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Abstract uwolnienia paliwalicRedtaWwN wv
The satellite imagery taken on B@5", 2010, about two € K S p el ment a ! Nk hb q teor
months after the crash of the Polish -TB4M, tail number Przeprowadzonych = przez kilku badaczy na ftemat

i
P101, near Smolensk, Russia, show three distinct areas/@gProszenia paliwa zrzucanego przez samoYoty. Znaleziony
vegetation damage east of the runway 26. All the areas djé (€] podstawie kontur obszaru zanieczyszczenia na

about 40nmto 50m wide and up to 170m loigstretched in P O Wi er zchni zi emi famuwsikadgenipor -
the downwind direction from the calculated positions of the @ S1 i nnoSci ~w Smol eEsku dl a >
airplane corresponding to the reported three airplanet © M PO W\é Uelb grunt-wA5i mwypsoonkyiUe
damages. The first damage was the loss of the left wing tib ' E ntu. Zaobser Wko wane uszkodz
then, about 1.6s later, followeddamage of the central part 9 0k §adnoSci N J’ okrywaj N s n
of the left wing, and 1s after that followed a damage of tﬂ@nleczyszczemiajop owiadaj Ncym Wy s o kiej
central wing tanks, which took place shorg}y before the faldB0 9 N by wyjasnione dla przyp
detection of an "airplane landed" event (TAWS 38). Inth@r Ugi przypadek wy mka gagby tak
study a fuel droplet distribution for the pdsle release of wstaj N przy priadkoSci ~samo
fuel ‘is estimated based on experimental and theoretic‘?' kszej ni U priadkdadgslw SwmoU epHs
results reported in the past by a number of researchefsd-1 54 M podczas procesu zrzuc
investigating jettison of jet fuels. The resulting ground©ZIOMy zanieczyszczenia ziemi oszacowane w te pra]cc:y
contamination profile is then determined based on thig Y g€r uj N, Ue trzecia strefa
droplet distritution profile and is compared to the zones of P O WO d 0 wa n a hLze ﬁzb'ﬂo Lol ,IktPrep alimw
vegetation damage for two cases of low and high : }’V na si Arejwcen8anyc ” @mikach paliwa.
trajectories: the case of a low trajectory of 15m above locaf 0! N € PpOsSzyCl ef PO rl ywa th ce ce
ground, and a case of a high trajectory of 45m above locRl © M! kla ne na oflcjalnyc zdj A
ground. The observed vegetation damageretates well S Z € IZ tk-w wraku po katastrof,i
with the calculated contamination profile of the higlg 1@ ezl one w. zi emb =0 lamgdrafy 100
trajectory, while it is not tenable within the frame of the low |, ! 28 %ol 0t §Y Ku tdu Zowa P mi ej s
trajectory. The latter scenario would demand droplet sizé3 ¢ . S r? mol otu, podczas gdy trze
prroduced at airplane speeds at least 2 times higher than tREWI€rzchni ziemi.

U-154M flew during the said jettison process in Smolensk. owa k | iu crazuk e kropel paliwa Al

The resulting ground contamination levels estimated in thiggrzatowcow.  zrzut paliwa z samolotu. uszkodzenie

work suggest that the third zone of damaged vegetationdsy 1 z y dl§4awysoka ajektoria. '

likely to be produced by an amount of fuel of abeti090n,

equal to the amountatcried by the central fuel tanks. The

bottom skin covering the central fuel tanks is missing on the 1. INTRODUCTION

official photo showing the gathering of the wreckage after . . . . . .

the crash. Parts from the plane were found in the ground While there is a fair amount of information in the

about 100m before the crash site neaz Kutuzov Street at literature discussing vegetation damages caused by crude oil

ghe_ |00t?]t'0ft1h.V(\gh.ert? SUChf arlts releasedt fdrotm thﬁ ptﬁ"'%ills, there has been very little work done on using satellite
uring the third jettison ot fuel are expected to make they agery for identification and assessment afgetation

ground contact. . L ]
. o . damages caused by the jetfuel contamination. For this
Keywords- jet fuel Al droplet distribution, jettison, wing reason 1] discusses the needs for use of other

damage, Smolensk, ¥154, high trajectory. multidisciplinary tools for such investigations and for

Na zdiFeci Satr((e:sﬁczer;ieat elitarny analysis of the Iextent Iéamag%s apd their pre i@tign@ of "
okogo oJIW- ch miesinfncy &@Mka ﬁngéﬂfvt%g'm@dsp_a‘né_ﬂuﬁ‘é%r%'?c nes | '
numerem P101, w Smol e Esku especiallsrecommgndeddn the ingeatigagonsaof thecsoueceso
r2 g s Mmoe rlqug aq qZ/ 2 Ozb Steyrscvgh% wa rlwz étcr thoyro&palwtrom“v'vmemhey &enotacadlly idergiffatled d z e n'i a
strefi o SzerokoSci 40 do .5@%0@%%“@.0‘?‘ Clyikap aircraft myist ggcaﬁ;o(pagl)é i Ng
sifh w kierunku wiatru od dSsongnbusg (}J/',atlgmwlyﬂematmo b FhtSo wa n 'y
wczesSniej us zikmaljzeiCEe rsva motl oldas therekoe Geen wnlestigated and characterized over the
izkﬁr”zcyi dg a WP 8 g em O kzoy dog al : |6 p&st séverdl Beca@lds. AY éaﬂxtkaé) IQEQSL%WeE de\FeISp'édeaf a
uszkodzenie skrzydgdowego £9fplier thode? . %\%éﬂgg‘_te }ﬁerfaﬁé)é)fd! tﬁ%’?ﬁ%@%ﬁ Wy r
sygnagem " samol ofW hinkgzejjpecy 4(5t Awe 1%/@s) the United States Air Force {USA _
0szacowano dystrybuc] i beljah ebimpeehensive peaehrchwito the fatedl of dettisonetho U

fuel, culminating in a series of technical reports by Clewell.
1) Ms.Sc. Eng. Glenn A. Jgrgeen, Robust A/S, gaj@xtetrdvikling.dk In addition to investigating the frequency and nature of fuel
2) Professor Chris J. Cieszewski, University of Georgia, mail@cjci.net  jettison events within the Air Forces,[ 7] Clewell also

3) Assistant Professor Roger C. Lowe, University of Georgiai'nvestigated the evapamion and dispersion of #P with a
tripplowe@gmail.com
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computer model §]. Clewell used Lowell's work as aper cent age of t he entire ma s
foundation but incorporated more detail in the chemicaa | cul ated as P(D O 200 &m) =
model of JP4 and in the simulation physics. ClewellO 82 & m) < 0. 08 %. The amount
extended his own work with #P by using the same modele m and D = 270 em is about 3.
cock to investigate the less volatile-8H9]. This research 95 % f u el wi || have a dropl et

investigates the fate of the jettisoned fuel from initial releas®s shown below, this fuel is prcted to travel a distance of
to final ground fall by numerically modeling the main120 m or shorter when released at 45 m height, which
physical phenomena governing the fate of this fuetorrelates well to the darkened area of zone”dn4.
evaporation and advectionUsing previous work in The black curves ofig. 2 are original theatical and
evaporation, dispersion and free fall of fuel droplets as experimental data obtained with a low flying Buccaneer and
foundation, this work presents a simple evaporation arektison rate of 7.5 kg/s. The blue curve is found by adjusting
advection model that produces very similar results as tiiee Cross Picknett data for the differences in airspeed in
more advanced evaporation, advection and dispersicno mpari son with the investi g:e
modek for case of the low altitude jettison of low volatile120/75= 1.6. As mentioned earlier, since the effect of the
JR8 or A1 type fuel. In the particular case investigated imctual much higher jettison rate is not corrected for, the set
this work the ground temperature was close to 0°C, and tbecurves should be regarded as minimum curves. In reality
jettison occured at a very low height (less than 70 m abotlee droplet distribution is expected to be shifted further
local ground). Thesfore, the evaporation effect was playingowards larger droplst Note for the airplane velocity of
only a minor role, which can be illustrated by the estimated 5 m/ s t he percentage of the e
mass loss of droplets of diame®s200em is lessthan5% f ound as P(D O 200 e&m) =1% an
during their free air travel. Thus the advanced evaporatienm) | ess t han 0. 1%. The amoun
models taking the dependency of evaporation with respectaond D=270 em i s about 4% and
the temperature profile of each individual droplet intd u e | wi || have a dropl et Si ze
account can be simplified. shown below this fuel is expected to travel a distance of 105
m or shorter, which correlates well with the darkened area of
zone 3 inFig. 4. From this figire one can observihe
2. MODEL distinct and significant damage of vegetation in the three
- areas (zone 1, zone 2 and zone 3) circled by the dashed
2.1.Plume Composition. lines. Adding the recorded vertical acceleration signal by the
Jet fuelis a very complex mixture of hydrocarbons and tgolish QAR (black line) and the wind direction of 120°
characterize the evaporating substance perfectly is ngkllow arrow) show evident agreement in directions of all
practical. Furthermore, variations in the refining proces$e three distinct areas of vegetation damage to the
result in variations in the Composition of the fUﬂ.’.D][ The approximate positions of the loss of the ng t|p, loss of
more volatile fuel componentsilivevaporate faster than the additional wing area and the third event emptying the center
less volatile components. As the mixture evaporates, the lggg| tanks prior to tggering the TAWS 38 recording. The
volatile components increase in concentration, changing thgiculated vertical acceleration (red line of inserted bottom
fuel properties. The work presented here is limited to thfyure shows same characteristic decline as the recorded
case of jettison at near ground temperatiosecto 0°C with  signal. Note the severe darkened area of zone 3 within a
a low ambient advection velocity for the low volatile jetgistance of 105m from the trajectory. As shobelow this
fuel. Therefore, the overall evaporation plays a minor effegiredicts the majority of the fuel droplets have a siz® of
and the fuel is characterized by bulk "soup” parametepyQem or larger. This correlates well wiffig. 1, where it
rather than by a sum of parameters connected to the mixtéggh be seen that about 95% of the droplets are expected to
of a finite number of species that approximate the physicRhve a diameter larger th&n= 270em. The length of zone
behavior of the compounds in the actual mixture. The bulkis approximately 170 m and the width approximatelgn40
evaporation constant is found in this work as to give goog the beginning. This indicates the fuel of zone 3 was
agreement between the results reported by [1] for the casg@tased in less than 0.4 s.
ground temperaturef 0°C , low volatile fuel and jettison  The injtial aircraft velocity (and thereby fuel velocity) has
altitude of 1500 m and the result found in this work for thg strong influence on the size of the droplets formed. The
Same. higher is the aircraft velocity the smaller wille the
2.2.Droplet Size Distribution produced droplets. The effect of airspeed on the formation

The droplet size distribution produced during the fugff SPrays has been studied intensively for various
jettison will depend strongly on the conditions of thé:omrnerual reasons. Roughly the charact.erlstlc diameter
jettison. Fig. 1 shows the distribution obtained with an(for instance measured by Sauter Mean Diameter or other
airplane velocity of 175 m/s, anlig. 2 shows the same characteristic diameter)illvbe inversely proportional to the
obtained in a different experiment with an airplane velocitjPeed of the air forcing the atomization procds§. [Based
of 120 m/s. The red curve iRig. 1 is found by adjusting ©on the experimental and theoretical data showfignl and
Clewell's data for the differences in airspeed in comparisdng. 2 the droplet distribution for the casevestigated in
with the investigated cas ethisomprk ¥ f & mishoan he estingated=from ot /setssof
Since the effect of the actual much higher jettison rates ifata. The results are shown in fig. 1 andFig. 2, and data
this study is not corrected fothe set of curves should beare summarized iTab. 1. This predicts bmveen 3.1% to
regarded as defining minimum levels. In reality the drople8.5% of the jettisoned fuel will have a diameter between
distribution is expected to be shifted further towards larg@0cem and 270em. Both sets of data are shown in Fig. 3
droplets. Note for the airplane velocity of 75 m/s thgogether with their respective fitted curves.
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Tab. 1. Summary of droplet size distribution data based owo different sets of experimental data.

Jetii Jetii Airplane Velocity
ettison ewison - gpeedat | Factor CALCULATED FOR V=75m/s
Rate Height e v
Data Set | Airplane i
. Q H Ve Vexd Mass with | Mass with II\D/I:t;gOv:t; Mass with
[Kg/s] [m] [m/s] Viisaw | D<82em | D<200em and D>270em
1
[1] D<270gm
Clewell KC-135 56 1500 175 2.33 <0.08% 2.0% 3.1% 95%
Cross Buccaneer 7.5 15 120 1.60 <0.03% 4.2% 8.5% 87%
&Picknett
~ on the widths of the damaged vegetation zones, in the case
T 75m/s examined here, the release of fuel occurred at a rate that far
:::j e exceed the rates studied in the referencedkwand
e S — therefore, the droplet distribution found in this work is most
i /,-——"‘ likely underestimating the actual sizes in reality. Correcting
-~ =7 Clewl for this effect will only enhance the conclusions found in
7 Vairplane =175m/s this work.
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Fig. 1. Modified figure taken from [8]. Experimental data
based on a jettison with a KG135 aircraft with an airspeed of
175 m/s and a jettison rate of 330 g/m or 56 kg/s.
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J Vairplane = 75m/s
oo .
scad Derived from Cross & Picknett

CROSS & PICKNETT - COMPOSITE.
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Fig. 2. Modified figure taken from [8]. Experimental data
basel on a jettison with a Buccaneer aircraft with an airspeed
of 120 m/s and a jettison rate of 7.5 kg/s.

Percent Mass (P) in Droplets less than stated Diameter (D)
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Fig. 3. Data from Fig. 1 ard Fig. 2 based on the two different
jettison experiments and both calculated for an airplane speed
of Vairplane = 75m/s. The figure shows In(P) as a function of
In(D) for P < 50%, whereP is the percentage mass in droplets
less than stated droplet diameteD in em. The second order
polynomial curve fits are shown as lines, and the respective
coefficients are listed for each curve.

2.3.Wake Effects

Clewell [8] neglected wake effects in the free fall, and in
his evapaeation model mentioned that this underestimates
initial droplet velocities; the wake tends to push the plume
down when the plane is flying in a normal horizontal mode.
For fuel jettisoned near or from the wing tip during the third
release where the planeftl roll is assumed to be nearly 90°
[12] the wake effect could tend to send some of the fuel
even upstream to the wind direction, and can add to explain
why the vegetation damage of this third zone starts further
to the south (or more to the left) than tiweo other zones
where the plane roll was insignificant.

2.4.Model Assumptions

The following assumptions are made:
1 Spherical symmetric droplets.
1 Quasisteady state evaporation. The droplet diameter is
fixed at each time step and then updated after the new

The jettison rate is also an important aspect. Large massand velocity are calculated.
jettison rates tend to produce larger droplet diameters as #he Evaporated mass is proportional to the droplet surface

air might not possess sufficient egerto thoroughly

atomize all of the fueld]. The fluid slows down while
breaking up, so the efficient airspeed for further breaking of
the droplets, from medium size to smaller size, decreas.st
over time from the moment of theitial release until the
fluid velocity equals that of the ambient air. Judging based

area.

The evaporation constant does not vary throughout the
time the droplet is airborne.

Each droplet evaporates independently of the rest of the
plume.
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Center Wing Damage

Center Fuel Tanks | Loss of Wingtip

Smolensk 10 April 2010 \

%0 0,0 0/0.0/0 0,0 0.0 0.0

Calculated vertikal
acceleration

[eo]

Fig. 4. This is taken from [12]. The calculated trajectory for the center of gravity (blue) and the left wing tip (white). The satellite
picture is from the 25th of June 2010 (about two months after #crash.

1 Each droplet falls independently. The entrainment df The initial vertical droplet velocity, = 0 att = 0.
smaller drops by larger, and faster, drops is ignore§. Wind direction is 110°- 130° and independent of

Lowell noted that this assumption would result in  height. The wind speed at the standard measurement

terminal velocities that were initially too lowd][ Also height £ =10 m) isU = 2 m/s [L5:48].
growth and decay by collision is ignored.

1 The initial surface temperaturef each dropletis 2.5.Model Equations

equilibrated with the ambient air temperature. Note: dv
The fuel was most likely colder than the ambient air m—=F, (1)
temperature close to the ground as the plane was dt

descenthg from a large altitude with lower  Wheremis the droplet masslV/dt=a net acceleration of
temperatures. As evaporation in the examined case omhe droplett is the time variable anB the net force acting
plays a negligible role, modelling the preciseon the droplet. Assuming the net forEeon the droplet is
temperature becomes less important with respect to thfentical to the gravitational force minus thegl force. The

overall results. Colder initial temperatures reduce thdrag force on an immersed body can be calculated by

rateof the initial evaporation. [16:360]

1 No wake effect is included.

1 The LangmuitBlodgett relation between the droplet V32
drag coefficient,Cyq, and Reynolds Number Re, exists Drag=C 9 Ar r;' )
[2].

1 As the direction of the wind of the examined case is WhereA is the projected surface area in the flgvis the
nearly grpendicular to the direction of flight the initial density of the fluid (in this case the air dengity 1.272
velocity of the droplets after their formation ¢at 0) is  kg/nT) andV, is the velocityof the droplet relative to the
assumed equal to the wind velodily free stream air flow. As the droplet velocity after its

1 The ambient wind speed is modelled using #&rmation (att = 0) is assumed equal to the free air stream
logarithmic velocity profile of a turbulent fluid flow Vvelocity, U, thenV, =V, whereV, is the vertical velocity
near aboundary with a nelip condition [L3],[14]. towards the ground.
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The droplet drag coeffient is a function of the Reynolds deceleration (and breakup process). Substituting expressions
number Re of the flow; the Reynolds number is #or drag force (2) and masg4) in equation (1) yields the
dimensionless ratio of inertia force to friction force, usuallylifferential equation

expressed ad6:200] dv _ - 3r c )
V2D — = —F=CGU-V) (15)
Re=r rel (3) dt 4de
m Where the minus sign arises from the drag force always
Where D is the droplet diametande is the kinematic acting towards the direction of motion. As the initial droplet
viscosity of the fluid £,,(0°C) = 1.618*10°Pa*s). velocity is nearly perpendicular to the free airstream

Bilanin [17] and Teske 18 suggest a relationship velocity, U, the case of deceleration is simplified to one

; i dimension in the direction of the flight)(= 0).
between Re andCy for spherical droplets, originally : A .
developed by Langr‘guir and Blodgett t_%sgz;ngn{g;he droplet has the initial airspagdat time

24
C, =—(1+0.197* RE*®+26*10°*Re*®) (4 R e
d Re( ) ( ) U\de - 04/‘ D ddt (16)
When evaluang the droplet state at a number of discrete _ ’ . d _
times separated by a small time increment one gets: Integration of both sides neglecting thectfahat Cq
— +d changes during the deceleration time reveals
Where = %/’ (17)
DT 1+V,* C,t
dt=-3- (6) ° 4r,D "
And N is a chosen large numbex € 200.000) andpT is Thus the velocity can be found as a function of time and

the time it takes for the droplet ofgiven size to reach the @ssuming}, 44 and D constant during the deceleration
ground. From the length of the zone of the damagdfOCESS one gets

vegetation measured in the direction of the wind and the V = Vo 18
average wind speetd = 2 m/s one can find the largest P 3r (18)
duration (airborne time of the smallest droplets) as 1+V,* 7Cditi
approximately 4r,D
L 170*m WhereCy is a function of the Reynolds number, which
DI=—=——-—=85 (7)  again is a function of velocity.
) U 2m/s ) The wind near the ground will be strongly influenced by
From one time stefs;, to the next time stefi., the net  poundary layer effectand the wind velocity as a function of
acceleration is found by (1) as height ,U(2) at time stef, can be approximated.§], [14]
_F ___Drag as
ai =—=0- . (8) U Z|
M m Ui(z)=-"In(=") , (19)
The vertical velocityy, can then be found as Kk 4
vV, =V, +a*dt (9) whereUis found
And the travelled distance z inetivertical direction as Uo(z,) = 2m/s*k _ (20)
z=z,+v*dt (10) hﬂ@)
Assuming the evaporation of mass is proportional to the Z,
surface area of the droplet, the mass can be found as SuchUi(z= 10 m) = 2 m/skis the von Karman constant
m=m_- s*k*dt (11) k= 0.40 L9, [20], [21] and Z is the average roughness

length. Fig. 5 shows the resulting velocity profiles for three
different values of,.

Herex is a typical upwind obstacle distzmandH is the
height of the corresponding major obstacles. For more
detailed and updated terrain class descriptions see

Where the evaporation constakt 0.022*10° m/s gives
good @reement between the results @f pnd this work
(see Fig. 11). Finally the surface area, of a spherical
droplet and the projected surface avacan be found as

§ = ,ODi2 (12) Davenport et al2].
In this work the average velocity from= 0 m toz= 15
:BD_2 (13) m for a given average roughness lengghis noted as
4 Uiow(Zo) @and the average velocity from= 0 m toz= 45 m is
Assuming the droplet is a sphere, the droplet mass candenoted a¥nigi(zo), i.e.
found as =5 Z
=P p3 (14) n ?Oln(—)dz
Mo Uppu(2p) = 20m (21)
Where the density of the jet fueljig= 809 kg/n. 15m
In order to evaluate how rapidly droplets of a given size z=45m z
will decelerate from their initial airplane velocity to the N > In(=)dz
speed of the free airflow, this is studied separately U, (z)=2 om 22)
neglecting the evaporation of the droplets during this high\ %o 45m '
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the travelled distance only depends weakly zpr(all are
within £17m), in agreement witkig. 6. (The conservative
valuez, = 0.3 mis used for generating the plots presented in
this work, sedlab.2).

Tab. 2. Terrain classification from Davenport (1960) P3|
adapted by Wieringa (1980) R4] in terms of aerodynamic
roughness lengthz,. The particular area of interest east of
runway 26 at Smolensk Airfield is estimated to belong to class 4
to 7. A conservative value of, = 0.3 m is used for generating
the characteristic plots shown inthe following chapter

Class Short terrain description Zy (M)
1 [Open sea, fetch at least 5 km 0.0002
2 | Mud flats, snow; no vegetation, no obstacles |0.005
3 | Open flat terrain; grass, few isolated obstacle{ 0.03
4 | Low crops; occasional large obstacle$] * 20 |0.10
5 [High crops; scattered obstacles, 15 < x/H < 2(0.25
0 - : b : > ’ - N 6 |Par kl and, bushes; nu (0.5
E:% 5. The velocity profile for z = 0.01 m.z = 0.3 m, andz = 7 |Regular large obstacle coverage (suburb, ford 1.0
And the 140 B(z) = Uiou(Z)/Unigi(zo) is found to be a 8 [ City center with highand lowrise buildings o 2

weak function oy, as can be seen ig. 6.
2.7.Solving the Equations for the deceleration travel

e | In order to include the effect of the chamgi drag
K coefficient, the deceleration interval is divided into a large
8(2y) 081 7 number of semstationary time steps. Within each time step
— o4 . the C4 can be regarded constant, and at the end theGaew
02l | value is found based on the exit conditions of the prior time
. , , ‘ ‘ step If the relative change 4 from one time step to the
0 02 0.4 06 038 next is larger than 1% the time step is halved. For each
& droplet size the initial boundary conditions are set up for the

droplet velocity equal to the airplane velocity, the Re
Fig. 6. The ratio b = Ujqn/Unigh as a function of the average number andCy number @ found fori = 0 (, = 0), and for
roughness length for a wide range of values. each small increment in time the new velocity is found using
Ui is the average velocity from ground to 15 m heighgquation (18) and new Re a@dvalues are calculated using
andUyqn is the average velocity from ground to 45 m heighquation (3) and (4). The time of travel of the dropftis
For a roughness value af = 1 m,b & 0.6 and forz, = 0.3 found as the time,twhere the drogt reaches a velocity of
m, b & 0.7. This means the average speed of the lowest OMma = 0.1 m/s, and the travelled distance is found by
to 15 m is about 30%po 40% lower than the average windsumming the contributionS=Vjdt fromt =0 tot = t,.
speed of the 0 m to 50 m region, because the droplets need
to be even smaller for the case of an initial jettison height of 3. RESULTS
15 m taking this effect into account, than if assuming equal
average velocities for the two regis (no boundary effect). 3.1. The Deceleration Distance of the Droplet
The stronger the boundary effect, i.e. the largerzihalue, The deceleration distance as a function of initial droplet
the smaller the initial droplet size needs to be in order Hlameteris shown inFig. 7. The approximate position of the
create damage zones of vegetation as can be observed wggigon can be estimated from the knowledge of the distance
after the crash. The smaller the droplet netdde, the required to decelerate the largest droplets (Biae 8).
larger the airplane speed must be when creating the plumeAssuming droplets oD = 250®Ds&m3000em as
result of an incomplete jettison process due to the low height
The travelled distance measured in the horizontal planednd extreme jettison rates, the travelled distance of these
the direction of the wind is found as: will be about 25m. The presence of such large diameters
X =X, +Uidt (23) also explains why the vegetation is damaged south of the
trajectory (upstream to the wind) (S€ig. 8).
2.6.Solving the Equations for the free air travel 3.2.The Free Air Travel of the Droplet

For each tbplet size the initial boundary conditions are Fig. 12a shows the droplet height as a function of

set up for the variables on the left hand side of the equaliopz, elled horizontal distance. The initial height of droplets of

(9) through (13) fori = 0 @ = 0), and for each small b, _""g 5" "4 245 iy gnd thenitial height of droplets of
increment in time the new state is calculated using equatioBgz 200 Hs 45 ni. Ehe remaining mass as a function
(3), (4), (5), (8) (13)and (19)- (23). The time of travel of of time for droplets oDy = 82 eDg=am®0 &m i

the dropletgdl is found as the time, where the droplet P ; it
reaches the ground. This is done fof [0.3 m: shfwn r1rrH:|g. %12% Jhe relative mass loss is higher for the
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small diamegr due to the higher surface to volume ratio ofound for each case: jettison height above ground of 15 m
the small droplet compared to the large dropkég. 12c  and jettison height above ground of 45 m (Bag 10). The
shows the horizontal velocity for dropletsidf= 8 2 ¢ nyellawnatrowof this figure shows the direction of the wind
D= 200 em as a f unc alidistance.o {120%, 2 ra/s) E12:48) The rhoddal prediotsrabout 95% of the
Fig. 12d shows the vertical velocity for droplets@§ = 82 fuel in this case should have a diameteDgP 270 e m al
em dpyd 200 em as a funct i anake grobundt cordact emMthineld0 nh foomithe qositica |of
distance, and as the evaporation only plays a minor role, fle¢tison. This seems to be in renable agreement with the
velocities are nearlgonstant. distribution of the darkened areas identifiable on the satellite
) image.
IS From Fig. 1 and Fig. 2 one gets the percentage of the
R mein entire mass equal or belodyr= 200 PgrmP@ ©

200 e&m) = 1% to 2% and Dhe pe
= 82 RmMmP®O 82 e&m) less than 0

3.5.Estimated Amount of Released Fuel

According to P5] the amount of fuel in the left wing tank
(tank 3 sedrig. 9) at the final flight is estimated to about
700 kg. Assuming most of this is dispersed and spread in
zone 1 and zone 2 (sd€ig. 4), it seems based on a
comparison of the darkened area of zone 3 witlsehof
zone 1 and 2 that the amount dispersed in zone 3 is at least
10 times more, or equal to the estimated amount of fuel
present in the tanks 1 and 4 ($ég. 9).

D =2500um to 3000um

Fig. 7. The region inside the orange ellipse seems to be hit by
the largest droplets travelling about 20 m to 30 m in the
horizontal direction. The yellow arrow shows the direction of
the wind.

Distance to Decelerate from V=Vairplane to
V=0.1m/s as a function of Droplet Diameter

25
= e _ o :
s ~ Fig. 9.. Tu-154M fuel tank configuration: No 1 -center wing
Q / tank (CWT), i.e., collector tank, No 2- inner left and right wing
b e tank, No 3 -outer left and right wing tank, No 4 - additional
S o tank. [16].
3 - [16]
A //

0 //

0 300 600 900 1200 1500 1800 2100 2400 2700 3000

Droplet Diameter [um]

Fig. 8. The calculated distance required to decelerate from the
initial speed of the airplane to 0.1 m/s as a function of droplet
size neglecting evaporation.

3.3. Estimation of the Evaporation Constant, k

Based on the results published B [seeFig. 11) the
evaporation constant is found ks= 0.022*10° m/s. Note
this value is not critical for the obtained results. Even

doubling of the value will only change the overall resultgig. 10, The fuel distribution for the case of jettison heightH =
insignificantly. 45 m above the ground and an airplane speed of 75 m/§g =
0°C and low volatile type jet fuel.

3.4.Estimation of the droplet size at the furthest
boundary 3.6.Estimated Ground Contamination Levels

The boundary of the vegetation zone furthest away from aAssuming a total mass & =9900 kg during the jettison
the place of jettison is assumed related to the limit, whegeating the damage of zone 3 rough estimates of the
the resulting contamination is passing some critic@ontaminatiorcan be found for the two areas of zonegar
threshold important to the surdl of the vegetation. The zonecloser than 120 m from the point of jettison dad
size of the droplets hitting ground at this region can bgynemore than 120 m away from this. On the satellite
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Fig. 11. From [1:56] . Single droplet plume released aZ = 1500m for JP-8 fuel. The amount of liquid reaching the ground for air

temperature at the ground of Tg = 0°C isd = 30%. Demanding the same result foD =

0.022*10°m/s.
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Center Wing Damage
Loss of
Wing Tip

Center Fuel Tanks

Smolensk 10 April 2010 \

6% 91%
950kg 9100kg 500kg - 800kg

Fig. 13. The fuel distribution for the case of jettison heightH = 45 m above the ground and an airplane speed of 75 m/§g = 0°C
and low volatile type jet fuel.

image the contamination seems to cover roughly half tleentainers at different concentrations. The soils were
area of the far zone (i.e. a distributifaictor ofc = 0.5), and flushed with water and the plants were watered on a regular
assuming a width and length of this abbut 50 m andV = basis. They concluded that the -4Pfuel significantly

50 m, one gets a contaminated aredof ¢ L W1250 mi.  affected the growth at all the investigated concentrations
Assuming the top -B cm layer of vital importance to the (6.5 mg/g to 50 mg/g). Sorghum plants decreased in height
grass vegetation one gets an approximate contaminationagfthe JR concentration increased in the soil. From 1980 to
fuel of abut C,, = 9 mg/g to 37 mg/g. In a similar manner1989 the United States Air force Occupational and
the contaminated area in the near zone can be estimated&Engironmental Health Laboratory (USAFOEHL) performed
Ac = G*L*W = 0.75*120m*45m = 4050 frand the average over 40 bioassays in response to field incidents. Of these
contamination of abou€C..,,= 77 mg/g to 156 mg/g; of roughly half were fuel related. Results from these 40
course with great local variations aancbe seen iifrig. 8 bioassays have shown that aviation fuel affects plants at
(probably due to the incomplete jettison process at this logoncentrations as low as 1 mg/g8]. Based on these data
height and low air speed). Nearly 93% of alt4Bpilled in it seems reasonable to assume that while even just 1 mg/g
soil biodegrades slowly, with the rate of degradationan affect the plants, it might be expected that
dependent on theoil type. The remainder of a soil spill concentrations above 5 mg/g may cause a distinct mortal
evaporates rapidly. # can remain in some soils for 20effect on the vegetation.

years or moreZ6]. As JR4 is more volatile than A type The estimated ontaminations therefore seem likely to

jet fuel, this goes for the -A jet fuel used by the TU54M cause the observed vegetation damagéhe severely

as well. On the other hand dependiag the microbial darkened area of zone 3 lies within a distance of 120 m from
biodegradation present in the soil, the contamination levelse trajectory. (Se€ig. 10 andFig. 13). The length of zone
can be reduced within months after a spillagd.[In [28] 3 is approximately 170 m and the width approximately 40 m
baseline toxicity tests were performed using Sorgumit the beginning. Taking the plane velocity\@fpiane= 75
(Sorghum bicolot..) and pinto beanRhaseolus vulgari.) m/s into account, this indicates the fuel of zone 3 was
plants & baseline plants in a whole plant bioassay4 JPreleased in less than 0.4 s. The yellawow in Fig. 13
aviation fuel was mixed with the soil in individual testmarked "Wind" shows the direction of the wind (120°, 2
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m/s) [12:48]. The model predicts about 91% of the fuel ia000 nf does not seem likely to produce asignificant
damage to the vegetation. The resulting concentrations of
ground contact within 120 m from the position of jettisorthe top soil layer are shown in Fig. 15 for four different

this case should have a diameteDgf> 270e m and

(red star). This seems to be in reasonable agreement withéhe st r i but i on

factors G .

distribution of the darkened areas as seen on the satelliéguires jet fuel concentrations of more thHameshoia= 5
image. Assuming the central fuel tanks both containing img/g, theminimum airplane height during the jettison can
total about 9900 kg is dumped in the zone 3 area results liy this be found to be within 23 m to 52 m. The higher the

about 550 kg reaches the far area resulting in contaminatidhgeshold concentration the higher the airplane needs to be

Assu

of the top 1 cm to 2 cm soil of about 15 mg/g to 30 mg/gluring the jettison to obtain the required concentrations. For
(See Fig. 14) . The amount of fuel within this region of area threshold concentratiaf, say,Crpreshoia= 30 mg/g in the

A= 1000 niis lessthan 1.6 kg for an airplane height of 15topcpT= 1

cm soil, and a

m during the jettison. An airplane height of 45 m would= 0.75, the airplane height during the jettison is found to be
send between 90 kg to 240 kg into this same region. Amthin H=36 mtoH =72 m.
amount ofM = 1.6 kg jet fuel type Al spread over an area of

Mass of Fuel Reaching the farthest 1000m2 Area

[kg]
400
Cross & Picknett Data
Clewell Data
300
200
100
0
0 20 40 60

Airplahe Height at Fuel Jettison [m]

20

Fig. 14. The mass of jet fuel hitting the farthest 25 m long and 40 m wide rean located at a distance of 148 m to 173 m from the
jettison as a function of the initial jettison height for an airplane velocity oV 4ipiane = 75 mi/s.

The rest about 9100 kg fuel reaching the nearest 12
from the point of jettison and resulting dontaminations of
about 100 mg/g to 200 mg/g. From reporting's in literat
of the effect of such contaminations it seems likely th
were produced by the amount of fuel.

The model predicts the majority of the fuel droplets hg
asizeob= 270 em or | arger .Fig.T
1 and Fig. 2 where it can be seen that about 95% of {
droplets are expected to have a diameter largerDha270
€ m.

The above results suggest thidwe damaged zone of

vegetation cannot be produced by a jettison of the
occurring at a |l ow trajeqd
ground. The jettison necessary to produce the obse
vegetation damage at this trajectory would require airpla
speeds 2imes the speed of the-I84M at Smolensk.

The results suggest that the damaged zone of vegel
could be produced by a jettison of the fuel occurring at
hi gh trajectory with heig
the airplane flying at the speed di/s.
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3.7.Missing Parts of the Skin of the Central Fuel Tanks  the plane was about 45 m above ground the height

Fig. 16 is taken from [12:95] and shows the parts of thdifferential between this point and the point where the parts
wreckage gathered after the crash by the Russian authoriti¢§re located allows for about 3 s of free fall. With an initial
The skin (the bottom of the fusekigat the region of the SPeed of 75 m/s this would result in about 200 m of
central fuel tanks seems to be missing. This could be tRgrizontal travel of parts launched fmmtally. Due to the
result of the fuel dump resulting in the zone 3 showfign  POsition of the plane the parts would tend to be launched in
8 andFig. 10. The Polish echeologists found parts from the @ downwards direction, and the distance travelled would
TU-154M in the ground in a 120 m belt just passing ththen be respectively shorter. The distance from the estimated
Kutuzov street about 100 m earlier than the crash site. TR@Sition of jettison (and fuselage damage) to the cesfte
positions of these parts seem to be the likely ending positidif red circle shown in Fig. 17 is about 170 m. -
of parts torn from the plane at the thircttigon event. The size of the zones of damaged vegetation as can be
Neither the missing parts of the plane nor the positions gpserved about two months after the crash correlate with the
the located parts on the ground before the crashsite, h&yPected droplet size distribution based on experience
been adequately documented by the Russian or pol@@thered within the various sfed of jettison of jet fuel
authorities. The Polish investigation team under thdone the past decades and the reported weather conditions at
direction of Dr. lasek explained the presence of airplante time of crash. The work presented here strongly supports
parts before the crash site as result of alumina passing the hypothesis that the plane was 45 m or higher above the
through the engines, and fired backwards from the cragifound when the jettisons occurred in the thregvidual
site into the grount It is unclear how this could have €Vents. Large jettison rates tend to produce larger droplet
happened and there is no detail documentatir evidence diameters as the air resistance might not possess sufficient
for such ability documented by Dr. Lasek. The authors ha@&ergy to thoroughly atomize all of the fuel. The fluid tends
no know'edge Of Such phenomena been ever reportEUSIOW dOWn Wh|le breaking Up, SO the effiCient airSpeed fOI’
before. The positions of these parts correlate well with tHeirther breaking droplets from medium size to smaller size
estimated position of the jettison creating zone 3. AssumifgPidly decreases over time from the initial release to the

CONCENTRATION OF JET FUEL IN TOP AT LAYER OF SOIL
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Fig. 15. The concentration of jet fuel for the farthest 25 m long and 40 m wide region in the tap T= 1 cm andgp T= 2 cm layer of
soil as a function of the initial jettison height performed with a velocity oMgipane= 75 m/ s for four differen
= 0.25, ¢ = 0.5, ¢ = 0.75 and 6 = 1.00
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Fig. 16. The plane wreckage shows missing parts in the area of the central fuel tanks.

speeds o¥/ = 150 m/s tovV = 175 m/s with other words more
than 200% to 230% higher than thase was in Smolensk
(75 m/s) and jettison rates several magnitudes lower.

The estimated contaminations based on jettison of the
remaining fuel in the central fuel tanks seem likely to
produce the zone 3 of damaged vegetation as can be seen a
couple of mortts after the crash in Smolensk. The fuselage
skin covering the central fuel tanks seems to be missing, and
airplane parts are found in the ground nKatuzov street
about 100 m earlier than the crash site. The positions of
these parts seem to correlatéhathe predicted ground hit of
parts originating from the estimated position of the last
jettison creating the largest zone of damaged vegetation
(zone 3).

4. CONCLUSION SUMMARY

1 The zones of damaged vegetation east of Runway 26 in

Fig. 17. The time of free fall of parts released from the plane Smolensk 2 months after tiseash can be produced by a

during the dump of fuel from the central fuel tanks from fuel release to the air occurring in 45 m height above the
H=45m at the position of the star show above is aboutqdl' = 3 ground by an airplane flying 75 m/s.
s. Conclusion 1 The damaged vegetation zones correlate extremely well

fluid velocity equals that of the ambient air. Judged upon the with the earlier calculated positions of wing damage
width of the damaged vegetation zones, in the case based on the aero dynamiork as well as the trajectory
examined here the release of fuel is done in a rate that far based on the recorded GPS data and recorded vertical
exceeds the rates normally studied in the referenced work; acceleration data.

and therefore, the droplet distribution found in this work i§l Less than 1.6 kg fuel will reach an area of 1000 m
most likely underestimating the size of the actual droplets in located 148 m to 173 m from the jettison performed by
this case. Including this effect will tend to further enhance an airplane flying at 15 m height with 75 m/fsen the

the conclusions given her@he severe darkened area of reported wind speeds and temperatures.

third zone clsest to the crash site lies within a distance df About 100 kgi 240 kg fuel will reach an area of 1000
120 m from the trajectory and position of the jettison. This m? located 148 m to 173 m from the jettison performed
implies that the majority of the fuel droplets have a sizb of by an airplane flying at 45 m height with 75 m/s given
=270 em or | arger. Thi s c orthieeepontédevimd speeds and temperdtures.he expec
droplet size distribution, where it can be seen that abofit If the zones of damaged vegetation were to be produced
91% of the droplets have a diameter largerban 2 7 0 € iM.15 m height above the ground the required airplane
It seems very unlikely that the damaged zone of vegetation speed would need to be 150 m/s to 175 m/s or at least 2
can be produced by jettison of the fuel occurring at a low  times the speed of the FL64M on the 10th of April
trajectory height saHa 15 m above the 2g10.o0und, as this

would require a droplet distribution as seen with jettison air
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