52 ISSN 1813-1166 print / ISSN 2306-1472 online. Proceedings of the National Aviation University. 2017. N4(73): 52-59

DOI: 10.18372/2306-1472.73.12176

Mykhailo Matiychyk'
Natalya Suvorova’
Dmytro Tereshchenko’
Ievgen Plakhotniuk®
Kateryna Trachuk®

INFLUENCE OF ICING ON AIRCRAFT PERFORMANCE
OF UNMANNED AERIAL VEHICLE M-10-2 "OKO"

National aviation university
Kosmonavta Komarova ave., 1, 03680, Kyiv, Ukraine
E-mails: 'nvcba@nau.edu.ua; *suv_nat@bigmir.net; “tedmiv@gmail.com;
‘iesp@i.ua; “kate.trachuk@ukr.net

Abstract

Purpose: Carry out the analysis of lifting surface area of unmanned aerial aircraft. Icing appeared during
test flights of unmanned aerial aircraft. Methods: Analysis of flight results in icing conditions using design
flight characteristics of unmanned aerial vehicle and data from flight recorder was conducted. The largest
ice formations observed on along whole length leading edge of the wing and whole length leading edge of
winglets. Results: Under certain meteorological conditions ice deposits forms on parts of small unmanned
aerial vehicle similar to how it is formed on a large-sized aircraft was found in practice. Ice formation
distorted wing leading edge and front part and bottom and top wing curves. Analogically way tail unit was
distorted by ice formations. In addition icing of front surface of telemetry and video antennas, and front part
of airspeed sensor tube was found. Formation belongs to pike-shaped type was specified. Discussion: Icing
of lifting surface area of aircraft during flight can cause undesirable consequences both in manned and
unmanned aviation. Real test flights of unmanned aerial vehicles of SPCUA “Virazh” of National Aviation
University in the winter period showed, that ignorance of icing problem could decrease flight safety level up
to aviation accident. Fact of icing was discovered after unmanned aerial vehicle landing.

Key words: aircraft performance; icing; lift surface; pitch; unmanned aerial vehicle; wing profile.

1. Introduction Practical test flights of UAVs in winter period
executed by specialists of SPCUA "Virazh" of
National Aviation University shown, that ignorance
of problem consideration can decrease the flight
safety level up to preconditions of aviation accident.
As example we will take day flights of UAV M-
10-2 "Oko" under next meteorological conditions
(MC): air temperature: from 0°C to -5°C; speed of
surface wind — up to 4 m/s; wind speed at altitude: —
up to 10 m/s; clouds bottom limit — 400 m [7].
2. Problem statement Cruising speed of UAV on the route amounted 20
m/s; no precipitation. Before flight, during before
flight tests there were no icing revealed. AC launch
performed in automatic mode without shortcomings.
Planned and achieved flight altitude — 600 m;
maximum distance — around 15,5 km. All ground

It is known that icing of aircraft (AC) lift surfaces
has a negative influence on aircraft performance and
can lead to an aviation accident. Deposits of ice on
the earth are well considered in the works [1, 2]. Ice
deposition on surfaces is assisted by coincidence of
meteorological and other factors, among which the
most import are dimensions and drops concentration,
AC speed of flight, and air temperature [3-5].

Primary source analysis shows that attention is
usually given to “regular” AC of general aviation
[6]. However, information about UAVs is almost
absent and icing influence is not considered.

Copyright © 2017 National Aviation University
http://www.nau.edu.ua
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and board systems operated in regular mode. The
battery capacity installed in UAV was 16 Ah; its
charge at the launch moment was 95 %.

3. Flight results

Above the mission area (15 km away from control
station) UAV got into conditions, which led to icing. Ice
formed at leading edge of wing and tail unit, frontal
surfaces of video antennas and on pitot static tube (PST).

Icing fact was investigated after UAV landing.
During flight recorded via telemetry, that at the
altitude 600 m UAYV stall started. Autopilot managed
to level off UAV without operators assistance,
however UAYV lost altitude and descended at 400 m,
but after leveling off returned to assigned altitude of
flight and continued flight on planned route. After
mission completed UAV returned to the launch
position and performed parachute landing.

4. Solution

During study of consequences of UAV M-10-2
"Oko" icing scheme of ice deposits location on the
surfaces was defined (Fig.1).

Fig. 1. Scheme of ice deposits location on the surfaces of
unmanned aerial vehicle M-10-2 "Oko" (top view): /— on the
wing leading edge; 2 — on the front part of the pitot static tube;

3— on the front surfaces of the video antennas; 4-on the
leading edge of the tail unit; mean aerodynamic chord (MAC)
— projections location of the MAC to the horizontal

The biggest ice formations observed on leading
edge of the wing almost along all its length; ice
formations also covered whole leading edge of
winglets. Ice formations on wing were loose, without
“gloss” signs. Formation binding is not strong,
because during parachute landing part of them
loosed of wing. Character and dimensions (mm) of
wing leading edge icing are shown on Fig.2
(formations on top view) and on Fig.3 (formations
on bottom view).
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Fig. 2. Icing of the leading edge of the wing (top view)

Tail unit surfaces covered with ice had character
similar to wing formation: formation width from top
view — 2 mm, bottom view 3,5 mm.
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Fig. 3. Icing of wing leading edge (bottom view)

Scheme of distortion of original wing profile
Wortmann FX61-184 was developed with ice
deposits of specified dimensions (Fig.4a and
Fig.4 b).
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Fig. 4. Scheme of distortion and changes of geometrical
dimensions of original wing profile Wortmann FX61-184:
a) original profile contour along mean aerodynamic
chord, b) distorted profile contour along mean
aerodynamic chord
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Specified that formation is related to icing type
“pike-shape formation”, which is characterized with
opacity, dimness and looseness; ice contains a
significant amount of small drops and ice crystals or
their mix. Such type of ice is formed on relatively
narrow section of profile [8, 9].

Icing of the PST inlet had gloss surface of grey
color; formations closed measuring hole of dynamic
pressure, and static pressure holes continued to be
non-iced and passable. Formation binding with metal
of PST is strong. Character and dimensions (mm) of
PST icing is shown on Fig. 5.

Fig. 5. Character and dimensions (mm) of PST icing:
1—icing of tube cap (inlet) of PST

Fig. 6. Icing of the video channel antennas

Antennas have been iced from the front side;
formation surface has been solid on the top and
gloss, and under the solid top there was a loose layer.
Character and dimensions (mm) of video channel
antennas icing is shown on Fig. 6.

5. Results analysis

Analysis of flight results in conditions of icing
conducted using the design aircraft performance of

the UAV and data obtained from mode of flight
recorder (MFR). The hypothesis was that UAV in
icing conditions successfully performs flight
mission, but that achieved by significant excess of its
energy consumption.

Input data for calculation:

1. Autopilot controlled cruising speed of flight of
UAV-20 m/s;

2. Maximum take-off weight (MTOW) — 5 kg
(50N);

3. Wing area of UAV, S, -0,38 m%;

4. Air density (for ISA) — 1,225 kg/m’;

5. Cy . — lift force coefficient for cruising mode

before icing;

6. Cy ~— lift force coefficient for cruising mode

after icing;
7. Wing setting angle of UAV +0,5 degrees.

The basis of calculation was estimation of
increment of drag force as the result of icing.

It is known, that at the cruising mode of operation
next condition must be fulfilled:

MTOW =Y

During calculation known formulas were applied for
lift and drag force estimation, also for lift force
coefficient:

Drag force coefficient was determined from next
relation:

Cy = +
P
2 w
During results generation drag force before and after
icing used a combined data array, taken from MFR and
from UAV aerodynamic characteristics, obtained on
design stage. Calculation algorithm was next.
Using data of MFR and input data: cruising
speed, MTOW and air density defined in-flight value

of C

Ymbi
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C =50/(1,225-324/2)-0,38 =

Ym.b.i.calc.

=50/198,45-0,38=50/75,4=0,66

From dependence C, f (05) for UAV M-10-2

«Oko» (wing profile Wortmann FX61-184) was
found respective values of angle of attack and drag
force coefficient (Fig. 7).

20 «.degree

for profile
for UAV

Fig. 7. Dependence of lift coefficient of UAV on an angle
of attack

Upon respective value of angle of attack from
polar curve defined coefficient C,  for UAV.

Respectively calculated value of drag force
before icing was:

2 2
x, PV g 122520

. X w

-0,06-0,38=5,58N

Calculation results are presented in Table 1.

Table 1

Calculation results of drag force on UAV icing
Ne Parameter Value

1 0,66

Cym.b.i.ra[c,

2 | Angle of attack & , degree 1,3°

3| C Xpe. (from UAV polar curve) 0,06

4 | Drag force value X, ; 5,58N

5 | Current aerodynamic quality, K 11 units

Similarly calculated drag force of UAV after
icing. The difference was that current value of angle
of attack at cruising mode we take from MFR
through current value of pitch angle. Calculated
value of drag force after icing equal:

2 2
X, =%CXSW =M-O,O95 -0,38=8,84N
Calculation results are presented in Table 2.
Table 2
Calculation results of drag force after UAV icing
Ne Parameter Value
1 0,74
Cym.a.i.culc
2 | Angle of attack & , degree 2,4°
3 Cy, (polar curve of UAV) 0,095
4 | Drag force value X cale. 8,84N
5 | Current aerodynamic quality, K 7,8 units

Upon the data from Table 1 and Table 2 it is
apparent that before icing UAV had aerodynamic
quality about 11 units. Wing surfaces, antennas etc.
were not distorted by ice, so UAV performance was
in design range. The aircraft was influenced by
aerodynamic drag force 5,58V at flight speed 20 m/s.

After icing UAV automatics independently taken
into account deterioration of its aerodynamics from
icing, to maintain cruising speed at level 20 m/s, that
lead to setting new angle of attack, current wing
angle of attack 2,4% so as consequence, to increase

of coefficient of aerodynamic drag C, to value

0,095 Respectively drag force increased to value
8,84N, that in comparison to drag force before icing
is 40 % more. The result is correlated with the
conclusions of the authors in the work [10].

For the actual proof of danger presence from
icing of air frame surface of UAV were analyzed
flight data, obtained from MFR at two segments
during flight. First segment was taken during steady
horizontal flight till the icing moment, second
segment after icing.

Data comparison shows, that for maintaining
given flight parameters autopilot had to increase
thrust level on an average 10 % (Fig. 8 a, 8 b).

Average value of current from battery increased
respectively from 25,5A to 35A (Fig. 9 a, 9 b).
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Fig.8. Dependence of engine throttle level on time; a—
before icing; h— after icing
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Fig.9. Electrical energy consumption depending on time:
a— before icing; b— after icing

The reason for these indices increase in general is
increase of UAV control surface deflection to
maintain given flight parameters. This can be clearly
seen on Fig. 10a and Fig. 10b, apparent, that
average angle of positive pitch increased from 1,3°
before icing to almost 3° after icing.
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Fig. 10. Dependence of pitch level on time: a—before
icing; 6—after icing

Sharp increase of pitch has caused the wing to set
a greater angle of attack, that has caused increase of

C

X
decreased, increased level of engine throttle and
consequently greater electrical energy consumption.

coefficient, aerodynamic quality of UAV has

6. Conclusions

1. In practice identified, that wupon certain
meteorological conditions ice formations are formed
on parts of small UAVs, by the similar scheme, as
they form on large AC.

2. Distortion from ice formation take place on the
leading edge of the wing and front part of bottom
and upper airfoil sections; similarly iced tail unit of
the AC. In addition, icing formed at frontal surfaces
of telemetry and video antennas, and inlet of PST.

3. Maximum linear dimensions of formations on the
wing amounted up to 9,5 mm, their thickness
reached 1,5 mm.
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4. In wing section through MAC chord of distorted
profile increased from 191 mm to 192,5 mm.

5. Force of aerodynamic drag before and after icing
increased from 5,58N to 8,84N, increased by more
than 40%.

6. UAV icing lead to significant decrease of UAV
performance, namely: thrust level increased on an
average 10 %; average index of battery current
increased respectively from 25,5A to 35A; pitch
angle on cruising mode increased from 1,3° before
icing to 2,8° after icing.

7. Identified calculated angle of attack 2,4° that
differs from recorded by the MFR 2,8 on 0,4°, that
can be explained by errors in calculation and current
value of angle of attack, measured by the MFR at
given moment of time.
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Mera: IlpoBeneHHs aHali3y 371€/IeHIHHS HECyUnX MMOBEPXOHb OE3MIIOTHOTO MOBITPSIHOTO CyIHA. 3NeACHIHHS
BIiOYJIOCS TpU BHUIPOOYBAJIBHUX IMMOJBOTaX OE3MIIIOTHOTO MOBITPSHOrO cyaHa. MeTomau MOCIiXKeHHsI:
AHaii3 pe3yJbTaTiB MOJBOTY B YMOBaX 3JIEZICHIHHS IMPOBOAMBCS 13 BHKOPHCTAHHSIM MPOEKTHUX JBOTHO-
TEXHIYHUX XapaKTEPHUCTHUK OE3IMIJIOTHOTO IOBITPSHOTO CyJHA, a TAaKOXX NaHWX, OTPUMaHUX i3 OOPTOBOTO
camonucus. HaitOinpmi mpom0Bi ¢opmyBaHHsa Oyno 3adikcoBaHO Ha MOBEPXHI MEPEIHbOI KPOMKH KpHia
MPaKTUIHO TI0 BCiM ii JOBXWHI; BIiNKJIAAEHHS HAKPWJIM TaKO0X BCIO TEPEIHI0O KPOMKY BIiHTJICTIB.
PesyabTaTu: [IpakTHYHO BCTaHOBJIEHO, IIO 32 BIMOBIAHMX METEOYMOB Ha YacTHHAX MAalIOPO3MIPHHUX
OC3ITIJIOTHUX TIOBITPSHHUX CYyIHAX YTBOPIOIOTHCSA BIMKIAACHHS JHOAY, 3a CXEMOIO IMOAIOHOIO, SK BOHHU
YTBOPIOIOTHCS HA BETMKOPO3MIPHUX MOBITPsHUHN cyaHax. CIOTBOPEHHS Bil yTBOPEHOTO JILOAY BiAOYyJIOCH IO
TIepeaHIN KPOMITI Kpwija Ta MEepemHid JacTHHI HIDKHBOI Ta BEPXHBOI Ty>KOK KPHJIA; aHAJOTIYHHUM YHHOM
00Mep3110 XBOCTOBE onepeHHs. KpiM Toro oOMep3aHHIo miganiuchk GppoHTalbHI MTOBEPXHI TEIEMETPHYHOT Ta
BiJICOAHTEH, & TAKOX IEPelHs YacTHHA TPYOKH IMpHiiMada MOBITPSHOTO TUCKY. QOOroBopeHHs: 3neIeHIHHS
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HECYYHX MOBEPXOHb MOBITPSIHOTO CyIIHA IiJ] Yac MOJBOTY MOYKE MaTH HeOa)KaHi HACHIAKH SIK JUIS BEJIUKOI
aBiarii, Tax i JuIst MauX OE3MMUIOTHUX MOBITPSHUX cynaeH. [IpakTuyuHi BUMTpoOyBaIbHI MOTBOTH OE3MITOTHHX
nopitpsiux cyned HBIIBA "Bipax" HaiioHanbHOro aBialliifHOTO YHIBEPCHUTETY B 3UMOBHH Mepiof
MoKa3aly, IO ICHOPYBAaHHS PO3MISAAY NPOOJIIEMH MOXE 3HWKYBaTH piBEHb O€3MEeKH MONBOTIB aX A0
BUHHWKHEHHS TIEpEeIyMOB 1O aBiamiamxX mnomid. dakT 3nemeHiHHs OYB BHSBICHHH TICHS ITOCAIAKH
0€e3MiJIOTHOTO MOBITPSHOTO CyIHA.

KiouoBi ciioBa: Oe3mioTHE MOBITpsSHE CYOHO; 3JI€ACHIHHSA; JBHOTHO-TEXHIUHI XapaKTEepUCTUKU; HECyd i
TTOBEPXHi; MPodiah KPHIIa; TAHTaXK.

ML.IL. Maruiiunk', H.A. Cysoposa %, JI.H. Tepemenko’, E.C. ILiaxorniok’, E.B. Tpauyx’

Biinsinne o0JiefeHeHHsI HA JIETHO-TEXHMYECKHe XapPAKTEPUCTHMKH 0ecMJIOTHOIO BO3IYLIHOIO CYJHA
M-10-2 «Oxo»

HaunonanbHblif aBUalMOHHBIA YHUBEpPCUTET, Ipocil. KocMonasTa Komapoga, 1, Kues, Ykpauna, 03680
E-mails: 'nvcba@nau.edu.ua; *suv_nat@bigmir.net; *tedmiv@gmail.com; *iesp@i.ua; “kate.trachuk@ukr.net

Hens: IlpoBenenne aHamu3a oONeOEHEHHS HECYIIMX IOBEPXHOCTEH OECIMIOTHOIO BO3AYLIHOTO —Cy[HA.
OOneneHeHre MPOU30LUIO BO BPEMs HCIBITATENBHBIX MOJIETOB OECHMJIOTHOTO BO3LYIIHOTO cynHa. MeToabl
HCCJIeI0BaHUsA: AHamM3 pe3ysbTaToB I0Je€Ta B YCJIOBUSAX OOJENEHEHHS TPOBOAMICA C HCIOJIB30BAaHUEM
MPOEKTHBIX JIETHO-TEXHUYECKHUX XapaKTEPUCTUK OECITMIIOTHOTO BO3AYILHOTO CY/IHA, & TAKKE TAHHBIX, OIYYEeHHBIX
¢ 6oproBoro camonucua. Hanbospiume jgexoBsie opMUpoBaHys ObUTH 3a()MKCHPOBAHbI HA TIOBEPXHOCTH NepeaHEr
KPOMKH KpbUTa MPaKTHYECKU TI0 BCel ee UTMHE; OTIIOKEHHST HAKPHUIN TAKKE BCIO TIEPEIHIOI0 KPOMKY BHUHIJIETOB.
Pe3yabTarthl: [IpakTnuecku yCTaHOBIICHO, UTO TP COOTBETCTBYIOIIMX METEOYCIIOBHSIX Ha YacCTSX MaJopa3MepHBIX
OCCIMIIOTHBIX BO3IYIIHBIX CYZOB OOpa3ylOTCsl OTJIOXKEHMS JIbJa, O CXeMe MOAOOHOMH, Kak OHM 00pa3yloTcs Ha
KpYITHOPa3MEPHBIX BO3IYIIHBIX cynax. MckaxkeHne or o0pa30BaHHOTO JibAa MPOU3OLUIO IO IEpefHel KPOMKe
KpbUIa U TepefHe YacTH HIDKHEro M BepXHEro o0BOJa KpbUla; aHATOTMYHBIM 00pa3oM 0O0JIe/IEHENI0 XBOCTOBOE
oneperue. Kpome Toro, 00eaeHEHNIO OIBEPITINCE TIEpEHIE TOBEPXHOCTH TEJIEMETPUUCCKON U BHUICOAHTEH, a
TaoKe TIEPENHSAS YacTh TPYOKH TpHEMHHWKA BO3MyMHOTO maBieHuWs. OocyxneHue: OOiencHEHHE HECYIINX
MOBEPXHOCTEH BO3IYIIHOTO CyJHA BO BpEMs TMOJIETA MOXKET MMETh HEXKeNATeNbHBIC MOCIEACTBHS, KaK Ul
OOJIBIION aBHALIMHM, TaK M JUIS MajbIX OCCIMJIOTHBIX BO3AYIIHBIX CyAOB. [IpakTrueckie UCTbITaTelIbHbIE TONETH
OecrmnoTHEIX BO3MymHBIX cynoB HIIIBA "Bupax" HarpioHamsHOrO aBHAllMOHHOTO YHHBEPCHUTETa B 3UMHHA
MIEPUOJ TTOKA3AJIH, YTO UTHOPHUPOBAHNE PACCMOTPEHHUS POOIEMbI MOKET CHIDKATh YPOBEHb O€30I1aCHOCTH HOJIETOB
BKJIIOUUTEFHO € MPEATNOChUIKAMU K aBHAMOHHBIM TporcuiecTBHsIM. DakT obneneHeHus: ObLT 0OHapy»KeH Hocie
MOCaIKN OECIMIOTHOTO BO3ILYIIHOTO CYIHA.

KioueBbie cioBa: OecnmiIoOTHOE BO3MYNIHOE CYAHO, JIETHO-TEXHHUYECKHE XapaKTEPUCTUKH; HECYIIHe
MIOBEPXHOCTH; 00JIeICHEHUE; MPO(HIIL KPbLIA; TAHTaX.
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