ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka Ta nporpec Tpancropty. BicHuk J[HIponeTpoBcbKoro
HAI[IOHAJIBHOTO YHIBEPCHUTETY 3aIIi3HUYHOrO TpaHcmnopty, 2016, Ne 2 (62)

EKOJIOI'TA HA TPAHCIIOPTI

UDC 502.36/.504.3.054:656.2

M. M. BILIAIEV", L. YA. MUNTIAN®

"Dep. «Hydraulics and Water Supply», Dnipropetrovsk National University of Railway Transport named after
Academician V. Lazaryan, Lazaryan St., 2, Dnipropetrovsk, Ukraine, 49010, tel. +38 (056) 273 15 09,

e-mail gidravlika2013@mail.ru, ORCID 0000-0002-1531-7882

"Dep. «Hydraulics and Water Supply», Dnipropetrovsk National University of Railway Transport named after
Academician V. Lazaryan, Lazaryan St., 2, Dnipropetrovsk, Ukraine, 49010, tel. +38 (056) 273 15 09,

e-mail lili.muntyan@gmail.com, ORCID 0000-0002-1659-7740

NUMERICAL SIMULATION OF TOXIC CHEMICAL DISPERSION
AFTER ACCIDENT AT RAILWAY

Purpose. This research focuses on the development of an applied numerical model to calculate the dynamics of
atmospheric pollution in the emission of dangerous chemical substances in the event of transportation by railway.
Methodology. For the numerical simulation of transport process of the dangerous chemical substance in the
atmosphere the equation of convection-diffusion pollutant transport is used. This equation takes into account the
effect of wind, atmospheric diffusion, the power of emission source, as well as the movement of the source of
emission (depressurized tank) on the process of pollutant dispersion. When carrying out computing experiment one
also takes into account the profile of the speed of the wind flow. For the numerical integration of pollutant transport
in the atmosphere implicit finite-difference splitting scheme is used. The numerical calculation is divided into four
steps of splitting and at each step of splitting the unknown value of the concentration of hazardous substance is
determined by the explicit running account scheme. On the basis of the numerical model it was created the code
using the algorithmic language FORTRAN. One conducted the computational experiments to assess the level of air
pollution near the railway station «Illarionovo» in the event of a possible accident during transportation of ammonia.
Findings. The proposed model allows you to quickly calculate the air pollution after the emission of chemically
hazardous substance, taking into account the motion of the emission source. The model makes it possible to
determine the size of the land surface pollution zones and the amount of pollutants deposited on a specific area.
Using the developed numerical model it was estimated the environmental damage near the railway station
«Illarionovo». Originality. One can use the numerical model to calculate the size and intensity of the chemical
contamination zones after accidents on transport. Practical value. The numerical model, developed by authors, can
be used to estimate the size and intensity of the chemical contamination zones during emergency on transport. The
developed numerical model solves the problem of assessing the impact of emergency emission of ammonia near the
railway station «Illarionovo».

Keywords: railway transport accidents; air pollution; chemically dangerous substance; numerical simulation

based on simple empirical formulae which do not

take account many physical factors, such as, wind
Many accidents at railways result in toxic profile, diffusion, etc. For example, to predict the

chemicals emissions [1]. These emissions pose width of polluted area the following expression is

potential risk to human health and environment. To  used in these Instructions

predict the damage after these emissions Govern-

ment Instructions are used. These Instructions are D=0,3-L",

Introduction
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where L is the length of polluted area (the L value
is determined using the special Table), n is pa-
rameter which depends on the atmosphere condi-
tion (stable, neutral, etc.).

To obtain quick information about the atmos-
phere pollution Gauss model is used [5-7, 13, 16]
or empirical model OH/I-86 [14].

In some cases CFD models are used [2—4, 9,
10, 12, 15] but these models are comprehensive for
the regular users.

For a quick evaluation of toxic chemical con-
centrations in atmosphere fast hazard tools are very
in need. It is very important for practice to have
tools which take into account important details
and, on the other hand, are not time consuming.

Purpose

The purpose of this work is the development of
numerical model to predict the atmosphere pollu-
tion after accidents at railways.

Methodology

Mathematical model of pollutant dispersion. To
simulate the toxic chemical dispersion in atmos-
phere 3-D transport equation is used [2, 8, 15]

aC ouC ovC o(w-w,)C
—+ +—
ot ox oy oz

el S
+2.4,(1)8(x=x,(1)8(y =y (1))3(z=z). (1)

where C 1is air concentration of toxic chemical,
u,v,w are the wind components in the x, y and z

+kC+0oC =

6C]
— |+

* oz

directions; w, is gravitational settling velocity; o
is the chemical decay coefficient; k is the precipi-
tation scavenging coefficient; p:(ux, [T uz) are
the eddy diffusivities for the three coordinate di-
rections; q;(7) is source terms;
8(x—x,(1))3(y—;(1))8(z—z) are Dirac delta
function; (x,,y;,z;) are the coordinates of the

point source.
This equation is numerically integrated using
the following boundary conditions:

— at the entrance boundary:

C|b0undary = CB ?

where C, is known concentration.
At the exit boundary (for example, this is the
plane x=L_, where L, is distance from the en-

trance plane) the boundary condition is used in the
following difference form

C(i+1,j,k)=C(i,}.k),

where (i +1, j,k) is the last computational cell and

(i, j,k) is the previous computational cell. At the
ground (z=0 plane) the boundary condition is

o _

aC,
on

where n is normal to this plane, o >0 is coeffi-
cient which takes into account toxic chemical in-
teraction with ground.

The initial condition (at time ¢#=0) can be writ-
ten as C=0 in the computational region or
C=C,,, (where C, is the known concentration at

the site where the instant emission took place and
C =0 in the other part of the computational re-
gion.

In the developed numerical model the follow-
ing approximations for wind speed and diffusion
coefficient are used:

1 m
u=u gZ/ZO Hy:ko‘u,uzzkl'KiJ 5

1 B
lgzl/ZO Z

where u, is wind speed at height z, =10m; m~1;
k,, k, are parameters [Berlyand et al].

Numerical model. To solve transport equation
(1) the implicit change — triangle scheme is used.
The main features of this scheme are shown below.

According to the principles of this implicit
scheme development the time dependent derivative
is approximated as following:

ac Gyl -G
ot At

At the first step of development the convective
derivatives are represented as follows:
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At the second step the convective derivatives

are approximated as following:

where u”

b b
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The second order derivatives are approximated
as following:
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In these expressions L,L, L},L}, L,L,

M ,M_ are the difference operators. Using these

expressions the difference scheme for the transport
equation can be written as follows:

C.’Hl Cn

.k i)k -
L], A L] +L:Cn+1 +Lxcn+1 +L—;C}’l+1 +
t

+L,C™ + LC™ + LC™ +6C =
=(M;CC"+1 +M;ch+1 +M;-ycn+1 +
- i+l n+l - i+l
+M,C" - MCM + M_C™ )+ q(1)8.

Solution of this equation is split in four steps on
the time step of integration dt :

— at the first step (& =%) the difference equa-
tion is:
ct-ch
St L per s et v ey Sk =
At 2 7 47

1 - n - n
=Z(M;XC" + M CH+M; C"+ M, C"+

q (Z)l 81 ,
4

N
MIC"+M_C"+)
=1

— at the second step (k=n+%, c=n+%): the

difference equation is

k c

ct -
kT +1(L;ck +LCF+LCHY+ 2k =
At 2 7 4
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1 -k c -k c
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v
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=1

— at the third step (k=n+%, c=n+%) the
difference equation is

cl - C;
S +%(L;Ck L+ LY+ 2C =
t _

1 e al - c
ZZ(MxxC +M;Xck +MJ)}’Ck +M;J’C +

v
+M_C +M;CC)+Z"Z)’ 5,,

=1

— at the fourth step (k=n+1,c=n+%) the

difference equation is

k c

L —Cs

ik ik +—1 (LCH+ L' Cr + L CY) +2 ck =
At 2 J 4

=%(M;XC" +MCC+ M C+ M Ch+
N -
t
+MC +M;C")+Z¥6,,
=1

Function 9, is equal to zero in all cells accept

the cells where the °/ * source of emission is situ-
ated.

This difference scheme is implicit and abso-
lutely steady but the unknown concentration C is
calculated using the explicit formulae at each step
(so called «method of running calculation»).

The initial condition at each time step is written
as following [11]:

=C(x,y,z,t”),

1 k 5
where C,C,C - are concentrations at each time

step.
FORTRAN language was used to code the de-
veloped numerical model.

Findings

The developed generic code «EMISSION» was
used to solve the following problem. A train with
toxic chemical (NH3) moves near Railway Station
«llarionovoy (Dniepropetrovsk Region, Ukraine)
and at time #=0 the instant emission of NH3 takes
place. This emission results in NH3 cloud forma-
tion (Fig.2). Position of this instant emission is
schematically shown as «star» in Fig.l and
«arrowy indicates the direction of the train move-
ment. The train keeps moving after the accident
and long term emission of NH3 (g=5kg/sec)

follows the instant emission. So we have scenario
«instant exhaust of toxic chemical + long term
emission of ity.

Fig. 1. Satellite image near Railway
Station «/llarionovoy :
1 —Site # 1 (farm field); 2 — Site #2 (farm field);
dots show the rail way track; «star» shows
the initial point of emission

Results of numerical simulation of atmosphere
pollution for this scenario are shown in Fig. 2—4.
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Fig. 2. Spatial distribution of NH3,
(initial cloud), ¢ =42sec (level z=10m)

Fig. 3. Spatial distribution of NH3, # =70sec
(level z=10m)

Fig. 4. Spatial distribution of NH3, ¢ =169sec
(level z=10m)

It is clear from Fig. 2—4 that the contamination
area is formed under the following factors: initial
cloud appearance + long term emission from the
moving train + atmosphere dispersion and wind.

From the practical point of view it is important

to evaluate the ground pollution intensity. To solve
this problem the following expression was inte-
grated

G=fdt [[ (w,+po)C(x,3,2=0,t)ds, (2)

S,z=0

where G is mass of the pollutant whish felt down
the ground site S, ¢ is time, T is period of integra-
tion. «Rectangular method» was used for the nu-
merical integration of this expression. Results of
soil pollution prediction after accident are shown
in Tabl.1.

Table 1
Time 112 sec 169 sec 239 sec
Area | 4628*10° m? | 6222*10° m® | 6925*10° m?

Soil Pollution Dynamics. In the case of private
owners demands to pay their losses after the acci-
dent it is important to know the toxic chemical felt
down the different sites, for example, the private
fields. At present to evaluate the ecological dam-
age in Ukraine, in the case of ground pollution the
following formulae is used

D=KxII, 3)

where 17 is polluted area [m*], K is money coeffi-
cient (grivni, dollars) declared by Administration
Regulations.

As it is clear from Eq. (3) to make the adequate
evaluation of the ecological damage D it is neces-
sary to obtain the correct information about I1. The
developed generic code can solve this problem us-
ing formulae (2) which is calculated for marked
cells of the computational region. These cells indi-
cate the area, for example, of the farm fields
(Fig.2, Site #1and Site # 2). In Tabl.2 results about
these sites pollution are presented.

Table 2

Mass of Toxic Chemical felt down the Different Sites

Time Site #1 (See Fig.1) Site #2 (See Fig.1)
154 sec 0.41 x 10° grams 723 grams
211sec | 0.81x10° grams 6 166 grams
267 sec | 0.10x 10° grams 0.22x 10° grams

Results from Tabl.2 show that the most con-
taminated area is formed at Site #1 which is influ-
enced by initial cloud and following emission from
moving train.
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Originality and practical value

A new numerical model to predict atmosphere
pollution after accidents at railways was devel-
oped. The model is based on the 3-D transport
equation. The developed model takes into account
wind profile, diffusion, emission rate and source
movement This model allows to evaluate the eco-
logical damage in the case of different emissions at
railways. The model can be useful in the field of
safety prediction of transport routes and risk as-
sessment.

Conclusions

The article contains results of numerical simu-
lation of air pollution near Illarionovo station after
accident at railway. To simulate the process of air
pollution the 3-D developed numerical model was
used. The developed numerical model takes into
account the main physical processes which influ-
ence the pollutant dispersion in atmosphere. The
future work in this field will be connected with
development of fluid dynamics model to simulate
the pollutant dispersion over the complex terrain.
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YUCEJBHE MOJAEJIOBAHHA PO3ITOBCIO/KEHHSA XIMIYHO
HEBE3NEYHOI PEUOBUHMU ITPU ABAPII HA 3AJII3HUIII

Merta. [lane 1oCiiDKEHHS CIPSIMOBaHE Ha PO3POOKY MPHKIIAIHOI YHCEIBHOT MOJIEINI ISl PO3PaxyHKy JTHHAMIKH
3a0pyaHeHHs aTMoc(hepy NpH eMmicii XiMiYHO HeOe3MeYHoi PeYOBHHHM Y pasi HOro TpaHCIIOPTYBaHHS 3ali3HUYHUM
TpaHcriopToM. MeTtoauka. {1t 4uceabHOr0 MOJICIIOBAHHS IIPOIIECY NMEPEHECEHHS XIMIYHO HeOe3NneyHol pedOBHHN
B aTMOC(epi 3aCTOCOBYEThCS PIBHSIHHSA KOHBEKTHBHO-TU(Y3IHHOTO TEpEeHOCY MOMIMIKH. /laHe piBHSIHHS BPaxOBYe
BIUIHB BIiTpY, aTMoc(epHoi nudy3ii, MOTYKHOCTI DKepelna eMicii, a TakoX pyX JKepena eMicii (po3repMeTH30BaHoi
UCTEPHHU) Ha MpoIlec po3ciroBaHHA 3abpynHroBauda. [lpu mpoBeneHHI OOYMCIIOBATBHOTO EKCIEPHUMEHTY TaKOXK
BPaxoOBYETHCS MPOQIb MBHUIKOCTI BITPOBOTO MOTOKY. J{JIs1 9MCETBHOTO iHTETPyBaHHS PIBHSIHHS EPEHOCY JOMIIIKH
B aTMocdepi 3aCTOCOBY€ETHCSI HESIBHA PI3HHUIIEBA CXeMa PO3MICIICHHA. UHnCenbHU po3paxyHOK pO30HMBAa€THCS Ha
YOTUPU KPOKH PO3MICIUICHHS, 1 HA KOKHOMY KpOI[i PO3INCIUICHHS HEBiIOME 3HAYCHHS KOHIICHTpaIlii HeOe3meuHol
PEUOBMHM BHM3HAYAETHCS 3a SBHOIO CXEMOI «OiXydoro» paxyHKy. Ha ocHOBI moOynoBaHOI 4HCelbHOI Mojesi
CTBOpEHHMI KOJ| Ha ajroputMiuHiii MoBi @optpan. IIpoBeseHO OOUYMCIIOBATBHUI EKCIIEPUMEHT 13 OLHKH DIBHS
3a0pyaHeHHS arMocdepr TOOAM3y 3ami3HWYHOI craHuii «lmapioHoBe» y pa3i MoximBoi aBapii npu
TpaHCIIOPTYBaHHI amiaky. Pe3yabTaTH. 3ampornoHoBana MoJIeib J03BOJISIE ONEPATHBHO pO3paxyBaTH 3a0pyIHEHHS
aTMocdepy Tpu BUKUAI XiMIYHO HeOE3MeYHOl PeYOBHHU 3 YpaxXyBaHHSAM pyXy [DKepena emicii. Moaens 103Boisie
BHU3HAYHUTH PO3MIpH 30HH 3a0pYIHEHHS MMOBEPXHi 3€MJIi, 4 TAKOXK KIIBbKIiCTh 3a0pyAHIOBaYa, IO OCIiB HA KOHKPETHY
IUISHKY. 3a [OIOMOTOI0 PO3pOOJIEHOI YHCEThbHOI MOJIENi BHKOHAHA OIliHKA E€KOJIOTIYHOTO 30WTKY MOOIH3Y
3ami3Hn4HOI craHmii «lmapionose». HaykoBa HoBu3Ha. CTBOpeHa e(eKTHBHA YHCENbHA MOJIENb, IO JO03BOJISIE
OTIEPATHBHO PO3PAaXOBYBATH EKOJIOTIYHMN 30MTOK MpH emicii HeGe3NMeyHNX PEeUoBHH Ha 00'€KTax 3ajli3HUYHOTO
TpaHcnopty. IIpakTHyHa 3HauMMicTh. Po3poOrneHa aBTopamu 4ucenbHa MOAENb MOXE OyTH BHKOPHUCTaHA Ui
OLIIHKH PO3MIpIB Ta IHTEHCHBHOCTI 30H XiMIYHOT0 3a0pyAHEHHs NPH HA/I3BUYAaWHHMX CUTYyalisX Ha TPaHCIOPTi. 3a
JIOTIOMOT'0I0 pO3pO0JICHOT YMCENbHOI MOl PO3B’si3aHa 3a/1a4a 3 OLIHKHM HACIIJIKIB aBapiiiHOl eMicii amiaky Oins
3aIi3HUYHOI cTaHii «lapioHoBey.

Kmiouosi croea: aBapii Ha 3aJTi3HUYHOMY TPAHCIIOPTI; 3a0pyIHCHHS aTMOC(epH; XIMIYHO HeOe3euHa peUOBUHA;
YHCeNIbHE MOJCITIOBaHHS

H. H. BEJISIEB", J1. 1. MYHTSIH>

"Kag. «Tuapasiuka i BogocHatkenue», JHEIPONeTPOBCKUil HALMOHATBHEI YHHBEPCUTET KENE3HOLOPOIKHOTO
TpaHcropra UMeHu akaaemuka B. Jlazapsina, yi. Jlazapsna, 2, JluenponetpoBck, Ykpauna, 49010, ten. +38 (056) 273 15 09,
a1 moyra gidravlika2013@mail.ru, ORCID 0000-0002-1531-7882

2*Ka(b. «'unpaBnuka u BorocHaOxeHne», JlHeNponeTpOBCKUI HAIIMOHATIBHBIH YHUBEPCUTET XKEJIE3HOLOPOKHOTO
TpaHCHIOpTa UMeHH akaznemuka B. Jlasapsna, yn. Jlazapsna, 2, [JnenponerpoBck, Ykpauna, 49010, Ten. +38 (056) 273 15 09,
a11. mouTa lili.muntyan@gmail.com, ORCID 0000-0002-1659-7740

YUCJITEHHOE MOAEJIUPOBAHUE PACITPOCTPAHEHUA
XUMHUYECKH OITACHOTI'O BEHIECTBA I1P ABAPHH HA
KEJE3HOU JOPOT'E

Henb. JlanHoe wuccieoBaHUE HAMpPaBICEHO Ha pa3paboTKy MPHUKIATHOW YHMCIEHHOW MOJENU IJisl pacuera
JMUHAMUKH 3arps3HEHUST aTMOC(EPhI MPH IMUACCHH XUMHUYCSCKH OMACHOT'O BEIIECTBA B CJIydae ero TPAaHCIIOPTHPOBKU
KEJIe3HOJJOPOXKHBIM TpaHcropToM. Metoauka. [y 4UCIEHHOTO MOJETUPOBAHUA IMpoliecca MepeHoca XUMHYECKH
OIaCHOTO BEIIECTBa B aTMoc(epe MPUMEHSACTCS YpPaBHEHHUE KOHBEKTHBHO-IU(G(Y3HMOHHOTO IMEPEeHOCa MPUMECH.
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EKOJIOI'A1 HA TPAHCITIOPTI

JlaHHOe ypaBHEHHE YUUTHIBACT BIUSHUE BeTpa, aTMOchepHOit 1uddy3un, MOIIHOCTH UCTOYHUKA IMUCCHH, & TAKKE
JIBIYKCHUE MCTOYHHMKA dMHCCHH (pa3srepMETH3MPOBAHHON IIUCTEPHBI) Ha MPOIIECC PACCEHBaHUs 3arps3HuTes. 11pu
MPOBEJCHUH BBIYMCIUTEIHLHOTO JKCIIEPUMEHTA TAKKE YUYHUTHIBACTCS MPOQUIb CKOPOCTH BETPOBOrO moToka. Jlist
YUCJICHHOI'O I/IHTerI/lpOBaHl/ISI ypaBHeHI/IH nepeHoca HpI/lMeCl/I B aTMoctl)epe HpHMeHHeTCﬂ HCsIBHAA pa3HOCTHaﬂ
cxeMa pacuieryicHus. UMCIeHHBIH pacueT pa30MBacTCs Ha 4YeThIpE Iara PacHICIUICHUS, W Ha KaXKIOM Ilare
paciieryieHuss HEW3BECTHOE 3HAYCHHE KOHIICHTPAIMK OIMACHOIO BEIIECTBA OIMPECIIACTCS IO SBHOW CXeMe
«Oerymero» cuera. Ha OCHOBEe TMOCTPOCHHOW YHCICHHOW MOJENH CO3JaH KOJ Ha alTOPUTMHYECKOM SI3BIKE
®optpan. [lpoBeneH BBEIYMCIUTENBHBIA JKCIIEPUMEHT IO OICHKE YPOBHS 3arps3HEHUs arMochepbl BOIH3H
JKEIIE3HOTOPOKHON CcTaHIUU «MIIapHOHOBO» B CiydYae BO3MOXKHOW aBapWy IPH TPAHCIOPTHPOBKE aMMHAKA.
Pesyabrarsl. [IpeioxkeHnas Mo/ielb MO3BOJSIET ONEPATUBHO PACCUUTAThH 3arps3HEHHE aTMOC(ephl Mpu BhIOpoce
XMUMHYECKH OINMACHOTO BEUIECTBA C Y4YETOM JBW)KCHHS HMCTOYHHKA IMUCCHH. MOJeNnb TMO3BOJISIET ONPEICIUTh
pa3Mepbl 30HbI 3arpsI3HEHHSI MOBEPXHOCTU 3EMITH, 4 TAKXKE KOJIMYECTBO 3arpsi3HUTENS, OCEBIIEr0 Ha KOHKPETHBIN
ydactok. C momompo pa3paboTaHHOW YMCIIEHHOH MOJENH BBIIIOJHEHA OLEHKAa JKOJIOTHYECKOro yumiepba BOMU3M
KeJIe3HOOpoKHOH cTaHimu «MmnapuoHoBo». Hayunass HoBu3Ha. Co3nana 3¢¢eKkTrBHas YUCICHHAs MOJIENb,
MO3BOJISIIOIAST OTEPATHBHO PACCYMTHIBATH IKOJIOTHUECKHN YIEepO MPH AMUCCHU OMACHBIX BEUIECTB Ha O0OBEKTax
KEJIC3HOJOPOKHOTO TpaHcrmopra. IIpakTHdeckasi 3HAYMMOCTh. Pa3paboTaHHas YYEHBIMH YHCICHHAS MOJEIb
MOXET 6])IT]) HUCIIOJIb30BaHa MJII OLICHKH pa3MepOB N HHTCHCHUBHOCTH 30H XHWMHYCCKOI'O 3anﬂ3HeHI/IH l'lpl/I
Ype3BBIUANHBIX CUTyalnusaxXx Ha TpaHcropre. C MOMOIMIBI0 pa3pabOTaHHOHN YHMCICHHOW MOJENU pellieHa 3ajada Io
OIICHKE TIOCJICICTBHI aBapUITHON SMUCCHU aMMHUAaKa BO3JIC JKEJIC3HOIOPOKHON cTaHIn «taproHoBOY.

Kniouesvie cnosa: aBapuu Ha KEJIE3HOMOPOKHOM TPAHCIIOPTE; 3arps3HEHUE aTMOC(Ephl; XMMUYECKHA OMAaCHOE
BEIIIECTBO; YHCICHHOE MOJICIIMPOBAHIE
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