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Abstract: Nowadays the UAV (Unmanned Arial Vehiglage investigated, developed in very large number.
Because the size and relatively smaller operatieglatities, the UAV, especially the small UAV eanore
sensitive to air turbulences, and effects of witids the small aircraft, generally. The lecturelyzes the
effects of air turbulences and winds on the UAVigenance. The goal of this work is the identifioatiof

the major effects required further investigatiosslutions and/or regulations. The lecture has tveonm
chapters. The first one defines the air turbulermceswinds effecting on UAV. The second major chapt
gives a review of the tools for aerodynamic redsasdnto the influence of the atmospheric turbutesied
coherent vortex structures on the UAV flight sitaas.
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1. INTRODUCTION

The atmospheric turbulence has significant satetpnomic

and capacity impact on the air transport. Accordinghe

technical report (Aviation, 2004) of the OFCM (Feale
Coordinator for Meteorological Services and Suppgrt
Research), in US the weather causes the 75 % ddestc
related to the FAR (Federal Aviation regulation)tPE21.

"Operating Requirements: Domestic, Flag, and Supefeal

Operations" (Sharman, 2010). Fortunately, this daltated to
the accident statistics for period 2003 - 2207 lbeeh reduced
below 34 % (Weather-related, 2012). The cost of

The weather is second leading factor effectinghendS NAS
(National Airspace System) (Sharman, 2010).

Nowadays the UAV (Unmanned Arial
investigated, developed in very large number. Tivilian
UAV may open a new business in aviation includihg t
freight transport, recognition, surveillance, .eBecause the
size and relatively smaller operational velocities, the UAV,
especially the small UAV are more sensitiveto air turbulences,
and effects of winds then the small aircraft, generally.

The lecture analyzes the effects of air turbulersoes winds

aerodynamics, flight performance, flight dynamiod aontrol
and size effects.

The second major chapter gives a review of thestdot
aerodynamic researches into the influence of tmospheric
turbulence and coherent vortex structures on th& Wight
situations. In particular, such approaches and odetlogies
are considered with some examples of their apjdicat
simplified methods (engineering, panel, discreteates,
boundary-value problems of CFD (EULER, RANS),
experimental facilities (wind tunnels with flow
angularity/gust/vortices simulators and free flymgdels).

The paper is supported by Moscow Institute of Rtg/sind
Technology (MIPT) developing a special laboratorgigéion
Factors of Risk dedicated for investigation of imospheric

Vehicles) arenazards. The laboratory will working in close cotion with

TsAGI (Central Aerohydrodynamic Institute nameaaRrof.
N.E. Zhukovsky TsAGI)).

The Faculty of Aeromechanics and Flight Engineetisaded by
professor Vyshinsky had a long period investigatanatmospheric
hazards (Vyshinsky, 1996; 2001, Bobylev et al. 2@I@®) very active
in developing and using the UAV (Ageev, 2011; KaehSviridenko
and Vyshinsky, 2013), too. The MIPT is organizingsexries of
International Scientific Workshop "Extremal and Rec®reaking

on the UAV performance. The goal of this work i® th gjights of the UAVs and the Aircraft with Electric@ower Plant”

identification of the major effects

investigations and/or regulations.

required

The lecture has two main chapters. The first offieelethe air

funthe

The department of Aeronautics, Naval Architectunal &Railway
Vehicles at Budapest University of Technology h#srge activities
in investigation of the UAV/UAS including develogin new

turbulences and winds effecting on UAV as gust, atheoretical models (Gati and Somos, 2008; Nagy let 2013)
turbulence model, wind, wind-shear models, and demp application of the well developed control systef@at{ and Drouin,

model combining the wind, and air turbulence deendn
the 3D environment as buildings, mountains, etcldssifies
the UAV into several groups depending on their,sjgml of
usage and operational environmental conditionsallyinit
discusses the effect of the air turbulence and svion the
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2013) developing a series of systems (D. RohacsJan#ovics,
2010) and measurement technologies (Nagy and J.cRoRal2;
2013) as well as developing and using of the sitiafidechnologies
(Nagy and Jankovics, 2012).
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2. THE PROBLEMS IDENTIFIED

Table 1. NTBS (US National Transportation Safety Boar§i

2.1. Atmospheric phenomena

The Aircraft fly in lower part of atmosphere. Thene many
atmospheric hazards are defined (Table 1.).

factors and weather categories (Stailey, 2008)

Restricted visibility and
ceiling:
Below
approach/landing
mins
* Clouds
Fog
Haze/smoke
Low ceiling
« Obscuration
*  Whiteout
Precipitation (non-
icing):
Rain
¢ Snow
Drizzle/mist
Icing conditions:
* Icing conditions
Ice fog
Freezing rain

Turbulence and convection:
* Turbulence

(thunderstorm)

¢ Thunderstorm
« Thunderstorm outflow

Microburst (dry)
Microburst (wet)

* Updraft

Downdraft

* Gusts
¢ Wind shear

Dust Devil/Whirlwind

« Variable wind
* Sudden wind shift

Mountain Wave

* Turbulence

* Turbulence, clear air
« Turbulence in clouds
« Turbulence (terrain

induced)

Temperature and lift:
+ Temperature
inversion
High density
altitude
* Temperature, high
« Temperature, low
« Thermal lift
« No thermal lift
En route and terminal
winds:
Unfavorable wind
« Crosswind
« Tail wind
High wind
Electrical:
Lightning
« Static discharge
Airborne solids:
« Sand/dust storm
* Hail

« Carburetor icing

There are many articles explain the listed wegbhenomena.
For example the Figure 2 taken from the well kndyaok o

Lester (1994) is widely used for showing the difer air

turbulence factors.

Clear-air
Turbulence (CAT) | “Comectvely.

induced

B—5 —~ Ji3~ Turbulence (CIT)
I ey =l I 3 A
Mountain wave | ~~——a— ﬁ O

Turbulence (MWT)|_~— ~—
N

In-cloud turbulence

Low level
Terrain-induced
Turbulence (LLTT™

Convective boundary
Layer turl ce
Source: P. Lester, “Turbulence — A new perspective for
pilots,” Jeppesen, 1994 ‘

Figure 1. Explanation the different air turbulence phenomena
(Sharman, 2010)

According to the US statistics, in case of comnatiarcraft
(FAA FAR part 121) accidents the leading weathetdais a
turbulence ((Fig. 2.), while in weather relatedidents of the
general aviation (FAA FAR Part 91.) mostly is calibg wind
(Fig. 3.).

The investigations in NTSB records has shown thalt of
cases there are two or even more weather factdisted
between the causes resulted to accidents.

Another interesting feature: in generally (becatirgenumber
of aircraft and therefore the number of accidefi@ireraft of
General aviation (Part 91) about 10 times greater)wind
plays role in nearly 52 % of accidents (Weatheatesl (2010).
it must be underlined, the gusts are listed by NT&®e wind
effects.
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Figure 2. Breakdown of the Part 121 turbulence citaons for
period 2003 - 2007 (Source NTBS, used from Weatheetated,
2010)

UNFAVORABLE WIND. SUDDEN WINOSHIFT
30% 23%

CCROSSWIND.
335%

Figure 3. Breakdown of the Part 91 wind citations ér period
2003 - 2007 (Source NTBS, used from Weather-relate?i010)

Unfortunately, there are not controlled statistadsout the
UAV/UAS, however, according to the press informatibout
every second week there is a crash of military esgfrone,
2014). The Figure 4. shows that the military UA\ident rate
(according to the flight hours) about 5000 - 10tDfes is
greater than the accident rate of general aviation.

10000
B
VP s
______ -~
\
&
B p—rec el =
— - —~Genenl Aviation T e g -
Air Force Aviation
—— Commercial Aviation
0.001 " . : :
1935 1945 1955 1965 1975 1985 1995 2005

Year

Figure 4. Comparison of the accident rate trends (Wibel and
Hasman, 2005a)

On the other hand, it seems, the human factor meoat

important factor in UAV accidents, too (Asim, Ehsamnd

Rafique, 2010), while the weather plays role iresalper cent
of UAV accidents, only. This unique fact can belakped by
use of UAV in relatively good weather conditionglan well

predefined situations. Another feature of this fiacthat, the
accidents are classified on their main causes lamdveather
effecting on the accident realization process appgaas
common factor in accident causes are not listed.
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2.2. UAV classification phenomena on the aircraft. For example the clgssable)
wind must be taking into account as vector summviol and

The civilian UAVs are using in many different applions aircraft velocity. It is a good technique even ase of study

Table 2.). ; . .
( ) or controlling the effects of wind-shear on the ceift
Table 2. Attractive civilian UAV application (Weibel and dynamics (Mulgund and Stengel, 1996). Another intgur
Hasman 2005a) phenomena, the wind turbulence is even standatditiee
Remote Sensing Surveillance Delivery most used gust models are the Qr_ynden and the aom#&n
+ Pipeline Spotting + Law Enforcement +  Firefighting models (see for example the military standard: BIB-
« Powerline Monitoring « Traffic Monitoring *  Crop Dusting - H .
* Volcanic Sampling * Coastal/ Maritime Patrol +  Package Delivery 1797A (Flylng' 2014) The eﬁe_Ct of Slmple gl‘ISt ancraft
: Mapping * Border Patrol Entertainment load must be determined by using the recommendeadutas
. G:;T::;, o8 Search and Rescue + Cinematography and methOdOIOgieS described by airworthiness and
* Agriculture Transhort " Advertising requirements. For example, the FAA FAR Part 23 it aell
Disaster Response * Cargo Transport Broadeast , know - had defined how to calculate the gust effecthe load
« Chemical Sensing *  Television/ Radio faCtor
+ Flood Monitoring M )
+ Wildfire Manag ¢ ° Internet
ffire Management b Phone Unfortunately these methods had been developedthier

_ _ o manned aircraft and they are not usable to smaW&lA here
From safety point of view, these applications ha&e zre many works on developing the UAV certificatiand
considerable influence on the UAV operation, butt noyperational standards, but still the weaher effents not
deterministic. So, the UAVs must be classified defieg on  gefined well. Especially such problems like icinfy small
their mass (Figure 5.) and performance (Figure 6.). UAV, or flying and landing of UAV in urban areasveanot
o000 . studied on the required levels, yet. However, tleeeemany
interesting results like are shown in Figures 7 F@ure 7.
demonstrates how the discrete vortex method carsée for
investigation of the flow separating from montains.

U
’

<

| P> Giobal Hawk

\

@ Medium At

1000

Figure 6. The classes of the UAV depending on their
performances (Weibel and Hasman 2005a)

Following to the Weibel and Hasman (2005a; 2005b) Figure 7. Flow over the mountainous terrain

recommendation, we had accepted the classificafitiAV:
The enother example shows how complex problemsthew

() micro - with TOM (take-off mass) less than 1 kg andUAV may rerecovers on ship (Wong et al. 2008). his t

flying at altitude up to 150 m, situation the UAV must move from the relatively &
(i) mini - TOM between the 1 - 15 kg, and flying Idgalp  (steady) air into the turbulence air around thepshiThere

to 3 km, weas used PowerFlow and the Lattice-Boltzman ampraa
(iii) tactical - TOM = 15 - 450 kg, regionally used agfit very Large Eddy simulation (VLES) turbulence model

levels from 500 up to 5500 m, and modified wall functions at high Reynolds number

(iv) MALE (Medium Altitude Long Endurance) - TOM
equals from 450 kg up to 15 t, flying regionallydan
nationally at flight levels from 5500 m (FL 180) tqoFL
600,

(v) HALE (High Altitude Long Endurance)
MALE, but flying internationally,

(vi) heavy - TOM is greater than 15 t and flying atl80 up  Finally, the Figure 9. demonstrates how air turboéeborn in
to FL450. urban area (Par Avenue canyon, Oklahoma City) erflying

objects (Klipp and Measure, 2011). The figure shdhes

number of accelerations greater than 1G in eacmifiblock
of data (6000 data points) at the 1.5 m level efrttid-canyon
tower for different aircraft types. There are twaoadl birds

2.3 Models of atmospheric phenomena (humming bird and wren) having reader similar meass

ratios and therefore similar responses to turbéerihe

simulated responses of a fix-wing micro UAV WASPI the

The simulated flow around the frigate in side wisd
shown in Figure 8.The possible accuracy of landing of the
UAYV eqiuipped by MP2028 autopilot system on frigéinto

- the same aérhe 6m x 6m area). The hardware-in-the-loop sinutatvas

Because the mass of UAVs is in a good correlatiith size,
this classification is acceptable for investigatiof the
atmospheric effects on the UAVS, too.

Principally there are many models, simulation amdigh
methods for calculating the effects of the atmosphe

. .
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rban air turbulence is shown in Figure, too. Asai n
urban air turbulence is sho gure, too. Asaih be see oV o2 ac,

the smaller mass/area ration, generally smaller isiereases L=¢ TS =cfa——S, wherecf=—,
the reaction on the air turbulence.

2
apg? sy e
dL = AL = ¢} AaTS + cfapVAVS,

2
AL cf‘Aa%S + cfapVAVS

i An, = = .
T T WED «g PV
a5
L: it A o B 28V
x e T T 210 ;5 E) T a v’
T T T T TR Y-coord (m) 3 |(V + AV) X Vl A B A N |AV|
Figure 8. Flow around the firgate in side wing in vhich the UAV N GEAIDK max = 84 ="y
landing accurace is studied (Wrong et al., 2008) 14 2a AV
(@] 0 Hummingbird nz - a 7 !
= Wren
g 200 WASPIUAY || " f Because, the angle of attack as usually in cruaseqguals to
R 'f,’,;‘n“'(q' | 4 - 6 degree, therefore changes in load factor lsqtm
£ w M ‘i 5, i W (11 + 16)AV/V .
2 Hill A T . _ . : .
5 oop | .1 K ‘)A, | ‘;N " f M As it can be understood, with increases in veloiitgtuation
=2 ‘;r'}‘“g I l »“ ',fh ;‘}J‘@ [ (gust) and decreases in aircraft velocity the Iéactor is
§ %0 M" | U\M'( ,‘?‘J“ ! “ L] increasing. For example, if the aircraft speed g5 m/s
VAP A | [l W and the maximum fluctuation in velocity (perpendidcuo the
®  Time of Day 190 (UTC) aircraft speed - gust) equals to 0.2 m/S then ¢he lfactor

increases for 0,44. In case of load factor equadtaluring 0.1

Figure 9. Influence of the urban air turbulencetanload factor sec, the aircraft moves (up) for 4.9 cm.

(Klipp and Measure, 2011)
It should be underlined, the maximum changes ineang
attack cannot be greater than 0.22 - 0.33 becdesestall
The major problems to be solved for understandiegetfects (separation of flow from the wing surfaces).

on the atmospheric hazards on the small UAVs asraidel
and UAV related problems.

2.4. Some thoughts about the problems

It is well understandable, the aerodynamic forcpetiels on
the wing area, namely on scale factor, characiesiktngth )

At first the air related problems are associatethwbt well square and the aerodynamic moma#is a function of*. At
understanding the flow atmospheric phenomena aw fldhe same time the moment of inertig €quals to massrj x
separation, icing, appearing the microburst, ete firoblems 12, that meang = f « [°. From here, angular acceleration is
of model formation and using the models are detegthiby = % = f « 172 . So, with decreases in scale, the angular

lack in understanding the atmosphere phenomena. acceleration is increasing very rapidly. For examfullowing

At second, all the UAV related problems dependtangize to (Klipp and Measure, 2011) let assume the uncosgted
and flight performance. There are two major paramset force equal toma generates momentV(= mac?/5) on a
aircraft characteristics lengtH) (and aircraft velocity \{) small object with aerodynamic chord =€), while I =
equals to the airspeed. They together define thgendtds mc?/10 (comparing with solid cylinder of diametet at
number as important similarity number. md?/8). It means, the angular acceleration can be détetn

In very simplified case, when the aircraft is iiaontal flight @54 =7 = 2a/c. So, if the aerodynamic chord equals to 20
with constant velocity, then the lift] equals to the aircraft cm and the acceleration (a) equals to 1g then g@ih sec the
mass ). The lift depends on angle of attack ¢hrough the flying object will rotate for 28 degree.

non-dimensional lift coefficient (¢, air density ), aircraft  his very simplified calculation has shown thate thafe
velocity (V) and characteristics surface, as wing surf&@®e (pperation of small UAV (especially in urban areaiwrall
that is a function of sizeS(= f(1?). In this case, the fluctuation \yeather condition) needs new and original solution
in air velocity A\V) has influence on the aircraft load factorg|imination of the weather hazards.
(n) as follows:
The solution of these problems requires new appesc
developing new methodologies, and new technologies.
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3. TOOLS FOR INVESTIGATION

Here a short review of the tools for investigatairthe UAV
aerodynamics in turbulent atmosphere. The desonpis

based on the previous works of authors introduaisgries of

new methods into study the atmospheric effects imradt.
Since these or similar methods have used and deselby
many authors.

3.1 Experimental and computational modeling of the flows
with angularities

The To study the vortex structure effect on anraftaype
UAV with the deflected control surfaces in the winthnel's
test section, the flow angularity simulator was ategl.
Numerical simulation of the test conditions alloves
mathematical model to be validated. The swirledvfls

produced by the deflected at angted two-section tapered

wing (Vyshinsky and Mikhailov, 1999).

The tangential velocity distribution over the widdi the
tunnel’s test section, obtained from the measuied &ngles

allows estimating vortex core radius= 25 mm and tangentia

velocity magnitude (Figure 10.). A combined flowedition

probe was used, which was installed on a traversing

mechanism providing its automatic translationgpisement.
Measurement errors for flow parameters are: +0.26%
speed, +0.2° for flow angularity at low angles dfaek
(a<10°) and £0.5° for high angles of attack (1820°).

Figure 10. Velocity vector field in the tunnel tessection
(x = 1500 mm,d=10°)

The setup was used for investigating the rotatifioal effect
on the aircraft-type UAV of different categorieshvileflected
control surfaces and for validating numerical methdor
computing flows past full aircraft configuratiomamersed in
nonpotential flow (Mikhailov, 1999).

Taken as the initial data for predicting the effefca rotational
flow on a UAV, were the results of measuring flomgalarity.
The measurements of the flow field were performed free
stream speed of = 50 m/s.

Fig. 2 compares computational results for theclifefficient,
pitching and rolling moment coefficients with exjpeental

left wing. The computation reflects the changehe sign of
the rolling moment due to equalizing the lift qtiak of both,
left and right, wings as a result of flow sepanatio

M =0.15; Re = 1x10% &=0

Cm

1
C, !
1.54 ,
1
1.0} 1 c
|
0.2+
0.5+ 4
°880,] 4 —13"8 g Jﬁﬁ«ggg a°
-1 4%, f ’
) =—= Calculation
o ol tegas  -0.21 © Experiment
0.5+ |
1 ocq%c
1

Figure 11. UAV in cruise configuration in rotationa flow
(0=10)

3.2 Experimental modeling of the gust-laden flows

| The experimental setup installed in the low spegdiunnel

with an open test section (Figure 12.).

Figure 12. Gust simulator in the wind tunnel
(1.- gust generator, 2.- six-component strain dedance, 3.- signal
generator, 4.- phaser, 5.- the model’s controlesys6.- 5-hole
pressure probe, 7.-PC controlled test equipments)

The gust generator is located at the wind tunnetiecexit and
designed in the form of two slotted airfoils camaldf
symmetrical or differential deflections (the aitfoiwere
controlled by an electro-hydraulic actuator whickflelcted
them to certain angles relative to ongoing flow @hdnged
their angle of attack according to a specific lawgroviding
the formation of asymmetric or symmetric vortextgis

Initially, the purpose of the investigation was tdtain
experimental data on the quasi
aerodynamics of an aircraft model
takeoff/landing configurations in testing under thetion of
vortex gusts (Matveev, Nazarov and Osminin, 199%) ®
determine aileron effectiveness in counteractinges¢h
disturbances (Vyshinsky and Kuznetsov, 1998). Damfie
vortex gusts is a problem of practical importanssoaiated
with maintaining passenger comfort especially fengral-
aviation aircraft flown at low altitudes throughugh air

data for the model (wingspan= 2.49 m; average chord of (Rohacs and Rohacs, 2012).

wing MAC = 0.303 m; aspect ratibR = 8.76; wing are& =

The Cessna general-aviation aircraft model withtraight

0.71 nf). The computed and experimental data are in go@grut-braced high-wing and the tail unit with aefikstabilizer

agreement, except for a range of high angles atkath > 20°)
with a developed flow separation from the uppefasg of the
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a thickness-to-chord ratio of 12-13% and a maximelative
camber of 3.8-4.3%. During the investigations, dperating

flow speed wasvV = 15 m/s, which corresponded to th

Reynolds numbeRe = 0.19x10 based on mean aerodynam
chord MAC = 0.189 m.

Figure 13. Cessna aircraft model in the wind tunnel

A minimum of lift coefficient C) lies in a range of 0.06-0.08
and is shifted in phase g = 45-50° (Fig. 14.). This indicates

that for counteracting a vortex gust a forestalliiedlection of
the ailerons is needed (for timely restructuring flow in the
area of the ailerons). For the conditions considietea gust
frequency of 1 Hz the lead-time will be 0.125-0.189The

effect of the flaps atr = 6° does not result in significant

changes in maximum and minimum valueGaf The value of
the phase shift needed to effectively counteraet gst-
induced rolling moment, do not change in this case.

0.25
Cl
0.2 & _»
N,
0.15 N
0.1 NN - d
0.05
0 i
-200 -100 0o 100 200

Figure 14. Rolling moment as a function of phase &h 4¢ (in
degree), @iap=0)

A more slanting negative derivative of the grapbsented is
observed in the delay region (negative phase jhdftsl a
steeper positive derivative corresponds to the leagh
(positive phase shifts). This nonlinear effect barassociated
with an unfavorable interference between the vogest and
the aileron whose effectiveness decreases. In dse of
forestalling, the aileron operates more effectively

3.3 Freeflying model in wind tunnel tests

Tests of free-flying models in the wind tunnel flaamd in

actual atmospheric turbulence spectrum in the éxpgert
conditions.

'®An aircraft flying through a turbulent air executandom

ICdisplac:ements under the action of gusts that aserahdom in
nature. Aircraft response: spectral characteristicsertical
displacements of c.g. and wingtips may be detergniheugh
transfer functions considered as results of acsimyisoidal
gusts on the aircraft.

Fig. 15. represents the experiments which were wcted in
low-speed wind tunnel on the free-flying (Froudewier-
matched), dynamically scaled model with a fleximeg.
Information about a gust and the model responsairedd by
use of an array of sensors is transmitted to a octenaided
data-acquisition system, where a spectrum analyzmesses
it. These experiments were conducted speciallyddidating
the mathematical model developed (Vyshinsky, 2000)]

L ol

4
Figure 15. Experiments with free flying model (predction of the
aircraft displacements in turbulent flow)

3.4 Application of the discrete vortex method (DVM) to solving
non-linear, unsteady problems

The basis of the method is the idea of Zhukovskd Rrandtl
about the substitution of the body and his wakeattgched
and free vortices (in the ideal fluid approximajiomhe
discrete model of the phenomena is constructed dgns of
the simplest vortex singularities, which corresptinthe types
of the solving problem (Aubakirov et al., 1997)i§ hpproach
is approved when the flow formation and forcesractin the
body depend weakly on viscosity and interferencevéen
vortices and their action on the streamlined body rmaore
substantial. That is, the turbulent flow at highyRe&lds
numbers in the DVM approach is modeled by vorticethe
framework the Euler equations approximation.

Linear and nonlinear theories of the wing and theltaircraft
configuration were developed on the basis of thehowe
Different representation levels of the helicoptand airplanes
were created for this approach. The nonlinear adst¢heory

is most general. The problem statement for airenaftion and
control surfaces deflection under arbitrary lawgrissented in
Fig. 16. Hereois the lifting and control surfaces including the

catapult setup are promising when designing verallsmpod of the enginey; is the free vortex sheet trailing from

aircraft whose size allows their full-scale modelde tested
in a wind tunnel or flown through control region ¢atapult
facility. In this case, the main testing problemdsduplicate
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is solved, that is the 3D aircraft configuratione tcinematic entire range of turbulent motions whereas the fd#yeloped
parameters of its motion and deformation are known. turbulence contains at least two characteristitesca large-
scale turbulence defined by the structure and eabdirthe
mean flow and the small-scale turbulence whiclyisldorium
and can be described in a universal manner. Irotusf the
large-scale turbulence in the averaging range makes
model's constants flow-dependent. Generally, theg a
determined empirically by correlating with simpleodel
flows. On going to actual configurations producfigys of
complex structure, these coefficients cease to wealk Thus,
the range of applicability of the method is limiteg the class
of problems, for which the turbulence models at@ated and
properly “tuned”.

f Fully free from these drawbacks is the direct nuocagr
=} simulation (DNS) method, which uses the full systefm
unsteady Navier-Stokes equations not averagethi tivhich

do not require to introduce empirical constantsthiis case,
The aircraft is moving with speedi having the angles of the grid cell size must be less than that of thstleddy (that
attacka and slipB. The flow is potential outside of the bodyiS, must have a Kolmogorov scale), which requiresreous
and wake. Vortex wake is represented by the thifase shed computer time and memory thus limiting the range of
from given linesL. From the mathematical standpoint theapplicability of the method by small Reynolds nunsbahere
problem consists on finding the unsteady flow anesgure the number of levels of simulated eddies is smalll.

fields, that is the potential of disturbed velagstiat any time A thirg approach is also possible — the large esidhulation
outside of the body and wake satisfies the Lagiason with (LES) based on averaging of only those turbulentions
the tangency condition on the body surfac@nd the zero whose linear scale is less than the size of thiisgdells. In
pressure difference and tangency conditions onvtitéex thjs case, large eddies are directly reproducesinputation,
wake g; and jeto, surfaces (which are the surfaces of theuhereas subgrid eddies, which can be describeduinifaed
tangential discontinuities). The Zhukovsky-Kuttamited way in the framework of the corresponding closucelats, are
velocity) condition is satisfied on the separatimesL. The taken into account by use of additional terms i@ $et of
Bernoulli equation is used for describing the vitlepressure equations. An advantage of the method lies in thesibility
relation. The problem is reduced to finding the nmkn to use less dense grids, not requiring for thesiedl to be less
intensity of the vortex frames, which model the yahd than the smallest eddy. Due to a chaotic charatterbulent
vortex wake, as well as to finding the coordinatithe corner motion, it may be thought that at the level of saotall scales
points of the vortex frames. the information about the structure of the meanayed flow
is lost, turbulent fluctuations are isotropic wrese¢he closure
models become universal for a broad class of flows.

Figure 16. The problem statement

A nice result of using the discrete vortex meth@dhown in
Figure 7.

It should be remembered that the above-mentionpbaphes

do not apply to modeling microscopic flows with a
3.5 Investigation of the degradation of airfoil characteristics characteristic size df < 100um(micro- aerohydro-mechanics
during icing using CFD RANS approach problems arising in studying flows about micro sessand
micro actuators being created using MEMS technqglogy
Knudsen numbers within the range 0.&Kirx< 0.1 one still can
use the continuous medium equations, but correxfimm«no-
slip / free slip mix» and «temperature jump» must b
introduced into boundary condition on solid surface

The urgency of the problem consists in the needparating
UAV in all-weather conditions and possibility of ttieg
aircraft into icing or heavy-shower conditions.these cases
the degradation of the lifting capacity of the gaft
aerodynamic surfaces may lead to emergency sitsatidth
grave consequences. The problem is complicatedidyact As an example Fig. 17. represents turbulent energy
that the heterogeneous flow is turbulent in natwtgch limits  calculations for NACA-0012 airfoil aRe=300000 provided
the possibilities of using numerical simulation @odnplicates using RANS (Reynolds averaged Navier-Stokes equsitio
experimental investigations. computer code on the multigrid with 30006des.

At present, there are three approaches to the meether
simulation of turbulent flows. Most commonly usesl an
approach based on time averaging the Navier-Stedfeation
followed by closing the system of equations wittsemi-
empirical turbulence model. But such method have a
substantial weakness: the averaging is performest thve
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Figure 17. Turbulent energy
a)e=0,a =8%Db)e=0,001,a=8° c)e=0,001a=12°,
unsteady flow.

The results of mathematical modeling of the degrad®f the
airfoil aerodynamic characteristioS(, C . in cOnsequence
of increasing the roughness of its surface arecptes in Fig.

18. The random distribution of the roughness islusghese
calculations.
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Figure 18. Lift coefficient depending on roughness

Not only quantitative but also qualitative changasthe
solutions can be obtained. Besides the degradatibn

aerodynamic characteristics (Vyshinsky, 1994). Tole of

roughness of a surface in flow and its increasdight is

especially important for small and supersmall aiftcilying at

low Reynolds numbers. These aircraft have a sipnifi
portion of their external surfaces with laminarwloand its
early turbulization will result in a considerableciease of
drag.

Dusts «charges» are also dangerous at takeoffaauoihg of
aircraft. An encounter with a volcanic dust cloudatidg the
cruise flight can disable instruments’ sensors,ireeg) and
optical devices. Such cases have been registeredibtion
accident/incident statistics. The creation of cgpmnding
engineering models useful for predicting the degtiath of
aircraft aerodynamic characteristics and propekdfisiency
is an absolute necessity.

4. CONCLUSIONS

This paper is a modified version of the lecturespreed at the
2nd International Workshop “Extremal and RecorddBiag
Flights of the RPAS (UAS) and the Aircraft with Etgcal
Power Plant”, held at Zhukovsky, 1 - 4 July 201Bepurpose
of the original lecture was to show the roots @famisation of
a new Research Laboratory Aviation Factors of Ristticated
for investigation of the Atmospheric hazards at khescow
Institute of Physics and Technology (MIPT). Thejpob is
supported by TsAGI (Central Aerohydrodynamic Ingét
named after Prof. N.E. ZhukovskysAGl)), too.

The UAVs are more sensitive to the air turbulencel a
generally to the atmospheric hazards. There thectsffof
atmospheric turbulence on UAV is in focus of thenfing
laboratory.

This paper had two major parts. The first one d=fidefined
the atmospheric hazards causing safety problerasiation,
classified the UAVs into several groups dependingtleeir
size, goal of usage and operational environmeatadiicions.
Finally it used a very simplified explanation tamsh how the
atmosheric hazards may have influence on the dudalls.

The second major chapters gave a review of thes ttml
aerodynamic researches into the influence of tmospheric
turbulence and coherent vortex structures on th& Wight

situations.

aerodynamic quality, one can see the arising udgteanot all available tools were presented and briefiscussed

separated regime of the flow at steady boundarylitions
(see Fig. 8).

The form of the boundary (ice formation) may beaitéd
from flight tests and experiments in cryogenic windnels or
from mathematical modeling of ice formation. Stdiato

here. Their list may be extended. Some of them nmemds
further developments. However this list of toolssha
demonstrated that the representatives of formibgrktory
had a long period research in the given field.

The authors thanks the colleague at the MIPT aidsT $or

physical processes of ice formation in developingypporting their activities.

mathematical models can be carried out using exyats in
high-speed test grounds.

The similar approach may be used in investigatihg t
influence of the heavy rains and insects adhenmifpe aircraft
surface, which result to the degradation of thecraft
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