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A&LoTLuE KUpLe Npoedpe,

€ OUVEXELD TOU OXETIKOU W¢ Avw €yypado ocag, o0ag EVNUEPWVOUUE OTL N Emionun
pueTadpaon twv otoeiwv (1) kot (2.a) €wg (2.€), eival os e€ENEN kot TpoPAEMETAL Va
oAokAnpwOel oe mepimou 15 nuépeg, omote Kal Oa caG AMOCTAAEL CUMMANPWHUATIKA OTO
mapov £yypado.

Je OvVOHOVH TWV aVWTEPW, o0G UToBAMoupe ta otolela otV ayyAilkr), Kal oag
EVNUEPWVOULE ylol Ta KATWOL, OXeTikd pe tnv evotnta 4.4.3 tng EkBeong Alepeuvnong
(MOBaveg attieg Tng mupoodaLpac KAl TwV GWTLWVY) :

Jnueiwon : 2to akoAoudo keiuevo ol aptduoi o€ MapevOETEIC €ival TTOPATIOUITEC OTIC
avtioTolyec mapaypda@ouc ¢ Exdeonc Alepeuvnong koi to Keiuevo upe mAayia ypaen
TIOPATTEUTIEL OTA QVTIoTOLY Ywpia, XWwPIC OUWG VO QrOTEAEL TTLOTH UETAPPAOCH TWV
avtiotolywv kepalaiwv tne Exdeong. EmumAéov SLEUKPIVIOTIKA OTOLYEI TTOPEXOVTOL UE
KOVOVLKN ypa@n.

1. Noapatnpnosic (Evotnta 4.4.3.1)

To dpawvopevo ¢ MupOodaLpac MPOCEYYIOTNKE APXIKA HEOW TwV Slabouwy Bivteo
(6Vo Bivteo amod Kapepeg anod tov Autokivntodpopo Alyaiou, €va Bivteo amo kapepo amnod
ToV autoklvnTtodpopo MaAlakog - KAeldi kal téooepa pikpa Bivteo mou tpaBnéav emiParteg
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ToU TpEVoU). Emiong xpnotuormnotnkov ol SlaBéopeg dwroypadieg,
ocuuneplAapfavopévwy autwyv mou mepllapBavovtal otn Sikoypadia, amd to apxeio Tou
Edétn Avakpitn) Adploag (mepimou xideg pwtoypadieg).

H Stadikaoia kal ol mapatnpnoelg auteg avaAvovtal otnv EkBeon, evotnta 4.4.3.1
(Observations/Napatnpnoslg), map. (453) £€wg (480). To CUMMEPACUA TWV TIPATNPIOEWV
ouvoyiletal otnv nap. (480):

(480) Acbouvwy TwV TEYVIKWVY TOUG XAPAKTNPLOTIKWY KoL TWV TTOCOTATWV TWV UALKWV
ota tpéva nou Bewpntika Ga pmopovoav va €xouv cuuBdAel (m.x. umatapie¢ vypwv
oToUC NAeKTpOKILVNTHPEC Kal Bayovia emtBatwv, vypo Yuénc ota NAEKTPOVIKA KUKAWUATA
LloYvoc, YuUKTikO pEoco ota kKAuatiotika o€ kade emBatikd Bayovi, Sefauevec
TIETILEOUEVOU aépa O KATE NAEKTPOKLVNTHPA), aUTd OEV TAPEXOUV OPKETH TTOCOTNTA
kavoiuov yiax va gényrioouv t™m Snuloupyia kat tnv avamtuén TN¢ mapATNPOUUEVNS
nupoopalpac (80u Siauetpo kat Siapkelac 10 Seutepodentwv). EmumAéov, n teXVIKA
nieptypa@n tou Bayoviou tou eotiatopiou (mouvAuav WRMZ) bev avoapéepetal o€
oroLadNIOTE  EYKATAOTAON KATTOLOU TUTTOU UYPOTOINUEVOU aEPIOU KAl oo  TIC
nAnpoopiec pac Oev TMpayuUATOTMOLETOL KAVOVIKO payeipeua emti tou Bayoviou.
Xpnowuomnotouvtal UOVo NAEKTPLKEC TOOTIEPEG YL OAVTOULTG KOl (POUPVOL ULKPOKUUATWY
pla v {ECTAVOUV T TIPOUOYELPEUEVD QaynTd. EmMouévwe, amokAgiovtac omolodnmote
aAdo eUpAekto UAIKO amo To Bayovi tou eotiatopiou kat gfaldsipovrac kade aAAn
mdavotnta, n mio mdavn €£nynon yuo Ta MAPUNAVW EUPHUATA QUIVETOL Va ival Evac
QyvwoTo¢ OYKOG UYpoU KAUGOIUOU 0 oroio¢ miaotnke oto mAaioto tou Bayoviou tou
eotiatopiou (to omoio mapauopewinke oe oxnua S kata tn SeUTEPN CUYKPOUTH UETAEU
ToU BayovioU Tou e0TIATOPIOU KAl TNG MPWTNG POPTAUAENC TOU EUTTOPEULATIKOU TPEVOU
63503 kat napaocupdnke otnv TeAikn BEon Twv CUVTPLUULWY).

2. Tvwpodotoeic EWdikwyv kat Npocopowwoelc (Evotnta 4.4.3.2)

(481) Exovrac wc deboueva tic mAnpopopiec amd to Bivteo amo ti¢ 3 SIAPOPETIKEG
KAUEPEG Eyvav MTPOoTIAIELEC UTTOAOYLOUOU Kat/f TIPOooUOoiwonS TwV midavwV AtV e
TTUPOOQPALPOC KOL TWV TTUPKOYLWV, UECW QVTIOTPOEPNG UNXAVIKIC.

H Emutpon) Alepevvnong tou EOAAZAAM ocuvavtnBnke pe tov K. A. MixomouAo,
XNUIkd Mnxavikd MSc ANBO/UMASS, texvikd cUpBoUAO oKoyevelwy, Votepa and Sk tou
ETUKOLVWVIA, LE OKOTO TNV aviaAllayn MAnpodopLwy ylo To GALVOUEVO TNG MUpOodalpac.
Katd tn ouvdvinon nopouctdotnke amo tov k. MyomouAo n «<ANAAYZH TQN AEAOMENQN -
AIEPEYNHZIH AITION AHMIQOYPTIAE NYPOXI®MAIPAZ (FIREBALL) 2TO ZIAHPOAPOMIKO
AYITYXHMA TQN TEMMQN, 28/2/2023» (nepthappavetal otn Sikoypadia) Kot oTn CUVEXELQ
TIPOOKOULOTNKAV ETOUEVEG €KOOOELC aUTAG. Ta oToela auta (Kot €lSIKOTEPA N evotnTa
“Juunepaopata ano tn HeAETN Twv Sedopévwy avadAsfipotntag”’) €xouv AndOel umoyn
katd tn ouvtagn tng EkBeonc.

(48) EruumAgov, éylve petaty tou Eupwmaikol Opyaviopol Zidnpodpouwv (ERA) kat
tou k. K. Aakadwaon, Mnyavoloyou-Aepovaumnyol Mnxoavikol MEng, kat pEAOUG TNG
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Erutponng Atepelvnong Ave€aptntwy Mpaypatoyvwpovwy Owoyevewwv (EAANO), cupBacn
TIAPOXNG UTINPECLWY, UE BOOIKO QVTIKELLEVO TNV TTAPOXN OTOLXEIWV (Yla TNV TEKUNPLWHEVN
kataypodn kal meplypadr) YEyovOTwVY OXETIKA HE Tn oUYKpouaon, Tn xaptoypdadnon Twv
Bayoviwv, TNV ¢wTLA KoL TNV TUPOOdALPA KOL TO XPOVOAOYLO CUMPBAVIWV HETA TN
olyKkpouon).

(483) Mpwta emikovwVHoaUE UE TO KPATIKO voTitouto RI.SE to omoio ouvepyaletot
UE TOV akadnuaiko xwpo, t™ Blounxavia kalt TNV Kowwvia w¢ KEVIPIKO KOUUATL TOU
ooundikou ouotiuato¢ kowotoulac. 2to wotitouto RISE avatédnke Eva  Epyo
pyvwuodotnonc diapketag 2 eBdouadwv oxetika pe tn duvatotnta avapAeéng amd ta nén
YVWOTA UALKG KOl OUCLEC OTO TPEVO.

To gpwtnua ATV TOOL pNXaviopol Kol Tmota UALka Ba pmopoucav va €Xouv
dnuoupynoel tnv mupododalpa Katd T OSLAPKELA TOU atuxnuatog, Aapfdavoviag wg
dedopéva HOVO TA YVWOTA KOl KATOYEYPAUUEVA KAUOLUO €Ml TwV PO OOTOLXLWV.
AvaAvovtog ta dedopéva kal T mAnpodopieg, SiepeuviBnkav Svo TBava oesvapla, n
Kavon ogpoAVpATOC Uuypwv otayovidiwv kot n  ékpnén tng Sefapevic Aadlou
petaoxnuatotn (dawopevo €kpnéng avappaloviog uypolu — SlaoTEAAOUEVOU aepilov -
BLEVE). H miBavotnta €kpnéng tng de€apevng Aadlol HETAOXNUATLOTH TPOEKUYPE amd TtV
avaAuon Ot elval TIOAU pikpn).

(484) Qc amnotédeoua, to RI.SE noapeiye pia ekdeon UE YWWUATEUON OXETIKA UE TNV
mdavotnta Staomacnc vypou eAaiou olAkévne oe otayovidia ueyedwyv mou kuuaivovral
artd 0,5 éwc 4 mm o€ SLAUETPO KaL TNV SLOTIOPA AUTWYV OE UL tEpLloxn mou da nrav
OUUQWVN UE TIC UPLOTAUEVEG TIAPATNPHOELC yla TO UEYETOC TNG MUPOOEPAIPAC KAl TA
EUPHUATA OTOV TOTTO TOU QTUXNUATOC. ZUU@WVA UE auTn TNV unodeon, ival duvato (amo
pevotobduvautiknc amoync) va Staormaotel To Addt GIALKOVNG LE TETOLO TPOMO WOTE VA
énutoupyouvrtal otayovidla Twv avopePOUEVWY UEYETWVY Kal va SLOOKOPTILOTOUV OTNV
nteploxn (wote va kaAupIel n meploxn ue vépog otayovidiwv). Etal, €ytve n umédeon ott
Jewpntika Vo UTTOPOUCE Eva TETOLO VEPOC Vo ava@Aeyel kot vo SnuLoupynoel
UpoOoPaLpa Eivatl, cUUpwva UE avapopec otn BiBAwoypapia.

AvaAuTika (2.a Tng mapayyeAiog cag) :
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1. Background

This accident was related to a collision of a passenger train and a freight train, which produced
a large fireball with a subsequent fire. HARSIA noticed that the fuels available were limited,
and it was difficult to identify which was the fuel resulting in the fireball and what mechanism
was behind it. One probable reason could be the locomotive's transformer oil, but HARSTA
supposed this oil was difficult to ignite and the holes in the transformers were probably too
small to create such a large fireball so quickly.

The focus of this investigation is therefore to answer the questions. Specifically. the purpose of
this work is to identity the most probable and realistic cause(s) of the fireball in this accident
based on the existing confirmed information and state-of-the-art knowledge.

In the following sections, observations and facts are presented at first to form the basis for this
vestigation. Thereafter, two possible scenarios are investigated, based on the observations
and facts. In this work, the words “transformer oil tank™ and “tank™ are equivalent to
“transformer container”.
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2. Observations and facts

For clarity, a snapshot of the map is given in Figure 1, showing the surroundings and the
approximate location of the collision. Note that the marked point is made by the investigator
for information and may not be the real collision point. The collision point was close to the
bridge. The passenger train ran north and the freight train ran south.

Figure 1. A photo of the site. The marked point is only for information and may not be the real
collision point.

Key observations and facts are listed below:

(1) From the observations, it is certain that a large amount of fuel was released into the
surrounding air and burnt within a short period, forming the fireball.

(2) Different to a common fireball from a pressurized tank rupture or BLEVE, The observed
fireball seems to have a certain direction, upwards and tilted towards the bridge side (the east).
From existing information, HARSIA believes that one large fireball moves towards the bridges
or the south (following the freight train movement) and a smaller one follows the movement of
the restaurant car of the passenger train (towards the north).

(3) The fireball starts immediately after the collision, and lasts for about 6-8 seconds.
(4) The fireball starts from a location close to the ground, as observed from the videos.

(5) From the videos, it is found that there are some flying objects on flames. They may be
large liquid droplets or volumes that continue to burn after leaving the fireball or after the
fireball has ended. Some flying objects may be pieces of shiny metal sheets that were found in
the surrounding fields after the accident.

(6) The passenger train was running at 148 km/h at the moment of collision, corresponding to
41.1 m/s. After the collision, this train’s locomotive was totally destroyed and become
fragmented. The transformer was found not a part of the main locomotive wreckage. It was
found among the debris leaking silicone oil towards the restaurant car. Several cracks were
found around the transformer container (or tank).

RISE Research Institutes of Sweden AB
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(7) The speed of the freight train was about 90 km/h at the moment of collision, corresponding
to 25 m/s. Cracks were also found on the two transformers but much smaller in size.

(8) From one of the videos, it can be found that there was a very bright light after collision
(cold colour), probably a strong electric arc. After the bright light, the fire started (warm
colour). HARSTA believes that the blue flashes (3 of them in quick succession) were caused by
the locomotives hitting against the catenary line and creating a short circuit. The fire started
about 0.3 seconds later.

(9) There were three transformers involved in this accident, one from the passenger train
locomotive and one from each of the two freight train locomotives. Cracks were found in all
three transformer containers. However, the most damaged one is the transformer container of
the passenger train locomotive, which indicates large impact of the collision on it.

Dimensions of cracks on the transformer of the passenger train locomotive:

o Four eracks: 50cm x 10cm, 30cm x 20cm, 15cm x 2em, 12cm x 4cm

o One hole: diameter 4cm

o Broken Qil recirculation tubes: unknown for the investigator, not considered in flow
calculations but the influence is considered small due to the existence of other large
racks.

Dimensions of cracks on the transformer of the 1% locomotive of the freight train:

o 1 triangular crack: approximate dimensions of 22 cm = 25 cm
o Broken Qil recirculation tubes: the sample applies here.

Dimensions of cracks on the transformer of the 2*¢ locomotive of the freight train,

o 1 erack: approximate dimensions of 10 cm x 15 cm and
o A hole: a diameter of 7 cm
o Broken Qil recirculation tubes: the sample applies here.

(10) According to the interviews of the survivors after the accident, there was no sign of
explosion.

(11) The meteorological measurements close to the site indicates that the average wind
velocity is low. However, the site is next to short tunnels under the bridge. The passenger train
just drove out of it and then hit the freight train. The piston effect may affect the external
windy conditions slightly although some openings on the tunnel wall tend to reduce this effect.
The influence compared to the wind existing beside the train bodies is considered small.

(12) The temperature of the silicon oil under normal condition is about 90 °C. The properties at
this temperature are used in the analysis presented in Section 3.1.

(13) The only fuel that has been confirmed to be onboard the train sets and found to be a
possible contributor to a large fireball is the silicon oil used in the locomotive transformers
(See Figure 2). It was about 2.4 tons in each of the three locomotives. The silicone oil used is
Baysilone M 50 EL. According to the manufacturer, its properties are:

o Density: 960 kg/m? at 25 °C, 900 kg/m? at 100 °C and 840 kg/m? at 175 °C
o Viscosity: 50 mm?/s at 25 °C, 16 mm?/s at 100 °C and 10 mm?/s at 140 °C
o Flash point: ~ 300 °C

o Boiling temperature: ~ 400 °C

o Surface tension: 19-21 mN/m
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Figure 2. Location of the transformer with silicon oil inside it under normal conditions.
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3. Possible scenarios

For the fireball observed in this accident, the possible fuels are combustible gases (vapor
form), liquid fuels, and dusts. As neither large amount of fine dusts nor combustible gases in
pressurized tanks that may produce such large fireballs (tons of fuels) were found on board,
they are excluded in the following analysis. The remaining one is the liquid fuels.

The only known and verified liquid fuel with a significant amount on aboard the train sets is
the silicon oil in the transformers of the three locomotives.

This work is conducted based on the assumption that except the silicon oil in the transformers,
no significant amounts (> 1000 kg) of dangerous goods (especially in liquid or gas form) were
found onboard the train sets.

Two possible scenarios are investigated on the observations and facts. They are called
Scenario 1 and Scenario 2. In Scenario 1, the fireball is considered as a result of burning of
atomized liquid fuel droplets discharged through cracks of the transformer containers. In
Scenario 2, the fireball is considered as a result of a BLEVE of transformer container. They are
described below in sequence.

3.1 Scenario 1: Burning of atomized liquid droplets

In this scenario, it is considered that the liquid temperature is lower than the flash point and
boiling temperature. If they slowly spilled out of the container, only pools will be on the
ground.

The ignition of mist formed from flammable liquids at temperatures below their flash points is
a well-known phenomenon [1]. If we spray liquid droplets and mists, the flash point becomes
msignificant [2]. When finely sprayed with, e.g. a rotary atomizer, even heavy fuels or
cleaning oils with a flash point above 300°C may ignite producing an astonishingly heavy
explosion [2]. In fact, the flash point of a liquid does not predict whether or not a liquid spray
is ignitable [2].

3.1.1 Energy of the silicone oil

The silicone oils in transformers were moving together with the trains. At the moment of
collision, the speed of the passenger train was 41.1 m/s and it was about 25 m/s for the freight
train. It has been found that the damages to the train bodies and to the transformer containers
by the collision are much serious for the passenger train. as explained in Section 2. The
following analysis will thus focus on this transformer.

After the train was forced to stop (closely stop, velocity decreased from 41 m/s to a small
value), the silicone oil still contains the momentum and energy. If there was no rupture of the
transformer container, this energy would have been dissipated within a certain period,
assuming the transformer container can withstand its integrity in the accident. However, if the
container of silicone oil (transformer tank) ruptured immediately in the collision due to
mechanical forces (probably the case in this accident), the liquid fuel will be splashed or
sprayed out of the container. This phenomenon can occur regardless of the location of the
cracks (front or rear side of the container). This is mainly due to the fact that the dynamic
energy of the silicone oil cannot be dissipated instantaneously. There would have been some
loss of energy on the way out, e.g., by the shear stress at the interface between the liquid and
the walls of the container or by possible pressure waves and vortexes inside the tank. However,
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the main energy of the sprayed liquid 1s expected to remain. In such case, much of the liquid
would spray out with a high initial velocity.

Besides the liquid splashed and sprayed out, a certain amount of gaseous silicone oil that was
produced under normal operation conditions is expected to have also escaped from the
container. Note that this amount of gaseous fuel 1s combustible and easier to ignite than the
fuel in liquid form, and may play a key role at the ignition stage.

3.1.2 Flow rate of liquid silicone oil possibly sprayed out of the transformer

As described above, much of the liquid silicon oil in ruptured tanks will be sprayed out. The
amount of the flow rate is difficult to accurately estimate. An approximate estimate of the
initial discharge rate is given first, assuming the initial discharge velocity of 41.1 m/s for the
passenger train (i.e., assuming no energy loss on the way). This results in a spray rate of 4.9
m?/s through the cracks and 4.4 tons of fuel per second. This indicates for a duration of one
second, the fuel that may be discharged is 4.4 tons, much larger than the amount of fuel inside
the container, i.e., about 2.4 tons. The actual amount of fuel spilled may vary, but this estimate
suggests that 1 to 2 tons of silicone o1l spilled from the tank 1s highly plausible.

It is found from some simple tests by the investigator (author) that there is usually a small
amount of liquid remain in such a container, 1.e., not all the liquid succeed n escaping from the
liquid container. This is in accordance with the observations during the accident, i.e., some
liquid remained and contributed to subsequent fires.

For the freight train locomotives, the cracks are smaller. For the 1% locomotive of the freight
train, a triangular crack was found (approximate dimensions of 22 cm x 25 cm) and the oil
recirculation tubes were broken. For the 2*¢ locomotive of the freight train, a crack with
approximate dimensions of 10 cm = 15 cm and a hole with a diameter of 7 cm were found and
the oil recirculation tubes were broken. The speed of the freight train was about 90 km/h at the
moment of collision, corresponding to 25 m/s. At the moment of collision, it is possible that
the transformer container cracked and spill the fuel out. The corresponding flow rate is 1.38
m?/s and 0.47 m%/s, or 1.2 ton/s and 428 kg/s for the 1°*t and the 2™ locomotive of the freight
train, respectively. Note that these values are much lower than that for the passenger train.
Their contributions to the fireball are also expected to be less significant. Despite this, the
gaseous silicone released from the tank may play a key role at the ignition stage, as explained
above. Note that from one video, it is clear that the ignition point is close to the collision point
and where the strong arc was observed.

3.1.3 Atomization of the liquid fuel

There are two types of fluid atomization: primary atomization and secondary atomization. The
primary atomization refers to that bulk fluid, typically in the form of a sheet or jet, breaks up
for the first time and forms drops [3]. The manner in which this sheet disintegrates into drops
depends upon the operating conditions. However, the principal cause of instability is due to the
interaction of the sheet with the surrounding atmosphere whereby rapidly growing waves are
imposed on the sheet. Disintegration occurs when the wave amplitude reaches a critical value
and fragments of sheet are torn off. The fragments rapidly contract into unstable ligaments
under the action of surface tension and drops are produced as the latter subsequently break
down [4]. In spray formation, primary atomization occurs near the exit of sprays.

Primary atomization is usually followed by secondary atomization, which typically occurs
further downstream [3]. The secondary atomization is the process of breakup of drops or
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ligament structures into smaller droplets. It usually mmvolves in complex phenomena, such as,
single droplet deformation and breakup, droplet collision, droplet impact on surface [3]. The
secondary atomization is found to be mainly a function of Weber number and Ohnesorge
number. Breakup was found for a wide range of Weber number and Ohnesorge number, and
they are mainly m a range of 1-1000 for Weber number and 10~ — 300 for Ohnesorge number
[3]. The new data in ref. [5] provide further support for Weber number in a range of 1-1000
and the Ohnesorge number in a range of 102 — 2.

This accident involves high speed fuels released from small cracks of irregular shapes into the
swrroundings. The fuels may probably be highly turbulent due to the collision and movements
before they were released. The release conditions are similar to nozzles used for fire protection
and agriculture to a large extent. The fuels may even impinge onto some surfaces before they
were released into the air, e.g. some train body panels or even the other train carriages that
continue their movements towards the release points close to the collision point. Especially for
the passenger train which became fragmented after the collision, its transformer may probably
hit something on the way and may even rotate before it rested on the ground. Furthermore. the
released droplets were highly influenced by the strong winds in front of and nearby the train
locomotives and carriages. It is quite clear that there exist a large velocity gradient (indicating
a large shear stress) between the movement paths of the two trains after the collision.

Note that both the impingement onto solid surfaces and the strong winds usually result in much
finer droplets [6], and they are also two typical ways of producing fine droplets from relatively
low speed sprays. We have examined the Weber number and the Ohnesorge number, both of
which fall m the region where secondary atomization could occur.

It is expected that a significant number of liquid droplets were released into the surroundings.
They have various droplet sizes. For a given crack, the droplet size distribution is expected to
be characterized by a log-normal distribution similar to water spray nozzles. The volumetric
median droplet size may be approximately estimated using the correlation in the references [7-
9]. This correlation shows that the droplet size is mainly a function of outlet size, initial
velocity, liquid density and surface tension of the liquid. For nozzles, the nozzle diameter is
usually used as the characteristic length. For the cracks in this accident, the width of the cracks
(shorter side length for a rectangular crack) is considered as the characteristic length. The
calculations show that the median droplet size is mainly in a range of 0.5 mm and 2.7 mm for
the cracks identified after the accident. Note that some droplet sizes can be much smaller than
0.5 mm, e.g., 0.1 mm, and some droplets can be much larger than 2.7 mm, as the droplet sizes
usually follow a certain distribution function as mentioned above. However, the volume
proportion of extremely small droplets and extremely large droplets are considered low. These
values refer to the sizes of initial spray. It is highly possible that the droplets undergo further
secondary atomization and become much finer droplets, especially when high turbulent winds
or even vortexes are expected to exist at the site due to the collision of two trains with high
speeds and the further movement in two different directions. There may also be some droplets
merging to form larger drops after they were discharged. Note also that the cracks identified
after the incidents are approximately estimates, and in fact they are in irregular shape and
smaller cracks exist at some parts of the cracks. If the liquid was discharged through such
smaller and narrower cracks, the droplet size will also be smaller. Therefore, the droplets
discharged should cover a wide range of sizes.

The above analysis of the atomization of liquid fuel is for the passenger tramn. For the freight
train. the transformer container may also release some fuels through the cracks. The volumetric
median droplet size is estimated to be about 4 mm for the 1* locomotive, and about 1.9 mm for
the 2° locomotive. Therefore, relatively larger droplet sizes may be produced from the freight
trains. These droplets may also contribute to the fireball.
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Note that for atomization of liquid, surface tension and viscosity are two important parameters.
The surface tension of the silicon oil used in the transformer is about 20 mN/m, which is much
lower than that of water which is about 71 mN/m. For liquid, a lower surface tension indicates
less inherent force and thus easier break up. Moreover, at room temperature (i.e., 25 °C), the
viscosity of the silicone oil is much higher than that of water. However, when the temperature
increases to 90 °C, which 1is the normal operating temperature of the silicon oil in the
transformer, the viscosity decreases significantly from 50 mm?/s to 18 mm?/s. This
significantly reduces the Ohnesorge number, increasing the strength and probability of
secondary atomization.

3.1.4 Spatial distribution of the fuel in the surroundings

In this scenario, the combustibles are millions of liquid droplets spraying out of the
transformer container with a high initial velocity. The initial discharge velocity can be as high
as 41.1 nv/s. Initially, they may be distributed along a certain direction in accordance with the
initial spray direction, e.g., towards the sky. But afterwards they could hit some objects and
were forced to change directions. They mix with the surrounding turbulent air and form
combustible mixture. Note that the direction 1s not a necessity for this incident as fine droplets
will be carried away by the flows. i.e., the vertical flow caused by combustion expansion
(towards surroundings) and buovancy forces (vertical), the flow towards the south induced by
the freight train, and the flow towards the north induced by the passenger train. However, the
direction may affect the dimension of the fireball assuming the contribution from the large
droplets is significant. It is worth noting that if the initial sprays and droplets from the tanks hit
some objects, the influence of direction will become very insignificant, as after impingement,
these droplets usually become smaller and can be more easily carried away by the flows
mentioned above, and most of which probably contribute to the fireball. The influence of flows
on the movement of fine droplets will be explained in the following subsections on trajectories
of spray with air drag.

Trajectories of droplets without air drag

Without air drag, the trajectories can be simply calculated using the initial velocity and
discharge angle. The vertical discharge with an initial velocity of 41.1 m/s gives a highest
distance of 86 m above the discharge point, and the longest duration of 4.2 seconds sustaining
in the air. The longest horizontal spray distance of 172 m is achieved when the discharge angle
is 45°. Under this angle, when the object reaches the highest point of 43 m. the horizontal
distance is 86 m.

Trajectories of droplets with air drag in quiescent environments

With air drag, the trajectories are different to some extent. The drag reduces the duration in the
rising period and increases the duration in the dropping period. The drag is highly dependent
on the droplet size.

Calculations of droplet trajectories in quiescent environments by solving the controlling
equations for the silicon droplets discharged into the air are carried out to find out possible
locations of droplets and durations. Here droplets of various diameters are discharged
vertically to the air. The results for the heights of the droplets as a function of time are shown
in Figure 3. Clearly, the droplet size has a strong influence on the trajectories. The larger the
droplet size, the longer the duration, and the higher it can reach, although at the end all
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droplets fell to the ground. Note that the height is much lower than 86 m which refer to the
scenario without air drag. By increasing the droplet size, the air drag effect diminishes and a
value close to 86 m can be obtained. In other words. the air drag plays a key role in the
trajectory for fine droplets.

Droplet trajectories vs. time without wind
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Figure 3. Trajectories of droplets with air drag in quiescent environments

Trajectories of droplets with air drag in case of a vertical flow caused by combustion

Fine droplets can be carried away by the wind. In this case, there exist strong and complex
winds surrounding the site. It is especially of interest to know the influence of the vertical flow
caused by combustion expansion and buoyancy forces. Here a gentle vertical flow of 10 m/s is
assumed to understand the influence of such a vertical flow on the droplet trajectories. Note
that a 10 m/s flow is typically found in flames at about 10 m high. The results are shown in
Figure 4. They are very different to the results presented in Figure 3. For large droplets (Smm
and 10mm), the trend is similar to that shown in Figure 3, but both the heights and durations
are significantly increased. The large differences can be found for the fine droplets with a
diameter of 1 mm, 0.5 mm and 0.1 mm. The height continues to increase with time under the
vertical flow. In theory, it can go to any height if the wind exists on the way and the earth
atmosphere’s effect can be ignored. The rising velocity, however, is greater for finer droplets.
Under a vertical velocity of 10 m/s, the locations of the droplets at 8 seconds are
approximately 60 m, 70 m and 80 m for a diameter of 1 mm, 0.5 mm and 0.1 mm,
respectively. The reason for the continuous rising is due to the fact that the droplet has a
balanced force between gravity and air drag, after which the droplet moves forward (higher) at
the equilibrium speed. The transition point has been checked and it was found that the
equilibrium droplet size under a vertical flow of 10m/s is between 3 mm and 4 mm. See the
results in Figure 5.
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Droplet trajectories vs. time at vertical wind of 10m/s
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Figure 4. Trajectories of droplets with air drag in a vertical flow of 10 m/s.

Droplet trajectories vs. time at vertical wind of 10m/s
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Figure 5. Trajectories of droplets with air drag in a vertical flow of 10 m/s. See the transition
when the droplet size varies from 3 mm to 4 mm.

Note that if the velocity of vertical flow caused by combustion and buovancy force is higher
than 10 m/s (probably true at a higher location and at a later moment), the rising height and the
duration can be much greater.

Trajectories of droplets - Spray angle

If the droplets are discharged at an angle of 45° from the ground, the results for heights are
similar but the droplets also travel horizontally. See Figure 6. Large droplets will be thrown far
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horizontally but lower at height and finally they will fall. Small droplets are carried away by
the wind, so mainly following the path of wind.

Droplet trajectories vs. time at vertical wind of 10m/s
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(a) Height above discharge point

Droplet trajectories vs. time at vertical wind of 10m/s

50
E
g 45
% 40
5 4mm
2 35 3mm
g
g 30 —(). lmm
£ =25
% g 0.5mm
“
g 20 1mm
2
E 13 Smm
=
g 10 ——10mm
=i
= 5
=
st 0

(=]
L

10 25 30 35

15 20
t(s)

(b) Horizontal distance from discharge point

Figure 6. Trajectories of droplets with air drag in a vertical flow of 10 m/s. The droplets are
discharged into the air flow at an angle of 43° from the ground.

Trajectories of liquid fuels in this accident

Comparing the cracks of the three transformer oil tanks and the severity of the train
locomotives, it is very probable that the main discharge of liquid fuel comes from the
transtormer oil tank of the locomotive of the passenger train.
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The above analyses indicate that if droplet sizes are smaller than 4 mm, the trajectories are
strongly influenced by the flows, e.g., the horizontal flows and the vertical flow. Note that in
this accident, most of droplets are probably smaller than 4 mm, as described in Section 3.1.3.

After the collision, the freight train derailed but continued to move towards the bridge/tunnel
(south) and the passenger train crashed, derailed but continued to move towards the north.
Some of the droplets discharged into the air close to the collision point will probably be forced
to move to the south by the freight train and some will be forced to move to the north by the
passenger train carriages. As the fuel was ignited immediately after the collision and the arc,
the combustion of the droplets can thus be observed as moving towards two horizontal
directions, besides the vertical movement. This is consistent with the observations from the
videos and the existing findings.

3.1.5 Combustion of the fuel dispersed in the surroundings

There could be many ignition sources existing at the site. Note that the electric trains use high
voltage electricity (25 kV). From one of the videos, it can be found that there was a very bright
light after collision (cold colour), probably a strong electric arc. After the bright light, the
combustion certainly started (warm colour). The observed ignition occurred immediately after
the collision, about 3/10 seconds, which however can be earlier as the ignition of a small
volume of combustible mixture may not be well observed from the videos that we have. There
are probably some arcs existing at the moment of ignition. The mechanical force and friction
may also produce sparks sufficient for ignition. Moreover, it should be noted that in the
surroundings, not only liquid droplets but probably also some gaseous silicon oil exist, which
facilitates the ignition. For combustible gases, which could be released from ruptured
transformer tanks. small ignition energy is required to ignite it. Afterwards, the combustion
can further develop if proper fuels are nearby.

The origin of the fireball comes from a location close to the ground, as observed from the
videos. In this scenario, the combustibles are millions of liquid droplets sprayed out of the
transformer container with a high initial velocity. They may probably be distributed along a
certain direction in accordance with the initial spray direction, but may also hit some objects
and thus be distributed evenly around. They mix with the surrounding turbulent air and form
combustible mixture. They are highly influenced by the wind prior to ignition.

At the beginning, the combustion of vapor and fine droplets probably dominated. The
combustion heat contributed to heat up the liquid droplets further and more vapor would be
produced, contributing to further combustion.

The fireball will sustain when there is fuel and oxygen mixture. It disappears after the fuel
burns out or some large liquid drops or volumes leave the fire cloud. In the mixture cloud, the
fireball continues to develop outward and push unburnt droplets further away (fine droplets
will be carried away by flows, as shown above), thus increasing the size of the fireball.

There could be two methods to estimate the dimensions of the fireball.

The first method is the possible droplet trajectories. From the analysis of the spray trajectories,
it 1s known that the fine droplets are carried away by the winds while the large droplets (larger
than 4 mm) are more influenced by its initial conditions. It should, however, be noted that
during the combustion, large droplets will probably become small droplets due to vaporization,
and thus becomes easier to be carried away by the flows. The ignition took place right after the
collision (estimated to be 3/10 seconds after the collision indicated by the strong arc). At the
ignition moment, the radius of the cloud (spray length of the droplets) is about 7 m (Figure 3).
Within it, the vapors released from the tanks are expected to also exist. However, three
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transformer tanks ruptured in this accident and the directions of sprays may probably vary
although unknown. In other words, an hemisphere larger than 7 m in radius is expected to exist
at the ignition moment. As a comparison, at 1 second, the cloud full of droplets of various
sizes is probably about 20 m (Figure 3 and Figure 4), for one transformer tank. Note that after
ignition, the combustion or deflagration will push flows outward, acting similar to a wind for
those unburnt droplets. This area continues to increase and the fireball expands until the fuel
burns out or some large liquid drops or volumes leave the fire cloud. These large drops or
volumes may still be burning after they leave the fireball. This is partly confirmed by the
videos where flying burning objects can be found although some of them are considered to be
solid objects.

The second method is to find some hints from the location and dimensions of the fireball,
while this only shows the trajectories of the fuels where they have ever been during the
combustion, different to where they could have travelled in case of no combustion. See
information in Section 3.1.5.

3.1.6 Fireball

The fireball was registered by cameras. The height was estimated to be around 79 m. It needs
to be pointed out that the fireball was recorded by cameras in the evening. Under such
conditions, the boundaries of the fireball are usually overestimated, especially at the early
stage with bright flames (not sooty flames as observed at the last stage).

The fireball diameter is usually calculated based on the flame volume assuming stoichiometric
combustion of the fuel. This method is widely used in estimation of diameter of fireballs
caused by pressurized tank rupture and BLEVE [10]. The scenario considered here is neither a
pressurized tank rupture or BLEVE. However, this could give a rough estimate of the possible
fireball dimension. A check on the fire chemistry of the silicone oil shows that their
stochiometric mixing ratio is similar to common hydrocarbons. A rough estimation gives a
fireball dimeter of 73 m with a duration of about 6 seconds for 2 tons of typical hydrocarbon
fuels. If the fuel is 1 ton, the estimated fireball diameter is 58 m and the duration is 4.5
seconds. However, it should be noted that the estimated fireball diameter is based on the
assumption of stoichiometric mixing of fuel and air [11]. For a fuel rich scenario such as a tank
rupture or a BLEVE, this is usually a good assumption. However, in this accident, the cloud is
probably not stoichiometric, and a more probable case could be fuel lean. If so, the fireball
dimension in this accident 1s expected to be much larger than the calculated fire diameter or
volume based on the assumption of stoichiometric mixing of fuel and air, and the actual
duration of fireball will also be longer. It is believed that even if the fuel is 1 ton. it is possible
to produce such a large fireball in case of a fuel lean combustion. Therefore, the calculation
results are consistent with the observations.

3.1.7 Consequences of possible blast waves

In this scenario, as the tank pressure is considered low, there will be no strong blast waves at
the moment of tank rupture.

The combustion within the fireball may result in a blast wave. The strength 1s related to the
flame speed. From the videos, the flame speed appears to be low, and it is therefore not
expected to be affiliated with a strong blast wave. The low flame speed is probably because the
combustion was fuel lean, at least at the early stage.
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In other words, the blast wave strength is weak and not expected to cause significant damage
or harm to the surrounding train carriages and personnel. This is consistent with the
observations that no awareness of explosion was registered from the interviews after the
accident.

Therefore, the consequences of Scenario 1 are consistent with the observations, both in terms
of the fireball and the possible blast waves.

3.2 Scenario 2: BLEVE of the transformer oil tank

In this scenarto, it is assumed that the liquid temperature is higher than the flash point and
boiling temperature. Rupture of a tank containing such fuel, i.e., a crack formed on the
container, results in a BLEVE. A BLEVE is characterized as the rupture of tank containing hot
liquids, followed by a fireball.

There is no information about the boiling temperature of the silicon oil used in the transformer.
There 1s also no information about latent heat of vaporization of the silicon o1l used in the
transformer. The manufacturer’s product sheet shows various types of silicon oil which refer to
a flash point within a large range. It is probably unreliable to use data from other literature for
this calculation. There is also no information about the actual liquid temperature of the silicon
oil in the transformer at the moment of collision. It 1s therefore not possible to give any
accurate estimate of the consequence in this scenario. In the following part, we make some
assumptions to give a rough estimate of the blast wave strength using Prugh’s method [12, 13].

The assumptions for the calculations:

o Different amounts of liquid fuels are vaporized after the rupture of the container, i.e., a
flash fraction of 25%. 50% or 100%. Note that 100% tends to be conservative, as some
fuels remained in liquid form and sustain its burning on the ground after the fireball
according to the observations of the accident.

o The tank rupture pressure is assumed to be 20 bar. This value is chosen based on the
values for other fuel tanks.

o The liquid temperature is 450 °C, i.e., about 50 °C above the boiling temperature.

o Molecular weight of density of silicon oil vapor is assumed to be 74.15 kg/kmol [14].
This is used to estimate the vapor density, which is about 2.6 tumes that for air.

o Blockages of train carriages and winds are not considered.

The blast pressures are shown in Figure 7. The blast pressure decay rapidly with distance
within the first 10 m — 20 m. At 10 m from the tank, the blast pressure is 50 kPa, 70 kPa and
100 kPa, respectively.
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Figure 7. Blast pressures from BLEVE of the transformer container based on the assumptions
mentioned above.

In case that one transformer container underwent a BLEVE, the resulting maximum fireball
diameter 1s estimated to be about 78 m, with a duration of 6 seconds, assuming stoichiometric
mixing. This correlates reasonably well with the observation. This, however, is not the only
evidence to consider, as a BLEVE results in not only a fireball but also an explosion when the
tank ruptures.

Note that modern train windows usually resist a blast wave of about 50 kPa or more. This
means if the train carriage is more than 15 m away from the site, the windows will probably
remain their integrity.

The incidents with blast pressures shown in Figure 7, should have produced loud sounds.
However, according to the interviews of the survivors after the accident, there was no sign of
explosion.

More importantly, the precondition for a BLEVE is that the liquid should have a very high
temperature, i.e., certainly higher than the boiling temperature of the silicon oil, which is about
400 °C. By contrast, the operating pressure is supposed to be about 90 °C. This indicates for a
BLEVE to occur, the transformer must have had a serious failure prior to the accident. This
may probably cause malfunction of the transformer as one key function of these oil is to
remove the heat generated during the operation of the transformer. Note that it is considered
almost impossible that all the transformers contain very hot liquid inside and underwent a
BLEVE. So while calculating the blast pressures form BLEVE, only one tank was considered.

In summary, in this scenario, the estimated fireball diameter correlates reasonably well with
the observations, but there was no sign of explosion from the interviews of survivors, which is
inconsistent with the blast wave analysis. More importantly, the precondition for a BLEVE is
that the liquid must have a very high temperature, i.e., higher than the boiling temperature of
the silicon o1l of about 400 °C. If the evidence “no sign of explosion” is reliable, this scenario
can probably be excluded.

RISE Research Institutes of Sweden AB

Transaktion 092221155575338

EOAAZAAM - http://www.harsia.gr

Sel. 20 amno 74


http://www.harsia.gr/

N0

Date Reference Page
REPORT 2024-11-22 18533801 18 (20)

4. Summary

This report presents results from an investigation of the Tempi accident with a focus on the
fireball. Different scenarios are considered and the most probable scenario has been identified
and verified using the existing most reliable information.

The most probable scenario refers to the combustion of atomized silicon oil droplets rapidly
discharged from the transformer containers of the train locomotives through cracks after the
collision. The atomization of droplets. i.e., the process of a volume of liquid becoming a large
number of liquid droplets, is due to the high momentum of the liquid fuels in the tank at the
moment of collision. After the passenger train was forced to stop or closely stop and its velocity
suddenly decreases from 41 m/s to a small value close to 0, the silicone oil still contained the
nitial momentum and energy. If there was no rupture of the transformer container, this energy
would have been dissipated within a certain period. assuming the transformer container can
withstand its integrity in the accident. However, if the container of silicone oil (transformer tank)
ruptured immediately after the collision due to mechanical forces (probably the case in this
accident), the liquid fuel will be splashed or sprayed out of the container. This 1s mainly due to
the fact that the dynamic energy of the silicone oil cannot be dissipated instantaneously. In such
case, much of the liquid would spray out with a high initial velocity. Besides the liquid splashed
and sprayed out, a certain amount of gaseous silicone oil that was produced under normal
operation conditions 1s expected to have also escaped from the container. This amount of
gaseous fuel is combustible and easier to ignite than the fuel in liquid form, and may probably
play a key role at the ignition stage. The silicon oil discharged from the small cracks with high
initial velocities will undergo atomization and become fine droplets within a short distance from
the cracks. These droplets were exposed to strong wind at the site, and they may probably hit
some objects after they were discharged, both of which usually make the droplet size become
much smaller. Note that this also applies to the silicon oil discharged from the two transformers
of the freight train, but the contribution from the freight train is considered to be lower due to
the lower velocity and the less cracks. It is believed that large amounts of fine droplets were
distributed at the site within a very short period of time after collision. The ignition of the fuel
occurred immediately after the collision, probably due to the strong arc, arcs remaining after the
strong arc, or sparks or heat due to the collisions. The combustion spread within the combustible
cloud and the key direction of flame movement is vertical due to both combustion expansion
and buoyancy force. The vertical flow pushes the unburnt liquid droplets further up (increase
the size of cloud). and results in faster flame spread within the cloud. The combustion is also
highly influenced by the horizontal flows towards the south induced by the freight train and the
horizontal flows towards the north induced by the passenger train. Both flows carry liquid fuel
droplets away, ignition of which shows the flames are moving as observed in videos. This
scenario does not result in a severe explosion, consistent with the information collected from the
accident. Therefore. the consequences of Scenario 1 are consistent with the observations, both
in terms of the fireball and the possible blast waves.

The possibility of a BLEVE of transformer oil tank is very low. If the evidence “no sign of
explosion” is reliable, this scenario can probably be excluded. A BLEVE results in both a
fireball, and an explosion due to the tank rupture. The estimated fireball diameter correlates
reasonably well with the observations, but there was no sign of explosion from the interviews of
survivors. More importantly, the precondition for a BLEVE is that the liquid must have a very
high temperature, 1.e., higher than the boiling temperature of the silicon oil, which is about 400
°C. By contrast, the operating pressure is supposed to be about 90 °C. This indicates for a
BLEVE to occur, the transformer must have a serious failure.

To sum up, from the current evidence, the most probable scenario for creating the observed
fireball 1s the combustion of atomized silicon oil droplets rapidly discharged from the
transformer containers of the train locomotives through cracks after the collision.
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Key limitations and possible future work are listed in the Appendix.
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Appendix - Limitations and possible future work

The following issues may need further considerations:

o Investigation of ignition and combustion of silicone oil clouds with different droplet
sizes at various temperatures using different ignition sources helps to improve the
understanding of the phenomena.

o The amounts of fuel that sprayed out of the transformers are not clearly known. It was
considered that a significant amount of fuel sprayed out of the transformer of the
passenger train and a less amount sprayed out from the transformers of the freight
train. The trajectories of the transformer of the passenger train may also have
influences on this parameter.

o Quantification of droplet sizes from the atomization processes improves the
understanding of the phenomena (primary atomization and secondary atomization).
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Onwcg avadepetal oto MNapaptnua tng €kBeong (Appendix — Limitations and possible
future work), amatteital mepattépw Olepelvnon tnG ouumeplpopac tng ekvédwong e
Slopopetikd peyeEBn otayovibiwv, ot OSLadOpPeTIKEG OePUOKPAOIEC KoL UE SLOPOPETIKEC
TINYEG OpXLKNG avadAeEng wote va eKTUNBoUV KaAUTEpA oL TUBAVOTNTEG ylo KABe
Sdladopetikn mepintwon. EmutAéov, avadépetal OTL N MoooTNTA TOou Kauoipou (gAaiou
OLALKOVNG) TTOU CUUUETE(XE 0TO Patvopevo TG dSnuloupylag vépoug dev elvat yvwotn kot yu'
QUTO €yLVE JLa ekTiHnon OTL “onpavTikhy” moooTNTA amd TOV METACXNMATLOTH TNG EMBATIKAG
Kal “ULKpOTEPN” TMOCOTNTA AMO TOUG UETAOXNHUOTIOTEC TNG EUMOPLKAG CUMMETEXQV OTNV
ekvépwon. Emiong, n emPePaiwon twv SLOPETPWY Twv otayoviSiwv (Héow TEpPALTEPW
Slepelivnong) Ba BonBoloe otnV KAAUTEPN KATAVONGCN TWV GOLVOUEVWV.

AnO TIC MopamAvVw eKMEPPOOUEVEG ETLPUAAEELC TNG TEXVIKAG £KBeong kol o€
ouvbuaopd He TNV oaduvapia TG €kBeong va OWOEL OUYKEKPLUEVEG €ENYNOELG OF
napatnpnBévta ¢atvopeva (unxaviopod tpododociag tng mupoodalpag UETA TA MPwWTo 2
SeUTEPOAENTA, TTOCOTIKOTIOINGON GUVOALKWY palwv, SLamioTwaon apXkng aLtiag Evauong Tou
0EPOAUMATOC, UETEWPOAOYIKEG OUVONKEC OLOPOPETIKEG QMO TIG EMIKPATOUOEG KATI),
BewpnObnke okOTLUO Va yivel mpoomabela mepalTéPw SLEPEUVNONG TWV OVOLKTWY {NTNUATWV
ota onoia dev eixe 0Ol kATNYOPNUATIKA ATIAVTNON.

(485) Emumpoo¥étw¢ twv avwtépw, o EOAAZAAM €emiKOlVWVNOE LE TOV K.
Kwvotavtomoudo, Kadnyntn Xnuikwv Mnyavikwv (Neec Mponyuévec KaGapec Teyvoloyiec
Kavonc) tou AptototeAeiou lMavemiotnuiov OsooaAovikng, UE EPWTHOELC OXETIKEG UE TNV
mdavotnta CXNUATIOUOU EUPAEKTOU UIYUATOC aEPOAUUNTOC a0 Addt OlAikovnG we
aueon ouvémela NG ouykpouaons. O kad. KwvotavtomouAo¢ MPOCEPEPE UL TUVTOUN
TEYVIKN €kBeon yla ta emipoayo ntnuata. Zvuewva ue oautr, dedouévou tou katd
nipoaeyyian xpovou 0,4 SeuTepoAemTwy yla tv apxik avaplAeén kat avamtuén e
TUPOOPALPAC, SEV UTTAPXEL PEXALOTIKOC TPOTTOC VIO ULO TETOLX LETAPOPA EVEPYELNC KOl
avapldeén kat kavon Aadtou otAikovnce va cuuBouv, oto dedougvo xpoviko mAaioto kat UE
10 6ebouévo puBuo avamtvénc tne nupooealpac. Mepaitépw, o kad. KwvotavtonouAog
unoAoyloe tnv moootnta tn¢ Aeuknc okovne (dioéeiblo otAikdvne, Si02) mou Sa eixe
OXNUATIOTEL UETA TNV KAUON 2,4 UETPIKWY TOVWV eAaiwv otAtkovne, o€ 1,94 LeTpLkoUG
TOVOoUG, ot ortoiot ev mapatnpndnkoav oto onUEio ToU ATUXNUATOC.

AvaluTika (2.€ Tng mapayyeAiag cag) :
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ARISTOTLE UNIVERSITY OF THESSALONIKI
School of Engineering — Department of Chemical Engineering
Aerosol and Particle Technology Laboratory

Building D, School of Engineering, University Campus, 54124 Thessaloniki, Greece
Tel.: 4306956200018 e-mail: agk@auth.gr

Athanasios G. Konstandopoulos, PhD, KLH
Professor

February 24, 2025
To
Dr. Christos Papadimitriou
National Aviation and Railway Accidents
Investigation and Transport Safety Authority,
Vitinis 14-18, N.Filadelfeia, 14342, Athens

Subject: Your Feb 19, 2025 request for opinion on questions regarding the Feb 28, 2023 Tempi
Railway Accident Fireball

Dear Dr. Papadimitriou,

Please find attached a short document with my answer on the question you posed i.e. whether
the transformer silicone oils could be the cause of the observed fireball along with a number of
additional remarks. You may consider the document as DRAFT due to the short time available
to prepare it and | am available to address any of your comments and include them in a future
revision.

In short, my answer to your question as explained in detail in the document is:

Although the employed silicone oil can be combusted at appropriately high temperature (as
stipulated in its specification brochure) its ignition and combustion could not possibly occur
within the given timeframe of the fireball generation, due to insufficient time for the required
reaction kinetics. Furthermore, the absence of white dust (Silicon dioxide, Si0;) at the scene of
the accident, in quantities that would justify the combustion of a large quantity of silicone oil
and the resulting combustion aerosol generation, is another clear indication that such an
occurrence did not take place. Hence, the origin of the fireball consistent with a few tons of a
flammable volatile compound needs to be searched elsewhere.

Sincerely

Athanasios G. Konstandopoulos, PhD, KLH
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EXPERT OPINION ON THE TEMPI RAILWAY ACCIDENT:
Transformer Oil and Fireball

Athanasios G. Konstandopoulos, PhD, KLH
Professor of Chemical Engineering — Aristotle University, Thessaloniki, Greece
agk@auth.gr

1. Background

On Feb 28, 2023 a collision of a passenger train and a freight train occurred near Tempi,
producing within fractions of a sec (~0.4 sec) a large fireball (~20 m in diameter) in the external
to the trains free space (of environmental temperature 8-10 C) from an unknown volatile
flammable substance, which upon further growth (in two additional stages after the first
ignition, moving and feeding on the unknown volatile flammable substance) reached its
maximum size (~80 m) and consumed its fuel within ~10 sec from inception. The fireball
induced subsequent fires in the wagons of the trains, claiming the lives of 57 passengers and
resulting in 180 injuries.

HARSIA based on its own search for experts, has requested on Feb 19, 2025 my opinion on the
question whether silicone transformer oils (Bayer Baysilone M50 EL Flash point: > 300 °C /Fire
point: > 350 °C) existing in all trains involved in the collision, could create the observed fireball
(recorded by 3 independent video cameras) as well as any other information | deemed relevant
along with a scientific explanation.

| am a Professor of Chemical Engineering at Aristotle University of Thessaloniki (AUTH) with 40
years of professional and research experience in combustion and aerosol processes. The
opinions expressed in the present document are of my own and do not reflect in any way the
views of Aristotle University.

Given the short time available to me from the initial HARSIA request to the requested day of
submission of the present documetn (Feb 24, 2025) | will not include here known facts about
the Tempi accident that have become publicly available and | have used them in preparing the
present document. | remain available to refer to them explicitly should a relevant request
arise.

2. Silicone Oil Fate — Transformer Cracks

All 3 transformers (1 on the passenger train and 2 on the freight train) after the collision
exhibited fractures, attributable to impact of the transformer on external bodies, based on the
shape and direction of metal sheet deformations and fractures. The transformer of the
passenger train (PT1) exhibited the larger damage with several large cracks of large aspect ratio
(50cm x 10cm, 30cm x 20cm, 15cm x 2cm, 12cm x 4cm) and a hole of 4 cm. The transformer of
the 1% locomotive of the freight train (FT1) exhibited a crack of 22 x 25 cm, while the
transformer of the 2" locomotive of the freight train (FT2) exhibited a crack of 10 x 15 cm and a

2
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hole of 7 cm. All transformers were recovered from the accident and exhibited no signs of
melt-down or other exposure to ultra-high temperatures. Some residues of ash (white powder)
and soot (black powder) were seen around some cracks/holes, apparently due to the localized
combustion of the silicone oil spilling out.

As mentioned, the PT1 transformer had experienced the higher damage (its engine wagon was
derailed and tumbled in the slope next to the rail lines) while those of the freight train (FT1 and
FT2) exhibited less damage. It is clear from the cracks that a significant amount of the
transformer oil has been spilled in the area, post impact. Considering that overall there are 3 x
2400 kg of oil and the different time history of each transformer post impact, it is difficult to
estimate with accuracy the rate of spillage and hence the time it took for it to occur. Simple
order of magnitude estimates indicate that within the 10 sec of the fireball lifetime only a small
(some 10s of kg) amount of transformer oil could spill out. We will return to this point later, in
Section 4.

3. Aerosol Generation

Transformer oil spilled from all transformers. The possibility of an aerosol spray generation
though seems to be more likely to happen from the PT1 transformer which was exposed to
more violent impacts. All transformers contain 2400 kg of transformer oil.

Aerosol generation requires sustained fluid jets emanating from the cracks, which
subsequently would disintegrate at their edges due to fluid mechanical instabilities (somewhat
similar in a broad sense to the water jets that the firefighters use) and produce droplets of sizes
that depend on the nozzle opening (here the crack, which in a broad sense acts as a slit-nozzle
or the hole apertures that can be approximated by circular nozzles), the fluid surface tension,
the viscosity of the liquid, the jet velocity at the exit and the fluid density, as these parameters
determine the dimensionless numbers that govern the phenomenon, namely the Weber
number and the Ohnesorge number.

The Weber number defines the balance between inertia and surface tension, determining if a
jet remains stable or breaks into droplets:

We=pU2D/y

Where:

- U = jet velocity (m/s)

- D = nozzle diameter (m)
- p = fluid density (kg/m?3)
- y = surface tension (N/m)

The Ohnesorge number (Oh) measures the relative influence of viscosity to surface tension:

Oh=u/sart(pyD)
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Where:

- 1 = dynamic viscosity (Pa-s)

- p = fluid density (kg/m?)

-y = surface tension (N/m)

- D = characteristic diameter of the jet (m)

These numbers define various operating areas of traditional spray systems (ie those that are
based on well defined nozzles, operated under pressure with or without air-assist dispersion).
The large sizes of the cracks observed in the transformer casing point to larger “droplet” sizes
(better described as “splashes”) that upon the influence of the prevailing fluid mechanical
environment may break down to smaller sizes.

At this stage we need to assemble the rheological properties of Bayer Baysilone M50 EL at the
operating temperature of 90 °C. We will also compare these to those of water in order to have
a better intuition of the phenomenon of aerosol generation.

According to the Baysilone Fluids M technical brochure (https://dcproducts.com.au/wp-
content/uploads/2020/12/BayerBaysiloneFluidsBrochure.pdf) , the kinematic viscosity (v) of a
50 cSt silicone fluid (like the Bayer Baysilone M50 EL) at 50 °C is 30 mm?/s (cSt), and at 100 °C, it
is 16 mm?/s (cSt). Interpolating between these values, the kinematic viscosity at 90 °C would be
approximately 18.8 mm?/s (cSt). The Bayer Baysilone M50 EL consists of only PDMS
(Polydimethylsiloxane). The density is given as 960 kg/m?® at 25 °C, 900 kg/m? at 100 °C and 840
kg/m3 at 175 °C and upon interpolation and application of 1= p v we obtain the dynamic
viscosity as well, as shown in the Table below.

Temperature Kinematic Viscosity Density Dynamic Viscosity
(°C) (eSt), v (kg/m3), p (mPa-s or cP),
50 30 940 28.2

90 18.8 908 17.07

100 16 900 14.53

The surface tension of Bayer Baysilone M50 EL is 19 to 21 mN/m at 25 C and decays linearly
with temperature [Sauer, B. B.; Dee, G. T. Molecular Weight and Temperature Dependence of
Polymer Surface Tension: Comparison of Experiment with Theory. Macromolecules 1991, 24
(8), 2124- 2126, DOI: 10.1021/ma00008a070] approximately to 14 mN/m at 90 °C. For
comparison the data for water at 25 °C are [ https://en.wikipedia.org/wiki/Water (data page) ]
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Property Water Bayer Baysilone M50 EL
Dynamic Viscosity 0.890 cP 17.07 cP

Density 997 kg/m? 908 kg/m?

Kinematic Viscosity 0.8937 ¢St 18.8 ¢St

Surface Tension 71.97 mN/m 14 mN/m

As the oil is more viscous but with lower surface tension than water we cannot readily conclude on
its atomization potential vs water in general. At high velocities when inertia is important we expect
it to be mare easy to atomize than water, however in this case the pumping energy (ie the pressure
needed) will be much higher due to the viscosity difference.

Based on these considerations we can proceed by considering the generation of a transformer oil
aerosol as a possibility and anticipate the droplet sizes to be in the mm range. As we are interested
in a parametric study we will consider transformer oil droplet sizes from 10 micron to 4 mm and
study their lifetime as a function of environmental temperature.

4. Transformer oil thermal oxidation

Despite the fact that the transformer silicone oil has a very high flash point and no past incidents
are available in the literature to demonstrate ignition of the particular oil (PDMS) in open space
and low (~10 C) environmental temperature, we examine the conditions for thermal oxidation of
the silicone oil in order to generate the observed fireball.

The thermal oxidation of PDMS has been studied with Thermogravimetric Analysis in [G. Camino,
S.M. Lomakin, M. Lazzari, Polydimethylsiloxane thermal degradation Part 1. Kinetic aspects,
Polymer 42 (2001) 2395-2402, https://doi.org/10.1016/50032-3861(00)00652-2]. We have
extracted the data from this paper and fitted an Arrhenius model to describe the kinetics of the
thermal oxidation of PDMS. Then the kinetic model of the droplet thermal oxidation is combined
with a heat transfer model for the heating of the droplet and the coupled heat transfer-reaction
kinetics differential equations are solved until the droplet vanishes, at which point we define the
“droplet lifetime” in the particular environment of a given temperature.

We have run parametric studies of the numerical model for temperatures of 400, 500, 800 and
1000 C and droplet sizes from 10 pum, 100 pm, 500 pm, 1000 um and 4000 pum. The results are
shown in the following Figure. The dotted line at 0.4 sec serves to remind us that by that time the

fireball had developed, so lines above the dashed line cannot have lead to the development of a
fireball.

For the very small droplet sizes 10 um and 100 pm thermal oxidation is possible if they encounter
an environment much hotter than 650 C and 700 C respectively. In this assessment we make the
ultra-conservative assumption that the droplet lifetime is the time needed for the droplet material
to react completely (actually it degrades in the hot environment producing the D3, D4 and D5
volatile compounds).
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Considering the time that was required for the fireball to appear (0.4 sec) there is a need to justify
the existence of a homogeneous/constant “hot environment” of at least 650 °C from the beginning
of the accident into which hypothetical aerosols of fine droplets of 10 um and 100 pum would have
been exposed and burned. All larger and more plausible droplet sizes need much more time
(several times) than 0.4 sec leading to the conclusion that they would not form a fireball.

In other words, the calculations of the PDMS droplet lifetimes assume the existence of a hot
temperature environment of varying temperature (400 — 1000 °C), but in practice the existence of
such an environment and the presence of the droplets in it during the initial 0.4 sec needs to be
independently proven.

It is instructive to consider the possibility of ignition of the entire silicone oil (2400 kg) in the
transformer. To this end we calculate (see Appendix 1) the fraction of oil mass needed to be
burned in order to bring the temperature of the remainder oil mass in the transformer to a
temperature of 400 °C where thermal degradation/oxidation of the oil sets in.

The results from Appendix 1 indicate that at least a mass of ~43 kg of spilled (cf. Section 2)
transformer oil is required to burn in order to increase the temperature of the remaining oil from
90 °C to 400 °C. If we assume that this mass is spilled over the metallic surface of the transformer
container and provides its heat to the rest of the mass without any losses, we can pose the
question: how fast can it be heated in order to burn and promote the ignition of the rest of the oil?

The energy required to heat the 43 kg from 90 to 400 °C is approximately 20 MJ or 5.56 kWh. This
implies that even with an industrial high power High-Energy Plasma or Arc Heater of 500 kW it
would take about 40 sec to heat it, much longer than the emergence of the fireball.
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5. The missing SiO; if the transformer oil were responsible for the fireball

In the previous paragraphs we came to the conclusion that the ignition and duration of the fireball
is very fast, a feature that makes it impossible for the transformer oil to spill/splash, generate an
aerosol of fine droplets, ignite and sustain a fast combustion giving rise to the fireball.

However, in the highly improbable case that this would have occurred, a huge amount of SiO»
powder would be covering the area as the residue of PDMS combustion as explained below.

Polydimethylsiloxane (PDMS) contains silicon (Si) as a key component, along with oxygen (0),
carbon (C), and hydrogen (H). When PDMS burns in the presence of oxygen (Oz), the carbon and
hydrogen form CO; and H,0, while silicon oxidizes to form silicon dioxide (SiO,).

PDMS has the general chemical formula: (CH3)3SiO(CH3Si0),Si(CHs)s.

For simplification, we use the basic repeating unit of PDMS to calculate the amount of SiO.
generated: [SiO(CHs),] ..
e Molecular Mass of basic repeating unit =28.085+16.000+24.022+6.048 =74.155 g/mol.
e SjFraction=28.085/74.155 = 37.85% of PDMS mass is silicon, meaning in 1000 kg of PDMS,
there is ~¥378.5 kg of Si available for oxidation.
e The rest of the PDMS mass (~63%) is carbon (C), hydrogen (H), and oxygen (O), which upon
burn-off they become CO; and H,0.
e Each kg of Si then forms ~2.14 kg of SiO..

To obtain an idea on how thermally oxidized/burned PDMS residue (SiOz) looks like we can draw
from the work of [K. Ding, X. Shi, C. Li, X. Gao, J. Han, H. Wang, H. Dou, J. Pan, Study on the
combustion products of dimethyl silicone oil as anode materials for lithium ion batteries, Int. J.
Electrochem. Sci. 13 (2018) 10859-10872.] where PDMS is combusted for that very purpose: to
generate SiO2 particles that would subsequently be employed as anode materials in batteries.

This is another aspect of Aerosol Technology where we on purpose try to synthesize useful
materials, frequently employing “raw materials” that are developed for other applications (here
PDMS whose high temperature resilience offers unique advantages in the synthesis procedure).

EOAAZAAM - http://www.harsia.gr

Sel. 32 ano 74


http://www.harsia.gr/

It is interesting to observe the well known to aerosol and particle technologists morphologies:
Single spherical particles (micron sized) and “fluffy” aggregates of nanoparticles (shown in detail on
the right).

Notice that some of the spherical particles feature a “denser” skin (shown as whiter region due to
higher density in the electron microscopy photograph on the left with a yellow arrow). This layer

forms as PDMS undergoes thermal degradation, offers a barrier to oxygen diffusion and assists in

the overall thermal resilience of PDMS.

Burning 1000 kg of PDMS results in ~791.8 kg of Si0; ash/residue, hence the 2400 kg of
transformer oil would produce approximately 1.94 metric tons of silicon dioxide (SiO;) as
combustion residue, which would be dispersed over all surfaces and give a characteristic white,
dusty texture everywhere. This was not observed at scale, except for a few very localized areas
where transformer oil was burned.

It is my opinion therefore, that no ignition of transformer oil occurred within the initial 0.4 sec
that the fireball was generated and no contribution of the transformer oil into the initial fireball
generation exists.

| would also like to remark that a quantity of 1.94 metric tons of SiO; released within the area of
the accident would have generated an enormous exposure of the people on the scene to SiO:
particles and at levels that are many times higher than the USA, Occupational Safety and Health
Administration (OSHA) Permissible Exposure Limits for SiO> (Appendix 2).

| am not aware of any biological or toxicological study that would examine if such a massive
exposure had occurred and whether it modulates potential future health impacts of the accident
on survivors, since SiOz is responsible for a number of adverse health impacts of the respiratory
system (e.g. silicosis, cancer, chronic obstructive pulmonary disease) as well as kidney disease [
https://www.osha.gov/silica-crystalline/health-effects ].

6. Fireball

The observed final size fireball (80 m) using the computational tools of the U.S. Nuclear Regulatory
Commission [https://www.nrc.gov/reading-rm/doc-collections/nuregs/staff/sr1805/s1/index.html]
is found to be consistent with a mass™ 2600 kg of flammable fuel of vapor density 3.35 kg/m? and a
duration of 8.5 sec. These are order of magnitude estimates that fall very close to those reported
publicly. For more precise calculations the method of Computational Fluid Dynamics (CFD) are
recommended. For reference, vapor densities of some volatile flammable compounds are given
below and it is clear that there are many potential mixtures that can match the volatility of the
observed fireball.
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Compound Vapor Density (kg/m?)
Acetone 2

Benzene 2.8

Gasoline 3.49

Hexane 3

Toluene 3.1

Xylene 3.7

7. Conclusions

The large fireball at the Tempi railroad accident that occurred within 0.4 sec from the collision of
the trains, cannot be attributed to the transformers oil (PDMS) which although combustible at
sufficiently high temperatures (as stipulated by its technical specification document > 400 °C) it
could not have ignited in the prevailing environment during the 0.4 sec that the fireball occurred
due to insufficient time for the required reaction kinetics.

Furthermore, the absence of white dust (Silicon dioxide, SiO;) at the scene of the accident, in
quantities that would justify the combustion of a large quantity of silicone oil, is another clear
indication that such an occurrence did not take place.

Hence the origin of the fireball consistent with a few tons of a flammable volatile fuel needs to be
searched elsewhere.
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APPENDIX 1

Calculation of PDMS Mass Required to Burn in order to Heat Remaining Mass to 400°C

1. Introduction

This Appendix provides the calculation for determining the mass of PDMS from the total 2400 kg
that must burn in order to raise the temperature of the remaining mass from 90°C to 400°C using
the energy balance equation.

2. Given Data

Total PDMS mass: M_total = 2400 kg

Final Temperature: T_final = 400°C

Initial Temperature: T_initial = 90°C

Specific Heat Capacity of PDMS: Cp = 1500 J/kg-K

Heat of Combustion of PDMS: Hc = 25.65 x 1076 J/kg

[ https://technical.gelest.com/brochures/silicone-fluids/conventional-silicone-fluids/ ]

3. Energy Required to Heat Remaining PDMS

The heat energy required to raise the temperature of the remaining PDMS from 90°C to 400°C is:
Q_required = (M_total - M_burn) x Cp x AT

AT =T _final - T_initial =400 - 90 = 310 K

Q_required = (2400 - M_burn) x 1500 x 310

Q_required = (2400 - M_burn) x 465000

4. Energy Balance Equation

The energy released by burning PDMS is:
Q_released =M_burn x Hc

Setting Q_released = Q_required:

M_burn x 25.65 x 1076 = (2400 - M_burn) x 465000

5. Solving for M_burn

Expanding the equation:

25.65 x 106 M_burn = (2400 x 465000) - (465000 x M_burn)
25.65 x 1076 M_burn + 465000 M_burn = 1.116 x 1079
Factoring M_burn:

M_burn x (25.65 x 1076 + 465000) = 1.116 x 10”9

M_burn = (1.116 x 1079) / (26.115 x 1076)

M_burn = 42.73 kg

6. Final Answer

Mass of PDMS that must burn: = 42.73 kg
Mass of PDMS remaining after burning: = 2357.27 kg
Total heat required: 1.116 x 1079 J

10
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Heat released per kg of burned PDMS: 25.65 MJ/kg

7. Note
This calculation assumes 100% combustion efficiency. For real-world scenarios with heat losses, the

result will be a higher mass than 42.73 kg

11
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APPENDIX 2

Air Required for Complete Combustion of PDMS

1. Introduction

This Appendix provides a detailed step-by-step calculation to estimate the amount of air required
to completely burn 1 kg of Polydimethylsiloxane (PDMS). The calculation follows mass balance
principles and assumes complete oxidation of carbon and hydrogen present in PDMS.

2. Chemical Formula of PDMS
PDMS consists of repeating units of [(CHs),Si0]. The molecular mass of one repeating unit is:

Element Mass Contribution (g/mol) | Percentage
Silicon (Si) 28.085 37.85%
Oxygen (O) 16.0 21.58%
Carbon (C, 2x12.011) 24.022 32.39%
Hydrogen (H, 6x1.008) 6.048 8.16%
Molecular mass 74.155 100%

3. Oxygen Demand for Complete Combustion
Each element in PDMS requires oxygen for combustion according to the following reactions:

1. Carbon Oxidation: C+ O, = CO,

2. Hydrogen Oxidation: 2H; + O; - 2H,0

Using the mass fractions calculated earlier:

Carbon Combustion:

C fractionin 1 kg PDMS =32.39% = 323.9gof C

C+ 02 = CO;z (1 mol C requires 1 mol O)

323.9 g of C requires 863.3 g of O, (from molar mass ratio 44/12)
Hydrogen Combustion:

H fraction in 1 kg PDMS = 8.16% - 81.6 g of H

2H; + O = 2H,0 (2 mol H; needs 1 mol O,)

81.6 g of H requires 653.6 g of O (from molar mass ratio 32/4)

12
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Total Oxygen Required:

863.3+653.6=1516.9g of O,

Subtracting the oxygen already present in PDMS (21.58% or 215.8 g):
1516.9 - 215.8 = 1301.1 g of additional O, needed

4. Converting Oxygen Requirement to Air Requirement
Since oxygen comprises approximately 21% of air by mass, the total air required is calculated as
follows:

Air Required = (1301.1g0,) / 0.21
Air Required = 6205.2 g = 6.21 kg of air per kg of PDMS

5. Result
To completely burn 1 kg of PDMS, approximately **6.21 kg of air** is required, assuming complete
stoichiometric combustion.

6. Si0; Concentration in Effluent Gas

When PDMS burns, silicon from its molecular structure oxidizes to form SiO,. The concentration of
Si0; in the combustion effluent can be estimated based on the total gas mass generated in a
stoichiometric combustion process.

Total Mass of Gas Effluent:

Total Gas Mass = Air Used + O, from PDMS + SiO» Produced

Total Gas Mass =6.21 kg + 1.30 kg + 1.94 kg

Total Gas Mass = 9.46 kg

5i0z Mass Fraction in Effluent Gas:

Si0, Mass Fraction = (Mass of SiO, / Total Gas Mass) x 100

SiO, Mass Fraction = (1.94 / 9.46) x 100 = 20.56%

Si0, Concentration in Effluent Gas (kg/m3):

Assuming the standard density of combustion gases is similar to air i.e. 1.2 kg/m?:
Si0O, Concentration = Mass of Si0, / (Total Gas Mass / Gas Density)
SiO; Concentration = 1.94 kg / (9.46 kg / 1.2 kg/m?)

13
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Si0, Concentration =~ 0.247 kg/m?

The estimated SiO, concentration in the combustion effluent is 20.56% by mass and approximately
0.247 kg/m? by volume under standard conditions. This value assumes complete stoichiometric
combustion and uniform gas mixing. Obviously in reality there is entrainment/dilution by
additional air, however these number are indicative of the high aerosol particle load generated if
PDMS combustion occurs. Even with additional dilution by air entrainment as shown below the
mass concentrations of SiO2 are many times higher than occupational hazard limits. We remark
that at these high concentrations the occurrence of coagulation is inevitable however as far as
exposure limits are concerned these are mass based and coagulation does not change the mass
load.

Table of SiO, Concentrations for Different Dilution Ratios

The table includes scenarios ranging from low dilution (AFR = 10) to extreme dilution (AFR = 1000),
with comments on typical fire conditions where these dilution levels occur. The Tempi accident
most likely lies somewhere between the AFR=50 and AFR=100 case. OSHA PEL is the Occupational,

Safety and Health Administration of the USA Permissible Exposure Limit.

Air-to-Fuel | Total Gas | SiO, Mass | SiO; Exposure Exposure Typical

Ratio Mass Fraction Concentration | Ratio Ratio Fire

(AFR) (keg/kg (%) (kg/m3) (Crystalline | (Amorphous | Scenario

PDMS) SiO, PEL) SiO, PEL)

10 (Low 13.2 14.68% 0.17613 3522.5x% 29.4x Localized

Dilution) Crystalline | Amorphous | fires, poor
PEL PEL ventilation

50 53.2 3.65% 0.04381 876.2x 7.3x Small

(Moderate Crystalline | Amorphous | well-

Dilution) PEL PEL ventilated

fire

100 (Well- | 103.2 1.88% 0.02259 451.9% 3.8x Moderate-

Ventilated Crystalline | Amorphous | sized pool

Fire) PEL PEL fire

14

EOAAZAAM - http://www.harsia.gr

2el. 39 ano 74



http://www.harsia.gr/

500 (High | 503.2 0.39% 0.00464 92.7x 0.8x Large

Dilution) Crystalline | Amorphous | turbulent
PEL PEL fire

1000 1003.2 0.19% 0.00233 46.5% 0.4x Outdoor

(Extreme Crystalline | Amorphous | wind-

Dilution) PEL PEL driven fire

OSHA Permissible Exposure Limits (PEL) for SiO;:

e (Crystalline SiO, (Quartz, Cristobalite, Tridymite):
¢ Amorphous SiO,: 6 mg/m?* (0.006 kg/m?3)

50 pg/m? (0.000050 kg/m?)

Crystalline SiO; has a significantly lower exposure limit due to its increased risk of lung disease and

silicosis. Amorphous SiO,, though less hazardous, still has strict exposure guidelines to prevent

excessive inhalation.

7. Conclusion

These results demonstrate that even under extreme dilution, PDMS combustion would have

produced Si0O, concentrations that far exceed permissible exposure limits for crystalline SiO; while

limits for amorphous SiO: require extreme dilution, a highly unlikely situation at the Tempi

accident.
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Amo tnv yvwpodotnon tou Kabnynty KwvoTovtomoulou TEKUNPLWVETOL OTL N
avadAefn kal n kavon Twv eAalwV olAkovng 6ev Ba pmopovuoav va cuBoUV EVIOG TOu
dedopévou xpovikol TAaloiou NG Tupoodatlpag. H yvwpodotnon KoatoAnyel OTL n
TIPOEAEUON TNG TMUPOCodALPAC, N OMOoio CUVASEL HE PEPLKOUG TOVOUC €VUGDAEKTOU TTNTIKOU
Kauoipou mpémnel va avalntnBetl aAlov.

AuTO TO cuunépacpa umootnpiletal kal amd tnv availuon oto kepaAaio 4.4.3.1.
(462) Mo mopadeypa, otnv ewkova 60, amotunwvetal n Béon tou HetooxnUaATLoT) (UE
KOKKLVO XpWHA) O€ TIOAU KOVTLV OIMOOTACN OTNV €0TLO TNG PWTLAG (LE Kitpvo Xpwua) aAAd
xwplc va dAéyetal. H Béon ¢ £0Tiag TNG GWTLAC KOL TOU PETACKNUATIOTH OTOTUTIWVETAL
eniong otnv ewova 61. Ie auti ¢aivetal OTL O HETAOXNUATLOTAG €V TEAEL Oev €xeL Kael
TANPWC aAAG HOVO OTN pia TAEUPA Kal, eVvw avtiBeta to Bayovi Tou eoTlatopiou mou Atav
akplBwg SlimAa £xeL Kael oAooxepw .

AkoAoUBwg, yla TNV KAAUTEPN UEAETN TOoU GALVOUEVOU TNG TUPOOhALPAC WC TTPOG T
Tpla Stakpltd otadla ta omola kataypdadnkav amd ta Bivieo kal yla tnv dlepelivnon tng
enibpaong tng kabe mapapétpou (ei60¢ KaUOIHMOU, TOXUTNTA Kol Yywvia aneheuvBépwong,
Béon otov Tplodldotato xwpo, emidpoon avéUou KAT), €MEAEYn n  TPOCOUOILWON
UTTOAOYLOTIKN G pevoTtoduvapitkig (CFD).

H mpooopoiwon umoAoylotikng pevotoduvauikng (CFD) eival avaAluTikOTepn Kol Tio
akpLBAC amd ta amAd OTATIKA MOVTEAQ TTOU UIMOPOUV VAL EKTLUACOUV QUTO TTOU OVORAeTOL
single stage release (omw¢ m.x. BLEVE o€ éva kAeloto doxeio).

(486) lNa tov Adyo auto exkteAéatnkav umo tnv eniBAsyn tnc EAAIMNO npooouolwoel
untoAoytotikrc pevotoduvauiknic (CFD) oe uta mpoomnadeia voa avadnuiouvpyndei to
ouuBav Omwc KaTaypd@nNKE oo TIC KAUEPEC, XPNOLUOTOLWVTAC HOVO UATNUATIKA
UOVTEAQ UTTOAOYIOTWYV KOl TO EPYUAELQ OTTTIKOTTOIN ONC TOUG:

- To Fire Dynamics Simulator (FDS) eivat éva povtédo CFD, uia¢ ponc peuatou
kaGodnyouuevnc amnd tn ewTtid. To AoyLouLko AUVEL aptSuUNTIKA ULa POPUA TV EELOCWOEWV
Navier-Stokes ot ormois¢ givat kataAAnAec yia xaunAn tayvtnta, Gepuika kadodbnyouuevn
pon, UE ELQOTI OTOV KATTVO KOl UETAPOPX FEPUOTNTAC QTTO TTUPKAYLEC.

- To Smokeview (SMV) eivat éva mpoypaupo OnTIKOmoinaong mou XpnoUUOMOoLE(TAL YLo
™V gu@avion tn¢ e€66ouv Twv npooouolwoewv FDS kat CFAST

(487) Ta mponyuéva xapoaktnplotika Twv HOVTEAwV CFD (Oomw¢ o XELPLOUOC
TTOAUTTAOKWV TPLOSLAOTATWVY YEWUETPLWVY Kal eptBaAdovta, mou avaAUuouv avtiépaoTikn
N un SpaoTIK) Por CUUTTLECTWVY 1) N CUUTTLECTWV PEUOTWYV) Eival amoSeKTA Kal EYKupa
ETOTNUOVIKA Epyaleia yia thv umootnptén tn¢ SUVOULKNC EKTIUNONG CUVETMELWY OTNV
TIPOOTITIKY) EQOPUOYNG OE TIPONYUEVEG UEAETEC QAOPAAELAC TTIOU OIQPOPOUV TUPKAYLIEG,
ekpnéeic kat tolikéc Slaomopég. Auto emtBeBalwdInke oMo EUTIELPOYVWOVEC A0 TA
navernotiuie ¢ Midog kat tng Favdng, pe ta onolo EMKOWVWVAOAUE KATOTLY OUOTAONG
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tou Teyvoldoyikou [Mavermotnuiov tou NteApt (TU Delft), to omoio pua¢ ta oUOTnNoE WC
Stedvwe yvwotd yia tnv eéetdikevor) Toug otov Touea TnN¢ uedodou CFD.

Juykekplpéva, o EOAAIAAM avéBeoe oto Mavemotipio tng Favéng dvo €pya: A. Na
EKTIMNOEL TNV eykupotnta tng Xpnong CFD pe FDS otnv avaAuon TOU GCUYKEKPLUEVOU
Sduotuynuartog kot B. Na emaAnBelosl / emkupwoel tnv avaAucn CFD tou atuxnuatog, n
orola €ywe amod tnv EAANO, amoteAel mveupaTikn TNG OlOKTNOla, Kal yla Toug AOyoug tng
Slepelivnong MOPOUCLACTNKE OTNV ETLTPOMN Slepelivnong.

‘Epyo A: To epwtnua mou t€0nke otov kab. B. Merci (kaBnyntng TUAMATOG AOUIKWY
Mnyovikwv Kat Aopkwv  YAlkwv - Epeuvvnuiky Opada: Emotiqun Kat Mnyaviki
Mupaodaleiag, IxoAr Mnxavikwv Kot ApXITEKTOVIKNG Tou Mavemiotnuiou tng Favéng,
Universiteit Gent - UGent) Atav : EKPPAOTE ML EMIOTNMOVLK) YVWHN OXETIKA HUE TNV
gykupotnTa tng HeB6Sou CFD ywa xprion otnv avaAlucn Tou NG Tupoodalpag Tou
epdaviotnke PeTa tn clykpouon dU0 TPEVWY OTO aTUXNUA TwV Tepnwy otnv EAAada otig 28
QOeBpouapiov 2023. ZntoUpevo ATAV N yvwudteuvon e€av n péBodog CFD, kal ToO
OUYKEKPLUEVO TIOKETO AOYLOUIKOU, €ival KatdAAnAo wG epyoAeio Kal Mmopel va
XpnollomolnBel yia tn povtedomoinon Twv Gpuolkwy SLaSLKACLWY TTOU EUTAEKOVTAL OTO UTIO
e€€taon oevaplo. To Navemotipo g Favéng uméBale EKBECN OXETIKA LE TNV EMLOTNUOVLIKN
gykupoOTNTA TNG avaluong CFD ywa tn povtelomoinon tng avadAeéng tng mupoocdalpag.
AvaAuTikd (2.B.1 tng mapayyeAiog oag):
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Assessment of the validity of the use of CFD with FDS in the analysis of the Railway
accident on 28/02/2023 in Tempi (Greece) by HARSIA

As determined by the Greek accident investigation body HARSIA, the scenario under review is
the railway accident that took place in Tempi, Greece, on 28 February 2023. The accident
involved the collision of two trains (i.e., a passenger train and a freight train) and resulted in a
huge fire ball with severe number of casualties and damage. Based on the available information,
one of the involved investigators (Mr. Costas Lakafossis) has made an attempt to evaluate the
fire ball created in this accident with Computational Fluid Dynamics (CFD) using the Fire
Dynamics Simulator (FDS) code.

FDS (hitps://pages.nist.gov/fds-smv/) is a CFD code developed by the National Institute of
Standards and Technology (NIST) in the USA. FDS has been developed to simulate fire-related
scenarios involving low-speed flows (Mach < 0.3), with an emphasis on smoke and heat
transport from fires and is currently the state-of-the-art CFD code when it comes to fire modelling
and research in the context of fire safety engineering. The FDS documentation states™ “FDS is
designed for use solely by individuals with expertise in fluid dynamics, thermodynamics, heat
transfer, combustion, and fire science, and is intended only to supplement the informed judgment
of the qualified user. As a computer model, FDS may or may not accurately predict outcomes in
a given situation. Inaccurate predictions could lead to incorrect conclusions about fire safety.
Therefore, it is suggested that all CFD results should be evaluated by an informed user.”

In the past, FDS has been validated™ by NIST for a wide range of fire scenarios including, e.g.,
heat and smoke transport, fire plumes, liquid pool fires, compartment fires, tunnel fires, fire

)
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extinction, fire suppression, water sprays, flame spread and atmospheric dispersion among
others. The FDS validation guide in particular also contains cases with a fire ball and with spray
combustion (albeit at much smaller scale than the Tempi accident)™. Because FDS is only suited
for flows with Mach below 0.3, it is not suited for simulating explosions.

The UGent team (i.e., Dr. Georgios Maragkos and Prof. Bart Merci) has reviewed the available
information, as provided by Mr. Costas Lakafossis, concerning CFD simulations as performed
for the Tempi accident. The findings of the analysis as performed by the UGent team are:

1. There is an ‘initiating’ event, preceding the creation of the fire ball, visible as a flash in
the video footage. This initiating event is not known with sufficient detail for the UGent
team to be able to confirm that the use of FDS is suitable to model it.

2. Notwithstanding finding 1, the resulting observed fire ball, fire plume and pool fires are
all physical process for which CFD modelling with FDS is deemed suitable. The
observed fire ball, fire plume and pool fires also involve velocities that are well within the
range of validated applicability of FDS. If the fire ball was the result of the combustion
of a spray of liquid fuel droplets, FDS contains in principle all the necessary sub-models
to simulate such scenarios.

3. Given the many unknowns involved in the scenario (i.e., lack of clear video evidence,
lack of precise information about the available load on the freight train, and lack of
information on the exact atmospheric conditions (in particular wind), to name a few),
using FDS for reverse engineering of the Tempi accident in order to try and determine
the type and minimum required amount of fuel involved in the incident that led to the
observed fire ball, will inevitably involve a high degree of uncertainty. It is indeed very
likely that multiple different choices for the input data in the CFD simulations can lead to
a fire ball that resembles the video footage with a reasonable level of accuracy.

The analysis as presented above is the technical opinion of the UGent team, based on their
professional experience and expertise in the context of fire simulations with CFD, and based on
the available information as provided at the date of writing this report. The gs of the analysis
are the result of careful consideration of the available informatio are subject to change if
new information on the accident were to be disclosed.

Dr. Georgios Maragkos and Prof. Ba
Ghent University, Belgium

*K. McGrattan, S. Hostikka, J. Floyd, R. McDermott, M. Vanella, E. Muller, Fire Dynamics
Simulator Technical Reference Guide Volume 3: Validation, NIST Special Publication 1018-3
Sixth Edition (2024). —_

“Taken from FDS documentation: “Validation is a process to determine the appropriateness of =—

the governing equations as a mathematical model of the physical phenomena of interest and GH EN-I-
typically involves comparing model results with experimental measurement.” UN|VERS|TY

“Fire Dynamics Simulator (FDS) validation guide (accessed 15 January 2025):
https://github.com/firemodels/fds/releases/download/FDS-6.9.1/FDS_Validation_Guide.pdf
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‘Epyo B: Zninbnke va emnoAnBeutel OtL oL Tmpooopowwoel CFD  €xouv
TIAPAUETPOTIOLN Ol cWOTA KoL OTL £XOUV XpnoLpomnolnBet eVAoya Sedopéva eloodou.

(488) ...Autn n avaokomnon KatéAnée o€ ULl avOPOPA TIOU TIOPEIXE MLA TEXVIKNA
YVWUN CXETIKX UE TNV EYKUPOTNTA TWV UETABANTWY Kol TWV MAPAUETPWY YLa UOVTEAOTTOINON
mmou eiyav xpnoiuomolnBel uExpl Twpa OTIC TPooouolwoel¢ CFD, mpokeluévou va
avarnoapaydei 1o yeYovoC ONMWC KATAYPUEPNKE QIO TIC KAUEPEC WUE TA TILO PEAALOTIKA
oevapla...

AvoAutika (2.y/8 tng napayyeAiog oag):
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Disclaimer

The analysis presented below is the technical opinion of the UGent team (Dr. Georgios Maragkos and
Prof. Bart Merci), based on their professional experience and expertise in the context of fire simulations
with CFD, and based on the available information as provided at the date of writing this report. The
findings of the analysis are the result of careful consideration of the available information and are subject
to change if new information on the accident were to be disclosed.

No part of this report should be reproduced, distributed or communicated to any third party without prior
written permission. The authors do not accept any liability if this report is used for an alternative purpose
from which it is intended, nor to any third party in respect of this report.

—
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1 INTRODUCTION

After having analyzed the information, as made available by Mr. Costas Lakafossis, of the railway
accident that took place in Tempi, Greece, on 28 February 2023, the aim of this report is for the UGent
team (Dr. Georgios Maragkos and Prof. Bart Merci) to assess the validity of the CFD simulations that
have been performed for the scenario. The CFD code Fire Dynamics Simulator (FDS), version 6.8, was
used for the simulations of all the input files discussed in the report. The reviewed FDS input files are
presented in the appendix.

The choice of the CFD code itself is deemed reasonable because FDS is currently the state-of-the-art
CFD code, widely used for modelling of fire-related scenarios in the context of fire safety engineering.
The considered FDS version is also fairly recent and hence up-to-date (i.e., 6.9.1 is the latest version).
A detailed review of the different aspects (i.e., models, input data, boundary conditions, etc.) of the FDS
input files, as provided by Mr. Costas Lakafossis, that were used for the CFD simulations is presented
below. Emphasis is given on whether the choices made in the CFD simulations are reasonable and/or
verifiable, based on the available information for the Tempi accident as provided to the UGent team. In
the end, some general conclusions are provided for all the CFD scenarios considered.

2 ANALYSIS OF CFD SCENARIOS

A brief overview of the CFD scenarios reads:
v Scenario Case06_03: involves the release of liquid fuel (n-pentane) from two fire sources and
the formation of a fire ball,
v Scenario Case02_01_new: illustrates the ignition of a benzene fuel source,
v" Scenario Case04_05b: illustrates the lack of ignition of a silicone oil fuel source.

2.1 Scenario Case06_03

The main objective of this scenario is to estimate the total amount of fuel required in order to replicate
the fire ball as observed in the video footage.

* Size of computational domain (length x width x height): 160 m x 100 m x 80 m.

This is deemed a reasonable and verifiable choice based on the available video footage (i.e.,
the maximum diameter of the fire ball, as observed from the video, is on the order of 80 m).
Therefore, the size of the domain is considered large enough to enable the undisrupted injection
of fuel and the creation of the fire ball.

* Geometry: Two different fire sources are considered. The primary fire source injects fuel
horizontally towards an inclined surface placed approximately 2 m away. A second fire source,
positioned 10 m upstream of the primary fire source, injects fuel with a 45° angle upward.

From the video footage and other information on the Tempi accident, as made available to the
UGent team, it cannot be verified whether the chosen geometry resembles, to within a
reasonable degree of accuracy, what actually occurred in reality during the Tempi accident. In
addition, it is unclear why the second fire source, injecting fuel in the same direction as the
primary fire source (but from 10 m upstream), is needed in the simulations.

—
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¢ Grid size: Local grid refinement (i.e., stretched 0.25 m x 0.25 m x 0.1 m grid size close to the
fire sources and uniform 0.5 m grid size away from the fire sources).

An overview of the considered local grid refinement and the cell size near the fuel sources is
presented in Figure 1. In general, the use of cubic (uniform) cells is recommended in order to
accurately capture turbulence and mixing which will, in turn, affect combustion. The use of local
grid refinement and stretched cells can potentially affect the CFD solution (i.e., particularly in
locations where there is a big jump in grid sizes). The aspect ratio (2.5) is higher than the value
that can potentially lead to numerical instabilities as mentioned in the FDS documentation (i.e.,
a value of 2 is mentioned in the FDS user’s guide [1]). Combined with some velocity oscillations
observed in the flow field (see comment later), it is unclear whether the chosen mesh and grid
sizes are reasonable to accurately simulate the scenario. Ideally, a grid sensitivity study needs
to be performed to illustrate that the CFD predictions are grid-insensitive (i.e., the grid size does
not significantly affect the shape/size of the predicted fire ball). Justification of the appropriate
grid size can also be made a priori and a posteriori based on widely accepted criteria and
metrics from the literature.

(@) (b)
Figure 1. lllustration of the (a) computational domain / mesh and (b) local grid refinement region
used in the simulation of scenario Case06_03.

¢ Running time: 30 s.

This is deemed a reasonable choice. The prescribed running time is sufficiently long to simulate
the injection of the fuel and for the creation of the fire ball. The chosen value would have also
been sufficient for having an established wind profile over the entire domain. However, this was
not considered in the simulations (see point on “Initial conditions - Velocity” below).

¢ Model selection: default FDS models (in VLES mode).

This is deemed a reasonable choice. FDS using the default models has been validated by NIST
for a wide range of fire scenarios [2].

« Initial conditions
o Ambient temperature: default FDS value (i.e., 20°C).

Given the time and date of the accident (i.e., 28 Feb 2023 — at approximately 23:21
EET) and the available meteorological data from nearby weather stations (i.e., Larissa),
the choice is not deemed entirely reasonable, as ambient temperature was most likely
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much lower. However, the impact of this parameter on the actual shape/size of the fire
ball is not expected to be significant.

o Velocity: still air (0 m/s).

This is not deemed a reasonable choice. As a consequence of this choice, there is no
established wind-induced flow field inside the computational domain at the moment of
the first fuel injection (see Figure 2). The simulation should allow for at least 1 flow
through time to allow for any initial transient effects to have left the computational
domain. Hence, the fuel injection inside the computational domain should ideally start
after at least t =L/u = (160m) x (10 m/s) = 16 s or when the wind-induced flow
field has visibly reached the right side of the computational domain.

—— ]
Figure 2. Velocity profile inside the computational domain just before the first fuel

injection in the simulation of scenario Case06_03.
o Relative humidity: default FDS value (i.e., 40%).

Given the time and date of the accident (i.e., 28 Feb 2023 — at approximately 23:21
EET) and the available meteorological data from nearby weather stations (i.e., Larissa),
the choice is not deemed entirely reasonable, as the relative humidity was most likely
higher. However, the impact of this parameter on the actual shape/size of the fire ball
is not expected to be significant.

¢ Boundary conditions
o Velocity: prescribed constant and uniform velocity of 10 m/s over one boundary of the
computational domain.

The modelling of the wind is not very realistic and hence is not deemed reasonable:
there is no consideration of velocity variation as a function of height (although this is
typically accounted for in atmospheric type of flows); and no velocity fluctuations are
applied at the boundary to represent the turbulence in the wind velocity profile.
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Moreover, the modelling of the wind profile in the simulations can have a noticeable
and potentially significant effect on the predicted shape/size of the fire ball. This aspect
requires further attention and would require a sensitivity study, using different
approaches for modelling wind in the simulations.

The imposed wind velocity magnitude cannot be verified due to lack of officially
recorded meteorological data at the exact location of the accident. Rather, the wind
velocity magnitude has been estimated from testimonies of people present in the
accident [3] which, inevitably, introduces a high degree of uncertainty. The imposed
velocity magnitude is expected to have a significant effect on the predicted shape/size
of the fire ball. This aspect requires further attention and would require a sensitivity
study, using different wind velocity values in the simulations.

In addition, some (unphysical) velocity oscillations are observed in the simulations near
the fuel sources and at the height of the local grid refinement. This could be related to
the aspect ratio of the cells, as mentioned above. An illustration of such oscillations,
taken at time ¢ = 5 s in the simulations, is presented in Figure 3. These oscillations
have been observed during the entire time period before fuel injection occurs, and it is
unclear what effect they have on the predicted shape/size of the fire ball.

Figure 3. lllustration of some (unphysical) velocity oscillations near the fuel sources
during the simulation of scenario Case06_03 (photo taken at time t = 5 s).

o  Fuel: liquid n-pentane (CgH,;5).

The choice of liquid n-pentane as a potential fuel is deemed reasonable. Given the way
FDS handles combustion (i.e., use of infinitely fast chemistry), setting the auto-ignition
temperature (AIT) of the fuel to 0°C, as was done in the simulations, will essentially
allow for the ignition and combustion of any combustible (liquid/gas) fuel introduced in
the CFD simulations. This type of modelling can be considered reasonable if ignition is
not the main focus of the work but instead the goal is to roughly estimate the total
amount of fuel that could result in the fire ball as observed in the video footage.
However, this type of modelling cannot be used for reverse engineering in order to
determine what type of fuel was present during the scenario, nor as to whether a certain
(liquid/gas) fuel would ignite or not. According to [4], the heat of combustion for liquid
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n-heptane is AH,. = 42 M]/kg, the CO yield in well-ventilated combustion is y., =
0.008, and the soot yield is y,,,. = 0.033 for n-pentane. While the choice for the heat
of combustion is reasonable (i.e., 44 M]/kg), significantly higher values have been
assigned for the CO (i.e., 0.05) and soot (i.e., 0.1) yields in the CFD simulations.
Nevertheless, the choice of these parameters is not expected to have a significant
effect on the predictions of the resulting shape/size of the fire ball.

o Fuel injection method: prescribed particle mass flux (with droplets with a constant
diameter of 500 uym) from a given area with a specified injection velocity. Primary
injection velocity with a particle mass flux of 4273.5 kg/m?/s from a 0.3 m? area (with
an injection velocity of 20 m/s) and a secondary injection with a particle mass flux of
952.3 kg/m?/s from a 0.3 m? area (with an injection velocity of approximately 10 m/s
with a 45° angle upward).

The case is essentially modelled as a spray combustion scenario (i.e., injected liquid
n-pentane droplets with a given velocity). Given the unknowns and uncertainties
involved in the Tempi accident, it cannot be verified whether it is a reasonable choice
or not. It is also unclear whether the considered fuel injection areas (i.e., 1.5 mx 0.2 m
= 0.3 m?) are a reasonable choice for the scenario at hand. The choice of 500 um as
droplet diameter can be considered reasonable for large (coarse) spray droplets.
However, a sensitivity study on this choice would be needed to demonstrate that this
parameter does not (significantly) affect the resulting shape/size of the fire ball.

Estimation of the total injected fuel mass inside the computational domain (based on
the input data of the Case06_03.fds file in the appendix):

= Primary fuel source: m; = m;At; = 4273.5 %x 0.3m? x 1.25s = 1600 kg
*  Secondary fuel source: m, = m,A,t, = 952.3 %x 0.3m? x 3.5s = 1000 kg

»  Total mass: m = m, +m, = 1600 kg + 1000 kg = 2600 kg

Based on an empirical correlation for fire balls [5], approximately 2600 kg would be
needed to produce a spherical fire ball with a maximum diameter of 80 m (i.e., size
similar to the one observed in the video footage of the Tempi accident [3]). This value
is comparable to the total amount of fuel used in the simulations, hence, it is deemed
a reasonable choice/starting point for the CFD study. Nevertheless, the potential
impact of the considered total amount of fuel in the simulations on the shape/size of
the fire ball needs to be demonstrated. A brief sensitivity study on this aspect, carried
out by the UGent team, using half and double the amount of fuel, did not reveal
significant qualitative differences in the resulting shape/size of the fire ball. Thus, CFD
is a valuable tool for providing a rough estimate of the potential total amount of fuel
required to replicate the fire ball, as observed in the video footage, but it cannot be
easily used to precisely determine it. It also remains unclear whether the treatment of
the fire source as a spill plume (i.e., without high injection velocity) would resemble (or
not) the results obtained with current fuel injection method.

Notes: Simulations with the provided FDS input files give rise to some warnings that require attention:
* WARNING: Problem with units compatibility of SPATIAL_STATISITIC VOLUME INTEGRAL
with the QUANTITY MASS FRACTION
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2.2 Scenario Case02_01_new and scenario Case04_05b

The main objective of these two scenarios is to illustrate that the consideration of a benzene fire source
can ignite and replicate the observed fire ball in the video footage, while a silicone oil fire source would
fail to ignite. Hence, these two scenarios are discussed and analyzed together in this section.

In scenario Case02_01_new, liquid benzene fuel is injected horizontally froma (2 m x 1.5 m =3 m?)
fire source with a prescribed mass flux. The injected fuel flows above a horizontal heat source (gas
temperature above the heat source > 500°C), positioned approximately 2.5 m away, in order to ignite
the fuel. In scenario Case04_05b, liquid silicone oil droplets are injected horizontally froma (2mx 1.5
m = 3 m?) fire source with a prescribed particle mass flux and a given velocity. The injected fuel droplets
hit a vertical surface, positioned approximately 2.5 m away, which acts as a heat source (gas
temperature near the heat source > 500°C) in order to ignite them. The geometry of the fuel and heat
sources in the two scenarios is presented in Figure 4. The scenario involving the benzene fire source
(Case02_01_new) successfully ignites and creates a large horizontal fire ball. On the other hand, the
scenario involving the silicone oil fire source (Case04_05b) does not ignite.

annn o - T T :i

(a) (b)
Figure 4. Mesh and geometry of the fire and heat sources used in the simulations for scenario (a)
Case02_01_new and (b) Case04_05b.

The comments and analysis regarding the size of computational domain, running time, model selection,
initial conditions and boundary conditions (for velocity only), as previously reported for the Case06_03
file, also apply here as well. It is noted that the computational domain for the benzene case
(Case02_01_new) has a height of 60 m (not 80 m as the previous cases), but that is not an important
issue because the resulting fire ball is issued horizontally. A uniform grid size (0.5 cm) is used in both
scenarios. This choice can be considered reasonable for simulating large-scale fires or pollutant
dispersion scenarios but can be potentially (too) coarse for accurately simulating spray combustion
scenarios involving ignition and fire sources with limited number of cells across their diameter. A grid
sensitivity study would be required to demonstrate that the CFD predictions are indeed grid-insensitive
(i.e., the grid size does not significantly affect the ignition and the shape/ size of the predicted fire ball).

The main comments after reviewing the two above-discussed FDS input files are the following:

* The benzene scenario (Case02_01_new) does not use exactly the same setup as the silicone
oil scenario (Case04_05b) (see Figure 4). More specifically, there is difference between a
horizontal hot surface and a vertical hot surface for ignition. Hence, a direct comparison
between the two scenarios is effectively impossible. In order to make a fair comparison, the
exact same setup is required, with only the fuel changed.
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+ The way the heat source has been set up in the simulations of both scenarios (Case02_01_new
and Case04_05b) is not the most typical approach used in modelling (i.e., not imposing a
surface temperature but rather a heat flux). More specifically, a net heat flux of 1000 kW/m?
and a heat transfer coefficient of 1000 W/m?/K have been defined, which led to a maximum
surface temperature at the heat source on the order of 1700°C. The resulting gas temperature
in the vicinity of the heater surface is then on the order of 500°C or higher. The resulting surface
temperature, and subsequent gas temperature in its vicinity, as well as the duration of the heat
source, are important with respect to fuel ignition. It is unclear whether the current way of
modelling the fuel ignition is realistic, based on what actually happened during the accident.
Ideally, a sensitivity study on the influence of the heat source temperature needs to be
performed, considering a range of values that could have occurred during the accident due to,
e.g., external heat source, sparks due to collision, or other.

+ The auto-ignition temperature (AlT), a parameter defined in the FDS input file, corresponds to
the physical AIT in case of spontaneous ignition (i.e., in the absence of an ignition source). In
the context of the Tempi train accident, piloted ignition of the fire ball is deemed likely (i.e., due
to hot sparks due to the high mechanical friction due to the impact, or due to an initial small
flame). In such cases, the AIT parameter should ideally be lowered to the fire point of the fuel,
in order to mimic the presence of the pilot ignition source. The value for the AIT parameter used
for benzene in scenario Case02_01_new (298°C) is much higher than the range of fire points
reported in the literature [4] and hence is a conservative choice (i.e., if ignition is observed in
the simulations, then ignition is to be expected in reality as well). The value used for silicone oil
in scenario Case04_05b, though, is 450°C, whereas the silicone oil (Bayer Baysilone M50 EL)
used in the transformers of the trains has a reported fire point of approximately 350°C [6]. This
is not a conservative choice, and hence this is not deemed a reasonable choice. Moreover,
simulations of scenario Case04_05b, with exactly the same setup and only changing the AIT
value from 450°C to 350°C, leads to ignition of the silicone oil fuel source (simulations carried
out by the UGent team). It should be noted that if the accident was supposed not to involve a
pilot ignition, and hence the AIT parameter should indeed correspond to the auto-ignition
temperature of the fuel (and not its fire point), the value of 298°C chosen for benzene is
significantly lower than the value reported in the literature (i.e., 560°C [4]). With the latter value,
the benzene fire source in scenario Case02_01_new with the exact same input file does not
ignite (simulations carried out by the UGent team). In short, if the AIT parameter is given a
realistic value of the real AIT as reported in the literature, neither benzene nor silicone oil ignite
in the simulations with the set-up at hand. On the other hand, if a realistic value for the fire point
is used for the AIT parameter in the simulations, both fuels ignite with the set-up at hand.

* The prescribed critical flame temperature for both fuels (i.e., Topr = 1900°C) appears to be
significantly higher than the ones reported in the literature (e.g., Terr = 1537°C [4] for benzene).
Hence this is not deemed a reasonable choice. Even though the effect of this parameter is
deemed to be less important than the prescribed AIT value, a sensitivity study on the influence
of this parameter should also be considered in the simulations.

In general, the ignition source (i.e., the gas temperature in its vicinity) will be important with respect to
(liquid/gas) fuel ignition. The CFD user should be aware of the importance of the AIT parameter in the
modelling with FDS. It is worth noting that FDS suggests decreasing the AIT value in case of very
coarse meshes (e.g., cell size >10 cm) in the simulations because naturally the flame temperature
cannot be accurately predicted on such grids. The grid used in the simulations of both scenarios is
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much coarser (i.e., 50 cm). There are also other important modelling aspects (e.g., related to radiation
and extinction modelling among others) to consider when modelling ignition of (liquid/gas) fuels.

Notes: Simulations with the provided FDS input files give rise to some warnings that require attention:
*  WARNING: SPEC SiliconOil_SimpleFormula is not in the table of pre-defined species. Any
unassigned SPEC variables in the input were assigned the properties of nitrogen.
* WARNING: Droplet heat transfer is not predicted when a droplet is on a SURF with a specified
ADIABATIC, NET_HEAT_FLUX, or CONVECTIVE_HEAT_FLUX.
« WARNING: Problem with units compatibility of SPATIAL_STATISITIC VOLUME INTEGRAL
with the QUANTITY MASS FRACTION

3 CONCLUSIONS

A brief summary of the main conclusions of the report reads:

+ The version (6.8) of FDS with the current input file (Case06_03) could in principle be used for
reverse engineering in order to roughly estimate the required amount of fuel involved in the
incident that led to the observed fire ball. However, it must be acknowledged that there are
several significant uncertainties, including the wind conditions and the location, size, type and
injection method of the initial fire source(s), among others.

+ Determination of the amount of fuel that led to the fire ball (or a range of possible values for the
amount of fuel) from CFD simulations requires a more comprehensive sensitivity study than
what has been provided to the UGent team for review.

+ The following settings are not deemed suitable, with potentially significant impact on the CFD
simulation results, and require further investigation in the simulations:
o grid cell size in all scenarios,
o velocity boundary condition and fuel injection method in scenario Case06_03,
o AIT parameter and heat source characteristics in scenarios Case02_01_new and
Case04_05b.

+ The following settings are not deemed suitable, with expected only little impact on the CFD
simulation results, and it is recommended to adjust these settings in future CFD simulations:
o ambient temperature and relative humidity in all scenarios,
o time of fuel injection in scenario Case06_03,
o critical flame temperature in scenarios Case02_01_new and Case04_05b.

* Given the overall uncertainties, it is not deemed possible to determine the type of (liquid/gas)
fuel that led to the fire ball with a reasonable degree of reliability from the CFD simulations.

» Theignition of a (liquid/gaseous) fuel will strongly depend on the initial and boundary conditions
of the problem, the type and characteristics of the ignition source, as well as on the defined
thermophysical properties of the fuels and the selected models in the CFD simulations. With
the current setups (Case02_01_new, Case04_05b), no concrete statements regarding the
potential ignition (or not) of liquid fuels can be made. A more comprehensive sensitivity study
is needed by incorporating the correct thermophysical properties of the fuels and by examining
the influence of the heat source, among others.
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APPENDIX: FDS INPUT FILES

The FDS input files which were reviewed in the report are included in this section.

e Scenario Case06 03
&HEAD CHID='Case06_03"/
&TIME T_END=30.0/
&DUMP DT_RESTART=10.0, DT_SL3D=0.25/

&MESH ID="MESH-01", |JK=40,80,160, XB=-40.0,-20.0,-90.0,-50.0,0.0,80.0, MPI_PROCESS=0/
&MESH ID="MESH-02', JK=40,80,160, XB=-40.0,-20.0,-50.0,-10.0,0.0,80.0, MPI_PROCESS=1/
&MESH ID="MESH-03', |JK=40,80,160, XB=-40.0,-20.0,-10.0,30.0,0.0,80.0, MPI_PROCESS=2/
&MESH ID="MESH-04', |JK=40,80,160, XB=-40.0,-20.0,30.0,70.0,0.0,80.0, MPI_PROCESS=3/
&MESH ID="MESH-05", JK=40,80,160, XB=-20.0,0.0,-90.0,-50.0,0.0,80.0, MPI_PROCESS=4/
&MESH ID="MESH-06", |JK=40,80,160, XB=-20.0,0.0,-50.0,-10.0,0.0,80.0, MPI_PROCESS=5/
&MESH ID="MESH-07", IJK=40,80,160, XB=-20.0,0.0,-10.0,30.0,0.0,80.0, MPI_PROCESS=6/
&MESH ID="MESH-08', |JK=40,80,160, XB=-20.0,0.0,30.0,70.0,0.0,80.0, MPI_PROCESS=7/
&MESH ID="MESH-09', IJK=40,80,160, XB=0.0,20.0,-90.0,-50.0,0.0,80.0, MPI_PROCESS=8/
&MESH ID="MESH-10', 1JK=40,80,160, XB=0.0,20.0,-50.0,-10.0,0.0,80.0, MPI_PROCESS=9/
&MESH ID="MESH-11", |JK=40,80,160, XB=0.0,20.0,-10.0,30.0,0.0,80.0, MPI_PROCESS=10/
&MESH ID="MESH-12-01", IJK=80,160,100, XB=0.0,20.0,30.0,70.0,0.0,10.0, MPI_PROCESS=11/
&MESH ID="MESH-12-02', IlJK=40,80,140, XB=0.0,20.0,30.0,70.0,10.0,80.0, MPI_PROCESS=11/
&MESH ID="MESH-13', |JK=40,80,160, XB=20.0,40.0,-90.0,-50.0,0.0,80.0, MPI_PROCESS=12/
&MESH ID="MESH-14', [JK=40,80,160, XB=20.0,40.0,-50.0,-10.0,0.0,80.0, MPI_PROCESS=13/
&MESH ID="MESH-15', [JK=40,80,160, XB=20.0,40.0,-10.0,30.0,0.0,80.0, MPI_PROCESS=14/
&MESH ID="MESH-16", IJK=40,80,160, XB=20.0,40.0,30.0,70.0,0.0,80.0, MPI_PROCESS=15/
&MESH ID="MESH-17", |JK=40,80,160, XB=40.0,60.0,-90.0,-50.0,0.0,80.0, MPI_PROCESS=16/
&MESH ID="MESH-18', |JK=40,80,160, XB=40.0,60.0,-50.0,-10.0,0.0,80.0, MPI_PROCESS=17/
&MESH ID="MESH-19', [JK=40,80,160, XB=40.0,60.0,-10.0,30.0,0.0,80.0, MPI_PROCESS=18/
&MESH ID="MESH-20', |JK=40,80,160, XB=40.0,60.0,30.0,70.0,0.0,80.0, MPI_PROCESS=19/

&PART ID='"NAPHTHADrops',
SPEC_ID="N-PENTANE',
DIAMETER=500.0,
MONODISPERSE=.TRUE.,
QUANTITIES='PARTICLE VELOCITY",
AGE=10.0/

&REAC ID="NAPHTHA-TK,
FUEL='N-PENTANE,
AUTO_IGNITION_TEMPERATURE=0.0,
CO_YIELD=0.05,

SOOT_YIELD=0.1,
HEAT_OF_COMBUSTION=4 4E+4/

&SURF ID="AirBlow',
RGB=26,114,176,

VEL=-10.0,
_—
[ TITLE PAGE
M\IT HARSIA project - Task 2 report 13/21
UNIVERSITY

CULOAZAAIVI - NUIPp//www.ndrsid.gr

Sel. 58 amno 74


http://www.harsia.gr/

TAU_V=-1.0/

&SURF ID='BlowNAPHTHA',
RGB=26,74,25,
VEL=-20.0,
RAMP_V="BlowNAPHTHA_RAMP_V',
MASS_FRACTION=1.0,
SPEC_ID="N-PENTANE',
TAU_MF=1.0,
PART_ID='NAPHTHADrops',
NPPC=10,
PARTICLE_MASS_FLUX=4273.5,
RAMP_PART='BlowNAPHTHA_RAMP_PART"

&RAMP ID="BlowNAPHTHA_RAMP_V', T=10.0, F=0.0/
&RAMP ID="BlowNAPHTHA_RAMP_V', T=10.1, F=1.0/
&RAMP |D="BlowNAPHTHA_RAMP_V', T=10.6, F=1.0/
&RAMP ID="BlowNAPHTHA_RAMP_V', T=12.0, F=0.0/
&RAMP ID="BlowNAPHTHA_RAMP_PART', T=10.0, F=0.0/
&RAMP |D="BlowNAPHTHA_RAMP_PART', T=10.1, F=1.0/
&RAMP |D="BlowNAPHTHA_RAMP_PART', T=10.6, F=1.0/
&RAMP ID="BlowNAPHTHA_RAMP_PART', T=12.0, F=0.0/

&SURF ID="BlowNAPHTHA_2nd',
RGB=26,155,15,
VEL=-7.1,
RAMP_V="BlowNAPHTHA_2nd_RAMP_V/",
VEL_T=0.0,7.1,
MASS_FRACTION=1.0,
SPEC_ID='N-PENTANE',
TAU_MF=1.0,
PART_ID='NAPHTHADrops',
NPPC=10,
PARTICLE_MASS_FLUX=952.3,
RAMP_PART='BlowNAPHTHA_2nd_RAMP_PART"

&RAMP ID="BlowNAPHTHA_2nd_RAMP_V', T=12.0, F=0.0/
&RAMP ID="BlowNAPHTHA_2nd_RAMP_V', T=12.1, F=1.0/
&RAMP ID="BlowNAPHTHA_2nd_RAMP_V', T=15.9, F=1.0/
&RAMP |D="BlowNAPHTHA_2nd_RAMP_V', T=16.0, F=0.0/
&RAMP |D="BlowNAPHTHA_2nd_RAMP_PART', T=12.0, F=0.0/
&RAMP ID="BlowNAPHTHA_2nd_RAMP_PART', T=12.5, F=1.0/
&RAMP ID="BlowNAPHTHA_2nd_RAMP_PART', T=15.5, F=1.0/
&RAMP ID="BlowNAPHTHA_2nd_RAMP_PART', T=16.0, F=0.0/

&OBST ID='Barrel', XB=10.5,12.0,48.0,49.5,0.8,1.0/
&OBST ID='Barrel', XB=10.5,12.0,58.0,59.5,0.8,1.0/
&OBST ID='wall 30deg.stl', XB=10.25,12.25,45.75,46.0,0.0,0.0/
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&OBST ID="'wall 30deg.stl', XB=10.25,12.25,45.75,46.0,0.2,0.2/
&OBST ID='wall 30deg.stl', XB=10.25,12.25,45.5,45.75,0.5,0.5E/
&OBST ID="'wall 30deg.stl', XB=10.25,12.25,45.5,45.75,0.7,0.7/
&OBST ID='wall 30deg.stl', XB=10.25,12.25,45.25,45.5,0.9,0.9/
&OBST ID='wall 30deg.stl', XB=10.25,12.25,45.25,45.5,1.1,1.1E/
&OBST ID="'wall 30deg.stl', XB=10.25,12.25,45.0,45.25,1.3,1.3/
&0OBST ID='wall 30deg.stl', XB=10.25,12.25,45.0,45.25,1.5,1.5/
&OBST ID='wall 30deg.stl', XB=10.25,12.25,46.0,46.0,0.0,0.2/
&OBST ID='wall 30deg.stl', XB=10.25,12.25,45.75,45.75,0.0,0.7/
&OBST ID="'wall 30deg.stl', XB=10.25,12.25,45.5,45.5,0.5,1.1/
&OBST ID='wall 30deg.stl', XB=10.25,12.25,45.25,45.25,0.9,1.5/
&OBST ID='wall 30deg.stl', XB=10.25,12.25,45.0,45.0,1.3,1.7/
&OBST ID="wall 30deg.stl', XB=10.25,10.25,45.75,46.0,0.0,0.2/
&0OBST ID='wall 30deg.stl', XB=10.25,10.25,45.5,45.75,0.5,0.7/
&0OBST ID='wall 30deg.stl', XB=10.25,10.25,45.25,45.5,0.9,1.1/
&0OBST ID='wall 30deg.stl', XB=10.25,10.25,45.0,45.25,1.3,1.5/
&OBST ID='wall 30deg.stl', XB=12.25,12.25,45.75,46.0,0.0,0.2
&OBST ID="wall 30deg.stl', XB=12.25,12.25,45.5,45.75,0.5,0.7/
&OBST ID='wall 30deg.stl', XB=12.25,12.25,45.25,45.5,0.9,1.1/
&OBST ID='wall 30deg.stl', XB=12.25,12.25,45.0,45.25,1.3,1.5/

&VENT ID='NAPTHAvent01', SURF_ID='"BlowNAPHTHA', XB=10.5,12.0,48.0,48.0,0.8,1.0/
&VENT ID='Vent01', SURF_ID="OPEN', XB=-40.0,60.0,-90.0,70.0,80.0,80.0/

&VENT ID="Vent02', SURF_ID="OPEN', XB=60.0,60.0,-90.0,70.0,0.0,80.0/

&VENT ID="Vent03', SURF_ID="OPEN', XB=-40.0,60.0,-90.0,-90.0,0.0,80.0/

&VENT ID='Vent04', SURF_ID="OPEN', XB=-40.0,-40.0,-90.0,69.75,0.0,79.75/

&VENT ID="Vent05', SURF_ID="AirBlow', XB=-40.0,60.0,70.0,70.0,0.0,80.0/

&VENT ID='NAPTHAvent02', SURF_ID='"BlowNAPHTHA_2nd', XB=10.5,12.0,58.0,58.0,0.8,1.0/

&SLCF QUANTITY=TEMPERATURE', ID="Temp', PBY=15.0/

&SLCF QUANTITY="VELOCITY', VECTOR=.TRUE., ID="'Air', PBY=15.0/

&SLCF QUANTITY="VELOCITY', VECTOR=.TRUE., ID='AirX', PBX=11.5/

&SLCF QUANTITY="VOLUME FRACTION', SPEC_ID="N-PENTANE', ID="NAPHTHA', PBY=15.0/
&SLCF QUANTITY="VOLUME FRACTION', SPEC_ID="N-PENTANE', ID="NAPHTHA', PBX=11.5/

&DEVC ID="[Species: N-PENTANE] Volume Fraction_MEAN', QUANTITY="VOLUME FRACTION',
SPEC_ID='"N-PENTANE', SPATIAL_STATISTIC='"MEAN', XB=0.0,1.0,0.0,1.0,0.0,1.0/

&DEVC ID="[Species: N-PENTANE] Volume Fraction_VOLUME MEAN', QUANTITY="VOLUME
FRACTION', SPEC_ID='N-PENTANE', SPATIAL_STATISTIC="VOLUME MEAN',
XB=0.0,1.0,0.0,1.0,0.0,1.0/

&DEVC ID="[Species: N-PENTANE] Volume Fraction_MAX', QUANTITY="VOLUME FRACTION',
SPEC_ID='"N-PENTANE', SPATIAL_STATISTIC='MAX', XB=0.0,1.0,0.0,1.0,0.0,1.0/

&DEVC ID="[Species: N-PENTANE] Mass Flux_MEAN', QUANTITY='MASS FLUX', SPEC_ID='N-
PENTANE', SPATIAL_STATISTIC='MEAN', XB=0.0,1.0,0.0,1.0,0.0,1.0/

&DEVC ID="[Species: N-PENTANE] Mass Flux_MAX', QUANTITY="MASS FLUX', SPEC_ID='N-
PENTANE', SPATIAL_STATISTIC="MAX', XB=0.0,1.0,0.0,1.0,0.0,1.0/
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T TITLE PAGE
GHENT HARSIA project - Task 2 report 15/21
UNIVERSITY

EOAAZAAM - http://www.harsia.gr

2el. 60 amno 74


http://www.harsia.gr/

&DEVC ID="[Species: N-PENTANE] Mass Fraction_VOLUME INTEGRAL', QUANTITY="MASS
FRACTION', SPEC_ID="N-PENTANE', SPATIAL_STATISTIC="VOLUME INTEGRAL',
XB=0.0,1.0,0.0,1.0,0.0,1.0/

&DEVC ID="[Species: N-PENTANE] Mass Fraction_MASS INTEGRAL', QUANTITY="MASS
FRACTION', SPEC_ID="N-PENTANE', SPATIAL_STATISTIC="MASS INTEGRAL',
XB=0.0,1.0,0.0,1.0,0.0,1.0/

&DEVC ID="[Species: N-PENTANE] Mass Fraction_MEAN', QUANTITY="MASS FRACTION',
SPEC_ID="N-PENTANE', SPATIAL_STATISTIC="MEAN', XB=0.0,1.0,0.0,1.0,0.0,1.0/

&TAIL /

+ Scenario Case02 01 new
Case02_01_new.fds
Generated by PyroSim 2023.3.1206
6 louA 2024, 11:38:51 ..

&HEAD CHID='Case02_01_new!/

&TIME T_END=30.0/

&DUMP DT_RESTART=10.0, DT_SL3D=0.25/
&MISC CFL_MAX=0.8/

&MESH ID='"MESH-01', IJK=40,80,120, XB=-40.0,-20.0,-90.0,-50.0,0.0,60.0, MPI_PROCESS=0/
&MESH ID="MESH-02', 1JK=40,80,120, XB=-40.0,-20.0,-50.0,-10.0,0.0,60.0, MPI_PROCESS=1/
&MESH ID='"MESH-03', 1JK=40,80,120, XB=-40.0,-20.0,-10.0,30.0,0.0,60.0, MPI_PROCESS=2/
&MESH ID="MESH-04', 1JK=40,80,120, XB=-40.0,-20.0,30.0,70.0,0.0,60.0, MPI_PROCESS=3/
&MESH ID='MESH-05', 1JK=40,80,120, XB=-20.0,0.0,-90.0,-50.0,0.0,60.0, MPI_PROCESS=4/
&MESH ID="MESH-06', 1JK=40,80,120, XB=-20.0,0.0,-50.0,-10.0,0.0,60.0, MPI_PROCESS=5/
&MESH ID='"MESH-07", IJK=40,80,120, XB=-20.0,0.0,-10.0,30.0,0.0,60.0, MPI_PROCESS=6/
&MESH ID='"MESH-08', IJK=40,80,120, XB=-20.0,0.0,30.0,70.0,0.0,60.0, MPI_PROCESS=7/
&MESH ID="MESH-09', IJK=40,80,120, XB=0.0,20.0,-90.0,-50.0,0.0,60.0, MPI_PROCESS=8/
&MESH ID='MESH-10', IJK=40,80,120, XB=0.0,20.0,-50.0,-10.0,0.0,60.0, MPI_PROCESS=9/
&MESH ID='MESH-11', IJK=40,80,120, XB=0.0,20.0,-10.0,30.0,0.0,60.0, MPI_PROCESS=10/
&MESH ID='MESH-12', IJK=40,80,120, XB=0.0,20.0,30.0,70.0,0.0,60.0, MPI_PROCESS=11/
&MESH ID="MESH-13', IJK=40,80,120, XB=20.0,40.0,-90.0,-50.0,0.0,60.0, MPI_PROCESS=12/
&MESH ID='"MESH-14', 1JK=40,80,120, XB=20.0,40.0,-50.0,-10.0,0.0,60.0, MPI_PROCESS=13/
&MESH ID="MESH-15', 1JK=40,80,120, XB=20.0,40.0,-10.0,30.0,0.0,60.0, MP|_PROCESS=14/
&MESH ID='"MESH-16', IJK=40,80,120, XB=20.0,40.0,30.0,70.0,0.0,60.0, MPI_PROCESS=15/
&MESH ID="MESH-17', IJK=40,80,120, XB=40.0,60.0,-90.0,-50.0,0.0,60.0, MPI|_PROCESS=16/
&MESH ID='"MESH-18', 1JK=40,80,120, XB=40.0,60.0,-50.0,-10.0,0.0,60.0, MPI_PROCESS=17/
&MESH ID="MESH-19', 1JK=40,80,120, XB=40.0,60.0,-10.0,30.0,0.0,60.0, MPI_PROCESS=18/
&MESH ID='"MESH-20', IJK=40,80,120, XB=40.0,60.0,30.0,70.0,0.0,60.0, MPI_PROCESS=19/

&SPEC ID='LiquidFuel', FYI="Liquid Benzene', FORMULA='C6HE', DENSITY_LIQUID=879.0,
SPECIFIC_HEAT_LIQUID=1.5, VAPORIZATION_TEMPERATURE=80.0,
MELTING_TEMPERATURE=5.0, HEAT_OF_VAPORIZATION=433.0/

&REAC ID="FDS6 BENZENE_TK,
FYI="FDS6 Predefined',
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FUEL='LiquidFuel,
CRITICAL_FLAME_TEMPERATURE=1900.0,
AUTO_IGNITION_TEMPERATURE=298.0,
CO_YIELD=0.067,

SOOT_YIELD=0.181,
HEAT_OF_COMBUSTION=4.01E+4/

&DEVC ID='"TIMER->OUT', QUANTITY='TIME', XYZ=-40.0,-90.0,0.0, SETPOINT=1.0/

&SURF ID="AirBlow’,
RGB=26,114,176,
VEL=-10.0,
TAU_V=-1.0/

&SURF ID="BlowLiquid",
RGB=204,204,0,
MASS_FLUX=600.0,
SPEC_ID='LiquidFuel,
RAMP_MF="BlowLiquid_ RAMP_MF'/

&RAMP |ID="BlowLiquid_RAMP_MF', T=10.0, F=0.0/
&RAMP ID="BlowLiquid_RAMP_MF', T=10.5, F=1.0/
&RAMP |ID="BlowLiquid_RAMP_MF', T=11.5, F=1.0/
&RAMP |ID="BlowLiquid_RAMP_MF', T=12.0, F=0.0/

&SURF ID='Flame',
COLOR='RED,
HEAT_TRANSFER_COEFFICIENT=1000,
NET_HEAT_FLUX=1000,
RAMP_Q="Flame_RAMP_Q/

&RAMP ID="Flame_RAMP_Q', T=0.0, F=0.0/
&RAMP ID='Flame_RAMP_Q', T=7.0, F=7.5/
&RAMP |ID='Flame_RAMP_Q', T=9.5, F=1.0/
&RAMP ID='"Flame_RAMP_Q', T=14.0, F=1.0/
&RAMP ID='"Flame_RAMP_Q', T=14.5, F=0.0/

&OBST ID="Barrel', XB=10.5,12.5,48.0,49.5,0.5,2.0/
&OBST ID="Obstruction', XB=11.0,12.0,44.5,45.5,5.551115E-17,0.4, SURF_ID="INERT"/

&VENT ID='BlowerVent', SURF_ID="BlowLiquid', XB=10.5,12.5,48.0,48.0,0.5,2.0/

&VENT ID="Vent01', SURF_ID="OPEN', XB=-40.0,60.0,-90.0,70.0,60.0,60.0/

&VENT ID="Vent02', SURF_ID="OPEN', XB=60.0,60.0,-90.0,70.0,0.0,60.0/

&VENT ID="Vent03', SURF_ID="OPEN', XB=-40.0,60.0,-90.0,-90.0,0.0,60.0/

&VENT ID='Vent04', SURF_ID="OPEN', XB=-40.0,-40.0,-90.0,70.0,0.0,60.0/

&VENT ID="Vent05', SURF_ID="AirBlow', XB=-40.0,60.0,70.0,70.0,0.0,60.0/

&VENT ID="Sparks', SURF_ID='Flame', XB=11.0,12.0,44.5,45.5,0.4,0.4, DEVC_ID='TIMER->OUT"/

&SLCF QUANTITY="TEMPERATURE', ID="Temp', PBY=45.0/
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&SLCF QUANTITY="VELOCITY', VECTOR=.TRUE., ID="Air', PBY=15.0/

&SLCF QUANTITY="VELOCITY', VECTOR=.TRUE., ID="AirX', PBX=11.5/

&SLCF QUANTITY="VOLUME FRACTION', SPEC_ID="LiquidFuel', ID='"Benzene', PBY=15.0/
&SLCF QUANTITY="VOLUME FRACTION', SPEC_ID="LiquidFuel', ID='"Benzene', PBX=11.5/
&SLCF QUANTITY="TEMPERATURE', ID="Slice', PBX=11.5/

&DEVC  ID='[Species: LiquidFuel] ~Mass Flux MEAN', QUANTITY='MASS  FLUX'
SPEC_ID="LiquidFuel', SPATIAL_STATISTIC='MEAN', XB=-40.0,60.0,-90.0,70.0,0.0,60.0/

&DEVC ID=[Species: LiquidFuel] Mass Flux_MAX', QUANTITY='MASS FLUX', SPEC_ID="LiquidFuel
SPATIAL_STATISTIC='MAX', XB=-40.0,60.0,-90.0,70.0,0.0,60.0/

&DEVC ID="[Species: LiquidFuel] Mass Fraction VOLUME INTEGRAL, QUANTITY='MASS
FRACTION', SPEC_ID="LiquidFuel', SPATIAL_STATISTIC='"VOLUME INTEGRAL', XB=-40.0,60.0,-
90.0,70.0,0.0,60.0/

&DEVC ID="[Species: LiquidFuel] Mass Fraction_MASS INTEGRAL', QUANTITY='MASS FRACTION',
SPEC_ID="LiquidFuel', SPATIAL_STATISTIC="MASS INTEGRAL', XB=-40.0,60.0,-90.0,70.0,0.0,60.0/

&TAIL /

. cenario €04 05b
Case04_05b.fds
Generated by PyroSim 2023.3.1206
6 Ak 2024, 6:19:40 11..

&HEAD CHID='Case04_05b'/
&TIME T_END=30.0/
&DUMP DT_RESTART=10.0, DT_SL3D=0.25/

&MESH ID='"MESH-01', IJK=40,80,160, XB=-40.0,-20.0,-90.0,-50.0,0.0,80.0, MPI_PROCESS=0/
&MESH ID="MESH-02', 1JK=40,80,160, XB=-40.0,-20.0,-50.0,-10.0,0.0,80.0, MPI_PROCESS=1/
&MESH ID='"MESH-03', IJK=40,80,160, XB=-40.0,-20.0,-10.0,30.0,0.0,80.0, MPI_PROCESS=2/
&MESH ID="MESH-04', 1JK=40,80,160, XB=-40.0,-20.0,30.0,70.0,0.0,80.0, MPI_PROCESS=3/
&MESH ID="MESH-05', 1JK=40,80,160, XB=-20.0,0.0,-90.0,-50.0,0.0,80.0, MPI_PROCESS=4/
&MESH ID='"MESH-06', 1JK=40,80,160, XB=-20.0,0.0,-50.0,-10.0,0.0,80.0, MPI_PROCESS=5/
&MESH ID='MESH-07', IJK=40,80,160, XB=-20.0,0.0,-10.0,30.0,0.0,80.0, MPI_PROCESS=6/
&MESH ID='"MESH-08', 1JK=40,80,160, XB=-20.0,0.0,30.0,70.0,0.0,80.0, MPI_PROCESS=7/
&MESH ID="MESH-09', IJK=40,80,160, XB=0.0,20.0,-90.0,-50.0,0.0,80.0, MPI_PROCESS=8/
&MESH ID='MESH-10', IJK=40,80,160, XB=0.0,20.0,-50.0,-10.0,0.0,80.0, MPI_PROCESS=9/
&MESH ID='MESH-11', IJK=40,80,160, XB=0.0,20.0,-10.0,30.0,0.0,80.0, MPI_PROCESS=10/
&MESH ID='"MESH-12', |JK=40,80,160, XB=0.0,20.0,30.0,70.0,0.0,80.0, MPI_PROCESS=11/
&MESH ID="MESH-13', 1JK=40,80,160, XB=20.0,40.0,-90.0,-50.0,0.0,80.0, MPI_PROCESS=12/
&MESH ID='"MESH-14', 1JK=40,80,160, XB=20.0,40.0,-50.0,-10.0,0.0,80.0, MPI_PROCESS=13/
&MESH ID='"MESH-15', 1JK=40,80,160, XB=20.0,40.0,-10.0,30.0,0.0,80.0, MPI_PROCESS=14/
&MESH ID='"MESH-16', IJK=40,80,160, XB=20.0,40.0,30.0,70.0,0.0,80.0, MPI_PROCESS=15/
&MESH ID='"MESH-17', 1JK=40,80,160, XB=40.0,60.0,-90.0,-50.0,0.0,80.0, MPI_PROCESS=16/
&MESH ID="MESH-18', 1JK=40,80,160, XB=40.0,60.0,-50.0,-10.0,0.0,80.0, MPI_PROCESS=17/
&MESH ID="MESH-19', 1JK=40,80,160, XB=40.0,60.0,-10.0,30.0,0.0,80.0, MPI_PROCESS=18/
&MESH ID='"MESH-20', |JK=40,80,160, XB=40.0,60.0,30.0,70.0,0.0,80.0, MPI_PROCESS=19/

——

T TITLE PAGE
GHENT HARSIA project - Task 2 report 18/21
UNIVERSITY

EOAAZAAM - http://www.harsia.gr

Sel. 63 amno 74


http://www.harsia.gr/

&SPEC  ID='SiliconQil_SimpleFormula’, FORMULA='C3H1001.5', DENSITY_LIQUID=963.0,
SPECIFIC_HEAT_LIQUID=1.46, VAPORIZATION_TEMPERATURE=150.0,
MELTING_TEMPERATURE=-50.0, HEAT_OF_VAPORIZATION=300.0/

&PART ID='SiliconQilDrops',
SPEC_ID="SiliconQOil_SimpleFormula’,
DIAMETER=500.0,
MONODISPERSE=.TRUE.,
QUANTITIES='"PARTICLE VELOCITY",
AGE=10.0/

&REAC ID="SiliconFuel_TK,
FUEL='SiliconQil_SimpleFormula',
CRITICAL_FLAME_TEMPERATURE=1900.0,
AUTO_IGNITION_TEMPERATURE=450.0,
CO_YIELD=4.0E-3,

SOOT_YIELD=0.2,
HEAT_OF_COMBUSTION=1.7E+4/

&DEVC ID="TIMER->OUT', QUANTITY="TIME', XYZ=-40.0,-90.0,0.0, SETPOINT=1.0/

&SURF ID="'AirBlow’,
RGB=26,114,176,
VEL=-10.0,
TAU_V=-1.0/

&SURF ID="Flame',
COLOR='RED,
HEAT_TRANSFER_COEFFICIENT=1000.0,
NET_HEAT_FLUX=1000.0,
RAMP_Q="Flame_RAMP_Q!/

&RAMP ID='Flame_RAMP_Q', T=0.0, F=0.0/
&RAMP ID='Flame_RAMP_Q', T=7.0, F=7.5/
&RAMP ID='Flame_RAMP_Q', T=9.5, F=1.0/
&RAMP ID='Flame_RAMP_Q', T=14.0, F=1.0/
&RAMP ID='Flame_RAMP_Q', T=14.5, F=0.0/
&SURF ID="BlowLiquid',

RGB=204,204,0,

VEL=-10.0,

MASS_FRACTION=1.0,

SPEC_ID="SiliconOil_SimpleFormula',

RAMP_MF="BlowLiquid_RAMP_MF',

PART_ID="SiliconQilDrops',

NPPC=10,

PARTICLE_MASS_ FLUX=600.0,

RAMP_PART='BlowLiquid_RAMP_PART"/

&RAMP |D="BlowLiquid_RAMP_MF', T=10.0, F=0.0/

=
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&RAMP |D="BlowLiquid_RAMP_MF', T=10.5, F=1.0/
&RAMP |D="BlowLiquid_RAMP_MF', T=11.5, F=1.0/
&RAMP |D="BlowLiquid_RAMP_MF', T=12.0, F=0.0/
&RAMP |D="BlowLiquid_RAMP_PART", T=10.0, F=0.0/
&RAMP |D="BlowLiquid_RAMP_PART', T=10.5, F=1.0/
&RAMP ID="BlowLiquid_RAMP_PART', T=11.5, F=1.0/
&RAMP |D="BlowLiquid_RAMP_PART', T=12.0, F=0.0/

&OBST ID="Barrel', XB=10.5,12.5,48.0,49.5,0.5,2.0/
&OBST ID="Obstruction’, XB=10.5,12.5,45.5,46.0,0.0,2.0/
&0OBST ID="2ndFirePosition’', XB=11.0,12.0,45.5,46.0,2.0,3.0/

&VENT ID="Vent', SURF_|D='BlowLiquid', XB=10.5,12.5,48.0,48.0,0.5,2.0/

&VENT ID="Vent01', SURF_ID="OPEN', XB=-40.0,60.0,-90.0,70.0,80.0,80.0/

&VENT ID="Vent02', SURF_ID="OPEN', XB=60.0,60.0,-90.0,70.0,0.0,80.0/

&VENT ID="Vent03', SURF_ID="OPEN', XB=-40.0,60.0,-90.0,-90.0,0.0,80.0/

&VENT ID="Vent04', SURF_ID="OPEN', XB=-40.0,-40.0,-90.0,69.75,0.0,79.75/

&VENT ID="Vent05', SURF_ID="AirBlow', XB=-40.0,60.0,70.0,70.0,0.0,80.0/

&VENT ID="Sparks', SURF_ID="Flame', XB=11.0,12.0,46.0,46.0,2.0,3.0, DEVC_ID="TIMER->OUT"/
&VENT ID="Vent07', SURF_ID='Flame', XB=10.5,12.5,46.0,46.0,0.0,2.0, DEVC_I|D="TIMER->OUT"/

&SLCF QUANTITY=TEMPERATURE', ID="Temp', PBY=15.0/

&SLCF QUANTITY="VELOCITY', VECTOR=.TRUE., ID="Air', PBY=15.0/
&SLCF QUANTITY="VELOCITY', VECTOR=.TRUE., ID="AirX', PBX=11.5/
&SLCF QUANTITY="TEMPERATURE', ID="TempX', PBX=11.5/

&SLCF QUANTITY="VOLUME FRACTION', SPEC_ID="SiliconQil_SimpleFormula',
ID="SiliconQil_Simple', PBY=47.25/
&SLCF QUANTITY="VOLUME FRACTION', SPEC_ID="SiliconQil_SimpleFormula’,

ID="SiliconOil_Simple', PBX=11.5/

&DEVC ID="[Species: SiliconOil_SimpleFormula] Volume Fraction_MEAN', QUANTITY="YOLUME
FRACTION', SPEC_ID="SiliconQil_SimpleFormula', SPATIAL_STATISTIC='MEAN', XB=-40.0,60.0,-
90.0,70.0,0.0,80.0/

&DEVC  ID="[Species:  SiliconQil_SimpleFormula] Volume  Fraction_ VOLUME  MEAN',
QUANTITY="VOLUME FRACTION', SPEC_ID="SiliconQil_SimpleFormula’,
SPATIAL_STATISTIC="VOLUME MEAN', XB=-40.0,60.0,-90.0,70.0,0.0,80.0/

&DEVC |D="[Species: SiliconOil_SimpleFormula] Volume Fraction_MAX', QUANTITY="VOLUME
FRACTION', SPEC_ID="SiliconQil_SimpleFormula’, SPATIAL_STATISTIC='MAX', XB=-40.0,60.0.-
90.0,70.0,0.0,80.0/

&DEVC |D="[Species: SiliconOil_SimpleFormula] Mass Flux_MEAN', QUANTITY='MASS FLUX',
SPEC_|D="SiliconQOil_SimpleFormula', SPATIAL_STATISTIC='MEAN', XB=-40.0,60.0,-
90.0,70.0,0.0,80.0/

&DEVC ID="TSpecies: SiliconOil_SimpleFormula] Mass Flux_MAX', QUANTITY='"MASS FLUX'
SPEC_ID="SiliconQOil_SimpleFormula', SPATIAL_STATISTIC="MAX', XB=-40.0,60.0,-
90.0,70.0,0.0,80.0/

&DEVC ID="[Species: SiliconOil_SimpleFormula] Mass Fraction_VOLUME INTEGRAL',
QUANTITY='MASS FRACTION', SPEC_ID="SiliconQil_SimpleFormula’,
SPATIAL_STATISTIC="VOLUME INTEGRAL', XB=-40.0,60.0,-90.0,70.0,0.0,80.0/

——
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&DEVC  ID='[Species:  SiliconOil_SimpleFormula] = Mass  Fraction_MASS  INTEGRAL',
QUANTITY='MASS FRACTION', SPEC_ID="SiliconQOil_SimpleFormula’,
SPATIAL_STATISTIC='"MASS INTEGRAL', XB=-40.0,60.0,-90.0,70.0,0.0,80.0/

&DEVC |D='"[Species: SiliconOil_SimpleFormula] Mass Fraction_MEAN', QUANTITY='MASS
FRACTION', SPEC_ID="SiliconQil_SimpleFormula', SPATIAL_STATISTIC='MEAN', XB=-40.0,60.0,-
90.0,70.0,0.0,80.0/

&TAIL/

_—
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Epwtnua ywa to mpoavodepOev Epyo A (EMLOTNUOVLKA YVWUN OXETIKA HE TNV
geykupotnta tng uebodou CFD), t€Bnke emiong otov kaBb. G. Landucci (av. kaBnyntn¢ XnuLkwv
Mnxovikwyv, TuAuo MoAttikwy Kat Blopnxavikwv Mnxavikwy, raverotiuio Nila, Universita
di Pisa). O kaB. G. Landucci anéotelle avemionun YVWUATEUCN OXETIKA UE TNV EMLOTNUOVLIKNA
gykupoTNTa TG avaiuong CFD yia tn povtehomoinon tng avadAetng tng nupocdalpag.

AvaAuTtika (2.B.11 tng mapayyeAioag ooag):

«Risk analysis of hazardous materials transportation involves the estimation of
accident consequences using engineering and mathematical techniques. Consequences are
aimed at determining the contribution of magnitude to the risk, representing the impact of
the expected accidents, thus related to both vulnerability of territory and severity of
scenarios.

Computational fluid dynamics (CFD) modelling is a consolidated tool to support
industrial projects development and were recently adopted in the framework of consequence
assessment and safety studies. The advanced features of CFD models, such as handling
complex three-dimensional geometries and environments, analyzing reactive or non-reactive
flow of compressible or non-compressible fluids, make them nowadays well accepted and
valid tools to support dynamic consequence assessment in the perspective of implementation
in advanced safety studies dealing with fires, explosions and toxic dispersions.

CFD models solve Navier-Stokes (N-S) equations of fluid flow (conservation of mass,
momentum and scalar quantities) in a three-dimensional space. The problem is reduced to
the solution of a system of partial—differential (or integral—differential) equations that need
to specify appropriate boundary conditions and discretization methods for their numerical
solution. CFD models may capture the interaction among the released hazardous substances
and the geometry of the equipment, pipes, structures, as well as topography and vegetation
surrounding an industrial site, where risk assessment is carried out. The advantage of CFD is
also related to the dynamic nature of the results, which can be used to trace the transient
evolution of the physical effects associated with the accident scenario.

Among the most diffused CFD-based tools specifically aimed at reproducing fire and
explosion scenarios, Fire Dynamic Simulator (FDS) is one of the most widely applied in
technical and scientific literature. FDS is a CFD code created by the National Institute of
Standards and Technology (USA). The code, designed to reproduce the effects of combustion
of solids or gases, is able to reproduce the movement of air and fluids and has extensive
validation documentation for various uses. All documentation regarding the code, as well as
its validation, are publicly available on the website https://pages.nist.gov/fds-
smv/manuals.html.

FDS is based on the LES (large eddy simulation) approach for solving turbulent fluid
dynamic equations. A distinctive feature of a CFD model is the regime of flow velocities
(relative to the speed of sound) for which it was designed. Codes that reproduce high-speed
flows, close to the speed of sound in the medium considered, must handle compressibility

EOAAZAAM - http://www.harsia.gr

Sel. 67 ano 74


http://www.harsia.gr/

effects and shock waves. For low velocities, however, it is possible to explicitly neglect the
compressibility effects that give rise to acoustic (sound) waves. The N-S equations describe
the propagation of information at low velocities, comparable to those that can be
experienced during a fire (about 10 m/s), but also at high velocities, of the order of
magnitude of sound wave transmission (for still air, about 300 m/s). Solving a discrete form
of these equations would require extremely small time-steps to account for information
traveling at the speed of sound, making practical simulations difficult. The FDS code solves
the transport equations in low velocity approximations, much lower than the speed of sound,
but sufficient to well predict the behavior of the fluid motion in case of diffusive flames, such
as pool fires, or fireballs.

The FDS software has been validated against experimental data for a wide range of
scenarios. For each implemented model (pool fires and flaming jets, gas velocity, activation of
fire-fighting devices, formation of gaseous combustion products, particulate matter and
smoke, pressure, surface temperature, heat exchange, fire suppression, combustion velocity
and fire propagation, atmospheric dispersion) the results of the code have been compared
with the data obtained in the experiments. For more details on the experiments used for the
validation of the models implemented in FDS, please refer to the code validation guide
available at the link above. »

ZUudwva e Ta cupnepAacpata TN €kBeong tou Epyou B amod to MavemotApLo tng
ravong, €ywe amd tnv EAAMNO mepaltépw TPOCAPUOYH OTL TIAPOAUETPOTIOL|OELS TWV
npocopolwoewv CFD £€ToL woTe TO TEAIKO MOVTEAO VOl LKAVOTIOLEL OAEG TIG TTAPATNPNOELS TNG
€kBeong. AVOAUTIKA :

(488) .. H mpooapuoyn oplouEvwv amo TIC MUETABANTEC Kal TIC TTOPAUETPOUC
ouupwva UE Ta avwtépw, odrynoe oe éva BeAtliwuévo kat mio aélomioto ouvodo
TIPOOOLOLWOEWYV Kal avaAUgewv CFD, rou odnynoe ota akodovBa evpnuata:

A Metaév twv OSla@opetikwy TUNMWY Kauoluwv uvdpoyovavipdkwv Tou
dokiuaotnkay, Slamotwdnke OTL TA AMOTEAEOUATA ATAV TTOAU mopouola yla moAAoug
OLOPOPETIKOUC TUTTOUG KQUOIUWV UE TIOPOUOLEC PUOLKEC LOLOTNTEG, UE ONUAVTIKOTEPN
napauetpo tn palo kewoiuou. To vypaepto, n Bevlivn, to usiyua vaedac k.Am. idlag
oUVOALKNC ualac mapexouv axedov to (bio amotédsoua (mapouoto peysdoc kot Stapkeia
TIUPOOQALPAC) LUE TTIOAU ULKPEC UOVO SLAPOPEC OTO TYNUA TNG TUPOTPALPOC.

B. Ot urtoAoytouoi, ue ta puadnuatika povtéda CFD, deiyvouv ot uia moootnta taéng
ueyebouc 2500 ktAwv KATtolou TUMTOU KoUOoiUwv udpoyovavipdkwy amouteital yia tnv
avarnapaywyn twv 3 dwakpitwv otadiwv (ue 1000, 1200 kat 300 kiAd avtiotoiya) tne
QPXLKNC avapAeéng, ™G mUPOoEALPAG Kol TwV SEUTEPEUOUOWYV ALUVWV QWTLAC TTOU
kataypapnkav ota 3 Bivteo mou Seiyvouv to ocuuBav amnd 3 Stapopetikd ywvies AnYnc.

. H bwapkeia t™nc amnedev¥épwong kauvoiuou kata to otadio 2 (nepimou 4
OEUTEPOAENTA) Kal TO TMOPATNPOUUEVO amoTEAsoua (mupoopaipa o uEyedoc mou
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avéavetal anod ta 40 ota 80 UETPO O SIGUETPO) UMOSEIKVUOUV ULa TTOOOTNTA KAUOIUOU
TTOU EKTIUATOL UE TIC TPOOOUOLWOEL CFD og 1200 kg mepimou. Z€ autn TNV MEPINTWON,
amokAgietal n mudavotnta vypoU Kauoiuou (€Aaio oIAIKOVNC ol TO UETAOYNUATLOTH 1)
omnotodnmote aAdo uypd kauvowo amd ayvwotn nnyn) to omolo da umopouce va
«rteptdovoet»| to Bayovi eotiatopiou, ylati Ul TETOLX EVEPYELX OEV UMOPOUOE VA
kpatioet eni 4 devtepodenta ancAsvdepwvovrag 1000 kg kavowuo . H povadikn tetola
mdavotnta Ja NTav ylo To Uypo KaUoluo va eloEATeL oto Bayovi Tou eoTiatopiou amo To
onaocuéva moapadupa tou. Ouwc, TOo yeyovoc Ott €&l emiBate¢ tou Bayoviou TOU
eotiatopiov enélnoav, dev ouuBadilel ue autn tnv ekdoxn, Onwc €niong KAl TO YEYovog
0Tl ol em{wVTeG OV UMEOTNOAV EYKAUUATA TIOU VA OUVAOOUV UE KOUON TOOOTNTOG
kavoiuou tne¢ taénc twv 1000 kg oto E0WTEPLKO TOU BayovioU.

A. MNepaitépw exktiudtal ott moootnta 300 kiAwv kauaoiuou vdpoyovavipakwv UtopEl
va eVEMAdKn otnv Aiuvn ewtidc #2, kaiyovtac to Bayovl Tou e0TiATOpPiOU, TTOU OUVEXLOE
Va KOEL YLO TTEPLOCOTEPEG ATIO 2 WPEC TPEPOUEVO €miong (otn ouvéxela) ko oo to Aadt
OLALKOVNC Kol Ta UAIKA TwV E0WTEPLKWY EMEVOUTEWV ToU Bayoviou. Aegv gival, waotdoo,
duvato va umoloyiotel ue akpiBewa auth n moootnTA AOYyw TOU QyvwOTOU XPOVou
SeutepoyevoUc avapAeénc Twv EUMTAEKOUEVWY MTPOOTETWY KQUTIUWYVY, KATL TTOU LOYUEL KOl
yla TV moootnta KAUo(UwV Tou kanke otnv aAAn Aiuvn ewtiag (dnAadn dev eival
Sduvatov va SlarmotwBel and mold xpovik oty cuvexilouv va Kalyovtol Ta UALKA Tou
Bayoviou).

E. H géétaon twv Bivteookomnoswv kat tn¢ avtiotoyne avaivonc CFD yia to 20
otadlo tou avapleéng, vmodelkvuouv uta eviaia inyn yla to 20 otadlo tng avapAeéng.
Av kat bev eivat duvato va emBeBaiwdei 0Tl To Katvotuo yla to 1o otadlo avapAeénc éxet
™V (bl mpogAeuon ue to kavuoluo yla to 20 otadio, eival moAu midavo ot kat T ota 3
otadLa ToU PALVOUEVOU VIVETAL Kauaon TN¢ (lag mnync¢ Kaeuoiuou.

Ermonuaivetal OTL oL EKTLUACELS AUTEG SEV amOTEAOUV TNV WLa Kal povadiki Avon Ttou
npoPAnuatog, adol eival oviwg duvatdv va undpéouv meploocdtepol cuvbuacouol otov
ETUUEPLOUO TWV oWV 0€ CUVOUAOUO UE HLKPEC AAAOYEG O€ TAXUTNTEC KOl YWVIEC SLOOTIOPAC
TIOU va KataArlyouv o€ mpocopoiwon CFD n omola va Talplalel €miong LKAVOTTONTIKA UE Ta
Katayeypappéva Bivieo. Opwg n taén peyeBoug NG cUVOAKNG Ttoocotntag dev alAdlel.
MPOCOUOLWOELS PE TIOAU ULKPOTEPN TIOCOTNTA KOUGLHOU €8vav oadws UKPOTEPO UEYEDOC
Kal Stapkela mupoodatpag. NPOCOUOLWOELG UE TIOAU HEYOAUTEPEC TOCOTNTEG (Avw Twv 5 tn)
anattovoav ite MOAD StadopeTkA (UN PEOALOTIKI) YEWUETPLA OPXLIKNAG arteEAeUBEPWONG Kot
TOAU peyoAUTepn Tupoodalpa o PEyeBOC Kol SLAPKELD, €(TE PEAALOTIKN YEWUETPLO Kall
PEOALOTIKEC SLOOTAOELG KAl SLApKELEG TTUpOadaLpaCg, OUWE e eEALPETIKA LEYANEG TTOOOTNTEC
KQUGOIHOU va TEPLOCEVOUV Ao TNV MUPOcdALPA KaL VO TIPETEL VO KAOUV O SEUTEPOYEVELC
TIUPKAYLEG 0To €60d0og. Autd To datvopevo mou dev emiPeBatlwvetal and TG Kataypadeg
TWV TPLWV Bivteo (kat eldika tou Tpitou Bivteo amod tnv Kapepa “MaAlakog-KAewdi”).

H avwtépw mooodtnta twy 2.500 KIAwv avadEpetal oto noplopa we "taén pueyéboug"
(order of magnitude). Emwonpaivetal 0tL o€ MAPOPOLA EKTLLNON TOCOTNTAG KAWGiou (2.600
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KIN@) KataAnyel n texvikn £€kBeon tou kab. Kwvotaviomoulou, o omoiog xpnoluomnoinos
Stapopetikn amnod 1o CFD peBodoloyia (oTATIKA LOVTEAQ T OTIOLO EKTLUOUV TNV TTOCOTNTA LE
6ebopévo tn péylotn SLAUETPO, TN SLdpKeLla TnG upoodalpag Kal Tto £(60¢ Tou Kauoipou).

(489) Xpnowomnowwvtag ti¢ unoVéoelc tou RILSE (484), ekteAéotnke Lo emumAéov
npooouoiwon CFD xpnoluomolwvTac T ULKPOTEPN QVUEPEPOUEVN SLHUETPO OToyovISiwv
(0,5mm) kat mAnpn eéaépwon oAdkAnpnc tng¢ palog¢ tou Kauoiuou. AUt Eixe w¢
amotéAeoua Ta akOAovda evpnuata:

- To Aadt olAlkévng tou TUMoU MOoU XPNOULOMOLE(TAL OTOUG UETACKNUATIOTEG LOXUOG
TwV nAektpounyavwv Oev UMTOPOUCE va eKpayel kal va OSNULOUPYNOEL UL UEYAAN
TUPOOQAIPX LE OMOLOVONTIOTE TPOIO. AKOUQ KL OTAV TPOCTEONKOV TNYEC LEYAANG
JepUOTNTAC KAl EVEPYEC PAOYEC WC TNV aVAPAEENG Kol akoun Kot otav to Aadt atAtkovng
Yekaotnke Ue SLAPOPOUC TPOMOUG OE Evav Toixo yla va dnuloupynoel SLaomopd Kot
ULKPOTEPQ otayovibla, To UOvo SuvaTto amotéAeoua NTav Ula ToAU ouvtoun avapAeén
0,3-0,4 beutepoAéntwy, n onoia bev Stadodnke otnv unmodAoirn moootnta tou Aadiou.

(490) Auto emiBeBalwvetal MepAUTEPW ATO TNV €EETAON TOU €EWTEPLKOU KEAUPOUC
TWV TPLWV UETAOYNUATIOTWY, Tou Oeixvel OTL n moodtnta Aadiov otAikovng mou Va
unopouvoe va Sdiapuyel kata ta npwta 0,3-0,4 deutepodenta dev Ga ntav apketh yio ™
UEYAAN undAa pwtiac tou napatnpndnke (Ewova Exkdeoncg 67)

(491) H napandvw mnpoocouoiwaon avtiotoel emione ue t Stamiotwon ot Sev
UTTAPYEL UNXaVIOUOC yla TN Sdnutoupyla utac Aentri¢ ouiyAng otayovibiwv o€ autd to
otadio, kadwe amo To APXIKO CNUEIO TPOTKPOUONG QITEXOULE XPOVIKA 5-6 SeutepdAenta
(oto mapeABov), 30 uétpa votia (YewypoaIKa) Kol LE TOV GVEUO VO TIVEEL MPOC TNV
avtidetn katevBuvon. To yeyovoc autd amo HOVo Tou Ya TPEMEL va OITOKAELEL
OmoLOONTTOTE KAUOLUO LUE TTOPOLOLA XOPAKTNPLOTIKA UE AddLa TLALKOVNC.

(492) Akoun kat av n uvmoBeon ¢ avapleéng kot t¢ dSnuloupyioc t™Me apxLkng
TTUPOOPALPOC UTOPOUCE va yivel armodektn, to 20 otadlo TNC MUPOCPALPUC Elval TTLO
buakolAo va eényndei ue to AddL olAIKOVNC WG KAUOLUO: MOPATNPEITAL OTL TO VEPOG PWTLAC
Byaivel amo uta nyn kavoiuou n onola nén kalyetal €vrova, mpo@avwe xwpic mpooletn
ninyn Gepuotntacg kat oe Jepuokpaoia meptBailovroc. Emlwvtegc amo to Boyovi tou
eotiatopiou Sev avépepayv kauio onuoavtikn aAlayn Jepuokpaoia¢ o€ auto To otadlo Kot
dev napouvaiaoav eykauuata A0yw aktivoBodiag. Auta ta otolyeia Seiyvouv To yeEyovoc
OTL TO dyVWOTO KOUOLUO E(ValL MTNTLKO Kol TTOAU EUPAEKTO.

Jtoela yla ta avwtépw mapouatalovtal oto Mapaptnua B.
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3. Zuunepdopota (Evotnta 4.4.3.3)

(494) H napouoia eUQAEKTNC oUTING UE TA XAPAKTNPLOTIKA TTOU KadoploTtnKav OTiC
TTPONYOUUEVEG QAVOAUCELG SEV QVAPEPETAL OTA EYYPAPA CXETIKA UE TA UETAPEPOUEV
EUTTOPEVUATA TNG EUTTOPEVUATIKAG oauaéootolyiag 63503. Emiong, ta mnpooeata
énuoatevuéva Bivteo e auaéootolyiog 63503, av kat Sev Eyouv TeVel akoun otn
Sta¥ean tou EOAAZAAM oamo tn Sikaotikn Epeuva, Sev UMOSEIKVUOUV LETAPOPA
TTOOOTNTA EUPAEKTOU UALKOU opartr) o€ B€0n TOoU Vo CUVASEL UE TA TTAPATIAVW EUPHUATA.
O EOAAZAAM avayvwplilel auto TO yeyovog, aAdd autd Sev armmoppinTeL TIC MAPATTAVW
napatnpnoels (Ekdeon 4.4.3.1) mou eivat oaQwe TEKUNPLWUEVEG.

(495) Autec ot mapatnpnoelg, uadl UE TIC TPOCOUOLWOELS TTOU TTPAyUATOnotBNKay,
emBeBalwvouv to cuunépaocua mou katéAnée kat o kadnyntri¢c Kwvotavromoudog: «H
UEYAAN mupdopatlpa oto aldbnpodpoutko duatuxnua twv Teunwv mou onuelwdnke os 0,5
SeutepoAento amod ) ouykpouon twv auaéootolytwv bev umopel va arnododei ato Aadt
uetaoynuatiotwv (PDMS) to omoio av kot €ivol €U@AEKTO O apketd uynAn
Jepuokpaoiec (> 400) bev uropouUoe -yia AOyouc KLVnTikr¢ avtidpaonc- va avapAeyei oto
nepltBaAdov mou emikpatoUoe. EmumAéov, n amouoia Aeukri¢ okovng (btoéeiblo tng
olAkévng, Si02) otov TOMO TOU ATUXNUATOC, O TOoOTNTEC mou Ba Sikatodoyouoe thv
Kavon ueyaing moootntag Aadiou olAikovng, ival pta aAAn ooapnc évéelén ot éva tétolo
TIEPLOTATIKO Oev mpayuatonolnnke. Q¢ €k TOUTOU N TPOEAEUON TNG TTUPOCQPALPOC,
omoia €ivol ouuBaTn UE UEPLKOUC TOVOUC EUPAEKTOU MTNTIKOU KAUOIUOU, TIDEMEL Vo
avalntndsi aAdou».

(496) H uala autoU tou €UMAEKTOU TITNTIKOU UYPOU EXEL UTTOAOYLOTEL, UEOW TNC
uovtedomnoinonc CFD, mepimou otnv taén usyedouc twv 2,5 tovwv. Méxpt otiyunc, n
Epeuva OeV EXEL EVTOTIOEL Kauior ouoia, UE TIC LOLOTNTEC KoL T CUVOALKN) Uador va UTTHPXE
oto tpoxaio UALkG, To omoio Ba umopouce va eiye autov tov poldo. lapouola UE T
nmponyouueva Bruata (488), o EOAASAAM éxel éekvioel Ti¢ Stadikaaoiec yia va avadéoel
oe &elbikevuévo Ivotitouto/lavemiotiuto tou €eéwtepikoU, vo  aéloAoynosl Ti¢
UETABANTEC Kol TIC MTAPOUETPOUC TTOU xpnotuomnolndnkav otnv avaBewpnuevn avaivon
YrnioAoyiotikng Peuoatobduvauikng (CFD), tou @atvouévou tng mupoopaipac (BA. AsAtio
Tumou 6/3/2025).

O EOAAIAAM éxelL €pBel og emadn pe e€eldikevpéva lvotitovta/Maveniothpa Kat
OVOUEVEL OXETIKEC SECUEVUTIKEG TPOOPOPEC.

(497) Mapa tnv aBeBalotnTo CXETIKA LE TNV TTNYN TOU TAPATNPOULUEVOU QOLVOUEVOU,
0 EOAAZAAM ermtédeée pnta va unv va avaBalet tn dnuoocisuan autrc ¢ ékdeong. Auto
Eywve ylati mpwta an’ oAa, n mupoo@alpa Kot n enakoAovdn QWTIA Eixav aVTIKTUTTO LOVO
OTIG OUVETTELEC TOU QTUXNUATOC, Ywpic va cuuBaAdouv ota aitia Tou. ZNUAVTIKOTEPD, TO
EAANVIKO GLONPOSPOULKO CUCTNUA TIPETIEL VA YVWPILEL KAl va artodeXTEL Ta amoteAéouata
QUTAC TNG SLEPEUVNONG TO CUVTOUOTEPO SUVATO, TIPOKELUEVOU VO UTTOPECEL Vo EEKIVNOEL
v anapaitntn dtadikacio BeAtiwong.
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3. Katdotoon pe To avoAUTIKA OTOLXELA KO ELOIKOTNTEG ETLOTNUOVWV/GUVEPYATWV OL OTtoloL
OUVETEAECQV - CUVERaAav otnv katdption/oAokAnpwon tng EkBeong.

A) MéAn tnc Erurporning Atepevvnonc:

1. Kametavidng Kwvotavtivog: MoAttikdog Mnxavikog TE e HETATTUXLOKO 0T «Alaxeiplon
TEXVIKWV €pywv» (E.A.NM.)

Twpwvy Béon: MNpoiotapevo¢ Movadag MeAetwv kal Alepelvnong ATuXNUATWY -
EOAZAZAAM

Epyaciakn Epmewpia: 32 xpovia wg oldnpodpopikos Hnxavikog (OAvumakd Metpd
ABnvwv 1993-2001, EPFOZE A.E. 2001 -20211, PuBuwotiky Apxn Zidnpodpouwv 2011-
2024, EOAAIAAM 2024-2025).

Motomotnuévog and EKAAA (EBvikd Kévipo Anpootag Aoiknong kat Autodloiknong) wg
«EowTteplkog EAeyktAi¢ Anuociou Topéa» (12/2021) kot mpoiotdpevog Movadog
Eowteplkol EAéyxou otn PAZ (2019-2024).

ZuvénuLoupyoG Kal cuvtovioTn ¢ Tou Mpoypdppatog «AchaAng cupBiwon padbntwy Ye to
216npodpoutkd Aiktuo» HE OKOmMO TNV HeElwon TwV OTUXNMATWY oto EAANVIKO
216npodpoutkd Aiktuo pe Bupata pabntéc. H mapouoiaon Snuioupynbnke amod tpeic
oLdNPOSPOUIKOUG UNXAVIKOUG O cuvepyaoia pe tnv Alebvr Evwon Ziénpodpouwv (UIC).
Ate€nxOn umo tnv alyida tou OZE kat tng PAZ. EAaBe €ykplon amo to Ymoupyeio MNatdeiog
tov NoéuBplo tou 2018. To mpOypaupo €wG onuepa  £€Xel mapouaotaotel og 20.000
pobntég, oe 130 oxoAsia Twv vouwv ATtikng, Adploag Miepiag, Axaiag kat MéAAag. H
napouaciaon Bpioketat oto : https://www.youtube.com/watch?v=ZgAEFh6FROg .

Anpooleloelg yla TNV acdpalelo otov oldnpodpopo:

A) “A study about Level Crossings in Hellas (2015-2019): statistical and geographical
analysis and proposed measures to improve safety”
https://www.globalrailwayreview.com/article/114655/greece-level-crossings-analysis/

B) “How educating students in Greece will improve rail safety ”

https://www.globalrailwayreview.com/article/93203/educating-students-greece-rail-

safety/

2. Accou Bart : MoAwtikdoc Mnxavikog (Vrije Universiteit Brussel, VUB, Bpu&fAAeg) pe
S16aktoplkd “Safety Science” (Delft University of Technology, TU Delft, NteAdt) kot
petamtuyxlako oe “Occupational Health and Safety management».

Twpwn B€on: Head of Unit, Safety and Operation, European Railway Agency (ERA)

Epyaolakn eumetpia: amd ZemtéuPplo 1993 £wg onuepa. AvVaAuTikd OTOlXEla OTNV
LotooeAida tou ERA:

https://www.era.europa.eu/sites/default/files/2025-01/bart%20accou%20-
%20cv%202025.pdf

To duaotnua 11/2023 éwg 12/2024 cuppeteixe otnv enttpont) dlepelivnong Twv TeEUMwyY
w¢ «Head of the Support to Greece Task Force, ERA» Kkatomwv OXETIKAG aitnong tou
ZupBouAiou Tou EOAAIAAM ot 19/10/2023 o ocuppopdwon pe to apbpo 22.5 tng
odnyiag EE/2016/798 tou Eupwmaikol KowoBouAiou.
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3. Carpineli Fabrizio : Biopnxavikog WuxoAoyocg

Twpvn B€on: EWko¢ o Bépata Human Organizational Factor, European Railway Agency
(ERA).

Epyaolakny eumelpio: Evtaxbnke otou¢ PBelylkoug oldnpodpopoug oTIG apxEC TG
Oekaetiag tou 2000 kot aveémtuée TOAAQ ekmaldeuTKA paBriuota  avBpwrivou
Suvautkou, epyaleia kat dtadlkaoleg, KUPlwG yla Kpilowleg Asttoupyieg aodpaAelag Kat
nvétec. To 2007 &ekivnoe €va oAokAnpwpévo mpoypappa BeAtiwong yia évav «KoAUTEPO
xwpo epyaciacy. Eywe bSievbuving oto tunua «Talent, Behavior & Culture»
21dnpodpoutkng Ymodoung, to 2009. MapdAAnAa, sknaldevutnke oto coaching (ICF) kot
Eeklvnoe €va mpoypappo avantuéng yla nyétec. To 2012, evtaxdnke otnv opdda Safety
Manager yla va avamntiéel to mpwto mpoypappa Safety Culture kat va BeAtlwoel tnv
EVowHATWwon twv AvBpwrivwyv kat Opyavwtikwy MNapayoviwv (HOF) otig kabnpuepvég
Spaotnplotnteg Tou Juothuatog Ataxeipliong AopaAelac. Exel evtaxbel otov Opyaviopo
216npodpopwv tng Eupwnaikn¢ Evwong (ERA) to 2019 kat umootnpilel tnv avamtuén
épywv HOF, Safety Culture kat Investigation. Eival aflohoyntig otig afloAoynoeLg Tou
Eviaiou Miotomointikol AcHAAELOG. ZUMHUETEXEL OTIC SPAOTNPLOTNTEG MapaKoAoUOnaong
™G EBvikng Apxng Aodalelag. Avamtuooel UAIKO €peuvag Kot ekmaibeuong Kot sival
TPOANTITLKOG ekmatdeutng, €8kd yla to HOF, to Safety Culture, to Just Culture kot to
Investigating SMS. Exel dnUOOCLEVCEL EMLOTNMOVIKA APOPA KOl CUUUETEXEL TAKTIKA OE
NUEPLSEC KaL cuVESpLAL.

To Staotnua 11/2023 éwg 12/2024 cuppeTeixe otnv emtponr) Slepelvnong TwV TEUMWV
wg «Member of the Support to Greece Task Force, ERA» Katomv OXETIKAG aitnong tou
JupBouliou Tou EOAAIAAM otic 19/10/2023 o cuppopdwon Ue to ApBpo 22.5 NG
odnyiag EE/2016/798 tou Eupwmaikou KowoBouAiou.

B) AvarmAnpwpotikd MEAn the Emttport)c Alepevvnong

1. AAe€avdpou Aotéplog: MoAttikog Mnxavikog ME (EMIM, cuykolvwvioAoyog)

Twpwn Béon: Mpoiotdpevog TuAuatog Alepeuvnong Zdnpodpoulkwyv AtuxnUaATwy -
EOAAZAAM

Epyaoiakn Epmetpia: 21 xpovia wg oldnpodpotkdg pnxavikog (EPFTOZE A.E. 2003 -2024,
Mpoiotapevog AteuBuvouoag Ynnpeoiag, EMPAETwY Mnxovikog)

Tov OktwPBplo 2024 mpooteébnke otnv emrpomn Olepelvnong Twv TEUMWV WG
OVOATIANPWUATIKO LEAOG.

2. ToAavog Anuntplog : Texvitng HAektpoAdyog AE

Twpwvp Béon: ItéAexog¢ TuAuatog Alepelvnong 26Npodpoplkwy  ATuXNUATWY -
EOAZAZAAM.

Epyaoiakn Epumelpia: 2 xpovia otn ZTAZY wg TEXVIKOC NAEKTPOAOYOC

I E€wtepkoi eLSKol/ POV LOTOYVWLOVEC OL OTIOLOL CUVELCEDEPQV OTNV ETILTPOTT

1. Kwvotavtomoulog ABavaoiog, Kabnyntig oto Tunpa Xnuikwv Mnxavikwy , Epyaotrplo
Texvohoyiog Navoowpatidiwv Kot  AspoAupdtwy, AplototéAelo  MOVETMLOTAULO
Oeoocalovikng. Meploocotepa  otolxela otnv  emionun wtooeAiba tou AMNO:
https://cheng.auth.gr/%CE%B4%CE%B5%CF%80-v1/konstandopoulos-athanasios/
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Li, Ying Zhen (PhD, Tunnel Fire Safety, SP Technical Research Institute of Sweden,
Southwest Jiaotong University), RISE Research Institutes of Sweden AB, Org. nr 556464-
6874. Avwiepog epeuvntic oto RISE (Kpatikd epeuvniikd Kévtpo Zoundiag) kot
avanAnpwtng kabnyntig (Docent) cuvdedepuévoc pe to Texvoloyiko Mavemotiuio Lulea.
Mpoedpelel TnG Emotnuovikng Emtponn¢ tou AleBvoug Zuumociou yla tnv AopaAsla
Kot tnv Aoddiela Znpayyoag (ISTSS). Mepioodtepa: https://www.ri.se/en/person/ying-
zhen-li

Malin, Tove (PhD, Pharmacy) Director societal safety - RISE Research Institutes of Sweden.
Kpatikd epeuvntiko kevtpo Zoundiag RISE.

Merci, Bart, Senior Full Professor of Ghent University (Mavemiotiuwo tng ravoncg).
Department of structural engineering and building materials Research group: fire safety
science and  engineering.  MNeploocotepa:  https://www.ugent.be/ea/structural-
engineering/en/about-us/staff/merci.htm

Maragos, Georgios, Postdoctoral scientific staff of Ghent University (Mavemniotiuio tng
ravéncg). Faculty of Engineering and Architecture Department of Structural Engineering
and Building Materials. Meploodtepa: https://research.ugent.be/web/person/georgios-
maragkos-0/en

Landucci, Gabriele, university of Pisa (Mavemiotiuwo tng MNidag). Associate Professor at
the Department  of  Civil and Industrial Engineering. Meploodtepa:
https://unimap.unipi.it/cercapersone/dettaglio.php?ri=4987

Aakadwong Kwvotavtivog, Mnxavoloyog - Aepovaurnnyog Mnxaviko¢ MEng, pEAOG
Ermutpomnig Atepevvnong Avefdptntwy Mpaypatoyvwpovwy Owkoyevelwv (EAAMO), wg
Tapoxo¢ unnpeolwv otov ERA oto mAaiolo cOUPBAONG HE AVILKEIUEVO TNV TEKUNPLWHEVN
kataypoadn kal eplypadn Yeyovotwy.

Me extipunon,

O AvanAnpwtn¢ MNpoedpocg
& Mpdedpog 216npodpouikov
Topéa EOAAZAAM

Xpnoto¢ MNanadnuntpiov
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