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50md00900 dMdM>MdOL [F0bsswdgy dMMs (33580l 2530390900l 05300 SBO30EGdWS©
0393995300L 356IOHMEHOL 0O gdOm) 96, 30M0Jom, 935379300 TBsMISFIMS, 33530l
30056mmM3000 139309 OO VO0MdYdOLS3YD. 50B0TBMEo 3MBEOMEWOMYds©Oo B350 LsFoMms
MBSBOHOBMYIOL LEAHMOGJR0JOOBS S 9353475300L FoOTMEHIOOL I3JIZ0LMZ0L.

3600369035605 4530m35¢0Lfobmm, GMI bobds®o dodlodorw® Loddesgzmgl dsdobgzg 6
363005690, 855005, LEdMWMME 30 3925353l BoMfgEo bsbds®o MsbEsMb oobM©Ids
50 96003690 ™d59©g MdMsTMymxzol BOHEOL IMHEol FJobg3zom, o3 ©IFMINPIOIMOS
299099690390 15H3530L BobgMdIBY, 33060500l 4gmAgEEMOLS S F9MIIM 30HMBYdDY. STM0YS,
b56dMOL 5N 939390DYg 396G0OE0sL F99dw0s 9539dBHWIMS© 03Tl 55350Mb, MoYD
b56dMoL ©0bsdozm®mo (16935 33ws3 ©sdsE0s s 89d5603MM0o {6935 MToboMmgdl. dbMEMm©
396339990 HB3M0L dom(jg30L 999y 033X9ds M9BIBIMPMBdS s 39BGHOWSE0s 3Mmb3MMYBE0L

<93L Ly MBOHM AEoge DYWL S FoRIOMMJIMWO 5060930l 58MmIQYd 653509dL. sdoEH™ma
3600369 ™35605 565 FBMWMm© BEIGH03MNO0 Lodmmmem dEyMdsmgmdol sbsgrobo, M50

396¢0Ws300L  95399BH900L @OHMOomo WG ™Mds 065303 MMI© 2963056 gds0  bsbIMOL
306d903d0.

396GH0WsGHMOMOL  9539dGHIOMOL 300093 0599603y RBIJHMOO DBOMIZL. TgdsbolMmEs,
3960w sGHMMgd0 d9Jdbowos dsduodserEmo 3«)dsmdobm3z0l, Mmool MMLsE 850 99050
396339990 M5EI6MdOL 3596M0L 653500l dofirrgds s (6930L 9GOl Wsdeg3s. 53 BLZMOL
domfg30L 09909y, 999 gdgwos 65350l LoBJsMol  dgdamdo  AsBeMEs  Lol@gdol
23905AH300mM30L  49M9T9. TgmOg FM3500 TJHBOM3s MOL  MgMIMEo  Hoboswdgamds,
39630WsGHMMgd0 bsbdMol mML 9duEM9BsO 3H9ga39Mo@IMBY 560056 FM30IOMEO ©
399396M5GHMM0L  BoBHJOsLmb  9hHmMo©, Fomo  FoLogdo  EIRMOIOMEIds ©s  bygzolmMmgdo,
99dHMbo3s @ bbgs 300E03Mwo 3m33mbgbEgdo (ymdmosb gsdmol. 09y 39b@owsgools
Bmbsdo GH9d3gMedes 509dsBHgds LadMHmgd@™m odoBgdl (Omamema Fgbo, ssbemgdom 250-
400°C ¢ 030l dobggzom), 35000 Bbd30mbocmgdol 35 33390005 B30MEYdS, Mo 035l 60dbsgU,

™I 396305305 989JGHMO0s FbMmErmE I9)HOMOIO EOMOL 6353w mdsdo.
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30093 9Mmo 3603369em3s60 sl3gdEHos 35960l 10330030l  (335¢GOSMBS  330M5dOL
3H36M03: bobds®mmsb Mm@d@ sbeoml, 35960 3603369wm3bs Mdowro s AbdmJos, 306MY
23969996 dgfimzomo 35960. 580E™T, 396E0WEHMMd0 3Fomdgb Lbgoolibgs LodzzmMozol s
d9L50580L, obLB3539dMwo EObsTo3MMO Hoboswdgamdol dmbyg 4s0gdmao, Mo 293wgbsls
3bgbl dsm Bogd@BHMd®m03 300w By (6930L LogMmM BoSBLTO. FoMIES 5ToLY, 5OB60TBs30s, ™A
33065006 396305305, OMYMOE [gbo, 56 bMME09Ids gOHmo IMFYMdo™Mdom - g sMob
39530 GHMMJIOL 9OHMNMOOMDS, MMIWIO0E 39620 0s MBIz s 96 gobogo
19239639000 S 9OHMs© FTomd96 653500 B3 gbOL FobLsbMM g gdWH. MoMNMgME 53
39630WsGHMOL  5d3Lb  goblbgsgzgdmmo  dyobogMo  (j3rowo, o3 IM30EIdME0s ol
30D0E0sHY,  9Mgdml  3H9I39MGHIMSDY, 330605008  3MBRoYMMs3osLy s  Bo3sol
300500 gdsbyY.

396GH0wWws300L  98B9IGHOMOOL  2obLSIMOMGIMWO  25dw0gMgds dlg3g W3SZTOMYOME0S
33065006 256030 33900l BoOOMDMB. gl 3G06E030 DBMYss® FMJBxIdL. 396GH0WsEHMMYdO
3MBLEGHMI30000 F0TsM0IYGdO 605D - om0 9g39dBH0 3MBEIBEMOMGdIMWOS 33060500l VgOAOL
808500 gdom, bmwm bsbdMol dgogys Ho®dmddbowo s8(g30 dogrgdl 56 sbsLosMYOM
3936039 9gd0L M0G0 F0TOMMEGds S 350 Wb PoIWSHMB 3060500l dogwo gsbogo
339000L 0bos0dgaMds. FoMEH035 MHMI 30d35m, Jorbgogs 0doby, MM 396E0wsGMEMO
Bo3ool  9bgMaosl  d0BsbIodsmmMEs© @  B0FMMMEGDOm  ,09Ho360L¢  3mbB3MYEHMwo
800500 gd0m, $8(930 dogms bsfowrgds dmge 296030 HBg30MHHBY @S BabMBOL, dMoYs oL
©5 OLO35300L A9FM MBOM 9@ I6535MPIOL 5d3L sAOWoO. gl 9xB9gIBHO 3OGEIW YIS 50>
dbmwmnE  33005090Dg, 965990  DBMPs©s© 6535000l LoLBHYIGOYY, Losg  dgdsbozmMo
50md653900 653500 MROM oo  9x39dBHIOMBILL  93wgbL, 3000609 ORMYDBoNGO b
50mdy900 6535000, M5ysb bs3ool d9dsb03M6H 3mA3MmbgbBHL Fgdeos 39, FoIEbMU
5RA0MWMdM030  B535MRgd0 5 FMobobml  gbgeyool  9BgJBHMOO  B0BIMIEXGdOM
30639606 gds. 53600950, 396GH0WsE00L LoliEgdgdol 3Mmgd@ds Mbos o0m35oLHObML 56
dbmEmE 39630 GH™MOOL BLoAAEs36Y, 0539 3060500l {gMBIEGH05E, M0 236030 33900l
36OHMBOWO 30605306 453egbsls SHIBL 0d5DY, M) MHMYME 2593995 dofirr@gdmo gbgeyos
3MbGHOMomqds©  6535000L 39l s ®39gbs  9x8gJBHMMs© Tgmderos Tl bsbdGom

299039990 doegdmsb [obsomdgymds.
d9x58900Lm30U, 39630305 byl MHgmdl Bo3oob LogMmm 3mbEMmmeL JodsGmEgdols

5 §6930L 98399B9gd0L 89839Mdom, M53 90degds LobgMAOIo 0gmlb bobdMol Jog Focdmddbowr
6535096 96, 30Modom, 08mddgoml GMAMmOE bsbdsMbsfoboswdgam ds009cMmds. 9x39dEwcmO
LoLB9ol FgLoddbgErs© 930 YdIE0S 565 Fbmem@ Bogdbodsymo 3603369 MdYdOL, 56539©
QOOMOMO 053030l B0 565¢00B0. 58 Tgdnbzg35d0 B396 035660, BT BsOMYOE0s 396l
9096 999m@sbowo ©gdMEgds 030l dgbobgd, MM mgMHINwo ©s 89dobogmemo Bs3owgdo
39O 0300090056 430658900 1L5396E0WS0M LolE9d9ddo.
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8. LbsbdBM MlsROMLMYdOL 0bEJRMOMYdMEO FMEIOMYDdS
8.1. 360 gdols sOLO

L593EGMIMBOEM 2306589000 bsbdMOL IMPIE0MGdIOLSL 2odmoyggbgds CFD dgomegdo, Groms
35050 LoBMLEGHO0 Jogz00mm [34-44]:

s BJ33INGYOYUO ZILOL 335 IBIQMDY;

* 33900l 39303IwYd;

o B5HJ0M55620L5 O b3S BHMJLoIMEO gsBgdoL 3mb396EOSEF00L (335¢YBSMBY;

e bo3500MI0L (335¢GOSOMD;

o 35960 Lobdsmg s 0TSO YdS.
CFD 8m@gogds bsFommgdl 830609 Mmoo doxL (3s35¢0ms, 0.1 — 1.0 §530), Moms s0fg@mls
LGSR (3300500 3039900, 256L53MMGO0m BIBEIMOL Q3630mMgdol 30M39w fmmgddo
dH939w™dsds 5369039 doLsGdO BIBIMOL 3039 gOOL SBYOMNYI5MMZ60 s WObsT03WGmO
016905, BESBH03MM0, JOOFIOEGOWO0s60 bsbdMol {ysmrmlb bs33wo®, RBod@mdMoz0 bsbdMgdo
bdoGms dm0Es3L M35 XRIMSPO 55¢gdoL [aMEGHowgdl, MmIwgdoa 3sdmf3gmwos LomdwGmO
2000bb03q000m 96 ¢l SHEPMBYOMY LoBMIBL3MO EM L5 gdgdBY 56 0bBOLEHMIEBHESDY
393039 gd0m. 933056900  FJMOOO Sy, o3 0f393L  sboewo BsBIMOL  39Mgdols
0968gddbsL Bb3oolb3s 90l s Lblsalibgs MMU.

9353995300L dmYqdo (dsgowomsq, Pathfinder, MassMotion, BuildingEXODUS, AnyLogic)
doM0MOI© 094969096 MBOM o OMom doxlL (5-10 {sdo 56 TgBo), MoYD 5©sT0sbms
239095PO0WGds 969000 MRO® bges J0dobsmgmdl, 3069 bsbdMol ©obsdozs s
G339 YOILO (3OO0

50239650, bsbdMOUL L3965M9gdL gL FOMHMYDS FowsEr0 LobToMmOL WMmMO MO IMbs39d9d0 (o390
©533063905), bmwm 935395305 - 350 LobJoMOL dMmE9Egdo ((rgdBY s330603909).

8.2. Lsdg3bogMm g58m)393900 0bGHJHMs300LSl

OMOM 0535HDMbgdL ImEOL gl Hobss®dgamds dgladwrgdgeros olig 49sHYgl, HMI MO39
9ol 0639aMo305 MooLEBHWOmO s 0b6GHIM3MYBH0MYOSO 0yml. 0bEJAMSE00LIM30L
360630380 g58mboygbadgeos 89990 doymadgdo:

1. sbobdOmbmwo OHMmomo FsBIEHd9d0 — CFD-8o0 omoommgmmo (89 8080bs6rgmdls
3600369 m3z560 3MM(39L900, bmwm 9353995300L5L 553056900 FMIMSMOID MRMM boby®dwog
06 9M35¢9dbY.

2. 0bgmOTozo0l 536985300 — MmO Mbs FoMIm35006Mmm LIRS  (335gds0
39939M5G Mo 39gdo olg, MMI 0gmb “Lodmsgrm”, “Godbodsgrw®mo” 56 “dobodserm®o”
909N OHMIO 5©5305bMs 9353995300L IMYgdoLm30U.

3. 896(9ydol g0MEMEMY0s MO FJOMOO:

- 35dbE030 0bxzmMIomgds, (CFD-ob 89093900 309(mgds 93532995300 dm©genls, dsgMsd
030903390905 56 bEgds);
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- m6HIBO030 06xmOmI0MYd, 9393995300L 8MmEI0MdoL 99900 Bgdmddggdl CFD-%bg
(0525005, 3obLboO 35M909gd0L 453w 9bs, 505F0bMs FMIMIMdOM 25dm{39wo ©0bYdYdOL
(33250 905MOOL gogargbs o bbg.).

4. 3603H03Mwo 396599 BHMgool  Imbszgdms advo3gds CFD-ob  9393999300L
99 gdoLbm30L Lsmsbsm dmgddggdgdol AsbLIbMMEF0YWdEs©:

- bog500Md9, 253 gbsll sbgbl goosy0wgdol LoBdsmgby;

- $993965G M, B9dmddggdsl sbabl 5@s80560L TglodgdMBIDBY Q99O Il
(8595¢0m5Q, > 60°C, 3595YOWJdS F99d9GdIE00);

- BHMJLozeo 2Hgdol 3b396EMSE0s, FmMfsdzErol oL, iYM3bgdad/YBIMYDS.

8.3. 06935300l 365dH03ME0 05850030

dogocwomo 1 — FDS + Pathfinder ob@ga®ogos: bsbd®mol b3gbseol gobgzomatmgds begds CFD
dmgwom, FDS (Fire Dynamics Simulator). 59 9000b393580 9353995300b 390 s6ol Pathfinder.

FDS-ol bg6ogdol dobgwo300 bowzsmdols s CO-ob @OHmomo dmbs3gdgdols 49s@sbs
bgds Pathfinder-om gsblobwg®Hen domIOMEDY, 93539993059 B9dmddggdl boegsmds
A™JbogMOHMds.

OMomM0 0b639gM35wgd0: FDS 0dwgzs 8909a90L 0.5 {0 doxom. 935393008 dm©9eo
Pathfinder 00gdl d999dL 1-5 {3 06¢gM3meomqdmeo dmbs3gdgdol Laboo.

063)9265300L 990093900: FDS-000 80098900 bydserm 36093690 md9dol dofimgds ymgzgen
5 0 06¢g635¢0do Pathfinder-obmgob.

955como 2 — CFD s 935353008 dm@geol 3030065300 330605080 dodobstrg bobdemols
1396569 99090 30MHMBdgd0m: 1000 3 LoaMdol 33060500, 30 3@ LOIWS3MOL bobd®mol Fysmrm
2396539005 (396GH®T0, Logobagdm 3963 0ws300L LobEgdol RsOm3s bgds 39-60 §odby

bs6dmol dmgomgds CFD dgmmom. 39339Mo@col 39¢ol 3D dmogaotgds, 0.2 §d
00X 0m, MHMOL 06 MH35¢o 0-300 §3. 935395:300L LoBJsGol EIEPOMYDS 45535¢0 3bBJEgdols
900905Mm9Md0m bgds 1 {8 doxom. 53335050, EOHMOL dOXO 9353295300l FMPIWOMmgdoLsMZ0L 5-
X9O 9B 0o.

6039 ImgeroM@gdols Igmfyds: ymgzger ds6IOMEGHBg Pathfinder 00qdlb {90y gowoyzsbowo
399396053 M0Ls S bogsmdol dsgdbodmdgdl. B3O 306HMBYd0: 19 (gd3gMoEwes = 80°C

36 bo3500Mds < 5 0, 50053056900l o0 gds bs dghyogl.
900900 9900930: MLIBOMBM 935353001 MM FgsM©YJ0s bgedolsfizmad 9353495300l
@OML. bsbd®OL 35630156930l dmgeomgdols (CFD 8900m@0) s 9393995300l Im@geoMgdols

99092990L 063 9365300L5 S 305J3039WOo 25dmygbgdolismzol dglisdwrgdgwro M93mdgbEs3E0gd0
d9¢sboros 3bGowdo 5.
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3HOOo 5. bsbdMol gob3005M9d0Ls s 9353295300L IMYWOMHGdsMs 0bEJMSE0s

200m§3935 9300965305
bbgsslib3s OHMomo CFD-@56 9353995300l 8cqgeolsmgzols godmoygby
359 BHod9gd0 dmbs390ms LM 360d3bgermdgdo
9mbs39dms 35053995 398m0ygqbg CSV 6 Smokeview-ols SLCF 5396900
PG IO, BITRYe)

bow350Mds, $H9339M5GHIOS 393w9bols goo398s 9393499300L IMYEoMgdols
CFD 9m@gao®gdols 3900993909
dobgz0m

0639360609390 565¢00bBol | 259m0ygbg bgdmm sefighowo zodbMogzo
LAOSBHIR0S 063m®»306M9ds, 990md mOHIbMH030 0b6xzmGO0MYds
09 by FOOMS

9. ©s1s3369%0

- 39960360 mfigmdomdgdo Bs3doMmolo 56 sMHOL MBOBOMLMYBIOLMZOL — 59(30€JOJOS
06506600, mOb0BsE0wo s 5093056Mm0 BodEm™mgdol Lobomgbo.

- 06393m0Mm90wo 8mEIwgdo BsFoMHmgdl 963005609dsl: bsbdMol CFD dm@gugdo ©s
93937953006 dm9gegdo Mbs 3MFomdEbgb 9H®0sb  LobGHgdsdo, bsbdMOL  MgoEMEO
U(39656900L YROM DYLESE SLsbgzolmzoL.

- gOWOoL MHoabaol 359mygbgds 93399@ 05605, BoaE53 s FOMMIOL IBMLEHJISL, BomMS BMYMHYML
(3390905 M98 30MHMDdJOU.

- ©OMOM0 @S LBogE0m0  063YAMSE00L  LOOMMEYIDO  FOWIWSHIOIOS 53393 IMO
0500995303600 5 LyobgObMHM FoyMIgdOL Lodmsegdoo.

- bogcOmbmgdol  Lol@gdgdo  Mbs ogmb 0653030,  9I3GHOMPPMO  ©d
965350053169 30600, G305 989G M35Lwbml bsbd@mols Lbgsaolbgs L39b5MU.

9L 653M™I0 ©ox30bIbLEs Fmms Grvmbmgzgerol geMmzbmwo LsdyEbogmm gmbool dogH [MmsbEL
bmdgmo FR-22-12 949]. Lomom®o: 30o@ozwwo  LoBJs®ols s bobdMoom  gsdmfizgmewo
3290006900 Tglfagans Logbom 23060589080 LoamEbEol Howolis®hgbsc.
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Integrated Analysis of Ventilation System Efficiency and Lifesaving in Tunnel Fire

Conditions
Professor Omar Lanchava

Summary

This scientific article explores the critical relationship between ventilation system efficiency and
human survival during fire incidents in road tunnels. Through the analysis of several historical tunnel
fires, the research confirms that ventilation systems, although essential, are not sufficient on their own
to guarantee life safety. These findings highlight the need for comprehensive models that integrate
various influencing factors.

A new methodological approach is proposed, emphasizing the importance of the Dynamic
Efficiency Factor (DEF) — an integrated parameter that evaluates the joint impact of fire dynamics,
ventilation efficiency, and human evacuation risks. The DEF concept introduces a holistic framework
that links technical performance with human behavioral models in emergency situations.

Computational Fluid Dynamics (CFD) simulations are employed to model the development of fires,
temperature gradients, smoke propagation, and toxic gas dispersion. The analysis demonstrates that
while the Froude number remains a crucial indicator for assessing ventilation performance, in real
scenarios it fluctuates significantly. As such, reliance solely on the Froude number without adaptive
corrections can lead to insufficient planning for fire emergencies.

One of the key challenges addressed in this study is the integration of CFD models with evacuation
simulations. Differences in temporal and spatial resolution between the models complicate the
integration process, yet overcoming these difficulties is essential for accurate risk assessment. The paper
presents specific practical examples and outlines strategic recommendations for establishing effective,
combined modeling methodologies.

Ultimately, the study concludes that achieving a reliable fire safety system requires more than just
mechanical installations. It necessitates well-designed procedures, refined engineering approaches,
robust management strategies, and close consideration of human factors. By applying such a
multifactorial and dynamic framework, emergency planning for tunnel fires can become more resilient

and effective, enhancing both structural safety and occupant survival prospects.

Key words: CFD models; evacuation models; integration of models; dynamic efficiency coefficient;

Froude number.
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