 | 3330 | 2220 | 1665 1332 | 1110 | 952
——45%teel | 11362 | 5681 | 3787 | 2840 2272 | 1894 | 1623
—o—H18N9 Steel| 18316 | 9158 | 6105 | 4579 3663 | 3053 | 2617
40HM Steel | 15013 | 7507 | 5004 | 3753 = 3003 | 2502 | 2145

Fig.13. Dependence of the bomb mass on the load factor for bombs suspended on two suspension lugs (own research)

The main problem of the implementation of the project is the viewpoint of the American side,
which may not agree to this type of modifications.
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	Abstract
	This article concerns project of developing helicopter self-defence system model in infrared (IR) region of electromagnetic spectrum, to allow simulation of different scenarios. To these end mathematical tools describing relations between dynamic and energetic parameters of helicopter, flare and missile were developed. Models developed allow for analysis of self-defence system reliability, accounting influence of different parameters: energetic, dynamic, time-dependencies, system configuration and different scenarios. Pyrotechnic flares have developed in very effective countermeasures system used against IR missiles seekers. Some of these seekers are equipped in devices and algorithms that allow detecting a presence of decoy in the field of view (FOV) of the seeker, and discriminating it. The IR spectral signature of flare is distinctively different from real target (helicopter). One of counter-countermeasures solution is two-colour seeker, which detects and measures infrared radiation in two bands of infrared spectrum simultaneously. To discriminate false signal we have used signal spectral analysis. Because two-colour seekers, to recognize real signal uses differences in IR energy spectral distribution, it was necessary to provide models of spectral signatures of target and flare. To this end, we have used experimental data of IR measurements of helicopter and flare countermeasures. Results of this measurements reveals, that spectral characteristics of helicopter and flare are distinctively different. Changes of the ratio of helicopter and flare IR energy in different spectral bands can be used as a way to attenuate signal of false target from detector output. We have used two-detector solution. One detector works in 2.5-3 micrometres band and the other in 3-5 micrometres band. Flares are usually dispensed from helicopter in such a way, to disrupt tracking in IR guided missile. The angular separation of flare from helicopter should be as high as possible, but it should not be higher than seeker tracking capabilities. While in FOV of seeker, the flare should reach radiation level higher than real target. Most flares ignite in period shorter than 1 s, and burn longer than 5 sec. Flare has smaller dimensions and higher intenssivity than helicopter. Because of it flares are brighter a short waves, and darker at longer waves than real targets. When seeker collects data from two spectral bands, it can easy discriminate flare signal.
	Keywords: simulation, missile and helicopter dynamics, IF signatures
	1. Introduction 
	All objects are radiating energy in infrared region of electromagnetic spectrum. This energy depends on absorption, reflection, and transmission of radiation.
	To assess infrared signature of a target, one has to take into account such factors as object temperature, object emissivity and reflection factors, atmospheric attenuation etc. Knowledge on IR signatures is necessary to model IR guided missiles, countermeasures (IR flares) and targets (helicopter – in our case).
	To obtain a realistic model one has to take into account IR signatures of object present in the IR scene, atmospheric attenuation and optical parameters, such as the Total Power reaching the detector [1]. The primary sources helicopter IR radiation is hot engine exhaust, exhaust gases and helicopter skin. In case of helicopter, because of narrow range of its speeds, there is no need to take into account aerodynamic heating of skin (see Fig. 1). 
	The main sources of radiation in jet engine are exhaust pipe and exhaust gaseous plume. The pipe can be treated as grey body with 0.9 emissivity. The exhaust plume has temperature up to 1173 K. It is assessed, that radiation of exhaust pipe is 25 times higher than radiation of the exhaust plume.
	This result is very significant when we take into consideration that it has been achieved only due to a better regulation of the engine cylinders filling by means of a variable timed valve gear, without any change of the engine dimensions, compression ratio or maximum value of rotational speed.
	In the framework of our work, the IR parameters of multipurpose helicopter were measured, i.e. temperature pattern of helicopter and background. The characteristics of IR power and radiance were obtained experimentally. We have used two scanner AGEMA 900 System with thermal sensivity of 0.1 K, working in 2.5-5 μm and 8-12 μm regions of electromagnetic spectrum, and 25° FOV lenses for both scanners. Samples of results are presented on Fig. 2a and 2b (ACCORDING TO REFERENCE [6].
	/
	Fig. 1. Sources of helicopter IR radiation: 1. Clouds radiation, 2. Sky radiation, 3. Sun radiation, 4. Terrain radiation, A. Radiation of the engine hot parts, B. Engine exhaust plume, C. Helicopter skin radiation, D. Reflected Sun radiation, E. Reflected Sky radiation, F. Reflected earth radiation, G. Reflected Clouds radiation
	According to our analysis, the factors shaping helicopter signatures in 2.5-5 micrometres band are hot parts of engine and exhaust plume. This is in agree with Wien law, according to which, with increase of temperature, the maximum of energy emission is shifting toward short waves. In 8-12 micrometre band, the contribution of helicopter skin dominates the signature. Because of large skin area, its energy is much higher than engine and plume energy
	a)/ b)/
	Fig. 2 a) Power of IR emission in 8-12 micrometre band [6], b) Power of IR emission in 2.5-5 micrometre band [6]
	2. Mathematical model of self-defence system
	2.1. Model of flare
	It was assumed, that flare is a point mass, which is subject to lift, air drag, thrust and gravity. When flare is moving along two axis x and x, its dynamics can be described as: 
	 , (1)
	 , (2)
	where:  – acceleration in x axis,  acceleration in z axis,  – angle between x axis and flare speed vector, m – flare mass, g – earth acceleration, T – thrust, D – drag, L – lift. 
	Drag and lift forces depend on flare geometry, speed, and atmosphere density – . Lift and drag can be described as:
	 , (3)
	 , (4)
	where KD and KL are parameters dependent on drag coefficient and lift area. The thrust force depends on atmospheric pressure. Model calculates lift as difference of vacuum thrust force TV and ratio of atmospheric pressure and exhaust pipe area An.
	Helicopter model used in our work allows simulation of steered flight helicopter, treated as 6 DOF dynamical system [7, 8, 10, 23, 26].
	Model of simulation of steered flight of helicopter is presented in Fig. 4. It contains of following modules: 
	− Pilot,
	− Pitch, yaw and roll steering devices,
	− Engine (or engines),
	− Helicopter aerodynamics,
	− Helicopter dynamics (movement equations and cinematic relations),
	− Environment (atmosphere model).
	2.3. Missile guidance model
	Many short-range IR guided missiles utilize proportional navigation (PN) guidance law. This law is simple in implementation and effective. There are no much target parameters needed, so seeker can be relatively simple. With PN guidance, one obtains acceleration command perpendicular to Line of Sight (LOS) and proportional to instantaneous rotation of LOS, and missile closing speed Vc (missile – target relative speed). 
	The rotation of missile speed vector is proportional to the rotation of LOS. When rotation of LOS is equal to zero, then missile is on collision course toward target. 
	The missile seeker is tracking target by measuring LOS angle, and estimating closing speed Vc. Using this data, autopilot generates guidance command [11]:
	 nc =N’Vc , (5)
	where: nc is an acceleration command, N’ is the navigation ratio (usually 3-5), Vc is a closing speed, and  is LOS rotation. 
	/
	Fig. 3. Two-dimensional geometry of missile proportional navigation
	Two-dimensional geometry of missile proportional navigation is presented on Fig. 3. M stands for missile, and T stands for target. Line between missile and target is the LOS line. The angle between LOS line and x-axis is described as λ. The length of LOS, i.e. distance between missile and target is described as RTM. The angle between speed vector and LOS is L angle. Vt is the target speed. β is an angle between target speed vector and x-axis, nc is an acceleration command generated by PN law. 
	To obtain information of target location in relation to missile, seekers use modulation disks, which allow measuring the angle between missile speed vector and target location. 
	The pulse modulation disk can be described with three parameters: frequency as function of disk angle , radius m(r), and phase. Transmission for any three parameters of , m(r) and can be written as [18]:
	 . (6)
	To measure a location of target on polar coordinates one has to impose on modulation disk parameters of  and m(r). To correlate location of the target image on modulation disk with location of target in the background, one has to impose on modulation disk the function of the phase .
	a) /b) /
	Fig. 4 a) MATLAB® model of seeker modulation disk, b) Location of target and flare concerning modulation disk rings. White object are target (larger) and flare (smaller)
	Modulation disk generates different number of pulses in dependence of location of the target in the seeker FOV. In classic solution of rotating raster, the carrier frequency equals of number of raster fields multiplied by frequency of raster rotation. Dependent on target location, output signal is modulated with different frequencies. To obtain information on target location (its radius) filters and demodulators are used. With such a system of signal processing, it is possible to find in which ring the target is located (Fig. 4).
	In simple modulation disk used in our model, half of the disk is a grey sector with 50 percent optical transmission; this is needed to obtain phase information of demodulated signal in regard to reference signal [11, 17]. In this work, we have built a MATLAB model of modulation disk. 
	Model of disk was built wit use of graphic functions. The disk image was then animated, and rotated with constant step. For each step, the matrix of disk image was generated. This matrix was then transformed in transmission matrix, where opaque fields has transmission T=0, transparent fields has transmission T=1 and grey sector has transmission T=0.5. 
	/
	Amplitude
	Fig, 5. Detector signal is a linear combination of flare and target signal
	Set of matrix was used to obtain output signal from detector. The modulation disk has dimensions of 240 x 240 pixels. The disk radius is 120 pixels. 
	Figure 4 and 5 show a situation when target and flare are in seeker FOV. Intensity of flare IR radiation is about 10 times higher than target. Target has radius of 3 pixels and flare 2 pixels.
	3. Spectral analysis in seeker
	Pyrotechnic flares has developed in very effective countermeasures system used against IR missiles seekers because of it, Some of this seekers are equipped in devices and algorithms, that allows to detect a presence of decoy in the field of view (FOV) of the seeker, and discriminate it [20]. The IR spectral signature of flare is distinctively different from real target (helicopter). 
	One of counter-countermeasures solution is two-colour seeker, which detects and measures infrared radiation in two bands of infrared spectrum simultaneously. To discriminate false signal we have used signal spectral analysis [3]. 
	Because two-colour seekers, to recognize real signal uses differences in IR energy spectral distribution, it was necessary to provide models of spectral signatures of target and flare. To this end, we have used experimental data of IR measurements of helicopter and flare countermeasures. Results of this measurements reveals, that spectral characteristics of helicopter and flare are distinctively different. Changes of the ratio of helicopter and flare IR energy in different spectral bands can be used as a way to attenuate signal of false target from detector output. 
	We have used two-detector solution. One detector works in 2.5-3 micrometres band and the other in 3-5 micrometres band. Flares are usually dispensed from helicopter in such a way, to disrupt tracking in IR guided missile. The angular separation of flare from helicopter should be as high as possible, but it should not be higher than seeker tracking capabilities. While in FOV of seeker, the flare should reach radiation level higher than real target. Most flares ignite in period shorter than 1 s and burn longer than 5 sec. Flare has smaller dimensions and higher intenssivity than helicopter. Because of it flares are brighter a short waves, and darker at longer waves than real targets. When seeker collects data from two spectral bands, it can easy discriminate flare signal [3].
	4. Results of simulations
	Using models described above the series of simulation scenarios were conducted. Intercepting of helicopter by IR missile was simulated. 
	In the scenarios different object speeds and different geometry of engagement was simulated. Dispensing of flare (or two flares) and its discrimination by missile equipped with spectral analysis system was also simulated. 
	It was assumed, that the target is hit, when missile reaches distance of less than 10 meters from the target. Results of simulations for 10 different scenario of missile attack and defense flares launching are shown in Fig. 6-15.
	/
	Fig. 6. Scenario no 1:Vc=100 m/s, Vp=600 m/s, t T=4.31
	/
	Fig. 7. Scenario no 2: Vc=100 m/s, target manoeuvre 1 g, Vp=600 m/s; t T=4.53
	/
	Fig. 8. Scenario no 3: Vc=100 m/s, flare after 2.5 s., Vp=600 m/s, t T=4.11
	/
	Fig. 9. Scenario no 4: Vc=100 m/s, target manoeuvre 1 g, flare after 2.5 s., Vp=600 m/s, t T=4.13
	/
	Fig. 10. Scenario no 5: Vc=100 m/s, flare after 2.5 s., Vp=600 m/s, t T=4.12. Seeker with spectral analysis system
	/
	Fig. 11. Scenario no 6: Vc=100 m/s, target manoeuvre 1 g, flare after 2.5 s., Vp=600 m/s, t T=4.21. Seeker with spectral analysis system
	/
	Fig. 12. Scenario no 7: Vc=100 m/s, target manoeuvre 1.5 g, Two flares, after 2.5 sec each, Vp=600 m/s, tT=7.41
	/
	Fig. 13. Scenario no 8: Vc=100 m/s, target manoeuvre 1.5 g, Two flares, after 2.5 sec each., Vp=600 m/s, t=7.63 Seeker with spectral analysis system
	/
	Fig. 14. Scenario no 9: Vc=100 m/s, target manoeuvre 1 g, Two flares, after 2.5 sec each., Vp=600 m/s, t T=5.64
	/
	Fig. 15. Scenario no 10: Vc=100 m/s, target manoeuvre 1 g, Two flares, after 2.5 sec each., Vp=600 m/s, tT=6.16. Seeker with spectral analysis system
	5. Summary and concluding remarks
	In our scenarios, we have verified our assumptions, models functioning and output correctness. Limitations of the models were not verified. 
	When assessing results, one hast to remember about many simplification of the models. We have assumed uniform thermal background. The atmospheric attenuation in target IR signature, flare IR signature, and optical channel of missile seeker was taken into account, but solar reflection were not simulated.
	Scenario no
	Target speed
	[m/s]
	Missile speed
	[m/s]
	Target manoeuvre [g]
	Time to hit
	[s]
	Flare launch time
	[s]
	Spectral analysis system usage
	Target hit
	1
	100 
	600
	0
	4.31
	NO
	NO
	YES
	2
	100 
	600
	1
	4.53
	NO
	NO
	YES
	3
	100 
	600
	0
	4.11
	2.5
	NO
	NO
	4
	100
	600
	1
	4.13
	2.5
	NO
	NO
	5
	100
	600
	0
	4.12
	2.5
	YES
	YES
	6
	100
	600
	1
	4.21
	2.5
	YES
	YES
	7
	100
	600
	1.5
	7.41
	2.5, and 5
	NO
	NO
	8
	100
	600
	1.5
	7.63
	2.5; 5
	YES
	YES
	9
	100
	600
	1
	5.64
	2.5, and 5
	NO
	NO
	10
	100
	600
	1
	6.16
	2.5, and 5
	YES
	YES
	We have use a simple, linear pilot model. During launch, seeker starts to track target with error of 0.25 degree. Flares are launched in fixed moments. Modelling target signature, we have used results of helicopter IR radiation measurements. The seeker modulation disk rotates with frequency of 100 Hz. Results shows that our models work properly. IR missile intercepts helicopter flying with constant speed or manoeuvring. (scenarios 1 and 2). If there is no discrimination system on missile, then flare launch disrupts missile tracking, and missile follows flare (scenarios 3, 4, 7, 9). When the missile FOV enters second flare, with higher energy, then missile is following stronger signal source and intercepts second flare (scenarios 7 and 9). If false target discrimination system is used, missile can recognize real target and intercepts helicopter (scenarios 5, 6, 8, 10).
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	Abstract
	The article presents the issue related to optimisation of a set of sensors used for testing the dynamics of the rotor machines’ blades with the BTT (Blade Tip Timing) method. The aim of optimisation is to determine a minimum set of sensors, which provides a collection of information that allows to reliably estimating the blades’ vibration parameters for adopted vibration forms and the engine order (EO). The task of optimisation was presented in the form of a multidimensional and multivalued decision problem – discernibility of the engine order (EO) on the basis of the BTT signal implementation in selected points on the perimeter of the rotor machine’s groove. For the purposes of its solution, the information theory methods with the use of combinatorial entropy and information were applied. A method, which allows determining sets of measurement points (sensor mounting areas) to ensure the discernibility of EO, taking into account the restrictions on permissible zones of mounting the sensors, was offered. In this article, a method, which allows to determine the sets of measurement points (sensor mounting areas) ensuring the discernibility of EO, taking into account the restrictions on permissible zones of mounting the sensors, was offered.
	Keywords: Blade Tip Timing, optimisation, information theory, combinatorial entropy, combinatorial information 
	1. Introduction 
	The BTT (Blade Tip Timing) method was commonly applied in testing the dynamics and in the diagnostics of the rotor machines’ blades [2-8]. One of the important issues is to determine an optimal set of sensors, which provides a collection of information that allows to reliably estimating the blades’ vibration parameters for the adopted sets of vibration forms and EO.
	The task of optimisation can be presented in the form of a multidimensional and multivalued decision problem – discernibility of EO on the basis of the BTT signal implementation in the selected points on the perimeter of the rotor machine’s groove. With such an approach, it is convenient to apply an information theory method with the use of combinatorial entropy and information presented in [1]. 
	In this article, a method, which allows to determine the sets of measurement points (sensor mounting areas) ensuring the discernibility of EO, taking into account the restrictions on permissible zones of mounting the sensors, was offered.
	2. Decision problem model
	The quantity determined with the use of a tip-timing sensor includes time of the blade reaching the conventional measurement point, specified by the mounting place and the sensor construction. 
	The measurement is performed once per rotation of the rotor, which results in the necessity to use several sensors arranged on the perimeter in order to collect the required quantity of information [4-8].
	The considered signal is a function of the rotor’s rotational speed, the blade’s vibration forms and EO. In order to specify a set of measurement points (position of sensors), it is necessary to analyse the signal possible implementation in the expected scope of the rotor machine operation. 
	Due to the fact that collecting data from the experiments on a real object is hindered, in the first approximation, the signal models are used, e.g. [6]:
	 , 
	where:
	  – coefficients,
	  – EO. 
	In order to analyse the signal during one rotation of the rotor, assuming the constant rotational speed, it is possible to use simplified models, e.g.:
	 . 
	In the equation , the value of  corresponds to the rotational speed and  – to EO. For a set of analysed  engine orders, with a number , it can be written as follows:
	 . 
	The adopted model reflects knowledge about the tested object’s behaviour (blade of a specific type) in the environment. On its basis, the movement trajectories of the blade’s top in the potential positions of sensors, with different values of parameters, for the considered orders, are generated. 
	From the perspective of the diagnostics, these are not the exact trajectory values that are so important, but their belonging to ranges, which can be interpreted, in the considered set of orders. The determined trajectories can be written in the form of a multivalued code by assigning to the actual value one integer from the following set:
	 . 
	The code range width should be at least twice bigger than the measurement resolution. The number of  code ranges is determined by dividing the maximum gap between the signal’s trajectories by the code range width. 
	As a result, a decision-making model in the form of a multivalued matrix, the rows of which correspond to  orders, and columns – to encoded values of the trajectory in the specific points on the perimeter of the rotor machine’s groove, is obtained. 
	Additionally, the restriction may be imposed on permissible zones of mounting the sensors
	 , 
	 , 
	where:
	  – respectively, the beginning and the end of  permissible zone of mounting the sensors,
	  – step of analysing the positions of sensors.
	In this case, the positions, in which the assembly of sensors is prohibited, are removed from the decision-making model’s original matrix.
	The model should be analysed in order to test whether it contains enough information to discern EO, and if it is possible to reduce the set of the signal measurement points, which leads to minimisation of the set of sensors.
	3. Entropy and decision information
	The analysis of the decision-making model can be carried out with the use of information theory methods based on the concepts of entropy and information introduced by Shannon or combinatorial entropy and information offered in [1].
	In this article, the entropy is interpreted as a measure of complexity/uncertainty of the decision problem.
	The entropy  describes the initial uncertainty, before selecting any attribute. Assume that  attribute was selected as the first one, and its set of values has the following form: 
	 . 
	Based on , in E set, it is possible to distinguish  subsets: 
	 . 
	In order to simplify the markings of  subsets, the indexes consistent with relevant values of  attribute were assigned.
	By assuming the unambiguity of  attribute, the following conditions are met:
	 . 
	According to  relationship, it results that selected  attribute generates distribution of the set of orders, which is symbolically marked in the following way:
	 . 
	The quantity of information, which is included in  attribute, is defined as the difference of entropy  and :
	 . 
	After selecting the first attribute,  entropy is generally greater than zero. Therefore, it is necessary to select the following attributes. The quantity of information contributed by the attribute selected in the k order is determined on the basis of the general relationship:
	 , 
	where: 
	 – attribute selected in the k order,
	 – set of  attributes selected before  attribute.
	The selection of subsequent attributes is carried out in accordance with the determined rule, e.g. the main decrease: 
	 . 
	This process is completed, when information on each of the other attributes is equal to zero. The quantity of information obtained after selecting K attributes with non-zero information is:
	 . 
	 final entropy will reach the value of zero, if the distribution of the order set adopts the form of  unit subsets. Otherwise, the final entropy is different from zero, and the attribute that allows for its reduction does not exist. It means that a set of attributes adopted in the model does not provide a distinction of all the orders. 
	The combinatorial entropy , offered in the article [1], with the following form
	 , 
	has the following characteristics:
	 is increasing n function:
	 , 
	 , 
	 for ,  function adopts the value of zero:
	 , 
	 for any  distribution, the following relationship is met:
	 , 
	 if the distribution of the set of orders is given in the form of  unit subsets, the entropy is equal to zero:
	 . 
	The entropy is equal to the number of unstructured pairs of orders, which should be discerned, in the decision-making process.
	By using -, it is possible to develop the relationship on combinatorial information of attributes. The initial entropy is equal to:
	 . 
	If  attribute will be chosen as the first one, the entropy will be:
	 . 
	The combinatorial information of  attribute can be presented in the form of:
	 . 
	After substituting  and  to  and transformation, it is possible to obtain:
	 . 
	The combinatorial information of  attribute specifies the number of order pairs discerned by  attribute:
	 . 
	If  attribute will be chosen as the second one, the entropy after selecting both  attributes is equal to:
	 . 
	The combinatorial information of  attribute, provided that  was chosen as the first one, has the following form:
	 . 
	By substituting  and  to , it is possible to obtain:
	 . 
	The information of  attribute provided that a set of . attributes was previously chosen and entropy is greater than zero,
	 , 
	is determined in accordance to the following relationship:
	 , 
	where:
	 . 
	After substituting  and  to  and transformation, it is possible to obtain: 
	 . 
	The relationship  includes the case when  set is unit. For  and , it adopts the same form as .
	The information  of k set of  attributes, where :
	 . 
	After substituting  and  to  and transformation, it is possible finally to obtain:
	 . 
	According to the comparison of  and , it is clear that both relationships have the same form, when the set of attributes is unit.
	If, after the selection of all attributes from  set, the uncertainty is greater than zero and  attribute was chosen as the next one, in this case, the uncertainty is described by  relationship, thus:
	 . 
	After substituting  and , and transformation,  relationship takes the following form
	 . 
	The carried out considerations result in the following conclusions:
	Conclusion 1
	The complete information of the set of  attributes and  attribute is equal to the sum of  information and conditional information of  –  attribute:
	 . 
	Conclusion 2
	The information of the set of  attributes is equal to the sum of conditional information of  attributes: 
	 . 
	It results that combinatorial information of attributes has the property of additivity, which provides its use in multi-stage procedures of optimisation.
	4. Optimisation algorithm of the number and location of sensors 
	The algorithm of multi-stage optimisation of the number and position of sensors on the basis of a multivalued decision-making model with the use of combinatorial entropy and decision information was presented below.
	1. Determination of combinatorial decision entropy:
	 ; 
	2. Calculation of the information value of all the positions of sensors: 
	 ; 
	3. Determination of the sets of equivalent positions.
	Two  positions are equivalent in terms of information if they generate the same distribution of a set of orders. It means that they have the same values of own information:
	and zero values of mutual information:
	 .  
	1. Remove from the 1-1 model of positions among 1 of equivalent positions.
	2. Determination of the order discernibility matrix defined as follows:
	The element  specifies the number of attributes discerning  ordering. At the same time, the following conditions are fulfilled:
	 . 
	In further considerations, two specific values of  matrix elements are important:
	  – there is no attribute discerning  and  ordering,
	  – there is only one attribute discerning  and  ordering.
	In case of , it is necessary to modify a set of attributes – increasing their number or changing the encoding rules. 
	If , the attribute discerning  and  ordering must be obligatory used in the inferential process – it becomes an element of the core of the set of positions. 
	1. Determination of the core of the set of positions:
	 ; 
	2. Study of the existence of a solution for the core of the set of positions.
	If the complete information of the core’s attributes is equal to the initial entropy:
	 . 
	 core constitutes the sought solution of the optimisation task
	3. If the core of the set of positions does not constitute a solution – adding successive positions (according to the principle of the maximum of information) to achieve, the problem is zero entropy or zero information values of all the remaining positions.
	4. If the entropy does not reach zero – it is important to modify the decision-making model.
	5. Example of optimising the distribution of sensors 
	The example of optimising the distribution of sensors on the perimeter with one zone of permissible positions from p5 to p30 was presented below.
	Table 1 contains the encoded values of a signal for the ordering from 1 to 12 and combinatorial information values of selected positions from the range of p5-p30. 
	Tab. 1. Decision-making model example
	Positions of sensors on the perimeter
	E
	p29
	p7
	p14
	p16
	p17
	p18
	p19
	e9
	0
	10
	11
	10
	9
	8
	7
	e10
	0
	11
	10
	8
	8
	7
	5
	e8
	1
	10
	11
	11
	10
	10
	9
	e11
	1
	11
	9
	7
	6
	5
	4
	E12
	3
	11
	8
	5
	4
	3
	2
	e7
	4
	10
	11
	11
	11
	11
	10
	e6
	7
	9
	11
	11
	11
	11
	11
	e1
	8
	6
	7
	7
	7
	7
	7
	e5
	9
	8
	11
	11
	11
	11
	11
	e2
	10
	7
	8
	8
	9
	9
	9
	e3
	11
	7
	9
	10
	10
	10
	10
	e4
	11
	8
	10
	11
	11
	11
	11
	J(p#i)
	126
	116
	106
	106
	116
	116
	120
	The ordering, for which different encoding values of a signal are discernible in the position of p29. For the purposes of discerning, there are three pairs: <e9, e10>, <e8, e11> and <e3, e4>. For this purpose, the second sensor placed in any of the positions {p7, p14, p16, p17, p18, p19} is sufficient.
	The example demonstrates the possibility of obtaining, thanks to the offered method, a minimum variant solution of the optimisation problem, which is crucial from the perspective of the technical implementation.
	6. Conclusion
	The use of multivalued encoding of the movement trajectory of the blades top in the rotor machine results in the multivalued decision matrix, which can be processed with the use of information theory methods. 
	The optimisation method presented in this article uses the concepts of combinatorial entropy and information of a multidimensional and multivalued decision problem – discernibility of EO on the basis of the BTT signal implementation in the selected points on the perimeter of the rotor machine’s groove. 
	The method can be applied to any models of the observed BTT signals resulting from individual properties of the analysed rotor machines. It leads to an optimal solution (if it exists) in the form of a minimum set of points for mounting the sensors, which provides the EO discernibility.
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	Abstract
	In many publications relating to the problem of icing of aircraft piston engines with carburettors charts are published indicating that icing may occur even at ambient temperatures above 20°C with a relative humidity as low as below 30%. Studies on the icing of aircraft engines started after the First World War, and later they were continued in the interwar period and during World War II and shortly thereafter. The subject was primarily combat aircraft engines, in many cases differ in design of engine induction systems currently used in aviation. This article presents the results of flight test conducted to verify the susceptibility to icing of a typical induction system of the engine of the ultralight aircraft UL-JIH Sedláček “Kolibřík”. During the research several flights, 13 of which were analysed, were conducted in autumn 2011. As an example, results obtained during a flight from an airfield Konopiska near Czestochowa to an airfield Lgota Murowana near Zawiercie made on September 24, 2011 were described. Relating ambient temperature values and relative humidity recorded during the considered flight to the icing diagrams presented in different sources show that the flight took place in conditions of a minor icing risk at the phase of flight and at a major risk during descent. However, the pilot did not notice icing symptoms of the air piston engine induction system.
	Keywords: aircraft powerplant, piston engine, carburettor, icing
	The first known research results concerning aviation piston engine icing date back to the 1940s, however, already after World War I the problem was noticed and attempts were made to solve it. The main interest was focused on typical induction systems of high-powered engines used in combat planes. After World War II, studies were conducted on induction engine systems used in sports and tourist planes.
	A likelihood of occurrence of icing of elements of induction systems of aircraft piston engines even in relatively high ambient temperatures results from the possibility of overlapping the consequences of the following phenomena:
	1. A stream of humid air hitting the elements of the induction system, which causes cooling and freezing on their surfaces drops of water, included in the air. A layer of ice can be created on air scoops, screens installed in the inlets, induction system walls, air filters, components of the heating air valves. A particular risk occurs during a snowfall, sleet, a flight in clouds and during rain at ambient temperatures below +5°C especially if ice is visible on the cabin windows or airframe elements. High rate of speed of ice layer growth can be observed at temperatures of about -4oC with cooled drops of water. This type of icing does not pose any danger at very low ambient temperatures because relative humidity is then quite small and moisture in the air appears as crystals of ice, which can go through the engine inlet system without disrupting the engine work. Icing of this type is present in all kinds of aviation piston engines, the ones with a carburettor as well as low-pressure and direct injection engines.
	2. Condensation of water vapour in the air and freezing due to lowering temperatures during a local reduction of temperature as a result of a local increase of flow velocity in throats. This phenomenon can occur even at relatively high temperatures of the air in conditions of partial opening of the throats typical for engine operation range close to idling and cruise phase. For throttle, icing visible occurrence of moisture in the air is not necessary (i.e. in the form of fog, clouds, precipitation, etc.) Ice appears in the throttle throat and right behind it and also directly on the throttle and the induction channel panels in their vicinity. The rate of the ice layer growth depends in this case on air humidity and the size of throttle valve opening wherein a longer operation of the engine poses the danger of a complete suppression of airflow and the engine stall. Icing of this kind, called throttle icing or carburettors icing occurs in all kinds of piston engines – those with carburettors and direct injection engines (on the throttles regulating airflow).
	3.  Lowering the temperature of air-fuel mixture to the temperature of freezing water as a result of absorbing heat from the air and walls of the flow channel, which is necessary to evaporate fuel. The phenomenon usually occurs together with throttle icing. Ice sets on carburettor elements and inlet manifold placed after the fuel nozzle. Heavy icing connected with the process of fuel evaporating occurs even at temperatures over +30°C at 50% of relative humidity and higher. It poses the biggest danger in engines with float carburettors in which the throttle valves are placed after the fuel nozzle and it is smaller in engines with pressure carburettors. In direct fuel injection engines this type of icing does not occur. In low-pressure fuel injection engines, usually at the point of induction channel where it is realized, takes place channel wall heating as a result of absorbing heat from the engine cylinder; and in engines with the carburettor placed behind the compressor this type of icing can occur during a start of a cold engine in winter conditions.
	2. Measuring system
	For research was used an ultralight two seater tourist airplane UL-JIH Sedláček „Kolibřik powered by two stroke naturally aspirated two cylinder piston engine Rotax 582 developing maximum output of up to 5,500 rpm. The engine is equipped with an induction system with two carburettors Bing Type 54 type supplying the mixture to each cylinder separately.
	Each carburettor is mounted to the cylinder with a rubber transitional cornet and a hose clamp. Before the carburettor is mounted, a surface air filter shaped like frustum of cone. The carburettor Bing 54 is a float-type slide throttle carburettor and in terms of its structure and operating principles, they are similar to carburettors used in motorcycles. 
	The measuring system used during the research was modified on the basis of an analysis of previously obtained results and in the final stage, it comprised of elements used for measuring temperatures and relative air humidity and flight altitude.
	During flights, temperature measurements were made with the use of thermocouples/ like TP-201K-1b-600-2.5 manufactured by Czaki Thermo-Product connected to Oticon recorder whose measuring inserts were placed in one of the carburettors in the following places (Fig. 1): 
	 in front of the carburettor inlet in the air filter (T1),
	 at the bottom part of the carburettor flow channel behind the slide throttle, just behind the idle jet (T2),
	 at the top part of the carburettor flow channel, 10 mm off the wall (T3),
	 at the outer wall of the carburettor flow channel, at 2:00 hours (T4), 
	 at the axis of the carburettor flow channel, behind the slide throttle (T6),
	 at the outer wall of the carburettor flow channel, at 6:00 hours (T7),
	 thermocouple T5 was attached to the airframe and was used for measuring ambient air temperature.
	Fig. 1. The diagram showing locations of thermocouples used during the in-flight tests: 1 – air filter, 2 – carburettor body, 3 – slide throttle, 4 – needle, 5 – main jet, 6 – idle jet, 7 – slide throttle spring, 8 – slide throttle-controlling bowden, T1...T7 - thermocouples
	Visualization of temperature distribution was made by means of programs MagdeTech and Excel.
	The flight altitude was recorded with a GPS recorder Garmin and later visualized with the use of programs SeeYou and QuickRoute
	Relative air humidity and temperature at landing fields were estimated on the basis of data from meteorological stations; moreover, during some flight relative humidity and temperature were recorded by means of an electronic recorder Lascar EL-USB- USB-2-LCD. 
	The engine operating ranges were estimated on the basis of the rev-counter and the position of the control lever and they were not registered automatically.
	During flight, special attention was paid to the possibility of occurrence of engine icing symptoms.
	3. Analysis of the results
	During the research several flights, 13 of which were analysed, were conducted in autumn 2011.
	As an example, results obtained during a flight from an airfield Konopiska near Czestochowa to an airfield Lgota Murowana near Zawiercie made on September 24, 2011 were described. The flight was performed in sunny conditions with sky cover 1/8. The temperature at the take-off airfield was +18o C and relative humidity changed within the range of 35-45%.
	The temperature recordings acquired during the flight and the flight altitude profile are shown in Fig. 2.
	The record of parameters shown in the picture corresponds to the engine operating parameters on the ground before take-off (segment A), in the air (segment B) and on the ground after landing (segment C).
	On starting the data recording, before starting the engine, thermocouples positioned inside and at the walls of the engine induction system indicated greater temperatures than the ambient temperature. The reason for this is the early start of the engine, causing heating of its components. After stopping the engine, part of the heat, which is emitted by its elements, causes elevated temperatures in the engine induction system in relation to ambient air temperature.
	temperatures measured by sensors inside the flow channel, with the biggest drop (of 20°C as compared to the output value) is noticeable for thermocouple T2, places where in the zone where the fuel evaporates sucked from the idle jet. When the engine is idling range at a speed of 2,200 ... 3,000 rpm a further decrease in the value of all temperatures occurs and the temperature value T2 reaches 0°C. Full opening of the throttle during tests on the engine before the take-off (point A1) causes a rapid drop of temperature (of 15°C) of the mixture of the carburettor channel (T6) as a result of evaporation of a large amount of fuel from the main jet at the carburettor piston and much smaller – around 2 ... 3°C – drops in the value of other temperatures measured behind the engine slide throttle. After reducing the range of the engine to idle at the time of taxiing for take-off, the temperature values return to the previous state.
	At the start of and during the climb (segment B1), with the engine running on maximum scope at full throttle, a further drop in temperatures occurs resulting from atmospheric temperature decreasing with altitude, but mainly due to the evaporation of a large amount of fuel delivered by the main jet of the carburettor.
	At the stage of proceeding to horizontal flight the temperature values after the throttle are estimated at -6°C (T2), +1oC (T6), +8°C (T3). Simultaneously, a fall in the temperature of the carburettor walls to +8°C for T4 and + 5°C for T7 can be observed.
	Closing the throttle and reducing the engine speed to 5,200…5,500 rpm during a flight at a relatively constant altitude (segment B2) caused an increase in all temperature values except temperature T2, which remained within the limits of -6... -7°C. Changes in their values noticeable in later phases of flight are connected with necessity of bypassing field obstacles (segments B3 and B6) and airport control zone at Pyrzowice (segment B4). At this time changes in throttle opening corresponding to movements of the lever engine control causing changes of fuel amount supplied form the main jet are clearly noticeable in the temperature change of mixture and carburettor walls, but the T2 temperature values change within small limits.
	Reducing the power during descent, approach to landing and landing at the airfield at Lgota Murowana and taxiing (segment C) results in temperature increase wherein the temperature T2 until the end of the operation of the engine assumes negative values. Only after stopping the engine causes a rapid increase of all measured temperatures with the highest estimated values of the thermocouple/thermocouple T6 is by most thermocouple T6, which is most affected by heat from the warmed elements during engine elements work.
	4. Summary
	Relating ambient temperature values and relative humidity recorded during the considered flight to the icing diagrams presented in different sources; show that the flight took place in conditions of a minor icing risk at the phase of flight and at a major risk during descent. However, the pilot did not notice icing symptoms of the air piston engine induction system. The lack of icing is due to the ˝motorcycle˝ origin of Bing Type 54 carburettor, in which the throttle is located before the main sprayer and not behind it like in most ˝classic˝ air float-type carburettors. The temperature of the air-fuel mixture at the bottom of the carburettor flow channel, behind the throttle, had a negative value during the whole flight. In spite of the relative humidity of the air was sufficient for icing formation, induction channel panels were not cooled to 0oC and the icing was not possible. In the case of a classic carburettor, the throttle encircled by a mixture of temperature value of -6oC could be cooled down to a temperature allowing for ice formation on its surface.
	It could be concluded that diagrams used for estimating the level of icing danger should be treated as an aid just for indication of the icing danger level. Nevertheless, it is absolutely crucial to obey recommendations included in instructions of use for certain aircraft and their power units because icing is closely connected with configuration of particular induction systems, type of carburettor and the used anti-icing systems.
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	Abstract
	Designing a control systems have to be made in seven steps:
	1) Establish control goals
	2) Identify the variables to control
	3) Write the specifications for the variables
	4) Establish the system configuration and identify the actuators
	5) Obtain a model of the process, the actuator, and the sensor
	6) Describe a controller and select key parameters to be adjusted
	7) Optimize the parameters and analyse the performance.
	The article will concentrate at the last point. Optimization of the PAD regulator setup was made by analysis of step response. Sometimes, it also is good to study the impulse response. The aim of article is to get the values of PAD regulator by setting the step characteristic parameters like: rise time, settling time, overshot, undershot, settling and final value. The step response after optimization was checked in simulation and at the real object. The final value of the step was calculated from flight parameters of UAV, where the optoelectronic head is mounted. The most important parameters from the UAV are pitch, roll, yaw maximum values and their derivatives. The paper shows both MATLAB Toolboxes – Simulink Identification Toolbox and Simulink Design Optimization Toolbox. The first one was used to find the discrete transfer function of optoelectronic head. The second one was used to calculate the values of PAD regulators for desired performance. 
	Keywords: UAV (Unmanned aerial vehicle), rise time, settling time, overshot, undershot, final value, step response, impulse response, step characteristic
	1. Introduction 
	MATLAB/Simulink is a perfect tool to design the control systems. The aim of the research was the control system synthesis of optoelectronic head. It is possible to calculate values of PAD regulator manually by using known mathematic methods. However, this plant is nonlinear and complicate object, so this methods won`t give good results. The PAD regulator values were calculated by Simulink Design Optimization Toolbox. The discrete transfer function of the optoelectronic head was determined with Simulink Identification Toolbox. 
	2. Identification of optoelectronic head
	Simulink Design Optimization toolbox is counting the gain values by making many simulations and comparing the step response to the demands. Algorithm changes the values of PAD regulator with every simulation until it gets the best match with the desired response. First of all, it is need to design simulation model. The mathematical model can be created by analytical methods (mathematical model of each subsystem of object) or by identification method by matching step response of real object. Simulink Identification Toolbox automatically designates discrete transfer function with data from step characteristic of real object. 
	Fig. 1. Window of Simulink Identification Toolbox while estimating transfer function
	Figure 1 shows many step responses of new transfer functions, which were calculated, from imported data. The result of this calculation is shown below:
	Fig. 2. Discrete Transfer Function as a result of Simulink Identification Toolbox
	Figure 2 shows new discrete transfer function with 4 poles and 2 zeros. The fitting of step response to estimation data is about 93%. This result can ensure reliable values of synthesis calculations. 
	3. Analysis step response of mathematical model
	This chapter shows an influence of PAD values at step response of the plant. Fig. 3 shows the model with discrete transfer function of optoelectronic head, source (step) and scope. 
	Fig. 3. Plant with PAD regulator
	Figure 4 shows that the step response has overshot (5%), undershot (5%), rise time (0.7 s), settling time (1.1 s) and gets desire final value at 20 deg. 
	Fig. 4. Step response with large P value
	The fact that the step response has over- and undershot does not mean that object works bad, because sometimes it is need to get faster rise times than settling time etc. 
	Figure 5 shows the example when the step response can`t reach the final value. These settings of PID regulator are unacceptable. Every parameters of step characteristic don`t fit with demands.
	Fig. 5. Step response with small P and I value
	Figure 6 from 0.7 s to 1.2 s shows object at limit of stability next the step response shows that optoelectronic head is unstable. 
	Fig. 6. Step response with large P and D
	Small changes of this 3 parameters P, I and D have huge influence at the step response and performance of the object. This is why it is need to make synthesis of PID regulator.
	4. Control system synthesis of optoelectronic head
	There are many traditional methods, which allow computing values of the regulators gains:
	 method of Ziegler – Nichols,
	 stability criterion aperiodic,
	 the criterion for optimum module,
	 parameters step response system,
	 integration of quality indicators ,
	 method of dynamic inversion.
	However, this synthesis was made by Simulink Design Optimization. Fig. 7 shows working of the optimization algorithm. Every next response has better parameters. 
	Fig. 7. Step responses for few iteration while optimization
	Figure 8 shows smooth response with 0.8 s rise time, without under- and overshot, 1 s settling time and final value at 20 deg. Object with this settings will have quite good performance and smooth behaviour. 
	Fig. 8. Smooth step response
	Figure 9 has large performance, 0.7 s rise time, 0.9 settling time, final value at 20 deg., but also has an overshot (0.5%). 
	Fig. 9. Aggressive step response
	5. Conclusion 
	Simulink Identification and Design Optimization Toolbox allow calculating control gain values according to demands of step response characteristic in easy and fast way. Synthesis of control system of optoelectronic head has shown that it is easy to manipulate how object behaves. This kind of control designing doesn`t need expensive equipment like industrial robots. Synthesis of PID regulators is the most important task to make product work perfectly. Very good identification and optimization ensure that object is working, as it is demand. 
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	Abstract
	One of the ideas for structural health monitoring (SHM) systems built is based on analysis of small displacements propagation excited in the element by a network of PZT piezoelectric actuators. Structural damages can result in observable changes of the signal generated by the network sensors, due to elastic wave interaction with damage. There are two approaches how to utilize PZT sensors for SHM purposes. One of the approaches follows closely classical ultrasonic testing. In that case, short pulse excitation of PZT transducers is used, thus guided wave packets can be scattered on different elements of structure, eventually also on the damage. In the different approach, the so-called electromechanical impedance (EMI) method, harmonic excitation of PZT is used, thus steady elastic waves are excited in the structure. As in guided waves approach, the signal can be gather in the pulse echo scheme, i.e. when single transducer is used both as a actuator and the receiver of waves, as well in the pitch – catch scheme, when a pair of transducers, the generator and the sensor, are used. For the latter EMI approach, the term Transfer Impedance Approach is sometimes used. In the article, an approach for damage detection and localization with use of network of PZT sensors excited with harmonic signals in broad frequency spectrum is presented. In particular, some signal characteristics – called Damage Indices (DI’s) used for structure assessment are proposed and their properties are discussed. The DI’s have the property to assess the location a damage with respect to a single sensing path, formed by a pair of transducers, i.e. the generator and the receiver. Finally, the RAPID algorithm for damage localization with use of the information from all of the network sensing paths is applied.
	Keywords: damage detection, electromechanical impedance method, Damage Index, damage localization
	1. Introduction 
	In the aviation, there are two main factors determining the cutting edge of the technology development. These are the safety or the cost – effect improvements. It was estimated [1] that about 10% of total aircraft maintenance costs are due to non-destructive inspections (NDI) of the aircraft structure. The most expensive are non-scheduled NDI, since these are related also with the indirect costs of logistic operations, e.g. related to the maintenance of the fleet readiness or availability of the workforce. According to [2], the fraction of such inspections is significant (Fig. 1). In addition, the increased use of autonomous Unmanned Aerial Vehicles (UAVs) can be observed, especially in the air forces. These are intended to be used as disposable means, but also for extremely long endurance mission, when classical approach to NDI would be difficult to be applied. It is supposed that the target number of UAVs in use will greatly exceed the number of classical aircrafts, even considering only large UAVs designed to be used for long-term service. The costs of NDI in that case may fall beyond the accepted level, therefore a new paradigm of such fleet maintenance needs to be developed.
	2. Structural Health Monitoring with use of PZT piezoelectric transducers 
	As the response to the abovementioned challenges of modern aerospace industry, the so-called Structural Health Monitoring (SHM) systems capable continuously to assess the structural integrity are being developed. SHM systems are based on network of sensors permanently deployed in the aircraft structure. Different approaches to SHM are followed, some utilizing techniques of classical NDT such as ultrasonic or eddy current methods, the other based on branch of newly designed sensors, e.g. vacuum or resistance crack gauges. 
	/
	Fig. 1. The percentage structure of non-destructive inspections
	One of the approaches to SHM of composite structures is to use networks of PZT transducers capable to actuate and receive elastic waves in a monitored element [3-6]. This approach is complementary to classical ultrasonic testing (UT) thus it derives all of its advantages, mainly the robustness and universality of the application, the main difference is the type of waves which are used for structure assessment. In the classical UT, usually very short pulse excitations are used, which allows to examine the structure across its thickness. The UT transducer is moved around the surface of the specimen and in this way; different kind of damage can be mapped and measured with high precision. In the case of SHM, the transducers position is fixed; therefore, it is required to apply significantly longer acquisition times in order to collect the wave reflections from all of the elements, eventually damages, within the range of network of sensors. In that case Lamb waves are formed, for which numerous different modes can exist for a given frequency of the excitation. This makes the signal analysis significantly harder; therefore, structure assessment is usually based on comparison of signals obtained for its actual state with the baselines, i.e. the signals acquired for the initial condition of the structure.
	Yet another method for utilizing PZT transducers in SHM systems is to use harmonic excitation in the so-called electromechanical impedance (EMI) method. An idea of the approach is presented in the scheme (Fig. 2). A transducer bonded with the structure is powered with harmonic voltage ν(t) with frequency ω, which introduces steady state of displacements field across the structure in its proximity. The solution to the local equation of motion depends on local geometry of the structure, in particular on the presence of damage near the transducer. Therefore, the current i(t) in the circuit, as well as the transducer’s impedance Z can change with damage presence or their growth. In EMI method, the components of impedance are measured in broad spectrum, which allows for fine-tuning of the frequency to the damage type. The EMI method was used in particular for bolt, wedge and bonded joints, fatigue cracks or impact damages of composite materials. 
	/
	Fig. 2. Idea of electromechanical impedance method
	3. Transfer Impedance Approach to SHM
	In the above paragraph, the idea of EMI method used for a single PZT transducer was presented. Similar approach can be used also for pair of transducers in which one of them is exciting elastic waves and the other receives them. For such approach, the term Transfer Impedance Method/Approach is usually used [4]. According to Linear Time Invariant (LTI) systems theory, when the generator is excited with harmonic excitation  with frequency ω the voltage  on the receiver should also be harmonic with the same frequency but with different amplitude and phase shifted to  (Fig. 3), i.e. the ratio:
	 , (1)
	do not depend on time and can be represented as a single complex number .
	/ /
	Fig. 3. An example of amplitude changes and phase shifts for a PZT network 
	In Fig. 4, the ratio  obtained for a chosen pair of PZT transducers (Fig. 3) is presented. This is with and without the presence of damage simulated by a mass attached to the structure between the two sensors. The mass attenuates the elastic wave propagating between the generator and the receiver, therefore the modulus of  is decreased when it is present (Fig. 4). While the information about the amplitude of  with respect to the amplitude of  can be extracted from such data visualization, the information about the phase shift is lost. In addition, for real damage its influence on the modulus of  can be much more sophisticated, therefore, such representation (Fig. 4) is of limited usability. More information can be extracted from characteristics
	 , (2)
	being the quotient of the ratio  obtained for a given state of the structure with its corresponding baseline , i.e.  for the initial state of the structure. Such signal characteristics utilizing the notion of baselines, are usually called Damage Indices (DIs). The same data as in Fig. 4, but now in terms of  are presented in Fig. 5. On this plot both, the amplitude change as well as the phase shift caused by simulated damage introduction is well represented. 
	/
	Fig. 4. The ratio  for the pristine state of the structure and with damage present
	/
	Fig. 5. The quotient  for the pristine state of the structure and with damage present
	4. Damage localization with use of TIA and RAPID algorithm
	Assuming there is a network of PZT transducers deployed in the structure, Damage Indices can be used not only for the purpose of qualitative indication, whether there is a damage within the network or not, but also for estimation of its localization. One of the algorithms, which were originally developed for the short excitations of PZT, is the RAPID imaging algorithm [7, 8]. 
	Due to the energy conservation principle, elastic waves scattered on local damage of a structure are vanishing with the distance from it. Thus, eventual contributions to signal due to damage presence are the most visible for sensing paths running close to a damage. Therefore, in order to visualize it one can introduce partial intensity map of the form:
	 , (3)
	where the summation runs over all pairs of PZT transducers, i.e. generators and sensors, is Damage Index obtained for a given pair and  is a function representing the effective range of the given pair of PZTs, i.e. the area in which damage presence should have impact on the  values. An example of such representation is presented in Fig. 6. 
	The RAPID algorithm (3) was used in TIA approach. On a specimen of PZL-130 Orlik structure a network of 8 PZT transducers was deployed in the form of two parallel lines consisted of 4 PZT each (Fig. 7). The sensors from one line were used as generators of elastic waves, the other were the receivers. The following form of the function  was adopted:
	 , (4)
	where  denotes a given point within the structure,  is the distance between the generator  and the receiver  of a given pair of PZTs and ,  denote the distance between the point  and the generator  or the receiver  respectively. As the Damage Index in (3), the quotient of  for a given frequency  was taken. As simulated damage, a mass element attached at a given point of the structure was used. 
	In Fig. 8, the results of damage localization using the RAPID approach for two different damage location are presented. In both cases, the value of the intensity map (3) is the highest in the vicinity of true damage location. The resolution of such approach is determined by the geometry of the network used. For the presented case it is rather poor along the  axis since there are no pairs of PZT transducers which could better approximate the damage location in that direction (Fig. 7). For circular network topology, the result could be more accurate however; the presented topology can be the preferred one in some cases [9].
	5. Summary
	In the article, an approach to damage location based on network of active PZT transducers was presented. The approach is based on TIA method to SHM and RAPID imaging algorithm. For the purpose of damage detection, a Damage Index was proposed. The index was utilized in the RAPID method in order to obtain maps indicating possible location of damage within the network. The method was tested with a network of PZT transducers formed by two parallel lines consisting of 4 PZTs each. The resolution of the imaging algorithm was good in the direction along which PZTs were deployed, but poor in the perpendicular one. The improvement of the obtained result might be achieved by using the networks of PZT transducers of circular topology. 
	/
	Fig. 8. Results of damage localization with RAPID algorithm and TIA method
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	Abstract
	The aim of this article is presentation the current situation in biofuels implementation in air transport. Since last decade, intensive actions are being undertaken to reduce emissions by the air transport. One of the significant ways is to replace fossil jet fuels with biofuels. Biofuels are produced from biomass and it is assume, that all CO2 emitted by engines powered by biofuels is assimilated by plants. In 2009 IATA (The International Air Transport Association) concluded, that alternative fuel is an important part of the aviation industry’s future [5]. Five years later, in 2014 IATA [6] stresses, that biojet fuels production in no profitable from economic point of view. Authors of [6] showing the diagram of biojet fuels development they stresses existing of "valley of death". They concluded that without "the bridge" under valley of death the biojet fuels development is impossible. This was concluded, that: a) development of biojet fuels is at the beginning of long chain shown on Fig. 1; b) the prospects are dependent on the mechanisms of support – the important part of governments policy; c) ASTM has accepted 5 technologies of biojet fuels production, but it is unclear what does it mean “accepted”; d) commercialization of biojet fuels needs the solution of many, important technical – logistic problems, like biojet fuels miscible.
	Keywords: biohydrocarbons technology, biojet fuel, biofuels logistic 
	1. Introduction
	Intensive development of alternative fuels in the world`s transport for over 20 years has been focused on road transport. The main reason of alternative fuels development is reduction of greenhouse gases (GHG) emission and air quality improving. Transport is responsible for more than 30 % energy consumption and ca 45 % GHG emission. Air transport was not considered a significant source of emissions of CO2 as well as CO, hydrocarbons (CxHy) and particle matters (PM). Since 10 years, intensive actions are being undertaken to reduce emissions by the air transport. One of the significant ways is to replace fossil jet fuels with biofuels. Biofuels are produced from biomass and it is assume, that all CO2 emitted by engines powered by biofuels is assimilated by plants.
	Biofuels can be produced from various kinds of biomass using a number of technologies [1-4]. Since ca 20 years production of bioethanol and FAME has been developed and these biocomponents are blended with gasoline and diesel fuel in every country of the world. FAME is commonly blended with diesel fuel, but cannot be added to jet fuel because of its different chemical structure than fossil jet fuel and different properties, like low temperature properties. 
	The last decade researches are focused on biofuels consisting of synthetic hydrocarbons, which chemical structure is much more similar to fossil fuels structure. These biofuels consisting of hydrocarbons constitute the potential for bio-jet fuels development.
	Implementation of biofuels consisting of hydrocarbons in air transport is widely discussed on four levels:
	 Technologies of biofuels production,
	 Logistic,
	 Economical,
	 Technical aspects of implementation to supply aviation turbine engines. 
	The aim of this article is analysing the possibility of biojet fuels implementation on a large scale in aviation transport. In the article, there are listed prospects and barriers. Authors of this article focus on technological and technical problems, which have be solved in case the biojet fuels will be developed on large scale. 
	2. Prospects and barriers
	The prospects mainly the result of international organisations and governments determination to reduce GHG emission, including emission from air transport. The volume of fuel consumed by air transport has been increasing every year (Fig. 1). It is estimated that this will continue to increase by 3 % each year hereafter [5]. Proportionally to this will increase emission of CO2. 
	/
	Fig. 1. Trends in global jet fuel consumption [1]
	In 2009 IATA concluded, that alternative fuel is an important part of the aviation industry’s future [6]. Five years later, in 2014 IATA [7] stresses, that biojet fuels production in no profitable from economic point of view. The cost of biojet production is higher than the cost of conventional jet fuels production. IATA forecasts, that biojet costs should decrease with the scale-up of production. Furthermore, there are generally no policies to support the development of biojet fuels in aviation while incentives and mandates are in place for road transportation. As IATA reports “Recent developments in biofuels policy, both in the USA and Europe, where established targets for biofuel penetration were reconsidered, have also reinforced the demand for stable and long term-oriented supporting policies” [7].
	Authors of [7] showing the diagram of biojet fuels development they stresses existing of “valley of death”. They concluded that without “the bridge” under valley of death the biojet fuels development is impossible. This bridge should be built by policy, including the mechanisms of economical support of the research, technology transfer and commercialization. The diagram shown on Fig. 2 does not account for a very important element, which is the new biojet fuels authorization for use in aircraft engines. ASTM D4054 [8] worked out the algorithm of biojet fuels authorization, which is shown on Fig 3.
	/
	Fig. 2. The path of biojet fuels development [7]
	/
	Fig. 3. The algorithm of new synthetic biojet fuels authorization according to ASTM D 4054 standard [8]
	This pathway required many lengthy and costly tests on four levels: laboratory tests stand tests, tests in engine house and finally flight tests. At the end of this path is ASTM specification, which determines the quality requirements for authorized new biojet fuel. On the basis of this algorithm ASTM D 7566 [9] has approved five technologies of biojet fuels production:
	 FT (Fischer-Tropsch synthesis),
	 FT/A (Fischer-Tropsch synthesis products + aromatic hydrocarbons),
	 HEFA (hydroprocessed esters and fatty acids),
	 SIP synthesized iso-paraffins,
	 ATJ (alkohol-to-Jet).
	The most important for the subject of this article required parameters are shown in Tab. 1.
	The volume of fuels consumed by air transport determines the volume of biofuels / biocomponents, which should be produced. This is limited by:
	 Biomass availability,
	 The capacity of plants producing biofuels / biocomponents.
	The quality requirements of ASTM D 7566 [8] for synthetic jet fuels components are mainly attributed to their chemical composition either directly (the hydrocarbon and non-hydrocarbon components) or indirectly (acidity, volatility, flash point, density and temperature of the coagulation). The chemical composition of the synthetic jet fuel components is compared to the chemical composition of fuels derived from crude oil, whose properties protect all the requirements of manufacturers of jet engines and aircraft. The following is a typical chemical fuel Jet A1:
	 about 25 % n-paraffins,
	 about 35 % iso-paraffins,
	 approximately 20 % cycloparaffins,
	 about 20 % aromatics.
	Tab. 1. Chosen requirements for biocomponents authorized according to ASTM D 4054 [8]
	Property
	F T – SPK 
	HEFA – SPK 
	SIP
	FT – SPK/A 
	ATJ 
	Technological process
	Fischer – Tropsch synthesis
	Hydrodeoxydation of esters and fatty acids
	Synthetic isoparaffins
	Fischer – Tropsch synthesis + aromatic hydrocarbons
	Alcohols to isoparaffins
	Blends with fossil Jet A-1
	max.
	50 % (V/V)
	in Jet A-1
	max.
	50 % (V/V) in Jet A-1
	max.
	10 % (V/V)
	in Jet A-1
	max.
	50 % (V/V)
	in Jet A-1
	max.
	30 % (V/V)
	in Jet A-1
	Fuels characteristic
	The mixture of ca 75-80 % olefin and 20 – 25 % paraffin 
	The mixture of iso-paraffin and
	n-paraffin
	Iso-paraffin C15
	The mixture of n- paraffin, isoparaffin and aromatic hydrocarbons
	The mixture of iso-paraffins
	C8 – C16
	Hydrocarbons content:
	Cykloparaffins, % (m/m)
	Max. 15
	Max. 15
	-
	Max. 15
	Max. 15
	Aromatic hydrocarbons,% (m/m)
	Max. 0.5
	Max. 0.5
	-
	Max. 20
	Max. 0.5
	Paraffins, % (m/m)
	Report
	Report
	-
	Report
	Report
	Saturated hydrocarbons, % (m/m)
	-
	-
	Min. 98
	-
	-
	Famezan, % (m/m)
	-
	-
	Min. 97
	-
	-
	Hexahydrofamesol % (m/m)
	-
	-
	Max. 1,5
	-
	-
	C and H content
	Min. 99.5
	Min. 99.5
	Min. 99.5
	Min. 99.5
	Min. 99.5
	As you can see, synthetic components differ significantly in composition from mineral fuels. This has an impact on the behaviour of synthetic fuels in logistic systems, power systems of jet engines and the combustion process. Thus, in most they are allowed to operate only the fuel blends of synthetic mineral Jet A fuel, wherein the maximum content of the synthetic component is different for different technologies.
	Presented in Tab. 2 quality requirements for certain technologies required repeatability of the chemical composition, which is important in the selection of raw biomass and supervision of technological processes. These requirements are practically not related to operating properties – impact on combustion process in jet engine and the behaviour of the fuel in the logistics processes.
	ASTM D 4054 is an important step in development of biofuels for aviation, but this standard together with ASTM D 7566 introduces unclear situation. ASTM D 4054 contains algorithm of bio jet fuels authorization with no information about procedures required for authorization. This algorithm is based on the principle that each biojet fuel is tested separately (see Fig. 4). Furthermore, the tested biojet fuel was produced by one production facility, which used specific for this production facility biomass as the feedstock. Can the results obtained for such biojet fuel is related to all biojet fuels produced according to this technology, for example FT technology? In authors opinion the answer is NO. 
	/
	Fig. 4. Current experience in biojet fuels use in aircrafts
	ASTM D 7566 determines the list of accepted technologies of biojet fuels production, requirements for the products obtained using these technologies and finally the range of accepted concentration of biocomponent in jet fuel. When the process of commercialization will begin and the biojet fuels will be implemented on a larger scale the following problems will occur:
	 Mixing various biojet fuels produced by different production facilities according to different technologies – each airport will be supply by another biojet fuel (see Fig. 5),
	 Mixing various biojet fuels produced by different production facilities according to the same or different technologies – given airport will be supply by biojet fuel from different production facilities (see Fig. 6).
	There is no data, which confirm that mixtures of different biojet fuels can be use in jet engines without risk. 
	/
	Fig. 5. Technical-logistic problem 1: the same aircraft will be supply with various biojet fuels at various airports
	/
	Fig. 6. Technical-logistic problem 2: the same airport will be supply by various production facilities
	3. Conclusions
	This was concluded, that:
	 Development of biojet fuels is at the beginning of long chain shown on Fig. 1,
	 The prospects are dependent on the mechanisms of support – the important part of governments policy,
	 ASTM has accepted 5 technologies of biojet fuels production, but it is unclear what does it mean “accepted”,
	 Commercialization of biojet fuels needs the solution of many, important technical – logistic problems, like biojet fuels miscible.
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	Abstract
	The aim of this article is to show, that a deeper analysis of intermolecular interactions and resulting from them ordered structures could change views on the mechanisms of many processes involving fuels. The examples of unexpected behaviour of diesel and jet fuels blends, related to rheological and tribological properties were shown. The following conclusions were formulated: a) usually fuels are described as the mixture of molecules almost independent and the interaction between molecules is considered marginally; b) it was found that molecules of aromatic compounds create molecular clusters; c) the observed unexpected behaviour of fuels at low temperature and during lubrication can be explained by molecular clusters characteristics. The authors of this article opinion are that further research should be focused on the cluster formation by fuels components and the influence of clusters on fuels properties.
	The aim of this article is to show, that a deeper analysis of intermolecular interactions and resulting from them ordered structures could change views on the mechanisms of many processes involving fuels
	Keywords: molecular cluster, low temperature properties, fuels lubricity
	1. Introduction
	The petroleum fuels, as the source of energy for road and air transport were used by decades. Two decades use of biocomponents as substitute for petroleum fuels is important part of energy policy, both all over the EU and in individual member countries. Increasing demand for fuels and energy connected with economy growth, due to decreasing sources of fossil fuels, means searching and supporting the use of biocomponents, liquid biofuels and other renewable fuels. Biocomponents contribution in total sum of consumed fuels, computed in relation to calorific value, shall increase successively up to 10% in 2020.
	Currently available on the market diesel fuel contains ca 7 % (V/V) of FAME (fatty acids methyl ester). FAME is chemically quite different from petroleum diesel fuel. Fuels composition plays important role in their behaviour during all processes that occur in the system of engine supply and in combustion chamber, including low temperature operability [1] and fuel pumps lubrication. The introduction of non-conventional fuels such as FAME into diesel fuel blends has complicated fuel characterization. FAME changes distillation curve, density, viscosity at high and, what is more important, low temperature and reaction chains during fuels combustion. New generation biofuels consisting of hydrocarbons can contain high concentrations of specific n-paraffins. All of these components can have a significant impact on diesel and jet fuel characterization and low temperature properties. However, as write authors of [1], the basics for fuel characterization are the same as for conventional diesel fuel analysis. 
	Several analytical measurements can provide information for estimating a diesel and jet fuel’s low temperature performance. Distillation, Cloud Point (CP), Pour Point (PP), viscosity, n-paraffin content and distribution as well as lubricity determined by HFRR and BOCLE tests are all very useful fuel characteristics. Without analysis on molecular level of fuels chemical composition it is very difficult or impossible explain the unexpected behaviour of fuels during different processes.
	Usually fuels are described as the mixture of molecules almost independent and the interaction between molecules is considered marginally. The aim of this article is to show, that a deeper analysis of intermolecular interactions and resulting from them ordered structures could change views on the mechanisms of many processes involving fuels.
	2. Molecular clusters in fuels structure
	The ordered structures, which were detected in fuels, are molecular clusters. The phrase cluster was coined by F. A. Cotton in the early 1960s to refer to compounds containing metal–metal bonds. Molecular clusters are aggregates of 5-105 molecules. They are classified according to the forces holding them together:
	 Van der Waals clusters – attraction between induced electric dipoles and repulsion between electron cores of closed electronic configurations,
	 Metallic clusters – long range valence electron sharing (over many successive adjacent atoms) and partially directional,
	 Ionic clusters – valence electrons are almost entirely transferred among closest neighbours to yield 2 net, equal but opposite, electric charge distributions that mutually attract.
	The role of cluster formation in the precipitation of liquid mixtures and in the condensation, adsorption to surface or solidification phase transitions has long been investigated from a theoretical standpoint.
	Cluster system properties – stem from their both size and composition (which contributes to the binding force types) that determine:
	 the number of dimensions of their phase space,
	 the ranges of accessible positions and velocities of their atomic components.
	A gradual transition occurs between the properties of the molecular species and those of the corresponding bulk mix. And yet the clusters exhibit physical and chemical properties specific only to their configuration space (in turn strongly atom-count-dependent) and not specific to their bulk counterparts.
	/
	Fig. 1. Models of molecular clusters of PAH molecules [2]
	Polycyclic aromatic hydrocarbon (PAH) molecules have been widely investigated as the building blocks of soot resulting from incomplete combustion of hydrocarbon fuels, and have been related to questions of the health hazards arising from the combustion products, the exploration of the interstellar space and applications of nanotechnology. An important open question regarding the role of PAHs in the formation and growth of soot is whether PAHs of a given size form stable clusters in a flame environment, and whether they exist as a solid or liquid-like phase [2]. In a previous study, homogenous clusters of pyrene and coronene have been investigated using molecular dynamics simulations. It was shown that clusters of these small PAHs could not survive at flame temperatures, e.g. 1500 K. This suggests that soot particles may be composed of larger PAHs with higher thermal stabilities.
	In this article, post the question whether molecular clusters formed by molecules in the fuel can influence on fuels behaviour at low temperature and during the fuel pumps lubrication. 
	3. The possibly influence of clusters on rheological properties of fuels
	The rheological properties play important role in fuels behaviour in engines fuel supply systems, injectors and during fuels injection to combustion chamber. In warm part of this system, the main role plays viscosity at relatively high temperature and under high pressure. At temperature to about 100oC diesel and jet, fuels can be treated as Newtonian liquids. This change when the temperature of fuel falls below 0oC. It is difficult to explain this effect using Newtonian macroscopic description. The explanation can be done on molecular level, when viscosity will be treated as chemical reaction of disruption of intermolecular bonds. In this case, viscosity can be describe by Arrhenius equation (1) [3]:
	  = A exp (Ea/RT), (1)
	where: 
	 – kinematic viscosity of fuel, 
	Ea – activation energy of disruption of intermolecular bonds, 
	T –temperature of fuels. 
	The value of activation energy is specific for each chemical reaction. When the nature of intermolecular bonds change the Ea should change as well. The Newtonian interpretation assumes that each of molecules creates intermolecular bonds with all neighbouring molecules and during fuels flow only bond between given molecule and the molecule, which belongs to the neighbouring layer, are disrupted. According to this theory, the increase in temperature will increase the average distance between molecules – between parallel layers of molecules, what is the reason of the energy of intermolecular bonds decrease. This is shown on Fig. 2, where calculated activation energy is significantly higher at low temperature than these calculated for low temperature.
	These data are consistent with above interpretation of the temperature influence on the energy of intermolecular bonds. At higher temperature, the energy of intermolecular bonds is similar for such different fuels like mineral diesel fuel and rapeseed methyl ester (B100). The energy of intermolecular bonds become differs at lower temperature. Below 0oC kinematic viscosity becomes rapidly increase. It is the similar effect as during pressure increase (see Fig. 3).
	Kinematic viscosity of fuel at low temperature as well as under high pressure cannot be explain by Newtonian model of flowing liquid – the influence of temperature decrease and pressure increase on the distance between molecules. At temperature near melting point, the clusters of hydrocarbons, molecules, identified in PAH, should be taken into account. The Fig.4. shows the linear dependence between reduced melting point and 1/D, where D is the diameter of the clusters of PAH molecules [4].
	Kinematic viscosity of fuel at low temperature as well as under high pressure cannot be explain by Newtonian model of flowing liquid – the influence of temperature decrease and pressure increase on the distance between molecules. At temperature near melting point, the clusters of hydrocarbons, molecules, identified in PAH, should be taken into account. The Fig. 5. shows the linear dependence between reduced melting point and 1/D, where D is the diameter of the clusters of PAH molecules [4].
	/
	 /
	Fig. 2. Activation energy Ea of disruption reaction of intermolecular bonds, calculated for FAME (B100) and diesel fuel
	 a) b)
	/ /
	Fig. 3. The mineral diesel fuels viscosity change a) by cooling and b) by increase of the pressure
	/
	Fig. 4. Relation between reduced melting point and diameter of the clusters of PAH [4]
	The unexpected effects arising from chemical composition of fuel cannot be explained by Newtonian model – example: the influence of the concentration of FAME in mineral jet fuel on the value of cloud point (CP) and freezing temperature, what was reported by authors of this article [5].
	/
	Fig. 5. Cloud point and freezing point change with the increase of FAME concentration in jet fuel; each line represents blend of jet fuel (two kinds of this fuel) and FAME (from two plants) [5]
	The effects observed for FAME concentration between 0 and 10 % (V/V) can be explained by the clusters theory. According to these theory molecular clusters created by hydrocarbons, molecules are modified by FAME molecules. This modification depends on FAME concentration in mineral fuel, but this modification is not proportional to FAME concentration. The clusters size and structure, including geometric structure, can be the reason of unexpected changes of CP and freezing point.
	4. The possibly influence of clusters on tribological properties of fuels
	Lubricity of fuels for CI engines becomes one of very important parameter since the sulphur content was decreased to 50 and actually 10 ppm. In mineral distillates sulphides, polysulfide's and thiols are the main sulphur containing compounds. Sulphur removal from distillate practically eliminates these compounds. Organic sulphur compounds are well known as very effective lubricating additives, used for many years in lubricants. The sulphur containing additives are active in protective layers creation on the surface of lubricated elements of machines. Their activity depends on their chemical structure and operation conditions of machine. Thiols and sulphides are effective in Anti-war layer creation since polysulphides are effective EP additives. 
	Elimination of organic sulphur compounds from diesel fuel dramatically decreases the fuels ability to protective layer creation. As the result fuel pumps and unit injector's elements, they cannot be protect against intensive wear and seizure. To provide effective lubrication of fuel pumps and unit injectors elements in case fuel does not contain organic sulphur compounds, the oxygen containing organic compounds are added as lubrication additives. These additives are mainly organic acids with long hydrocarbon chains. The effectiveness of lubricating additives depends on the base fuel. As it is shown on Fig. 6, lauric acid improves effectively fuels lubricity, when is added to mineral diesel fuel. The same additive is not effective in n-hexadecane. 
	The adsorption theory of protective layer cannot explain this effect. The experience in the use of lubricating additives added to the fuels and lubricants points the important role of base fuel or base oil on effectiveness of lubricating additives. This is associated usually with the viscosity of base fuel or oil, but under conditions of fuels pumps as well as HFRR and BOCLE apparatuses during laboratory tests, the hydrodynamic lubrication cannot play important role. Authors of this article believe that molecular clusters created by hydrocarbons of fuel can play important role in protective layer formation by base fuels and by fuels containing lubricating additives. 
	One of characteristic of molecular clusters is their electrical conductivity, other than hydrocarbons, which do not create clusters. Fig. 7 shows the dependence between wear determined during BOCLE test and the conductivity measured for the number of Jet fuel blends with synthetic hydrocarbons and alcohols.
	/
	Fig. 6. The relationship between the result of HFRR test (balls wear) and additive (lauric acid) concentration [6]
	/
	Fig. 7. Relationship between wear after BOCLE test obtained for the number of Jet fuel blends with synthetic hydrocarbons and alcohols and conductivity of these blends 
	Similar dependence was found for the blends of mineral diesel fuel (without FAME) and the blends of synthetic hydrocarbons, which play the role of the models of hydrotreated vegetable oils (HVO) (Fig. 8).
	/
	/
	ON – diesel fuel; HVO – the model of hydrotreated vegetable oil
	Fig. 7. The influence of synthetic hydrocarbons (n-paraffins) concentration in diesel fuel on lubricity (HFRR) and conductivity of the tested blends
	The characteristic increase of wear and conductivity for the blend of 5 % (V/V) of synthetic hydrocarbons can be explained as the specific synthetic hydrocarbons influence on the structure of clusters built by the fuels molecules. 
	5. Conclusions
	Presented in the article examples of unexpected effects in various blends of jet fuels and diesel fuels observed in relation to their behaviour at low temperature and during lubrication of fuel pumps leads to conclusion, that:
	 usually fuels are described as the mixture of molecules almost independent and the interaction between molecules is considered marginally,
	 it was found that molecules of aromatic compounds create molecular clusters,
	 the observed unexpected behaviour of fuels at low temperature and during lubrication can be explained by molecular clusters characteristics.
	The authors of this article opinion are that further research should be focused on the cluster formation by fuels components and the influence of clusters on fuels properties.
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	Abstract
	Keeping the aircraft Ground Support Equipment (GSE) at airfields of Armed Forces of the Republic of Poland in state of operational readiness determines possession of adequate means and resources by the entity, which provides its maintenance and repair. The article presents the characteristic features of the maintenance model used for GSE items used for aircraft ground handling. Basic assumptions have been presented, and mathematical notation of the system input data has been identified and presented. Selected elements of the optimization task, its decision-making variables and limitations have been formulated. A preliminary quality evaluation of the proposed maintenance GSE system model has been made. The authors have emphasized the importance of the system optimization, which involves minimizing the criterion function of system evaluation. Components of this function are mainly costs per unit of time resulting from the necessity to use a given GSE and from the necessity to keep a given GSE type in the technical maintenance system. In addition, an example of such approach in the table format has been given, and selected parameters of airfields and GSE items have bene presented. There is a short summary section, which stresses the importance of such optimization of GSE maintenance system. 
	Keywords: GSE, technical maintenance system, system optimization 
	Rational use of available resources is one of the determinants of operation of the entity, which provides the maintenance of aircraft ground support equipment (GSE) located at military airfields. Resources are understood as both means of production (adequate technological, documentation and staffing level) and the overall organizational system. Combining those resources into a system determines its correct functioning. Therefore, such system should be adequately managed. In this article, it is assumed that the maintenance system management is an effective realization of functions, which involve quantitative and qualitative selection of resources according to their intended use and maintaining the resources in a continuous state of readiness. The term “technical maintenance” is understood as a set of intentional organizational, technical and economic actions of people and equipment with the aim to keep or restore the capability of further operation. 
	The technical equipment maintenance system has two subsystems: 
	– executive, responsible for realization of maintenance,
	– planning, responsible for correct planning of all maintenance tasks performed (by the contractor).
	The maintenance subsystem and the use subsystem make up the system of technical operation, which comprises the set of GSE items, technical personnel and control of the technical operation process, which cooperate in order to keep the GSE fit for handling aircraft. 
	The use subsystem is the set of GSE items, personnel, technical operation means, regulations and standards, which specify the selection, and maintenance of the most appropriate scopes of ground aviation equipment and maintaining and restoring the fitness for use.
	The technical maintenance subsystem comprises the GSE, technical personnel, technical operation means, programmes and methods of maintenance, and relations between individual system components. This subsystem ensures mainly aircraft refuelling, supply of power, gases and consumable liquids to aircraft, special equipment, check of technical condition, preventive maintenance, repairs, etc. 
	The logistics subsystem provides spare parts, fuel, oxygen and other media, and it contains the equipment to feed these media, provide airfield power supply, individual ground equipment, etc. 
	From the point of view of entities responsible for technical maintenance of GSE located in military airfields, realization of these tasks determines possession of relevant resources in the form of service teams, processing lines, personnel trained in GSE handling, and stock of spare parts. At the same time, the entity must maximize the utilization of resources at minimum involvement of personnel and contractor operating means. 
	Due to a huge number of components, the actual maintenance system for aircraft ground support equipment (GSE) is too complicated to be analysed directly, and therefore needs to be modelled. The form of the model depends on the aim of research, and the model should represent the complexity and interdependence of phenomena, which occur during the actual operation of the system. 
	In model building, it is necessary to represent its basic properties, i.e. system components and their characteristics. The model input data should be identified for formal description of modelling of the technical maintenance system. 
	The model of maintenance system for aircraft ground support equipment MSGSE can be expressed as an ordered triple:
	 , (1)
	where:
	 – model of maintenance system for aircraft ground support equipment,
	 – structure of model of GSE maintenance system,
	 – set of characteristics of the system components,
	 – organization of maintenance system for aircraft ground support equipment.
	The optimum organization of aircraft technical maintenance is the organization, which ensures the best maintenance (from the point of view of chosen evaluation criteria). Optimization of the considered decision-making situation requires defining of the decision-making variables, limitations, and a criterion function, which will be a measure of how well the problem was, solved (problem solution quality). 
	For needs of the model of maintenance system for aircraft ground support equipment MSGSE, it was assumed that various GSE types will be numbered, forming set UN:
	 , (2)
	where: 
	 – number of a GSE,
	 – number of all GSEs.
	Analogously, individual types of maintenance performed on GSE form set PN:
	 , (3)
	where: 
	 – number of a GSE maintenance type,
	 – number of all types of maintenance performed on GSE.
	In addition, it is advisable to account for possible, various methods of GSE maintenance, which can be identified e.g. by defining the set of technologies (methods) RN:
	 , (4)
	where: 
	 – number of a GSE maintenance,
	 – number of all types of maintenance performed on GSE.
	According to previous assumptions, the model should represent the GSE maintenance system. For this objective of research, the values, which will affect the operation of the system (apart from previously defined sets), will include, inter alia: 
	– assigning maintenance types to GSE types , where ,
	– duration of a given maintenance on a given GSE type using a given technology , where ,
	– cost of upkeep of technical maintenance system which performs a given maintenance on a given GSE type using a given technology (method) , where ,
	– other.
	Hence, the characteristics of all types of maintenance performed on a given GSE type can be presented in the form of three matrices:
	 – matrix of assigning maintenance types to GSE types;
	 – matrix of duration of a given maintenance on a given GSE type using a given technology;
	 – matrix of cost of upkeep of technical maintenance system which performs a given maintenance on a given GSE type using a given technology;
	Taking the above into account, we can define the set of maintenance types, which are performed on given GSE types as:
	 . (5)
	Assuming that the technical maintenance system in an entity (contractor) which provides the GSE maintenance consists of the system components in the form of processing lines (in-house maintenance) or service teams (on-site maintenance, wherever GSE is used), we can defined set IN of numbers of individual processing lines:
	 , (6)
	where:
	i – number of a processing line,
	I – number of all processing lines,
	and set JN of numbers of individual service teams:
	 , (7)
	where:
	j – number of a service team,
	J – number of all service teams.
	Analysis of availability of maintenance system components requires that the time be accounted for in the model. Therefore, the time was divided into fixed intervals (e.g. one-second intervals) which set TN can be expressed as:
	 , (8)
	where:
	k – time interval,
	K – number of all-time intervals.
	Airfields where GSE is used are also components of the GSE maintenance system model (MSGSE). The set of individual (serviced) airfields AN can be expressed as:
	 , (9)
	where: 
	a – number of a serviced airfield,
	A – number of all serviced airfields.
	The characteristics of serviced airfields include:
	 type of place (airfield, contractor) where a given maintenance type is performed on a given GSE type , where .  when a given maintenance on a given GSE type is performed at the airfield, whereas  when a given maintenance on a given GSE type is performed at the contractor’s,
	 service team travel time to the airfield , where ,
	 efficiency of service teams which perform a given maintenance on a given GSE type using a given technology , where ,
	 efficiency of processing lines which perform a given maintenance on a given GSE type using a given technology , where 
	 and other.
	There are two types of defined binary variables in the optimization task:
	 , where . It is equal to 1 when at a given airfield a given service team has performed a given maintenance on a given GSE type using a given technology; otherwise ,
	 , where .  if a given processing line has been used to perform a given maintenance on a given GSE type using a given technology.
	The task of optimization of operation of the GSE maintenance system has many limitations, such as: 
	 limitations relating to the character of decision-making variables,
	 limitations relating to the duration of individual maintenance of equipment,
	 limitations relating to the amount of available resources (service teams, process lines),
	 limitations relating to the number of employees,
	 limitations relating to the costs of maintenance
	 and other.
	The evaluation criterion of contractors (entities) which perform aircraft ground maintenance at military airfields should reconcile the interests of both partners in the operation process from one more general point of view, which commonly can be equated to business benefits. Therefore, for an entity which operates aircraft the problem of optimization of GSE maintenance is reduced to minimizing the criterion function F.
	Function F, which is the system evaluation criterion, is a sum of the following components:
	 , (10)
	where:
	KW(u) – cost per unit of time, resulting from the necessity to use a given GSE,
	tw(u) – time of use a given GSE,
	KS(u) – cost per unit of time, resulting from the necessity to keep a given GSE type in the technical maintenance system,
	ts(u) – time of keep a given GSE type in the technical maintenance system.
	The entity under consideration (contractor) which provides GSE maintenance and repairs is located in Warsaw, Poland, and its main (strategic) customer is the Armed Forces of the Republic of Poland. The serviced GSE is located in individual airbases all over the country. 
	Typical (simplified) organizational chart of the contractor is presented in Fig. 1. 
	/
	Fig. 1. Simplified organizational chart of GSE maintenance contractor. Source: own study
	The entity has five service teams, which are dispatched when it is necessary to perform maintenance at an airbase or military unit where a given GSE is used. In house (Warsaw) the contractor has seven processing lines, which perform individual maintenance.
	The elements of set of GSE types, which undergo a given type of maintenance performed by the entity (contractor), are presented in Tab. 1. Plus sign means that a given GSE type undergoes a given type of maintenance. 
	Tab. 1. Elements of set UN and set PN
	Item
	Serviced equipment
	Equipment type – set U
	Types of maintenance performed on equipment 
	Technical maintenance (p=1)
	Overhaul
	(p=2)
	Overhaul
	with extension of service life (p=3)
	1
	Ground power unit 
	LUZES V/D (u=1)
	+
	+
	+
	2
	Ground power unit
	LUZES V/N (u=2)
	+
	+
	+
	3
	Ground power unit 
	LUZES II/M (u=3)
	+
	+
	+
	4
	Ground power unit
	LUZES III/M (u=4)
	+
	+
	+
	5
	Ground power unit
	LZE 6/M (u=5)
	+
	+
	+
	6
	Hydraulic power unit
	LZH/N (u=6)
	+
	+
	+
	7
	Oxygen distributor 
	LDT/N (u=7)
	+
	+
	+
	9
	Nitrogen distributor
	LDA/N (u=9)
	+
	+
	+
	11
	Air distributor
	LDP/N (u=11)
	+
	+
	+
	12
	Air compressor 
	LSP/N (u=12)
	+
	+
	13
	Oxygen gasification unit 
	LGT/N (u=13)
	+
	+
	+
	14
	Nitrogen gasification unit 
	LGA/N (u=14)
	+
	+
	+
	The set of maintenance types is a three-element set: 
	 , (11)
	where:
	p=1 – corresponds to technical maintenance,
	p=2 – corresponds to overhaul,
	p=3 – corresponds to maintenance which aim is to extend the service life.
	Table 2 presents locations of individual serviced GSE and the number of GSE items in a given military unit/ airfield. 
	Taking into account the GSE locations (airfields) listed in Tab. 2, set of airfield numbers AN can be mathematically expressed as , whereas – for instance – the set of GSE items present on airfield No. 1 (Minsk Mazowiecki) can be expressed as: . 
	Such ordered records can be used directly by the GSE maintenance system model, which will enable an effective and rational utilization of GSE items, including performance of necessary technical maintenance.
	Tab. 2. List of GSE items at individual airfields
	Item 
	Location of serviced GSE items A
	List of GSE items at individual airfields
	u=1
	u=2
	u=3
	u=4
	u=5
	u=6
	u=7
	u=8
	u=9
	u=10
	u=11
	u=12
	1
	Minsk Mazowiecki
	3
	2
	13
	1
	24
	2
	2
	2
	2
	2
	1
	1
	2
	Malbork
	3
	1
	5
	1
	7
	2
	1
	1
	2
	3
	Babie Doły
	4
	2
	1
	11
	3
	1
	3
	4
	Bydgoszcz
	1
	1
	1
	5
	Darłowo - Siemierowice 
	2
	1
	3
	1
	2
	6
	Świdwin
	2
	1
	16
	1
	8
	1
	1
	2
	1
	1
	7
	Mirosławiec
	1
	18
	1
	14
	1
	8
	Poznan
	12
	2
	4
	1
	2
	1
	1
	9
	Łask
	8
	1
	2
	1
	1
	10
	Powidz
	7
	1
	2
	1
	3
	2
	2
	2
	1
	11
	Leźnica Wielka
	1
	1
	2
	2
	1
	1
	12
	Pruszcz Gdanski
	1
	2
	1
	1
	13
	Inowrocław
	4
	1
	4
	2
	1
	1
	1
	14
	Warszawa
	10
	6
	5
	2
	1
	15
	Krakow
	14
	1
	2
	1
	1
	16
	Deblin
	9
	3
	1
	3
	2
	1
	2
	1
	1
	17
	Radom
	2
	4
	2
	5
	1
	1
	1
	18
	Nowy Glinnik
	1
	1
	1
	2
	1
	1
	A dynamic growth of air transport, both civil and military, generates an increased demand for aircraft technical maintenance services. Such maintenance should be performed not only professionally, but also quickly and inexpensively. Consequently, the aircraft ground support equipment (GSE) should be in good working order and have a sufficient reserve of service life.
	Therefore, a correct organization of GSE maintenance becomes a crucial issue with two different goals: reduce the GSE operating costs, and prevent unexpected failures. Keeping the GSE at airfields of Armed Forces of the Republic of Poland in good working order and on the outsourcing principles makes it necessary for contractors to have adequate resources in order to fulfil this task. 
	The proposed formal notation of the optimization task of technical maintenance system for aircraft ground support equipment accounts for actual system parameters. Application of the proposed model allows making correct decisions in terms of choice of parameters, which characterize the GSE maintenance system used by the contractor. 
	The values obtained from solution of this optimization task can be an element, which supports the decision-making process in terms of expanding the available contractor’s resources at specific forecasts of increased demand for contractor’s services. 
	[1] Jacyna, M., Modelling and Evaluation of Transport Systems, Oficyna Wydawnicza Politechniki Warszawskiej, Warszawa 2009. 
	[2] Kowalski, M., Żak, J., Selected Aspects of Modelling the Aircraft Maintenance System, TTS 12/2015, 2015.
	[3] Lewitowicz, J., Foundations of Aircraft Operation. Systems of Aircraft Operation, Vol. 3. Wydawnictwo ITWL, Warszawa 2006.
	[4] Lewitowicz, J., Risk in Aircraft Operation, Problemy Eksploatacji, 2, 2010.
	[5] Standard PN-82/N-04001.
	[6] Piasecki, S., Optimization of Equipment Operation, Wojskowa Akademia Techniczna, Warszawa 1971.
	[7] Pyza, D., Transport System Modelling Applied in Designing the Transport Services for Businesses, OWPW, Warszawa 2012.
	[8] Żółtowski, B., Ćwik, Z., Technical Diagnostics. Encyclopaedic Dictionary, Wydawnictwo Uczelniane Akademii Techniczno-Rolniczej, Bydgoszcz 1996.
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	Abstract
	The paper stresses the importance of aircraft ground handling in the Armed Forces of the Republic of Poland. The most essential issues include high efficiency of the aircraft ground handling systems, experienced and qualified personnel and optimum use of resources. It is increasingly more difficult to achieve such state, due to inter alia more sophisticated and complicated equipment and its high operating costs. Thus, constant monitoring, checking and obtaining information about the ground handling equipment centres and actual and effective use of such centres in accordance with planned tasks becomes increasingly important. As of today, there is no remote diagnostic system of the aircraft ground support equipment, which could provide information about its technical condition and location. The paper presents a proposal of such a system, its basic parameters and standard windows of the computer-based GSE diagnostic system. The basic parameters acquired from the equipment, as well as methods of recording and saving them in the system is shown. The most important advantages, expansion potential and future prospects for the system are indicated. 
	Keywords: aircraft ground support equipment, GSE diagnostics
	In the era of fast development of aviation technology marked by appearance of new technical possibilities, refined designs of aircraft, modern power plant system, avionics, weapon systems have made the aircraft servicing and keeping them airworthy a very complicated task which directly affects the accomplishment of missions, reliability and flight safety. 
	Today, the standard is an efficient aircraft ground handling system based on experienced, well-trained personnel equipped with modern devices to support this process and ensure reliable operation of the aircraft. 
	During the servicing, the aircraft ground support equipment (GSE) is in most cases connected directly to the airframe systems and installations such as electrical and electronic system, hydraulics, air, oxygen and nitrogen installations. Consequently, these devices must be of high quality and reliability, commensurate with the quality of integral systems installed on the aircraft. 
	In comparison with the civil aviation, the logistics in the military aircraft operation system is a much broader process, resulting from fulfilment of combat missions. The services performed in the military system have to ensure the operational requirements, airworthiness and readiness of the aircraft in the global system of national security. 
	Currently, the Polish Airforce has a variety of aircraft, which entails the need to obtain specialist equipment for ground handling. Servicing planes of various types and use, helicopters or pilotless aircraft purchased from various Polish and foreign suppliers are a complicated process, which requires support by means of different modern devices. 
	A very important aspect in the handling system is to create an adequate, comprehensive system, which on the basis of acquired information will efficiently carry out tasks resulting from the aforementioned needs. One of the most important elements of such system are technical resources ensuring operation of a combat aircraft which can be divided into aircraft ground support resources (GSE) and airfield-hangar resources. 
	Constant monitoring, checking and acquiring information about the ground handling resources ensure their relatively optimal use according to the planned tasks. 
	In order to acquire such information it is necessary to build a central remote GSE diagnostic system to collect diagnostic data, which include not only monitoring of current operating parameters but also the failure codes and current location of equipment.   
	The users of GSE operated in the Polish Armed Forces do not have such possibility now – the equipment is monitored „manually”. The statistics, e.g. number of person-hours used, fuel consumption, etc., necessary for planning of materiel resources, technical maintenance or the analysis of failures, are very time-consuming and sometimes difficult to generate.  
	Such a system is also very important during aircraft combat missions abroad, e.g. peacekeeping missions. Monitoring of the GSE redeployed to service aircraft in other parts of the world from the Poland-based centre will be of considerable importance.
	In an attempt to these problems, the only GSE manufacturer in Poland – WCBKT S.A. – Central Military Bureau of Design and Technology – developed a concept of the model and launched the test version of the Remote Diagnostic System for the GSE of their manufacture. The system was tested on the TAURUS Ground Power Unit dedicated to handling civilian aircraft at the Warsaw Chopin Airport.
	Generally, the GSE Remote Diagnostic System collects the diagnostic data from the GSE. The data are used for current analysis of functioning of the monitored equipment. It is the main task of the system – for analysis of equipment operation. The collected data are also used to generate statistics, such as number of man hours used, fuel consumption, technical condition of the equipment, etc., using standard statistical and probabilistic relationships. The determination of technical condition of a facility (equipment) requires that the following rule of inference be applied:
	,          (1)
	where:
	n – number of analysed parameters,
	WS – vector of technical condition of the equipment,
	xi – ith equipment diagnostic parameter,
	WT – technical condition specified by the Manufacturer.
	Therefore, the main task of the current version of the system is to collect diagnostic data from all RSE items connected to it. 
	The users of the GSE Remote Diagnostic System: 
	 Administrator status users: system developer with access to all elements of the system,
	 Standard status users: limited authorization for system administration which involves adding new equipment, adding user accounts, logging to the system database, or performing the programming works,
	 External status users: future option.
	The security model for system access from a computer network is based on standard security mechanisms, i.e. unique login and password for each system user and the mechanism, which makes access, by users to the specific system resources dependable on the type of their account. 
	The data acquired by the GSE Remote Diagnostic System are directly related to the features of the equipment. For this purpose, a measurement system with a dedicated communication protocol was installed and programmed on the equipment, allowing transmitting chosen equipment operation parameters, depending on the intended use of a given equipment. 
	The GSE Remote Diagnostic System acquires the following data from the equipment:
	 Measured parameters: current operational parameters, e.g. output voltage, fuel consumption, equipment information, engine type, software version, etc. Currently, it is from 20 to about 40 parameters, depending on the model (see Fig. 1). The data are acquired from the database at 3-second intervals,
	/
	Fig. 1. Window – measured parameters
	 Event Log: This is a summary report from the equipment operation generated on the user’s request. After being transmitted, the generated report is saved in the GSE database and made available to the user via WWW. The system acquires the log in the UDT format, then converts it to the Excel format and saves in the database (Fig. 2),
	 Log files: These are cumulated data in the form of files, acquired cyclically from the equipment and then saved on the GSE Diagnostics Server. The data are acquired in the UDT format, then converted to the CSV format (Fig. 3),
	 RSE location: The system collects the data from the GSM module located in the communication module. Last 10 saved equipment locations are shown on the map (Fig. 4).
	/
	Fig. 2. Window – event log
	/
	Fig. 3. Window – log files 
	/
	Fig. 4. Equipment information window with map presenting last 10 locations 
	Each GSE connected to the Remote Diagnostic System has the following set of modules (Fig. 5).
	/
	Fig. 5. Block diagram of the system on a single GSE
	 Measurement systems – collect chosen equipment operating parameters;
	 Equipment controller – a modified controller with added function of data acquisition and transmission
	 Communication module – used to transmit the collected and acquired data to the GSE Remote Diagnostic System Server (Fig. 6).
	/
	Fig. 6. Block diagram of system elements for a single GSE
	The GSE Remote Diagnostic System Server allows simultaneous communication with many equipment items. The server comprises the following modules (Fig. 7):
	 database – collects and stores all data and files acquired from the equipment items. The Microsoft’s SQL Server was chosen as the database server (Fig. 8),
	 GSE server – an application that acquires data and saves them in the database. The application can run as a system service or in the view mode showing actions currently performed by the server,
	 WEB_GSE – a WWW client allowing access to the data by the GSE System users (data presentation).
	/
	Fig. 7. Block diagram of the GSE Remote Diagnostic System Server
	/
	Fig. 8. Diagram with database tables of the GSE Remote Diagnostic System
	As a result of using the state-of-the art solutions, the system allows operation of many equipment items and access by many users (Fig. 9). The system was tested on three emulated TAURUS GPU’s, three emulated LUZES V/N’s, emulator of the PORTOS equipment, and the data collected from the GPU TAURUS manufactured by WCBKT S.A. 
	/
	Fig. 9. Block diagram of the GSE Remote Diagnostic System
	The current system capacity, with available electronics and internet connection, is up to maximum 20 GSE items. This number can be successively increased, by means of replacing the current computer hardware with hardware featuring better performance. Currently, the system can be used by 50 people simultaneously. This capacity also depends on the performance of the server on which the system runs. 
	It should be explicitly stated that the system passed the tests successfully which fully verified the assumptions. Of course, the system needs to be improved and supplemented, but it was confirmed that the concept of using the system in the operation and planning process is a step in the right direction. 
	The system can find a wide application in Polish Armed Forces, mainly as a support of central supervision of all GSE items used in the Airforce. Similarly, to many other support systems, the aircraft handling support system can significantly improve the logistic processes implemented by relevant technical services.
	[1] GSE Diagnostic System, WSBKT S.A., Ref. No. 1.36.3-1, Warszawa 2015.
	[2] Lewitowicz, Żyluk, Foundations of Aircraft Operation Technical Operation of Aircraft, Wydawnictwo Instytut Techniczny Wojsk Lotniczych, Warszawa 2009. 
	[3] Kamiński, Operation of Aircraft and Helicopters, part I, WAT print, Warszawa 1998.
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	Abstract
	Flight data recorder is device that records various flight parameters and is able to survive the crash for increasing aviation safety. Aircrafts that can have an impact on the safety of flights in the airspace are becoming smaller and more accessible. Good examples are unmanned aerial vehicles or ultralight aircrafts. It would be appropriate to equip these objects into Flight Data Recorders in order to ensure that every crash will be accompanied by improvement of the aviation safety. While the legitimacy of FDR installation into manned objects is pretty obvious, for a UAV it is not as clear. There are some cases that the UAV has dropped and damaged some facilities or even dropped at human, additionally loss of often very expensive object should occur as rarely as possible. In both cases, the lifting capacity is very limited so there is requirement significantly to reduce the weight of the recording device. Minimum dimensions and weight are strongly dependent on the assumed conditions of the accident and on the size of the aircraft. The article describes design of the electronics module and partial concepts of the whole flight data recorder. Project is considered to provide a construction capable to be mounted on object with rigorous lifting capacity restrictions.
	Keywords: flight data recorder, semiconductor memory, UAV, aviation safety, accident, ultralight aircrafts
	1. Introduction 
	Almost all modern aircrafts contain two or more types of devices to record flight parameters. The first one is called as Flight Data Recorder and is used for storing flight data even after an accident occurs. Another type almost equally widespread is the Quick Access Recorder used in the exploitation process and ensuring the safety of flights [1]. The rapid growth in digital technology, including memories and microcontrollers, allows using these modern solutions to minimize size and weight of recording devices. A special area for development is the ability to mount the crash survivable recorder on Unmanned Aerial Vehicles or on ultralight aircrafts where lifting capacity is very limited. To be able to accomplish the task there is necessity significantly to lower the weight of such a recorder nevertheless keep an ability of surviving. It seems impossible to ensure survival on all terms contained in the regulations regarding to civil aircrafts. On the other hand, such lightweight object in case of crash behaves differently. It is able to conjecture that accelerations will be significantly lower and time of burning will be shorter especially on electrically propelled aircrafts. However, in order to get closer to these requirements, a completely new approach to design of Flight Data Recorder must be undertaken. The first major step is to reduce to minimum the size of the electronic module that has to survive crash. Subsequently consequently will be possible to reduce the volume and weight of the housing for electronics. The further step worthy of consideration would be the use of modern materials such as composites and innovative insulating materials in assembly of protection case. Another important issue is selecting electronics components capable of proper work at high ambient temperature conditions allowing using more efficient phase − change material into thermal block. 
	2. Specification for crash surveillance
	Over the years, the requirements for Flight Data Recorders changed over time with the development of technology. The actual specification is described in the EUROCAE document ED-112 [2] (Minimum operational performance specification for crash protected airborne recorder systems). The article contains variety of requirements for software and hardware. One of the most important issues is ability of FDR to survive in conditions of crash. The flight data recorder shall be capable of preserving the recorded information when subjected to the three following sequences of tests:
	a. Impact shock, penetration resistance, static crush, high temperature fire and fluid immersion,
	b. Impact shock, penetration resistance, static crush, low temperature fire and fluid immersion,
	c. Impact shock, penetration resistance, static crush, deep-sea pressure and sea water immersion.
	Any integrated circuit cannot survive such as conditions therefore; the system is placed in the appropriate housing structure. Design of standard flight data recorder protection case is presented on Fig. 1. Simplifying the steal armour plate prevents from penetration and static crush in addition it must be sealed to withstand deep-sea pressure and seawater immersion. Isolation layer and phase − change material are able to protect unit from extremely high temperatures, in the case of burning. From the figure below, we can infer that along with decreasing size of memory unit it will be possible to trim all layers constituting the protection case.
	/
	Fig. 1. FDR protection case
	2. Project of minimalized Flight Data Recorder memory unit 
	In the majority of civil aircrafts Flight Data Recorder is integrated with Flight Data Acquisition Unit, however only FDR is protected from appearance of circumstances descripted in chapter 2. In this article there is presented another approach to arrangement of units. In this case, Flight Data Recorder and Flight Data Acquisition Unit are separated and connected via communication interface. In this case plastic optical fibre (POF) interface is selected. Such a solution allows for convenient deployment of components maintaining electromagnetic compatibility. Conceptual drawing is featured on the Fig. 2. It can by noticed, that protecting case secures only the absolute minimum elements and even media converter is foreseen not survive a crash. 
	Memory unit consist of a microcontroller and two semiconductor memory chips. Each element is rated to proper work up to 125ºC ambient temperature. Application such as components allowing reduce amount and type of isolation and phase − below change material layers. The most common memory chips are rated to 85ºC and for these, thermal block maintain temperature lower than 60ºC. There are some additional elements not placed on the picture for example power supply unit which also meeting assumed temperature requirements. Project was held in
	/
	Fig. 2. Flight Data Recorder conception
	Altium Designer and reaches diameter equal to only 18 mm. There were not used any Ball Grid Array (BGA) elements regarding to prototype character of solution. Commercial version can be further reduced as a result of application of BGA technology. Fig. 3 shows project of described module, which is compound from two connected PCB boards making small cylinder. Memory module from Cypress Semiconductor was placed on the coin with dimensions close to the PCB and also presented in order to introduce real scale of elaborated solution. The entire structure is characterized by simplicity and is imitated number of applied elements. Despite the higher density of storage space into NAND flash memory chips, NOR flash were selected due to easiness of use and excellent price to environmental conditions endurance factor [3].
	/
	Fig. 3. Flight Data Recorder PCB project
	3. Recording system arrangement considerations
	Planned arrangement is presented on the Fig. 4. This is the second most spread installation of recording system on civil and military aircrafts. The possibility of unrestricted and optimal deployment of components has to be considered as undeniable advantage of such a solution. However, the disadvantage is a necessity to equip the object with reliable transmission medium to connect the registration system components. Another very important aspect is high system integration in unmanned aerial vehicles which pretty often means that module for recording every important parameter is already embedded [4, 5]. In this case, the only feature missing is presence of crash survivable memory module. In that situation, flight data acquisition unit is superfluous. Peeled architecture is conducive to such a situation. UAV should be equipped with Flight Data Recorder with accordingly manufactured media converter located outside protection cover. For General Aviation aircrafts and other small flying objects, we meet the very different avionics, which often entails individual approach to constructing of the Flight Data Acquisition Unit. Figure simplifies all incoming parameters to the three main groups, but in each of this group parameters can exist in forms that require completely different measurement methods. It is possible that for two seemingly similar aircrafts completely different electronic components must be applied. Building a universal device can be very expensive and extremely difficult. The easiest solution seems to be a situation where the manufacturer of the aircraft provides FDAU equipped with the standard data bus. This would enable a simplification of the entire system similarly to previously mentioned UAV case. Unfortunately, enforcement of mounting a relatively sophisticated unit on often-inexpensive object is difficult. It can be predicted that the formation of appropriate legal regulations will result in decreasing accessibility of small manned flying objects. 
	Fig. 2. Recording system memory space organization
	4. Software assumptions
	Air Force Institute of Technology possesses experience in the software production for Flight Data Recorders. Among other things, created high reliability recording system for flash devices can be counted as evidence. Despite the fact that it was developed for NAND memory chips, characterized by complicated handling procedures and much higher memory capacities, it is intended to adopt examined software procedures for NOR memory. Due to simpler handling procedures and regular synchronous serial communication interface, selection of the microcontroller with fewer resources seems reasonable [6]. Additionally microchips based on Cortex M0+ architecture are transparent and widely approachable for severe environmental conditions. Another important advantage is very low price, which has large significance for small and comparatively inexpensive flying objects. The current solutions are based on three extracted software layers:
	1. main program,
	2. recording system,
	3. memory handling.
	Main program controls receiving procedures of data and takes control over entirety. Recording system takes over some wear-levelling task but mainly it is responsible for providing suitable arrangement of records and manages writing and reading procedures. And finally, memory handling is responsible to communication with memory [7]. In comparison to the NAND chips minor edits has to be done in recording system and main layer, whereas memory handling changes into much easier version.
	5. Conclusion
	Variety of objects that fits into anticipation for developed solution is wide. They are very different from each other. Therefore, it would be wise to produce single project of electronic module as small as possible and few projects of protection cover, which depending on the sizes will be cover less or more strict assumed crash conditions. A matter of choosing the adequate level of protection will be very difficult. It is understandable that the determination of such requirements would have to be supported by concrete researches including crash tests. Examination of this type entails the huge costs. However, such works seem to be sorely needed in the time, in which there is no doubt that UAV’s will be operating in newer and newer innovative applications [8]. Produced device is characterized by 64 MB memory space what allows to store any parametric data for sufficient amount of time in purpose of accident analysis. Make usage of BGA elements will result in even greater reduction of size, while simultaneously allows for the enlargement of recording area. There are no contraindications that the experience acquired while pursuance of this project will be transferred to modify Flight Data Recorders for regular aircrafts.
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	Abstract
	The article presents results of simulation of six-degrees of freedom motion for a missile subjected to atmospheric turbulences. Therefore, an applied mathematical model of motion includes description of stochastic turbulences influencing on missile flight. Both models of the motion as well as of turbulences are shortly presented. The motion model is typical for exterior ballistic problems – the spatial motion of the rigid body is described. Detailed formulas for aerodynamic forces and moments acting on the missile are presented. The much attention has been paid to the model of turbulence. This is the stochastic model based on the Power Spectral Densities and the Shinozuka’s method of stochastic processes simulations. They allow reconstructing a spatial structure of the wind field.
	Model validity was assessed by comparing the calculation results with the data recorded during shooting on the range. Result of series of simulations allows determining the missile sensitivity to this case of disturbances. Exemplary results of simulations are shown. The main important of them allow determining an influence of the turbulence on a point of the missile fall.
	Keywords: missile dynamics, stochastic turbulences, numerical simulations.
	1. Introduction 
	A maximum accuracy and precision are the main goal during missile shooting, which can be performed in various atmospheric conditions. Aerodynamic forces are the main forces acting on the missiles. They directly depend on the missile velocity relative to the air. Therefore, atmospheric turbulences may be a significant factor affecting the missile motion. Depending on them a different point on the Earth’s surface can be reached. This means that turbulences influence on the accuracy and precision of the missile. The main problem is to determine the sensitivity of the missile to this kind of disturbances. This problem can be resolved experimentally or in the way of theoretical investigations. 
	To resolve this problem theoretically the 6-DOF mathematical model of missile motion has to be applied. We can find a lot of similar each other models in the literature [1-4, 6, 12, 15-17, 20]. In this article, a model of the missile with variable mass is used. It is described in details in [8]. This model includes changes of missile mass characteristics during burning process. Thrust is not treated as the external force and is calculated on the basis of a solution of inner ballistic problems [8, 10, 11, 23, 24]. The used model also describes the jet damping effect [21], but this effect is the second of importance, as it is shown in [8].
	Applied in this article description of atmospheric turbulences takes into account stochastic character of the wind field. To determine this field, the Shinozuka’s method was applied, which was translator used to model earthquakes [18, 19] and is adopted to simulate turbulences treated as the stochastic processed [9, 13].
	2. Mathematical description of the missile motion
	Coordinate systems
	The following orthogonal coordinate systems were used to determine motion equations of the missile: Oxgygzg – the Earth-referenced system with its origin O at any fixed point of the missile, Oxyz – the missile-fixed system with the origin at point O, Oxayaza – the air trajectory reference frame. The origin O is the centre of mass of the missile after the combustion process. 
	These systems are related to each other by means of the following angles: (– yaw,  – pitch,  – roll) for systems Ogxgygzg and Oxyz and ( – angle of attack,  – sideslip angle) for systems Ogxgygzg and Oxyz. The transformation matrices between systems /from Oxgygzg to Oxyz and from Oxayaza to Oxyz/ are as follows:
	 , , (1)
	where: cP=cos, sP=sin, cT=cos, sT=sin, cF=cos, sF=sin, cA=cos, sA=sin, cB=cos, sB=sin.
	Fig. 1. Coordinate systems, static aerodynamic forces, angles and velocities
	Equations of translator motion
	In Oxyz system six scalar equations of translatory and rotational motions taken from [8] are as follows: 
	 , (2a)
	 , (2b)
	 , (2c)
	 , (2d)
	 , (2e)
	 , (2f)
	where we have:  – missile mass,  – mass flow rate,  – acceleration of mass change, (Ix, Iy, Iz) – inertia moments, (mi, xi) – mass and coordinate of i-th elementary mass of the combustion – products inside the missile,  – the velocity of the pole O relative to the Earth,  – the angular velocity of the missile, –  – the static moment of the missile,  – the coordinate of the mass centre, xE – the coordinate of the nozzle exit,  – the relative velocity of the mass centre,  – the relative velocity of the mass centre, – the sum of aerodynamic and gravitational forces, T – the thrust, – moments relative to the pole O.
	Equations (2) are obtained assuming that the missile has two symmetry planes. They are complemented by kinematic relations for rates of roll, pitch and yaw and for components of velocities in relation to the Earth:
	 /, (3a)
	 , (3b)
	 , (3c)
	 . (4)
	3. External forces end moments
	The external force F is the sum of the weight Q and the aerodynamic force Faer. Whereas, the aerodynamic moment MO relative to the pole O is the sum of the moments generated by the weight MQ and the aerodynamic moment Maer: 
	 , . (5)
	In Oxyz system, the weight has following components . It produces moment .
	To calculate aerodynamic forces and moments one has to know the missile velocity relative to air  where Vw is the wind (turbulence) velocity.
	The aerodynamic forces and moments can be divided into static and dynamic. Static forces and moments are determined on the basis of the nutation angle, which is calculated on the basis of angle of attack  and sideslip angle :
	While, the dynamic forces and moments are created when the missile is rotating. The resultant aerodynamic force Faer is equal to the sum of forces set out below:
	  or . (6)
	To determine aerodynamic forces and moments acting on the missile the following unit vectors of coordinate systems have to be used: unit vectors i, j, k of the system Oxyz and unit vectors ia, ja, ka of the aerodynamic system Oxayaza. Summary expressions for these forces and moments are shown in the table below.
	Aerodynamic forces:  or 
	Static aerodynamic forces
	Dynamic aerodynamic forces
	Over-turning moment Mom
	Pitch damping moment Mpdm
	 – air density, Ci – coefficients of aerodynamic forces and moments, d – diameter of the missile, S – reference area.
	Aerodynamic coefficients are determined using PRODAS software [14], which theoretical base can be found in [5]. Exemplary courses are shown in Fig. 2 and 3.
	4. Model of the turbulence
	The wind is dependent on time and space, but very often, it is assumed that it is only function of space . This assumption is based on the Taylor's “frozen turbulence” hypothesis. According to this hypothesis, the advection velocity of the turbulence is much greater than the velocity scale of the turbulence itself. The velocity Vw has two component – one with the constant value and direction and the second, which is various. In this article, the first component is omitted and the second is treated as the stochastic process representing atmospheric turbulence. To describe this turbulence Shinozuka's method was applied [9, 13, 19, 20]. This method is very useful to numerical simulation of stochastic processes. Originally, it was dedicated to simulate earthquakes. In this method, any stochastic process is written as a sum of periodic functions, amplitudes of which depend on the so-called Power Spectral Density  (PSD). Phases of these functions are random “white noise”. The formula for i-th component of Vw is as follows:
	 , (7)
	where:  – the vector of „spatial” frequency,  – the perturbed vector of „spatial” frequency; r=[xg,yg,zg] – the vector determining position of the point under consideration;  – the mutually independent and stochastically variable phase displacements of values 0-2 H – the lower triangular matrix of amplitudes related to the matrix of Power Spectral Density by means of the following dependence:
	 . (8)
	Nonzero components of matrix H() can be determined if PSD is known:
	As it is above visible, to determine matrix H the Power Spectral Density  must be known. It can be determined on the basis of available measurements of wind field fluctuations, or using specific expressions presented in the literature. One of the most popular is the Dryden's spectrum used in flight mechanics [7, 9, 13]. We can find three variants of spectrums:
	 one dimensional spectrum:
	  (9a)
	 two dimensional spectrum:
	  (9b)
	 three dimensional spectrum:
	  (9c)
	where: Lw – the scale of turbulence,  – the standard deviation of turbulence.
	On the basis of (7) components of the turbulence in Oxgygzg system can be calculated as follows:
	 for one dimensional spectrum (yg=const, zg=const):
	 , (10a)
	 , (10b)
	  (10c)
	 for two dimensional spectrum (zg=const):
	 , (11a)
	  (11b)
	  (11c)
	 for three dimensional spectrum:
	  (12a)
	  (12b)
	  (12c)
	Additional subscript “g” shows that velocity components are determined in Oxgygzg coordinate system.
	For calculations boundary values of „spatial” frequency, must be defined:
	 , ,  (13)
	and next ranges of frequencies are respectively divided into Lx, Ly and L − subintervals in the manner:
	 , ,  (14)
	The subsequent values of frequencies in (10) are calculated with formulas:
	 , , . (15)
	The perturbed vector of „spatial” frequency  in (7) is randomly perturbed vector , which is determined to avoid periodicity of the simulated turbulence. It has following components:
	 , , . (16)
	Each perturbation must satisfy the condition which e.g. for x component has the form:
	 , , . (17)
	Phase displacements , ,  (j = 1, 2, 3) are mutually independent, randomly variable, and included in the range of 0-2. 
	5. Results of simulations
	Simulations were performed for the missile ICP-1 which is used by Polish Military Forces as a target for antiaircraft training reason /see Fig. 4/. The basic data of the missile are as follows: initial mas 5.36 kg, fuel mass 1.13 kg, diameter 57 mm, length 1100 mm, engine-working time 0.7 s. 
	At the beginning of simulations, the described above model of missile motion was tested by comparing its results with data recorder during real firing tests. In Fig. 5 and 6, we can see comparison for flight velocity and trajectory for the initial conditions: the pitch angle =450, the initial velocity Vaer=40 m/s. We can see good comparison between theoretical calculations and real data despite of differences between theoretically calculated and measured thrust – Fig. 7. 
	Next simulations were performed including shown above stochastic description of the turbulence. The two dimensional PSD were used. Components of the PSD are presented in Fig. 810. Parameters of turbulence were as follows: the scale of turbulence Lw =400 m, the standard deviation of turbulence  =5 m/s. During each simulation, different profile of turbulence was obtained. It is shown in Fig. 11 where exemplary courses of Wwg t(t) turbulence component for two simulations are presented. As it was assumed, we can see that the courses are different each other although they both have the same parameters of stochastic description.
	Figures 12-15 show courses of a few flight parameters for calm and turbulent atmosphere versus time. They were obtained for the same initial conditions as above i.e. =45o, Vaer=40 m/s. For the sake of comparison, each diagram also shows results for the case of calm atmosphere. They are represented with a black dotted line. We can find only small influence of turbulence on some courses. The most visible effect is for the rolling angular velocity P /Fig. 14/ and for the yaw angle Fig. 15. However, detailed analysis shows that even small disturbances of the flight parameters cause important influence on the point of missile fall. Fig. presents these points obtained for twenty-four simulations for the pitch angle equal to 400. The coordinates of the fall point without turbulence are respectively mg=4407.6 m and yg=-1.752 m. It means that the trajectory of the missile deviates to the left. In the case of turbulence, the average values of coordinates are as follows: xg av=4362.75 m and yg av=-1.74 m. Their standard deviations are equal to: x=58.47 m and y =0.015 m. It shows that turbulence strongly impacts on the firing range of missile. It is important if the high precision is required. Comparing shown above xg coordinates we can see that the turbulence reduces the range of the missile. The reason is that the mean aerodynamic-drag coefficient increases because of the increased nutation angle (Fig. 17).
	6. Conclusions
	The conducted analysis has proved that the effect of turbulence on the missile accuracy may be essential and should be taken into account when planning the precise firing. Stochastic nature of the atmospheric turbulence results in the random distribution of points of fall. Turbulences increase the nutation angle during the missile flight and result in the reduction of the range of firing. Further studies will cover the question of determining final parameters of the missile flight in the wind, depending on initial pitch angle and parameters that describe the wind field.
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	Abstract
	The article deals with key issues related to the operation of the driving unit of the PZL-130TC1 ‘Orlik’ aircraft. The author has focused in particular on deficiencies of the aircrew drive LUN-7816, whose intensity affected both operational safety of the PZL130TC1 ‘Orlik’ aircraft and continuity of training programs for pilots. 
	The article puts forward some hypotheses on why airscrew drives have been damaged and presents the methodology of the studies. The structure of the object under investigation is described along with the chain of measurement, with consideration to the fact that frequencies characteristic for detrimental dynamic phenomena are virtually unknown and there are substantial constraints to measurements that can be taken in-flight. Initial results are outlined of investigations of the driving unit tests completed both on the ground and in-flight. All the addressed topics are illustrated by examples. An initial comparison between results obtained during ground tests makes it impossible to exclude the influence of the airfield surface on the occurrence of adverse operating circumstances. An unambiguous identification of reasons for failures and development of efficient preventive measures is possible only after carrying out pressure measurements
	Keywords: investigation of avionic events, diagnostics of avionic driving systems
	The PZL-130TC-I “Orlik” aircraft is a plane that is used by the High School of Air Force Officers for education and training purposes in fundamental education of future air force pilots. 
	The analysis of problems related to the operation of these aircrafts has demonstrated frequent cases of exceeding of the technical conditions prescribed for the M-601T engine and the V 510T airscrew. 
	The recorded moments of rpm and torque exceeding presented a set of factors that caused typical failures of the driving unit. Particularly dangerous were defects of the LUN-7816 hydraulic drive for the airscrew (Fig. 1) since these defects have led to several failures and a few dozen of hazardous situations that could possibly lead to an air accident. 
	The airscrew drive (Fig. 1) comprises a gear pump (1), pressure reduction valve RV-1 (2) for the maximum oil pressure, pressure reduction valve RV-2 (3) for the minimum oil pressure, centrifugal governor (4) and a reverse flow valve (5) – a set of bushings.
	The drive enables a steady operation of the control system and a faultless rotation of the airscrew when flight conditions are changed or when the Engine Control Lever (DSS) or the Airscrew Pitch Control Lever (DSSŚ) are repositioned. Smooth operation of the drive makes it possible to maintain the predefined airscrew characteristics, including system efficiency – Fig. 2 that, in turn, affects the level of fuel consumption.
	/
	Fig. 1. Diagram of the LUN-7816 airscrew drive
	The drive also protects the aircraft against circumstances where negative thrust is achieved in flight – Fig. 3 – that presents a danger of quick acceleration of an unloaded turbine up to overspeeding and in consequence to its disruption.
	/
	Fig. 2. Variations of the system efficiency as the function of the velocity factor J and the twist angle  of airscrew blades
	/
	Fig. 3. Variation of the power factor cp as the function of the thrust coefficient cT at the specific twist angle of airscrew blades
	A detailed analysis of information recorded by the on-board flight analyser indicated some possibilities of initial identification of symptoms that precede a failure of the LUN-7816 airscrew drive. These symptoms include variations of airscrew rpm. Fig. 4 shows an inexplicable, spontaneous rise of airscrew rpm nś during a ground test of the PZL-130TC1 ‘Orlik’ aircraft #034, which broke down during its second flight after the recorded event.
	It was thus possible to identify deficiency symptoms of the LUN 7816 airscrew drive even two flights before its eventual failure.
	/
	Fig. 4. The waveform with a spontaneous rise of the airscrew rpm nś recorded during a ground test of the PZL130TC1 ‘Orlik’ aircraft #034
	Another event that also illustrates the preliminary phase of the drive deficiency happened during a flight of the aircraft #022 – Fig. 5. The aircraft drive was then disassembled in witness of a commission at the premises of the drive manufacturer and the examination demonstrated a crack of a roll in the HK1015 bearing.
	/
	Fig. 5. Changes of airscrew rpm during a flight of the aircraft #022
	However, the foregoing identification method requires extensive experience and currently does not guarantee a sufficiently high efficiency under conditions of regular operations.
	An initial examination of the subassemblies within the LUN-7816 airscrew drive after its disassembling made it possible to determine its parameters that include: 
	 the characteristic frequency of the forcing pump (fzp = 26.375 kfv, where k ( C) as well as the technical conditions for verification of the permissible level of oil pressure pulsation (0.25prvl for fpvl < 100 Hz),
	 free vibration frequencies of the RV1 valve (719 Hz for a non-modified valve and 680 Hz for a modified one), and the RV2 valve (302 Hz), and the centrifugal governor (2 Hz),
	 range of operation pressures for the RV1 valve (2.0-2.49 MPa) and the RV2 valve (0.24-0.39 MPa) ignoring the effect of hydromechanical forces,
	 characteristic curve of the centrifugal (spring) governor and theoretical rpm ranges for steady operation of the airscrew, for a specific position of the Airscrew Pitch Control Lever (DSSŚ),
	 ranges for such airscrew rpm for which resonance vibrations of the RV1 and RV2 valves occur. 
	The analysis of the damaged drives demonstrated that the component that is most vulnerable to failures is the needle bearing HK1015 of the driven gear of the gear pump (1). 
	Before starting the investigations, the following hypotheses were adopted concerning root reasons for failures of the HK1015 bearing of the airscrew drive: 
	 excessive forcing pressure of the pump,
	 excessive misalignment of the bearing race (more than (0º2’),
	 excessive contamination of the oil system with abrasive products of the bearing wears. 
	Subsequent phases of the failure development consist in:
	 exceeding of dynamic surface stress on the inner bearing race, 
	 pitting of the inner race – appearing of Fe, Cr or Ni metal dust in oil, 
	 slip of needles, their deformations and cracks, 
	 damage to the bearing separator, 
	 excessive play of the driven gear of the pump (a modulation of oil consumption),
	 rubbing of the top surface of the driven gear against the body, presence of aluminium dust in oil, 
	 drop in the volumetric efficiency of the drive pump,
	 oscillations of airscrew rpm and torque.
	To assess actual operating conditions of the LUN-7816 airscrew drive it was necessary to carry out some additional ground and in-flight tests of the driving unit with measurements of drive parameters, such as oil pressure at characteristic points of the oil system for the automation functions of the airscrew (Fig. 1). These pressure values comprise: pop – oil pressure across the inlet of the gear pump of the drive, pRV – oil pressure downstream the drive pump (but upstream the RV-1 valve), pld  pressure across the trunk line for the large angle of the airscrew hub, plm – pressure across the trunk line for the low angle of the airscrew hub. The measurements were taken with use of membrane pressure transducers with their operation ranges properly selected according to the expected pressure values and the transmission bandwidth of ca. 5 kHz.
	When the driving unit was running on ground, the following measurements were carried out simultaneously with use of the following dedicated equipment:
	 pop, pRV, pld and plm pressure with use of the S23ap on-board monitoring recorder manufactured by ITWL with a sampling frequency of 34 Hz /channel,
	 pop, pRV, plm and pld pressures with use of the ADC board (PCB) of the AT MIO-16L type from National Instrument with a sampling frequency of 20 Hz /channel,
	 asynchronous measurements of the turbogenerator and the airscrew rpm with use of two CTMPER boards of counter-timers from Keithley-Metrabyte with a clock frequency of 10 MHz.
	For the in-flight tests, the only source of information about the operation of the LUN-7816 airscrew drive was the on-board S2-3ap monitoring recorder. 
	In the measurements there had to be considered the sampling rates for the oil pressure signals, transmission bandwidth of pressure transducers and the expected spectrum of the acquired signals. Therefore, the analysis of data stored in the on-board monitoring recorder took account of the following impacts: 
	 duplication and offset of the continuous signal spectrum  in the numerical signal ,
	 masking of components in the numerical signal due to aliasing. 
	The comparative analysis between information gathered during ground tests of the motor and recorded by the ADC boards (PCBs) with consideration to Nyquist conditions and the ones downloaded from the S2-3ap recorder made it possible to find out the correction factor for the characteristic frequencies of amplitude pulsations. For instance, for a pulsation frequency of about 500 Hz the correction factor is 1.45.
	Figure 6 depicts discrepancies of peak values obtained for signals from the on-board monitoring recorder (sampling frequency of 34 Hz /channel) and the ADC measurement board.
	/
	Fig. 6. The effect of the sampling frequency for the signal of the pRV pressure onto values of pulsations measured during tests
	The determined correction factors for the pulsation spectrum made it possible to find out the actual amplitude of pressure pulsations recorded during in-flight tests.
	The completed on-ground measurements of pressure values provided a profuse amount of data. The detailed analysis of that information makes it possible to assess technical condition of the airscrew drive and to find out the characteristic resonance frequencies. Fig. 7 presents profiles for the ground test of the aircraft engine, whilst Fig. 8, 9 presents waveforms for the measurements taken for the oil pressure. 
	/
	Fig. 7. The waveform for variation of the engine rpm (ng) during a ground test
	/
	Fig. 8. Variation of oil pressure measured across the inlet to the gear pump of the LUN 7816 airscrew drive during a ground test of the aircraft #012 with the engine # 994002
	/
	Fig. 9. Variation of oil pressure measured across the outlet from the gear pump of the LUN 7816 airscrew drive, during a ground test of the aircraft #012 with engine # 994002
	The analysis of characteristic curves of oil pressure vs. engine rpm made it possible to find out that excessive pulsations occur mostly downstream the gear pump of the airscrew drive (the pRV pressure) and predominantly for ranges from the idle run to about 80% and the turbine generator rpm (ng).
	With consideration to the characteristic frequency (about 500 Hz) and to the pulsation amplitude (about 20 atm.) it was found out the observed phenomenon is hazardous to the HK1015 bearing of the airscrew drive. In addition, 0 depicts also the dynamic properties of the phenomenon mapped onto the data downloaded from the flight recorder.
	/
	Fig. 10. Dynamic variations of the differential oil pressure (pRV) downstream the pump for the LUN 7816 airscrew drive as the function of the turbine generator rpm (ng)
	The test results that were obtained at that stage of studies made it possible to reveal that considerable pulsations of the pRV pressure occurred predominantly during ground tests of the driving unit.
	The foregoing observation gave an incentive to carry out an experiment with the aim to find out whether or not the airfield surface affects the measurable oil pressure jumps. The aircraft engine was started up twice for short times of operation, once on a concrete pavement, the second time on grass – Fig. 11 and Fig. 12. The measurement results revealed some slight differences of oil pressure pulsations (recorded when the DSSŚ lever was repositioned and during the 1st phase of warming up), which makes it impossible to reject the hypothesis about the effect of the airfield surface onto provoking oil pressure pulsation.
	/
	Fig. 11. Test on concrete pavement – a pressure jump is visible during movement of the DSSŚ lever from the ‘flag’ position to the position of ‘released’ (switchover of oil flow from the channel of a large angle to the low angle channel). Oil pressure pulsation recorded for the ng range was about 70%
	/
	Fig. 12. Test on grass – no pulsation is visible and the pressure jump associated with moving the DSSŚ lever from the ‘flag’ position to the position of ‘released’ is much less
	The performed studies demonstrated the occurrence of excessive pulsation of the pRV pressure during ground tests of the aircraft engine when the turbine generator rpm was about 80%.
	Incidental (two cases) short-term (several-second long) pulsations of the pRV pressure were recorded during in-flight tests when aerobatic manoeuvres of medium difficulty were performed, for the rpm range (ng) above 90% (a roll) and 60% (a stall). A short-term pulsation of the pRV pressure was also detected for the range of reverse thrust that is normally used for an aircraft landing (on a runway) at the speed V < 150 km/h.
	An initial comparison between results obtained during ground tests makes it impossible to exclude the influence of the airfield surface (aircraft cushioning) on the occurrence of adverse operating circumstances for the airscrew drive.
	An unambiguous identification of reasons for failures of LUN 7816 airscrew drives, as well the development of efficient preventive measures is possible only after carrying out pressure measurements of all PZL-130TC1 “Orlik” aircrafts equipped with M601T engines and V510T airscrews.
	[1] The PZL130 TC-I ”Orlik” aircraft, A technical Description. Engine, 1994.
	[2] The PZL130 TC-I ”Orlik” aircraft, A technical Description, Airscrew, 1994.
	[3] Szczepanik, R., Kowalski, M., Witoś, M., Report on ground and in-flight tests carried out for the driving unit of the PZL-130 TC-I ”Orlik” aircraft, 2002.
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	Abstract
	Article discussed participation of human factor in air occurrence causes. Human errors are causative factors in about 70% to 90% of air occurrences. Up to now, Polish Armed Forces aviation tools constructed to describe and clarify accidents causes has not considered a progress in flight safety theories and contribution of the human error as a causative factor of air accidents and incidents. That is the reason a method of modelling of air occurrences causes as a tool of human factor classification is constructed and presented. The new constructed taxonomy includes mod-ern flight safety theories as 5-M Model, James Reason Theory and HFACS – Human Factor Analysis and Classification System as a tool of classification of human factor in air accident causes. The survey of the taxonomy was based on cause analysis of air accidents investigated by State Aviation Air Accident Investigation Board (KBWL LP) from 2008 up to 2012. According to prepared algorithm a statistical code of three taxonomies was determined to the root cause of each accident (KBWL LP had determined its statistical code according to IBL2004 taxonomy during investigation of each occurrence). To compare results of the survey the new taxonomy, foregoing taxonomy used by Polish Armed Forces Aviation (IBL2004), Civilian Aviation Authority taxonomy (ULC) and Air Forces Flight Safety Committee Europe one (AFFSCE) were used. The final verification was made after qualitative parameters were exchanged for quantitative ones (human factors participation percentage) and compared them with analogical results in NATO and civilian aviation cited in the literature. 
	Keywords: air accidents, human factor, flight safety, cause taxonomy
	1. Introduction 
	Aviation development together with technological improvements led to evolution of flight safety concept. New theories of flight safety were constructed and approach to the safety in aviation was modified.
	The early days of aviation until the 1970s, can be characterized as the “technical era” where safety concerns were mostly related to technical factors. A gradual but steady reduction of technical hazards was instrumental in better reliability of aircraft. The early 1970s were associated with major technological advances. This was the beginning of the “human era”, and the focus on safety of human performance and Human Factors. The early 1990s were time when aviation focused on operational contexts. This time was the beginning of the “organizational era” when safety started to be viewed from a systemic perspective [1]. The evolution of safety thinking is depicted in Fig. 1. It can reasonably be said that aviation safety has steadily improved over the last 60 years. Indeed, aviation has become one of the safest forms of transportation [2, 7].
	Air accident and incidents causes are often called failure factors or causative ones [4]. Tendency of causative factors changes by years 1903-2013 is presented in Fig. 2 [1]. 
	Human factor takes main role in majority of safety theories. According to accident, statistics cited in the literature human errors are causative factors in about 70% to 90% of both civil and military air occurrences. Up to now, the majority of research tools prepared to describe and clarify accidents have not considered a progress in understanding a contribution of the human error as a causative factor of air accidents and incidents. As a result, there are problems in an identification of deficiencies that would otherwise have gone undetected. This is a reason that appropriate remedial action associated with human factor causes cannot be implemented [3, 5, 7].
	Fig. 1. The evolution of safety thinking
	Fig. 2. Change of human factor participation percentage in air occurrences by year
	2. Modern models of air occurrence cause taxonomies
	Taxonomy is the science or technique of classification. This article discusses technique of air occurrence cause classification. Air occurrence is defined as “accident or incident”. Generally, accidents and incidents differ only in the degree of injury sustained by persons involved or in damage sustained to the aircraft [5].
	The article discuss two existing models of taxonomies used by military aviation (IBL2004 and AFFSCE) and one existing model of taxonomy used by civilian aviation (ULC) except the new constructed model [7]. 
	2.1. Foregoing taxonomy used by Polish Armed Forces Aviation (IBL2004)
	Polish Armed Forces has used this taxonomy from 2004 to 2015. The technique of classification was implemented in Flight Safety Manual of Polish Armed Forces Aviation in 2004 (WLOP 346/2004). It consisted of 19 codes without dividing them into any areas or categories. 10-codes were devoted to human factor. None of safety theories is involved in the taxonomy.
	2.2. Taxonomy used by Air Forces Flight Safety Committee (Europe) (AFFSCE)
	Air Forces Flight Safety Committee (Europe) – AFFSC(E) consists of 27 countries. The body was established by Royal Air Force (RAF) in order to exchange flight safety experience and information about air accidents and its prevention among the members. There was the need to prepare a common, simple taxonomy for using the same technique of air accident cause classification. It consists of 17 codes without dividing them into any areas or categories. 9-codes are devoted to human factor [3].
	2.3. Taxonomy used by Polish Civilian Aviation Authority (ULC)
	Civilian aviation has its own taxonomy that was set up in 2002 by Decree number 3 of Polish Civilian Aviation Authority Chairman. The taxonomy is attributable to 5-M Model. It consists of 39 codes. They are divided into 4 categories: technical factor, human factor, environmental factor and organisational one. 24-codes are devoted to human factor [7].
	3. The new constructed cause taxonomy
	Taking into account statistics associated with human factor participation percentage in air occurrences in Polish Armed Forces aviation (based on IBL2004) and comparing them to analogical results in NATO and civilian aviation and also data cited in the literature (two red horizontal lines in Fig. 3) we can notice a big disparity between these data (Fig. 3). Foregoing taxonomy used by Polish Armed Forces Aviation (IBL2004) does not include new safety trends and theories. The human factor aspects need to be enhanced and developed. It is on necessity to implement general model of assessment of human factors, which could serve for elaborating new tools of flight accidents analysis and aircraft accident investigations.
	Fig. 3. Human factor participation percentage in air occurrences across years 2008 to 2013 and in the year of 2014 investigated by KBWL LP and KBI respectively
	These facts have disposed authors to construct a new model of air occurrence cause taxonomy. It was assumed that the model should include more safety trends and according to objective reality should “calibrate” human factor participation in air occurrence causes.
	The model employs modern flight safety theories as 5-M Model, “Swiss Cheese Model” of James Reason and Human Factor Analysis and Classification System - HFACS. Some codes from IBL2004 were also used in the model to classify causes not related to human factor.
	The 5-M Model comprises Man, Machine, Media, Mission and Management. They are five core areas that failing factors of accident/incident may appeared in. The constructed taxonomy uses Mission area as a resultant of four other areas. For better identification of hazards associated with management, the area was divided into three parts (Man, Machine, Media). This model is one of the most common used method in aviation industry to examine in a systemic way areas of air occurrences. 
	The Human Factors Analysis and Classification System (HFACS) were developed by Dr Scott Shappell and Dr Doug Wiegmann. A broad human error framework was originally used by the US Air Force to investigate and analyse human factors aspects of aviation. HFACS is based on James Reason's “Swiss Cheese Model”. The HFACS provides a tool to assist in the investigation process or analysis. Investigators are able systematically to identify active and latent failures within an organisation that results in an accident. 
	The HFACS framework describes human error at each of four levels of failure: 
	(a) unsafe acts of operators,
	(b) preconditions for unsafe acts,
	(c) unsafe supervision,
	(d) organisational influences. 
	Within each level of HFACS, causative categories were developed that identify the active and latent failures that occur. 
	All of these modern safety trends and theories were used in the new constructed model to get more general conclusions of both immediate and systemic character of air occurrence causes. Architecture of the new model taxonomy and an algorithm of statistical code determination are depicted in Fig. 4.
	Statistical code determination process consists of five steps.
	Fig. 4. The new constructed model of taxonomy
	We just need to follow the algorithm. First step is associated with determination of one of four 5-M Model areas. During the second step, the answer weather the cause is connected with human factor is needed. If so in the third step, we determine one of HFACS categories. If not we determine one of not related to human factor categories. If we are not able to determine any of previous categories in the fourth step, we determine code “other” or “undetermined”.
	The last step is facultative and it is opportunity to expand the statistical code with four categories: Foreign Object Damage (FOD), Depot level, Overhaul level and Wildlife hazard. Entire statistical code consists two parts. First is literal part and the second numerical one. For instance, C112 or ET620.
	4. Survey of the new constructed model taxonomy
	Descripted in previous paragraph model was a tool to analyse causes of air accidents (serious accidents, accidents, serious incidents and incidents) investigated by State Aviation Air Accident Investigation Board (KBWL LP) from 2008 up to 2012. Structure of investigated air occurrences is presented in Fig. 5.
	Fig. 5. Structure of investigated air occurrences
	In Fig. 5, serious accidents are colour-coded red, accidents are colour-coded maroon, serious incidents are colour-coded yellow and incidents are colour-coded green.
	Survey of the new constructed model of taxonomy was conducted according to the algorithm depicted in Fig. 6. 
	There was assumption that each investigated occurrence has one root cause for which it should be determined one statistical code according to the new model of taxonomy and also for comparison according to ULC and AFFSC(E) taxonomy. KBWL LP determined its statistical code according to IBL2004 taxonomy during investigation of each occurrence and put it in the final report.
	5. Verification of the new constructed model taxonomy
	5.1. Descriptive statistics
	On the basis of conducted survey, we got results for the new taxonomy depicted in Fig. 7. Comparison to other results survey taxonomies are presented in Fig. 8.
	As it is seen in Fig. 7 and 8, verification process succeeded. Using the new model taxonomy from the sample data of 133 air occurrence causes we got the mean equals 80.45% of human factor participation. It was the highest result among survey taxonomies and is precisely in the statistics range cited in the literature.
	Fig. 6. Survey algorithm of causes of air accidents and incident investigated by State Aviation Air Accident Investigation Board (KBWL LP) from 2008 up to 2012 (LZHF – number of occurrences related to human factor and LCZ – total number of occurrences)
	Fig. 7. Qualitative and quantitative parameters of human factor participation in air occurrence causes across years 2008 to 2012 using the new model taxonomy (Human factor parameters are coloured blue, other ones are coloured maroon)
	Fig. 8. Mean of human factor participation percentage in air occurrence causes across year from 2008 to 2012 using survey taxonomies
	5.2. Mathematical statistics
	In this paragraph it is described Inference. Inference is the process of deducing properties of the underlying distribution, by analysis of data. The mathematical statistics consists of:
	1) calculation of human factor participation relative coefficients per 1000 causes in the sample of 133 causes according to survey taxonomies. It is given by the formula (1):
	 WHFT  , (1)
	where: LZHFT – number of occurrences related to human factor according to taxonomy T (coefficient of: the new model – WHFM, IBL2004 – WHFIBL, ULC – WHFULC, AFFSCE – WHFAF) and LCZ – total number of occurrences
	Tab. 1. Human factor participation relative coefficients per 1000 causes across years 2008 to 2012 according to survey taxonomies
	WHFM
	WHFIBL
	WHFULC
	WHFAF
	2008
	846.15
	346.15
	692.31
	769.23
	2009
	851.85
	333.33
	777.78
	814.81
	2010
	740.74
	296.30
	666.67
	740.74
	2011
	709.68
	290.32
	645.16
	645.16
	2012
	909.09
	318.18
	818.18
	818.18
	Mean
	812.00
	317.00
	720.00
	758.00
	Standard deviation
	83.26
	23.76
	74.48
	70.72
	2) estimation of human factor participation relative coefficients per 1000 causes across years 2008 to 2012 according to survey taxonomies
	Normal distribution was chosen for calculation because of cited examples in the literature [3]. Parameters of random variable X are the distribution mean - m, and the standard deviation - σ. We can write X: N(m, σ), if the probability density of the normal distribution is given by the formula (2):
	 , for:   . (2)
	The data from Tab. 1 were estimated to indicate the value of an unknown quantity in a population.
	For better comparison of the data, we calculate the standardization of a random variable. It is given by the formula (3) [4]. 
	 . (3)
	Results of this calculation were depicted in Tab. 2.
	Tab. 2. Human factor participation relative coefficients per 1000 causes across years 2008 to 2012 using standardization of a random variables
	WHFM
	WHFIBL
	WHFULC
	WHFAF
	2008
	0.410207
	1.227014
	-0.371809
	0.158806
	2009
	0.478643
	0.687430
	0.775749
	0.803377
	2010
	-0.855864
	-0.871368
	-0.716076
	-0.24405
	2011
	-1.228952
	-1.122787
	-1.004816
	-1.59557
	2012
	1.166117
	0.049740
	1.318231
	0.850987
	Using data from Tab. 2 with Statistica software there were estimated standardised human factor participation relative coefficients per 1000 causes across years 2008 to 2012 according to survey taxonomies. 
	3) analysis of Pearson's correlation coefficient for human factor participation relative coefficients according to survey taxonomies 
	It is given by the formula (4).
	 , (4)
	where:  ,   are proper means (5): 
	 ,  (5)
	Using Statistica software there were calculated in pair correlation of human factor participation relative coefficients per 1000 causes across years 2008 to 2012 according to survey taxonomies. Results are depicted in Tab. 3. 
	Tab. 3. Pearson's correlation coefficient for human factor participation relative coefficients according to survey taxonomies
	Variable
	Correlation (dysp_hf)
	WHFM
	WHFIBL
	WHFAF
	WHFULC
	WHFM
	1.000000
	0.753934
	0.902914
	0.900932
	WHFIBL
	0.753934
	1.000000
	0.698321
	0.473667
	WHFAF
	0.902914
	0.698321
	1.000000
	0.865970
	WHFULC
	0.900932
	0.473667
	0.865970
	1.000000
	There are following conclusion of the calculation:
	a) coefficients WHFM and WHFAF have positive linear correlation (strong relationship),
	b) coefficients WHFM and WHFULC have positive linear correlation (strong relationship),
	c) coefficients WHFAF and WHFULC have positive linear correlation (relatively strong relationship).
	4) cluster analysis of human factor participation relative coefficients according to survey taxonomies.
	Cluster analysis or clustering is the task of grouping a set of objects in such a way that objects in the same group (called a cluster) are more similar (in some sense or another) to each other than to those in other groups (clusters) [4]. In the research, we used hierarchical clustering (also called hierarchical cluster analysis). One of the best-known measure of the distance in a 2-dimensional space is Euclidean distance. It is given by formula (6):
	 . (6)
	Using Statistica software there were calculated in pairs Euclidean distances of human factor participation relative coefficients per 1000 causes across years 2008 to 2012 according to survey taxonomies. Depicted results of the calculation are presented in Fig. 9. Generally, they confirmed conclusions of Pearson's correlation coefficients analysis. Close distances are between pairs of coefficients WHFM and WHFAF  and between WHFM and WHFULC. Outer Euclidean distances are calculated between following pair of coefficients WHFM and WHIBL or WHIBL and WHFAF.
	Fig. 9. Depicted results of the Euclidean distance calculations
	5) stochastic analysis of distributions of human factor participation relative coefficients according to survey taxonomies 
	In our case, it is the process of generalizing from the sample of 133 causes to an entire population of air occurrence causes in the basis of the probability calculus [4]. It is assumed that calculated probability of human factor participation in causes of air occurrences is higher than 0.7. These calculations are presented for WHFM coefficient. Other calculations were done in analogical way.  It was assumed normal distribution N(812. 83), m = 812, σ = 83, where: m – mean, σ – standard deviation.
	Probability is calculating using probability distribution function. It is given by formula (7).
	 . (7)
	In first step, variables are standardised. Random variable X is replaced by standardised random variable U that has normal distribution. Value of probability distribution function Φ was calculated using Statistica software. There are given following formula and calculations:
	P( X > 700)= P[(X-812)/83>(700-812)/83]= P(U ≤ -1.35)= 1 – P(U ≤ -1.35)= 1 – Φ(-1.35)
	 Φ(-1.35)= 0.088 to P(X > 700)= 1 – 0.088 = 0.912. (8)
	After calculation, we got probability equals 0.912. Probability density of the normal distribution and probability distribution function are depicted for this case in Fig. 10.
	Fig. 10. Probability density of the normal distribution and probability distribution function for the new constructed model of taxonomy
	To sum up of stochastic analysis of distributions of human factor participation relative coefficients according to survey taxonomies it was alleged that the new model of taxonomy got highest probability of human factor participation in causes of air occurrences. The next were taxonomy used by Air Forces Flight Safety Committee (Europe) (AFFSCE) and taxonomy used by Polish Civilian Aviation Authority (ULC). It is worth noting that foregoing taxonomy used by Polish Armed Forces Aviation (IBL2004) got probability equals zero. It means that IBL2004 taxonomy is useless as a tool of classification of human factor in air accident causes. The results were presented in Fig. 11.
	Fig. 11. Probability of human factor participation in causes of air occurrences higher than 0.7 per 1000 total occurrences according to survey taxonomies
	6. Conclusions
	The new constructed model of taxonomy comprehensively enables:
	a) analyse of human factor associated with crews (Man), maintenance staff (Machine), ATC staff and  infrastructure personnel (Media),
	b) multicriterial analyse of human factor based on four levels of HFACS,
	c) study in detail human errors in Depot or Overhaul facilities and also associated with wildlife hazard and Foreign Object Damage (FOD),
	d) study causes connected with combat missions. 
	According to conducted survey, it is alleged that the new constructed model of taxonomy meets requirements as a tool of classification of human factor in air accident causes and it calibrates human factor participation in air occurrence causes just as literature data.
	Taking into account practical aspects of the new taxonomy it was implemented both in the new Flight Safety Manual of Polish Armed Forces Aviation 2015 (Sztab. Gen. 1681/2015) and in the Flight Safety Information System “TURAWA” constructed by Air Force Institute of Technology.
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	Abstract
	Orthotropic thermal diffusivity (TD) of an aircraft construction/repair composite is discussed. The material concerned is an epoxy resin matrix with graphite fabric filling supplied as a prepreg sheet. The out-of-plane (cross-plane) and in-plane TD has been measured for about 1.4 mm thick flat specimens by applying modified Ångström’s method. In the case of longitudinal measurements, two characteristic directions have been concerned: parallel to fabric fibre and bisectional to the fabric interlace. The thermal diffusivity has been determined in function of the temperature within the temperature interval from 0(C to 70(C. Due to a difference in characteristic dimensions while performing longitudinal and out of plane measurements, two different approaches in application of the Ångström’s method have been used. Because of the investigated surface roughness, the obtained results should be treated as the measured i.e. apparent ones. The study has shown a significant difference in out-of-plane and in plane measured TD values. On the contrary, the fibre parallel and bisectional TD values have been revealed almost the same.
	Keywords: orthotropic thermal diffusivity, graphite composite, temperature oscillation method
	There are many drivers for development of materials for airframes. One of them is a weight saving through increased specific strength or stiffness. The fibre composite approach can provide significant improvement in those parameters over metal alloys [1, 2]. While ensuring similarity in many properties the composite structure can differ in others. A substantial difference is typically observed in thermal transport properties characterized by the thermal conductivity or the thermal diffusivity (TD). The difference concerns both the quantity as well as quality. In particular, fibre, reinforced composites usually exhibit significant directional differences – anisotropy – that is not so common in metallic materials. These differences need a proper characterisation. However, regarding that composites are mostly applied in shell structures the characteristic transversal and longitudinal dimensions of a certain investigated material sample can vary for even two ranges of magnitude. This impedes experimental studies, especially measurements of thermophysical property (TP) as thermal diffusivity or thermal conductivity. For that, reason dedicated methods and measurement procedures should be applied to get reliable and fully compatible result.
	The present article is devoted do discussion of the directional thermal diffusivity measurements that were performed for a certain fabric composite material prepared from a prepreg. The investigated material is applied for the airframe component fabrication and repair. Because of the above-mentioned difficulties, the modified Ångström’s method was applied for the thermal diffusivity measurements [3-8]. The method takes advantage from the temperature oscillation and can be accommodated to both transversal (out-of-plane) and longitudinal (in-plane) thermal diffusivity measurement. The TD studies were complemented with gravimetric and microcalorietric measurements that enabled for the thermal conductivity calculation.
	Specimens of the epoxy resin matrix with graphite fabric filling were prepared from a 1.38 mm thick plate made from a prepreg sheet. The specific prepreg was a BMS8-168 type material comprising 4 unidirectionally layered plain woven 250F graphite fabric layers (at CL875 configuration). The prepreg and the epoxy resin manufacturer was a Hexcel company while graphite fibres were manufactured by a Cytec firm. The material for investigation was cured for 150 min. at 121°C. The heating and cooling rate for the isothermal heat treatment step was equal to ±3 K/min. Specimens for thermophysical property investigations were cut by applying a water jet. A proper orientation was preserved as illustrated in Fig. 1a. Specimens for the cross-plane TD measurements were prepared as plates of 50 mm sides (Fig. 1a: No 2, 3), while specimens for the in-plane TD measurements were produced as rectangular of 15 mm and 100 mm sides. The appropriate parallel and bisectional orientations are denoted as 0° (Fig. 1a: No 4) and 45° orientation (Fig. 1a: No 5). Microcalorimetric DSC studies were performed applying disc shape specimens of 5 mm diameter (Fig. 1a: No 1).
	Nevertheless that the present study is focussed on TD investigations the experiments started from gravimetric and microcalorimetric measurements. It was not only because of a need for a proper material characterization but also for testing the material property thermal stability while performing DSC thermal analyses [9]. 
	The thermal analysis was conducted using a PerkinElmer Pyris 1 DSC. Investigations were performed within a range from -20°C to 130°C on thermal cycling that means that heating and cooling cycles were repeated at least once. A dynamic dehydrated N2 atmosphere with a flow rate of 20 ml/min. was employed. Low temperature measurements were possible due to the use of Intracooler 1 attachment. During investigations the attention was focused mostly on specific heat i.e. cp temperature dependence. The ratio method (“three curve method”) [10] with dedicated procedure of divided heating/curing steps [11] was utilised. The temperature rate was equal to ±5 K/min., the isothermal 1 min. stops were at -20°C, 20°C, 90°C, 120°C and 130°C. A sapphire reference specimen of 60.33 mg mass was applied as a reference.
	Periodic heating or so-called temperature (thermal) wave technique is probably the oldest one transient technique for investigation of thermophysical properties. Initially described by Ångström in 1861 in application for investigation of metal bars [3] it was being many times modified and accommodated for measurements for specimens of different shapes and types. At this particular instance the procedure and apparatus described in [7] and [8] was utilised. Configuration of the investigated specimens for cross plane and two directions of in-plane TD investigations are shown in Figs 1b and 1c respectively. When performing measurements the space between Peltier elements and the investigated specimen surfaces was filled with a thermally conductive DowCorning paste for a better thermal contact. All studies were done on thermal cycling within the temperature range from -20°C to 70°C while measuring flat specimens (Fig. 1a, No 2) for transversal TD and from -10°C to 80°C for longitudinal TD on slab specimens cut at 0° and 45° directions (Fig. 1a, No 4 and 5). In both cases, duplicated specimens were applied (Fig. 1b and c). The heating/cooling rates for these measurements were equal to ±0.4 K/min. and ±0.25 K/min. Type K (Omega) thermocouples of 0.05 mm wires were utilised for the temperature evolution measurements. The thermal diffusivity was from both the amplitude attenuation and phase shift of the response signals (see e.g. [8] giving independently simultaneous values of so called the amplitude aampl and the phase aphase TD in result of the temperature recordings analyses.
	a
	 b
	c
	Fig. 1. Illustration of the graphite composite specimens preparation (a) and scheme of TD specimens configuration for out-of-plane (b) and in-plane (c) TD components studies. The numbers and symbols indicate: 1 – DSC specimen, 2, 3 – TD specimen for out-of-plane study, 4 – specimen for in-plane TD study in parallel to fibres direction (0° direction), 5 – specimen for in-plane TD study bisectionally (45° direction ), 7, 8, 9 – specimens for DMA (Dynamic thermo-Mechanical Analysis) and Dil (dilatimetric) measurements, Sp – investigated specimen, TC – thermocouples, PtE – Peltier elements, Ins – insulation. The arrows indicate direction of the temperature oscillation evolution
	Prior to TP investigations, a representative value of a density of the cured composite was established in course of gravimetric measurements. The task was done applying a Mettler-Toledo AT 261 microbalance equipped with a density kit. A distilled water was applied as immersing fluid. Measurements were performed on TD, DMA (Fig. 1a: No. 6, 7) and Dil (Fig. 1a: No. 8, 9) specimens. The mass weighted average from these measurements is shown in Tab. 1.
	As it commonly known the prepreg composites usually, exhibit roughness of upper and bottom surfaces. In order to characterize this roughness, in addition to density measurements, calculations of the apparent density were performed. They were based on the mass measurements done with the same microbalance and on the contour volume evaluation from linear dimensions measurements performed for specimens of types 2-9 (Fig. 1a). The contour thicknesses were measured with a micrometre screw. The two obtained density values differ for 9.2%. 
	Tab. 1. Comparison between the gravimetrically measured density and the apparent density calculated from contour volume of the investigated specimens with rough upper and bottom surfaces
	Density ((20°C), kg·m(3
	Apparent density (app(20°C), kg·m(3
	1468 ± 31
	1333 ± 62
	The results of microcalorimetric studies are depicted in Fig. 2a. The analysis of the obtained data reveals irreversibility in the 1st heating. The access in specific heat value could be attributed to the heat consumption due to the absorbed moisture release. The post-curing effects are less probable because of the discrepancy in specific heat data substantially decreases above 80°C, far below the curing temperature equal to 121°C. The obtained cp values suggest high graphite fibres contents in the investigated composite – they are more close to the carbon specific heat then to the epoxy resin type material specific heat (comp. e.g. [12] and [13]). By applying the raw specific heat, data from 2nd heating and cooling a representative characteristic was derived by least square approximation. A 2nd polynomial fit was applied and the appropriate results are shown in Tab. 1.
	Figure 2b illustrates results of the TD studies. The data has not been corrected for the thermal expansion. For all three types of the investigated specimens, both the amplitude and phase TD values were obtained. The aampl and aphase should be the same when the model heat transfer conditions are preserved. In the case of any departures from model conditions, the amplitude and phase values deviate [2, 6, 8]. However, the real TD value is bounded by the obtained two experimental estimates, so the difference could be used as a measure of any systematic error. I our case obtained amplitude and phase TD values overlap each other within the relative difference smaller than 5%. 
	a
	b
	Fig. 2. Results of DSC measurements of specific heat (a) and results of the directional TD studies by applying temperature oscillation (b)
	The results showed a distinct difference in transversal and longitudinal TD. The out-off-plane TD was observed to be about one fifth of the in-plane TD. According to the obtained values they agree with results of investigations reported in [14] for similar types of composites. The TD measured in 0° and 45° directions revealed to be, as had been expected, the same within the measurement uncertainty limits. Nevertheless, just for illustration purposes, the approximates from the thermal diffusivity measurements were calculated for every studied case separately (Tab. 2). The geometrically averaged amplitude and phase data were fitted with linear functions. Tabulated data from approximations are displayed in Tab. 2. It should be mentioned that the TD data were extrapolated to complement DSC results – these figures are indicated by italic typing.
	On the basis of the obtained results, the representative directional thermal conductivity values were calculated according to the following formulae:
	 , (1)
	where ( is the thermal conductivity, t – temperature and (0 = ((20°C) – the room temperature density (comp. Tab. 1). As one can notice the apparent thermal conductivity was not been corrected for the thermal expansion also. However, in this particular case, the in-plane TD data have treated in total and the only one transversal thermal conductivity value was obtained for every single temperature point.
	It should be underlined once again that the obtained TD and the thermal conductivity data should be treated as apparent ones. It is because of roughness of the investigated specimens. The roughness could not be eliminated by polishing, as this process will destroy the composite structure. However rough estimates made on the basis of density data shown in Tab. 1 prove that the corrections should not exceed 5% for in-plane TD and 10% for out-of-plane TD. The measured transversal TD is overestimated while the longitudinal TD is underestimated. The same concerns thermal conductivity calculation results. Nevertheless, the obtained data are of the primary importance regarding the aviation technology needs.
	Tab. 2. Results of thermophysical property measurements (specific heat, thermal diffusivity – approximated data) and calculation (apparent thermal conductivity – by applying Eq. for the density value ((20°C)=1468 kg·m(3) 
	Temperature t
	Specific heat 
	 Thermal diffusivity
	Thermal conductivity
	t, °C
	cp, J·g(1·K(1
	a, mm2·s(1
	(, W·m(1·K(1
	out-of-plane
	in-plane
	out-of-plane
	in-plane
	0°
	45°
	-20
	0.720
	0.384
	2.025
	2.051
	0.406
	2.15
	-10
	0.754
	0.379
	2.014
	2.047
	0.419
	2.25
	0
	0.785
	0.373
	2.004
	2.044
	0.430
	2.33
	10
	0.816
	0.367
	1.993
	2.040
	0.439
	2.41
	20
	0.846
	0.361
	1.982
	2.036
	0.448
	2.49
	30
	0.875
	0.355
	1.972
	2.032
	0.456
	2.57
	40
	0.905
	0.349
	1.961
	2.028
	0.464
	2.65
	50
	0.936
	0.344
	1.950
	2.024
	0.472
	2.73
	60
	0.968
	0.338
	1.940
	2.020
	0.480
	2.81
	70
	1.002
	0.332
	1.929
	2.016
	0.488
	2.90
	80
	1.038
	0.326
	1.919
	2.012
	0.497
	3.00
	90
	1.077
	0.320
	1.908
	2.008
	0.506
	3.10
	100
	1.120
	0.314
	1.897
	2.004
	0.517
	3.21
	110
	1.167
	0.308
	1.887
	2.000
	0.528
	3.33
	120
	1.218
	0.303
	1.876
	1.996
	0.541
	3.46
	Application of dedicated DSC and modified Ångström’s method measurement procedures enabled for obtaining complemented characteristics of thermal properties of the epoxy resin matrix and graphite plain-woven fabric filling composite. The investigations were focused on directional differences in thermal transport properties of the studied material. On the basis of the measured density, specific heat and in-plane and out-of-plane thermal diffusivity a temperature dependence of the thermal conductivity was calculated for every characteristic direction. It was shown that the longitudinal thermal conductivity is for about 5-6 times greater than transversal thermal conductivity. However, the revealed directional difference of transversal and longitudinal thermal transport parameters for the composite are not so distinct as those observed for anisotropic graphite structures [1, 2], in that range graphite fibres used in the composite plain woven fabric filling.
	Because the discussed results are obtained just at first stage of a wider research, they should be analysed more thoroughly for the revealed phenomena. Such an analysis needs to be based on additional experimental data, in that range on the results of dilatometric measurements. The appropriate investigation programme is in progress and the results will be reported soon. 
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	Abstract
	This investigation deals with the problem of satellite constellation maintenance. An autonomous control strategy is presented in this paper. Main task of the proposed control algorithm is relative station keeping where the relative positions of the satellites are maintained. The approach utilizes model predictive control with successive linearization of a nonlinear model of relative motion between the satellites. The predictive algorithm takes into account the variability of the future model parameters within assumed prediction horizon. Since the future model parameters are dependent on future control actions, the presented strategy employs a heuristic method for preliminary control trajectory estimation. The proposed method also enables the constellation deployment, reorganization, relative station keeping for large separations between the satellites, and control for the case where the reference point is moving in a highly elliptical orbit. Performance of the algorithm was verified using numerical simulations.
	 The presented algorithm is able to cope with the tasks of deployment, reorganization and maintenance of satellite constellation.
	Keywords: satellites constellation, spacecraft control, orbital mechanics, model predictive control
	1. Introduction 
	The concept of satellites constellation gives a series of advantages over a single and bigger spacecraft. The advantages include synchronous measurements over a dispersed area, improvements in performance and survivability, ability to be launched in multiplies, requiring possibly cheaper dedicated launch vehicles. They also allow for cheaper designs.
	The need for constellation maintenance is an outcome of two reasons: first, each satellite is moving in an orbit slightly different from intended. If left uncorrected, these small differences will accumulate with time to disorganize the overall structure of the constellation. The second reason arises from orbit perturbations of a various manner.
	Deployment and maintaining of constellation structure for a long term can be a major element of economic cost and risk. Both can be significantly reduced by low-cost, autonomous orbit maintenance methods and algorithms. Autonomous constellation maintenance system enables to maintain the constellation structure to very high precision for much lower cost and risk than is currently available with ground-based orbit maintenance.
	An autonomous maintenance strategy proposed in this paper is based on model predictive control (MPC) for relative motion between each of controlled spacecraft and a reference satellite (a mothership) or a chosen reference point. Since fuel consumption is a critical parameter in the space industry, the proposed controller enables calculation of quasi-optimal control trajectories, wherein the cost function includes metrics responsible for minimization of the fuel use. As shown in [1], the proposed control algorithm allows for asymptotically stable control process, even with assumption of separations up to tens of thousands kilometres, what far exceeds the requirements for the orbital station keeping problem. Additionally, the assumed control algorithm allows for control in the case where the constellation is moving in a highly elliptical orbit. The algorithm enables to apply constraints on relative motion state, what allows for collision-free and safe reorganization of the satellite constellation.
	The proposed controller employs a full, time-variant, nonlinear model of relative motion (relative position and relative velocity), while the vast majority of MPC approaches to relative motion control utilizes linear models, such as Hill-Clohessy-Wiltshire (HCW) equations [2, 3] or Tschauner-Hempel model [4]. Applicability of the linear models is limited to cases where the relative distance is small, not exceeding 1000 meters.
	The proposed algorithm considers a variability of model parameters over a prediction horizon. Such feature is obtained by generation of local linear models for every controller step within a prediction horizon. The local linear models are derived by a linearization of the full nonlinear model. 
	Parameters of the nonlinear model are dependent on state, control and time. In order to estimate future model parameters, it is necessary to estimate future control actions. In this investigation, this problem is solved by an application of a finite impulse response (FIR) filter as a heuristic method for preliminary estimation of the future control trajectory.
	2. Mathematical Model of Relative Motion
	The control strategy proposed in this paper requires an internal model of relative motion between each of controlled spacecraft and mothership (reference satellite or a reference point). Let us call further the controlled satellite as a deputy spacecraft. A set of nonlinear equations of a single deputy spacecraft motion relative to the reference satellite will be used to formulate a model of relative motion for all the deputy satellites within the constellation.
	2.1. Reference Frame
	The relative motion is described in Cartesian Local Vertical – Local Horizontal (LVLH) frame depicted in Fig. 1. 
	/
	Fig. 1. LVLH reference frame
	The LVLH frame is attached to the reference satellite (or a chosen reference point) and rotates with the radius vector r of this basis. Orientation of the frame is determined by the unit vector triad 𝐨𝑟,𝐨𝜃, 𝐨ℎ where vector 𝐨𝑟 lies in the radial direction of the reference satellite, 𝐨ℎ is parallel to the orbit angular momentum vector, and 𝐨𝜃 completes the right-handed orthogonal triad.
	Position of j-th deputy satellite relative to the reference satellite can be expressed by Cartesian coordinate vector 𝛒𝑗:
	 𝛒𝑗=𝑥𝑗,1𝐨𝑟+𝑥𝑗,2𝐨𝜃+𝑥𝑗,3𝐨ℎ. (1)
	2.2. Model of True Anomaly
	Most of orbital relative motion models utilize the notion of true anomaly [5], [6]. Here we will develop a strategy to express the true anomaly as a function of time. First, let us recall the notion of mean anomaly:
	 𝑀=𝑀0+𝑛𝑡−𝑡0, (2)
	where t denotes the time, 𝑀0 is an initial value for the mean anomaly at an initial time moment 𝑡0, while n denotes mean angular motion:
	 𝑛=𝜇𝑎3, (3)
	wherein a is semi-major axis of the orbit and 𝜇 is the standard gravitational parameter. 
	Given mean anomaly M, we can solve the Kepler’s Equation for eccentric anomaly E:
	 𝑀=𝐸−𝑒sin𝐸, (4)
	where e is the orbit eccentricity. Equation 4 can be solved using simple numerical method, such us the Newton’s method.
	Finally, using eccentric anomaly E we can find the true anomaly f:
	 tan𝑓2=1+𝑒1−𝑒tan𝐸2. (5)
	First derivative of the true anomaly is an important model parameter:
	 𝑓=𝜇𝑝𝑟4, (6)
	wherein 𝑟 is a distance from the Earth's center to satellite’s centre of mass and p is a parameter called semilatus rectum:
	 𝑝=𝑎1−𝑒2. (7)
	2.3. Model of Relative Motion for a Single Deputy Satellite
	Derivation of the exact, time-variant, nonlinear equations of relative motion in LVLH frame, further called NERM, can be found in [1] and [5]. The equations are presented below:
	 𝑥𝑗,1−2𝑓𝑥𝑗,2−𝑥𝑗,2𝑟𝑟−𝑥𝑗,1𝑓2−𝜇𝑟2=−𝜇𝑟𝑗3𝑟+𝑥𝑗,1+𝑢𝑗,1𝑚𝑗, (8)
	 𝑥𝑗,2+2𝑓𝑥𝑗,1−𝑥𝑗,1𝑟𝑟−𝑥𝑗,2𝑓2=−𝜇𝑟𝑗3𝑥𝑗,2+𝑢𝑗,2𝑚𝑗, (9)
	 𝑥𝑗,3=−𝜇𝑟𝑗3𝑥𝑗,3+𝑢𝑗,3𝑚𝑗, (10)
	wherein 𝑥𝑗,1 and 𝑥𝑗,1 are relative velocity and acceleration of j-th satellite in the direction pointed by the unit vector 𝐨𝑟, respectively, 𝑥𝑗,2 and 𝑥𝑗,2 are velocity and acceleration of j-th satellite in the direction pointed by the unit vector 𝐨𝜃, respectively, whereas 𝑥𝑗,3 is acceleration in the direction pointed by the 𝐨ℎ vector.
	Further, f is a true anomaly of the reference satellite, 𝑟 and 𝑟𝑗 is the current distances from the Earth's center to the reference and j-th deputy satellite respectively, wherein 𝑢𝑗,1, 𝑢𝑗,2 and 𝑢𝑗,3 are components of a j-th control vector representing control forces acting on j-th deputy satellite and 𝑚𝑗 is the current mass of j-th deputy satellite.
	Since it is assumed that the deputy satellites manoeuvre using expulsion of significant amount of mass, an impact of j-th deputy spacecraft mass 𝑚𝑗 variability has been considered.
	Let us assume that 𝒙𝑗,1=𝒙𝑗,4, 𝒙𝑗,2=𝒙𝑗,5, 𝒙𝑗,3=𝒙𝑗,6 and that the positions and velocities of j-th satellite relative to the reference satellite or point can be expressed using the following state vector:
	 𝐱𝑗=𝒙𝑗,1𝒙𝑗,2𝒙𝑗,3𝒙𝑗,4𝒙𝑗,5𝒙𝑗,6𝑻. (11)
	Then, the relative motion of j-th deputy satellite can be represented in a state-space:
	𝐱𝑗=000000000100010001𝑓2−𝜇𝑟𝑗32𝑓𝑟𝑟02𝑓𝑟𝑟𝑓2−𝜇𝑟𝑗3000−𝜇𝑟𝑗302𝑓0−2𝑓00000𝐱𝑗+0000000001𝑚𝑗0001𝑚𝑗0001𝑚𝑗𝐮𝑗+000𝜇1𝑟2−𝑟𝑟𝑗300  (12)
	or:
	 𝐱𝑗=𝐀𝑗𝐱𝑗+𝐁𝑗𝐮𝑗+𝐕𝑗, (13)
	where 𝐀𝑗 is a state matrix, 𝐁𝑗 is an input matrix and 𝐕𝑗 is a matrix of nonlinear term. The control vector is expressed as:
	 𝐮𝒋=𝐮𝑗,1𝐮𝑗,2𝐮𝑗,3𝑻. (14)
	2.4. Model of Relative Motion for All Deputies
	Let us assume that the constellation consists of N controlled satellites (deputies). In case where the reference point is associated with a physical satellite, the constellation also includes this uncontrolled mothership (a reference satellite). Then, the motion of deputy satellites relative to the reference point can be expressed using the following state vector:
	 𝐱𝑐=𝐱1𝐱2…𝐱𝑁𝑻, (15)
	wherein 𝐱1, 𝐱2, …, 𝐱𝑁 are the 𝐱𝑗 vectors defined by Equation 11, where 𝑗∈1, 2,…,𝑁.
	Using this state vector, we can express the motion of all the deputy satellites using the following state-space representation:
	 𝐱𝑐=𝐀1𝟎6,6𝟎6,6𝐀2𝟎6,6𝟎6,6𝟎6,6𝟎6,6𝟎6,6𝟎6,6𝟎6,6𝟎6,6⋱𝟎6,6𝟎6,6𝐀𝑁𝐱1𝐱2⋮𝐱𝑁+𝐁1𝟎6,3𝟎6,3𝐁2𝟎6,3𝟎6,3𝟎6,3𝟎6,3𝟎6,3𝟎6,3𝟎6,3𝟎6,3⋱𝟎6,3𝟎6,3𝐁𝑁𝐮1𝐮2⋮𝐮𝑁+𝐕1𝐕2⋮𝐕𝑁, (16)
	wherein 𝐀1, 𝐀2, …, 𝐀𝑁 = 𝐀𝑗 and 𝐁1, 𝐁2, …, 𝐁𝑁 = 𝐁𝑗 while 𝐕1, 𝐕2, …, 𝐕𝑁 = 𝐕𝑗, for j=1,2, …, N.
	In order to provide an internal model for the discrete predictive controller, Equation 16 is transformed into discrete state-space representation.
	3. Controller Design
	Model predictive control (MPC), also referred to as moving horizon control or receding horizon control, is an advanced method of dynamic systems control. This investigation considers discrete time predictive control only.
	Model predictive controllers computes control action by periodical solving an optimal control problem over finite future horizon, possibly subject to constraints on the inputs and outputs. The optimal control problem is solved using the current state estimate of the controlled process as the initial state. The optimization yields an optimal control sequence, however only the first control action in this sequence is applied to the plant. The whole procedure is repeated at the next sampling instant. An excellent overview of MPC algorithms and their history can be found in [7]. An introduction to theoretical and practical aspects of the most commonly used MPC strategies is presented in [8]. A survey on the contemporary MPC approaches is provided by [9].
	In this investigation, the control of spacecraft relative motion is calculated using a novel formulation of discrete model predictive control algorithm. The basic scheme of the proposed algorithm is presented in Fig. 2. The ultimate goal was to design a relatively simple and reliable controller for the deployment, reorganization and maintenance problems.
	The controller is equipped with a discrete, time-variant, nonlinear model of relative motion, obtained by discretization of Equation 16. In Fig. 2, this model is designated as nonlinear model I and takes the following form:
	 𝐱𝑐𝑘+1=𝐀𝑐𝑘𝐱𝑐𝑘+𝐁𝑐𝑘𝐮𝑐𝑘+𝐕𝑐𝑘. (17)
	where k is a discrete time sampling instant. A simplified version of the above model is nonlinear model II, where the matrix of nonlinear term 𝐕𝑐𝑘 is omitted and further treated as disturbance to the process dynamics:
	 𝐱𝑐𝑘+1=𝐀𝑐𝑘𝐱𝑐𝑘+𝐁𝑐𝑘𝐮𝑐𝑘. (18)
	The algorithm obtains a set of local, time-invariant, linear models by calculation of parameters of nonlinear model II for the current and predicted operation points within prediction horizon. Each local model corresponds to each prediction horizon step. The set of local linear models distributed over the prediction horizon enables for consideration of the model parameters time-variance.
	However, the model parameters over the prediction horizon are dependent on future states and future control input values. Since the model parameters estimation is performed before calculation of the current control action, a preliminary control trajectory estimate is found in a heuristic manner using a filter with finite impulse response (FIR). 
	Each local model is augmented using an embedded integrator, forming a set of Increment-Input-Output (IIO) models. This allows the controller to reject constant disturbances without steady-state errors. 
	Further, the set of augmented IIO models is used to formulate an output prediction system, in order to predict the output trajectory (of relative motion) within the prediction horizon. The output trajectory prediction system is then provided to the cost function. In its most general form, the cost function can be expressed by:
	 𝐽=𝐑𝑠−𝐘𝑇𝐑𝑠−𝐘+∆𝐔𝑇𝐑∆𝐔, (19)
	where 𝐑𝑠 denotes a set-point signal, 𝐘 is the predicted output trajectory (predicted relative motion), ∆𝐔 is trajectory of control increments to be calculated and 𝐑 is a weight matrix for the control increments.
	 𝐱1𝑖𝑛𝑖𝑡=−18264−24438−326−14263𝑇, meters, meters per second, (20)
	 𝐱2𝑖𝑛𝑖𝑡=65284810230118−17−3𝑇, meters, meters per second, (21)
	 𝐱3𝑖𝑛𝑖𝑡=−6633−48191167−1817−1𝑇, meters, meters per second. (22)
	It is assumed that an initial mass of each of the deputies is equal to 1500 kg, including 500 kg of the propellant. Specific impulse of the deputies’ thrusters was assumed as 400 s.
	An example of control history (for the deputy 0 case) is depicted in Fig. 3. Position trajectory for all the deputies is presented in Fig. 4-7 presents an example of relative velocity trajectory – case of deputy 0. Finally, Fig. 8 depicts a history of amount of fuel expelled by the deputy 0.
	/
	Fig. 2. Operation diagram of the proposed algorithm
	The cost function, equipped with the output prediction system, given augmented estimate of the current state, formulated by taking into account of the set point and weights, is fed to the optimization algorithm together with constraints matrices.
	Although utilization of the nonlinear model leads to nonlinear, nonconvex optimization, treatments such as generation of the local linear models allowed for reducing of the optimization problem to a quadratic optimization procedure. A detailed description of the algorithm architecture and operation principles is presented in [1].
	4. Simulation and Results
	The proposed control algorithm was applied to simulation of satellite constellation deployment and maintenance problem, which seems to be much more challenging than only maintenance problem. The constellation consisted of a mothership and three controlled spacecraft (deputies 0, 1 and 2). Initial conditions for the constellation deployment and maintenance process are presented in Tab. 1, in a form of classical orbital elements in order to facilitate their interpretation. As can be seen, the constellation moves in a highly elliptical orbit. The initial conditions for deputy 0 corresponds to state vector given by Equation 4-1, initial conditions of deputy 1 are given by Equation 4-2, while Equation 4-3 provides initial conditions of relative motion for deputy 2. The simulated process would last 30000 s (over 8 hour) in the real world.
	Tab. 1. Initial conditions for the simulated process
	Orbit parameter
	Symbol
	Value for the mothership
	Value for deputy 0
	Value for deputy 1
	Value for deputy 2
	Unit
	Semi-major axis
	a
	25000
	25000
	25000
	25000
	km
	Eccentricity
	e
	0.700
	0.701
	0.699
	0.701
	—
	Inclination
	i
	30.00
	30.02
	29.98
	29.99
	°
	Longitude of the ascending node
	Ω
	45.0
	45.0
	45.0
	45.0
	°
	Argument of periapsis
	ω
	60.0
	60.0
	60.0
	60.0
	°
	Mean anomaly at epoch 0
	M0
	350.00
	350.02
	350.01
	349.99
	°
	/
	Fig. 3. History of control for deputy 0
	5. Conclusion and future work
	The simulation results show that the presented algorithm is able to cope with the tasks of deployment, reorganization and maintenance of satellite constellation. Although a nonlinear model of relative, motion was employed as an internal model for the model predictive control algorithm, what leads to a nonconvex optimization, several treatments allowed for reducing of the optimization problem to a standard quadrating optimization problem. The algorithm enables to solve for quasi-optimal control trajectories, where the fuel consumption is minimized, what plays a crucial role in the space industry. As the simulation indicates, the proposed control algorithm allows for asymptotically stable control process even in the case where the constellation is moving in a highly elliptical orbit (eccentricity approximately 0.7). 
	/
	Fig. 4. Relative position trajectory of deputy 0
	/ 
	Fig. 5. Relative position trajectory of deputy 1
	/
	Fig. 6. Relative position trajectory of deputy 2
	/
	Fig. 7. Relative velocity trajectory of deputy 0
	/
	Fig. 8. Fuel mass expelled by deputy 0
	In order to provide a complete and reliable control algorithm, able to safe constellation deployment and reorganization manoeuvres, next steps in this investigation should concern collision avoidance. We propose an approach commonly used in robotics: employment of a reference trajectory planner and application of the MPC algorithm proposed in this paper for controlling the relative motion of each deputy satellite according a planned reference trajectory. The planned reference trajectory could have a form of intermediate points, whereas the proposed MPC algorithm would find a quasi-optimal control strategy for steering the system between the planned points. Authors consider an application of genetic algorithm for the reference trajectory-planning task, where the constraints implied by the collision avoidance problem can be implemented. Additionally, for safety reasons, a set of time-variant constraints on state would be imposed in the presented MPC algorithm.
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	Abstract
	The article presents selected results of work in the Air Force Institute of Technology in the study of modern, digital helmet-mounted display systems and helmet-mounted cueing systems, manufactured for polish military helicopters. There are presented possibilities of new informatics and optoelectronics technologies, implemented in the SWPL-1 CYKLOP helmet-mounted display system (built in the AFIT's Department for Avionics and dedicated for Mi-8 and Mi-17 helicopters) and the helmet-mounted cueing system NSC-1 ORION (built in the AFIT's Department for Avionics for polish military helicopters W-3PL and Mi-24 helicopters). 
	The main attention was devoted to the presentation of the Demonstration Station (built in the AFIT Department for Avionics), designated to test new technologies and functions of the helmet-mounted display systems for future application on board the Polish military helicopters (e.g. TV/FLIR visualisation and quaternion calculate of pilot’s helmet space orientation). 
	Keywords: helmet-mounted display systems, helmet-mounted cueing systems, research and simulation station 
	1. Introduction 
	Helmet-mounted data presentation systems are one of the new technology components of modern, technically advanced aircrafts, equipped with the integrated avionics systems. Currently, they use digital helmet-mounted flight manoeuvre, navigation and aiming data imaging systems and warning systems informing about hazardous situations or malfunctions of supervised on-board equipment and installations to assist the pilot's work [2, 8, 12]. That is the reason why, helmet-mounted imaging and indicating systems become the basic equipment of modern multifunctional combat airplane and helicopters. They are also an important bargaining instrument in the new modification programs of technologically less advanced aircraft. The main purpose of their use is the visible increase of so-called pilot's situational awareness and flight safety as well as efficiency and effectiveness when it comes to use of on-board weapons and survivability of crews [6, 8]. 
	In classic version, helmet-mounted data presentation systems use day vision ocular displays and night vision goggles (Fig. 1.), which are standard equipment of e.g. AH-1 Cobra and AH-64 Apache military helicopters or F-16, RAFALE, and MIRAGE-2000 military aircraft [8]. They allow not only the direct (i.e. displayed in front of the pilot's eyes) informing about the flight manoeuvre and navigation parameters (which is very crucial during the manoeuvre flight), but also give directive commands (commanding activities necessary to complete the task) or warnings about emergencies or malfunctions (obtained from health check systems of on-board equipment). 
	Fig. 1. The ANVIS Helmet-Mounted Display System for AH-1 military helicopters [8] 
	Among numerous methods used to present flight parameters, there are used indirect methods using head-up displays motionless in relation to the cabin (e.g. HUD-type) and direct methods, in which helmet-mounted displays (ocular or video) are permanently connected with the pilot or operator's helmet [8]. In addition, on the helmet's ocular or viewfinder there are displayed vital information about, among others, flight velocity, altitude, and rate of climb as well as cueing data for all weapons. The display also shows information needed in an emergency. 
	The flight manoeuvre and navigation data presentation systems have evolved significantly, starting from instruments mounted in the cockpit requiring the full pilot's attention, used in all fighter aircraft flying, to the HUD system currently used in F-16 and other modern military aircraft and helicopters. Currently, the helmet-mounted data presentation systems are also used in movable weapons of a moving aircraft's control (e.g. in terms of the helmet-mounted target indicator for a cannon or a guided missile) and in search and rescue systems (to control the angular position of an observation and cueing head or a suspended reflector). 
	For example, the F-16's pilots have a digital image displayed on the helmet's viewfinder with the JHMCS (Joint Helmet-Mounted Cueing System) cueing-imaging system at their disposal. This system presents only cueing data and the pilots read flight information from the HUD display or liquid multifunctional displays [8, 12]. 
	2. The SWPL-1 CYKLOP Helmet-Mounted Display System for Mi-17-1V helicopters
	The SWPL-1 CYKLOP is the first polish helmet-mounted display system developed in the AFIT's Department for Avionics for Mi-17-1V helicopters. This system enables day and night (using night vision goggles) pilotage. The SWPL-1 system collects and processes information from on board systems and installations and transfers it to helmet mounted displays in the format of graphic symbols or digital information essential for providing combat mission.  
	The SWPL-1 helmet mounted flight parameters display system (Fig. 2.) successively installed on the Mi-17-1V helicopters allows piloting the helicopter both in day and at night conditions (using the night vision goggles) without the need for continuous tracking the indications on the dashboard [1, 7]. The system is designed for the crew commander (the first pilot) and the second pilot. It enables imaging the selected flight manoeuvre and navigation parameters as well as control of a drive unit operation. 
	Daylight flight parameters imaging is performed using the helmet-mounted head-up display DWN-1. At night, flight parameters imaging is performed using the night vision goggles and the NWN-1 helmet-mounted night display. The system also allows generation of warning (WARN) signals about dangerous situation on board the helicopter and generation of FAIL signals informing the pilot about the failure of the on-board systems and installations [1, 11]. 
	The SWPL-1 system in the version for the Mi-17-1V helicopter performs imaging of 16 flight parameters in three variants of sets (chosen by each of the pilot independently) and includes 28 emergency states in the warning (WARN) and error signalling (FAIL) system. Prior to each flight, the system performs automatic diagnosis of the technical condition of the system’s basic modules, with the ability to add corrective and navigation data [1]. 
	Fig. 2. The SWPL-1 Helmet-Mounted Display System for Mi-17-1V military helicopters [11]
	The SWPL-1 system enables the crew to observe the area and to control the basic flight parameters and monitor the technical condition of the selected helicopter on-board systems at the same time. This system receives and processes information from the helicopter on-board systems and passes it to the helmet-mounted displays in the form of graphic symbols or in a digital form. The system enables imaging of selected flight manoeuvre and navigation parameters and the drive unit operation’s parameters. 
	The main element of the SWPL-1 system is the above mentioned KG-1 graphical computer, which is a computing module processing signals about flight manoeuvre and navigation parameters received from the on-board transmitters (after their initial standardisation in the UDS-1 signal matching system) into the form of graphic symbols or in the digital forms required to imagine on the helmet-mounted displays. 
	The source information from the on-board systems of the helicopter is passed to the UDS-1 signal matching system. This system is responsible for transformation and standardisation of analogue and binary signals as well as implementation of logical functions related to the generation of the WARN and FAIL signals. 
	Processed signals are then transmitted to the KG-1 graphic computers. The graphic computer is the main element of the system executing data selection and transformation algorithms and generating information imaging signals to the helmet-mounted head-up display. It also cooperates with the on-board GPS satellite navigation receiver and the on-board ADU aerodynamic data unit using the bus compliant with the ARINC-429 standard.  
	To ensure the reliability of the information presented system uses the method of matching their indications for instrument board. The procedure for matching of indications covers the most important pilotage-navigational parameters, depicted in the SWPL-1 system. 
	For example, the matching algorithm uses a vertical speed following relationship:
	  (1)
	where: 
	WZ(tk) – values of the matching vertical speed after matching procedure,
	VZ(tk) – value of the vertical speed before matching procedure,
	KMATCH – coefficient of gain in the matching track, dependent on altitude of flight,
	TMATCH – time constant of delay in the matching track, dependent on altitude of flight.  
	On the board of the Mi-17-1V helicopter, there is a function of flight parameters visualisation for the first pilot (the crew commander) and the second pilot (the pilot/operator) in terms of information necessary for the combat mission accomplishment. There is capability for the pilots independently to select an operating mode and the appropriate imaging related to it depending on a current need and executed task circumstances. The system operation is controlled using dashboards and commutation elements installed on the steering device. 
	Additionally, the SWPL-1 system executes the functions of signalling of exceeding the dangerous flight altitude, warning about the dangerous situation on the helicopter's board and malfunctions (errors) of the on-board systems [1].  
	3. The NSC-1 ORION Helmet-Mounted Cueing System for W-3PL helicopters 
	The NSC-1 ORION is the first polish helmet-mounted cueing system (Fig. 3.) developed in the AFIT's Department for Avionics and dedicated especially for W-3PL GŁUSZEC and Mi-24 helicopters (for the version equipped with the Integrated Avionics System). The NSC-1 system designed for W-3PL is capable of providing helmet controlled target cueing of the turret gun 12,7 mm WKB-M and other helicopter’s guided weapon systems, displaying pilotage-navigational and aiming information during day and night flights (using NVG) at the same time. The NSC-1 system can realize the above-mentioned functions independently or in cooperation with an optoelectronic surveillance system (e.g. TOPLITE system). 
	Fig. 3. The NSC-1 Helmet-Mounted Cueing System for W-3PL military helicopters [11]
	The NSC-1 helmet-mounted cueing system was built into helmet-mounted control of the movable shooting position with the 12.7 mm WKM-B rifle and cooperation with the Toplite observation and cueing head (built in the W-3PL Głuszec helicopter's board). This system is electronically coupled with the integrated avionics system of the W-3PL Głuszec helicopter. Thanks to this system, it is ready to operate in the so-called network centric system enabling implementation of an advanced flight training of a flight crew and meeting the conditions to use it in accomplishment of combat missions on the modern battlefield in all daily (day-night) conditions. In the development version, the system can control the angular position of the observation and cueing head (with the ability of helmet-mounted displaying the information received from it) and can be used in helmet-mounted target indication for guided projectiles. 
	The main component of the NSC-1 system, specifically, the KG-1HC graphical computer, is designed to determine instant three-dimensional pilot's helmet orientation (that data is transferred to the integrated weapons control system). To determine this helmet's spatial orientation, the NSC-1 system utilizes modern optoelectronic measuring system and computer based analytical module with the artificial neural network technology [10]. 
	To ensure the correct determination of space orientation of the pilot’s helmet system NSC-1 uses electro-optical method with 3-LED sensors. The procedure for determining the angular position of the pilot’s helmet is implemented in the graphical computer KG-1HC. 
	For example, the neural network algorithm uses the coordinates of the light spots of 3-LED sensors following relationship:
	 , (2)
	where: 
	[E(tk), A(tk)] – matrix of parameters of the angular position of the pilot’s helmet,
	[Xi(tk), Yi(tk)] – matrix of coordinates of the light spots of 3-LED sensors,
	[Wij] – matrix of coefficients of the neural network weights stated in the learning network, 
	[Bij] – matrix of coefficients of the neural network biases stated in the learning network.
	The modernness of the NSC-1 system lies in the fact that it is built in an open architecture, designed for mounting on helicopters of an adequate process ability level, i.e. W-3PL Głuszec. To perform the function of the helmet-mounted control over the helicopter's weapons control, this system specifies, in the same coordinate systems, the position of the helmet, the head, and the movable position. The necessary data for the helmet mounting NSC-1 cueing system are downloaded from the navigation part of an integrated avionics system built on the W-3PL Głuszec helicopter. To ensure ergonomics and shortening of the process of preparing on-board weapons to use, the flight manoeuvre and navigation parameters as well as data for cueing process are illustrated on the WND-1 integrated day-night display mounted on the pilot's helmet. The system cooperates with the latest (developed in the PCO company), miniaturised PNL-3M night vision goggles reducing load on the pilot's cervical spine. 
	Using the built NSC-1 helmet-mounted cueing system, the angular location of the movable position with the 12.7 WKM-B rifle (in the version built within a technology demonstrator) and other elements of the on-board weapon system, among others the movable Toplite observation and cueing head and guided missile's coordinators (in the development version) can be controlled. In order to ensure its operation, this system is coupled with the KM-1 mission computer (built on the W-3PL Głuszec helicopter) and it requires a helmet-mounted angular position determination of the helmet and a helmet-mounted cueing process data imaging system (including a so-called reticule enabling the emergence of the cueing axis aim for the pilot's eye). 
	The element integrating the NSC-1 helmet-mounted system is the KG-1HC graphical computer cooperating with the KM-1 mission computer consisting the main element managing the operation of the integrated avionics system of the W-3PL Głuszec helicopter. In particular, this system cooperates with a laser scope of the Toplite observation and cueing head and the on-board power grid’s power system. Cooperation of the NSC-1 system with the avionics system and other measurement systems on the helicopter is performed using interfaces: MIL-1553B, ARINC-429, RS-485, ETHERNET 10/100, and USB. 
	The NSC-1 helmet-mounted cueing system's functions in the helmet-mounted weapons control system of the W-3PL Głuszec helicopter are: visualisation of the cueing symbols on the helmet-mounted head-up display (taking into account currently used weapons and their ballistic data); cueing the selected movable weapons system on the helicopter to the external target (by a system operator); measuring the azimuth and the pilot helmet's elevation angles in relation to the helicopter's cabin and sending them in the digital form to the application preparing ballistic and cueing data in the mission computer. In the field of control over the weapons system, the built technology demonstrator of the W-3PL Głuszec helicopter's helmet-mounted weapons control system includes adapted moveable shooting position (with the 12.7 mm WKM-B rifle) and the position for simulation of the selected functional parameters of the Toplite observation and cueing head (the SGT-1 simulator built in the AFIT). 
	In terms of process solutions, the presented NSC-1 system is based on innovative solutions unprecedented in the world [10].The applied construction and process solutions in the built, integrated, helmet-mounted weapons control system of the W-3PL Głuszec helicopter are at the highest process level. A ground-breaking solution in the performed project is the use of artificial neural networks technology in determining the angular position of the pilot's helmet (developed in the AFIT) and the WDN-1 integrated day-night display (developed in the PCO company), used for the purposes of the helmet-mounted flight manoeuvre, navigation and cueing information imaging with the PNL-3M miniatured night vision goggles (built in the PCO company). 
	The operation of the NSC-1 system includes the helicopter's weapons control, in which the pilot's head movement in terms of azimuth and elevation causes an appropriate movement of a target axis of the movable shooting position with the 12.7 mm WKM-B rifle. This enables firing without taking hands off the control element and the helmet-mounted target indication and enables fast system’s switching on the observation and cueing head's signals used for precision shooting. 
	Preliminary testing accuracy of determining the spacial position's angles of the pilot's helmet for the NSC-1 helmet-mounted cueing system were performed on the test station, built in the AFIT for teaching the neural network used in the electro-optical and hybrid methods [10]. This station for the tested application with the neural network provides: automated presenting and measurement of the azimuth and elevation angles of the cueing axis; automated measurement of the spatial position of the helmet with the determination of the azimuth and elevation angles of a helmet zeroing axis via a measurement system; sending these angles in the digital form to a measurement application for archiving and further analysis; determining the accuracy of the angular position. 
	On the basis of the results of tests conducted in the AFIT, it was found that out the most convenient method for application in the NSC-1 helmet-mounted cueing system is the hybrid method. It is one of the ways to increase the accuracy of determining the angular position of the helmet combining several component methods (electro-optical and inertial). This system can be optimised in terms of the number and types of signals and ways of their processing (e.g. using the Kalman filter). A considerable advantage of the NSC-1 system is its construction based on the integrated avionics system of the W-3PL Głuszec helicopter, using MIL-1553B (in terms of management of the helmet-mounted system operation) and MIL-1760 digital buses (in terms of controlling the weapons system). It allows building it on other, new or upgraded, combat helicopters with the integrated avionics system [5, 9, 10]. 
	The built NSC-1 helmet-mounted cueing system as a technology demonstrator supports the testing process of new methods (and devices for their technical performance), and can provide a basis for their further development within the domestic industry.
	4. The Demonstration Station to test new functions of Helmet-Mounted Cueing Systems  
	The Research&Demonstration Station, developed in the AFIT Department for Avionics, is designed to test new functions of the helmet-mounted display systems for polish military helicopters [5, 9, 11]. The station enables, among others, testing of translucent data presentation from different systems, for example: the Surveillance Imaging System (Toplite or others systems), multi radionavigation systems (VOR/ILS/TACAN), Air Traffic Control systems and Collision Avoidance Systems (TCAS/EGPWS). 
	The highlight and the especially promising aspect of the Demonstration Station (Fig. 4.) is the research of possibilities to enhance the operational capabilities of the HMD system through adding the verbal communication assistance feature. It enables the pilot verbally to select the scope of data to be displayed on the HMD.  One of the essential strengths in a modern battlefield is, i.e. having the option to recover personnel or equipment from an area of danger. Special military units were formed in the Polish Armed Forces for the execution of SAR and CSAR search-rescue tasks. A helicopter, which could support the execution of these tasks if the W-3PL Głuszec helicopter with a mounted, integrated avionics system. Fitted with a moving fire position (with the option of helmet-mounted control) and an observation-cueing system with a TOPLITE head, which enables the detection and identification of a survivor at large distances with the use of an integrated com-system and a RSC-125G on-board radio direction finder. 
	Fig. 4. Demonstration Station for new functions testing of Helmet-Mounted Display Systems [11]
	A demonstration device for the technologies in the scope of a helmet-mounted imaging system for information from observation-cueing heads was constructed in order to present and verify the possibilities of the helmet-mounted visualization system for images obtained during the execution of aviation search-rescue missions. The device uses daylight TV cameras, NVG residual light cameras and FLIR thermal light cameras [11]. In this system, the images from the camera, which is guided by the helmet onto a selected survivor search area are directly transferred to the on-board command position, enabling their further analysis, i.e., with the aim to identify the survivor, define the options and manner of his evacuation. The demonstration device enables testing different variants of imaging presented on the helmet display, which allows the pilot-operator to select the optimal presentation method for the piloting-navigational data and the images from observation-cueing heads in real time. 
	To ensure the correct determination of space orientation of the pilot’s helmet system NSC-1 uses micro-electronic inertial sensors. The procedure for determining the angular position of the pilot’s helmet is implemented in the graphical computer KG-1HC. 
	For example, the quaternion algorithm uses the components of the measured linear acceleration following relationship:
	 , (3)
	where: 
	{QSP(tk)} – quaternion describing the angular position of the pilot’s helmet to the helicopter,
	{GPO(tk)} – components of the measured linear acceleration of the pilot’s helmet,
	{GSP(tk)} – components of the measured linear acceleration of the helicopter.
	Fig. 5. On-ground Operator Station for visualisation testing of Aircraft Surveillance Systems [11]
	The constructed system allows the pilot to carry out flights according to the previously loaded waypoints (with the use of the NAVIGATION screen) or on a current basis, according to the guidelines received via the radio from the on-ground operator [9, 11]. 
	The large-screen computer set with software dedicated for the analysis of photos received from the FLIR thermal camera acts as the operator position in the constructed demonstration device. One of the numerous functions of that software is to enter a temperature range, which allows automatic searching for objects with the same temperature as that of the body of the missing person/s [11]. The use of a thermal camera enables to, i.e., define the condition of the survivor within a range of his body temperature (degree of hypothermia), which allows to determine the conditions through the application of specific procedures and tactics for the forces dedicated for his recovery. In the scope of equipment for search tasks, the constructed demonstration device includes, i.e., TV cameras and thermal FLIR cameras with software enabling automatic detection of bodies with a set limit temperature (e.g. 36(C) or within a set temperature range (e.g. 36-42(C). It allows for quick identification of object with a temperature similar to the human body temperature (a potential survivor or other personnel). 
	5. Summary 
	In the article, there are presented modern, digital helmet mounted display systems and target cueing systems, manufactured in the Air Force Institute of Technology for polish military helicopters. There are designed to support pilot's operations and situational awareness in the scope of helmet mounted pilotage-navigational and target aiming information and warnings about dangerous situations or malfunctions in the aircraft's installations.  
	The modern military avionics systems, navigation and cueing systems in particular, use the helmet-mounted data presentation systems more and more often. Use of the helmet-mounted data presentation systems in modern aircraft significantly improves the piloting's safety. This is particularly important during accomplishing difficult missions at night or in poor visibility conditions. In such cases, the observation of the environment without taking eyes for observation of the instruments in the cabin greatly simplifies the piloting process and increases the chance to execute difficult tasks. It is expected that more and more pilots of modern military aircraft will learn to fly with a helmet equipped with the HMDS functions. Research on prototypes of the HMD system have been in progress for over twenty years and show that both the air force academies' graduates and the pilots should have no problems with getting used to the new helmet-mounted data presentation system. 
	One of the most important elements in ensuring an adequate level of the pilot operating the helmet-mounted data presentation system's safety is an individually fitted helmet. It is extremely important both in terms of safety and data displayed in the helmet, because the functionality of the HMDS is based on the precise placement of optical instruments. The SWPL-1 system produced in AFIT with digital manoeuvre and navigation data processing is designed mostly for Mi-17 helicopters, but it can be implemented on other types of aircraft (e.g. Mi-24 helicopter, PZL-130 Orlik trainer aircraft). 
	The experience and technical skills gathered during designing and development of SWPL-1 system proved, that it is possible to build such a system for a brand new aircraft (with modern avionics), and adjusting the solution to the existing equipment (currently in service, with analogue avionics). As a result, the system collects and processes information from on board systems and installations and transfers it to helmet mounted displays in the format of graphic symbols or digital information essential for providing combat mission. 
	The NSC-1 system is capable of providing helmet controlled target cueing of the turret gun 12,7 WKB-M and other W-3PL's guided weapon systems, simultaneously displaying pilotage-navigational and  aiming information during day and night flights (using NVG). Above-mentioned functions can be realized by the NSC-1 system independently or in cooperation with an optoelectronic surveillance system (e.g. TOPLITE system). The modernity of NSC-1 is based on the fact, that the system is prepared in open architecture philosophy and is designed for aircraft with adequate technological level, e.g. W-3PL Głuszec. 
	The systems proposed by the AFIT: the SWPL-1 Cyklop helmet-mounted flight parameters display system and the NSC-1 Orion helmet-mounted weapons control system support the testing process of new devices and may be a basis for their further development within the domestic industry, including equipping the modernised military helicopters with such a system. 
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	Abstract
	This paper presents description the mathematical of a phenomenon accompanying the flow working fluid through a microgap. The laminar flow of liquids in crevices of smooth hydraulic resistance and theoretical model for the distribution of pressure in the gap and the flow rate through the slot hydraulic is presented. The theoretical models for the distribution of pressure and flow in the microgap on conventional hydraulic resistance of hydraulic joints have shape related to the errors of their execution. In deriving the theoretical models, by introducing a variable height of the gap in the initial episode was founded stream velocity profile variability in the hydraulic fluid retaining gap and zero values of local losses at the entrance to the slot. Diphase flow of liquid through the microgap is described. The colmatage process effect on the diphase liquid flow through the microgap is treated as that of the uniphase liquid flow through the variable geometric structure area. With assumptions, the colmatage process is defined as a stochastic Markov process. The particles being trapped in the microgap divide its area on separate segments. Their number and characteristics dimensions are interpreted as a random vector in space with a variable number and dimensions. 
	Keywords: aviation, hydraulic drive, hydraulic resistance gap, fluid pressure, fluid flow, the gap
	1. Introduction
	Working fluid in fluid systems serves as an energy carrier and at the same time is a lubricating agent between moving elements often subject to substantial unit pressures or substantial relative velocities. It causes a change in the basic characteristic of hydraulic device machine such as the required linearity, assumed hysteresis and the leak to the outside or the working stability. 
	For many reasons a working fluid contains impurities leading to disturbances of normal operation or the wear of system parts [4, 5, 10, 16]. Experiments show that the presence of impurities in working fluids is the cause of material destruction due to friction, abrasion of material working surfaces and erosive wear of element surfaces [7, 10, 14, 15]. 
	During lab research and operation experience with fluid-system based devices and machines it was established that using working fluids comprising a certain concentration of impurities causes a phenomenon of a gradual decrease in the active cross-section of a gap resulting from the absorption of particles dispersed in a fluid by gap walls. The research conducted at the Air Force Institute of Technology conformed the thesis that leaks through a gap vary with time as if the phenomenon of contamination of a gap with hard particles occurred [12, 13]. When fluid flows through a microgap, the phenomenon of stopping of the particles suspended in this gap and a change of the efficient flow surface of the gap occurs. In some cases, with time, fluid completely stops leaking through a microgap.
	Phenomena associated with the flow of working fluids through microgaps are not yet sufficiently researched. So far, only few works dealing with this problem were published [1-3, 6]. 
	The subject of the following study is the analysis and description of the flow of fluids through a microgap regarded as a hydraulic resistance element. Basic equations describing the motion of Newtonian fluid the hydraulic retaining slot due to three main principles of mechanics [8, 9, 11]: the principle of conservation of mass (continuity equation), the principle of conservation of momentum and angular momentum and the principle of conservation of energy. These equations are not closed system. Therefore, they should be supplemented by additional equations expressing the state of density, viscosity and thermal conductivity as a function of pressure and temperature, as well as on the field of mass forces unit. The general solution of these equations, it is not known, and the designation of their solutions, which are functions of four independent variables and subject to specified initial conditions and boundary, encounters great difficulties. For the description of the flow of working fluids, fluid parameters of a dimensional span of suspension particles and the mechanism responsible for variations of the flow characteristic of a microgap as observed in daily practice were taken into account. Observations of phenomena taking place, when a fluid flows through a microgap, allows us a statement that the flow process of a fluid through a gap and stopping of hard particles in a gap should be treated as a stochastic one and be analysed from a probability viewpoint. 
	The results of the following analysis can serve to study the influence of impurities contained in a fluid on the change of basic characteristic parameters of a hydraulic device and those of an entire fluid system.
	2. Assumptions for a physical model of the flow of working fluid through a microgap
	In order to construe the process of fluid flow through a gap a physical model of the flow phenomenon the following assumptions was adopted. 
	1) An ordered pair of real numbers where one number is the value of the volumetric flow rate of fluid ( flowing through a discussed gap and the other number is the pressure difference (p across an element, will be called the hydraulic state of a microgap. The flow rate of a fluid flowing through a gap can be presented as a sum of volumetric unitary flow rates flowing through component ranges a gap is divided into, i.e. [2]:
	 , (1)
	where: 
	K – coefficient depending on flow conditions and gap geometry, i.e. the coefficient taking into account the pressure drop, flow length, fluid viscosity and the geometrical gap length,
	h – gap height,
	N – lowest number of particles of an assumed size, indispensable completely to block the gap,
	u – flow-through length of a microgap,
	b – shape deformation factor.
	2) In a hydro energetic element, a gap with stiff, impermeable and parallel walls is generated. This gap dimensions are as follows: lo – microgap width in the direction perpendicular to the fluid flow, h – microgap height, m – geometrical length of a gap along the fluid flow as these dimensions. By our intuition we assume that every particle larger than size h of the gap is stopped in it, thus reducing the active flow width of the gap by the value of h.
	3) A microgap is regarded a hydraulic resistance element. Seen from the aspect of energetic transformations a microgap is classed as a dissipative element. A characteristic of a gap seen as such can presented as:
	 ( = G (p, (2)
	where: 
	( – fluid flow rate in the gap,
	G – gap conductivity,
	(p – pressure drop across the gap.
	4) A change of the gap state at a steady pressure drop during the working fluid flow through it can only result from stopping solid particles dispersed in fluid on inlet edges of the gap exclusively due to different geometrical dimensions of particles and distances between the gap edges. A change of the microgap state at a steady pressure drop is a result of a change of the conductivity, this being a function of, among other things, the number, arrangement and properties of particles stopped across it. The conductivity of a microgap will change; it will decrease due to the effect of the gap blocking, then and only then, when there is a time interval (t within an observation interval (0, t), over which the probability of occurring solid particles of dimensions greater than the gap height h in a fluid is ( 0; we may express it as follows:
	 . (3)
	5) At any moment at t > 0 the most one solid particle is added to the gap and the sequence of moments of particle arrivals to the gap has no accumulation point. 
	6) At every moment ranges a microgap is divided into are of equal length m, and their cross-section is rectangular, with m > 0 corresponding to the flow length of the gap. At the t > 0 moment the gap cross-section is h ( l0. 
	7) Every particle arriving at the gap arrives precisely at one of the ranges the gap was divided into before the particle arrival. The capacity of arresting by a singular range of particles contained in a working fluid is clearly defined by the characteristic dimension x of an arriving particle, where x > 0.
	8) A single range of the h ( l0, h > 0, l0 > 0 cross-section arrests an arriving particle with the characteristic dimension x, then and only then, if x ( min{h, l0}. In case x ( l0 a range is liquidated, and if h ( x < l0 a range is divided into two sections with dimensions h ( l1 and h ( l2, where l1 + l2 + x = l0 [10]. 
	9) The flow rate through a single range with the h x l cross-section and length m is equal to the stationary, steady-state flow through a rectangular orifice h x l in a parallel-walled plate with the thickness m, m ( 0, h > 0, l > 0, where m and h are by assumption parameters characterizing the gap geometry. At any moment, the flow rate through a gap is equal to the sum of flow rates through individual ranges the gap at a given moment is into divided. 
	3. Pressure distribution and flow rate of liquids working gaps in typical hydraulic resistance
	The flow of hydraulic fluid through a slot bearing the author has treated as a stationary flow between two flat and parallel plates located from each other at such a distance that they form a hydraulic bearing gap. As is known, the length of the initial section of the hydraulic retaining slots in which there is a stabilization of the flow (velocity distributions in any cross-sections are identical) is proportional to the Reynolds number and height of the hydraulic retaining slots. Due to the fact that the initial gap distance of the liquid velocity, profile in the gap is not formed by the reflection on the speed of the liquid in the initial section of the slot gap height change.
	Taking into account the change of the flow channel (the hydraulic retaining slots) dependence on the flow of hydraulic fluid in the retaining slot has the form [8, 12]:
	  (4)
	and dependence on the pressure distribution in the gap has the form [1]:
	  (5)
	Integral constants E and G are determined using the continuity of velocity boundary conditions on the stationary walls of the form: u((1,z) = u((2,z) = 0 and w((1,z) = w((2,z) = 0 and pressure p(z) satisfying the conditions: p(x,0) = p0 and p(x,m) = p1. Error of the approximations, with ls / h → ∞, is 16%. 
	Entering into formulas (Eq 4) and (Eq 5) boundary conditions was determined depending on the pressure distribution in the gap and the fluid flow through the gap for typical hydraulic retaining slots. Shapes of typical hydraulic retaining slots are associated with the errors of their execution.
	For hydraulic flat retaining slots of non-parallel walls schematically shown in Fig. 1a the distribution of pressure in the gap model is described:
	  (6)
	and fluid flow in the gap model:
	 . (7)
	For these patterns can be introduced, dimensionless coefficient related to the geometry of the slot (ls, H, h, m) of the form: .
	For hydraulic flat retaining slots of non-parallel walls schematically shown in Fig. 1b the distribution of pressure in the gap is described by the formula:
	  (8)
	and fluid flow in the gap model:
	 , (9)
	where: .
	a)
	b) 
	Fig. 1. Schematic hydraulic flat retaining slots of non-parallel walls
	For the transverse annular, hydraulic retaining slots (front slit formed by two parallel plates round) schematically shown in Fig. 2 the pressure distribution in the gap model are described:
	  (10)
	and fluid flow in the gap model:
	 . (11)
	For the longitudinal eccentric annular retaining slot, hydraulic schematic shown in Fig. 3 the distribution of pressure in the gap model is described:
	  (12)
	and fluid flow in the gap model:
	 . (13)
	Fig. 2. Leading hydraulic resistance gap formed by two parallel circular plates
	Fig. 3. Hydraulic longitudinal annular gap eccentric resistance
	Although these models are designated with the linearized system of equations, using them, small ranges of variation in the flow cross the gap and small Reynolds numbers is warranted.
	4. Interpretation of the working fluid flow as a two-phase mix through a microgap as the step stochastic Markov process
	The observation of phenomena taking place when a fluid flows through a microgap allows us to establish that the working fluid flow process and arresting hard particles in a microgap should be regarded as a stochastic one and discussed under a probability category.
	We assume that the Ei state is a state in which at the t moment in a volume unit there are i particles arrested and which after a (t(0 time transforms into the Ei+1 state. The probability of transition from the Ei state into the Ei+1 state after the (t time interval is given by the formula:
	 Pi+1 = ((i)(t + Q((t), (14)
	where ((i) is a function of the intensity of arresting particles in a microgap and , meaning that the probability of transition of more than one particle into the Ei+1 state approaches zero faster than (t.
	According to assumptions for the physical model, the following mathematical model for the flow of working fluid as a two-stage mix through a microgap was adopted.
	The microgap state at any given moment t > 0 is defined clearly by the system of random variables:
	 , (15)
	where correspondingly:
	R(t) – the number of component ranges the gap at the t moment is divided into,
	Li(t) – the dimension of a rectangular range and of that range along the microgap for i = 1, 2, … R(t).
	We assume that for R(t) ( {0, 1, 2, …}, 0 < Li(t) < L0, L0 < ( and for every state of the gap s = {r, l1, l2, … lr} the fluid flow rate through individual ranges is defined with a probability level = 1 as:
	 , (16)
	where Q(li) is a function determining the flow rate through a singular range the characteristic dimension of which is given by the variable li, such, that a singular range of the h ( l0 , h > 0, l0 > 0 cross-section stops an arriving particle with the x dimension, then and only then, if x ( min{h, l0}, and when  x ( l0 a range is liquidated and when h ( x < l0  a range is divided into two ranges of the dimension  h ( l1 and h ( l2, where l1 + l2 + x = l0.   The Q(li) function determining the flow rate through a singular range is a continuous function and closely increasing, i.e.   The fluid flow rate through a singular range can be calculated from the following formula [3]:
	 . (17)
	Let us assume the stochastic process S(·) = {S(t); t > 0} is the homogeneous Markov process. Therefore, a probability structure of the S(·) process is defined by a transition probability function, which describes the way that the changes of state occur. The probability structure of the S(·) process is therefore given by the transition probability function describing how the changes of state occur. We designate the conditional distribution of random variables {R(t), L1(t), …. , LR(t)(t)}as , however, on condition that R(0) = r’ ( 0 and L1(0) = (0) =  over the {R(t) = r}; r ( 1 subset.  Talking about the r of random variables, we assume them determined in the same probability space and that their joint conditional distribution exists. In this case, Lk can be interpreted as variables in the space of samples. Without doubt, the fact that the changes of states are accompanied by the change of the number of dimensions of the space where random variables are determined is an aggravation of a notation for the discussed process. Of course, for the A subset contained in the space of samples the following notation: 
	 , (18)
	is the probability of the R(t) = r occurrence and {[L1(t), … , Lr(t)] ( A} on condition that  L1(0) =  for i = 1, 2, …, r’ , R(0) = r’, where r’ ( 0. For r = 0  is the conditional probability of the {R(t) = 0} occurrence, on condition that  L1(0) =  for i = 1, 2, …, r’, R(0) = r’.
	On account of the assumption of the homogeneity of the transition function for the Markov process, the stochastic process S(·) is clearly defined by the conditional distribution of random variables {R(t), L1(t), …. , LR(t)(t)}. Let us assume that:
	 , (19)
	; j0 = 0,  for k = 1, …, r’.
	For r = 0  (1 for r = 0 and 0 for r=1, 2,...).
	The equation (19) means that r microgaps of dimensions l1… lr are generated due to a stochastically independent division of each of the r’ components of the connectivity with dimensions into parts, where . 
	Making an assumption that during a flow particles are fully carried by the working fluid until they are possibly arrested, the transition probability functions of the change of state are as follows:
	,
	 , (20)
	,
	for r = 3, 4…,
	where N is the particle concentration in a working fluid and:
	   (for l(h, for l( or(h), (21)
	   for   l > 0.
	Fx denotes a cumulative distribution function of the random variable X corresponding to the characteristic dimension x of hard particles in a working fluid.  To determine the properties of a step (discontinuous) process, where within small time intervals the system described by this process will certainly remain in its initial state or with a small probability, will change onto another state, it should be assumed that:
	 , (22)
	where (l designates a deterministic distribution concentrated at the point l for l > 0, and that:
	 , (23)
	where the left side represents a joint conditional distribution of random variables L1(t), L2(t)  on condition that the number of component ranges a gap at the t moment is divided into is R(t) = 2, R(0) = 1, L(0) = l1, and ((dl1, dl2) being the distribution of the variables L1, L2, which with the probability of 1 fulfil the condition: L1 +L2 = max {L – Xh, 0}, where Xh designates a random variable having a cumulative distribution function:
	  (24)
	and within the (0, l - h) range the conditional distribution L1 will be unvarying.
	The conditions (22) and (23) imply that a singular connectivity component of the characteristic dimension l for a sufficiently small time t will remain unvarying with a probability close to 1 inside the (0, t) interval, however, if for a sufficiently short time t, even only once within the range (0, t) the gap divides, then it will be exactly one division into two parts.  It will be a division with the conditional probability equal to 1, one achieves after placing a section of the random length Xh that have the cumulative distribution function in the (0, l – Xh) range with an unvarying distribution of the position of the left end of this section.  Please note that the is a cumulative distribution function of the conditional distribution X on condition that l > x > h, i.e. on condition that a particle will be arrested due to its characteristic size being too large with respect to the gap height: x > h, however, too small to annul this connectivity component:  x < l.
	The Markov’s condition imposes that the conditional distribution of random variables L1(t), L2(t) performs the following equation:
	 . (25)
	From the equation (15) follows that for every cumulative distribution function  FX  and for every closely increasing function of the flow Q there is only one family of real measures,  r’ ( 0,  . In addition, the following equality is served:.
	We call the Markov’s process with transition probabilities described by the equation (25) and with a probability equal to 1 serving one initial condition S(0) = {1, l0} a ‘probabilistic model’ of the working fluid flow through a gap l0 > 0 wide, h > 0 high and m ( 0 long.
	In order to assign values of the flow rate Q of the fluid flowing under the constant pressure drop (p to successive states of the gap one must use the formula (17). After mathematical transformations, the formula (17) for the flow rate Q appears as:
	 , (26)
	where is the flow rate through a flat microgap at t = 0, ( is a parameter of assumed exponential distribution of the process, and ( is a dimensionless parameter defining relations between the gap height h and the ( parameter. 
	The relation (26) points to an exponential character of the working fluid flow process through a microgap as a time function. With the formula (26), one is able to determine the relation between the volume of the fluid flowing through a gap and the flow process time.
	4. Conclusions
	The main goal of this article was to present the analysis of the process of fluid flowing through a microgap. The phenomenon of working fluid flowing through a microgap was treated as a flow in hydraulic elements taking into account parameters of a dimensional distribution of suspended particles and mechanisms responsible for the practically experienced varying flow characteristic of a microgap. 
	In the presented formulas for calculating pressure distribution and fluid flow in a typical hydraulic retaining slots do not take into account the impact of the initial segment, which forms a laminar velocity profile and the local losses are included only in the specified empirically pressure at the inlet.
	At high values of the ratio of length to the height of the gap flow and low Reynolds numbers involved is insignificant pre-cutter and its omission does not lead to significant computational errors.
	In the case of hydraulic resistance of the small joints of the flow parameters of the flow length is determined by a complicated analysis of the velocity field and pressure in the environment and the same slot. The values of liquid flow in the interstices of a low-resistance flow length calculated from formulas given in this article only determine the upper limit.
	Basing on observations phenomena of working fluid flowed through a microgap, it was established that hard particles are arrested through a microgap in such gap. It should be regarded as a stochastic one and discussed from a probability point of view.
	The mathematical model of the working fluid flow through a microgap was formulated in this article on the basis of an arbitrary assumption of solely mechanical causes for stopping hard particles contained in a working fluid. Despite the fact that the phenomenon itself proceeds discontinuously, this model has a continuous character. Taking into consideration the characteristic of the medium, in which fluid flows, we assumed that the process of arresting hard suspended particles is induced by two mechanisms: the first one consists in stopping particles of suspension solely due to dimensional differences between particles and the gap height, and the other one results from differences in size of arriving particles and characteristic dimensions of areas limited by the gap edges and previously stopped particles.  The latter mechanism, as the dimensional spectrum of arrested particles shifts towards ever-decreasing sizes, causes the microgap flow-through characteristic to be unstable. 
	The microgap condition according to the proposed model is described by a system of random variables. It was assumed that the stochastic process S(·) = {S(t); t > 0} is the homogenous Markov process. The probability structure of the S(·) process was described with the aid of the transition probability function, which describes the way in which the changes of state occur. Observation of changes of flow rate of fluid flowing through a microgap means of course the observation of results of a process understood as the Markov process as it happens.  A condition of a process at a given time point or after a certain amount of fluid has flowed through, does not determine clearly processes to follow, but solely a probability that a state of a system is one belonging to a subset of a range of states the flow rate values are assigned to. Owing to the description of the flow of working fluid through a microgap in a step-like, stochastic process of a Markov’s structure it is possible now to clearly interpret the process of the clogging a microgap with regard to probability.
	The results of the above considerations can be used to study the influence of contaminations on the process of gradual decrease in the effective cross-section of a microgap resulting from absorption of particles dispersed in a fluid by gap walls as well as to research into influence of contaminations on the operation of hydrostatic systems.
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	Abstract
	The article describes methods applied to identify causes of air events in the polish aviation. According to statistics a human error is the main factor both military and civil aviation accidents. The causes of the accidents are usually referred as “pilot error”. Methods used during the investigation process allow finding other failures than crew unsafe acts like: preconditions for unsafe acts, unsafe supervision and/or organizational (management) influence. Those findings allow the investigators take corrective action not only to mishap crew but also to the whole system including procedures, training, regulations and even aviation law. The air incident/accident investigation is a very complex undertaking, since the gathering of the evidence gives rise to considerable practical and methodological difficulties. They result from the fact that any air event investigation attempt is a process of investigating into a more or less traceable dynamic situation. Notifiable accidents, i.e. ones with the aircrew killed and the aircraft severely damaged, create exceptional difficulties in collecting information needed. Such being the case, the source materials prove only a fragmentary evidence to be then completed with indirectly gained data.
	Keywords: aviation, air events, human error, aviation accident investigation, causes of aviation accidents
	1. Introduction 
	According to the international law and Polish aviation law, investigation into any air event is aimed at finding the causes thereof and making then recommendations to ensure flight safety. The sole and only objective of the air incident/accident investigation is to prevent such events in the future. The uncompromising attitude in tracing the event back, i.e. how it happened and for what reasons shall be the most fundamental feature of the process of investigating every and single air event. The following methods are used correctly to identify causes of air events that have occurred in the polish aviation:
	 the James Reason’s theory,
	 the SHELL model,
	 the chain of errors.
	2. The James Reason’s theory – the effect of a human error upon causes of air accidents
	The effect of a human factor upon causes of air accidents is perfectly well explained with the James Reason’s theory, who claims that safety within any system depends on the following factors [5]:
	 Strategy of performing actions at high management level,
	 Actions at low management level,
	 Factors conducive to making errors,
	 Actions performed by the aircrew,
	 Lack of defences/safeguards to support the aircrew.
	According to this theory, if factors hazardous to safety arise at every above-mentioned stage of activity and are not eliminated on time, an accident occurs. A model of how an air accident arises, according to James Reason, has been presented in Fig. 1. In the presented model, latent hazards may be present at all stages of activity to reveal themselves in some specific circumstances only. For instance, e.g. decisions taken at high level of management to reduce health requirements, give up requirements for some specific predispositions, or make some savings on aircrew-training costs may drastically translate into severe hazards to flight safety, under extreme conditions of the aircrew performing their duties, with the workload considerably exceeding their capabilities. On the other hand, improper behaviour/actions by aircrews and/or lack of suitable defences/safeguards can, but do not have to, bring about unfavourable effects. A systematic approach to solving problems of flight safety most fully reflects the (huge) amount of factors that directly or indirectly affect the occurrence of an air accident.
	/
	Fig. 1. A model of how an air accident arises, according to James Reason [5]
	There are four levels of causes of air events dependent on human actions [5]: 
	1. Causes due to improper actions taken by the aircrew,
	2. Preconditions conducive to improper actions by the aircrew,
	3. Improper command/supervision, and its negative effect upon the aircrew,
	4. Improper management and its adverse effect upon the improper command/supervision and/or actions taken by the aircrew.
	Actions taken by the commanding/managing staff may considerably contribute to causes of accidents or circumstances conducive to the occurrence thereof.  Deficiencies in the scope and way of performing actions by the managing staff may be classified into the following categories: insufficient/unsatisfactory supervision/control, improper flight planning, the already known deficiencies left uneliminated, violations of supervision/control dedicated rules. The primary responsibility of the managing staff is to create conditions conducive to successful accomplishment of an operation. The managing staff, irrespective of the level, has to prepare manuals, instruction/training curricula, manage the subordinate personnel and show reasons for the undertaken actions. The managing staff is responsible for proper education/training of the personnel, proper organisation of labour, and an atmosphere in a given organisation.
	Lack supervision/control or improper activities in this field lead to actions inconsistent with the procedures in force, the application of procedures inconsistent with safety rules, etc. Lack of supervision/control over the level of training and education of aircrews may prove conducive to hazards due to errors made by crewmembers or their poor skills in coping with specific situations.
	No response to problems in a given organisation usually makes them intensify, or gives grounds for routine deviations from prescribed procedures, which may become bad habits, or constant decrease in quality of performed operations. This may refer to problems such as errors in documentation or procedures, excessive risk taken by aircrews, failure to notice in time that flight safety tends to deteriorate or no/poor response to incidents/accidents. 
	The improper planning can result in the increased workload upon aircrews, lack of time to get well prepared for a mission, mismatched aircrews, the planning of operations that remain beyond capabilities of a given aircrew, etc. All these factors may, in turn, prove conducive to excessive fatigue, making errors, and hence, increased risk.
	Most often violations of rules by the managing staff are as follows: giving permission to perform operations without suitable qualifications, or training, or required equipment, exceeded limits on the work time, etc.
	3. The SHELL model
	The SHELL model by Hawkins can be considered the basis for the interpretation of human (i.e. pilot-made) errors as factors underlying interactions of each of the SHELL components. It gives good grounds for the explaining, controlling and predicting errors [3]. Fig. 2 shows a graphic form of the flight safety model according to Hawkins. Interactions of each of the model-included components are given consideration in the SHELL model (Fig. 3).
	The L-H (human being – aircraft) interactions can be considered from five different aspects [3]:
	 interactions that depend, among other things, on the cockpit equipment, ergonomic conditions (man-machine interactions), adjustments to human’s features, and others,
	 sources of information on the aircraft, accessibility, accuracy, readability thereof, uniformity, etc.,
	 automatic control systems, whether the aircrew understand how to use them properly,
	 aircraft warning systems, uniform and reliable signals, procedures, Traffic alert- and Airborne- Collision Avoidance warning Systems (TCAS, ACAS),
	 principles of operation in the field of maintenance oriented at the aircraft itself (as a whole), systems, devices/instruments, circuits, etc. following the so-called check-lists, precision of operating them, knowledge and observance of principles of operating on-board equipment, making correct use of the operational documentation.
	/
	Fig. 2. Systemic concept of flight safety model according to Hawkins
	Fig. 3. Interactions in the SHELL model
	Air accidents may be caused by disturbances in aircrew – aircraft, or servicing staff - aircraft relationships.
	In the case of the L-S interface (human being – procedures and training) considered are interrelations between a human being on the one hand, and on the other hand, his/her level of training/education and applied procedures, and their probable contribution to causes of air accidents.
	The live ware (L) and its contribution to causes of air accidents are considered from five different aspects [3]:
	 Physical: pilot’s height, weight, level of training acquired, fit, strength, age,
	 Physiological: immunity to diseases, health, the way of life, resistance to hallucinations, resistance to fatigue,
	 Psychological: ability to act or lack of it, plan of activity, the way of making decisions, attention divisibility, predispositions, personal attitude, emotions,
	 Knowledge and experience: the scope of professional knowledge, flying experience, personal experience,
	 Workload: schedule of the day, work time, shift work, leisure, jet lag.
	Co-operation between aircrew members and all who participate in the flight (the L-L interaction) is given consideration from four aspects [3]:
	 Communication: verbal, in writing, visual signals, between aircrew members, with other aircraft, with the air traffic control, phraseology,
	 The CRM/TRM (Crew Resource Management) – aircrew co-operation, formal procedures, information transfer, crew members match,
	 Supervision: operational, in the course of training, taking care of quality, standards,
	 Rules and regulations in force – procedures, regulations, inspections, audits.
	The L-E (human being – environment) interaction is given consideration from four aspects [3]:
	 Physical: airport/airfield, air navigation service, information, weather, work environment,
	 Psychological: satisfaction, morale, manners, family problems,
	 Functioning of the organisation: the set forth objectives, interrelationships, staff, HR policy,
	 Workload: excessive workload, time pressure.
	4. The chain of causes
	Investigation into each and any of air events should be started with reconstruction of particular links of the ‘chain of errors’, which at the same time is the ‘chain of causes’. The ‘chain of errors’ is a term that describes errors in human-performed actions as effects of a series of coincidences that result in an incident/accident. Since any chain shows no more strength than its weakest link, removal of that weakest link could potentially prevent the accident, or reduce the probability that the accident occurs, or possibly reduce the effects.
	Figure 4 presents an example of a chain of errors reconstructed in the course of investigating into causes of one of air accidents. The problem was initiated with erroneous weather forecast. Then, information on weather conditions getting worse did not reach the Flight Operations Control Service, and some organisers made no account of this information. Thus, decision was made to fly another flight. After completion of the operation, the aircrew decided to execute the landing procedure, despite weather conditions getting ever worse. The flight operations dispatcher did not divert the aircraft to an alternate airfield despite the fact weather conditions were at that time worse than airfield minima. Such decision was not taken after the first missed approach. Another approach – the aircrew members did not co-operate, responsibilities were not assigned to individual crewmembers in the cockpit (no CRM). All these factors resulted in an excessive descent rate and finally, in ground collision. Improper actions were also taken by the landing controller, who did not take a decision to abort the landing even though the aircraft had exceeded the minimum permissible altitude for both the aircraft and the airfield [6].
	/
	Fig. 4. An example of a chain of errors
	Reconstruction of the ‘chain of errors’ is nothing more but an initial stage of the air accident investigation that allows to find causes of the event in the range of actions taken by humans engaged in a given air operation. The chain of errors may start, depending on the event, with organisational or maintenance problems, disturbances of flight resulting from changes in the environment, incorrect decision, violation of procedures or flight rules. It may comprise many other factors as well.
	One has to find what impact upon the occurrence of particular components (links) in the chain of errors had the system components such as the aircraft, the environment, procedures, the training system, the management and other ones. One should also find why human errors arose, why the aircrew made their errors under given conditions: what was the impact of circumstances generated by other people in the ‘chain of safety’ upon the aircrew?
	6. Conclusions
	Air incident/accident investigation is very complicated. Reconstruction of the course of the event and determination of causes of its occurrence demand many-months’ intensive work of experts in many and various fields of science. The air accident investigation is often based on fragmentary, not always fully reliable data. Finding the reasons for a given event to occur proves thus even more difficult. According to Polish civil law (legal system) currently n force, based on the final report issued by the State Commission on Aircraft Accident Investigation, the court is to decide whom/what factors to blame and to what extent particular persons engaged in the event are responsible for the accident. Each cause identified by the State Commission on Aircraft Accident Investigation has to be well evidenced and well grounded. It has to be evident from the thorough investigative process, in particular, from the course of flight, conducted analyses, procedures, rules and regulations in force, and the law. While investigating an air event, there is a natural need to find that one and only cause, and the cause is expected to be closely related to this very flight, without searching for other reasons, e.g. related to organisational factors, management and supervision practices, etc. This tendency proves, however, disadvantageous from at least two aspects: preventive actions to be undertaken, and flight safety. Application of the above-discussed methods enables air accident investigators to conduct complex analyses of causes of the occurrence of air events. Precise identification of all causes of a given air event allows, in turn, implementation of systemic solutions in the field of flight-safety-improving preventive measures and actions.
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	Abstract
	 What should be done reasonably to control flight safety is to follow carefully and in real time all, the undesired air events and results thereof, any actions undertaken at individual air bases and the effectiveness thereof. Measurable effects in this field (including the economical ones) could be provided by a computer-based system, and only. Such a system is intended and expected to provide analyses and assessment of different hazards. Both should be based on actual information, possibly of immediate access. Lack of such a system practically prevents us from any complex analyses and assessment of the safety level, and precludes any forecasts in this field. One of the elements of maintaining a high level of safety is to have the air traffic controllers required level of knowledge, skills and experience necessary to ensure safe and efficient air traffic services in a specific organ ATC. The article presents the elements of the system of support Authorities Aerodrome Air Traffic Services TURAWAMATS that uses algorithms to maintain a high level of competence of the groups of controllers.
	Keywords: ATC, flight safety, computer support, LOSRL
	1. Introduction 
	Currently, the documentation is conducted in both article and electronic format (based on an Excel spreadsheet). Implementation of supervision over the maintenance of competencies of air traffic controllers requires continuous monitoring of the existing deadlines for the assessment of work technique (OTP), methodological training, aero-medical examinations as well as maintenance allowances. Objective of the designed system is first of all:
	 Computer support for SRL of Polish Armed Forces in exercising oversight over the training process and the level of training of personnel,
	 Enabling effective management of safety and preventative actions,
	 Ensuring the possibility of a comprehensive analysis and assessment of the activities of SRL of Polish Armed Forces,
	 Keeping a register of airports, airstrips and airport infrastructure, which is within the competence of SRL of Polish Armed Forces.
	2. System division into functional modules
	TURAWAMATS system will be implemented using the concept of architecture Model-View-Controller (MVC), which is used to create network-oriented database applications. MVC architecture assumes the division of the components of the application system into three categories:
	 Model (model components): components representing data, on which are operating applications; model components also offer methods of accessing data,
	 View (presentation components): components representing visualization (presentation) of data for the user; presentation components retrieve data from the model components, and then display them on the user's screen,
	 Controller (control components): components intercepting user requests and mapping them to call the methods of model components; then control components transmit control to the presentation components.
	Taking into account the specificities of the system and Implementation capabilities provided by Oracle JDeveloper tool, the distribution of TURAWAMATS system into program units would be as follows:
	 Database subsystem,
	 Communication with the customer subsystem,
	 Data processing subsystem.
	2.1 Database subsystem 
	The database a basic place where you can permanently store data in the system. Control and presentations components during the work refer to the database in order to implement requests of the user of the system, both for read and write [1, 3]. Dictionaries are arrays of database filled with the values determined during the design stage of the application. These dictionaries will serve as a data source for user interface elements such as drop-down list or a list of multiple choice. This approach ensures, by narrowing the range of limit values minimization of data entry errors by the operator and significantly speeds up and facilitates its work. 
	2.2 Communication with the customer subsystem
	This module will be designed to support the direct process of data input by users. It will provide to create the client-side interface (dynamic pages generated in a web browser), oriented quickly and reliably data adding to the system. Obtaining this functionality should provide components facilitating selection or describing the type and scope of the appropriate values. This module will also be realizing bi-directional access to the database. Thanks to it, conducted the preliminary data validation and directing to the correct record. A special form of data entry is the process of a user logs on into the system, during which is being verified his identity and related permissions.
	2.3 Data processing subsystem 
	The module analyses and assessments will be an implementation of algorithms and processing rules existing in the data system TURAWAMATS, specified at the stage of analysis of the needs of future users of the system. The result of the module will be reports and data profiled according to preset, possible modification criteria. For readability of received summaries, you will be able to choose the form of their presentation (table, list, chart). 
	3. An example of the functional analysis of the proposed solution 
	One of the elements to maintain the required level of security is to have the air traffic controllers required level of knowledge, skills and experience necessary for the safe and efficient provision of air traffic services in a specific ATC organ. In this article, it is presented an algorithm for air traffic controllers i.e. approach control entities (APP) and the authority of aerodrome control (TWR).
	A common feature for both groups of controllers beyond maintaining a high level of competence, is to maintain knowledge of English, where at the moment is applicable international ELPAC exam (the system takes into account the date and reminds of the "outlet" of the news 6 months before the expiry), health requirements (obliging the date of the next survey recalled to three months before the end), a collection of current information (updated by the severance office crews necessary to carry out the position of the operating controller).
	In the event of an interruption in the operational work longer than 3 years, rating endorsements at the entity or operational/additional authority of the air traffic controller expire and cannot be their resumption. Another determinant is the fact that the main authorizes of OTP are valid for two years and must be restarted after the above period. 
	In Fig. 1 is presented an algorithm defining readiness to perform operational activities by the controller. In case of not fulfilment of any of the criteria controller cannot perform his duties. 
	Fig. 1. Algorithm for determining updates for Complete Controller
	An air traffic controller has the necessary competence to work at operating positions of ATC entities, if its competences (Fig. 2) during the last assessment of work technique (OTP) have not been in doubt (competence in doubt), and he himself performed airlines activities in the position of operating in accordance with their permission, at least for a period of 20 hours every 3 months. In the case of complementary permissions approach control with the use of precision approach radar it is considered that the air traffic controller has the necessary competence to work as a PAR controller, if he completes at least 5 radar approach controls with the use of PAR in a series of 3-month (APP controller).
	After a break in operational work longer than 30 days, the air traffic controller reports to a designated by the head of LOSRL OJT instructor to undergo familiarization interview and complete operational knowledge. After a break in operational work longer than 3 months and shorter than 6 months, air traffic controller takes at least 10 hours of familiarization practice at the operating position or in the case of PAR - 5 radar complementary permissions an approach control with the use of PAR under the supervision of a designated OJT instructor and then is subjected to OTP (APP controller). A positive OTP result determines competence restoration. A positive result OTP determines restoration competence. After a break in operational work longer than 6 months and shorter than one year air traffic controller takes at least 20 hours of practice familiarization at the operating position or in the case of PAR - 15 radar complementary permissions an approach control with the use of PAR under the supervision of a designated OJT instructor and
	Fig. 2. An exemplary algorithm for determining competence for the TWR controller
	then is subjected to OTP. A positive OTP result determines competence restoration. In the event of a break in operational work longer than 1 year, a complementary competence in the entity or operational/complementary permissions of air traffic controller will expire, and their resumption could take place:
	 After completing at least 40 hours experience at the operational position or in the case of PAR complementary permissions - completing 25 controls of radar approach using PAR under the supervision of a designated OJT instructor,
	 After obtaining a positive OTP result,
	 After passing a practical test at the operational position before the SRL Examining Board.
	Another element of the system supporting the work of controllers is the crews briefing Office (BOZ). For the proper organization of BOZ, work is responsible the BOZ head, which reports directly to the LOSRL chief. The basic tasks of BOZ should be collecting, processing, distribution and sharing of information or aeronautical data essential for the safety and regularity of air navigation. 
	The duties of the non-commissioned officer for aeronautical information should be:
	 Acceptance and distribution of flight plans,
	 Acceptance and distribution of messages of air traffic,
	 Publication of aeronautical information,
	 Sharing for crews of aircraft available aeronautical information including en-route information bulletins (PIB) for VFR and IFR flights,
	 The current update of documents held,
	 Supervising the correctness of published aeronautical information,
	 Detailed BOZ operating procedures shall be published in INOP BOZ.
	In order to meet these elements in the system of information support of air traffic services was introduced the role of the crews briefing office. This element is the “fundamental role” because through it the system will be provided with information related to the operating state of LOSRL. This information shall constitute the basis for the operation of air traffic control services and are part of a set of current information. Information at the LOSRL level will be presented in a format of independent briefings journal where operational staff will be able to see the initial information and the situation in a given LOSRL. In the data entry part the following information are introducing into the system: executor of the document, date and time, status, closed taxiway (the date, until when), closed apron areas, airport information, approach procedures, runways, the degree of activity of birds, radio beacon, comment, recipients.
	/
	Fig. 3. Illustration of the completed form along with graphical interpretation
	4. Conclusions
	Analysis and evaluation of the air traffic control system pays particular attention to the level of importance of performed tasks by the entity (organization). Moreover, now there are no IT support tools for security system, which would collect information on incidents, which happened during the execution of the duties of air traffic services controller. Taking into consideration that these operations relate to all air traffic controllers of Polish Armed Forces (over 430 people) having at least one permission, monitoring the respect of deadlines of their implementation is difficult and time-consuming. Also does not offer selective or comprehensive insight into the news of permission or medical examinations of LOSRL personnel, which directly translates into maintaining a high level of security.
	It should also be noted that ST TURAWA implemented and functioning since 2011 intended for analysing and evaluating flight safety of aviation of Polish Armed Forces will be additionally increased information on air traffic. Such a broad spectrum of information will allow for planning and forecasting of prevention activities essentially influencing the improvement of flight safety of aviation of Polish Armed Forces. The newly developed system should support SSRL with its functions in terms of the acquisition, processing and storing information relating to direct action of the above-mentioned personnel.
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	Abstract
	Landing of the helicopter is a very complex process, which requires of maximum performance and efficiency of the machine and then the full pilot’s and the crew concentration. The main issue is even though that many deck instruments are use on the aircraft, the main role belongs to the pilot’s senses. As we know, the senses tends to be unreliable and they have prone to being disrupted (e.g. for pilot's sight area under helicopter, there is illusion that the area is flat − 2D).In many cases, the landing is performed outside the airfield. At the landing area may exists many potentially and invisible from above, dangerous objects – which can damage the tail rotor, or even the main rotor. This article presents one of the methods solving this problem, by using 3D scanning. It discusses the theoretical basis, the concept of the device and developing the prototype. The construction of 3D scanner type is "Time-of-Flight", which is multiplied laser rangefinder. Shown a prototype device with high performance, which has the ability to scan 1 million points per second. It presents results from laboratory test and test field. The device can work with typical MFD (Multi Function Display) mounted in all types of helicopters. Experiments have shown that the easily detected (and displayed) are objects of dimension from range 3-5 mm. The main use of this device is predicted as additional equipment for the helicopter. It can significantly increase flight safety, especially in harsh conditions (night flights, flights during precipitation). The designed device can provide a baseline for the development to other devices, which uses high-resolution 3D scanning modules.
	Keywords: landing, 3D scanning, helicopter, flight safety, landing safety, airfield, air transport
	Landing is one of the most difficult and dangerous manoeuvre from all of the flight operations performed by a helicopter. It is especially dangerous, when landing is carried outside of the airfield. Factors weather (like fog, rain) could further hinder this manoeuvre. Pilot with based on the terrain view from the window-cockpit (and for him the view will be 2D) must take decision about the landing in 3D-terrain. Objects such as fences, masts, grassed land depression are often not visible from the deck of the machine, but it can be a threat for the main rotor and tail rotor. Night − landing or in poor visibility conditions, without from the ground assistance is even more risky. The solution for these situation would be a system that can display on pilot’s MFD the view of the landing area, in the form of the imaging XYZ. 
	In this way, there is possibility to show the obstacles, which is normally invisible. It proposed to use a 3D laser scanner, operating according to the principle “Time-of-Flight”, i.e. FOV that would cover the entire area of the landing. Schematically idea of such system is shown in Fig. 1.
	System consists the transmitter and receiver systems. Laser with a duration pulse e.g. 4ns flows into the steering beam device (mirror polygon and galvo), where it is directed to required point, leaves the device and stays the way to the target located at a distance of 30 m within 100 ns, then reflects from it and returns to the receiver in the next 100 ns. Therefore, the cycle transmitter-target-receiver return laser pulse stays in 210 ns. Schematic timing of the process shown in Fig. 2.
	/
	Fig. 1. 3D scanning as a visualisation of the landing area
	/
	Fig. 2. Timing of the process “generate impulse-reflection-receiving”
	The transmitter system consists of (Fig. 3):
	 pulsed fibre laser, generating pulses with a duration of 2-4 nanoseconds and frequency of 1 MHz,
	 ray steering system directed laser ray to the required point of space, built with the system of the rotating mirror polygon and galvanometer with flat mirror.
	The receiver system consists of (Fig. 3):
	 optics providing adequate FOV (field of view),
	 detector with the maximum efficiency on a band of 1.55 µm,
	 Band-pass filter with the desired bandwidth (e.g. 10 nm).
	/
	Fig. 3. Schematic structure of 3D scanner
	To estimate the power of the echo reflected signal several assumptions were made to allow final answer whether it will be possible to use laser system type "Time-of-Flight" to measure the distance to objects within a certain distance and under certain conditions.
	The expression for the power of the echo signal PSIG, assuming that the angle of incidence of the laser beam is close to zero, can be written as follows:
	𝑃𝑆𝐼𝐺=𝑃𝑇𝑅𝑆𝜌𝐷𝑅𝑆2𝜂𝑂𝑃𝑇𝜂𝐹𝐼𝑒−2𝑐𝑒𝑅4𝑅2,
	PTRS – laser radiation power of transmitter [W],
	DRS – entrance pupil of receiver [m],
	ρ – reflectance coefficient of the target,
	ηopt – transmission coefficient of the receiver’s lens,
	ηfi – transmission coefficient of the interference filter,
	ce – extinction coefficient of the environment [m-1],
	R – distance to the target [m].
	In case of the 500 W pulse 1,55 µm laser, distance to the target 30 m, the reflected echo was calculated on level 3*10-6 W (3 µW), the radiance of background was estimated as 2*10-11 W (by using 10 nm band-pass filter), which in turn translates to more than 50 dB S/N ratio. This means a strong signal, easy to register using the InGaAs photodiode.
	The 3D spatial imaging will be installed in the helicopter, which at the time of measurement performs hover, and therefore can move in 1 s of length up to 2 meters in the direction of one axis or pitch/roll/yaw, by up to 5º. Since system will send one million of measurement pulses during one second, it is necessary to develop a method for determining changes of the transmitter’s position. Proposed for this purpose is to use the AHRS (Attitude and Heading Reference System) system, which contains a three-axis accelerometer and three-axis gyroscope so that it is ensured data (time, distance) of the position data (time, distance, angle), compensating of the impact of the helicopter’s movement for the measurement’s accuracy. The structure of typical AHRS system shows Fig. 4. It was assumed that is necessary to read the current position at least 100 times per second, so that the movement of the platform (helicopter) between position measurements may be not more than 0.02 m for each axis and the changes of angles: roll/pitch/yaw should be not more than 3’ (arcmin). 
	/
	Fig. 4. Schematic structure of the AHRS system
	The entire system is controlled by the CPU, which is responsible for controlling the laser transmitter, time synchronization (to an accuracy of 10-11 seconds), processing of the received echo pulse, and distance calculations. CPU, taking into account the data from the AHRS calculates the appropriate corrections (Fig. 5).
	/
	Fig. 5. Schematic structure of the 3D landing system
	Calculated output data are transmitted and displayed on a typical multi-function display (MFD), which is shown in Fig. 6.
	/
	Fig. 6. Air multi-function display 
	Based on the assumptions and the pervious tests were performed prototype device, which the inside shown in Fig. 7. Red arrows showed main blocks of the device:
	 Scanning module (with drivers),
	 Input-output optical module,
	 AHRS module,
	 CPU module,
	 Laser module.
	/
	Fig. 7. Prototype of 3D scanning system inside
	Figure 8 shows scanning system in housing. Visible raster shows the size of the device. The distance between the holes is 2.5 cm.
	/
	Fig. 8. 3D scanning system. View of prototype in the housing
	After making the prototype a carried out a number test. First, laboratory tests, carried out at a distance of 5 m – the scenery and result can see on Fig. 9 and second, field tests, carried out at a distance 30 m.
	/
	Fig. 9. Indoor scan, range 5 m. Left − photo, right − 3D scan
	Figure 10 shows scenario of the field test with different obstacles:
	 the far obstacles: the trees (distance more than 35 m), the wall (distance 30 m), the bushes (distance 20-25 m),
	 the near obstacles: the wire (distance 5 m) and the bar (distance 3 m).
	We can see on Fig. 9 that all obstacles were detected and displayed.
	/
	Fig. 10. Outdoor scanning, range – 30 m. Left − photo, right − 3D scan
	The results of ground tests (laboratory and field) confirm the validity of the adopted concepts. The next step should be mounting prototype on helicopter and testing in flight. In addition, this device can be the basis of other structural high-resolution 3D scanning devices.
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	Abstract
	 Readiness as a measure can be used for describing technical objects, such as vehicles, workstations or operation systems, which are on call and implement the tasks occurring at random time moments. The fact that a low level of readiness may cause various types of losses (human, material, financial, etc.) is particularly important.
	 The article presents a method that allows calculating readiness of vehicles supplying aviation fuels to aircraft during the performance of flights. The presented model was supported by a numerical example together with interpretation of the obtained results.
	 In particular, the following elements were presented: oriented graph of the operation process of the vehicle supplying aviation fuel, 𝑛𝑖𝑗 average numbers between states for ten vehicles’ tests, (𝑖𝑗 empirical frequencies of transitions between states for ten vehicles’ tests, values of 𝑝𝑗𝑛 limit probabilities for the Markov chain, values of 𝑝𝑗(𝑡) limit probabilities for the Markov process, as well as comparison of the values of probabilities for the Markov 𝑝𝑗(𝑛) chain 𝑝𝑗(𝑡) and process
	Keywords: means of transport, vehicles, supply, optimisation
	1. Introduction
	 By analysing the concept of readiness, it should be stated that individual authors interpret this term ambiguously and subjectively adapting it to own needs. In general, readiness [5, 10] is understood as a feature of the technical object, which positions its capability in terms of timely undertaking the task at random moment 𝑡 and/or its implementation in a given period (𝑡, 𝑡+Δ𝑡). It has significant importance in the intervention systems, which perform tasks in the on-call systems (fire service, the army, police, health service), and also in the systems associated with the means of transport (e.g. urban) or in the broadly understood sector of services.
	 In the subject literature, it is possible to distinguish its following types [9, 10, 11]:
	1) task readiness – a set of states that make it possible to perform the task or operation within the required time interval (𝑡,𝑡+∆𝑡);
	2) functional readiness – a set of the technical object’s operating states that allow to start the task implementation at the “random moment” (without the forecast concerning the task implementation);
	3) operational readiness – means a set of the technical object’s operating states that allow for the task start at the random moment and proper operation in the required time interval (𝑡,𝑡+∆𝑡); in practice, it is a combination of functional readiness and task readiness;
	4) initial readiness – a set of states that allow for proper operation (task start) before the passage of the specified time reserve 𝑡;
	5) potential readiness – a set of states that allow to undertake the task before the time reserve passage and its implementation (or proper functioning in a given time interval); in practice, it is equal to initial readiness and task readiness.
	In the article, the attempt to calculate functional readiness for the vehicles supplying fuel to aircraft was undertaken.  
	2.  Calculation model of vehicles’ functional readiness for Markov chain
	On the basis of the analysis of the actual operation process of vehicles during the performance of flights, a seven-state model, in which the following indications were adopted, was distinguished:
	S1 –  vehicle access to the airport apron;
	S2 –  fuel left to stand;
	S3 –  fuel purity control in the vehicle;
	S4 –  aircraft refuelling (including the vehicle access to the aircraft, appropriate refuelling and return to the airport apron);
	S5 –  vehicle refuelling cycle (access to the storage, vehicle refuelling);
	S6 –  vehicle unfitness (replacement to the technically fit vehicle);
	S7 –  vehicle waiting for refuelling (dependent on the table of flights, number of vehicles, intensity, type, and length of flights, etc.). 
	 The image of tasks performed by the vehicle includes an operation graph (Fig. 1) and 𝑃=[𝑝𝑖𝑗]7𝑥7 matrix of transitions described by the relationship (1).
	/
	Fig. 1. Oriented graph of the operation process of the vehicle supplying aviation fuel
	.                                        (1)
	For the actual operation process tests, the following numbers of transitions between the states and empirical frequencies of transitions between states in the test of 10 vehicles (Tab. 1 and 2) were obtained.
	Tab. 1. Average numbers 𝑛𝑖𝑗 between states for the test of ten vehicles
	i/j
	S1
	S2
	S3
	S4
	S5
	S6
	S7
	n1j
	0
	30
	0
	0
	0
	0.16
	0
	30.16
	n2j
	0
	0
	32
	0
	0
	0
	0
	32
	n3j
	0
	0
	0
	0
	0
	0
	37
	37
	n3j
	0
	0
	0
	0
	32
	0
	25
	57
	n3j
	36
	0
	0
	0
	0
	0
	0
	36
	n6j
	0.16
	0
	0
	0
	0
	0
	0
	0.16
	n7j
	0
	0
	0
	55
	0
	0
	0
	55
	Tab. 2. Empirical frequencies (𝑖𝑗 of transitions between states for the test of ten vehicles
	i/j
	S1
	S2
	S3
	S4
	S5
	S6
	S7
	(1𝑗
	0
	0.99
	0
	0
	0
	0.01
	0
	1
	(2𝑗
	0
	0
	1
	0
	0
	0
	0
	1
	(3𝑗
	0
	0
	0
	0
	0
	0
	1
	1
	(4𝑗
	0
	0
	0
	0
	0.56
	0
	0.44
	1
	(5𝑗
	1
	0
	0
	0
	0
	0
	0
	1
	(6𝑗
	1
	0
	0
	0
	0
	0
	0
	1
	(7𝑗
	0
	0
	0
	1
	0
	0
	0
	1
	 According to the theory [2, 3, 7, 8] on Markov processes with discrete time, the limit probabilities are calculated as:
	 𝑃∗𝑝𝑗=𝑝𝑗            (2)
	with the system standardisation condition at the same time               𝑗∈𝑆𝑝𝑗=1,
	where: 
	𝑃− a stochastic matrix of transitions, where 𝑃=[𝑝𝑗,𝑖,𝑗∈𝑆]; 𝑆 – a phase space of the process.
	The standardisation condition is an additional and essential equation, because it excludes a zero solution of systems (2).
	After inserting data from Tab. 2 for discrete time, the following system of equations of the limit probabilities were obtained:
	𝑝5+𝑝6−𝑝1=0 ,
	0.99𝑝1−𝑝2=0, 
	𝑝2−𝑝3=0, 
	𝑝7−𝑝4=0 
	0,56𝑝4−𝑝5=0,                                                                      (3)
	0,01𝑝1−𝑝6=0, 
	𝑝3+0,44𝑝4−𝑝7=0,
	together with the system standardisation condition 𝑗=17𝑝𝑗=1. 
	The limit probabilities 𝑝𝑗𝑛 constituting the solutions of systems (3) were presented in Fig. 2.
	/
	Fig. 2. Values of 𝑝𝑗𝑛 limit probabilities for the Markov chain
	The obtained results (Fig. 2) show that there is the greatest probability of the vehicle entry into the states of refuelling 𝑝4 and waiting for refuelling 𝑝7. This interpretation applies to the number limit of the vehicle occurrence in individual states to the sum of the number of all the transitions (discrete time) of the Markov chain. It means that calculated 𝑝𝑗(𝑛) is standardised in the set of all the process states, and not within the actual time. Therefore, they cannot be interpreted in the quality sense to the readiness assessment. The functional readiness indicator of the vehicle can be determined after taking into account the continuous time, which refers to the actual phase trajectories of the process. Therefore, it is important to convert 𝑃 matrix to the standardised form in the set of times (𝛬 intensity matrix of process transitions), i.e. transitions from discrete time to the actual one. 
	3. Calculation model of vehicles’ functional readiness for Markov process
	The transition from the discrete time to the actual one is done by the intensity matrix of the process transitions, which was presented below for the described process (equation 4).
	.          (4)
	 For the stochastic process being the Markov process 𝑋(𝑡), off-diagonal intensities [1, 2, 3, 4, 7, 8] are calculated according to the following formula:
	 ,                  (5)
	where: 𝑖,𝑗∈1,  ... 7, however,  is the average time 𝑋(𝑡) process staying in 𝑖 state before transition to 𝑗 state calculated according to the relationship (6):
	,                      (6)
	where: 
	– the average time of staying in 𝑖 state before transition to 𝑗 state for the vehicle No. 𝑛;
	𝑁 – number of vehicles in 𝑁∈1,...,10 studied test. 
	After substituting 𝛬 matrix into  equation, for the tested operation process, the following equation in the matrix form was obtained (7): 
	         (7)
	or in the form of linear equations as the relationship (8):
	−𝜆11𝑝1+𝜆51𝑝5+𝜆61𝑝6=0,
	𝜆12𝑝1−𝜆22𝑝2=0,
	𝜆23𝑝2−𝜆33𝑝3=0,
	−𝜆44𝑝4−𝜆74𝑝7=0,                                    (8)
	𝜆45𝑝4−𝜆55𝑝5=0,
	𝜆16𝑝1−𝜆66𝑝6=0,
	𝜆37𝑝3−𝜆47𝑝4−𝜆77𝑝7=0.
	For data obtained from tests of the operation process implemented in the actual logistic system, (𝑖𝑗 and (𝑖𝑖 intensity values listed in Tab. were calculated. 1. 
	Tab. 3. Intensity matrix ( of the process transitions
	-0.076136364
	0.000378788
	0
	0
	0
	0.075757576
	0
	0
	-0.001
	0.001
	0
	0
	0
	0
	0
	0
	-0.000333333
	0
	0
	0
	-0.000333333
	0
	0
	0
	-0.001042425
	0.000727273
	0
	0.000315152
	0.000309091
	0
	0
	0
	-0.000309091
	0
	0
	0.03607634
	0
	0
	0
	0
	-0.03607634
	0
	0
	0
	0
	0.0001022735
	0
	0
	-0.0001022735
	 Off-diagonal intensities (𝑖𝑗 were calculated according to the formula [5], however, (ii diagonal intensities as:
	,                     (9) 
	where:
	– the sum of intensities of transitions from 𝑖 state to 𝑗 state, in individual rows of Λ matrix, with 𝑆∈1,…7. 
	 The probabilities 𝑝𝑗(𝑡), normalised in the actual time, of the vehicle staying in different states were presented in Fig. 3.
	/
	Fig. 3. Values of 𝑝𝑗(𝑡) limit probabilities of the Markov process for 𝑇0=8[h]
	By analysing the results presented in Fig. 3, it should be stated that the vehicle, taking into account 𝑇0=8 h, on average, stays in the state of readiness for refuelling (p4+p7) for approx. 50% of time (functional readiness indicator), the remaining time, i.e. approx. 50%, is intended for necessary organisational measures, such as the vehicle access to the airport apron, fuel left to stand, purity control, refuelling cycle or damage. The above activities, from the perspective of the tested operation process, are organisationally necessary, and they must be implemented in accordance with the adopted procedures.
	The comparison of the values of 𝑝𝑗 limit probabilities for the Markov process and chain was demonstrated in Fig. 4.
	/
	Fig. 4. Comparison of the probability values for the Markov chain 𝑝𝑗(𝑛) − front and 𝑝𝑗(𝑡) process − back
	4. Final conclusions
	 The article presents the method for calculating functional readiness of vehicles supplying aviation fuel for aircraft. The studied test included 10 vehicles of the tank-distributor type, with the capacity of 7.5 [m3], supplying Su-22 aircraft performing the flights. For calculation, the Markov processes with discrete and continuous time were used.
	By analysing the results on 𝑝𝑗 limit probabilities, referring to discrete time (Markov chain) and continuous time (Markov process), the following conclusions can be formulated: 
	a) for discrete time:
	− the greatest entry probability was observed for S4 (aircraft refuelling) and S7 (vehicle waiting for refuelling) states, and it is a proper phenomenon from the perspective of the fundamental purpose of the tested process;
	− the same entry probabilities of 𝑝2,𝑝3,𝑝5=0.131724 were obtained for S2 (fuel left to stand), S3 (fuel purity control in the vehicle) and S5 (vehicle refuelling cycle) states, which is consistent with the analysed operation process organisation. The above−mentioned states are positively correlated in parallel and in case of the occurrence of one of them; the other must be implemented;
	− slightly higher entry probability (compared to 𝑝2,𝑝3,𝑝5) was observed for S1 state (vehicle access to the airport apron). It is associated with the first access of the refuelled vehicle to the airport apron. 
	− the lowest entry probability was observed for S6 state (vehicle unfitness), for which the damage in the studied test occurred on average every 6 years.  
	b) for continuous time:
	− the calculated functional readiness indicator of the vehicle supplying aviation fuel is 0.5 (𝑝4+𝑝7=0.49952), however, it would seem to be too low. It should be noted that this indicator is understood as the vehicle capability to perform tasks at the randomly selected moment. Having regard to the fact that the structure of flights is a process completely covered by a plan (the so-called planned table of flights), it should be considered that the calculated indicator value fully protects the supply of fuel for aircraft;
	− probability of staying in the state of unreadiness is also 0.5, and it is justified by organisational activities and those necessary to implement the vehicle refuelling cycle, i.e. the state of fuel left to stand and purity control, the state of access to the airport apron and damage, which statistically occur very rarely, but in case of the studied test, they are a long-lasting state from the perspective of time. 
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