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ACADEMIC ABSTRACT

Over the past century, great strides have been made in the advancement of mine fire
knowledge since the 1909 Cherry Mine Fire Disaster, one of the worst in U.S. history. However,
fire hazards remain omnipresent in underground coal mines in the U.S. and #re world. A
precise fire numerical analysis (simulation) before any fire events can give a broad view of the
emergencyscenarios leading to improved emergency response, and better health and safety
outcomes. However, th@mulation cost of preciserige complex dynamical systems such as fire
in underground mines makes practical and even theoretical application challérigsgeork
details a novel methodology to reduce fire and airflow simulation costs in order to make simulation
of complex systemsraund fire and mine ventilation systems viable. This study will examine the
development of a Reduced Order Model (ROM) to predict the flow field of an underground mine
geometry using proper orthogonal decomposition (POD) to reduce the airflow simulaion co
a nonlinear model. ROM proves to be an effective tool for approximating several possible solutions
near a known solution, resulting in significant time savings over calculating full solutions and
suitable for ensemble calculations. In addition, aehgrative methodology was developed based
onthe physics of the fluid structure, turbulent kinetic energy (TKE) of the dynamical system, and
the vortex dynamics to determine the interface boundary in multiscal@@3fire simulations of
underground sgce environmentsChe proposed methodology was demonstrated to be a useful
technique for the determination of near and far fire fields, and could be applied across a broad
range of flow simulations and mine geometries. Moreover, this research develofimdaiogy
to analyze the tenable limits in a methane fire event in an underground coal mine fiacbdre
miners, mine rescue teams, and fire brigade teams in order to improve safety and training of
personnel trained to fight fires. The outcomes of thsearch are specific to mining although the
methods outlined might have broader impacts on the other fields sutinm@esling and

underground spaces technology, HVAC, and fire protection engineering industries.
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GENERAL AUDIENCE ABSTRACT

With the rapid advancement of technology, the mine fire knowledge has progressed
significantly. Atmospheric monitoring and early sensing of heatingimgsoved the numerical
analysis has been expedited with the usage of supercomputers, and more regulations and standards
have been set to increase health afebgaf miners. In spite addvancements in these areas, fire
hazards remaia critical hazardh underground mine®eveloping an emergency plan for the safe
escape and for fighting the fire is one of the most important issues during a fire event in
underground space environments such as milkgwecise fire numerical analysis (simulation)
beforeany fire events can give a broad view of the emergency situation that leads to improving
the health and safety issues in the mining industry. Unfortunately, the precise simoflatien
large complex dynamical system such as a fire in underground spaoesly. This work details
a cutting edge approach to reduce thedird airflowsimulation costin order tomake simulation
of complex systems around fire and mine ventilation systems viabk main focus of this
proposal is talevelop novel methodogjies todecrease the time of the feiad airflowsimulatiors.

The developed methodologipsoveto beuseful techniquefor thereduction of fire simulation

and airflow simulation costsin addition, this study will examine the development of a
comprehensive methodology to analyze the tenable limits in a fire event in an underground coal
mine in order to improve safety and training of personnel trained to fightTinese simulations,
applied to training, will result in more efficient evacuasde.g., the decision to leave can be made
quickly and with less delay), as well as safe and effective firefighting under certain situBtiens.
target of this research gpecific tomining industryalthoughthe methods outlined might have
broader impaits on the other fields such @asneling and underground spaces technology, HVAC,
and fire potection engineering industrie§herefore,this researchmay have an immense

contributionon the improvement of health and safasgociated with firefighting
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1. Introduction
1.1. Introduction

Fires in underground coal mines) theU.S.and aroundhe world, hae contributed
significantly to fatalitiesand casualties mines Most recently, the Soma coal mine fire in
Turkey in 2014 claimed 301 livdsowen, 2015)Thereforethere is a crucial need tave
a robust fire safety plan of the occupants and the gemey response layauEarly
simulationin consideration of possible fire evengpplied to trainingis critical for safe
and effcient escape and firefightirtat leads to improving the heaklihd safety issues in
the mining industry. Unfortunately, the simulation and control of large complex dynamical
systems such as the fire in underground space environments can make unmanageably large
demands on computational resources, creating a neediteeréfmodel utilization. The
proposed research provides a novel approach to reduce the fire and airflow simulations cost
in order to improve the health and safety in the underground space environments such as
underground mines. The target of this reseaspecific to mining although the methods
outlined might have broader impacts on the other fields sucimasling and underground
spaces technology, HVAC, and fire protection engineering industitiesmain objectives

of this research study are sunrtimad as follows:

1. To determine the most probable fire locations in U.S. underground coal mines
according to a risk analysis based on MSHA accident data.

2. Todevelop a smoke layer depth, and smoke transport study for a methane fire event
at a coal mine workig facein order toprovide a knowledge to begin assessing tenability
requirements for firefighters and barefaced miners during a fire incident at the working
faces in underground coal mines

3. To develop an approach to analyze the tenable limits in a nestinarevent a coal
mine working face for barefaced miners, fire brigades, and mine rescue teams.

4. To develop computationally efficient redueeier models (ROMS) to reduce the
airflow simulation cost for high resolution areas of a mine (working face).

5. To develop a sensitivity study of the ROM with respect to various inlet velocity
boundary conditions for examining the results near the known solution.
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6. To develop a statistical analysis on the computational fluid dynamics (CFD) data
of the road tunnel fire siulations in order taletermine the critical parameters in the
analysis of road tunnel fires.

7. To develop a novel methodology for selection of interface boundary in the
multiscale (3B1D) fire simulations in transportation tunnels.

8. To apply thedevelopedovel approach on underground mine fire simulations for
expanding an algorithm for determination of interface boundary fdtisoale fire
simulationsof all kinds of fire eventé underground mines.

The first three objectesare presented as manuscripts in chap8er4, and 5. In
chapter 6, work towaradbjectives four and five are presenté&anally, objectives six,

seven, aneight are presentad chapters 7, 8, and Bespectively.

In chapter 2, an overview of firegearch in the mining industgndtunnel fires
areprovided and the limitationand gaps i@ discussed. The literature review has drawn
on background information from categories of USBM fire research history, experimental
studies of tunnel fires, fire sirfation research projects, and international standards for fire
prevention and control in tunneling and underground coal mines to allow a full
understanding of the new material developed in the subsequent chapters. It has also
demonstrated that differentusies have been carried out on analysis of fire events in
underground mines or tunnels. This chapter demonstrates that CFD numerical a&alysis
the useful tool for precise studies near fire field. However, for the huge domains such as
underground mine emenments, because of l@vcomputational requirements, network
modeling software (1D models) is comnhpmised for fire analysis. It is noteworthy that
network modeling approael (1D) cannot analyze the characteristics of complex three
di mensi onal (3D) pow regi ons Thegtiger ncraeticelly enc
approachs introduced as the multiscapproach whicltan be utilized to couplae CFD
solver with a netwde model, with the intention of decreasing the cost of simulation without
losing the accuracy. This approach still can be expensive because of CFD analysis for near
fire field. This literature review was carried out to allow a better understanding of a
proposed novel approach which decresasiee cost of simulation drastically in the

subsequent chapters and afes implications foncreasing the health and safety in the
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miningindustry. With the us of this approach, the results precisiolhstill be mairtained
Finally, the literature review shows the fundamental math wikiatilized for developing

the proposed novel approach in the subsequent chapters.

In chapter 3, a risk analysis wiine fires for all U.S. underground coal mines from
2000 2012 was ompleted to identify locations that have a high risk for fire incidents. The
data for this analysis was extracted frtmeMi ne Saf ety and Heal th
(MSHA) mine fire accident reports database. After identifying fire incidents from this
databae, a risk matrix was developed for underground locations that showed a significant
propensity for fire incidents. This matrix associates the hazards and risks with the severity
and frequency of their consequences at each location. These significanteamevidl be
the concentration of future studies regarding fire simulatior, dind airflow simulation

cost reduction, and mitigation methodologies.

In chapter 4, a numerical study was conducted to investigate the effects of different
levels of damage tthhe ventilation curtain on the ventilation flow into the CM area during
a methane fire event at a working face. Smoke can limit visibility to the degree that it is
difficult for personnel to even approach the fire, and if they do approach it may still be
nearly impossible to assess the magnitude and involvement. The masrofabis study
was to provideknowledge to begin assessing tenability requirements for firefighters and
barefaced miners during a fire incident at the working faces in undergroundineal In
addition, this study was carried out to develop an understanding of conditions that result

from several scenarios to train and prepare personnel, and rescue teams.

In chapter 5, a study was carried out to develop an approach to analyze ke tena
limits in a fire event in an underground coal mine for Haced miners, mine rescue teams,
and fire brigade teams in order to improve safety and training of personnel trained to fight
fires. The source of the combustion products analysis and theswerpeffect were
considered to assess the potential for harm to mine personnel, mine rescue teams, or fire
brigades during a firefighting operation, taking into account their training and personal
protective equipment during 5 and 15 minutes expostir@iemperature, visibility,
radiation, and concentration of combustion products based on diffexedliary
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ventilation damage assumptions following an ignition at the working face were

investigated.

In chapter 6, the use of full order computational fluidayics (CFD) radels using
FLUENT and separateeduced order models (ROMSs) for providing detailed high fidelity
ventilation flow predictions was investigated. The focus of this research was to develop
ROMs for reduction of airflow simulation cost at a waoidiface for an underground mine.

A ROM was produced to predict the flow field of a complex tunnel geometry (Continuous
Miner (CM) working face) using proper orthogonal decomposition (POD) to reduce the
simulation cost in the nonlinear model. A full ordeFGC model was developed using
Fluent for ventilation at the continuous miner face, and a comprehensive study was
conducted to assess the model accuracy and convergence. CFD model results were then
used to construct a ROM using proper orthogonal decompo$RiOD) with the method

of snapshots, and ROM predictions were compared to the full order CFD model. A
sensitivity study of the ROM with respect to various inlet velocity boundary conditions

was utilized to examine the results near the known solution.

In chapter 7, a statistical analysis on the computational fluid dynamics (CFD) data
of the road tunnel fire simulations was developed in order to determine the significant
parameters that can affect the fluid characteristic in underground space enviromtients.
study was crucial further study on the reduction of fire simulation cost. The developed
statistical analysis was applied to the tunnels with 73.7and 119.8 rhcross sections
and 960 m in length. Theelectedfluid characteristic{response variabk) were the
average temperature, the average density, the average viscosity, and the average velocity.
The impact of tunnel dimension, inlet air velocity, HRR, and the physical fire size (fire
perimeter) on the fluid characteristics downstream of thes@itece were quantifiedhe
prediction of the designed statistical models were assabsedthe significant parameter
effect and the parameteteractive effects on different response variables were determined
individually. Next, the effect of computational domain length on the selection of the

significant parameters downstream of the fire source was analyzed.



In chapter 8, a study was carriedt to develop a novel methodology to select the
interface boundary between the 3D CFD model and a 1D model in the multiscale
simulation of vehicle fire events in a transportation tunAedtetailed fluid dynamics
analysis was utilized to determine theenidce boundary between CFD and 1D models
during vehicle fire events in a road tunnel. The effect of changes in heat release rate (HRR)
and air velocity on the selection of an interface boundary was investigated. An indirect
coupling strategy was utilized couple CFD models to 1D models at the selected interface
boundary; then, the coupled models results were compared to the full CFD model results.
The findings were utilized to recommend a novel iterative methodology for the selection
of interface boundgrin multiscale fire simulations in the road tunnels and more complex

geometries such as mines.

Finally, in chapter 9, the developed methodology in chapter 8 was utilized to
determine the interface boundary between CFD model (near fire field) and 1D (faodel
field) of the fire simulations at a coal mine working face in steady state condition. The
impact of velocity changes, HRR changes, and the ventilation curtain position on the
selection of interface boundary to decompose the model into 3D and 1Daibdavere
investigatedThe indirect coupling strategy was utilized to couple CFD models to the 1D
models at the selected interface boundaryalgorithm based on the physics of the fluid
structure, Turbulent Kinetic Energy (TKE) of the dynamical systand the vortex
dynamics was developed for the selection of1ID interface boundary for all types
underground mine fire multiscale simulations. The developed approach can be utilized to
determine the interface boundary of multiscale simulation of difféyges of fire (e.g.,
longwall fires, electrical installation, gob fires, belt fires, etc.) in underground mines or

more complex computational domain.
1.2. Researchimpacts

The proposed research will have several impacts on mining, tunneling, and fire

protecton engineering indstries.



1.2.1.Frontier Expansion

There has been a limited amount of research in the area of multiscale (CFD
network) fire modeling in tunneling while there is swid multiscale fire modeling in the
mining industry. In addition, there is nesearch in applications of ROM on CBtairflow
simulationsin underground minesMoreover, research on the determination of €FD
network interface boundaries for methane fire incidents at the working face of a mine has
not been investigate&urthermorethere isalack of information on the tenability analysis
in mining engineering industrifhe proposed resedrprovided a novel approathselect
theinterface boundary for multiscale fire simulations for underground space environments
based on the phigs of the fluid structure which it results in the reduction of fire simulation
cost for huge emputational domains. his research study developed an approach to
analyze the tenable limits for bafi@ced miners, mine rescue teams, and fire brigade teams
in a fire event. Moreover, a ROMr reduction of airflow simulation cost at a working face

for an underground mingas developed.

1.2.2.Practical application in mining industry

The solutions in the proposed researahall be implemented and fully executed
on amine working face fires and entries model. This research has been focused on the
reduction of numerical modeling cost and also can be applied on to other 3D simulator
softwares which solve problems numerically via finite difference, finite volume, og finit
elements. In addition, this study was carried out to develop an approach to analyzing the
tenability limits during a fire incident in underground mines for ngrend all kinds of
rescue teams. The outcomes of this research can be utilized to desEmettygency
response layout, to develop evacuation plans, and to improve fire safety in underground

space environments.

1.2.3.Practical application in tunneling
The solutions in the proposed researahall be impemented and fully executed
in fire tunnel modelsThis study can decrease the cost of simulation (time and number of

processors for numerical analysis) for fire studyh@tunneling industry. Therefore, the



efficiency ofhealth and afety assessmentan be improved under the proposed approach

with rumning different simulations before any fire incident.

1.2.4.Expansion of Research and Educational Infrastructure

The fire science and engineering body of knowledge for miisngnproved by
translating common tools (i.e., ANSYS Fluéht Fire Dynamics Simulator FDS),
tenability analysis, and Reduced Order Model (ROAMAMATLAB coding to mining.

1.2.5.Educational Uses

The results from the proposed research can be extremely helpful for engineering
scholars and students to grasp an understanding of proper CFD sinsylatnwork
modeling, and reducing the order of numerical models for decreasing the simulation cost.
Moreover, this research can be a foundation for tenability analysis in underground mine
fire incidents to i mprove t letgandnperioemarnce s c u e
The outcome of this research can be utilized in all area of numerazkeling with the

following purposes:

1 Reduction ofairflow simulationcostof underground minelsased on POD

1 Reduction of fire simulationost in tunneling and underground spaogironments
such as underground mines

1 Fire safety plan and emergency response laygutovement

1 Improved understandingf fire scenariosor firefighters, mine rescue teams, and
fire brigadedor tenability analgis

91 Determination of numerical analysis domafor numerical fire analysis of

underground space environments
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2. Review of Fire Researclstudy for Underground Space Environments

The following review paper will be submitted to a mining specific journal. It was
entirely written byAli Haghighatwith editorial input from Dr. Kray Luxbacher and may
be compressed to meet journal requirements.

2.1. Abstract

With the rapidadvancement of technologgmine fire knowledge has progressed
significantly. The experimental equipmératsbeen improvedyumericalanalysis has been
expedited with the usage of supercomputers; and more regulations and standards have been
set to improve health an@fety of miners. In spite acidvancements in these areas, fire
hazards remaia considerable concemm mines all aroundie world. Different tunnel fire
research outcomes have been used irath@ncemenof fire knowledge in themining
industry. Therefore, not only fire research projects inrntineing industry but also fire
studies in tunnels have contributed to improving knowledge in various areas such as
fire prevention, fire protection, and technology. This literature review provides an
overview of fire research achievements inttiging industry and also tunnel fires studies
in the United States and all around tharltas well as identification of researgaps This
literature review haslsodemonstrated the codes and standards for fire prevention and
control in mines and tunnels fdifferent group®f workerssuch as barefaced miners, mine
brigade, mineascue éams, and firefighters. Howevehetfocus of this literature review
iIs more on numerical analysis of fire in tunneling and underground mines and various

mathematical approaches to decrease the simulation costs.
2.2. Experimental Fire Research

Fire experimentgan be classified by type to different areas such as fire plumes,
pool fires, air and gas movement, growing fire, flame spread, compartment fire, smoke
detection, sprinklers, mist system, suppression system, combustion model, ssatatep
and etc. Addionally, theycan also be classified by the locations. Before the 1960s, most
of the fire resarch projects were focused on thneain areas which are associated with
the fire safety in mine tunnels. These three main areas are coal (on the coalfades,in sa

coal dust explosion, coal properties, etc.), wooden structures (wooden supports for the mine
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tunnel ceiling), and conveyor belts (Carvel et 2005). However, latdire researchsuch

asfire in tunnelsdrew research focus

2.2.1.Mine Fires Experimental Research

By briefly glancing over mine fire research projects in the United State, it is evident
that most of thetudieswvere carried out or funded by the U.S. BureadMines (NIOSH).
Keenangxplained that because of the Cherry Mine fire in lllinois in 1909, the U.S. Bureau
of Mines (USBM) was established. During that incident, 259 miners lost their lives
(Keenan, 1963). It is noteworthy that the U.S. Bureau of Mines (NIOSH) has been playing
akey role in thamprovemenbf the knowledge in fire research in thening industry in
different aspects such as experimental, numerical, or computational analysis. According to
the number of fatalities and ndatal incidents in underground and surfateesfrom the
past to present,these fire research projects have had an immense inpattie
improvemenbf health and safety in the mining industry. Smith @htnhonssummarized
the highlights of the Bureau of Mines and NIOSk fiesearch from 1910 8)10(Smith
et al, 2010) This study showed that the rate of injuries and fatalities decreased
dramatically because of the major advances in mine fire safety. However, the hazards will
continueto evolve because of deeper and gassier mining operationsady interest in
fire research was in spontaneous heating during coal stBeatjeularly in théneating
of government buildings angbwering navavesselswhich requirechuge amountsf coal
to be stockpiledTherefore, the spontaneousmuaustion prevention research area pulled
the focus of different researchers because of economic rg&uitk et al, 2010)

Rice (1912) describetthe causes of coal mine fires in tharly years. That study
showed the causes of early coal mine finege from different potential sources such as
the careless handling of open lights, improper fuel storage practices, the use of
long-flame explosives, short circuits in electrical equipment, the lighting of
accumulations of gasand spontaneous heating. He proposed some precautions to
decrease the probability of fire hazards in coal mines and also suggested some techniques

to fight the fire in underground coal mines (Rice, 1912).



One of the turning points of USBM in terms a&fresearch happened in 1929 when
a flammability laboratory was set up. The main area of research at that time was, in the
determination of the inflammable limits of methane and the distillation products of coal in
the air (Smith et al2010).

INnthe 199 6 s, some i mprovements were achiev
elimination of gas accumulation hazards. In the-p@styearsresearch was conducted
on the influence of materials and methods for quenching coal mine firesr{fow
et al, 1949). Additionally, a new study was carried out on the cause, behavior, and control
of mine fires in 1936. The USBM worked on data collectionheffire products such as
gascomposition. And also in that decade, a study e@wluctedon themechanism of

flame propagation in an entire mine (Godbert et18136).

Inthel 94006 s, a Mpesaarch wad allocaté® @asindicating devices
for the Navy, whicltonsequently, contributed tmprovements in mine fire detection.
Furthermore, the diesel equipment development in underground mitiethe intention
of eliminatingelectrical hazards of trolley lines was carried out in 1947 by the USBM. In
1951, the use of a permissible diesel locomotive for underground was approveallyBasi
the fundamental researcdm combustion, fluid dynamics, kinetics, attdrmodynamics
were initiated in 1948 ancbntinued up to the end of the fifties by the USBM. Most of the
research areas were on mechanisms of ignition, propagation, andatiahilk flame and

flame quenching (Smith et.aR010).

In the fifties, many studieserefocused on various areas such as an investigation
of fire resistance of conveyor belting. Additionally, some research projects were carried
out to investigate thire characteristics of the electrical cables and hydraulic fluid. These
studies were carried out to determine the associated hazards. One of the most important
outcomes of that decade was a schedule of acceptance requirements for fire resistant

conveyor lelting which it was designed by the Bureau of mif&sith et al., 2010).

I n the eaonbky b9 6 Ué&gMiestswere foased onal mine
fire control techniques, the influence of different fire extinguishing agents and their
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applications orsimulated mining machines (Mitchell et,al961). Moreover, USBMad

a significant contributiontdite s pace pr ogr a msearcharedelatedio9 6 06 s ,
fire extinguishmenton spaceshig Also, some studies were carried out on the
characterists of various rocket propellasitand their combinations in terms of
flammability. They conducted a research to investigate the fire behewiaxygenrich
environments which illustrated thidie treatment which was used for flame proofing space

fabrics,had an immense impact on the flammability of the material (Kutcha &0&b).

I n the 19700s, resear ch goigshmentlofemind feese ct i o
and explosiors was continued at a faster pade. 1971, most research projectwere
concentated on detectioand suppression systems or sealing. Those extensive research
projects led to the imine detection and suppression systems which are still used today.
Because of Sunshine Mine fire at a silver mine in 18¥number ofesearch projeston
fire prevention m metalnonmetal minesncreased (Smith et .al2010). As Greuer
explained the first generation of submicron smoke and metal oxide detectors were
developed in that decade. Moreover, the MFIRE mine ventilatior e@$ one of the
products of thisresearch (Greuer 1977).

Fire research i n t he 198060s was on
combustibles, such as plastic fluid containers, ventilation ductingpeaigdrethane
sealants (Egan990). The Lake ynn Laboratory (LLL),a dedicated federal research
laboratory,began its operation in 1980 (Triesbsch etE90). However, thére gallery
was constructed in 1984 for ftgcale flammability testing of mine conveylelting and
other researcflLazzaraet al, 1989). Different patents were licensed on a sensitive smoke
detector for underground mines by the USBM in that decade, and the validation of the
MFIRE ventilation code for toxic fume spread vedso carried outSmith et al, 2010).

| n t h e thelath (artsof fire research was focused on the prevention,
detection, and suppression of mifires (Conti, 1994)A computer program for the
assessment of spontaneous combustion risk of an underground mining operation was
developed in 1995 by the USB({@&mith et al, 1995).
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Il n t he fir@ GeBe@réhswas focused more on reducing the hazards of
underground coal mine fires by applying advanced technology in various areas such as
conveyor belt materials, suppression systems, and air monitoring systetis €86 al,
2010). Moreover, a project using Computational Fluid Dynamics (CFD) for preventing
detecting, and suppressisgontaneous heating in mines, especially in gobsamgas
conductedYuan et al, 2007). Additionallythe National PersondProtective Technology
Laboratory (NPPTL) was established by NIOSH in 2001. The main mission of the lab is
to prevent and reduce occupational diseasefatahand fatal injury for workers who rely
on personal proteste technologies such as miners divgfighters Trevits (2009
explained the main causes of U.S. mine fires which were divided into fiveareasof
flame cutting and welding operations, frictional heating and ignitions, electrical shorts,
mobile equipment malfunctions, and spontaneous ostidn (Trevits et al., 2009).

2.2.2.Tunnel Fires Experimental Research

After the 1 9 6 OfiGesin public transportation tunnels began to receive more
attention Studies in this area weoenducted to improve the health and safety in road and
railroad tunnelgluring fire incidents an@arly experimentscludedbetterunderstanding
of fire dynamics. Aseries of fire experiments were carried ouain abandoned railway
tunnel in Switzerland in 1965 to obtain a better understanding of fire phenomena
accidentis involving a fuel tanker. The effect of different ventilation systems such as
natural, longitudinal, and seriiansverse ventilation systems wecensidered to
investigate different parametefsicluding visibility, air temperature, CO and 20
concentrationsand air velocity. In that study, maximum temperatures were achieved
within 1 to 2 minutes from ignition (Haerter, 1994). Moreover, some fire experiments were
done in an abandoned railway tunnel near West Meon, Hampshire by the Fire Research
Station, in theUK in the early 1970s with the intention of determining the sraler
depth. The vehicle fire experiment wasreed out in a tunnel witdimensiors of 480 m x
8 m x 6 m as the lengtlidth, and height respectivelfhe researchers determined that
smole layer was above the head height amel$moke laden layer depth in the thickest part
was about 3 m (selden, 1978). I8o, some tunnel fire experimsnwere carried out in

Glasgow n 1970 to invesgjate the smokéayer depth. A burner was set asegiosae fuel
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tray withdimension®of 1.2 m x 1.2 m, anthe produced Heat Release Rate (HRR) for each
tray in that experiment was about 2 MW. A railway tunnel with the dimension of 620 m
long x 7.6 m wide x 5.2 m high was considered for the investigation destager depth.

The thickest soke laden layer was measuredabbut 34 m after 10 minutes for the
highest HRR. The cooler layer air was observed with smoke after the fire started. The speed

of smoke movement was measured by abeliblm/s (Heselden et.a1970).

Thirty fire experiments were carriedsoout i n Austria in the
better understanding of fire behavior in tunnels. Different pool fire sizes were utilized in a
390 m long railway tunnel. The temperature at the tunnel ceilisgweasured over 1280
C. However, the tunnel lininggasnot destroyed by the fiteMoreover, theventilation fan
characteristicsn consideredransverse ventilation system waecommended for both
intake and exhaust fans (Pucher, 1994jis lead taecommend more robust ventilation

systems and safer fire safety plans.

In 1980, 16 fullscale fire tests in a 700Gkang fire gallery and 8 experiments in a
road tunnel wereonductedy the Japanese Public Works Research Institute (PWRI). Most
of their stulies were on the effect of sprinklers on smoke density and ventilation velocity
influence on the heat release rate (HRR). Different petrol pool fires in different sizes,
passenger cars, and buses were utilized in those experiments. It is evident thakthe s
stratification (thermal layering) waseventedpartially by longtudinal air velocity at 1
m/s, andthere is nahermal layering with the usef 2 m/s as the longitudinal velocity.
However with the increase of the longitudinal air velocity, the HRRehicle fires
increasedlt is noteworthy that the sprinkledsd not extinguistcar, bus, nothe pool fires
totally, butthe HRR reduced by the usage of sprinklers (Mizutani.e1282).

One of tle largest tunnel fire tests wearried out in a tunnel in Norway by teams
of fire researchers from different countriesluding Austria, Finland, France, Germany,
Italy, Norway, Sweden, Switzerland, and the UK fromd@ %0 1992. The test series was
referredtoas h e E URE K Atestséries. Arailway tunnel in Germany and a small
tunnel in Finland were utilized for wooden crib fire tests (Carvel.e2@05). This study
was caried out to provide informationni different areas such as fire phenomena,
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contaminant analysis, escapescue and firighting possibilities, and influence of the
surrounding structure on the fire. It was evident that the amount of damage to tunnel lining
andvehicles depend on the vehitype. The highest temperatures during vehicle fires were
recordedat 900° C. Moreover, the ventilation conditions had an immense impact on
burning patternaind fire growth.Controlled ventilationwas recommendefbr effective

smoke management (Haack, 1995; Steinert, 1994; Ingason, 1995; Blume, 1995; Bahadir et
al., 1995 Malhotra, 1995). As part of the EUREKA test series, researchers in France
worked on heptane pool fire tests in their fire gallery. The main purpose of these
experimentswas calibration of their HRR measuring apparatus. The other obgecfi

those seriesf tests wasomparison of the Norway tunnel fire results with their own fire

tests results (Marlair et.all993).

The other research area which pulled the focus of researchers in 1997 was cable
fires. A series of cable fire tests were carried outtimael to investigate the use of water
mist systems for suppression of cable fires in New Zealand. In addition, the performance
of different commercial systemgsexamined. In those series tests, 4 different water mist
systems were tested. It was evidiwt 2 of them were met the performance requirements
(Mawhinney et al 1999).

From 1998 to 1999, a series of fire tests were performed in a fire gallery in the UK.
The main goal of that research was to test the performance of the onboard fire suppressio
system (OFSS) to use on Heavy Goods Vehicles (HG4)rying trains in the Channel
Tunnel. In that experiment, it was evident that the damage to the fasldaeeduced
with the use of OFS&srant et al 1999).

Three pool fire experiments and a nienbf nonfire ventilation tests were done in
the Mont Blanc Tunnel in Italy after the Mont Blanc fire disaster in 1999, to evaluate the
performance of the ventilation system and fire and smoke behavior during a disaster. It was
evident that smoke progresthy about 706000 m from the fire source and it was limited
if the ventilation was controlled according to pool fire tests 2 and 3. In addition, a good
stratification was observed (Brousse et 2001).1t is noteworthy that the experiments
werecariied out without the us of any vehicle in the tunnel. Therefore, the stratification
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and smoke progress would be different with the presence of vehicles in the tunnel.
Additionally, a series of 26 fire experiments were performed in thBeéhelux tunnel in
Netherlands, in order to investigate the spread of smoke and heat, the influence of
sprinklers, fire detectors effects and their performance, and the impact of ventiliagion fi
size from 1999 to 2001.d@r visibility was observed at 16000 m from the fire @urce

while the tenability limits for toxic gases were not exceeded. In addition, because of poor
visibility the escape route signs were not readable. It was recommended to set the signs at
alowerlevel (Carvel et aJ 2005).

Moreover, some experimes wae carried out in Norwayi2003 to investigate five
main goals such as the fire development irhinevygood vehicle (HGV) cargo loads, fire
spread between vehicles, and production of toxic gasses, firefighting, and temperature
development at the tunnegiling. In that experiment, it was evident that the temperature
can reach to 1380C in HGV tunnel fire (Lonnermark et.aR003; Ingason et a2003).

Furthermore, therewasafdlc al e yre test in the San Pe
Test (TST) Racility in Asturias, Spain in 200@Vlawhinney et al 2006). Trelles and
Mawhinney utilized that experiments for the simulation of a series ofsfallal e yr e
suppression models with FDS version 4.0. (Trelles.e2@L0).

Some tunnel fire experiments were atsoried out in the United States. The largest
tunnel fire test series in terms of actual scale was the Memorial Tunnel Fire Ventilation
Test Program (MTFVTP). About 98 pool fire tests were carriedangingin size from
10 MW to 100 MW in an 850 m lontyvo-lane road tunnel in West Virginia. The main
objectives of that study were to obtain a comprehensive database in temperature and smoke
movement from fuliscale fire ventilation testand also to determine the effect of
ventilation systenon the smoke spad and tunndieat. One of the main achievements of
these series of fire tests was that the longitudinal ventilation was able to control the smoke
spread for fires up to 100 MW. Theitecal velocity was measured about 2.5 3 m/s.
Therefore, this amau of velocity was sufficient to pvent back layering of smoke #00
MW fire. Furthermore, the tenability limits for visibility reached the limits for temperature
(Carvel et al, 2005). Thproject cost in excess of USI® million while the EUREKA
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OFiur@®tt est seri demilloo@KRRKal®WuGarveled alZAD05). In
addition, a qualitative analysis was carr.i
analyze the spread of the toxic gasses and their concentrations within the tunnels d

the fire event by Piergoirgio ammdhers(Piergoirgio et al 2002).

McGrattan and Isi colleague modeled the Howard Streetin el yr e, i n Bal
which happened in 2004sing the Fire Dynamics Simulator (FPS Numer ous y
experiments were condigel in a decommissioned highway tunnel in West Virginia for
validation of models in that study and included considerations6f W fire. The tunnel
length is 2,650 m (8,700 ft, 1.65 mi) long. The compared results showed that the model
results were favotde. That research was carried out with the intention of quantifying the
peak gas and surface temperatures. One of the most impartesnlerationsn the fire
analysis was # heat absorption by the tunmedll. According to the results calculation,
the temperature of the smoke exiting the tunnel at both ends was close to the ambient
temperature (McGrattan et,a2006).

Edwards and his colleagues conducted diksdl fire experiments on the
determination of critical air velocity which it plays a kejerin thepreventionof smoke
rollback. The experiments were carried out in the facilityhef National Institute for
Occupational Safety and Health (NIOSH). In that study, the fire intensity varied from 50
to 300 kW by altering the size of the fuel t@ga. FDS was utilized for simulation of the
model to determine the critical air velocity for smoke reversal in a tunnel as a function of
the yre intensity, and their results compa
simulation, a 50 m (164 ftgngth of tunnel section was utilized with the fire located 30 m
(100 ft) downwind from the entrance. Consistent with the data of experiments and
simulation, it was evident that the critical velocity for hampering of a smoke layer upwind
is proportional @ the fire intensity to the 0.3 power. In that experiment, the fire intensities
varied from 50 to 300 kW in a tunnel with the dimension of 2 m (6.6 ft) height and 2.9 m
(9.5 ft) width (Edwards et al, 2005). Also, the CFD results showed that the effee of f
type and the ambient temperature were inconsequential in the value of critical air velocity.

Moreover, the critical velocity is smaller when we have inclined tunnel in comparison with
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the horizontal tunnel for prevention of roll back during the firergs. It was determined
that the ventilation velocity is a ndmear function of the inclined angle of the tunnel
(Hwang et al 2005).

Another combustible source of fire which must be considered is timber sets which
are common to be used for roof supporthe underground mines. Warner conducted an
experiment on the effect of timber set spacing on fire propagation in a ventilated timbered
roadway. Atunnel withlength, width, and height of 53, 4.57, and 1.83espectivelywas
considered for the fire spread experiment along the timber sets (Warner, TI8%/ Esults
of that research were utilized for validation of differémtber fire simulations (Edwards
and Hwang, 2006).

Edwards and his colleague used conveyor belt rexpat results collected by
Lazzara and his colleagues in 1987 for CFD simulation of conveyor belt fire spread
(Lazzara et al 1987; Edwards et al2006). The CFD study of flame spread along a
conveyor belt showed good agreement with measurements adraaazd Perzak for air
speeds less than 2 m/s (Edwards gt28l06). Most of the studies on flame spread over
horizontal combustible surfaces have been focused on the theoretical analysis and
laboratoryscale experiments while largeale experimental slies in that area are limited
(Yuan et al, 2014). To clarify this issue one can be referrecsearch which was done on
turbulent flame spread over largeale horizontal polymethylmethacrylate (PMMA)

surfaces (Apte et al1991).

Additionally, TheNIOSH conductedesearch on determinatiarf fire resistance
capability of wider belts for use in underground coal mines. In that research, six different
types of 18&m (72-in.)-wide conveyor belting was evaluated for fire resistance under
largescale testonditions. Fullscale fire experiments were conducted in the NIOSH Fire
Suppression Facility (FSF) and the results were compared to the results of the belt
evaluation laboratory test (BELT). In general, consistent with the data of experiment, it
was evidet that the BELT shows a reasonable correlation of the fire resistance
characteristics of wider conveyor belting under-adale fire conditions (Rowland et,al
2011). Besides, the other experiment was a {acgée conveyor belt fire. Then the CFD
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modelwas validated based upon the flame spread results over a conveyor belt in the large
scale tunnel. Consistent with the data of CFD results, it was shown that the CFD results on
maximum heat release rate, the maximum smoke temperature at the outlet, emanmax

CO concentration at the exit were in good agreement with thedagde test results (Yuan

et al, 2014).

Harris worked on the determination of the heat flux from a tunnel fire with FDS
when the rates of water varied (Harris, 2010). In that stuyekperiments results on
burning tests for shielded and unshielded standard plastic goods under various conditions

of spray which were carried out by Arvidson, were utilized (Arvidson, 2010).

Consistent with the data of experimental fire studies, ivideat that tunnel fire
experiments have played key roles in a better understanding of tunnel fire phenomena
which contributed to improving tunnel fire prevention, prétet knowledge, and
technology.Because of theimilar geometry, the outcomes of tunrfee studies can
contribute to mine fire research in different areas. These experiments can be helpful for the
study of fire in the mine in terms of numerical, experimmgrdand computational studies.

This literature review on tunnel fire and mine firgperiments can be utilized in the
validation of tunnels and mines fire simulations. Moreover, consistent with the information
of NFPA® 502, it is evident that the tenability limits are proposed as standards for road
tunnels according to the experimentaldsés. However, there are no standards in terms of
tenability limits for miners or mine rescue teams in NEPIRO. Hence, thiprevious
research can be leveraged to determest practices in the underground mine in

emergency situations.
2.3. Numerical and Conputational Fire Research

Over the past two decades, numerical analysis of systems such as ventilation in
underground mines, fire behavior, dust and Diesel Particular Matter (DPM) propagation,
and explosion has been the focus of different researchaisaiventilation Two common
numerical analysis approaches for mine fires investigations are Computation Fluid

Dynamics (CFD) modeling of tunnel fires and network modeling.
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Numerows CFDmodeling studies have been utilized in different ventilation areas
such a airflow behavior in the mine or mine ventilatidacting systems, improvement of
auxiliary ventilation, spontaneous combustion in longwall gob areas, methane control in

different areas of the mine, dust and DPM control, and mine fires and explosions.

For instance,Herdeenand Sullivan utilized CFD for investigation of airflow
behavior in the mines (Herdeen et, d1993). Also, there is CFD research in terms of
investigation of dust distribution in longwall face, methane dispersion in different parts of
the mine, longwall ventilation and validation, diesel particular exhaust from mining
machine in room and pillar mines, gas control in a r@napillar coal mine, inertization
in longwall gob areas, dust behavior in underground tunnels, and the eHeetiroéurtain
for dust control at a longwall shear@rinivasa et aJ.1993; Canoo, 2004; Tomata et al.
1999; Wala et al2003, Zheng et 312008; Sasmito et al2012; Ren et gl2009; Torano
et al, 2011; Wang et gl2011). Moreover, some research was allocated to the air losses
calculation in the ventilation system of a mine according to different methods of traditional
and CFD (Diego et gl2010).

On account of different fatal and ndéatal incidents in the mines ithe United
States which are caused by fire and explosion, these areas have attracted numerous
researchers to utilize CFD for improvement of health safdty. NIOSH has conducted
extensive researchn different fire areas using CFD.eRearch on firespread along
combustibles was done by Edwards and Hwang (2006his research, a computational
fluid dynamics (CFD) software FDS version 2 was applied to investigate the rate of fire
propagation and compate Douglas Fire timber results. Furthermore rdsearchesults
showed good agreement thre dependence of flame spread along a conveyor belt upon air
speed in comparison with measurements of Lazzara and R&@B&K In that study, the
rate of flame spread was evaluated for different areas in theesugh as the ribs and roof
of a coal mine entry; timber sets; and a conveyor belt (Edwards 20@6). For the coal
fire spread, the temperature dependent specific heat and thermal conductivity of coal and
coke values reported by Merrick were utilizedthe simulation (Merrick, 1983). The

density of coal and coke were used as 1,330 kg /m3, 850 kg /m3, respectively which was
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reported by Lee and his colleagues (Lee .etlal77). The amount of 31,300 kJ /kg was set

as the heat of combustion for the ebaked upon a bituminous coal (Flynn, 1949). Two
different variables (209 kJ /kg and 1,300 kJ /kg) were considered as the heat of pyrolysis,
Hp based upon two values which were suggested on different research projects respectively
(Mahajan et al, 1976; Heatberg et al 1988). The pyrolysis temperature of the coal was set
525 C based upon Hertzberg study (Hertzberg gt18188). Theseparametercan be
utilized for mine fire modeling studies. Furthermore, they worked on the simulation of
floor-level firesin a ventilated tunnel to investigate the correlation of smoke reversal length
and tunnel ventilation. The results from the associated research shmsvernimum
amount of ventilatiorthatshould be providedllowing foran evacuation path (clear and

free from smoke and hot gasses path) from the fire source. The reported ventilation current
should be proportional to the oti@rd power of the fire intensity according to the CFD

results (Hwang et al2001).

In addition, some research projects were alletab the initiation and fire spread
characterization along the surfaces of a conveyor belt mounted in a ventilatechfell
experimental fire test gallery. These studiewere carried out umerically and
experimentally, andhie simulation results were agreement with the experimental results.

A novel discrete partickbased model was proposed to represent the physical presence,
combustion and flame spread along the conveyor belt surface (Lowndes260@). In

addition, some studies were allocatedrte validation of different CFD simulations. For

instance, Cochard worked on the validation of Fire Dynamics Simulator (version 2.0). In

that study, he compared the model results with asflla | e t unnel yre exp
was conducted as part of theabsachusetts Highway Department Memorial Tunnel Fire
Ventilation Test Program (Cochard, 2003).

Also, CFD modeling ofspontaneous combtion in different areas ommines
especially gob areas, were studied. For examfalan and Smith, conducted reseatah
investigate the spontaneous heating of coals in longwall gob areas with different apparent
activation energies anckaction surface areas. ither research, they investigated the

effects of coal properties on the spontaneous combustion in longwallegsbusming CFD
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(Yuan et al 2007; Yuan et gl 2008). Thy also conducted a study to simulate the
spontaneous heating in a largeale coal chamber with a forced ventilation system for
investigation of the effects of airflow rate and order of reaction @splntaneous heating
process. That study showed the simulation results were in good agreement with the USBM
test results (Yuan et.aR009).

Moreover research projects were conducted to investigate the spontaneous coal
combustion in a gob area. Li corafed research on a numerical model for flow field of
irregular patterns of a gob with multiple points of leaking air. A CFD software (G3), was
utilized to investigate the effect of leaking points on spontaneous combustion (Li, 2008).
Taraba and Michalg@011) conductedesearch on the effect of longwall face advance rate
on the spontaneous heating process in the gob area. They utilized FLUENT to investigate
the oxidation process of coal in the gob area. (Tarabg 20all). Also, Taraba et.&014,
utilized a CFD softwar investigate the effect @find on the spontaneous heating of coal
stockpiles (Taraba et .al2013). Furthermorethey studiedcontrol of methane and

spontaneous combustion (Tauziede gt1&93; Ren et al2000).

Woodburn andritter (1996, worked on sensitivity studies of computational fluid
dynamics (CFD) simulations of a fire in a tunnel. FLOW3D was utilized for the simulation
of models. The models were simulated experimental fire in a tunnel which was carried out
in Buxton UK. Two areas of a tunnel (the area around the fire and the area dowrddtream
the fire) were selected foimsulations. In part I, it was concluded that the simulation of
conditions within the fire area required precise specification of velocity andfiedtand
boundary conditions. Themeasgood agreement between the simulation and experimental
results (Woodburn et al1996). The main objective of that research was, quantifying the
uncertainties in the simulation of a tunnel fire and comparingrempetal results of tunnel

fire to the simulatiorresults (Woodburn et al1996).

Weisenpacher, Halada, am@lasa 2011 utilized parallel processing of Fire
Dynamics Simulator (FDS) for the simulation of smoke transfer of a road tiimendihis
study shaved thatprecise results can lahieved, with the @sof the parallel version of
FDS (Weisenpacher et. a22011).
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In addition, a study was conducted by the department of fire protection engineering
in China,simulatingof smoke spread ia subway platformwith the ug of two different
CFD softwars (FLUENT and FDS). Consistent with the results of the simulations
compare to the experimental results, it was evident that the results from FDS software
better correspondemith measured results than thes@AbISYS Fluenfor the temperature
of middle platform, the roof temperature, and the smoke layer thickness. Howewaes,
suggested thaANSYS Fluents more convenient than the FDS (Binbin, 2011).

According to the revieweliterature it is evident thathe CFD is a useful tool to
study fire behavior for the near field while it is not efficient for far field. Fire specifications
and conditions near the fire area cawiba information for desigof emergency plarng
in firefighting missions for fire bigade or mine rescue teams. Therefore, a precise fire
numerical analysis before any fire events can give a broad view of the emergency situation
allowing for improved fire prevention, firefighting, and evacuatione of the maimgaps
in theminingindudry is the definition of near and far fields. There is tualg to distinguish
the near ®ld from far fields. By determination of near and far fields, the domain of fire
studies via different numerical methods such as CFD or network modeling will beddefin

The other approach to simulate fire events in mines or tunnels is network modeling.
During the past two decades, two network modeling softwaeve been commbnused
for underground mia fires simulations. One of theseMFIRE which was developedyb
the USBMin the 1980s. Tis software isiow maintained bjNIOSH (Laage et al 1995).
The otheri s VentgraphE which it was developed
Institute of the Polish Academy of Sciences in 1988. Recently, some software were
introduced forthanalysiso f f i re i n underground mines suc
is a part of Ventsim Visual program. Brak2013 described modeling of three fire
scenarios in wunderground handde descibkd thei ne s
assumptioa and the methodology to design and analyze the fire results. A study was
carried out to simulate a fire event in the MS&T Experimental Mine future layout using
Vent FI REE software in order to investigate

and sfest design to mitigate the hazard in that specific mine were proposed by Haghighat
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and Gillies. The fire source wad s a burning Bobcat vehicle ame teffect othe ug of
two different kinds of tires weliavestigated (Haghighat et 22015).Thisstudy has shown
that tre simulated fire scenarios can be utiliZzedimprovement of mine fire safety plans
andthe emergency response laydudditionally, a study was carried out to investigate the
potential impacts of mine fires at a FreegddMoRan winderground mine in Indonesia.

Ventsim Visual program was utilized for the fire simulation scenarios (Brake 2045).

A study was carried out on providing information for setting up an emergeincy
ventilation scheme and simulating fire using MelRE. An MFIRE numerical model was
presented to simulate yres in underground
conducted in a small physictunnel network to verifMFIRE. The results from that
resear ch s howiepdultlhbabt vtealeletandhadegpam swimense onpact on
exhaust fire products (Cheng et &001). However, thiprogram has its own limitations:
the complete mixing odirstreamsand uniform distribubn of contaminants are assumed
as the airways are 1Moreover, no smoke Ye&ring is conglered in the simulation code.
Also, the impact of combustiblere, such a coal added fu® the fire is underestimated,
and the localized thermodynamics of the fire and associated chemical reactions are
overlooked. Finally, improper inpubff time step increment can lead to the divergence in
solution (Fox et aj 2015).

The other stdy was a mine fire simulatonMe nt gr aphE soft war e,
of escape scenarios and general interaatitim rescue responses, whialas carried out
by Gillies and Wu in 2004. The research project into mine fivas funded by the
Australian Coal Association Research Program. One of the main objectives of this research
was the introduction o¥entgraphto the Australian mining industry. This study showed
tha the diagonal branches could be useful during firefighting or mine rescue operations,
for redirecting the fresh air to areas where it is needed (Gillies 2084). And also, they
undertook the other research on simulation of mine fire to gain a batterstanding of
how inertisation approaches can interact with complex ventilation system during a
substanti al fire. I n that research, Vent gr
(Gillies et al, 2009) . Validati on st udedeusingaata Vent ¢
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gathered from a real mine fire (Wala et, 41995). The application of fire simulation to
Australian mines was examined in that study (Wu.e2@D4). The othgsrimaryresearch

area was smoke rollback. Zhou and Smith worked on the dewetdpof an equation to
predict the occurrence of smoke rollback and calculate the smoke rollback distance. They
incorporated the equation into a mine fire simulation progfdifIRE 3.0). Hence, the
improvedMFIRE 3.0 is able to determine the smoke rollback in a fire entry to provide
early warning for smoke rollback. In addition, it can also be used to verify the effectiveness
of smoke rollback control efforts (Zhou et,&012). Stewart and his colleagues worked

on the integration of rollback effectoit t he Vent Fi r ednpaisodwith he r e
the empirical methods (Stewart et, #015). However, the length of rollback in that
software should be assigned by the simulator manuallyth®ce is no precise ltback
phenomenothatis calculated numericallyith the use of that software

The integration of mine CFD and network models can considerably advance
understanding of fires and their effects on mining systemause at present the boundary
conditions fo the CFD are either assumed or approximated, with little reference to their
interaction with the rest of the mine network (Hansen.e2@ll0). The coupled model is
referredtoasmu | t i scal e methodol ogy. |t ieup@ot ewo:r
the CFD and network modeling together for simulation of fire in mines. This approach can
be beneficial to decrease the simulation cost. And also the simulation results accuracy will

be saved.

There are some studies which have been carried out @otpéing of CFD and
network modeling in tunnels. Colella and his colleagimglopeda novel methodology
to couple CFD and models of tunnel ventilation systeniThe proposed methachn
provide precise results while reducing computational d¥gh theusage of this approach,
the complexity of full CFD models of flow in tunnels and the inaccuracies of simplified
1D models can be avoided (Colella ef 2009).They also addresseimulation of tunnel
ventilation pows dur i dneyworleapproadch was utizadto st ud
model tunnel regions where the pow is fully

was used where peow3RBomesol onis dereneygruee as i zZyed
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ranging from 10 MW to 100 MW were investigd withvarying velocities. Both direct

and indirect coupling strategies were used and compared for steady state conditions. In
addition, the grid sensitivity on the location of the-3D interfa@ boundaries was
investigated andhe interface boundaridgscationswere determined. Consistent with the
research data, it is evident that the accuracy of the multiscale model is high wherecompa
to the full CFD solutior{(Colella et al, 2011). Aso, the multiscale approach was utilized

to study the transientdw interacton between a growing fire amdmpingup ventilation
scenarios. The time required to reach critical velocity conditions to remove rollback was
investigated. The results frattme multiscale approach showed that the required computing
time decrased by 40 times withub any loss of accuracy compacethe full CFD model
(Colella et al, 2011).In addition, some numericalgearch wasarried out on the coupling

of multizone models with CFD for building airflow and contaminant transport (Wang et
al., 2008). There are many approaches for coupling the CFD and network model of building

energy (heat).

The literature review on fire numerical analysis has shown that the modeling of
mine fires requires an understanding of fire chemistry, fire dynamicsharmdodynamic.
The network modeling software is designed to provide a prediction of heat and fire
products transfer over the gigantic areas such as entire mine, which extends kilometers in
size. To permit this type of prediction, the physics of the awrfémd heat transfer are
simplified by treating sections of the mine as nodes where the conditions are spatially
uniform. This type of numerical analysis has its own advastage disadvantages. One
of the most important advantages of network modelingvsoé is that the computation is
so fast. Howevemetwork models do nahow us the precise physics and conditions near
the fire source. In network modeling softeasome natural phenomenon averlooked
because oiD numerical aalysis. To clarify thisssue one canrefero t he Vent FI R
program which assumds h a t a fire i s Otdxygentwhdnadiré wi t h
produces zero net airflgwvhile, in reality, a bidirectional flow pattern may be established
where fuel rich / oxygen deficient hot air travels in one direction away from the fire near
the roof, while the cooler layer of fresh air travels to the fire compartment at floor level in

the other directior{like a mehane fire at a dead end working mifaee). In addition,
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Vent FIREE is not able to simulate the
Furthermore, the rollback should be assigned for a determined distartee iyntilator.
However, the robback depends on different parameters such as fire intensity, the slope of
the airways, and the critical air veloci#lso, an analysis of fire behavior at a working
face with a curtain IMFIRE software is impossible (because of limitation in designing

theairways).

More detailed types of predictions can be generated using computatiodal flui
dynamics (CFD), which provide solution to the NavieBtokes equations. These partial
differential equations are wedlited to model firebut the size of the regio predicted
using CFD must be reduced dramatically (meters in length) to provide a solution in a
reasonable timeframe. There is an increased need to create low dimensional, high fidelity,
surrogate models that capture the dynamics of the system at aowerhcbmputational
cost. This technique is referred to as reduced order modeling (RQMje has been
limited research in the area of firarailation cost reduction. As previousdplained, a
useful approach can be coupling of CFD and network modelimg.other approach can
be reduced order modeling of CFD models.

In general, some gaps were observed in terms of reduction of simulation cost for
fire simulation in mines. There has been limited amount of research in the area of multiscale
(CFD-network modéng) fire modeling in tunneling while there is no multiscale fire
modeling (CFBnetwork modeling) in the mining industry. In addition, there is no research
in the implication of ROM on CFD fire simulations or the multiscale methodology {CFD
network modehg) for fire simulation. Moreover, research on the determination of-CFD
network modeling interface bodaries for fire incidents at a mineorking face has not
been investigated/arious numerical fire analysesuch as CFD fire studies or network

modelingfire studies can be determined when the near and far field were determined.

2.3.1.Fire Dynamics Simulator (FDS)

Fire Dynamics Simulator (FDS), I's a com

of -gmieven puid pow. FDS i s &aStokes sogtiorisc a |
appropriate for lowspeed (Ma < 0.3), thermalyr i ven pow with an e
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and heat transport from yres. The formul ati

are described elaborately in the FDS Technical Reference Guide (Mc@&tadiai2014).
The result of an FDS simulation is displayed with a separate visualization program which

is called Smokeview.

The timedependent partial differential equations for conservation of mass,
momentum and energy are solved orR @id coveringhe entire domain. The governing
equations are approximated using seeordaer accurate finite differences on a collection
of uniformly spaced thredimensional grids (McGrattan et,a2014).

FDS uses an explicit predictoprrector finite differences gbrithm to solve the
NavierStokes equations on a rectilinear grid. As in reality, FDS is sensitive to its boundary
conditions. All materials in the computation require accurate thermal material properties
specification. All modes of heat transfer are unledd in FDS. Conduction and convection
are handled in traditional ways, within the confines of the numeyichand the simplified
Navierstokes equatiorfPanchakarla et al2009).The turbulence modéGermano et al
1991; Moin et al 1991), the walmodel (WerneWengle(Werner et al 1991)), and the
scalar transport scheme (Superbee, (Roe, 1986); Charm (Zhou, 1995)) were improved in
FDS Version 6.

The transport equations for density, mass fraction of sp@cjes\d momenturn ,

are shown in equatior§8-1), (2-2), and(2-3) respectively.

! 1 ,
T_ T_ a (2' 1)
i T R I ,
T_ T_ a a j (2'2)
— o = (2:3)

where= is the pseudo pressure whicéin be calculated according to equati@n
4).
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- -0 (2-4)

In equation 2-4), nj is the fluctuaing hydrodynamic pressure andithe kinetic
energy per unit mas$he equation of state and energy equations are combined with
conservation of mass to provide a constraint on the velocity divergence which was

explained by Bell as shown in equatii5) (Bell, 2004). Taking the divergence of the

momentum equation providen elliptic constraint on the pseupi@ssure

ngd -« 2— (2-5)
The momentum equation has been modified with the intention of getting an
extremely fast direct solution algthm as shown in equatiof2-6). Hence the Poisson

equation for= is separable.

(2-6)

2.4. International Standards for Fire Prevention and Control in Coal Mines

Generally, there are three groups of people that could be expected to respond to fires
in underground coal mines: baed mine personnel, fire brigade teams, and mine rescue
teams. All underground coal miners in the US are trained in fitgfigland operators are
required to provide firefighting equipment including rock dust, fire hose and waterlines,
and fire extinguishers, in addition to regulated automatic fire suppression systems at key
locations (US 30 CFR §75.11404.06). Miners attempig to escape a mine with an active
fire are encouraged to don setintained selfescuers (SCSRs) as soon as they suspect the
atmosphere is compromised; however, most SCSRs commonly used in mines are not
approved for firefighting. So, for regular mine gpennel, tenability for firefighting is
considered for barefaced miners while tenability for escape would be considered for miners
under standard escape SCSRs (i.e., US 42 CFR 884, Subpart H). Fire brigade teams and
mine rescue teams have similar equipnansurface fire fighters, including fire resistant

clothing and rebreathers. Fire brigade teams tend to have training that is more specialized
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for fire related emergencies while mine rescue teams are trained more broadly in mine

emergency response.

Mine fire response varies tremendously and is complicated by the underground coal
mine environment. Small fires are typically extinguished quickly by barefaced personnel.
Large and involved fires would seem to call for immediate evacuation of barefaced
personnk (and the donning of SCSRs); however, in the underground coal mine
environment, the risk of a catastrophic methdast explosion during aescapeis
considerable, and the deployment of mine rescue teams and fire brigades can be time
consuming. The decmn to attempt an escape is difficult given that an explosive
atmosphere could be developing and that escape routes can be several miles long. Crews

must make such decisions within minutes of fire discovery.

It is instructive first to describe the personmdlo would be expected to fight fires
as well as their standard PPE. US law requires that mine persarmghined in
firefighting, suitable firefighting materials are available, and fire and evacuation drills are
regularly held (US 30 CFR 875.1100). Mipersonnel performing their regular jobs are
expected to have SCSRs, hard hats, safety glasses, boots with metatarsal protection,
hearing protection, lights, and gloves; select personnel will also hand held gas
detectors (oxygen [£) methane [CHl, and carbon monoxide [CQO]). Further, every mine
shall have available a group of miners specifically trained in mine rescue and firefighting
(US 30 CFR 875.1109(e), 875.1502). These teams must be able to deploy to the mine
site within one hour (US 30 CFR48.12), and would be likely to have setintained
breathing apparatus (SCBA) appropriate for fire, light duty fire resistant clothing and heavy
duty turnout gear, as well as access to ventilation materials and firefighting materials. Their
training in seech and rescue and firefighting is more extensive than that of other mine

personnel.

Personnel who intend to escape a mine emergency will typically don an SCSR if they
suspect the mine atmosphere is compromised, and proceed to secondary or primary
escapewygs where they have the benefit of powered vehicles or life lines to assist in escape.
Additionally, they have access to refuge chambers and SCSR c&ahiese firefighting
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and rescue personnel (e.g., municipal or private) are usually available onignigpdrt

and treatment of victims as they are brought out of a U.S. mine, because hazards associated
with fire in underground mines are particularly specialiZEue toxic products can be
distributed in the whole parts of mine during a mine fire. So thhyasating gasses can

be created and spread in a short period of

not extinguished within 10 minutes of discovery; in surface mines and surface areas of
underground mines, an unplanned fire not extinguished wih 30 mi nut es of
(US 30 CFR 850.2).

According to MSHA, Ain an underground
fire for 30 minutes and are unsuccessful, the fire will probably become uncontrollable. The
requirement to report all undergnad fires not extinguished within 10 minutes of discovery
will address those fires requiring activation of the-fighting plan and evacuation of
miners. The revised reporting requirement will result in earliefiifigting plan activation
as miners wllnotify supervisors more quickly who, in turn, can call in firefighting crews
and allow miners to safely escapeo (US 30
the explosion, the methane concentration should be less than 3% or greater than 20% and
the oxygen concentration should be less than 10% in sealed areas (NIOSH, 2011) while in
other countries, the regulation of permissible methane concentration is slightly lower such
as 1% in Germany, 1.25% in the UK, 2% in France, and 2.5% in Spain (No&&3, 19
Numerous legislations and regulations should be studied for improvement of health and
safety in underground minedhis standardand codes review can be helpful for

determination of tenable limits for miners, mine rescue, and fire brigade teams.
2.5. Condusion

The literature review has drawn on background information from categories of
USBM fire research history, experimental studies of tunnel fires, fire simulation research
projects, and standards for fire prevention and control in underground coal minesvto all
a full understanding of the new material developed in the subsequent chapters. It has also
demonstrated that different studies have been carried out on analysis of fire events in
underground mines or tunnels but still there are some gaps in numeatai®nCFD
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numerical analysis igroven to be useful tool for precise studies near fire field. However,

for the huge domains such as underground mine environments, because of low
computational requirements, network modeling software (1D models) candfécent

tool for fire analysis at the far field. However, network modeling approach (1D) cannot
analyze the characteristics of complex thdee me nsi on al (3D) bow r ¢
encountered close to the fire. The multiscale model can be utilizedptes a CFD model

with a network model, with the intention of decreasing the simulation cost without losing
the accuracy. This approach still can be expensive because of CFD analysis for near fire
field. This literature review was carried out to allowedtér understanding of a proposed
novel approach which causes to decrease the cost of simulation drastically in the
sulsequent chapters. With theeusf this approach, the results precision still will be saved.
Finally, the literature review shows the famdental math which was utilized for
developing the proposed novel approach in the subsequent chapters. This literature review
can be utilized in proposed research which it will determine the dependent parameters for
selection of different numerical apprées in mine fire studies. These approaches can be
CFD, network modeling, multiscale methodologid ROM application on CFD fire
simulations. Fire simulation, in concert with reasonable tenability guidelines, can be used
to train miners as to when approaching fire barefaced is appropriate anéweceation

is the best optionThese simulations, applie training will result in more efficient
evacuations (e.g., the decision to leave can be made quickly and with less delay), as well
as safe and effective firefighg under certain situationslso, it is clear that while L$.
regulation provides for fifeghting training and equipment for all mine personnel,
provision of basic firefighting PPE and a limited number of SCBAs could allow for

immediate control of fires that could not otherwise be approached by barefaced personnel.
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3. Risk Assessment of Fire Incidents in U.S. Underground Coal Mines from
2000 to 2012

The following paper will be submittedttee 17" North American Mine Ventilation
Symposium (NAMVSIX. was entirely written byAli Haghighatwith editorial input from
Dr. Kray Luxbacher andr. Edmond Jongnay be compressed to méet peereviewed
conference.

3.1. Abstract

A risk analysis omine fires for all U.S. underground coal mines from 2Q0.2
was completed to identify locations that have a high risk for fire incidents. The data for this
analysis was extracted from the Mindeé®g and Health AdministratiofMSHA) mine fire
accident reports database. After identifying fire incidents from this database, a risk matrix
was developed for underground locations that showed a significant propensity for fire
incidents. This matrix associates tigzards and risks with the severity and frequency of
their consequences at each location. These significant mine areas will be the concentration

of future studies in fire behavior, suppression techniques, and simulation methodologies.
3.2. Introduction

Fires in underground mines pose significant hazards to personnel because of
inherent restrictions to movement and limitations to egress routes. Despite improvements,
mine fires remain serious hazardsimdergroundoal mine. In order to better mitigate the
risks from fire hazards in the modern underground mining environment, a better
understanding of where fire events occur must be gained. The following paper presents an
investigation on the number of fatal and ffatal incidents in underground coal mines fires
from 2000 to 2012. Three phases of risk assessment, risk identification, estimation, and
evaluation, were applied to the recorded fire events from the MSHA incident database that
occurred during this time period. Using this process, a fire hazard wadefiirstd. This
definition was then used to identify any incidents that had occurred as a result of the defined
hazards. The seriousness of the injuries and damages were finally quantified for each
incident though an estimate of severity and frequency amd diggregated according to

underground location (ISO, 1999; Van Duijne, 2008). Using this approach, locations prone
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to incidents resulting from fire hazards were first identified. The risk for the occurrence a

fire incident in general was then estimateddach of the identified locations. The results

of this assessment will be used to improve fire simulation techniques for the identified,

high risk underground locations.

3.3. Risk Identification

A risk for this assessment was defined as any single occurréacir® initiated

by the ignition of gas, dust, or electricity. Each recorded occurrence of such an event in the

MSHA incident database was counted as a single fire incident. Botfatabnncidents

that were reportable but did not result in a fatalygd fatal incidents that fell into the

aforementioned criteria were counted. Incidents in the MSHA database that were already

cl

aggregated according to the undergrolowhtion in which they occurred. In previous

assified as Agenerico

wer e

not

consi

studies, a number of locations, which are listed in Taldlewere highlighted as high fire

hazard areas (McDonald et,d980; Pomroy et al1995; De Rosa, 2004). These locations

der e

were used to group the fire incidents extracted from the MSHA incident database. The

compiled number of nefatal and fatal underground coal fire incidents from 2000 to 2012

are displayed in Tablg.1.

Table3.1. Total number of recorded fatal and néatal fire incidents from 2000 to 2012
in underground coal mines

Fire Location

Non-fatalincident Fatalincident

Flame cutting/welding areas
Gobline/sealed/abandoned/coal pit areas
Belt entry/feeder/slope/portal branch areas
Longwall panel/headgate/main return/Bleede
Haulage/track rails
Power station/rectifier areas
Generator/transformer/fan/breaker/pump aree
Charging station
Mining face/intersection/crosscut areas
Maintenance areas
Mobile equipment working areas
Unknown

25
10
43
160
0
3

oNoNolololoNoNol i N e
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As can be seen in TahBel, three fatal incidents were classified as resulting from
a fire hazard. Thesevents were the Upper Big Branch explosion in 2@468,Aracoma
Alma Mine Fire in 2006andthe Willow Creek Mine Explosion in 2005. These events
were counted as fire incidents because the products of a fire were the ultimate cause of the
fatalities. In catrast, the fatalities Sago Mine, Darby No. 1 Mine, and Jim Walters
Resources Mine events that occurred in 2006 resulted from the products of an explosion
rather than a fire. Although the aforementioned large mine events resulted in multiple
fatalities by fire, they were each counted as a single incident based on the criteria
introduced earlier in this section. The severity of these events will, however, be taken into

consideration when generating the risk matrix.

The locations displayed in TalBel that ecompassed the highest number of total
incidents were consolidated into four general areas to simplify data proceskimng

consolidated locationsateh e A Acti ve Face, 0 which include
crosscut areas, longwall panels, headgas , main returns, and bl
Il nstall ation, 06 which includes power statio
breaker s, pump areas, and charging station

feeders, slopes andpgpalb r anch ar eas, eaanlde dt hler efiaGoob wahnidc |
the gobline, sealed, abandoned, and coal pit areas. The remaining locations such as
mai ntenance areas, flame cutting or wel din
total number ohonfatal and fatal incidents in terms of the four consolidated locations are

shown in Table.2.

Table3.2. Total number of recorded ndatal and fatal incidents from 2000 to 2012 by
consolidated location

Fire Location Non-Fatal Incidents Fatal Incidents
Active Face 464 1
Gob and 8aledArea 10 1
Electrical installation 10 0
Belt Areas 43 1
Other 49 0
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3.4. Risk Estimation

Risk analyses can either be qualitative or quantitative in nature. Qualitative risk
analyses are subjective because of their dependence on human judgment. In contrast,
guantitative risk analyses are more objective because they use historical data to identify the
occurrences of major hazarelated incidents (Joy et.aP007). As such, guantitative
risk estimation was performed on the processed fire incident data introduced in the previous
section. The purpose of the risk estimation was to assign severity and frequency scores to
the extracted fire incidents, which will be later usedeoagate the risk matrix. The criteria
used for assigning severity and frequency values to the incident data are shown in Tables
3.3 and 3.4respectively. Based on these criteria, scores were first assigned to each
recorded incident. These scores acrosdir@ incident types were then averaged by
location (i.e., Active Face, Gob and Sealed Areas, Electrical Installation, Belt Areas, and
Other) across the 3@ar data assessment period. The resulting aggregated, sdaicks
are shown in Table 3.5hows lhe severity and frequency of any fire incident that occurred

at the indicated location.

Table3.3. Criteria used for the assignment of severity scores

InjuriesDamages Criteria Value
1 Death of one or morneeople
1 Permanent disability
1 Irreparable and extensive damage to materials itical
9 Production losses that affect forecasted results Critlga
1T Stop operations affecting '
1 Injuries with temporary disability on one or more persor .

. . High
1 Reparable and partial damage to materials 0.60.9
91 Production losses requiring special plans to recover
1 Nondisabling injuries
1 Damage to materials not affecting production process Moderat
1 Minimum production losses. May be recovered within € 0.20.5
short time

9 Almost no losses Low 0.1
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Table3.4. Criteria used for the assignment of frequency scores

Criteria to estimate frequency Name Frequency
Value
Score
Incident occurred more than 10 tinyeey year Frequent .
y a Critical 1.0

Incident occurred between 3 to 10 times per year Occasional i
pery High 0.4-0.9

Incident occurred once or twice per year Uncommon
Pery Moderate 0.2-0.3

No recorded incidents Remote
Low 0.1

Table3.5. The average severity of consequence frequency scoring from 2000 to 2012

Criteria Active face  Gob and sealed Electrical Other
. . Belt area
area installation
Severity 0.4 0.4 0.3 0.6 0.4
Frequency 1 0.2 0.2 0.4 0.4

3.5. Risk Matrix

A risk marix, which is shown in Figure 3,vas generated using the locations,
severity scores, and frequency scores estimated in the previous section. The green, yellow,
orange, and red areas express areas of low, moderate, high, and very Kdgh ris
respectively. Each color coded area was defined by equally dividing the frequency and
severity regions into four equal sections (i.e0.B5 is low, 0.28).50 is moderate, 0.50
0.75 is high, and 0.75.00 is very high).
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Figure 3.1. Risk matrix for underground locations that exhibited high numbers of total
fire incidents from 2000 to 2012

As can be seenin Figure 3.1 t he fAActive FaceoO is a ve
incidents and thus should receive the highest level of consideration for future studies.
Despite the moderate average severity for the active face during this time period, this
location was categorizedls avery high risk because of its very high average incident
frequencyl n contrast, the ABelt Aread was <categ
average severityThe remaining categorized areas are at moderate risk for fire incidents.

T h e i Gre m@dend category is also a high risk area. As such, further assessments
should be completed on the different dum c at i ons of t he nAOther
investigation is, however, beyond the scope of the current discussion. This risk matrix does

not consider unreported incidents, which can potentially affect the placement of the

categorized locations in the risk matrix.
3.6. Conclusion

The fire incident risk assessment of the MSHA incident database identified four
general locations, the active face, baleas, gob and sealed areas, and electrical
installations as the most significant risk areas for fire events during 2000 to 2012. This
investigation shows that the fire incident

during this time period relatevto the remaining locations. This result is likely caused by
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the concentration of personnel and potential ignition sources that are present in the active
face. Because of this increased activity, the severity of fire incidents that doisccur
mitigated ly the amount of safety policies and technologies implemented at the active face.

Il n contrast, the fABelt Aread had the high
remaining locations and a moderate frequency. This higher relative severity resulted from

a number of incidents in which a belt fire resulted in either significant injuries or long
periods of mine inactivity. However, given the fairly simple operational nature of belt

areas, the frequency of fire incidents during this time period was likejyressged. The

four locations highlighted in this study will be the focus of further studies regarding fire
simulation and mitigation methodol ogi es wi

Faceo and the ABelt Areabo.
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4. Smulation of a Methane Fire Event at a CoaMine Working Face with
Consideration of Ventilation Curtain Damage
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4.1. Abstract

Mine face ignition due to high levels of methasene of the most common fire
incidents in undergroundoal mines. In continuous miner headings, depending on the
magnitude of the ignition or resulting firauxiliary ventilation controls may be damaged
or dislodged, affecting the ventilation into the@a A computational study was conducted
to investigate the effects of different levels of damage texaausting ventilation curtain
in a continuous miner heading, and the impact on ventilation to thelfeeeomputational
fluid dynamics software FirBynamics Simulator (FDS) Version 6.0 was usegredict
the conditions that develop due to a MW fire in the face following a methane ignition
with different levels of assned ventilation curtain damage&smoke layer depth,
temperature anchass flow inly the last open crosscut were used to evaluate the impact of
no damage to the curtaipartially dislodged curtain, and fully removed curtain. As more
of the ventilation curtain was damagesnoke depth and temperature outby the fire
increased. With the furemoval of the curtain, the smolkecumulated from the last open

crosscut to the face, with the ventilation completely bypassingptitenuous miner region.
4.2. Introduction

Active working faces in underground coal mines are tivee most hazardous
locatiors in terms of fire events. According Mine Safety and Health Administration
(MSHA) dataanalysis, the highest number of nonfatal fire incidents weperted at
mining faces, intersections and crosscut aceagpared with other locations from 2000 to

2012, with about464 fire incidents reported at active working faces, most consisting
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methane ignitions (MSHA, 2016). In some cagksse ignition incidents were followed
by localized fire. Thegnitions themselves are higtsk incidents due to the potéad to
raise float dust and damage ventilation systems, particidadyiary systems that move
air into dead end cutsuch as ventilation curtain or tubing. Further, an active fithen
face, coupled with a damaged system, creates furtheandkhe atmosphere neéire is
difficult to predict.Depending on the magnitude of an ignition or fire, anddigree of
damage to auxiliary ventilation controls, the atmosphesar the fire can change
substantially. In this study, thetate of the auxiliaryentilation was varied based on the
assumptiorthat as a face ignition increases in magnitude, auxilientilation will be
affected proportionally. Five computationéluid dynamics (CFD) scenarios were
consideredo investigate the smoKayer depth,@mperature, visibilitymass flow rate and
air velocity in an entry with a continuousiner located in an active (deadd) cut.
Visibility and temperaturdrom floor to roof were investigated, and the heightthe
interface between the smoladen layerand the coolelayer, called interface height, at
various points from the faceutby to the last open crosscut were determined. Fire
DynamicsSimulator (FDS) Version 6.0, specialized CFD softwiarethe simulation of
fire, was used to predict tleonditionsthat develop due to a 204V fire at a coal mine
face followinga methane ignition under varying levels of auxiliargntilation damage.
Most entry fires are reported as fogntrolledfires as they are rarely restricted to air
access (Ingasohj and Lénnermark, 2014). Thus, the fire in these modelsassismed to
be a fuelcontrolled fire.Mine fires are difficult to control, because there is typicatyy

a narrow time window for personnel to appro#ioh fire, limited qualitative informatio
available, or communicatedabout the fire, and scarce quantitative information
characterizing the event. Modeling of multiple scenaallwsvs for assessment of the safest
and most efficacious resporsdocal fires. Such fires, in the absence of amédiateand
successful response, can rapidly escalate to etlattsompromise the entire ventilation
system and the safetf all personnel in the mine. These scenarios also have potential
applications in training and educating fire brigadesram resue teamsThis study was
carried out to accomplish three main objectiasst, to assess visibility and temperature
in the entryfor anyone approaching the fire. Second, to developraterstanding of

conditions that result from several ventilatidamae scenarios, and third, to use this
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knowledge todetermine the smoke layer depth through interface and &edmeights
study.

4.3. Geometry, Initial and Boundary Conditions

In this study, five different scenarios based on different assuigwition
magnitudes were considered for investigatbddra methane fire at the coal face. It was
assumed that the igniticand fire occurred during continuous miner productanrg that
the miner was backed out of the face, which is compnocedure. The ignition agnitudes
were not quantifiedrather, their effect on the auxiliary ventilation was assumeedrige
from minimal to completely destroyed. In every casmethane fire was assumed to have
been started by the initiggnition event. The fire was set oretfloor at the center, close
to the face. The airway, curtain and continuous miner wienellated accordyg to the
geometry shown in Figuré.1l: numbel8 entry, with the exhausting line curtain set to the
right side.The geometry and ventilation agenerally based on a partmeine in the United

States.

The width and height of the entries were 6 and 1.8 ma(D6 ft), respectively.
The length of the entry that had tbentinuous miner in it was set at 15 m (50 ft) and the
distancerom the outleta the curtain was set at 2.8 m (9 ft). The outtetesponds to the
outby end of the exhausting line curtalime curtain was installed in the entry, 0.6 m (2 ft)
to the closestib. The length of the inlet to the main entry was 1.§6nit). The inlet
corresponds to the crosscut.

This fire was assumed to have a heat release rate (HRROHKW. There is no
information in the literature quantifyiregheat release rate for methane ignitions at working
faces inunderground coal mines, due to the difficuttymeasuring oestimating the fuel
mass loss or gas consumption in a real scerlargeneral, there is quantification of HRR
for variousburning items, such as upholstery, wood cribs and vehiglgsh can give the
reader a relative sense of HRR. Hanaed Ingason (2013) measured the peak HRR of a
drilling rig and a loader fire at 29.4 MW and 15.9 MW, respectively,thednaximum
HRR of a single wood crib was measuredladut 180 kW (Hansen, 2015). Also, the U.S.
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National Institutefor Occupational &fety and Health (NIOSH) conductetifferent
experiments for better understanding of mine fia@sl used a natural gas burner with rated
HRR of 44 to 114 kW(Trevits et al., 2009). Yuan and Lazzara (2004) usedk®80 1-

MW and 3MW diesel fuel fires in egeriments to investigathe effect of ventilation and
preborn time on water migixtinguishing. There are also standards for HRR in vehicle
fires. The HRR for a passenger car fire is recommended detls about 5 to 10 MW in
simulations (National Fir€rotectionAssociation, 2011). Given these values, particularly
the gas burner values, 200 kW is assumed to be reasonablenfieth@nefed, fuel

controlled fire.

According to MSHA mine fire accident reports from 2@002012, most fires at
working facesvere reported as sméilles. Although there is a lack of information in terms
of HRR, there are some data in terms of flame height and phyg=eatf the fire at working
faces. To justify the fire parameténghis research, we refer to a mine fireidwnt in 2000
in which it was reported that an ignition occurred wherctminuous miner operator was
brushing the floor. The flam&ze was reported to be 0.25 m (0.8 ft) high and 1 m (3.3 ft)
long by 1 m (3.3 ft) wide. In this research we simulatedsdme height and physical size
of methane fire in the presenckcurtain at the face.

The methane was ignited on a surface that was 1 nft{3dhg and 1 m (3.3 ft)
wide. The heat of combustion ardot yield for the methane fire were considered to be
55.5MJ/kg and 0.1 kg/kg, respectively. All thermal and physpeabmeters of Pittsburgh
bituminous coal, such as densttygrmal conductivity and specific heat, were set according
to experimental analysis (Singer and Tye, 1979). The emissivibe cal was set at 0.96.
The curtain consisted of a compositedoublelayered, highhiemperature ceramic fiber
textile, rated at 3,000 °F (1,649 °C) with continuous use, segether using ceramic
thread and buffered on both sides vathapproved 0:-fnm (35mil) polyethylene plastic
brattice (Luzik, 1993). The highdensity polyethylene was consideréat the curtain
properties (greater than 0.95 gRAnThedensity, thermal conductivity and specific heat of
the curtainwere set at 1,300 kg/m3, 0.5 Wiand 19 kJ/kgK, respectivelyDue to the

ceramic fiber textile and polyethylene oulayer of brattice, the heat of combustion for
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the curtain waset at 43,600 kJ/kg (Tewarson, 1995). All of the thermal @Engical

properties of steel, including specificatethermalconductivity, emissivity and density,

were used for the simulatiaf the continuous miner. The specific heat and conductivity

of steel were varied according to different temperatuneSDS, we assumed that reliable
numerical results cabe @ hi eved when the grid siank is O
Rehm, 1998), where D* is representative of the charactdastith scale that corresponds

to the total HRR of &ire plume (Baum and McCaffrey, 1989; Yuan et al., 2014).

Selected Working Face

iiT IHT 1ii

Figure4.1. Schematic view of working faces

Therefore, a grid size of 5 cm (2 in.) was considered fontimeerical analysis of
the 200kW methane fire in this studyhe T squared approach was used for the growth of
the methane fie at the face (Ingason, 2009). The decay time péoiothethane fire was
not considered in the study as the footithe research in this paper was to investigate the
effectof curtain length on the height of smeleglen layer at the firsource, as welis the
amount of smoke movement upstreafithe fire. The growth of the fire at the face was
assumed tde medium to slow growth. Therefore, the fire growth coefficieas set at
0.00347 kW/s2 (Kim and Lilley, 2002).

The volume flow rate at the inlet wast at 6.61 m3/6L4,000 cfm) and the outlet
was set to open. The working face, continuiser, coal seams, fire source, inlet and
outlet,exhausting ventilation curtain location in different scenaaos, axes are depicted
in Figure 42. Numerous paraeterswere calculated, including visibility and temperature
at differentpoints in the entry. A nglip boundary condition wasonsidered for all walls
and objects in the domain.
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According to the assumed pignition intensity, five differenscenarios, @&h with
increasingly damaged curtaimere considered for the investigation of different parameters
at various parts of the entry. Smoke layer depth, temperaamgsnass flow into the
continuous miner area were usedevaluate the impact of no damagetie curtain,
partially dislodged curtain, and full removal of the curtain. The mgdeimetry is shown
in Figure 42, and damage to the curtain @so be seen for each scenario. In scenario 1,
no damage waassumed. For the partially dislodged curtaiwas assumetthat the curtain
was damagedl essentially removetl 6 m (20 ft), 15 m (50 ft) and 21 m (69 ft) from the
face for scenario®, 3 and 4, respectively. The whole curtain was remdrat the

computaibnal domain in scenario 5 (Figure2.

Scenario 1
. Scenario 5
Scenario 2

Fire compartment ¢, (without curtain)
v = A.v

\

Scenario 3
A

Scenario 4 Curtain A
! urtaip Z

oy ¥
///Grs

Figure 4.2. Working face and objects for all scenarios (isometric view)

4.4. Interface Height

Smoke behavior analysis is important in terms of niesxue training and best
firefighting practice. According tdhe mine rescue manual, personnel in the incident
commandpost (ICP) need to quickly gain an understanding of theldication, fire
specifications, and conditions near the fire aBaoke can limit visibility to the degree
that it is difficult forpersonneto even approach the fire, and, if they do appro&chay
still be nearly impossible to assess the magnituddrassdvement. Further, the soot and
carbon monoxide (COgxpected to be present with smoke pose a considerable hHazard

barefaced personnétnright and Ferrier, 2015). Atlif these parameters affect the ability
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of section personnel, agell as specially trained mine rescue teams or fire brigddes,

approach and assess a fire, and communicate conditions.

Interface height is one of the primaparameters used famderstanding smoke
layer depth. Because of the buoyamcy f e c t , the generated hot
tends tomove up to the top of the enclosure and relatively cool air ren@aives. The
height of the interface between the smtdaenlayer and the cooler layer is defined as the
interfaceheight (He, Fernando and Luo, 1998). Both the smoke tiph, and the smoke
progress into the entdyupstream ofthe continuous minércan be studied through
interface andresh air height studs. The following study concentratestbe effect of the
ventilation curtain on the interface heighich allows for the understanding of conditions
for barefacedniners, mine rescue teams and fire brigade teams danmmegthane fire at
the working fae. Hence, the interfadeight was investigated for smoke behavior analysis
in all simulations at different locations of the working face. Althosigioke rollback study
is important for designing themergency plan during fire events in underground mines,
this topic is beyond the scope of this research. The upwind transptre smoke, or
rollback, occurs when the air velocitlise ss t han critical wvelocit
increasedsufficiently. The reason lies in the buoyancy forces assatiaith the
temperature of the smoke plume that caus® ibvercome the inertial forces of the
ventilation (Friel etal., 2006). The air velocity considered in this study was alative

critical velocity.

The zone approach was used to calculate the agtnkight. In this approach the
cross section is divided into a tbpt layer and lower cool layer zones, as explained in
detail byBrani and McCaffrey (1992) and Jones et al. (1993). Itshawn in He, Fernando
and Luo (1998) that using this approasduces the complexity of computation with
acceptableresult accuracy compared with other approachreshe zone approach, the

interface height is calculated accordiog

o — (4-1)
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whereZint is the interface height in meter, is the lowerdayer temperature in °C,

H is the ceiling height from the floan meters, andh andl2 are in meters and calculated

by:

) L 2YaQd (4-2)
) Q4 (4-3)

whereT (2) is the continuous function defining temperaftiie °C as a functio of
height above the floor, where O ancH are the floor and ceiling hdigs in meters,
respectively (MGrattan et al., 2014). The fresh air height is therefore nataine as the
interface height according to the zone approddte height of fresh ails determined
according to the averagemperature and visibility, along with the height of érary at
different sections in all scenarios. Fresh air, for tipesposes, is defined as air having no

combustion products,maximum temperature of 20 °C angibility of 30 m (98 ft).
4.5. Results

In all scenarios, it was assumed that the inlet volume flme was 6.61 #s
(14,000 cfm) and the HRR of methafie was 200 kW. The T squared approach was used
for thegrowth of the methane fire at the fgtegason, 2009). Thigre growth coefficient,
the Uvalue, was set at 0.00347 k\W/Fhe HRR increased during the first four minutes of
theevent and then remained constant until the end of the simuletierfFigure 43). The
same initial and boundary kditionswere assigned to all scenarios except for the curtain
length.Various parameters, including temperature, visibility, velotigat flux and mass

flow rate were calculated at differesrbss sections of the entry.
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Figure 4.3. Heat release rate over simulation time

4.5.1. Temperature/Visibility for All Scenarios at Different Sections of the Entry

The temperature and visibility along the height of the eatrglifferent locations
and the mass flow rate all five scenarios were investigated for two main reasons: (1) for
usein the interface height calculation, and (2) to understandrtigression of smoke into
the upwind side of the fire sourcéhis approach allows for the investigation of smoke
layer depth, fresh air height and interface height in fire incidémtsnderground mines.
This work is expected to contribute future research that examines increased speed for

suchsimulations and translation to the field for practical trairmhgiine fire fghters.

The location of the slice file, average temperature and aversigdity along the
height of the entry from the miror to the roof at different heightsxat 20.8 m (68 ft),
which is 2.5 m (8 ft) from the fire source center, and 90® scenario 1 are shown in
Figures4.4 and4.5. Each point on theemperature and visibility line graphs represents the
averagdgemperature and visibility from the left rib to the right riltbed indicated height at
900 s. The interface height was calculatadg Egs. (1), (2) and (3) at each cross section
of theentry in FDS. The height of fresh air was determined fronatteeage temperature

and visibility at different heights.
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Figure 4.4. Temperature slicéle at t=900 seconds and x=20.8 m, shown in isometric
view
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Figure 4.5. Average temperature and visibility at a cross section of the entry (normal to
long axis), located at x=20.8 m, 900 s after the $tarts for scenario 1
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It is evident from Figurel.5 that the height of fresh air amaterface height are
about 0.5 m (1.6 ft) and 1.5 m (5 ft), respectivdlge height of fresh air and interface
height increasedfurther outby the fire while the averagentperaturedecreased
considerably. The height of fresh air 4.5 m (15ftjay from the fire source was 1.2 m (4
ft). It is noteworthythat smoke progressed into the continuous miner fa@bbyt 2.5 m
(8 ft) from the mouth of the curtain, and beydhdtdistance the inlet was free from any
smoke. The intaaturtain works well in this case to control temperaturerandement of

smoke.

The movement of smoke outby the fire source increassdenario 2, as shown in
Figure 46b. According to the visibilityand temperature data, the smoke reached to the
floor atx=20.8 m (68 ft), 2.5 m (8 ft) from the fire source center, wihiéefresh air height
in scenario 1 was 0.5 m (1.6 ft). Moreov#re interface height at = 20.8 m (68 ft)
decreased to 1 (8.3 ft). Also, the average temperature of the upper and Itayers
increased dramatically. Because of shorter curtairsrtieke accumulation increasedkat
= 20.8 m (68 ft) in comparisowith the smoke concentration at= 20.8 m (68 ft) in

scenario 1.

In scenario 2, smoke moved into the entry in the continugosr area about 3.4
m (11 ft) outby the mouth of thaurtain, as shown in Figure6h. The entry was clear 9 m

(30 ft) from the fire source.

Smoke behavior was similar at the continuous miner arestenarios 3, 4 and 5.
With the full removal of the curtain ithe continuous miner area, the smoke accumulated
throughthe entire depth of the continuous miner area and flowedfdlié entrance to the
continuous miner area, and the ventilatmmpletdy bypassed the region. After five
minutes, theentire continuous miner area filled with smoke, and explogages such as
methane can be expected to build up, thahgkse gases have not been explicitly modeled
yet and are dependenpon seam gas contemressure and permeabilitwhich are not
considered here. In scenario 3, smoke progrgamst the upwind direction from the mouth

of the curtainvas about 5.5 m (18 ft).
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The progress of smoke into the continuous miner ardeedantry forall scenaris
is shown in Figured.6a-4.6e. By brieflyexamining the smoke movement in all scenarios,
it is evidentthat the smoke progress from the mouth of the curtain increelsed the
curtain length decreased, as expected.srtheke movement against the upwinadnh the
mouth of thecurtain in scenarios 1, 2 and 3 was 2.5 m (8 ft), 3.4 m (&n&)5.5 m (18
ft), respectively. In scenarios 4 and 5, it veaasumed that that the curtain was completely
dislodged. The progress of smoke was tracked through monitorofgthe CO
concentration, soot concentration, temperature and visibtlithfferent heights along the

working face in all scenarios.
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Figure 4.6. Smoke progress the inlet in all scenarios (a) scenario 1, (b) scenario 2, (c)
scenario 3 (d) scenario 4, (e) scenario 5

The average mass flow rates at the inlet and outlet Ww8B2kg/s and 7.90 kg/s.
Consistent with the data displayedrigure4.7, it is evident thasome air reaches the fire

source, irspite of limited auxiliary ventilation.
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Figure 4.7. Velocity vector slice at z=0.6 m in scenario 5
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The average mass flow rate of air into the continuoiner area othe entry was
0.53 kg/s ak = 8.8 m (29 ft).This study shows that 6.7 percent of the inlet mass flow of
air moved to the fire source and the rest moved directlyetoutlet in scenario 5, because
the curtain was completetgmoved.

4.5.2.Interface Height and Fresh Air Height Analysis
The average interface heights along the X axis at different parts of entry for all

scenarios are shown in Figure 4.8.
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Figure 4.8. Average interface height along X axis forsidenarios

From Figure4 .8, it is evident that the interface heightxat 20.8 m (68 ft), 2.5 m
(8 ft) from the fire source center, wa<l3 m (4.7 ft) in scenario 1, and the interface height
decreasedo 1.1 m (3.6 ft) in scenarios 2 and 3 at thattion.The interface height in
scenario 1 increased to 1.8 m (6 ftkat 18.8 m (62 ft), 4.5 m (15 ft from the fire source
center, buthe fresh air height at thaection was 1.2 m (4 ft) (Figured4.

In scenario 2, the interface height increasetl&m (totalentry height) ak = 15.8
m (52 ft), 7.5 m (25 ft) from the firayhile the fresh air height was 1.4 m (5 ft). In this
scenario, thesmoke moved outby te = 14.4 m (47 ft), about 9 m (30 fllom the fire
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source, as shown in Figudeb. Itis noteworthy thathe smoke progressed into the entry

by about 3.4 m (11 ftrom the mouth of the ventilation curtain in scenario 2 witiiie

length was 2.5 m (8 ft) in scenario 1.

According to the data of Figure8, theinterface height increase¢o 1.8 m (6 ft) at
X = 6.8 m (22 ft) in scenario 3, whitee average fresh air height was 1.2 m (4 ft) at that

section.The average fresh air height reached the entry ceiling hdightn or 6 ft) ak =

3 m (9.8 ft), as shown in Figu#e.
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Figure 4.9. Average fresh air height along X axis for all scenarios

It is evident from Figure4.8 and4.9 that the average fresh hiight is always less

than or equal to the interface height. BHverage fresh alreight and interface height along

the X axisin scanarios 4 and 5 are shown in Figudr&O.
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scenarios 4 and 5

In scenarios 1 through 3, the fresh air height increased direattydistance from

the fire source (Figurd.9). However, inscenario 4, the fresh air height>at 2.8 m

decreased dramatically zero. The absence of a ventilation curtain paralldie longaxis

of the entry in this scenario caused smokedoumulate jusadjacent to the crosscut

(Figure4.11). The averagmterface height was almost the same in scenarios 4.aimd

these two scenarios the fresh air height never interséetedterface dight (Figure4.10).

In scenarios 4 and 5, the smagkegressed into the crosscut by about 1.5 m (5 ft).

High Concentration

Low Concentration

Figure4.11. The smoke accumulation in front of curtain A. Side view, facing line
curtain, the end fothe conthuous miner is seen to the left
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This study demonstrates that curtain length plays an importdetin the
temperature and height of layers nefireasource and also the amount of smoke movement

to theupwind side of continuous miner entry.

The smoke movement in the outby direction in the continmaungr area of entry
increased as ventilation curtain damagereased. The smoke movements against the
ventilationfrom the mouth of the curtain in scenarios 1, 2 and 3 werend%ft), 3.4 m
(11ft) and 5.5 m (18 ft), respectively. In scenardioand 5, it was assumed that curtain B
was completelydislodged. The fresh air height and interface height increabed the

distance from the fire source increased.

The height of the interface between bot, smokdadenupper layer and the cooler
lower layer close to the fire sourckecreased when the curtain was dislodged partially or
fully in the continuous miner area. The interface height, 4.5 m (Ifoft) the center of
the fire source, moved clostr the floor byabout 50 cm (1.6 ft) in scenario 2 compared
with the scenaridl interface height. With the full removal of the curtain, §moke
accumulated through the entire depth of the continnunsr area and flowed out of the
entrance to the comtiousminer area, and the ventilation bypassed the region.

4.6. Conclusion

The smoke propagation in an entry is dependent on diffpegameters, such as
the location of the fire, the physicsize and intensity of fire, air velocity and direction.
This study examined a 208W fire at an active face with varyingegrees of assumed
damage to an exhausting ventilation curtlirexamining interface height and simulations
of visibility throughout the entry, it is clear that as damage tovémilation curtain
apporoaches the last open crosscut it viadcome increasingly difficult for miners to
approach the firen order to observe conditions or fight the fire, due to limitistbility
and high temperature.

These simulations are based on the geometry and viemtitdta partner mine in
the United States and can be ugedssess and plan for response in the event of an ignition,

followed by fire on the face. The five simulations presentadkrscore the importance of
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maintaining or immediatelyeestablishing facgentilation immediately after damage in
order to maintain visibility and keep smoke moving to téirn. The maintenance or
reestablishment of ventilation alloyersonnel to approach the fire in order to extinguish
it or observe involvement for emerggnesponse. More broadlihese simulations can be
used to train crews in firefighting approathassess and manage fire risk, and to develop

globalemergency response scenarios.
4.7. Future Work

This study examined ventilation curtain length with fixed ptgisfire size and
HRR, two parameters which also play key roles in determining the interface height. Hence,
a future study will be conducted varying HRR and physical fire size to determine the
influence of these parameters on outby conditions. It is alportant to characterize the
concentration and temperature of smoke in upper or lower layers for tenability
investigations. The following parameters can be recognized as parameters for tenability
analysis: interface height, temperature, radiation, vigibiknd species concentration,

including carbon monoxide, carbon dioxide and oxygen.

We also acknowledge that the modeling presenteck hs computationally
expensive in terms of time and processtagabilities. These models will serve as base
models forcomparisorwith faster modeling techniques that could be utilizedeal time
in an emergency scenario or, more practicallyrisk assessment and emergency planning
at mine operationgire modeling has a critical role to play in planning for emergency
response, preventing such events, reacting to firedpegnsic analysis, ultimately leading

to safer mines.
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5.Tenability Anal ysi s for | mprovement of Firef.i

Methane Fire Event at a Coal Mine Working Face

The following papewassubmitted taJournal of Safety Researchli Haghighat
conducted the majority of the work and wrote the papdr @ditorialinput from coauthor
Dr. Kray Luxbacher

5.1. Abstract

Due to the high rate of methane ignitions at active working faces in underground
coal mines, this location has been the focus of many researelsersell as safety
initiatives. Multiple ignitionsoccur annually in US mines, and outcomes vary widely based
on the magnitude of the ignition and the subsequent damage to ventilation controls or
development of active fire. Depending on the magnitude of the explosion or fire, auxiliary
ventilation controls, such as exhausting line curtain or tubing may be damsaged
completely removed, affecting the ventilation into the area. Investigation of a typical dead
end working face with exhausting ventilation was undertaken to explore firefighting
conditions post ignition. Regular mining crews are trained in the fightfingiree fires,
while mine rescue or fire brigade teams may also be utilized for firefighting depending
upon the conditiond.he research in this papdevelops an approach to analyze the tenable
limits in a fire event in an underground coal mine for Haced miners, mine rescue teams,
and fire brigade teams in order to improve safety and training of personnel trained to fight
fires. A detailed computational fluid dynamics (CFD) analysis was conducted to
investigate temperature, visibility, radiation, ar@hcentration of combustion products
based on different damage assumptions following an ignition at the working face. The
source of the combustion products analysis and the exposure effects were considered to
assess the potential for harm to mine persommek rescue teams, or fire brigades during
a firefighting operation, taking into account their training and personal protective
equipment during 5 and 15 minutes exposure. This study has shown that if the exhausting
line curtain was destroyed, the sitoatwould not be tenable for barefaced personnel. The
findings were utilized to recommend the tenable limits for{@ced miners, mine rescue

team, and fire brigade teams during 15 minutes exposure to the methane fire at a coal mine
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working face.The outome of this research, applied to training, will result in ri@re

efficient evacuation, as well as safe and effective firefighting under certain conditions.
5.2. Introduction

Tenability for fire situations has historically been considered for a number of
occuied structures, to determine if conditions will allow for the escape offaeeel
occupants and if conditions are tenable for trained fire fighters to engage in firefighting or
search and rescue. Tenability studies commonly consider heat effectafyigiedmetric
considerations, air velocity, noise level, and toxicity during a limited time in a fire event
[1-9].

Tenability has been less formally studied and defined for the case of fires in
underground coal mines in the U.S. where atmospheric anthtery considerations are
substantially different tharfor typical surface structures. Additionally, while U.S.
municipal or public emergency workers may respond to surface installations at u/g mines
during an accident, they are not expected to entema ohie to unique hazards in this
environment. However, a systematic approach to tenability for personnel fighting
underground coal mine fires could lead to improved safety and more efficient response.
Generally, there are three groups of people that doelldxpected to respond to fires in
underground coal mines: bai@ced mine personnel, fire brigade teams, and mine rescue
teams. All underground coal miners in the US are trained in firefighting and operators are
required to provide firefighting equipmeimicluding rock dust, fire hose and waterlines,
and fire extinguishers, in addition to regulated automatic fire suppression systems at key
locations [10]. Miners attempting to escape a mine with an active fire are encouraged to
don selfcontained selfesaers (SCSRs) as soon as they suspect the atmosphere is
compromised; however, most SCSRs commonly used in mines are not approved for
firefighting. Therefore, for regular mine personnel, tenability for firefighting is considered
for barefaced miners while rtability for escape would be considered for miners under
standard escape SCSRs [11]. Fire brigade teams and mine rescue teams have similar

equipment as surface fire fighters, including fire resistant clothing and rebreathers. Fire
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brigade teams tend to hatraining that is more specialized for fire related emergencies

while mine rescue teams are trained more broadly in mine emergency response.

Mine fire response varies tremendously and is complicated by the underground coal
mine environment. Small fireee typically extinguished quickly by barefaced personnel.
Large and involved fires would seem to call for immediate evacuation of barefaced
personnel (and the donning of SCSRs); however, in the underground coal mine
environment, the risk of a catastrophmnethanedust explosion during an escape is
considerable, and the deployment of mine rescue teams and fire brigades can be time
consuming. The decision to attempt an escape is difficult given that an explosive
atmosphere could be developing and that escaptes can be several miles long. Crews
must make such decisions within minutes of fire discovery. Further, while there is literature
devoted to various measures that impact tenability [12], there are few examples that take a
comprehensive approach tanébility. The literature that does exist is largely outside of
the U.S. context and provides broad approaches without a methodology for determining
tenability [13].

This work aims to investigate a s@&io in which mine personnel afl@ed with a
methane éd mine fire and a face ventilation system that is compromised to varying
degrees, examining tenability for barefaced personnel and fire brigades or mine rescue
team members approaching the firaedetermination of theefuge chamber locatiomas
not investigatedin this study although other researchers have considered factors such
speed of travel for miners in limited visibility wearing SCSRs [14], as well as oxygen
consumption under varying conditions [15] in investigating SCSR performance, optimal

cading of SCSRs and where to provide refuge chambers.

Precise numerical analysis of fire scenarios can improve safety and decision making
for all personnel faced with fire underground. In this study, five computational fluid
dynamics (CFD) scenarios were silated to analyze the tenability for personnel in a
methane fire event in the working face of an underground coal continuous miner section.
This work details preliminary investigation into the effects of different parameters such as
heat and temperaturesibility, smoke layer depth, radiation and convection, and toxicity
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on tenable limits were investigated thoroughly. For the purposes of this investigation, it is
assumed that a face ignition has resulted in a face fire during mining production. The
compuational fluid dynamics software Fire Dynamics Simulator (FDS), Version 6.0 was
utilized to predict the conditions that develop due to a 200 kW fire at the working face
following a methane ignition with different levels of curtain damage. For a smalloigniti
magnitude assumption, the ventilation curtain was not dislodged from its location so the
curtain was 3 meters far from the face, approximately the distance prescribed by U.S.
regulation (scenario 1). For increasingly powerful ignitions, it was assuraethé curtain

was dislodged 6 m, 15 m, and 21 m, from the face in scenarios 2, 3, and 4 respectively.
Finally, in scenario 5, the entire curtain was assumed to have been damaged. The tenability
criteria were analyzed for 5 and 15 minutes exposure. Ticermes of this research were
utilized to recommend the tenable limits for béaee miners, fire brigade, and mine rescue
teams in a 20&kW methane fire event at a working face. Ultimately, the developed
methodology can be used for determination of tenable limits forfaaeel miners, mine

rescue, and fire brigade teams under different fire events situations and conditions.
5.3. Computational Domain and Design Consideration

In this study, five different scenarios according to different assumeymt®sn
magnitudes were considered for tenability analysis in a methane fire event at a working
face. This study is based on a previous study [16]twélsame geometry examining smoke
layer depth, fresh air height, and interface height in a fire incident under different fire
scenarios. Due to the difficulty in measuring the fuel mass loss in a real case scenario, the
simulated 200 kW methane fire aktlworking face was based on the flame height and
physical size of the fire which it was reported in 2000 MSHA mine fire accident reports
[17] and was explained elaborately in [16]. In this study, it was assumed that the ignited
methane was on a coal sacé that was 1 m long and 1 m wide. The airway and curtain
were simulated according to the mine map as shown in Figlfa), number 8 entry, with
exhausting line curtain set to the right side. The width and height of the entries were 6 m
and 1.8 m respively. The length of the entry (continuous miner area) was set at 15 m.

The schematic view and the dimension of the working face are shown in bijurend
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also the damage to the curtain can also be seen for each scenario irbHighyeBased
on the standard practice in underground mines, the continuous mivie¢m(&s backed up

to supportedoof and deenergized as shown in Figusdl (b).
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The thickness of the coal on the wall assumebet®.2 m. The thermal and the
physical characteristics of Pittsburgh bituminous coal [18], were considered for the
characteristics of the walls in all simulatiofitie heat of combustion of the methane fire,
and the thermal and the physical propertiebefteel for the continuous miner (CM) were
set according to the previous research study [16]. In some research studies, it was indicated
that CO vyield for methane fire can be increased by about a factor of 30 frorh(8>30
ppm concentration) to 1.5 ®1 as the nitrogen flow is increased to the extinction limit
(14.9% oxygen); therefore, 0.1 was considered as the CO yield0]19he detailed
characteristic of the exhausting line curtain [16,22], was considered in the simulation
of the scenarios o 4. In scenario 5, the exhausting line curtain was removed from the

computational domain.

The inlet volume flow rate was set at 6.6%/srbased on a partner mine volume
flow rate in the United StatesThe T squared approach [23] with the 0.00347 K\\@4]
as the fire growth coefficient was utilized for the growth of the methane fire at the face.
During the first 4 minutes of the methane fire event, the HRR of the methane fire increased
up to the maximum HRR (200 kW). Then, it remained constant untietiteof the
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simulation. The whole simulation time was set to 900 s. Thslipdoundary condition

was considered for the walls and the objects in the domaie initial and boundary
conditions were the same in all scenarios except the curtain length. The grid size was set
at 5 cm for the numerical analysis of the 200 kW methane fire [16] as it was recommended
that the reliable numerical results in FDS can &f@eved with theusageof the grid size

|l ess than equal £27. A scendidvs wer® sinfulatédias 3howh h5
Figure 5.2 to demonstrate the effect of the intact and completely destroyed auxiliary

ventilation system.

Figure 5.2. Isometric view of the smoke movement at t=900 s in all scenarios (a)
scenario 1, (b) scenario 2, (c) scenario 3, (d) scenario 4, (e) scenario 5

5.4. Tenability and the U.S. Coal Mining Context

Safe escape for mining personnel is one of the most critical issues during a mine
fire. Itis important to note that approaching, fighting, and extinguishing a fire immediately
can improve the safety since gassy coal mines can approach explosive aniits)qrly
when ventilation systems are negatively impacted. For bothfaeed personnel who are
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well versed in firefighting techniques, and for mine rescue teams or fire brigade teams
working under closed circuit oxygen, an improved understanding nafbii@éy under
various scenarios represents a significant advancemeainmgand potentially improved
decision making during emergency response. A tenable environment is defined as an
environment that supports human life for a specific period of fithe.goal of tenability
analysis in a fire event is to provide guidance for the safety of personnel who would
consider approaching an underground fire in standard mining personal protective
equipment (PPE) or more specialized firefighting PPE. Tenabiiitgria are often set at
incapacitation for an average person. In this research study, more conservativevatteria
utilized, since it wasassumedhat the fire fightersnusttravel out of the mine without

assistance.

It is instructive first to desdoe the personnel who would be expected to fight fires
as well as their standard PPHS law requires that mine personrake trained in
firefighting, suitable firefighting materials are available, and fire and evacuation drills are
regularly held [10]. Mae personnel performing their regular jobs are expected to have
SCSRs, hard hats, safety glasses, boots with metatarsal protection, hearing protection,
lights, and gloves; select personnel will also haharadheld gas detectors (oxygen2]©
methane [CHl, and carbon monoxide [CO]). Further, every mine shall have available a
group of miners specifically trained in mine rescue and firefighting [10]. These teams must
be able to deploy to the mine site within one Hduyj and would be likely to have self
contained breathing apparatus (SCBA) appropriate for fire, light duty fire resistant clothing
and heavy duty turnout gear, as well as access to ventilation materials and firefighting
materials. Their training in search and rescue and firefighting is megasexe than that

of other mine personnel.

Personnel who intend to escape a mine emergency will typically don an SCSR if
they suspect the mine atmosphere is compromised, and proceed to secondary or primary
escapeways where they have the benefit of powaiaidles or life lines to assist in escape.
Additionally, they have access to refuge chambers and SC8fesaThis work only

examines (i barefaced mine personnel approaching a newly discovered fire; and (ii) mine
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rescue or fire brigade personnel undeygea (i.e., SCBA) approaching a firSurface
firefighting and rescue personnel (e.g., municipal or private) are usually available only for
transport and treatment of victims as they are brought out of arlih8,because hazards
associated with fire innderground mines are particularly specialized.

In this study, five main parameters were considered to investigate tenability for
barefaced miners, fire brigade, antherescue teams: visibility, temperature, smoke layer
depth, radiation, and toxicity. The parametetsave beemxtensively utilized for analysis
of the tenable limits in the road tunnels [1]. In addition, it was assumed that the main mine
ventilation system operates continuously [10]. The concentration of toxic species effects
(e.g., CO, CQ for the fire brigadeand mine rescue teams were not considered for
tenability analysis since the team members carry-cegifained breathing apparatus
(SCBA). They are designed to provide oxygen for at least 4 hours and are appropriate for
firefighting. For barefaced mine personnel, thgicity of CO and CQare considered, as
well as Q deficiency. For both baffaced teams and teams under oxygen, explosibility
should be considered in comprehensive tenability analysis. If personnel observe or expect
combustion the advance of people into an explosive atmosphere (&%§4 nethane in
the presence of standard oxygen) is not tenable because the risk of fatal injury is immediate
and imminent. However, in this preliminary study, emissions of methane frooo#he

strata were not incorporated, so we did not consider explosibility.

5.4.1.Temperature and Heat Effects

Radiation from hot gases and areas and convection from hot gases are two main
sources of heat exposure for mine personnel during firefighting in undecycoal mines.
It is noteworthy thathe percentage of water vapor in the combustion products plays a key
role on burning of the respiratory systerfibe inhalation of theig containing less than
10% water vapgrcannotinfluenceontheburning of theespiratory systentGGenerally the
tenability limits for skin burns are lower than for burns to the respiratory tByct.
inhalation of the saturated water vapor air with a temperature above 60°C (140°F), the
respiratory tract thermal burns happ#s2]. Tenabilityfor temperature during a fire event

depends on th@oseof heat over a period of time.lAnger exposure to a lower temperature
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or heat fluxis usuallymoretolerable thara short exposure to a high radiant heat flux or
temperaturg2]. In NFPA® 502, Equation%-1) was recommended for calculation of time

of exposure to a certain amount of temperature.
0 p® cBp Y B (5-1)

where 0 s time of exposure to reach a FED of 0.3 in riiis temperature’C).
For the calculation of the maximum exposure time without incapacitation in eq(@&tion
1), some crucial factors (ex: evacuees were lightly clothed, zero radiantitheahe
constant exposure temperature, and the FEI
considered [2].

The tenability limit for the exposure of skin to radiant heat is approximately 2.5
kW/m? [28]. It is likely that people can tolerate exposuréhig level for 30 minutes or
longer [1]. Our simulation also considers convected heat from hot gases which are the
dominant source of heat transfer during a fire incident in underground coal mines. Pain and
skin burns can occur at air temperatures ab@2€ € [2]. The rate of heat transfer from
hot air to the skin via convention depends on different parameters including the rate of

ventilation, humidity, air temperature, and clothing-E3.

5.4.2.Visibility

Smoke can limit visibility to the degree that ithfficult for personnel to approach
a fire, and if they do approach, it may still be nearly impossible to assess the magnitude
and involvement [16]. An atmosphere will usually reach the tenability limits for visibility

well before the limits for gas conuteations, temperature, and radiation [31].

Visibility and the processes affecting it are crucial not only for the safety ef self
evacuation of people in thmine,but also for fire brigade anmdinerescue teamsince the
infrared cameras are not utilizedrescue missions in underground mingsibility has
an immense impact on walking speed during evacuation period or fighting the fire. Jin and
Yamada proposed a relationship between the visibility and walking speed [32]. Frantzich

andNilsson proposedn equation (§uation(5-2)) for calculation of walking speed.
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0 ™® T @0 pP X X (5-2)

whereCsand ¢ are extinction coefficient and walking speed respectively. If
visibility (Vs) is usedas the independent parametequition 6-3) can be utilized for

calculation of walking speed [31].

6 T® QXY TW OO (5-3)

Numerous experiments have been carried out by different scientists on the
determination of walking speed during fire incidents. However, based on the Swedish
building code, the basic unhindered walking speed was recommended at 1.5 m/s. For
children or peole with disabilities, the walking speed was recommended to be set to 0.7
m/s [31].

Consistent with the data of several different experiments which were plotted in
tunnel fire dynamics book in terms of walking speed as a function of visibility, it was
conduded that the walking speed range was changed from 0.2 m/s to 1.5 m/s when the
visibility was in the range of zero to 10 m [338]. Therefore, in this study, the mean
velocity (0.85 m/s) was selected as the walking speed for evacuation time calculdtion an
speed. However, it is noteworthy that the walking speed could be changed for injured
evacuees, elder mine personnel, or on the other hand for mine rescue, fire brigade teams.
In addition, the evacuation pathe slope of the airwayand the mine heigleain influence
the travel speed. Hence a comprehensive experiment is needed for precise calculation of
walking speed in underground ming¢$owever, based on previous study on the travel
speed of the miners in heavy smoke situation, it was evident thawehage travel speed
was 0.4 m/svhich the average travel speed increased to 0.97 m/s in clean air situation [36].

FDS utilizes an approach to calculate visibility at an arbitrary 30 m distance based
on the soot yld of combustible materials [BFor puposes of this work tenable visibility
limits were set to 10 m; however, this is one of the most subjective criteria, and depending

on circumstances firefighters may proceed in more limited visibility.
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5.4.3.Toxicity

In this study, the ©deficiency and the effées of CO and C®for barefaced
personnel were considered to investigate the toxicity in order to recommend the tenable
limits during a methane fire event in an underground coal mine. Carbon monoxide
decreases the possibilities for the blood to take upy ead deliver oxygen to the tissues,
and combines with the hemoglobin in the blood to form carboxyhemoglobin (COHb) [3].
CO produces negative health effects including neurological effects, such as cognitive
impairment, dzziness, and unconsciousness|,[38d can be fatal at high concentrations.
The detrimental effects of different levels of COHb on harhealth arsummarized in
[39, 40.

Carbon dioxide affects the time to incapacitation in two different ways. At low
concentrations, C£acts as a stimudy increasing the breathing rate, and influencing the
uptake of other asphyxiant gases (e.g., CO), and, at concentrations greater thar: 5%, CO
can become an asphyxiate [31], with risk of unconsciousness within a few minutes when
the concentration of CQOs above 7% [5]. In this study, all numerical calculation in terms
of toxicity was carried out at Z= 1.5 m as the height for barefaced miners, as it expected
they would make every effort to stay below the smoke layer.

5.4.4.Calculation of Exposure Levels and Tenaitity Criteria

When examining both heat and toxicity, the best indicator of exposure is dosage
over time. Additionally, the stimulus effect of @0an increase uptake of CO, so the
additive and multiplicative effects of these gases should be consideaetibiral Effective
Dose (FED) is an indicator dbsageand can be calculated for exposure to heat or gaseous
species. Fractional Effective Dose is calculated based on a 15 minute exposure time,

following the method proposed BPurser [4], and displayed Eguation(5-4):
FEDiot= (FEDco+ FEDcn+ FEDvox + FLDir) X HVcop+FEDo, (5-4)

For this study, only C& Oz, and CO were considered. Given the relatively short
simulation time, standard oxygen was maintained, so oxydgfitiency was not

considered, anthe equation is simplified todaation(5-5):
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FEDwot= (FEDco) * HVcoz + FEDo2 (5-5)

In equation %-5), FEDro, HVcoz, and FED2 can be calculated acabng to
Equations %-6), (5-7), and §-8) [4].

'000 | —-Q0, xompm & 0 ° QO (5-6)
0 R (5-7)
"000 % (5-8)

wheret is time in minutes andCo2, Cco2 are theO2 and COz concetration in
percentCcois the CO concentration in ppm. THR@w is defined as the hyperventilation

factor induced by carbon dioxide [4].

While it is clear that FED gives a more comprehensive measure of health effects,
providing better tenability deria, it is not practical to calculate dosage in real time for
miners in active fire scenarios. Tallld summarizes criteria proposed by various groups
and includes Short Term Exposure Limits (STEL), based onraidbte dose, as well as
Ceiling (C) limts which should not be exceeded. These data are used to inform the

proposed tenability criteria.

Table5.1. Criteria for exposure to various products and effects of fire

Note: STEL is Short Term Exposucenit (15 minute dose) and C is ceiling limit.
Standard CO (ppm) CO2 (%) O2 (%) Heat Temperature

ACGIH 25 TWA 3.0 STEL 195 - -
NIOSH 200 C 3.0 STEL 19.5 - -
OSHA 50 TWA 3.0 STEL 19.5 - -
MSHA (coal) 400 STEL 3.0 STEL 19.5 - -
MSHA (M/NM)  400STEL 1.5 STEL 19.5 - -
NFPA 502 450 STEL 195 2.5 60

(MSHA, 2016; NFPA, 2011; OSHA, 2016.)
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5.5. Results and Discussion

5.5.1.Smoke Layer Depth, Temperature, and Visibility Results

The fire smoke level is the main factor for a safe escape. Becauseriflaance
visibility and increaseisk of incapadation. The interfacdieight [41, 42and the fresh air
height [16]were considered for investigation of smoke layer depth at different parts of the

continuous miner area.

The mean temperature and the mean visibility, the mean interface height, and the
mean fresh air height along the height of the entry atiffexentcross section for scenarios
1 to 5 were calculated. The mean interface height and fresh air heightfoXaxkis at

t=900 s at different parts of the entry for all scenarios are shown in Eigure

Based on the simulation resultsyias evident that as ventilation curtain damage
increased, the smoke movement in the outby direction in the contimioeisarea of entry
increased. In addition, by getting further from the fire source, the fresh air height and
interface height increased. The upstream smoke movement from the mouth of the
exhausting line curtain in scenarios 1, 2 and 3 were 2.5 m, 3.4 m, amdr&spectively.

In spite of limited auxiliary ventilation in scenarios 4 and 5, some air reaches the fire
source. However, imgeneral,the smoke accumulated through the entire depth of the
continuous miner area. It is noteworthy that the thickness didhesmokdaden layer

close to the fire source increasetien the curtain was dislodged patrtially or fully in the
continuous miner area as shown in Figbi® All in all, we refer the readers to [16] for
detailed interface height and fresh air heightigtbased on different levels of damage to

an exhausting line curtain in continuous miner area. The average temperature for different
layers along the height afinnelwas calculated as shown in Figlsd to analyze the
tenability criteria for bare facediners, mine rescue teams, and fire brigade teams. The
average temperature for two different layers at both sides of the interface height along the

x axis are illustrated in Figufe4.
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to the interface height (Figufe4 (b)), and the average temperature of the sntexdken

layer is the average temperature @& kyer from interface height to the ceiling. In Figure

54 (a), it is evident that average temperature of the s+aalen layer is close to that of

the cooler lower layer temperature (20°C) for scenarios 1to 4 at4.5m, 7.5 m, 16.5 m, and
20.3 m from thdire source. In addition, the average temperatures of the cool layer close

to the fire source for scenarios 1 and 2 were only slightly higher when compared to
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scenarios 3, 4, and 5. Moreover, it was evident that by getting further from the fire source
the smokeladen layer temperature decreased. According to Figdréa), by decreasing

the exhausting lineurtain by about 3 m, the average temperature increased by about 23
OC at X= 20.8 m. The average temperature of the sraalen layer in the continuous

miner area for scenarios 3, 4, and 5 were calculated almost the same as shown in Figure
5.4 (a). This study has shown that the length of the curtain played a key rolavethge
temperature of the smokaden layer close to the fire source.

For the calculation of the visibility along the height of the tunnel at different cross
section, the height of 1.5 m was considered since it was assumed that the bare faced miners,
mine rescue and fire brigade teams would try to stay below the smoke layer. The mean
visibility at the height of 1.5 m at different cross sections of the tunnel in scenario 1 through
5 was calculated as shown in .Figbr® (a). Consistent with the data ofEre5.5 (a), it
was evident that the mean visibility at different parts of the continuous miner area at z =
1.5 m was less than 10 m in scenarios 3, 4, and 5. However, the mean visibility was more
than 10 m in scenarios 1 and 2, when we get further fnenfite source by about 4.5 m
and 7.5 m respectively. In addition, a location (4.5 m away from the fire) was considered
to investigate the mean visibility along the height of the tunnel at selected cross section as
shown in Figurés.5 (b). The criterion fothe selection of the location was based on the
distance that both the barefaced personnel and mine rescue teams or fire brigades would
approach. Each point on the visibility line graph (Figh (b)) represents the average
visibility from the left ribto the right rib at X= 18.8 m (4.5 m away from the fire source)
at the indicated height at 900 s for all scenarios. According to Figbir@h), the 10 m
visibility at that cross section was achieved at height of 1.8 m, 1.1 m, 1.1 m, 0.7 m, 0.9 m,
and 1.1m in scenarios 1, 2, 3, 4, ad 5 respectively. Overall, the study of the mean visibility
has shown that the length of the exhausting line curtain has had an immense impact on the
visibility at different cross sections. Moreover, the effect of the ventilatiotain length
on the mean visibility at different height of the tuneédse to the fire source was

consequential

92



30 — M X—X—X—X—X—— 1.8

x (a)
16 |
=T A 14
E ¢ E.
= 20 ‘g 1.2 |
= w1 L
2 15 | A 2
= — 08 I
[+ 1}
Sl © Eos |
o * s+
= 5 * ‘ X Toar
& & & & 02 |
o L L L L L 0 L L
0O 2 4 6 8 10 12 14 16 18 20 22 0 5 10 15 20 25 30
X (m) Visibility (m)
scenario 1 XX scenario 2 A scenario 3 scenario 1 =—¥—scenario 2 =& scenario 3
# scenario 4 ®scenario 5 —#—scenario 4 —@—scenario 5

Figure 5.5. Mean visibility at 900 s (a) along the length of the tunnel at z= 1.5 m (b)
along the height of the tunnel at x= 18.8

5.5.2.Toxicity Results

In this study, the concentration of CO, £@nd Q at different sections of a
working face during 900 seconds of methane fire were calculated to investigate the toxicity
rate at the working face of an underground coal mine. The average personnel height should
be considered for investigation of toxicityaasociated location. Therefore, a 1.5 m as the
height for barefaced miners was selected, as it expected they would make every effort to
stay below the smoke layer. The effect of the exhausting ventilation curtain length on an
averagemass fraction of COrl & at 900 seconds at z=1.5 m are shown in Fighi@s
(a) and (b) respectively. It is evident that the concentration of CO passed the TWA level
while O; was maintained at more than 19.5% (TLV) at all locations. Furthermore, the
exhausting ventilation ctain substantially impacted the decrease of the CO concentration
around the continuous miner in scenarios 1 aszZan be seen in Figubes (a), the CO
concentration decreased when the distance from the fire source increased. However, in
scenario 4,ie CO concentration increased at X=2.8 m, 20.5 m from the fire source to 147
ppm. The reason lies in the absence of a ventilation curtain parallel to the long axis of the
entry in scenario 4 which it contributed to the accumulation of the smoke in jaseat]
to the crosscut. Consistent with the data ofz@€@ncentrations along the height of the
tunnel at different cross sections, it was evident that thecG@xentrations in in scenarios
1 and 2 (scenarios with exhausting line curtain in continuous ranea) were less than
the TWA level (0.5%) during 900 seconds while the concentration afe2€eeded the
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TWA level when the ventilation curtain was removed from the continuous miner area
(scenarios 3, 4, and 5). The £€ncentration in scenarios 3, 4dahwere calculated by

about 0.7% in continuous miner area at X=18.8 m.
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Figure 5.6. Average mass fraction, 4.5 m far away from the fire at z= 1.5 m, t =900 s (a)
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5.6. Preliminary Tenability Recommendations

Average values for toxicityfemperature,and heat were calculated during 5
different periods of time after the initiation of a methane fire at a coal mine working face
in all scenarios. The least aritetmost damage to the curtain scenarios (scenario 1 and 5)
results are shown in Tabte2. We assume that both barefaced personneiamerescue
teams or fire brigades would approach within 4.5 m of the fire, so this location was selected
as the area fanvestigation of tenable limits for mine personnel, fire brigade, raimd
rescue teams during firefighting. Next, 1.5 m was selected as the height for barefaced
miners, as it expected they would make every effort to stay below the smoke layer.
Therefore, results for the concentrations of gases, fractional incapacitating doses,
temperature, and visibility are investigated at that height. The simulation results indicate
that the smokeless sections for scenarios 1, and 2 are at about 6 m, and 9 m fr@m the fi
source. Moreover, the visibility is more than 10 m at those sections when there is curtain

at the working face. Smoke behawanhilarly at the continuous miner area in scenarios 3,
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4, and 5. With the full removal of the ventilation curtain, the smokeraalated through
the entire depth of the entry and ventilation bypassed the region. After 4 minutes (when the
HRR reached 200 kW), the whole CM area filled with smoke.

The proposed tenability criteria for barefaced firefighters raite rescue or fire
brigade teams, along with the data from scenarios 1 and 5, at 5 and 15 minutes are shown
in Table5.2. Tenability criteria were developed based on the various limits given in Tables
5.1 and5.2. For barefaced miners approaching the fire the most consenuaiigewere
utilized for several reasons. First, there is some uncertainty associated with the application
of FED (equation®-4 through5-8) to individuals; and second, evacuation from a mine
fire is complicated by long evacuation paths (on the ordermiles) and the donning and
changing of SCSRs. Miners experiencing CO intoxication can find their abilitraake
critical decisions impaired, so a conservative ceiling value of 200 ppm for CO was utilized.
There is speculation that impairment due toxmation complicates evacuation and has

contributed tdatal injuries in mine fires

Table5.2. Average concentration of toxic and physical hazards and fractional
incapacitating dose for 15 min periods durimgthane fire at a coal mine working face
with full curtain (scenario 1)

scenario 1 scenario 5 Proposed Tenability Criteria
(15 min exposure)*
Time (min)
5 15 5 15 Barefaced Mine Rescue/
Mine Personnel Fire Brigade
CO Concentration (ppm) 0 0 270 280 200 ppm <125000
CO, Concentratior{%o) 0.07 0.08 0.7 0.7 <0.5 --
O, Concentratior{%o) 23 23 22.1 22 >19.5 --
Fractional Effective Dose - 0.0243 -- 1.447 <1 -
Temperature at height 1.8Q) 23.7 23.7 90.5 95.3 <60 <100
Visibility (m) 23.4 25.8 1.3 1.3 >10 >10
Interface Height (m) 1.8 1.8 1.18 1.12 -- --
Smokeladen Layer Average TempPQ) 20.2 20.5 83 84 <60 <100
Cool Layer Average Temp®C) 20.2 20.5 21.1 21.4 <60 <100
Radiant Heat Flux (kW/f) 0.09 0.1 0.1 0.13 <25 <5.0

Note: simulatiorresults that exceed proposed criteria for barefaced personnel are bold.
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5.6.1.Tenability for Barefaced Miners

In scenario 5 incapacitation by heat was reached at 2 min 36 sec when the
temperature of the smokaden layer exceeds 60°C (140°F). Furthermore, the to the
tenability limit of 10 m for visibility was reached by 1 min 16 sec. So, for scenario 5 it
would not be tenable for barefaced mine personnel to approach and fight a 200 kW fire.
Conservatively, the miners would be exposed to CO intoxicatiothaydvould certainly
be exposed to unacceptable Heaelsand compromised visibility. The FED is higher than
1 which also indicates untenable conditions for scenario 5. On the other hand, in scenario
1, various tenable limits, including FED, were noteedaed. Fire approach and firefighting
under scenario 1, intact ventilation, is tenable for barefaced miners, at least up to 15
minutes. They also must assess the risk of explosion when deciding whether to fight a fire
or evacuate, so evacuation is not withrisk. In examining these scenarios for a fire of
about 200 kW, it is clear that if the face ventilation has been destroyed (scenario 5) the
situation is not tenable for barefaced personnel. First, they may be exposed to intoxicating
levels of CO, andhe subsequent disorientation could hamper later evacuation attempts.
Next, the visibility is quite low, and the temperature near the fire is not tenable as it exceeds
60°C, andhis personnek not in turnout gear.

5.6.2.Tenability for Mine Rescue Teams and Fe Brigades

The previous section details tenability for barefaced miners in standard work
clothes. Tenability is entirely different for mine rescue or fire brigade teams in the same
situation. There is no tenability limit in terms of gas toxicity since the teamstraathing
apparatus (SCBAs). Teams must be cautious of explosive atmospheres, particularly
explosive levels of CO and methane; the lower limits are 12.5% and 5%, respectively, in
the presence of standard oxygen. Mine rescue teams and fire brigadetydizaly carry
infraredcamerasut are prepared to work in lower visibility and often tether themselves
together. Gas temperature and flame radiation were considered for investigation of tenable
limits for rescue teams in underground mines, assumingthlegtare in standard fire
turnout gear. Heat related tenability limits for fire fighters in turnout gear are reported as
high as gas temperature O 194BAweyre? thesd F) |,

are probably not tolerable in a full 15 minutesd.
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The visibility limit of 10 m was reached at 1 min 16 sec and the visibility continued
to decrease with time. Therefore, after 5 minutes, the rescue teams do not have enough
visibility at a height of 1.5 m to fight the fire. Again, visibility is perbajhe most
subjective tenability criteria, and near zero visibility is not uncommon during firefighting.
This is a criterion that teams may consider on the ground, possibly proceeding under low
visibility under certain circumstances. Visibility can be stahtially improved if teams
install ventilation as they approach the fire which is standard practice for teams traveling a

mine during emergencies.

Ultimately, both scenarios are tenable with the exception of visibility for specially
equipped mine rescuand fire brigade teams, at least up to 15 minutes. It is likely that such
teams would be approaching the fire long after the 15 minute mark, and the simulation
should be expanded to consider up to at least 1 hour.

5.7. Conclusion

Numerical fire simulation wastilized to investigate a specific set of scenarios in
an active continuous miner face, ventilated by exhausting line curtain. Tenability criteria
were researched and proposed for approaching a mine fire in an active coal mine face. This
study illustrateshat the status of ventilation controls has a substantial effect on tenability
for personnel engaged in firefighting. This work applies to the training of mine personnel
in responding to face fires: it is reasonable to miners that they can consider lohreface
firefighting when ventilation controls are intact and they are actively monitoring the
atmosphere, but evacuation or reventilation is necessary if ventilation controls are
destroyed. This scenario is best left to mine rescue or fire brigade teamssddreagos
should be studied over a longer period of time than 15 minutes to further inform mine

rescue and fire brigade approach.

Broadly, this study can inform further work in the ways miners are trained in
firefighting, and be utilized to further develtgnability criteria for various personnel in
underground coal mines. First, we recognize that mine persisredensively trained in

firefighting and have access to firefighting equipment, so their preparation differs from that
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of the average structuogcupant on the surface. Fire simulation, in concert with reasonable
tenability guidelines, can be used to train miners as to when approaching fire barefaced is
appropriate and when evacuation is the best option. These simulations, applied to training
will result in more efficient evacuations (e.g., the decision to leave can be made quickly
and with less delay), as well as safe and effective firefighting under certain situations. Also,
it is clear that while US regulation provides for firefighting trainamgl equipment for all

mine personnel, provision of basic firefighting PPE and a limited number of SCBAs could
allow for immediate control of fires that could not otherwise be approached by barefaced

personnel.

Finally, future work must account for expibsity by further examining
combustion of methane and the effect of various strata emission levels. Additionally,
tenability criteria should be further examined and formalized for various mine fire
scenarios, as this approach can lead to more effe@uision making for personnel faced
with fire and supervisory personnel during emergencies, ultimately improving safety by

mitigating fire early.
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6. Airflow Simulation Cost Reduction for an Underground SpaceEnvironment
Based on POD

Thispaper wassubmitted to the Computers & Fluids. Ali Haghighat conducted all
the CFDworks and Dr. Alan Lattimer conducted all the ROM workth technical and
editorial input fran coauthors:Dr. Jeff Borggaard, Dr. Serkan Gaccin, Dr. Brian
Lattimer, and Dr. Kray Luxbacher.

6.1. Abstract

Undergroundmine ventilation system design and hazard assessments require
numerous simulations to support evaluating the risk and overall safety of the system. These
simulations have domains thedan kilometers and require higher resolution in areas with
increased hazards. In this research, the use of computationally efficient reddeed
models (ROMs) was explored for the high resolution areas of a mine simulation. A ROM
was produced to predithe flow field of a complex tunnel geometry (Continuous Miner
(CM) working face) using proper orthogonal decomposition (POD) to reduce the
simulation cost in the nonlinear mod@l.full order CFD modelwas developedising
Fluent for ventilation at the aatinuous miner fageand a comprehensivestudy was
conducted to assess thmdelaccuracy and convergendeFD model results were then
used taconstruct a ROM using proper orthogonal decomposition (R@H the method
of snapshots, and ROM predictions wasompared to the full order CFD model. A
sensitivity study of the ROM with respect to variouslet velocity boundary conditions
was utilized to examine the resutiesar the known solutioithe ROM was able to increase
the computational efficiency by ovtiiree orders of magnitude while retaining the physics

and producing results within 5% of the full order CFD model.
6.2. Introduction

Underground mine ventilation systems are critical to emergency response,
particularly fire, and to the routine control of $s&rgas, dusts, and diesel particulate matter.
Simulations are used to assist in ventilation system design as well as to predict conditions
that support comprehensive assessment and management of risk, emergency response, and

best design for occupational dith. These analyses commonly require numerous
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simulations to determine the impact of different variables on the safety level provided by
the ventilation system. In the most hazardous areas where mine personnel are working,
detailed simulation results arequired to adequately understand the conditions during
operations. As a result, there is a need in the mining community to have detailed models

that are computationally efficient to support these design and hazardous risk assessments.

The focus of th research in this paper is to develop an accurate and efficient airflow
model for a continuous miner (CM) face region in an underground Minecontinuous
coal miner (CM) face is a hazardous operating region in the mine due to the potential for
high lewels of methane gas and coal dust during the mining process. Due to this gas release,
frictional ignitions pose a considerable risk at the active working face in underground coal
mines. The ignitionsre initiatedoy methane conflagrations that may be gakdr ignite
the coal face. According to ndatal fire repors of the Mine Safety and Health
Administration (MSHA), active working faces are one of the most common locations
where norfatal injuries occur [1]. More accurate models of the ventilation conditions at
the coal miner face are needed to improve the safdtys area during normal operation

as well as during emergency events such as fires.

The ventilation systems in underground mines are commonly designed using
network models such as VnetPC [2, 3], Ventsim Visugl, 5], or other software
specifically aesigned for the mining industry. These models are designed to provide a
prediction of airflows over an entire mine, which may range over kilometers. To facilitate
fast prediction of the overall performance of the ventilation, the physics of the airflow are
simplified by treating sections of the mine where the conditions are spatially uniform as
branches and nodedepending on the application, the network may be solved based on
mass or volumetric balance. Although the simulation cost is decreased sidjyificsang
these models, detailed results are not available in areas where the geometry or flow is
complex. Therefore, there is a crucial need to provide efficient ventilation models for
complex underground space environments, such as the continuous oeal (@M)

working face, with high accuracy and low computational cost.
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Detailed simulations of ventilation can be generated using computational fluid
dynamics (CFD) to approximate solutions to the Na@itmkes equations. These partial
differential equatios are weHsuited to model ventilation to a high degree of accuracy [6,

7]. This technique is commonly used for assessment of ventilation in smaller sections of
underground spaces -[B1]. However, this technique is costly, and even with high
performance wikstations, complex domaimsay require days to solvAs a result, this
technique is not acceptable for use in ventilation design and hazard analyses where

numerous simulation variations are required.

Reduceebrder models (ROM) are explored in this papelan efficient simulation
method to predict the airflow conditions in the CM region. The goal is to assess the local
conditions that may lead to a hazardous operating conditions with substantially reduced
simulation cost. The proposed methodology can gygied to decrease the ventilation
simulation cost of all underground spaces, such as transportation tunnels and underground
storage facilities. As suggested in {26], there is an increased need to create low
dimensional, high fidelity, surrogate mod#état capture the dynamics of the system. For
a comprehensive picture of ROM methods, we recommend the overview by Antoulas [21]
and [18, 22, 23], as wedls the introduction to Section 6/OM has been used for steady
and unsteady models arising in mangustrial applications [229], but there is scant

evidence in the literature that ROM has been applied to mine ventilation systems.

In this research study, @D model for the CM face regiomwas producedn
ANSYS Fluent with detailed analysis perforntedassess the accuracy of the predictions
andensure convergence. While there are many proposed model order reduction methods,
this paper focuses on the most popular method for fluids, the proper orthogonal
decomposition (POD) [333]. The POBbased ROMs areommonly used due to their
ability to robustly handle predictions of nonlinear systems and their historical application
to fluids. The basic theory of POB discussedincluding the benefits and limitations
associated. Resultse then presentddr a P-based ROM produced for the CM face
region. The CFD model and ROM results are compéoedarious input ventilation
velocities to evaluate the sensitivity of the ROM to changing the input condifitsts.
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the overall accuracy and increase in computalioefficiency is provided for the

application of ROM in this scenario.
6.3. CFD Simulation Consideration

The geometry othe CM, curtain andmine facewere designe@ccording to the
JOY 14CM27 Continuous Minetimensions, with a simplified geometryhe working
face tunnel dimensiorsre shownin Table6.1, and are consistent with dimensions at a
partner mine. A continuous miner face is essentially a dead end tunnel that may be up to
45 m long. In this example, a curtain is constructed during actimang to exhaust air,
allowing dilution of contaminants at the dead end face, and for gas and dust to be swept
away from the miner. The curtain was simulated 60 cm to the nearest wall, and airflow

exhausts from the face behind the curtain.

Table6.1. CM face region domain dimensions used in the simulation

Face Dimension Size (m)
Length 15.24
Width 5.50
Height 1.83

Sincemost of theairflow only moves on the top and sides of the CM under actual
conditions the detailed CM structure was considered inconsequential for this Jtoely
detailed structure of the CM can have an immense impact on the cost of the simulation, so
a simplified model was utilized. The CM geometry dimensions used in the simulation are
illustrated in Figure 6.1 and Table 6.2. The thickness, length, and height of the ventilation
curtain in the simulation were 0.002, 12, and 1.83 m; respectively. In the field, the curtain

is constructed with wooden support so that it forms a relatively wgll.
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Figure 6.1. Continuous miner schematic view

Table6.2. CM dimensions used in the simulation

CM Dimension

Size (m)

Length (L)
Width (W)
Height (H)
Drum Diameter (D)
Chain Conveyor Booméngth(CL)
Chain Conveyor BoorHleight(Cr)
Chain Conveyor BoorVidth (Cw)

-

3.35

0.92
0.6
1.2
0.6
0.8

6.3.1.Governing Equations

The simulation oéirflow at the CM facevas studiedby solving the NavigiStokes

equationsusing the realizabléq turbulencemodelwithin the software FLUENTThe

three dimensional continuity equations and time averaged N&to&es along with the

boundary conditions were solved usanfinite volume method.

The air was assumed to @enstattemperature in this study, so the energy equation

was not included in this modelhus equations (€l) -- (6-4) were solved for an

incompressible, isothermal flow with constant viscosity.

(6-1)
(6-2)

(6-3)



Lty (6-4)

Equations §-1) -- (6-4) with four unknowns y, v, w, and p were solved for
incompressible, isothermal flows with constantwhereu, v, w, p, and gepresent the
velocity component along theaxis, the velocity component along thexis, the velocity

component along theaxis, pressure, and viscosity respectively andwaksdu, v, w).

The realizabléy model is beneficial when the flow has erratic behavior such as
rotation, separation, or boundary layers under strong adverse pressure gradients. On the
other hand, the weakness of the stanéidrdhodel or other tradition&] models lies with
the modeled equation for the dissipation rajel{ should be considered that the equation
for the turbulent kinetic energk)(is the same as that in the standardmodel. As Shih
[34] proposed in 1995, the realizaltle modeldiffers from the standarklf model in two
ways. First, the realizablg model has a new formula for the turbulent viscosity. Second,
for the transport of the meaguare vorticity fluctuation, a new proposed transport

equation for the dissipation rates derived from an exact equation.

6.3.2.Transport Equations for the Realizablek-" Model

The modeled transport equatidos kand in the realizabléq modelaredefined

by
}"D;L"b }—‘ —}- O 0 "f & Y (6-5)
T » T n L T ‘ T no e y o v n o
e - — oY 0—= 0 6 'O "Y(66)
where
6 | Agd o— (6-7)
- "% (6-8)
Y Y'Y (6-9)
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§— (6-10)

In these equation¥) and’O represats the generation of turbulekinetic energy
dueto the mean velocity gradients and due to buoyancy respectivedycdntribution of
the fluctuating dilatation in compressible turbulence to the overall dissipatias sat@vn
by ® andd andd areconstantsThe turbulent Prandtiumbers fok and] are shown
by, and, respectively For a more complete description of all the terms and default

values for th&kJ constant, refer to [34, 35].

6.3.3.Element Quality Assessment

Regardless of the type dfscretization thais usedn the model, characterization
of mesh quality igssentialThe accuracy and stability of the numerical computaian
influencedby the quality of the meshrhree different grid sizes, producing a range of
computational cells (97,051; 595,772; and B,681) were generatedand the Grid
Convergence Index (GCI) was utilized to study the effect of changing the mesh size on the
error. The element quality, the aspect ratio, and the skewness of thea@|gvestigated
to understand model performance. Finally, a fourth mesh with I&enillion cellswas

produedfor the grid independence study.

Thenormalcurvatureangle and the growth rate for generating the grid cells were
set to 18and 1.2, respectively for all modelhe minimum edge length was set to 3.2x10
3 m. The minimum and the maximum cell size, and the maximum facevsizechanged
to generate different mesh sizes. A fine center span avaeigeconsideretbr generating
cells for all discretizations, and thansition from the minimum size to the maximum size

was set to be slowly varying as shown in Tehg
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Table6.3. Mesh characteristics for different cell sizes

Average Average  Average Minsize Maxface Max size
Number of : ;
cells elem_ent aspect ratio skewness  (m) size (m) (m)
quality

97,051 0.792 3.443 0.277 0.0024 0.238 0.476

595,772 0.821 2.209 0.243 0.0024 0.108 0.239
3,680,961 0.824 1.952 0.244 0.0024 0.045 0.219
18,845,331 0.833 1.866 0.231 0.00024 0.024 0.048

Using a mesh of adequate geometrical quality is an important part of controlling
discretization error. The orthogonality, expansion and aspect ratio (or stretching) are
defined as the effective parameters in categorizing the significant measures of atiésh qu
[35]. The schematic view of 97,051 tetrahedral cells is shown in Figg2ire

Figure 6.2. Schematic view of 97,051 elements

6.3.3.1Aspect atio

The accuracy anithe stability of the numericadnalysis areelated to the quality of
the meshThethree main parameters that influence the quality of the mestodespoint
distribution, smoothness, and skewnésgoor mesh qualitgan presentonditions that
are notrepresentative of the actual physafsthe system or can cause an owiffusive
solution and convergence difficulties. The quality of the mesh is referred as the orthogonal
quality of a given cell, and we refdret reader to [35, 36] for details on the calculation of

mesh quality. In general, thmeesh quality spectrum ranges from 0 to 1, with the former
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representing a degenerate mesh quality, and the latter an excellent mesh quality [35]. The
other indicators ofmesh quality are thaspect ratio and the skewness of the generated
mesh. A study wasomducted to investigate the effect of aspect ratio and skewness changes

on the mesh quality of computational domain.

The aspect ratio is a measure of stretching the Tedl.aspect ratio is defined as
the maximum to the minimum value ratio of any of teemal distances between either

the cell centroid and the face centroids or the cell centroid and nodes [35].

The minimum mesh size was held constantgeneratinghe firstthreedifferent
numbes of cells while the maximum face sizes and the maximum sieksvaried. In
Table 6.3, it is evident that the average aspect ratio decreased dramatically when the
number of cells increased from 97,051 to 3,680,961 cells. So, the element quality increased
significantly with refinement; however, a conspicuous improvement in mesh quealgy
not observedvhen increasing to18 million cells. This study shows that increasing the
number of cells did not necessarily improve the quality of simulation results thus we could
infer a converged result. By increasing the number of cells, the computation time increases
dramatically. The elemenquality distribution for all four mesh sizesillustratedn Figure
6.3.

45%
m 97,051 © 595,772 m 3,683,961 m 18,845,331
40% I
35%
30%
25%
20%
15% |

10% |

Percentage of number of Elements

5%
O%J 1 1 ) o

5.06E-02 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95
Element Quality

Figure 6.3. Comparisorof element quality distribution for four different mesh sizes
111



6.3.3.2Skewness
The skewness of a grid is an importgdrameterto assess the quality and
suitability of the mesh. EquatioB-(1) was usedor determination of the grid skewness.
YQQU & Qf | nT (6-11)
Consistent with the data in Tal#e8, it is evident that skewness and aspect ratio
together play a key role in the quality of thesh. We conclude from our analysis of mesh

quality and the corresponding convergence of the CFD simulations that we are confident
in our full-order CFD model. We provide details of the foitler model below.

6.3.4.Geometry, Initial, and Boundary Conditions of Full-Order CFD Model
High-order rumerical modelingwas accomplishedusing FLUENT, the CB
module of the ANSYS Workbench 14seftware.Field measuremestwere utilized to
design and initialize aimulation.Double precisiorwas consideretbr the calculation of
the problem.The pressurbased approach wassed to investigate thelow-speed
incompressibleairflow in the tunnel.The viscous model is set usitige realizablek-U
model with standard wall functionerfnear wall treatment.he physical properties tfie
air are treated asonstants with aensityof 1.225 kg/m and a viscosity of 1.789485

kg/m-s. The transient modelas consideretbr running all simulations.

A 0.9 m/s uniforminlet velocity bounday conditionwas applied The flow rate
weighting for all outflow boundaries is set t¢liackside of the curtainjll surfacesvere
treated using a nslip boundary condition. Theeirbulent backflowntensity was assumed
to be5%, andtheturbulent viscosity ratiovas seto 10 The SIMPLE algorithnwas used
as the solution method for the pressuedocity coupling.Secondorder upwindingwas
consideredfor spatial discretization of momentum, turbulent kinetic energy, and the
turbulent disgpation rate. A secondrder implicit formulationwas usedor the time
stepping The convergence criterion was 821x10° for continuity, kinetic energykj and
turbulent dissipation] equationsUnder relaxation factors for pressure, momentum and
turbulent kinetic energy were set to 0.3. The modelse rununtil the solutions converged
to a steady state solution. Clpstprocessoand Tecplot 360 softwaregere utilizedfor
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visualization and investigation of different parametdrise velocity contou plot and

streamlinest 0.3 m above the floare shownn Figure6.4.

150 126 103 81 57 351200

Velocity (m/s) l _ Il

Figure 6.4. Velocity contour plot and streamlines at z=0.3 m

The magnitude of the velocity at two points and along two lines were calculated for
model comparison during each simulation as shown in Fg8rd2oint 1 was assigned at
the height of 0.8 m and 0.2 m from the outlet, and Point 2 was assigned to 11 Rofndm
1. Twoline monitors were assigned horizontally and vertically between Points 1 and 2 and

at Point 1 respectively as shown in Figbizfor sensitivity analysis of generated cell sizes.
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Figure 6.5. Selected points and lines for calculation of airflow velocity

6.4. Sensitivity Analysis

Air enters the face at a velocity of 0.9 m/s and exits from the back side of the curtain.
Studying thestreamline®n Figure6.4, it is evident that vortices at the leaifie of the face
were producediue to the redirection of air and turbulent behavior. Air at Point 2 has a
higher velocity compared to Point The study of velocity at Points 1 and 2 through time
based on the first three mesh sizes (when the steady satzkaved) showed that with
the coarse mesh, the velocity at Point 1 was close to the velocity at Point 2; however, when
using the medium or fine mesh, the velocity from Point 1 to Point 2 changed significantly.
The velocity magnitude at Points 1 @hdacording to the cell numberstat10 sare shown
in Table6.4. This study shows that for capturing the exact behavior of airflow at critical
points with complex fluid structure such as close to the wall and at the turning points, a
high resolution model is2quired.
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Table6.4. Velocity magnitude at points 1 and 2 according to the cell numbers at t = 10s

Velocity at point 1 (m/s) Velocity at point 2

Cell number
(m/s)
97,051 7.4 8.3
595,772 7.5 10.4
3,680,961 7.7 11.7

The calculated velocity cross the Line monitor 1 was utilized in order to analyze
the airflow behavior according to the different mesh sizes. The velotitydlts based on
coarse, medium, and fine meshes models was calculated through éhmdnitor 1 and
plotted in Figures.6.
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Figure 6.6. Comparison of velocity magnitude at t =10 s for three different mesh sizes
across Line monitor 1

As shown in Figuré.6, the velocity difference at Point 2 between the coarse and
fine mesh is about 29% while this difference decreased noticeably to 11% between the
medium and fine mesh. This study has again shown that by implementing the finer mesh,
the physics of the flow sicture at the specific points, can only be captured with high
fidelity CFD. Therefore, a substantial difference in the results at Point 2 was observed when
3,680,961 cells were utilized compared to 97,051 cells. To investigate the effect of mesh
size changs on the numerical results, the velocity across the Line 2 at t= 10 s was also

calculated for our three mesh sizes. The Line 2 monitor was 10 cm from the floor and
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ceiling of the outlet. The velocity magnitude according to different mesh sizes att =10 s

along the Line 2 at two different heights was calculatezhas/nin Table6.5.

Table6.5. Comparison of velocity magnitude at t =10 s for three different mesh sizes
close to floor and ceilingt the outle{start and end points of Line monitor 2)

Cell number Velocityatz=0.1m Velocityatz=1.7m
97,051 5.1 5.4
595,772 7.8 8.4
3,680,961 8.3 7.7

As shown in Tablé.5, using the coarse mesh, the monitored velocity at z=0.1 m
(close to the floor) was 5.1 m/s while the velocity at the same location for medium and fine
meshesvas7.8 and 8.3 m/s, respectively. By increasing the number of cells from 97,051
cells to 3,68M61 cells, the velocity at z = 0.1 m (close to the floor) increased while the
same trend was not observed for the velocity at z= 1.7 m (close to the ceiling). Overall, this
study has shown that the appropriate level of grid resolution should be detefarined
analysis of airflow velocity at the CM working face tunnel and either mesh convergence
studies or adaptive mesh refinement strategies should be used. In this study, we analyzed
the numerical error based on GCI method. Our confidence of the solutidre &6 M
cells mesh based on simulations performed at an 18.8 M cell mesh allows us to evaluate

the quality of ROMs by comparison to 3.6 M cell simulations.

6.4.1.GCI Method for Discretization Error Estimation

One of the most important issues in numericampuations is finding the
appropriatdevel of grid resolutionThis is a function of the flow conditions, typesafiver,
geometry, abd other variables. One is often left to start with a grid resolution and then

conduct a series of grid refinements to assles effect othegrid resolution.

Roache 37] explained a consistembannerfor calculation of agrid convergence
index to estimate the discretization errbasedon Richardson Extrapolation (RREThis
approachwas used to estimate the discretization error in the CM face model. Three

different mesh sizesere considereoh the GCI calculation.
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First of all the representative cell, mesh or grid fizeascalculatecbased on the

following equation for three dinmsions.
Q - wo (6-12)

wherew 0 is the area of thigh cell, andN is the total number of cells used for the
computationsThe average velocity at the outlet(d is the key variable of interest in this
study. Hence, the converged solution for this quantity is needed. Then the grid refinement

factor was calculated according to Equati6+13)

o —— (6-13)

It is common practice to set the grid refinement faateincoarsdhrine, greater than
1.3. The grid refinement should be done systematicafig the usage of geometrically

similar cellsis recommended

For this studywherethree meshes were employed, the calculation of the apparent
orderp of the method is based on$1h: < hs and
o — (6-14a)
o — (6-14b)

So the grid refinement factor for the fistcond and secositird meshes,
respectively, was calculated according to the Equa{i6+iglg and (6-14b), where p is
expressd by

n — 11— n1n (6-15a)
nn 1 i— (6-15b)
i pd QQE (6-15c)

wherer =0 -0 'R =0 -0 and" corresponds to the key variable in the ith

mesh. The average velocity at the outlas selectedsthe key variable in this studyhe
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N n is calculated zero for constant amount 06+16b).Therefore, in this casgg-15b)
and(6-15¢ were rot calculatedThe extrapolated values of the interested variable can be

calculated using the following equation:
n —_— (6-16)

By the usage of EqQn6{17), the relativeerror was estimated for calculation of GCI
for fine mesh (Eqn.6-19)). The extrapolated relative ernmas estimate@dccording to

Egn. 6-18) To estimate the amount efroron the fine mesh.

Q — (6-17)
Q — (6-18)
CH) — (6-19)

where& isthe safety factor. A 1.25 as the safety factor for comparison among three

meshes was suggested by Roache [38]. The results of all calculatidheettifferent

cells according to the four different time st illustratedn Table6.6. The' # )
was not investigated since the focus of this study was on the error quantification for the

finer meshes.
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Table6.6. Discretization error for average velocity according to different time step

n=Average I = Average I = Average n= Average
Outlet Outlet Velocity

Outlet Velocity at Outlet Velocit
Velocity at att=0.01s y y

Charactestics

t=0.1s t=0.005 s att=0.001 s
Fine Mesh Elements (N1) 3,680,961 3,680,961 3,680,961 3,680,961
Medium Mesh Elements (N2~ 595772 595772 595772 595772
Coarse Mesh Elements (N3 97,051 97,051 97,051 97,051
r21 1.83 1.83 1.83 1.83
rs2 1.83 1.83 1.83 1.83
n1(m/s) 7.25956 7.25814 7.25725 7.25441
N5 (m/s) 7.21694 7.21688 7.21684 7.21678
n 3 (m/s) 7.20725 7.23325 7.24485 7.24515
P 2.45108 1.52973 0.60649 0.46742
N exét 7.272 7.285 7.3 7.3697
et 0.6% 0.6% 0.6% 0.5%
Eext? 0.2% 0.4% 1.2% 1.6%
GCl fine®t 0.2% 0.5% 1.6% 2.0%

As shown in Tablé.6, it is evident that the numerical uncertainty in the fine grid
GCl for average velocity at the outlet for different time steps of 0.1, 0.01, 0.005, and 0.001
seconds are calculated as 0.2 %, 0.4%, 1.2%, and 1.6% respectively. The estimated error
on the fine mesh was 0.2% for average outlet velocity with the us@gé eéconds as the

time step and 2.0% for 0.001 seconds as the time step.

6.4.2.Grid Independent Study

The grid independent studyas conductedo ersure that the solution is also
independent of thgrid resolution. Theyrid independent solutiowas checkedy plotting
a graph of the average velocitythe outlet versughe numbeof cells in the simulation.
The average velocity at the outlet according to four different cell arestownin Figure
6.7.
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Figure 6.7. Number of cells versus average velocity at outlet according to 4 different cell
sizes

As shown in Figuré.7, the average velocity at the outlet changed from 7.21 m/s
to 7.26 m/s when the number of cells was modified frppraximately 100,000 cells to
3,700,000 cells while no discernable change in the average outlet velocity was observed
when the grid size was changed from 3,700,000 to 18,800,000 Tdalsstudy showed

that 3 million cellsrepresena sufficient grid sizevhen using 0.1 s as the time step.

The velocity contour plot &= 1.0 mis illustratedin Figure6.8 based on different
grid sizes. According to Figur@8, the improvement in resolution and results precision
was observed as the number of cells incrédsam 97,051 to 3,680,961 ((a) through (c)),
with minor change between 3,680,961 to 18,845,331 cells ((c) to (d)).
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Figure 6.8. Velocity contour plot at z=1.0 m for four different grid sizes (a) 97¢@4§,
(b) 595,772 cells, (c) 3,680,961 cells, (d) 18,845,331 cells

The four simulations have shown good agreement considering the extreme
variation in size anthe number of cells. The fine cases (c aidshow more detail than
the otter simulations, buéven the coarse simulatitias established the main features of
the flow and velocity fieldAs seen in Tablé.6 and Figures.7, the3,680961 cell mesh is
adequate fomvestigationof airflow behavior at the CM face regiosagardingaccuracy
and simulabn cost.

6.4.3.Time Step Dependency Test
The time step dependency analys&s conductetb achieve the optimum time step
for calculation of the problem with the usage of different cell sizes. Four various time steps
(0.1, 0.01, 0.005, and 0.001 secongs)eselectedor the three different grid sizes with
the intention of investigating the average velocity at the outlet. The results for two different

cell sizesare shownn Table6.7.
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Table6.7. Average velocitfor two different cell sizes according to different time steps

Tlm(i)step 3.680,961 cells 97,051 cells
Velocity (m/s) Velocity (m/s)
0.1 7.26 7.21
0.01 7.26 7.23
0.005 7.26 7.24
0.001 7.25 7.25

It is noteworthy thaé change of the timgtepdid not havea significantimpact on
the average velocity at the outfet 3,680961 cellscase. However,for the coarse mesh
the average velocity changed frgn21 m/s to 7.25 fe when the time step decreaseun
0.1 to 0.001 s. Hengcbased on the simulation results from Tahlg a 0.1 s time step was

determined to be sufficient f{&680961 cellscase.
6.5. Reduced Order Models for CFD

Model orderhas an immense impact on the cost of simulation and control.
Therefore, model reduction ategies can be helpful to circumvent the simulation cost
problem. For systems with linear dynamics, there are numerous methodologies for
effective, optimal model reduction. For example, one can applyianbased methods
such as Balanced Truncatia39[ 40] or rational interpolation based methods sashthe
IterativeRational Krylov Algorithm #1]. Theseransfer functiotbased methods habeen
recently extendetb systems with special nonlinearities, for exampldyilioear [4244]
and quadratic nonliearities 5, 46]. We refer thereaderto [17, 19, and 47] for recent
surveys on model reduction. Fgeneral nonlinearitiesthe model reduction is most
commonly achieved by Proper Orthogonal Decomposition (PG 48]. In POD, one
first obtains a matxi of snapshots usirgpmebenchmark simulations and then obtains the
model reduction basis from a truncated SVD of this snapshot matrix. Finally, one applies
Galerkin projection of the governing equations onto thedawensionalspace spanned
by thePOD basis. The result is a small system of nonlinear ordinary differential equations
(ODE) that can replace the complexity of the FLUENT simulations while retaining nearly

the same accuracy as long as the physics remain close to one of the benchmatikssmul
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A general algorithm as shown in Figle® was utilizedor comparison of ROM to CFD
to determine if ROM is a reasonable technique for the cost reduction, and can reperesent a

practical range of flow physics.

Build Full CFD Simulation ™ Build ROM Model According to CFD Model

A l B
A
Run ROM Model

Al B

Change the Initial and Boundary Conditions

4

B

Y

Run the New ROM Model

Figure 6.9. An algorithm for determining the efficacy of ROM simulation cost reduction

As can be seen in Figu69, the two approaches (A and BEre determinedor
analysis of airflow behavior @ CM tunnel face. The common approach is bngdand
running the CFD model (A). If the initial or boundary conditi@me changedthe new
changes should be applismithe CFDmodel,and, again, the CFD model will be run with
the new input initial or boundary conditions. The other approach, whichresemnt for
mining applications, is the ROM approach (B). In #yiproachthe ROM model is built
according to the first CFD simulation. So, the cost of #pproachis just one CFD
simulation However, ifthe initial or boundary conditiorare changedhe new changes
can be input into the ROM modt simulate the resuliSTherefore there is no need to
build a new CFD model ithe model parameters are only being perturbgdrelatively
small amount. This resulis substantial computational savingsg. the elimination of red
color blocks in Figuré.9). With the ROM approach (B), the cost of simulai®decreased
by several orders of magnitude. The medium mB8b,772 cells) of the CFD modehs
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utilized for building the ROM model. Running eac&FD model for calculation with

595,772 cells took approximately two hours with 35 processors.

6.5.1.Basic Description of Reduced Order Modeling Using POD
POD is one of the mosbmmontechniquesvhich is utilized fomonlinear systems

[49-52]. For thispaperwe model ed the airpow iStoked he

mi

equations for i s ot hasrshoaninEquatiof@-20mihis maladis bl e p

well suited for typical bow speeds and

o

‘no0 O O n m

O‘

6 m8 (6-20)

For any given time and spdial nodes in the domain, we can write the velocity
pow of the airu=[uv w]" ¥ R®", as a combination of a centering ved@br) and arinynite

set of basis vector&p(x).
O 6w B %@ 08 (6-21)

Then an fdimensional approximation of the velocityg-22), can be created by
using r basis vectors. Here we have decomposed the basis inte, &mdw components

aS%o(X) = [%o W % 0% W 8

60 O6dB O w %o @ O
Ve § % BB VIRe 3 % BV (N %o @ O
VOB VOB 0O B % WO (6-22)

Toynd an appropriate basi s kb otull-otdére

t em

syst

snapshot solution$ =[uiuz...wk],f or t he v el ANSYStlyentyWelgeherates i n g

the POD modes by performing a singular value decompogi8VD) of S and then select

theyr st r si,ug $h.Psl. Usilgthe RODSodes, O, asonst he
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for the approximation in6t22), we are guaranteed the bedimensional representation of

the snapshot solutions in the>Lnorm. In Figure6.10, we show an example of this
approximation at the CM face. Further, if thei@pated behavior of the system is close to

the snapshot solutions, we can expect to represent that behavior reasonably well with the
POD basis functions given by 0O.

Veiocly Magniude

Direction of Mining Direction of Mining
— > —_—

(a) Actual data (CFD) (b) Mean of the snapshots

Direction of Mining s Direction of Mining
S — S —

(c) 3 POD modes (d) 10 POD modes

Figure 6.10. Comparison of the airflow the full model versus the airflow at the same
time step generated using various POD modes (plan view)

Using these POD modes as test functions,swlestitute §-22) into the weak
formulation of equation6-20). We d e y n e prbduct ovér thexdema¥ by

wo Y Qo Qo 'Q w38 (6-23)
For example, the weak form theu direction is given by

6 o 66 0O U O Gl 6 Mo [O 0 o
t6 0 M 8 (6-24)
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We can now substitute the approximationddrom (6-22) into @-24) for eact¥%o,

i =1,...,rand apply the linearity properties of the inner product to obtain

B %o & @ @ Mo @ B %o 0 Mo @ B %o 3o
B %o & B %o 6 Mo @ © [ho @ B %o 0 Méo @ B %o (%o
B %o () B %o, () 6o @ & Mo @ B %o (& Mo @ B %o 6o
B %o 6 B %o & Mo Gt oMo ¢ (B %op Mooy t @ Mo
t B %op Mooy, t @ Meos t B %op Pbor & 1 @ Mboy
t B %op bz & 1 @ Meos t B %op 6oy, 08 (6-25)
Similar formulationsareappliedfor each velocity directionNote thatn I,

S0 we can ignore the incompressibility condition and the presSpptying this leads to
anr-dimensional system @rdinary Differential Equations (OBdEthat can be solved to
obtain the POD basis cifiecients a (t), for a given time interval = [0, ti]. Plugging these
codfi cients into our approximatior6{22), we can recovean approximation to the full
order modelFor acomplete description of the POD techumcthe reader ieferred to 32,
33, and 48

6.5.2.Benefits and Limitations

POD excels as a model reduction technigybenusedto simulate solutions around
a knownsolution. So, if there is an existing knoWaw where the data is generated either
experimentally or computationally viafall-order simulation, thé®OD can be used to
approximatdl owssufficiently close to the knowitow [48]. While someROM techniques
are focusean the input to output mappings, POD is designed toreate the entire state
spaceas a lineacombination of the individual POD modes. Thus, it is a good technique to

useif the focus is to obtain an approximation of whatftiog is doing n the entirespace.

However, die to its dependence on snapshots, POD is very dependent on the quality
andquantity of snapshots. First, the snapshot solutions must be representativiyméshe
of solutionsbeing modeledFor example, the kinematic visitysand inletvelocity of the

snapshots should be closethe valuesbeing usedn the reduced order model (ROM).

126



Note that 0cl o-depeddemttrmalOme chtpepniain abjactiveswithis paper
is to evaluate the quality of POROMs in the nmme ventilation setting. iBce POD
determines the most promindhdw modesusing an eigenvalue computation, the number
of reliablemodesis aboutten percent of the total numbef snapshots in mostses$3].

So, if there are onéundred snapshots, there can expect to obtain at most ten reliable
POD modeskFinally, creating the actual ROM from the PODdhes can be challenging for
conplex fluid flows. In particular, solving the ROM quickly requires the computaifon
several matrices. These matrices nthsh be stored and then loaded whenR@M is

being solved

6.5.3.ROM Results

The POD vectors and reduced order model were created using the snapshots
generated frona FLUENT simulation run with a 0.9 m/s input velocity. Thenulation
resultswere then expoedinto MATLAB ®. We note thaFLUENT solves for the velocity
at the center of each volume element, but exports the data averaged to the nodes. The
consequence of this is that average output velocity as calculated from exporteatidata
slightly from theinternal FLUENT calculation. There were 100 data snapslcotsited
from 0.1 to 10.0 seconds. Due to the accuracy of the eigenvalue sodweduced order
modelwas restricted to up ten POD modesThe totalcomputationatime requiredor
generatinghese modes and the associated reduced order model was 7.55 withufes
processarCompare this to requiring over 2 hours just to compute solution snapssiots.
the initial condition from the snapshots and the reduced order modedystem was
integrated forward in time from Otb 10 seconds to generate amp@ximate solution.
This computation took approximately 0.5 seconds to comflateresulting error between
the actual systeifas simulated in ANSYS Fluent) and the R@&\Wivenin Table6.8. The
error is the same order of magnitude of the error between the CFD simulations with 500 K
vs. 3.6 M cells.

Table6.8. The error between the actual and reduced order model (ten modes, r=10)
veocity profiles at 10.0 seconds

~,< Y 6o YOO PM OO pTY
0.90 7.0903 7.0912 0.0121 4.9970
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Further, the average velocity at the outlet over time was investigated and it was
compared it to the reduced order model. As is shown in Figlifle the ROM is a good
approximation of the actual system over the entire time interval.

Average Output Velocity (Uin=0.90, r=10, POD
7.24 T T T T

0.90)

Actual

700 L Projected|
ROM

7.2} .

718 1 .

m/s

714 N
712 .
711 .

7.08 | M

7.06 L L

time (1)

Figure 6.11. Comparison of the airflow in the full order model versus the airflow at the
same time step generated using POD modes

While these results are promising, they are ultimately just an approximation to the
simulation that we already had. Therefore, the total time to create this ROM was the two
hours required to generate the actual data plus the seven to eight minutes necessary to
generate the ROM. However, the benefit of reduced order modeling is thetahikty the
ROM created for one initial condition to approximate nearby solutions without having to
generate the full solution. Thus, it is ideal for generating ensembles of flow solutions. The
time savings, as shown in Tal®, compound as each subsedusoiution is generated

from the original ROM.
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Table6.9. Approximate computation times in hh:mm:ss for full order versus reduced
order models

“Yn (m/s) Full Model ROM

0.90 2:00:00 2:08:00
0.88 2:00:00 0:00:03
0.92 2:00:00 0:00:03
Total 6:00:00 2:08:06

In examining Tabl&.9 there are considerable savings in computational time when
using ROM to consider various input velocity scenarios, but these savings are only useful
if reasonable accuracy can be achieved. In order to test the accuracy, we generated full
solutions at inpu velocities of 0.88 m/s and 0.92 m/s. Each of the solutions took
approximately two hours to compute on a 35 processorgegiormance computer. We
then computed the solutions using the previously generated ROM but changed the initial
conditions to the &rnate input velocities. To load the ROM required about 2 seconds and
creating the approximate solution took about 0.5 seconds. The error comparison in Table
6.10 shows that the approximate solutions compare favorably to the actual solutions.
Further, awith the earlier simulation, we can see in FigérE that the ROM solution
does a good job of approximating the average output velocity over the entire time of the

simulation.

Table6.10. The error betweerhe actual and reduced order model velocity profiles at
10.0 seconds

Mo M OCH 60 B 00
0.88 6.9315 6.9328 0.0180 5.0221
0.92 7.2491 7.2494 0.0048 4.9951
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Figure 6.12. Comparison of the airflow in the full model versus the airflow at the same
time step generated using various POD modesay 0.88 m/s (byrin = 0.92 m/s

6.6. Conclusion

This study provides a detailed solution of thél@wv in the continuous miner face
region using the CFD software as well as a computationally efficient ROM produced using
results from the model results. CFD model resubige produced for eange of grid sizes
and time steps to evaluatenvergence. Theetailed sensitivity analysis was developed to
investigate the simulation performance. The GCI method was applied to calculate the
discretization error in the simulations. The estimated error on the fine mesh was 0.2% for
average outlet velocity with thesage of 0.1 s as the time step. A change of thegiepe
did not considerably impact the average velocity at the outlet, except for the coarsest mesh
(97,000 cells)The improvement in resolution and results precision was achieved as the
number of cells increased from 97,051 to 3,680,961 with inconsequential change between
3,680,961 and 18,845,331 celiswas evident thathe 3 million cell results with 0.1 s as
thetime step are the most efficient number of cells and the time step for investigation of
airflow behavior at the CM face region regarding accuracy and simulation cost.

A ROM was developed using proper orthogonal decomposition (POD) to provide
a predictionof the entire simulation region state space. POD vectors were utilized for

representation of the entire state space as a linear combination of the individual POD
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modesROM was applied to a continuous miner face with 12Lmss section and 15.2

m in lergth. The ROM resulted in significant increases in computational efficiency (more
than 3 orders of magnitude). ROMs were then used to predict conditions with different
input conditions, resulting predictions with error of less than 5%. It is evident tHMtiRO

an effective tool for approximating several possible solutions near a known solution,
resulting in significant time savings over calculating full solutions and suitable for
ensemble calculations. The inlet velocity was not varied substantiallythgree have
demonstrated that ROM can be used to effectively study the effect of varying input
parameters on an initial model, with relatively few computational resources. Future work
will examine the sensitivity of various parameters, including velatfyrther investigate

the parameter space in which ROM is reasonably accurate surrogate model.

Due to the large size of transportation tunnels, this technique is applicable for
reduction of underground space environments airflow simulation cost suchudati®on
of the airflow in the subways, metro stations, road tunnels, train tunnels, and parking lots.
This approach may also be applicable to a broad range of mining simulations, such as fire
dynamics simulations in underground environments, undergromntke fires or
transportation tunnel fires, with lower cost compared to common CFD practice. It is
noteworthy that the quality and quantity of the snapshots played a key role on the creation
of the POD modedn addition, the creation of the actual ROM frdine POD modes is
challenging for complex fluid flow structures such as airflow in the mine airways. Solving
the ROM of more complex flows would likely involve many more basis functions and thus

more cost.
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7. Determination of Critical Parameters in the Analysis of Road Tunnel Fires

The following paper assubmitted tdnternationalJournalof Mining Science and
TechnologyAli Haghighatconducted the majority of the work and wrote the papér wit
editorial inputfrom coauthor Dr. Kray Luxbacher

7.1. Abstract

The analysis of the fluid characteristics downstream aofire source in
transportation tunnels isne the most important factor in the emergency response,
evacuation and the rescue service studies. Some cpaceieters can affect the fluid
characteristics downstream of the fire. The research presented in this paper develops a
statistical analysis on the computational fluid dynamics (CFD) data of the road tunnel fire
simulations in order to quantify the signénce of tunnel dimensisninlet air velocity,
heat release rateand thephysical fire size(fire perimeter) on the fluid characteristics
downstream of the fire source. The selected characteristics of the fluid (response variables)
were the average tempture, the average density, the average viscosity, and the average
velocity. A two-level statistically designed program was conducted based on the eight CFD
scenarios results. The prediction of the designed statistical models were assessed; then the
sign f i cant p a sandie paaamstds intefactiee effeots different response
variables were determined individualfext, the effect of computational domain length
on the selection of the significant parameters downstream of the fire source was analyzed.
In this statistical analysis, the linear models were found to provide statistically good
prediction. The effect ofhe fire perimeter and the parameters interactive effects on the
average temperature, the average density, the average velocity, and the average viscosity
downstream of the fire, were found beinsignificant. By getting further from the fire
source, themmber of significant parameters on the response variable changes downstream

of the fire decreased.
7.2. Introduction

In order to provide the fire safety plan of the occupants and the emergency response
layout in the road tunnel fire situations, there is aiafuneed to understand the factors that

may influence the conditions of people exposed to the closed space (e.g., transportation
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tunnel) fires.Due to theinteraction ofphysical and chemical processes (turbulence,
combustion, radiation, etc.) in a closgzhce, tunnel fires are complex phenomenaf4].

a result, fire safety intannelmust be carefully consideretiunnelsafety ties to the tunnel
design, the tunnel management, and the emergency response. The diséiseotunnel
(width, height, anddngth) whicharea main parameter of the tunnel design, can play a key
role in changes of the butdp heat rate and the rate of smoke stratification during the fire
events. The other important parameter of the tunnel design, which affects the tunpel safet
is the ventilation system. The airflow velocity can influence the smoke propagation
upstream and downstream of the fire iadrtunnel fire events. The second most important
element in assessing the tunnel safety, igriféc management in transpatitan tunnels

A thorough understandingf the nature of the transportation vehicles (e.g., the size of the
vehicles, the producelgeat release raté¢dRR) output from the fire during a fire event)
commuting througha tunnel, can help to design safer, andrenceliable emergency

response layout [2].

Previous studies have shown that the smoke generation is affected by different
parameters such as HRR, ventilatidhe dimensios of the obstruction, etc. [3].
Babrauskas and Peacacklicated thaHRR is the single most important variable in fire
hazardanalysis[4]. The other important parameter in terms of smoke propagation is
ventilation.Since tunnel fires have limited air access pditsthe fire was assumed to be
a fuetcontrolled fire in this esearch study. Therefore, the tunnel dimension, the air
velocity, the physical fire size, and the HRR are the most important parameters affecting

the transportation tunnel safety.

There is an experimental study on the effect of tunnel cross sectidhevelocity
together on gas temperatures and heat f1l ux
MW). In that study, it was evident that maximum temperature under the ceiling was
significantly dependerinthe tunnel height changes, while the turwielth changes, HRR
changes, and the longitudinal velocity changes had insignificant impacts on the maximum
temperature under the ceiling. In addition, it was noteworthy that by increasing the tunnel

dimensions, the downstream temperature decreased. Bedigesncreasing the
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longitudinal velocity, the gas temperature beneath the ceiling increased [6]. Caliendo et al.
conducted a study for safety evaluation of different HGV fire scenarios in the curved bi
directional road tunnels numerically. In that stutg effect of the fire source position,
tunnel geometry, the longitudinal velocity, and the traffic flow on different parameters such
as the gas temperature, airflow velocity, visibility, toxic gas concentration, and the
evacuation process were investigatiden, the worst case scenario was determined to be
when the HGV was in the middle of the tunnel length [1]. And also, some studies were
carried out to determine and calculate the HRR of the vehicle fires in the road tunnels
experimentally and numerically order to the design and propose reliable emergency
response layout [7, 8]. Although the outcomes of the explained research studies were
utilized extensively for the development of the evacuation models to analyze road tunnel
safety [912], the interacdve effect of different parameters (e.g., tunnel dimension, inlet
velocity, HRR, and the fire perimeter) were not investigatésb, the research studies on
determination of the significant parameters on changes of the temperature, density,
velocity, andviscosity downstream of the fire source in transportation tunnels are so
limited. In addition, the effect of computational domain length on the selection of the
significant parameters for changes of the fluid characteristics (e.g., average temperature,
avaage density, average viscosity, and average velocity) downstream of the fire source

was not quantifieth these studies

The focus of the research in this paper is to utilize aléwel statistical approach
to investigate the effect of the tunnel dimemsj the inlet air velocity, HRR, the fire
perimeter, and the parameters interactive effect on the fluid characteristics at different cross
sections downstream of the fire. The eight different CFD vehicle fire scenarios for the road
tunnel were simulatedchiFire Dynamics Simulator (FDS), Version 6.0. The FDS core
algorithm is an explicit predictezorrector scheme, with second order accuracy in space
and time with the LES turbulence model which we refer the reader to the FDS technical
reference guide [13pf the detailed numerical algorithm in this software. Then, the fluid
characteristics such as average temperature, average density, average velocity, and average
viscosity at different tunnel cross sections were calculated. The calculated CFD results

were analyzed in order to conduct a statistical analysis (a two level fractional factorial
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design) for determination of the significant parameters on the mentioned fluid
characteristics downstream of the fire source. The linear, quadratic and cubic statistical
models were investigated and the prediction of the designed statistical models were
assessed via residual analysis and the studentized residuals versus predicted values
analysis. Next, the significant parameters on the fluid characteristics at a seftested ¢
section downstream of the fire was determined based on the performiedéhwactional
factorial design. Moreover, the effect of the domain length on the significant parameters
determination downstream of the fire source was analyzed. The sighifiaeameters

were screened via this parametric study. The outcomes of this research can be utilized to
decrease the number of simulations in futureistlioly determination of the significant

and insignificant parameters on the change of the fluid clesustats downstream of the

fire source. In addition, the findis@f this study can be used to modify the tunnel design,

the tunnel management (e.g., operational management, traffic management, and the
engineering management), firefighting procedures,taee@mergency medical assistance

to have more robust emergency response layout.
7.3. Parametric Study and Design Considerations

A two-level statistically designed program was conducted to quantify the
significant parameters on the responses at different ceotierss, downstream of the fire.
The tweclevel fractional factorial design has different advantages. One of the most
important its advantages is that the interaction of different parameters on a specified
response can be investigated. Furthermore, withutlage of factorial design, the error
variance can be decreased [14]. This approach is common to be used to screen the
significant parameters on various responses in different research areas [15, 16]. A two
level test program based on the fractional faatatesign was performed to evaluate the
effects of the heat release rate (HRR), physical fire size, tunnel cross section, and the inlet
velocity on the responses such as the average temperature, the average density, the average
velocity, and the averagescosity at the cross sections downstream of the fire. Therefore,
four main parameters as shown in Table 7.1 were selected due to the previous research

studies results. A minimum and a maximum values were selected for each parameter. In
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this study, the ular van and bus sizes were used as the minimum and maximum physical
fire sizes respectively in this study. Although in NFF#02, 2011, it is recommendéuat

30 MW and 10 MWbe usedas the peak heat release rates for the bus and the van
respectively[17], for investigation of the effect of fire perimeter on different response
variables, 30 MW and 10 MW were also considered for the van and the bus fire heat release
rate respectively (scenarios 1, 2, 5, and 8 as shown in Table 7.3). The width, ledgth, a
the height of the van and bus used in the computational domain were 1.7 X 5.0 X 2.4 m
and 2.7 X 12.0 X 3.5 mrespectively. Two and three lane standard cross section of road
tunnels [18] were considered in this study. The height of the tunnel was7sétm as the

height of Gotthard tunnel in Switzerland. Although pedestrians are not permitted in road
tunnels, sidewalks are required and recommended to be greater than or equal to 0.7 m [19].
Therefore, two 0.96 m sidewalks were considered in the gepofdhe road tunnels. The
length and the height of the whole tunnels were 960 m, and 7.7 m, respectively. The width
of the tunnel for the two and three lane transportation tunnels were setto 9.6 m and 15.6 m
respectively. The detailed tunnel geometipehsions used in the simulations are shown

in Figures 7.1 (a) and 7.1 (b).

Table7.1. Two levels (a minimum and a maximum)

Parameters Minimum Maximum
Heat release rate (MW) 10 30
Physical fire sizém®) Vansize (20.4) Bus size (113.4)
Tunnel cross section @  73.7 (2 lane) 119.8 (3 lane)
Velocity (m/s) 1.5 5

All of the studies on roll back and critical velocity showed that for the 10 MW to
100 MW fires, the critical velocity varies from 2.5 m/s to 3 m/s-22(. It should be
considered that the critical velocity can vary due to different hydraulic diameters.
Therefoer, a study was conducted to calculate the critical velocity for 10 MW and 30 MW

vehicle fires in both two and three lane road tunnels with the following equations:

e
O 00 — (7-1)
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where:w is critical velocity in (m/s)p is Froude number factor &, is grade factor (1),

g is acceleration emed by gravity (m/sé); H is the height of duct or tunnel at the fire site
(m), Q is heat fire is adding directly to
the approach (upstream) air (kgjmd is specific heat of air (kJ/kgK), A ihe area
perpendicular to the flow (f Y is the average temperature of the fire site gases(K), and

T is the temperature of the approach air in (K) [49]. The calculated hydraulic diameters for
both two lane and three lane road tunnels were 8.53 m @80 in respectively. The
critical velocity varied from 2.6 m/s to 3.7 m/s for 10 MW and 30 MW fires in the
associated tunnels. Since the inlet velocity affects the propagation of the smoke and hot
gases to the upstream and the downstream of the firees@uelocity less than critical
velocity (1.5 m/s < W) and a velocity greater than critical velocity (5 m/s &) Was
selected for investigation of significant parameters on different responses (Ex: mean
temperature, mean velocity, mean viscosity, aueén density) at different cross sections

downstream of the fire.

Figure 7.1. Transportation tunnel detailed dimensions (a) two lane (b) three lane

The tsquared approach was utilized for the growth of \bhicle fires [25].
Because of the simulation cost, 1 min was considered asathe &ll simulations. Since
the focus of this research study is to investigate the effect of some parameters on the
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response variables changes during a fire event, thg teeaperiod for vehicle fires were
not considered. Flexible polyurethane foam characteristics as shown in Table 7.2 were used

for vehicle fire simulation in the tunnels [26].

Table7.2. Heatof combustion, O, CQ, and soot yields of vehicle fire events in

simulation
Material Y'Or (kJ/kg) Y co2 (kg/kg) Y co (kg/kg) Y soot (kg/KQ)
Polyurethane 25300 1.5325 0.02775 0.1875

The thermal and the physical characteristics of the concrete such as density, thermal
conductivity, and specific heat [27] were
side walls, roof, and the sidewalks. The thermal diffusivity of concrete was set to 0.77
mn¥/s [28]. All the thermal characteristics of the concrete was basdteaodk type in
the concrete which was assumed to be limestone, sandstone, and chert. And also the sand
and aggregate were from the same rock type at early age. The thermal and the physical
characteristics of the asphalt were considered for the charicsanithe tunnel pavement.

The density, thermal conductivity, and specific heat capacity of the dry asphalt with 5% air
voids content were set to 2371.67 k§/m.16 W/m°C, and 0.9637 kJ/kg°@spectively

[29]. The ambient air temperature, ambient anglty, and air viscosity at ambient
temperature were set at 2T, 1.196 kg/my, and 1.79€5 kg/m/s respectively in all
simulations. The nalip boundary condition was considered for all walls, sidewalks, roof,
pavement, and the objects in the domaine#iair flows based on two different velocities

were set to the inlet of computational domain since the jet fans were assumed to be far
away from the fire sourc&eliablenumerical results can be achieved when the grid size is

O 0.1D* [ 30] ,lainedm detadin [B1* 32]i Theredore pthe rectangular cells

with a grid size of 24 cm was considered for the numerical analysis based on the used heat
release rates (10 MW and 30 MW) in this research study. Consequently, eight
computational fluid dynarmos (CFD) scenarios as shown in Table 7.3 were simulated to
investigate the effect of mentioned parameters (Table 7.1) on average temperature, average
density, average velocity, and viscosity at different cross sections downstream of the fire.

All the vehide fires were set at the middle of the road tunnels.
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Table7.3. CFD simulation scenarios based on different parameters

Parameter 1 Parameter 2 Parameter 3

Parameter 4

Scenarios Velocity (m/s) HRR (MW)  Fire Size (M)  Tunnel Dimension (4)
scenario 1 5 10 Bus (114) 2 lanes (73.7)
scenario 2 5 30 Van (20.3) 2 lanes (73.7)
scenario 3 15 10 Van (20.3) 2 lanes (73.7)
scenario 4 15 30 Bus (114) 2 lanes (73.7)
scenario 5 15 10 Bus (114) 3 lanes (119.8)
scenario 6 5 30 Bus (114) 3 lanes (119.8)
scenario 7 5 10 Van (20.3) 3 lanes (119.8)
scenario 8 15 30 Van (20.3) 3 lanes (119.8)

7.4. CFD Results and Discussion

To conduct the statistical assessment for determination of the significant parameters
(e.g., HRR, physical size of the fire (fire perimetdgnnel dimension, and airflow
velocity) on the fluid characteristics downstream of the fire, there was a negdutate
the average temperature, viscosity, density, and velocity along the height of the tunnel at
different cross sections in all scenarios. All parameters were calculated every 5 m upwind
and downwind from the fire source and the zero line is the septative of the tunnel

cross section at the center of the fire source as shown in Figure 7.2.

Outlet

Inlet 960 m B L
| 1
1-480 m Vehicle Fire 480 m,
1 A Z /e_\ I
L 7" 3 3
Y. { ] I

2 -+ < y A

Figure 7.2. The isometric view of the computational domain

The calculated results for average temperature, average density, average viscosity,
and average velocity along the height of the tunnel at different cross sections for all
scenarios are shown in Figures 7.3 and 7.4. It is noteworthy that the-statdfow
condition in the tunnel was reached at t = 900 s in all scenarios. Therefore, all parameters
upwind and downwind of the fire source were calculated at t= 900 s in all scenarios. Due

to the considered inlet velocity less than the critical velocity messcenarios (e.g.,
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scenarios 3, 4, 5, and 8), the upwind transport of the smoke (backlayering phenomenon)
was observed. The length of the backlayering (rollback) for scenarios 3, 4, 5, and 8 was
calculated at 170 m, 270 m, 150 m, and 273 m respectiety thie centerline of the fire
source. In the rest of the scenarios (e.g., scenarios 1, 2, 6, and 7), due to the velocity greater

than critical velocity, just the downwind transport of the smoke was observed.

{a) N ‘ — . = .scenario 1
350 - — . . scenario 2
scenario 3 — o s
5 300 scenario 4 E T
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Figure 7.3. Fluid characteristics along the height of the tunnel at different cross sections
of the road tunnel at t=900 s for all scenari@son the xaxis represents thaiddle
plane offire sourcg (a) average temperature (b) average density

Since, pst the downwind transport of the smoke was observed in scenarios with the
velocity greater than critical velocity (e.g., scenario 1, 2, 6, and 7), the average temperature,
average density, average viscosity, and the average velocity upstream of tberfiee s
was calculated similar to the ambient ones as can be seen in Figures 7.3 and 7.4. According
to Figure 7.3 (a), by getting further from the fire source, the average temperature along the
height of the tunnel at different cross sections decreasedpected The decreasg
temperaturérend downstream of the fire continuactil it eventually ends up the ambient
temperature (28C). Consistent with the data of Figure 7.3 (a), it is evident that the average
temperature was 28C in scenarios with the velocity greater than critical velocity
(scenarios 1, 2, 6, and 7) from the inlet to 4 m from upwintthe end of the fire object

while because of the upwind transport of the smoke (rollback) in scenarios with velocity
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less than tical velocity (e.g., scenarios 3, 4, 5, and 8), the average temperature at different
cross sections upstream of the fire varied. The highest mean temperature at the fire source
was calculated in scenario 4 (373), due to the highest HRR, the lowedbeity, and the
smallest tunnel cross section among all scenarios. Due to the dependency of the density to
the temperature, the lowest average density at the fire source was calculated in scenario 4
as shown in Figure 7.3 (b). According to Figure 7.3i{lg,noteworthy that no appreciable
variations in average air density could be observed downstream of the fire source, when
the CFD domain length is larger than 300 m. The average density upstream of the fire
source was influenced by the upstream tranisgfa@amoke and hot gases (backlayering) in
scenarios with velocity less than critical velocity (scenarios 3, 4, 5, and 8). However, the
average density was measured as same as the inlet air density from the inlet to 4 m from
upwind the end of the fire olgjein scenarios that the velocity was greater than the critical

velocity (e.g., scenarios 1, 2, 6, and 7) as shown in Figure 7.3 (b).

The average viscosity and average velocity along the height of the tunnel at
different cross sections were calcula&sdshown in Figures 7.4 (a) and 7.4 (b) respectively.
According to Figure 7.4 (a), theweereno appreciable variations observed downstream of
the fire source, when the CFD domain length is larger than 100 m in all scenarios.
Furthermore, the average visity and average velocityasemeasure@sl1.79e05 kg/m/s
and 5 m/s respectively for scenarios with the velocity greater than critical velocity
(scenarios 1, 2, 6, and 7) from the inlet to 4 m from upwind the end of the fire source. The
rollback influenced on the average viscosity and the average velocity at different cross
sections upstream of the fire source in scenarios with the velocity less than critical velocity
(e.g. scenarios 3, 4, 5, and 8) as shown in Figures 7.4 (a) and 7.4 (b). Becaabeybkitt
HRR, highest velocity, and the smallest cross section in scenario 2 cdrgp#ne other

scenarios, the highest viscosity was calculated at 3.5 m downstream of the fire source.
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Figure 7.4. Fluid characteristics along the height of the tunnel at different cross sections
of the road tunnel at t=900 s for all scenari@son the xaxis represents thmiddle
plane offire sourcg (a) average viscosity (b) average velocity

7.5. Parametric Evaluation

A statisticallydesigned parametric study was performed to investigate the
influence of independent variabl@.g., the tunnel dimension, thhysical fire sizeHRR,
and the velocity) on the dependent responses (e.g., the mean temperature, the mean density
the mean velocity, and the mean viscosity) downstream of the fire source, statistaally.
different cross sectionshown in Table 7.4downstream of the fire were considered to
conduct the statistical analysis for determination of the significananpzters on
temperature, velocity, viscosity, and density changessssectiors 1 to 4 were classified

based on a distance from the centerline of the fire source.

Table7.4. Selectedross sections for caltation of the average variable responses

CrossSection Downstream Distance (m)
cross section 1 20
Cross section 2 120
Cross section 3 220
Cross section 4 400
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To evaluate the parameters and the parameters interactive effects, eight CFD
simulations were developed as described in the sections 2 and 3. Next, the response
variables (e.g., average temperature, average density, average velocity, and average
viscosity)along the height of the tunnel at four selected cross sections (cross sections 1, 2,
3, and 4) at t= 900 s were calculated. The calculated values for the response variables 120
m downstream of the fire source (cross section 2) are provided in Table& Apsendix

A for the response variables at the cross sections 1, 3, and 4).

Table7.5. Summary of independent parameters and measured average values for the
response variable at cross section 2 (120 m dawast of the fire source) at t=900 s

Scenario Response variables
no. Temperature Density  Velocity Viscosity
(°C) (kg/m?) (m/s) (kg/m/s)
scenario 5 30.69 1.16 1.65 0.00196
scenario 8 52.77 1.09 1.88 0.00218
scenario 2 70.60 1.02 5.99 0.00551
scenario 1 33.93 1.14 5.34 0.00556
scenario 3 42.14 1.12 1.75 0.00179
scenario 4 96.59 0.97 2.05 0.00254
scenario 7 28.78 1.16 5.32 0.00623
scenario 6 48.42 1.10 5.64 0.00620

The accuracy of the prediction of the statistical masleelatedto the selected
statistical model [33, 34]. In this statistical analysis, the linear, quadratic and cubic models
were investigated. A residual analysis was conducted to make sure the statistical models
are weltbehavedThe normality of residualseve assessed via the normal probability plot
of the studentized residuals as shown in Figures 7.5 (a) to 7.5 (d) for all models which
indicates that the error terms were normally distributed when the linear model was

performed.
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Figure 7.5. Normal plot of residuals, 120 m downstream of the fire (cross section 2) for
eight scenarios at t= 900 s for different variable responses (a) average temperature (b)
average density (c) average viscosity (d) averagecity

Additionally, the studentized residuals versus predicted values were investigated

for three main reasons. First, they were utilized to check that the residuals bounce randomly
around the 0 line which indicates that the assumption that theorslhifp is linear is
reasonable. Seconthey were usetb check the residuals roughly form a horizontal band
around the 0 line which indicates that the variances of the error terms are equath&ird,
were usedd check that there are no outliers if oie residual stands out from the basic
random pattern of residuals [35]. Consistent with the data from the studentized residuals

versus predicted values plots, it was evident that there were no unusual data points in the

data set. In addition, the resulsve shown that the variation around the estimated

regression line is constarguggesting that the assumption of equal error variances was

reasonable as plotted in Figures 7.6 (a) to 7.6 (d) for average temperature, average density,
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average viscosity, araverage velocity at cross section 2 (120 m downstream of the fire

source).

(a)

Internally Studentized Residuals
n

Predicted

Internally Studentized Residuals
]
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Internally Studentized Eesiduals

Internally Studentized Residuals

T T

Predicted
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Figure 7.6. Residuals versus Predicted plots, 120 m downstream of the fire (cross section
2) for eight scenarios at t= 900 s foiffgrent variable responses (a) average
temperature (b) average density (c) average viscosity (d) average velocity

The same studies were conducted at the other cross sections (cross section 1, cross

section 3, and cross section 4) in order to investitteebehavior of statistical models

when the cross sections were changed. The same behavior was observed when the linear

model was utilized at the other cross sections. All in all, the linear models were found to

provide statistically good prediction at foselected cross sections downstream of the fire

source. The values obtained from ANOVA for linear models were calculated less than

0.05 for all models which indicates the models are significant as shown in Table 7.6 (see
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Appendix B for the probability fothe significant parameters or significant associated

interactions on various responses at the cross sections 1, 3, and 4).

Moreover, the coefficient of determination?Rvas utilized to show that the
estimated response variables were accurate by éige w§ the models. The? Breater than
0.9 indicated that the linear models could predict the average temperature, average
viscosity, average velocity, and average density at determined interface boundary
accurately. The adjusted coefficient of determbraiRaq) was quantified for each data
set to show that each model was not constrained by a low degree of freedom. The difference
between the coefficient of determination and the adjusted coefficient of determination was
measured less than 0.0276 at cression 2 (120 m downstream of the fire) for all of the
models as shown in Table 7.6. Therefore, the required standard was met. After acceptance
of the model, the parametric and parameter interaction terms were evaluated to determine
the significant termstatistically. The null hypothesis for the assessment was that the
corresponding coefficient value was zero. The probability of the significant parameters or
significant associated interactions on various responses at cross section 2 (120 m
downstream ofhe fire) are shown in Table 7.6 (see Appendix B for the probability of the
significant parameters or significant associated interactions on various responses at the
other interface boundaries). The criterion for the rejection of insignificant terms was se
a tvalue greater than 0.05 confidence level. Thalties for significant parameters are
shown in Table 7.6. The air velocity, HRR, the physical fire size (fire perimeter), and the
tunnel dimension are characterized by A, B, C, and D respectivebrefbine, the
interaction of two parameters could be distinguished via using two letters (e.g., AD is the

interaction of their velocity and the tunnel dimension).

Table76. St ati st i c a lparanetgraandtices assoeated ihterdctioes
along with yt analysis for the model s at

Average Temperature Average Viscosity Average Velocity Average Density
Parameter t-statistic Parameter t-statistic Parameter t-statistic Parameter t-statistic
Model 0.0002 Model 0.0011 Model < 0.0001 Model 0.0073
B-HRR <0.0001 A-Air velocity 0.0002 A-Air velocity < 0.0001 B-HRR 0.0024
D-Tunnel dimension ~ 0.0008 R-Squared 0.9944 B-HRR 0.0132  D-Tunnel dimension 0.0098
R-Squared 0.9904 Adj R-Squared 0.9869 R-Squared 0.9989 R-Squared 0.9794
Adj R-Squared 0.9831 Adj R-Squared 0.9975 Adj R-Squared 0.9518
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The primary parameters affecting the average temperature at cross section 2 (120
m downstream of the fire) were, ander of significance, the HRR, the tunnel dimension,
the air velocity, and the interaction of the air velocity and the tunnel dimension. According
to the pvalue results in Table 7.6, the HRR and the tunnel dimension had significant
contributions on th@average temperature changes compare to the other parametear effect
on the average temperature (the insignificant parameters (e.g., the air velocity and the
interaction of the air velocity and tunnel dimension (AD)) were excluded from the Table
7.6). The efiect of the HRR and the tunnel dimension on the average temperature changes
at cross section 2 (120 m downstream of the fire) are shown in Figures 7.7 and 7.8
respectively By varying the HRR from 10 MW to 30 MW, the average temperature at
cross section .20 m downstream of the fire) increased conspicuously as shown in Figure
7.7. The temperature increased from 42Z1to 96.6°C when the HRR changed from 10
MW to 30 MW in the two lane tunnel with a 1.5 m/s velocity.

(b) |
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623

Average Temperature
Average Temperature

88

1013% K JW
D: Tunnel dimension 11058 3 A: Air Velocity

D: Tunnel dimension

Figure 7.7. The effect of HRR, on the average temperature at cross section 2 (120 m
downstream of the fire) at t=900 s (a) 10 MW fire (b) 30 MW fire

The other significant parameter on the changes of the average temperature at cross
sedion 2 was the tunnel cross section as shown in Figure 7.8. According to Figure 7.8, by
increasing the tunnel dimension from 2 lane (9.6 m width) to 3 lane (15.6 m width), the
average temperature at cross section 2 (120 m downstream of the fire) sitipifican
decreased from 108C to 50°C when the HRR and the velocity were 30 MW and 1.5 m/s
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respectively. In addition, it was observed that by changing the velocity from 1.5 m/s to 5
m/s, for 10 MW and 30 MW fire scenarios at cross section 2 (120 m downsifehm

fire), the average temperature did not experience a drastic change extcepBfdMW

fire in a two lane road tunnel as shown in Figure 7.8 (a). All in all, the average temperature
in the two lane tunnel was calculated higher congptrehe averaye temperature in the
three lane road tunnel a cross section 2. It is noteworthghlaaiges tahe physical size

of the fire (fire perimeter) didot affect the average temperature at cross section 2 (120 m
downstream of the fire). And also, the intenaeeffect of other parameters were observed

insignificant on the average temperature changes, 120 m downstream of the fire source.

Average Temperature

B:HRR 2%\ __— — \] B:HRR

50\ : MNJSJO
% -

\
1000 150

A: Air Velocity A: Air Velocity

Figure 7.8. Effect of tunnel dimension, on the average temperature s$ sgction 2
(120 m downstream of the fire) at t=900 s (a) two lane tunnel (73.{binthree lane
tunnel (119.8 )

The air velocity was determined as the only significant parameter on the average
viscosity changes at cross section 2 as shown in Tabléfiis study indicates that the
other parameter effexbr parameter interactions effecn the average viscosity changes
were inconsequential (e.g., the effect of HRR changesiel dimension changes, the
physical fire size changgsand their interaction on the average viscosity were
inconsequential. According to Table 7.6, the significant parameters on the average velocity
changes 120 m downstream of the fire source, in order of significance, were the inlet air
velocity and the HRRTherefore, it was observed that the mean velocity at cross section 2

(120 m downstream of the fire) was changed dramatically, by changing the inlet air velocity
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and the HRR. Due to the dependency of density to the temperature, the significant
parameter®n average temperature and average density changes were observed the same
(e.q., significant parameters were HRR and tunnel dimension) at cross section 2 (120 m
downstream of the fire) as shown in Table 7.6.

7.6. Effect of Domain Length on Significant Parametes Determination

Due to complex dynamical fluid field close to the fire source, different parameters
such as temperature, velocity, viscosity, and density close to the fire source could behave
differently compare to the values far away from the fire source. Thereforggthicant
parameters (e.g., tunnel dimensiphysical fire sizeHRR, and velocity) on the changes
of the response variables could be different close to the fire source compare to the far away
from the fire. Due to this, three different cross secti@nsss section 1, cross sectidn
and cross section 4) were seledizdonduct a statistical analysis for determination of the
significant parameters on different response variables at the selected cross sections
downstream of the fire. Based on the chlted response variables at selected cross
sections downstream of the fire (See Appendix A (Tables 7.7, 7.8, and 7.9)), the ANOVA
test for linear models as shown in Appendix B were conducted and the significance of the
models were assessed based onpHvalues The calculatedp-values obtained from
ANOVA for the linear models were less than 0.05 for all models which indicates that the
models were significant as shown in Tables 7.10, 7.11, and ThEa, the significant
parameters on the selected respor@ebles were determined at different cross sections

downstream of the fire as shown in Figure 7.9.
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Figure 7.9. Significant parameters on different response variables at different cross
sections downstreanf the fire source (a) average temperature (b) average density (c)

average viscosity (d) average velocity

Consistent with the data of Appendix B and Figure 7.9 (a), it was observed that by
getting further from the fire source, the significance of thegldimension on the average

temperature at the cross sections decreased from the cross section 1 to the cross section 4.

The effect of tunnel dimension on the average temperature changes was insignificant 400

m downstream of the fire source (cross sectiprit is noteworthy that the air velocity was

the significant parameter on average temperature changes at cross section 1 (20 m
downstream of the fire source) and the cross section 4 (400 m downstream of the fire

source) as shown in Figure 7.9 (a). Howewtewas an insignificant parameter on average
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temperature changes at the cross sections 2 and 3 (120 m and 220 m downstream of the
fire source). The reason lies in the decreasing trend of the average temperature in the
simulations with velocity greatehta n cr i t i ¢ acl) compark o the tesults pfV OV
the scenarios with velocity less than critical velocity (Vi ¥s shown in Figure 7.10. By
getting further away from the fire source, the average temperature downstream of the fire
source decreasddster in the scenarios that have the velocity less than critical velocity
V<V (1.5 m/s) in comparison with the scenarios that have the velocity greater than equal
to the crit i«¢sarl/s). Aceordmgtd Rigyre X/10, th¢ average temperature
difference at the center of the fire source (X=0) was consequential for the same two
scenarios with different velocities (e.g., scenarios 1 vs 3, 2 vs 4, 5 vs 7, and 6 vs 8).
However, when you get further from the fire source, the average temperatare raiéf
decreased until the average temperature was equal at a given cross section as shown in
Figure 7.10 (red points). The average temperature difference between two scenarios with
the same HRR and tunnel dimensions, but different velocities at thafnecipoints), was
calculated as zero. Therefore, the effect of the average velocity on the average temperature
changes at that point was inconsequential. And after that, the average temperature
difference again increased, so, the impact of the inlet iglvas to increase the average
temperature. In addition, it was observed that the HRR was the only significant parameter
on the changes of the temperature at all cross sections downstream of the fire source as

shown in Figure 7.9 (a).
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Figure 7.10. The effect of inlet velocity on the average temperatimeg the height of
the tunnel at different cross sectiandifferent scenarios at t= 900 s (a) scenario 1 vs
scenario 3 (b) scenario 2 vs scenario 4 @rsario 5 vs scenario 7 (d) scenario 6 vs

scenario 8

Since the density is temperature dependent, the significant parameters on the
average density changes at different cross sections downstream of the fithesarae
as the significant parameters on #werage temperature changas shown in Figure 7.9

(b). Although the HRR had a significant influence on the average viscosity changes at the
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cross section 1 (20 m downstream of the fire), the effect of HRR on the changes of the
average viscosity at thehmr cross sections (cross sections 2, 3, and 4) downstream of the
fire was inconsequential as shown in Figure 7.9 (c). Due to the high temperature close to
the fire source in 30 MW scenarios comhiiee the scenarios with 10 MW fire, the HRR

had a drasti impact on the average viscosity changes. At cross section 2 (120 m
downstream of the fire source) and further downstream of the fire, the average viscosity
was not changed significantly by changing the HRR from 10 MW to 30 MW as shown in
Figure 7.9 (c).The inlet velocity was observetd be the only significant parameter
effectingthe average viscosity at all selected cross sections downstream of the fire. The
reason lies in the upwind transport of the smoke (rollback) in the scenarios with the air
velocty less than critical velocity V< ¥(scenarios 3, 4, 5, and 8). Therefore, the average

air viscosity downstream of the fire in these scenarios is lower compare to the scenarios
with the velocity greater (ba/)(seeqganiasll,2t o t h
6, and 7). The significant parameters on the average velocity changes at all cross sections
downstream of the fire were the inlet air velocity and the HRR as shown in Figure 7.9 (d).
Since the fixed flow was set at the tunnel ineall scenarios, the impact of tunnel cross
section on the average velocity changes was insignificant. It is noteworthy that the physical
size of the fire (fire perimeter) did not have the significant effect on the response variables
at all cross sectits downstream of the fire (from 20 m downstream of the fire to 400 m

downstream of the fire).

Overall by getting further away from the fire source, the domination of tunnel
dimension on the changes of the average temperature and the average denditgatowns
of the fire decreased. The changes of the tunnel dimension did not influence the average
velocity and the average viscosity downstream of the fire (If the fixedvilereset at the
inlet of the computational domain). The only two significant pararsein the changes of
the average temperature, average density, and the average velocity 400 m downstream of
the fire source, were HRR and the inlet velocity; and also the only significant parameter on
the changes of the average viscosity, 400 m downstoédme fire was the inlet velocity.
The fire perimeter waaninsignificant parameter on the changes of the response variables

at all cross sections downstream of the fire. It is noteworthy that the parameters interactive
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effects on the response variabl@sg., average temperature, the average density, the
average velocity, and the average viscosity) at all cross sections downstream of the fire

werealsoinsignificant.
7.7. Conclusion

The significance of tunnel dimensions, inlet air velocity, heat releasearatehe
physical fire size (fire perimeter) on the fluid characteristics downstream of the fire source
were quantified using CFD simulations data from a test program that was conducted based
on a statistical twdevel design known as the fractional facab design.Based orthe
prediction of the designed statistical model® tinear models were found to provide
statistically good predictioMhe effect of computational domain length on the selection of
the significant parameters downstream of the $ioarce was analyze®ased on the
parametric evaluatiorthe key parameters effs@ndthe parameters interactive effeots
different response variables (e.g., average temperature, average density, average viscosity,
and average velocity) at differentoss section downstream of the fire were determined

individually.

It is noteworthy that by getting further from the fire source, the number of
significant parameters on the response variable changes downstream of the fire decreased.
This study has showihat the changes of the physical size of the fire did not influence the
average temperature, average velocity, average density, and average viscosity downstream
of the fire source. In addition, it was observed that the interactive effect of the parameters
was inconsequential on the changes of the average temperature, average density, average
velocity, and the average viscosity downstream of the fire source. Therefore, these
parametersl o n 6 t have t o beinanynureeschliamplgsisstddy imen det a
aforementioned response variables for 10 MW to 30 MW fires in future tunnel fire studies.

It is noteworthy that the HRR changes could change the average viscosity close to the fire
source (20 m downstream of the fire). However, the effect of HRRecavigrage viscosity
was inconsequential at 120 m downstream of the fire source and further. Due to effect of
the velocity on the upstream transport of the smoke (e.g., scenarios with velocity less than
critical velocity (V<Wx)), the only key parameter dhe average viscosity changes at all
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cross sections of the tunnel downstream of the fire was the inlet veBicitg the density

is temperature dependent, the significant parameters on the average temperature and
significant parameters on the averagensity were the same at all cross sections
downstream of the fire. The tunnel dimension was one of the key parameters on the changes
of the average temperature and the average density through 20 m to 220 m downstream of
the fire source; the tunnel dimensieffect on the average temperature and the average
density was insignificant 400 m downstream of the fire. In addition, the HRR was the only
parameter which had significant impact on the average temperature and the average density
at all cross sections dmstream of the fire. Although the inlet velocity influenced the
average temperature and the average density drastically at 20 m and 400 m downstream of
the fire source (e.g., cross sections 1 andrdipsignificant impact of the inlet velocity on

the average temperature and the average density at 120 m and 220 m downstream of the
fire (e.g., cross sections 2 and 3) was observed. In addition, it was evident that the average
velocity at all cross sectisndownstream of the fire was affected significantly by the
changes of the inlet velocity and the HRR. Therefore, the significant parameters on the
average velocity changes at all cross sections downstream of the fire were selected as the
inlet air velocityand the HRR.

The proposed statistical analysis was demonstrated to be a useful technique for
screening the significant parameters on the fluid characteristics downstream of the fire
source.Robustemergency response layalgsign and fire safety plan recginumerous
simulations to support evaluating the safety of the underground environment.
Understanding and screening the key parameters on the fluid characteristics downstream
of the fire is required for decreasing the number of fire simulations forefgtudies and

for improving the tunnel fire safety plari the occupants.
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Appendix A: Chapter 7 Supplemental Data

The calculated values for the response variables at 202th,m, and 400 m
downstream of the fire sourée.g., cross sections 1, 3, and 4) are provided in Tables
7.8, and 7.9espectively.

Table7.7. Summary of independent parameters and measured values for the response
variable at cross section 1 (20 m downstream of the fire source) at t=900 s

Responseariables

Scenario no. Temperature Density Velocity  Viscosity
(°C) (kg/n?) (m/s) (kg/m/s)

scenario 5 47.22 1.11 1.74 0.00434
scenario 8 104.07 0.98 2.11 0.00539
scenario 2 83.70 1.00 6.29 0.01107
scenario 1 39.96 1.13 5.51 0.00981
scenario 3 67.80 1.04 1.87 0.00409
scenario 4 228.90 0.77 2.61 0.00548
scenario 7 31.65 1.15 5.46 0.00891
scenario 6 60.02 1.08 5.94 0.01167

Table7.8. Summary of independent parameters and measured values fesploase
variable at cross section 3 (220 m downstream of the fire source) at t=900 s

Response variables

Scenario no. Temperature Density  Velocity Viscosity
(°C) (kg/m?) (m/s)  (kg/m/s)

scenario 5 25.16 1.17 1.63 0.00167
scenario 8 38.42 1.13 1.82 0.00188
scenario 2 61.16 1.05 5.89 0.00509
scenario 1 30.75 1.15 5.31 0.00544
scenario 3 31.66 1.15 1.71 0.00156
scenario 4 50.70 1.09 1.93 0.00198
scenario 7 27.09 1.17 5.30 0.00593
scenario 6 42.38 1.11 5.59 0.00584
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Table7.9. Summary of independent parameters and measured values for the response
variable at cross section 4 (400 m downstream of the fire source) at t=900 s

Response variables

Scenario no. Temperature Density  Velocity Viscosity

(°C) (kg/m?) (m/s)  (kg/m/s)
scenario 5 21.30 1.19 1.62 0.00158
scenario 8 26.63 1.17 1.78 0.00180
scenario 2 46.71 1.10 5.75 0.00529
scenario 1 26.72 1.17 5.28 0.00559
scenario 3 22.89 1.19 1.69 0.00155
scenario 4 24.76 1.18 1.88 0.00166
scenario 7 24.91 1.18 5.28 0.00603
scenario 6 34.82 1.14 5.51 0.00586
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Appendix B: Chapter 7 Supplemental Data

The probability of the significant parameters or significant associated interactions
on various responses 20 220 m, and 400 m downstream of the fire soyecg., cross
sections 1, 3, and 4are shown in Tables 7.10, 7.11, and #dspectively.

Table7.10. Statistical signiycance of the para
along with yt analysis for the model s at
source)
Temperature Viscosity Velocity Density
Parameter t-statistic Parameter t-statistic Parameter t-statistic Parameter t-statistic
Model 0.0003 Model <0.0001 Model <0.0001 Model 0.0077
B-HRR < 0.0001 A-Air velocity < 0.0001 A-Air velocity < 0.0001 B-HRR 0.0050
A-Air velocity 0.0003 B-HRR 0.0032 B-HRR 0.0088 A-Air velocity 0.0161
D-Tunnel dimension ~ 0.0009 R-Squared 0.9863 R-Squared 0.9929  D-Tunnel dimension 0.0321
R-Squared 0.9978 Adj R-Squared 0.9808 Adj R-Squared 0.9901 R-Squared 0.9351
Adj R-Squared 0.9950 Adj R-Squared 0.8864
Table7.11. St atistical signiycance of the para
along with yt analysis for the models at
source)
Temperature Viscosity Velocity Density
Parameter t-statistic Parameter t-statistic Parameter t-statistic Parameter t-statistic
Model 0.0003 Model < 0.0001 Model < 0.0001 Model 0.0156
B-HRR <0.0001 A-Air velocity <0.0001 A-Air velocity <0.0001 B-HRR 0.0044
D-Tunnel dimension  0.0016 R-Squared 0.9810 B-HRR 0.0147  D-Tunnel dimension 0.0272
R-Squared 0.9879 Adj R-Squared 0.9778 R-Squared 0.9992 R-Squared 0.9656
Adj R-Squared 0.9788 Adj R-Squared 0.9981 Adj R-Squared 0.9197

Table7.12. Statistical signi
along with yt analysis f
the fire source)

ycance of
0

the par a
r the model s

at v

Temperature Viscosity Velocity Densiy
Parameter t-statistic Parameter t-statistic Parameter t-statistic Parameter t-statistic
Model 0.0019 Model < 0.0001 Model <0.0001 Model 0.0355
A-Air velocity 0.0031 A-Air velocity <0.0001 A-Air velocity < 0.0001 A-Air velocity 0.0299
B-HRR 0.0034 R-Squared 0.9894 B-HRR 0.0135 B-HRR 0.0337
R-Squared 0.9181 Adj R-Squared 0.9876 R-Squared 0.9994 R-Squared 0.9190
Adj R-Squared 0.8853 Adj R-Squared 0.9987 Adj R-Squared 0.8432
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8. Development of aMethodology for Interface Boundary Slection in the
Multiscale Road Tunnel Fire Simulations

This paper was submitted to tlere TechnologyAli Haghighat conductedll of
the work and wrote the paper with editoriaput from coauthos. Dr. Kray Luxbacher
and Dr. Brian Lattimer.

8.1. Abstract

The simulation of large complex dynamical systems suchfas & road tunnels
is costly. Therefore, there is a crucial need to design efficient models. Coupling of
Computational Fluid Dynamics (CFD) models and 1D network modeling simulations of a
fire event, a multiscale method, can be a useful tool to increase the computational efficiency
while the accuracy of simulations is maintained. The boundary between a CFD model (near
field) and a 1D model (far field) plays a key ratethe accuracy of simulatns of large
systemsThe research presented in this paper develops a novel methodology to select the
interface boundary between the 3D CFD model and a 1D model in the multiscale
simulation of vehicle fire events in a tunn&ldetailed fluid dynamicanalysis was utilized
to determine the interface boundary between CFD and 1D models during vehicle fire events
in a road tunnelThe effect of changes in heat release rate (HRR) and air velocity on the
selectionof an interface boundary was investigatéa indirect coupling strategy was
utilized to couple CFD models to 1D models at the selected interface boundary; then, the
coupled models results were compared to the full CFD model reBudéialculated error
between CFD and coupled models for mean teaipee and velocity at different cross
sectionsis less than 5%. The findings were used to recommend a modification to the
selection of interface boundary in multiscale fire simulations in the road tunnels and more

complex geometries such as mines.
8.2. Introd uction

The simulation cost of @eomplexdynamical system is an important consideration
in engineering design and analysspecially in fire protection engineerin@ne of the

most common numericapproachess computational fluid dynamics (CFD). TI&FD
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numerical analysis is often utilized for precise studies of fluid behavior in underground
space environment8éllesterosTajadura et al., 2006; Diego et al., 2011; Stefopoulos et
al., 2007; Yuan et al., 2007 his kind of numerical analysis is commorb®utilized near

fire field. For large domains such as road tunnel environments, network modeling software,
onedimensional (1D) simulations, can be a useful tool for fire analysis at the far field,
because of low computational requirements. HoweverlBhenodeling approach cannot
analyze the characteristics of complex pow
Therefore, the multiscale methodology is a useful approach to couple adBrer with a

1D model to maintairthe accuracy and increase tbhemputational efficiency. This
approach has been used extensively in different fields. This technique was applied
successfully in environmental engineering, mechanical engineering, and bio engineering
(Choi etal., 2012; Kuprat et al., 2013; Nobile, 208@ng and Chen, 2008)he advantage

of proposed method is the reduction in the overall computation time.

Coupling methods have been used in the simulation of airflow and fire in the
transportation tunnels. Colella et al. coupled CFD and 1D models ahaltuentilation
system to decrease the ventilation simulation cost in transportation tunnels. This approach
allows for the complexity of full CFD models of flow in tunnels and the inaccuracies of
simplified 1D models can be avoided (Colella et al., 2008)ella et al. also worked on
simulation of tunnel ventilation pows duri
approach was wutilized to simulate tunnel r
and for pow c on-dimégnsiomal s3 Dr) e g weisrod utthroeme ( near
utilized. Dder ent yre sizes ranging from 10 MW t
variable number of velocities. Both direct and indirect coupling strategies in steady state
condition were utilized and compared. Sevenultiscale simulations were run to identify
the interface boundary limit which is referred to as the interface boundary independence
study. In this study, the CFD domain was gradually increased while the 1D domain was
gradually decreased. Then the assed average error was calculated with the following

norm:

G R . (8-1)
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wherg ; and j are the values calculated in each grid point j belonging to the

reference section of interest ahd is the averaged predicted by the full CFD simulation.
The subscript€FD andmsreferto the full CFD and multiscale simulation results. The
summatbo n over | i s extended to all the N gri
the domain under studyt.he average of parameters, such as average temperature and
average longitudinal velocity, were used for calculation of ertionsas recommended tha

the location of downstream interface boundary should be at a distance from the fire larger
than 13 times the hydraulic diameterhen the velocity is close to the critical velocity
(Colella et al.,, 2011a)The recommended ratio between hydraulic @im and the
distance from the fire to the downstream interface boundary provided good agreement with
the same ratio which was recommended by Van Maele for different fire scenarios in a small
scale tunnel\(an Maele and Merci, 2008)n addition, the mulicale approach was
utilized to study the transient flow interaction between a growing fire aacthpingup
ventilation scenarioThe time required to reach critical velocity conditions to remove
rollback was investigated in that study. The results frortiscale approach showed that

the required computing time decreased by 40 times without any loss of accuracy dompare
to the full CFD model Colella et al., 2011b)In previous research studies, several
multiscale simulationswere simulated in order to @eimine the interface boundaries
(Colella et al., 2011a)The lowest average error between CFD and coupled models at
different cross sections was the criterion for selection of the intdstagcelary Therefore

an iterative method was utilized to reduce loundary, and to compare the coupled model
with the fullorder CFD model across the entire domain. However, in this shuadgyel
methodology was developed based on the fundamental physics of fluid, including the
physics of the fluid structure, turbulekinetic energy (TKE), and the vortex dynamics to
determine the interface boundaries. Since this methodology considers the physical
mechanism driving flow it can easily be applied to different underground spaces with more

complex geometry.
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In addition, inprevious research studies, the Reyn#dsraged NavieiStokes
(RANS) equations were used for simulation of the turbulent fluctuations of CFD results.
This approach, which has been largely used to simulate fire and smoke propagation (Breuer
et al.,, 1996Colella et al., 2011a, 2011b; Galdo Vega et al., 2008; Van Maele and Merci,
2008; Wang and Chen, 2008; Wu and Baker, 2000), can provide results for mean quantities
with acceptable accuracy at moderate cost. However, this approach has its own limitations.
Van Maele and Merci applied and compared both RANS and Large Eddy Simulation (LES)
approaches for wellentilated horizontal tunnel fires. The measured critical velocity in the
experiment was compared to LES and RANS simulations, and the temperaturescohtou
the LES simulations for 30 kW fire showed better agreement with the experimental results
than the RANS simulations results. Moreover, the turbulent thermal diffusion in the LES
simulation showed better agreement than in the RANS simulations due [avdhscale
unsteadiness in the LES (Van Maele and Merci, 2008). LES bears less modeling
uncertainties such as wakes of Dbluff bodie
the flow behavior is dominated by largeale anisotropic vortical structur@ggohlich and
Von Terzi, 2008). Although RANS simulations have lower computation cost, by a factor
of 10 to 100 (Breuer et al., 1996), LES was preferred for this study for the reasons just

described.

This research focuses on the development of a metbgyldb determine the
interface boundary region upstream and downstream of a fire source in the transportation
tunnels to decompose the domain into 3D and 1D domains via detailed fluid dynamics
analysis. Consistent with the data from previous researchestutie interface boundary
should be located in the regions where the flow structure is 1D (Colella et al., 2009, 2010,
2011a; Van Maele and Merci, 2008). In order to determine the interface boundary, it is
necessary to find the region where the fiiosld is quasilD, meaning that the streamwise
component of the fluid dominates the fldield (Colella et al., 2011b). On the other hand,
the continuity of the following quantities at the interface boundaries (i and j, as shown in

Figure8.1) should also bmet (Formaggia et al., 2001).
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1D sub-domain |D sub-domain

3D sub-domain

Figure 8.1. Decomposition of the global domain into 1D and 3D-daimains (after
(Colella et al., 2011a))
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Therefore, since the mean information of fluid (mean velocity, mean temperature,
mean pressure) are transferred at the8DOnterface in both directionall the node values
of the 3D model at the interface should be almost uniform and close to the mean values.
Under these circumstances, the single value (mean value) of the 3D model at the interface
boundary can be the precise representation of all thesnodthat cross section of a
dynamic system. Therefore, a detailed fluid dynamics study was conducted to investigate
the distribution and behavior of the longitudinal velocity componente(acity) and
transversal velocity components- (&nd wvelocities) of all nodes at different cross
sections. In order to determine the quHSi flow structure region, there is a need to
investigate the tendency of fluid particles to rotate in the system, the physics of the vortex
dynamics, and also the intensity of tudnce of the system. Due to this, the mean vorticity
along the X, Y, and Z axes and the mean turbulent kinetic energy at different cross sections

of the tunnel were analyzed.

The computational fluid dynamics software Fire Dynamics Simulator (FDS),
Version6.0 was used to determine the regions where the flow structure is 3D versus quasi
1D. The FDS core algorithm is an explicit predietorrector scheme, with second order
accuracy in space and time. Turbulence in this software is modeled via (LES) (MaGratta
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et al., 2014). LES has been used extensively for the simulation of the fire in different
research areas such as fire plume studies, flame height studies, plume temperature, mine
fires, and etc. (Frohlich and Von Terzi, 2008; Gutiédmtes et al., 20QHaghighat et

al., 2016; Heskestad, 2008; Hurley and Munguia, 2009; Liang et al., 2003; Ma and
Quintiere, 2003; McGrattan et al., 1998; Yuan et al.,, 2014). The formulation of the
equations and the numerical algorithm are described elaborately in theeE&cal
reference guide to which we refer the reader (McGrattan et al., 2014). For the road tunnel
fire scenarios two different velocities and two different heat release rates (HRR) were
utilized to investigate the effect of HRR and velocity changes eselection of 1EBD
interface boundary. The interface boundary regions were determined according to study
results. Then, the 1D models were simulated via VentPfREorder to couple to the full

CFD simulations. Vent FI RE Eogfiara which thedranspore o f
of the smoke and heat are simulated via a discretealulransport and node mixing
method (Ventsim Visudl!, 2016). The indirect coupling strategy was utilized for coupling

of CFD models to 1D models; the coupled results wenepared to the full CFD and 1D
models. Ultimately, a methodology was developed and recommended for selection of the

interface boundary for multiscale simulation of fire in road tunnels.
8.3. Simulation Consideration

Three computational fluid dynamics (CFD) sagos were considered to
investigate thesignificant parameters for the selection of interface boundaries for the
development of a multiscale methodology applied to road tunnel fire simuld&&@8svas
utilized to predict the conditions that develop du¢he 10 MW and 30 MW vehicle fires
in a 2 laneroad tunnel A two lane standard cross section of a road turieid] et al.,
2014) as considered in this study. The height of tunnel was set to 7.7 m. Although
pedestrians are not permitted in road tunrtbks sidewalks are required and recommended
to begreater than or equal to 0.7 MUng et al., 2009)Therefore, two 0.96 m sidewalks
were considered in the geometry of the road tuniiéle thickness of the walls were set to
0.24 m. The length, the widtland the height of the whole tunnel was 960 m, 9.6 m, and
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7.7 m, respectivelyThe detailed tunnel geometry dimensions used in the simulations are
shown in Figure3.2.

Figure 8.2. Two lane transportatiotunnel dimensions and layout (a) tunnel dimension
(b) isometric view of the computational domain

Previous studies have shown that smoke generation is affected by different
parameters, including HRR, ventilation, and the dimension of the obstruction @ation
Cooperative Highway Research Program (NCHRP) Synthesis 415, 2011). Babrauskas and
Peacock discussed the HRR as the single most important variable in fire hazard
(Babrauskas and Peacock, 1992), while the other important parameter in terms of smoke

propagtion is ventilation (Beard and Carvel, 2005).

Studies examining roll back and critical velocity show that the critical velocity
varies from 2.5 m/s to 3 m/s for the 10 MW to 100 MW fires (Hwang and Edwards, 2005;
Kunsch, 2002; Oka and Atkinson, 2006; gaelin and Wu, 2006; Yuan et al., 2014).
Critical velocity varies based on the hydraulic diameter of a tunnel. Thus, the critical
velocity was calculated for 10 MW and 30 MW vehicle fires in the simulated road tunnel

in this study with the following equatis:

(8-6)

Yo—— Y (8-7)
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where:w is critical velocity in (m/s)p is Froude numberattor 1,0 is grade
factor (1), g is acceleration caused by gravity (nfjsétis the height of duct or tunnel at
the fire site (m), Q is heat fire is addin
density of the approach (upstrearir)(kg/m®), 6 is specific heat of air (kJ/kgK), A is the
area perpendicular to the flow 'Y is the average temperature of the fire site géées
and T is the temperature of the approach air in N&tibnal Fire Protection Association
(NFPA), i N F P 202, 2011).The calculated hydraulic diameter for the two lane road
tunnel was 8.53 m. The critical velocity varied from 2.6 m/s to 3.7 m/s for 10 MW and 30

MW fires in the associated tunnel. The effect of various air velocities on back layering

phenomenon in the sirtaied road tunnels is shown in Fig@8.

(a) w (b) -
e, . PEE.. DR .
Figure 8.3. The effect of different velocities on smoke propagation of 10 MW and 30 MW

vehicle fires in the road tunnel at t=100 s (a) 10 MW, 1.5 m/s (b) 10 MM)/3.(c) 10
MW, 5 m/s (d) 30 MW, 1.5 m/s (e) 30 MW, 3.7 m/s (f) 30 MW, 5 m/s

According to NFPA 502, the maximum tolerable air velocity under emergency
conditions for motorists is 11 m/s. Also, the minimum air velocity should be enough to
preventthesmak r ol | back ( Nati onal Fire PBRtectio
2011). In this study, a velocity less than critical velocity (1.5 m/sijkwas selected for
investigation of interface boundary region where the smoke and hot gases propagates to
the utream and the downstream of the fire. Moreover, a velocity greater than critical
vel oci ty c)(Was saléced f@ inéstigation of interface boundaries when the
smoke propagates just downstream of the fire. The main purpose of selected velasijties w
to investigate the effect of air velocity changes on the interface boundaries determination.
Two different HRR (10 MW, 30 MW) were considered as the peak heat release rates for
the van and the bus fires respectively (National Fire Protection Assaci@tioPA),

i NF P302, 2011). The-squared approach was used for the growth of the vehicle fires.

The time to reach maximum HRRnw4f) for van fire and bus fire were recommended to be
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5 min and 10 min, respectively (Ingason, 2009). However, becausesifhlation cost,

the thax was set to 1 min. Since the focus of the research in this paper is to develop a
methodology for selection of interface boundaries for fire simulations in a road tunnel, the
decay time period for vehicle fires were not considendte study. Flexible polyurethane
foams were utilized for vehicle fire simulation in the tunnels. The heat of combustion and

the yield of fire products were set as shown in T&8dlgTewarson, 1995).

Table8.1. Heat of combustion, CO, GCand soot yields of vehicle fire events used in

simulation
Material Y'Or (kJ/kg) Y coz (kg/kg) Y co (kg/kg) Y soot (Kg/kg)
Polyurethane 25300 1.5325 0.02775 0.1875

Three different scenarios, as shown in Tab® weresimulated for investigation
of different parameters in order to determine the interface boundaries. All the vehicle fires
were set in the middle of the road tunnels. A bus with dimensions of 12 X 2.6 X a6 m

the length, width, and height, respectivelyas considered as the fire object for

simulations.
Table8.2. CFD simulations according to different factors
Scenarios Velocity (m/s) HRR (MW) Tunnel Dimension (M)
scenarial 5 10 2 lanes (73.7)
scenarid 5 30 2 lanes (73.7)
scenarid3 15 10 2 lanes (73.7)

8.4. Geometry, Initial and Boundary Conditions

The thermal and the physical parameters of the tunnel wall concrete, including,
density, thermal conductivity, and specific heat were set to 240G Khdm°C, and 0.96
kJ/kg°C, respectively (Bamforth et al., 2008). The rock types in the comeetassumed
to be limestone, sandstone, and chert, and it was assumed that the sand and aggregate were
from the same rock type at aarlyage. The thermaliffiusivity of concrete was set to 0.77
mn¥/s (Laage et al., 1995).
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The physical and the thermal characteristics of asphalt depend on the air voids in
the dry or wet asphalts. A 5% air voids content was assumed for consideration of different
parameters. Thehysical and the thermal parameters of the dry pavement asphalt,
including density, thermal conductivity, and specific heat capacity were set to 2372 kg/m
1.16 W/m°C, and 0.9637 kJ/kg°C, respectively (Hassn et al., 2016). T$igrmundary
conditionwas considered for all walls and the objects in the domain. Istinily,the jet
fans used for tunnel ventilation were assumed to be far away from the fire source.
Therefore, a fixed air flow was set at the inlet of the computational domains. Theeell si
near the fire source plays a key raofethe accuracy and stability of the numerical
computation. Reliable numerical results can be achieved when the grid si2eli3*
(McGrattan et al., 1998), where D* is representative of the characteristic leaghhich
correspondso the total heat release rate of a fire plume (Baum and McCaffrey, YQ88;
et al., 2014) The heat release rates in this study were 10 MW and 30 MW. Therefore, a
grid size of 24 cm was considered for the numerical analysis.dmallationsthe ambient
air temperature, ambient air density, and air viscosity at ambient temperature were set at
20°C, 1.196 kg/my, and 1.7965 kg/m/s respectively. The simulation of vehicle fires of
all scenarios at t=900isshown in Figure3 4.

Inlet 5m/s 10 MW Outlet
Ol — | A ———
Inlet > ™* 30 MW Outlet
L — | —
() Inlet 1.5mls 10 MW Outlet
\_/

Figure 8.4. Vehicle fire and the smoke transport in the road tunnel at t=900s for all
scenarios: (a) scenario 1, (b) scenario 2 (c) scenario 3

8.5. Results and Discussion

In order to determine the region where the flow structure behaves in al@uasi

fashion, there is a need to investigate the longitudinakelocity) and the transversal
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velocity components fiand wvelocities), vorticities along different axes (X, Y, ang

and the turbulent kinetic energy at each node in 3D CFD models. All parameters were
calculated every 5 m upwind and downwind from the fire source. The zero line represents
the cross section of the tunnel at the center of the fire source. Accordiigyte8.4 (c),

the upwind transport of the smoke (rollback) occurred in scenaeoa@use¢he air velocity

in this model, was less than the critical velocity. However, just the downwind transport of
smoke was observed in scenarios 1 and 2, as showgureBi4 (a) and Figur&.4 (b). It

was observed that the rollback did not advance significantly along the longitudinal axis
after 900 s in scenario 3 and aftkat,the steadystate flow condition in the tunnel was
reached. Therefore, t=900 s was selécte investigate all parameters upwind and

downwind of the fire source in scenarios 1, 2, and 3.

8.5.1.Longitudinal and Transversal Velocity Components Analysis

The region where the flow structure is quaBiis the region where the domain can
be split into diinct 3D and 1D swdlomains. In that region, the streamwise component of
the velocity dominates the fluid structure. Therefore, detailed longitudinal and transversal
velocity components analysis were conducted in order to determine the region where the
influence of transversal velocity components on the fluid structure was inconsequential.
The normality and distribution of the longitudinal velocity (u) and the transversal velocities
(lateral (wvelocity) and vertical (welocity)) of all nodes at differemross sections of the
tunnel upstream and downstream of the fire source at t=900 s for model 1 were calculated
as shown in Figure®5, 8.6, and8.7, respectively. All distances are from the center line of

the fire.
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Figure 8.5. Normal quantile plots, beandwhisker plots, and distributions of u velocity
at different cross sections of the tunnel at t=900 s in scenario 1 at: (a) 430 m upstream,

(b) 10 m upstream, (c) 7 m upstream, (d) 10 m dowanstrge) 100 m downstream, (f)
430 downstream

In Figure85 it is evident that the longitudinal velocity-¢elocity) of all nodes
along the height of the tunnel at each cross section was more normally distributed at a
greater distance from the fire soerdigure8.5a, f, e), and up to 10 m upstream of the fire
(Figure 8.5b). The longitudinal velocity of all nodes at each cross section was not
distributed normally up to 100 m downstream of the fire (Fi@e). According to the
box-and whisker plots ifrigure8.5, it is noteworthy that the dispersion of the longitudinal
velocity values at cross sections increased close to the fire source as shown in Figures
8.5(c) and8.5(d). Due to the presence of the burning object (vehicle fire) at the middle of

the unnel and the upwind transport of smoke downstream of the fire, the dynamic flow
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field near the fire (from 10 m upstream of the fire source to 100 m downstream of the fire

source) was not quasD. This indicateshat thisregion requires 3D simulation.

The distribution of transversal velocity components #md wvelocities) were
similar to the distribution of longitudinal velocity components, as shown in Fig@esd
8.7. The transversal velocities were not distributed normally near fire field (1@tneam
of the fire to 100 m downstream) while the normal distribution was observed at the far field
regions (from the inlet to 10 m upstream and from 100 m downstream to the outlet). In
addition, the variation and dispersion of transversal velocitie$ nbdés along the height
of the tunnel at different cross sections increased by getting close to the fire source.
Therefore, it was evident that the domination of transversal velocity componeatsd(v

w-velocities) on the fluid field decreased by gettiagher away from the near fire region.
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Figure 8.7. Normal quantile plot, beandwhisker plots, and distributions of w velocity

at different cross sections of the tunnel at t=900 s in scenario 1 at: (a) 430 m upstream,

(b) 10 m upstream, (c) 7 m upstream, (d) 10 m downstream, () 100 m downstream, (f)
430 downstream

In our indirect coupling strategy, the characteristic point ofi@bfield (near fire
field) (ex: mass flow rate across the boundaries, the total pressure drop across the
boundaries, and the mean temperature at the boundaries) are used as the boundary
condition for the 1D model (Colella et al., 2011a). The transferezin values of velocity,
pressure, and temperature are required for the adoption of indirect coupling strategies.
Therefore, a cross section at which all node values of the 3D model are nearly uniform and
close to the mean values can be selected as ttablsuboundary for decomposing the

global domain into 3D and 1D swmmains.
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Hence, the standard deviatorof velocity components (longitudinal and
trarsversal velocity components) wearaculated along the height of the tunnel at different
cross sections in steady state condition in order to analyze the dispersion of the velocity
components at different cross sections of the tunnel. The standard deviation of the
longitudinal and transveal velocities of all nodes at t=900 along the height of the tunnel

at different cross sections of the tunnel in scenario 1 are shown in Bi§ure

The standard deviation of the longitudinal and the transversal velocities was
calculated less than 0.2 the inlet to 10 m upstream of the fire source. After that point,
itincreased dramatically up to 1.6 at the centerline of the fire source. The highest dispersion
of the longitudinal velocity of all nodes was calculated at the centerline of the vedgcle f
The reason lies in the sudden contraction of the cross section and the burning source which
created a chaotic fluid structure in the middle of the computational domain. The sudden
contraction of the cross section, due to the presence of the vehatkbegburning source,
resulted in the creation of the vorticities in the region near the fire field. The dispersion of
the longitudinal and transversal velocities of all nodes decreased from the centerline of the
object up to 100 downstream of the firedahremained almost constant up to the outlet.
The dispersion of the longitudinal velocity (u) of all nodes at different cross sections
downstream of the fire was higher compared to the dispersion of the transversal velocities.
This study has shown thdug transversal velocities(&nd w velocities) were temperature
dependent just near the fire field while the temperature did not affect the dispersion of the
transversal velocities of all nodes along the height of the tunnel far from the fire. On the
cortrary, the longitudinal velocity fuelocity) was temperature dependent at both near and
far fire fields. In other words, the streamwise component of the velocitglQgity) is
more temperature dependent than the transversal velocity componengsid(wy

velocities).
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Figure 8.8. Standard deviation of-puv-, and wvelocities at different cross sections of the
tunnel in scenario 1

The contour plots of the longitudinal velocity (u velocity) and the tranalers
velocities (wvelocity and wvelocity) at different cross sections downstream of the fire in
scenario 1 at t=900 s are shown in Figu88s8.10, and8.11. Figures3.9, 8.10, and3.11
highlight the findings above and give a visual representation aflbeity fields.
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Figure 8.9. U-velocity contour plot at different cross sections of the tunnel at t=900 s: (a)
10 m downstream, (b) 100 m downstream, (c) 430 downstream
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Figure 8.10. V-velocity contour plot at different cross sections of the tunnel at t=900 s:
(a) 10 m downstream, (b) 100 m downstream, (c) 430 downstream
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Figure 8.11. W-Velocity contouplot at different cross sections of the tunnel at t=900 s:
(a) 10 m downstream, (b) 100 m downstream, (c) 430 downstream

Overall, because of the complex dynamical fluid field close to the fire (10 m
upstream of the fire to 100 m downstream), the wide dsgpeof the values (e.g., velocity

components) was observed, dispersion decreases in the far field.

The same study was conducted for scenarios 2 and 3 in order to investigate the
behavior of the longitudinal and the transversal velocity componentsnafdas along the
height of tunnel at different cross sections when the velocity &fd Were changed (see
Appendix Cfor normal quantile plot, beandwhisker plots, distributions of-pv-, and w
velocities of all nodes, and standard deviations at differerss sections of the tunnel at
t=900 s for scenarios 2 and 3). Similar dispersion characteristics near and far field of the
fire were observed for scenario 2, which increased the HRR to 30 MW. Because of
downwind transport of smoke and hot gases inateR, the dispersion of the longitudinal

and transversal velocities at different cross sections upstream of the fire did not change by
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changing HRR. Therefore, the only region which the standard deviation of the transversal
velocity components was affect by changing the HRR, was distinguished as a 10 m

upstream of the fire to 100 m downstream as shaviAigure8.28 (a) (See Appendix

It is noteworthy that by changing the HRR the dispersion of the transversal
velocities (v and wvelocities) at the @ar fire field were changed while the dispersion of
the transversal velocities of all nodes along the height of the tunnel far from the fire was
not affected. On the contrary, the longitudinal velocityvélocity) was temperature
dependent at both neardafar fire fields.

A velocity less that the critical velocity €Y was considered in scenario 3.
Therefore, because of the backlayering phenomenon, the distribution and the dispersion of
longitudinal velocity of all nodes along the height of the tunnalditferent cross section
upstream of the tunnel were different in comparison with the longitudinal velocity values
of all nodes at upstream in scenarios 1 afiéiQure 8.28 (b))Consistent with theada of
Figure8.25 (See Appendix (it is evident tiat the longitudinal velocity of all nodes at
different cross sections from the inlet to 170 m upstream of the fire was positive and had a
normal distribution. From 170 upstream of the fire to the centerline, the negative
longitudinal velocity at some node$ different cross sections was calculated. The reason
lies in the buoyancy forces associated with the temperature of the smoke plume, which
causes it to overcome the inertial forces of the ventilation air (Friel et al., 2006). The smoke
propagated in omsite direction of the stream as shown in Figud®. Therefore, this
region was not considered as the upstream interface boundary since theDytlasi-
field criterion was not met. In addition, according to FIigQi&8 (b) (see Appendik), the
disperson of longitudinal velocity of all nodes at different cross sections from the inlet to
180 m upstream of the fire source remained constant and after that, it increased
dramatically. This study has shown that not only the whole backlayering region but also
10 m before that region should not be considered as the upstream interface boundary
region. The longitudinal and the transversal velocity components downstream of the fire
were distributed normally from 100 m downstream of the fire up to the outlet. diagor
to Figure8.28 (b) (see Appendix )Cthe standard deviation of the longitudinal and the
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transversal velocities along the height of the tunnel at different cross sections from the inlet
to the outlet remained constant except for the region 180stmeam of the fire to 100 m

downstream of the fire.
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Figure 8.12. Created vortices at the tip of the rollback and the airflow velocity
streamlines on the middle plane at t=900 s

8.5.1.1Meanvelocity and mean vetity components

The mean velocity and its components along the height of the tunnel at different
cross sections in scenario 1 were investigated in order to distinguish the near and far fields
via determination of the significance of the mean componerntgeofelocity on the fluid
structure at different cross sections of the tunnel. In addition, due to the continuity of the
average velocity at the 3DD interface boundaries, the mean veloc8y 8 (a)) and its
components§.13 (b),8.13 (c), and8.13 (d)) along the height of the tunnel at different
cross sections were investigaesishown in Figur8.13.
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Figure 8.13. The mean velocity and its components along the height of the tunnel at
different crossections at t=900 s in scenario 1 (a) velocity (b)alocity (c) wvelocity
(d) wvelocity

It is noteworthy that the mean velocity and the mean longitudinal velocity (u
velocity) at a different cross section of the tunnel behaved the same except theenear
field. The reason lies in the erratic behavior of the mean transversal velociigs ity
and wvelocity) near the fire source as shown in Fig8rE3 (c) and Figure3.13 (d).
Consistent with the data of Figu&l3 (b) it was evident that the medongitudinal
velocity (rvelocity) remained constant from the inlet to 10 m upstream of the fire and after
that, it experienced large fluctuations to 20 m downstream of the fire. Then, it leveled off
up to the outlet. The mean longitudinal velocity ugain and downstream of the fire were
calculated at 5 m/s, and 5.3 m/s, respectively. The magnitude of the mean longitudinal
velocity compared to the mean transversal velocities is significantly higher at different
cross sections of the tunnels as shownguies8.13 (b),8.13 (c), and.13 (d). According
to Figures8.13 (c) and8.13 (d), the mean transversal velocities are sporadic from 10 m

upstream to 100 m downstream of the fire and after that, they display only marginal
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fluctuations. The mean transvaryelocities (v and wvelocities) at upstream of the fire
remained constant from the inlet to 10 m upstream of the vehicle fire. According to Figure
8.13 (c), the mean-velocity fluctuated from0.05 m/s to 0.05 m/s in that region while the
mean wveloaty (Figure8.13 (d)) fluctuated from0.25 m/s to 0.04 m/s in the same region.
The effect of the mean transversal velocities on mean velocity was observed to be
consequential at near fire field, 10 m upstream to 100 m downstream of the fire.
Consequentlythis study has shown that the longitudinal velocityélocity) dominated

the fluid field far from the fire source. Hence, the fluid field in that region was-q@asi

The mean velocity and the mean longitudinal and transversal velocities in scenario
2 behaved similarly to scenario($ee Appendix Oor mean velocity, mean longitudinal
velocity (uvelocity), and mean transversal velocitiesv@locity and wvelocity) along
the height of the tunnel at different cross sections at t=900 s for scenari@s 3).an
According to Figure.29 (see appendix Dthe effect of the mean transversal velocities (v
and wvelocities) on the mean velocity in scenario 2 was consequential in the near fire field
(20 m upstream to 100 m downstream of the fire source). However, in other cross sections
of the tunnel, the Ban longitudinal velocity @elocity) dominated the flow field in
scenario 2. Due to the higher HRR (30 MW) in scenario 2, the mean velocity values were
higher downstream of the fire in comparison with the same values in scenario 1. Due to the
rollback prenomenon in scenario 3, the flow did not behave as a 1D fluid in the region
from 170 upstream of the fire to the centerline as shown in F&B0¢See Appendix
The mean velocity and the mean velocity components at different cross sections
downstreanof the fire in scenario 3 behave similarly to the same region in scenarios 1 and
2. Therefore, the flow field was dominated by the longitudinal velockye{acity) at
different cross sections downstream of the fire except for the region from the oeraérli
the fire to 100 m downstream. Moreover, the velocity of airflow remained constant from
the inlet to 180 m upstream of the fire and then it increased up to 90 m upstream of the fire
as shown in Figur&.30 (a)(see Appendix @ From 90 m upstream ohe fire to 2 m
upstream of the fire source, the airflow velocity changes were inconsequential. The
velocity increased dramatically from 2 m upstream of the fire to 3 m downstream and then

it decreased drastically up to 50 m downstream of the fire anatlelboff up to the outlet.
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This study has shown that from 170 m upstream of the fire to 100 m downstream of the
fire, the transversal velocity component effects were consequential. In this region, the
longitudinal velocity is not the dominant componenttioé fluid field. Therefore, the
interface boundaries should be located beyond this region.

This study has shown that the effect of the temperature on the mean transversal
velocities along the height of the tunnel at different cross sections close i® ri@e
consequential compared to the region far from the fire. Due to this, the mean transversal
velocities played a key role on the changes of the mean velocity in the near fire field.
However, the effect of the mean transversal velocities on the chaintipesmean velocity
at the far fields was not significant. Therefore, the mean longitudinal velocity was the

dominant component of the airflow velocity on the fluid structure.

8.5.1.2Ratio between maximum longitudinal and maximum transversal velocities

For adgtion of the multiscale methodology, the CFD (3D) and 1D models should
be applied to the near field and far field, respectivdbnce, there is a need to determine
thequast1D region in the computational domain. According to the previous studies, it was
evident that the flow structure was quaBi when the maximum longitudinal velocity ratio
was almost twice the maximum transversal velocities (Van Maele and Merci, 2008).
Therefore, a study was conducted to investigate the maximum longitudinal veldoity rat
to the maximum transversal velocities along the height of the tunnel at different cross

sectiondn the steady state conditias shown in Figur8.14.
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Figure 8.14. The maximum longitudinal velocity ratio the maximum transversal
velocities along the height of the tunnel at different cross sections at t=900 s: (a)
scenario 1, (b) scenario 2, (c) scenario 3

Due to the transport of smoke and hot gases downstream of the fire source in the
scenarios 1 and, 2he ratio of maximum longitudinal velocity to maximum transversal
velocities different cross sections just downstream of the fire was investigated. However,
because of the back layering phenomenon in the scenario 3, the investigation of maximum
longitudinal velocity ratio to the maximum transversal velocities was carried out on the
whole domain. Figur8.14 shows that the ratio increased dramatically within the first 100
m downstream of the fire in all scenarios and after that, the values remainedtkéthin
range of 10 to 20. Consistent with the data of the maximum longitudinal velocity ratio to
the maximum transversal velocities downstream of the fire, it was evident that beyond 100
m downstream of the fire the flow is almost atimensional because dig¢ domination
the longitudinal velocity in the fluid field. In addition, this study has shown that by the
change in HRR, the domination of longitudinal velocity on the fluid flow did not change
significantly.
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The maximum longitudinal velocity ratio to theaximum transversal velocity was
calculated within the range of 28 to 40 from the inlet to 300 m upstream of the fire in
scenario 3. Then the ratio decreased noticeably to 8, at 250 m upstream of the fire. The
ratio experienced marginal fluctuation from@®2& to 90 m upstream of the fire. The
maximum longitudinal velocity ratio to the maximum transversal velocities experienced
sporadic behavior from 90 m upstream of the fire to the centerline. The reason lies in that
the smoke layer depth, and the tempemtcose to the fire source. This study has
highlights the previous findings that close to fire source the domination of the transversal
velocities on the fluid structure increased. Moreover, the ratio was within a range of 10 to
20 in the quasiD regiondownstream of the fire source. Therefore, a ratio of at least 10

was recommended to indicate that longitudinal velocity component is dominant.

8.5.2.Turbulent Kinetic Energy and Vorticity Analysis

The energy content of eddies in turbulent flows is charactebgedurbulent
Kinetic Energy (TKE); larger TKE values indicate higher energy content of eddies. The
existence of eddies indicates the rotation of the fluid particles or vorticity. Therefore,
diffusion will be intensified with the existence of eddies. Sitiez turbulent flows are
dissipative, the kinetic energy of larger eddies will be transferred to the smaller ones, and
finally, the kinetic energy of the smallest eddies will be converted into heat due to the
viscous shear stresses. In some cases, baeksgh&nomenon can occur which it means
that because of the interaction of the smaller eddies with each other, the kinetic energy will
be transferred to the larger eddies (Black, 1966; Hinze, 1975; Townsend, 1956). In order
to determine the region where tin@nsversal velocity components have an inconsequential
effect on the fluid field, the tendency of fluid particles to rotate (vorticity) along the
different axes (X, Y, and Z), was investigated. In addition, for characterizing the intensity
of turbulenceof a system, the Turbulent Kinetic Energy (TKE) analysis along the height
of the tunnel at different cross sections was conducted. Then thgimersional flow
pattern region was determined by the usage of mean TKE and mean vorticity analysis. The
mean TKE of the cross sections and the mean vorticity along X, Y, and Z axis at different
cross sections along the height of the tunnel at t=900 for all scenarios were calculated as

shown in Figure3.15.
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Figure 8.15. The mean TKE and the mean vorticity along the height of the tunnel at
different cross sections at t=900 in all scenarios: (a) mean TKE scenario 1, (b) mean
vorticity scenario 1, (¢c) mean TKE scenario 2, (d) mean vorticity scenario 2, () mean

TKE scendo 3, (f) mean vorticity scenario 3

According to Figure8.15 (a), the mean TKE at different cross sections in scenario
1 remained constant from the inlet to 10 m upstream of the fire. After that point it TKE
fluctuated substantially to 50 m downstreanerthit leveled off up to the outlet. Consistent
with the data of the vorticity along X, Y, and Z axis in scenario 1 (Fig§lf&b)), it was
evident that the mean vorticity along X, Y, and Z axes experiemgbdluctuations in a
region 10 m upstream die fire to 100 m downstream. The changes of the mean vorticity

along X, Y, and Z axest different cross sections of the tunnel in scenario 1 were
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inconsequential as plotted&tFigure 15 (b). When HRR was altered, the trend of the mean
TKE and the meanarticity along X, Y, and Z axis at different cross sections did not
change; however, the values changsedghown in Figure8.15(c) and3.15(d). Therefore,

the mean TKE and the mean vorticity alongitierent axis in scenario 2 experienced
erratic behavior from 10 m upstream of the fire to 100 m downstream. This study has shown
that thefluid particles had the highest tendency to rotate along X, Y, and Z axis at the near

fire field.

The behavior of the mean Hand the mean vorticity along X, Y, and Z axis
downstream of the fire in scenario 3 was observed to have the same as the behavior of
associated values in scenarios 1 and 2 as shown in F&gLisés) and.15(f). Due to lower
velocity in scenario 3 compato scenario 1 and 2, the mean TKE and the mean vorticity
downstream of the fire were calculated lower than the values in scenario 1 and 2. The
values remained constant from the inlet to 170 m upstream of the fire. Because of the
backlayering phenomenon scenario 3, the mean TKE and the mean vorticity along the
Y and Z axes experienced substantial fluctuations from 170 m upstream of the fire to the
centerline. The vorticity along the X axis was almost zero at all cross sections except the
regions closea the fire source. Consequently, it was evident that the intensity of turbulent
kinetic energy and the rotation tendency of fluid particles remained constant in the regions

where the flow field is quasiD.

According to the longitudinal and the transvexsadbcity components analysis and
the TKE and the vorticity analysis, the quaB regions were determined in order to couple
3D to 1D models. The upstream and downstream interface boundaries were determined for

all scenarios as shown in FigulB46.
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Figure 8.16. Selected interface boundaries at upstream and downstream of the fire
source (a) scenario 1 (b) scenario 2 (c) scenario 3 (Not to scale)

Based on the physics of the fluid structure, TKE, and dineex dynamics, interface
boundaries were placed 10 m upstream of the fire source and 100 m downstream for
scenarios 1 and 2. Because of the consequential effect of the transversal velocity
components (v and w velocities) on the flow field characterisr rthe fire field at
upstream, the upstream interface boundary could not be moved closer than 10 m to the fire
object (the calculated distance was from the centerline). The distance from upstream
interface boundary to the tip of the object was 0.&4Dn). The downstream boundary was
calculated to be at least 12 times the hydraulic diamet@ryBich indicated agreement
with previous work (Colella et al., 2011a; Van Maele and Merci, 2008). The same
downstream interface boundary was selected for sceBa#oscenarios 1 and 2. Due to
significant effect of the transversal velocities @and velocities) on the fluid flow field
close to the tip of the backlayering, the upstream interface boundary was selected 10 m
further from the tip of the backlayeringZ80 m upstream of the fire in scenario 3 as shown
in Figure8.16(c). It was observed that the fluid flow field at that section was -quasi
Therefore, the near fire field (the region between upstream and downstream interface

boundary) was determined aosm in Figure8.16 for all scenarios.
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8.6. Coupled Simulation Results

The 1D models were simulated using VentFIRE in order to couple to the full CFD
simulations. The multiscale calculations were conducted using indirect coupling strategy
with the near fire fie characteristic curves implemented in the 1D models. The
characteristic curves of near fire field (CFD region) are required in the indirect coupling of
3D models to 1D models (Colella et al., 2010, 2011a). Therefore, the near fire field
characteristic pats for all scenarios were plotted in terms of mass flow rate versus total

pressure drop across the domain boundaries as shown in &itjtire
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Figure 8.17. Characteristic points of the near fire filedgion for all scenarios

Since the continuity of the mean temperature should be met at the interface
boundary, the mean temperature along the height of the tunnel at different cross sections

of CFD model was calculated as shown in Figie.
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Figure 8.18. Mean temperature along the height of the tunnel at different cross sections
at t=900 s in all scenarios

Figure8.18 shows that the mean temperature upstream of the fire in scenarios 1 and
2 is the same. Heever, the mean temperature in scenario 3 within the first 170 m upstream
of the fire source was higher due to backlayering. The highest mean temperature
downstream of the fire along the height of the tunnel at different cross sections was
calculated in senario 2, due to the higher HRR. The mean temperature at the interface
boundaries for different scenarios was calculated in order to couple to 1D models as shown
in Table8.3.

Table8.3. The mean temperatuat the interface boundaries for different scenarios

Upstream Interface Temperaturr Downstream Interface Temperatui

Scenarios (°C) (°C)
Scenario 1 20 34.3
Scenario 2 20 71.7
Scenario 3 20 43.8

The coupled model was simulated and the associated average temperature and
velocity errors in the coupled scenarios compare to the full domain CFD simulations were
calculated as shown in FiguB19 (see FigureB.20 for comparison of coupled model
resultss o 1D model s6 results for scgdfhthameans 1,

temperature and the mean velocity errors at different cross sections after downstream
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interface boundary were calculated at less than 5%. The error before upstrearceinterfa

boundary was calculated as a 0%.
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Figure 8.19. The calculated error between CFD and coupled models for mean
temperature and velocity at different cross sections before and after determined interface
boundaries for all scenarios: (a) temperature error, and (b) velocity error

Figure8.20, shows that the mean temperature errors between 1D and the coupled

model at the outlet were 49.2%, 66.5%, and 86% in scenarios 1, 2, and 3, respectively. Due

to the inability of VentFIRE to precisely simulate rollback phenomenon, a higher

percentage oérror of the mean temperature scenario 3 was observed. If we assume that

the 3D simulation over the whole domain is most representative of reality, then the

coupling approach results in a drastic improvement in agreement for the mean temperature

results athe far fire field when compared with a 1D simulation over the whole domain. In

addition, the mean velocity along the height of the tunnel at the inlet and outlet was

improved.
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8.7. Modified Procedure for Selection of Interface Boundary in Multiscale
Methodology

Based on the velocity components analysis and the TKE and the vorticity analysis,
it is recommended the interface boundary selection procedure for indirect coupling of 3D
and 1D models. First, the CFD model is simulated and the inlet velocity of thendiesma
determined. If the determined inketlocity is greatethanor equal to \, the upstream
interface boundary is selected at least @.58m upwind the end of the fire object. If the
selected inlet velocity is less thair,\the roll back length shud be calculated and (1.2,D
m + rollback length) should be selected as the upstream interface boundary. For the
determination of the downs taaemam \Vscexdaries, f ac e
the longitudinal and the transversal velocities analysis and the mean TKE and mean
vorticity analysis for the outlet cross section should be conducted. Next, thecrt2d
section from the centerline of the object is selected as the downsirieaiace boundary
which number 12 is the coupling variable/JCIf the longitudinal velocity of all nodes is
streamwise, and the distribution of the longitudinal and transversal velocities are almost
similar to the outlet values, and the standard diewiaif the longitudinal and transversal
velocities of the determined section are less than 0.3 compared to the outlet values, that
cross section can be accepted as the downstream interface boundary. If one of the explained
requirements was not met, thenv(@1)*Dn is selected as the downstream interface
boundary to repeat the longitudinal and the transversal velocities analysis and the mean
TKE and mean vorticity analysis for that selected downstream interface boundary. The
method will be iterated till alfequirements are met. Ultimately, that cross section is

accepted as the downstream interface boundary.

It is crucial to consider that the tunnel used in this study was a straight tunnel with
just a burning object in the computational domain. If other ¢dbjecfire sources (e.g.,
vehicles) were considered in the simulation domain, the same study should be conducted
for determination of the interface boundaries before and after the extra objects are included
in the tunnel, because of the effect of the terajpee and the presence of the objects on

the fluid structure in the computational domain. By utilizing this approach, the interface
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boundaries can be easily selected and adequately applied to couple 3D and 1D simulations
as shown in Figur&.21. In Figure8.21, 1Bup, IBoown, and G are upstream interface

boundary, downstream interface boundary, and coupling variable respectively.

Simulate CFD hodel

|

Mo | Caleulate the Selert [Buy, =(1.20 m+rollback length)
~—* rollback length ™ as the upstream mterface boundary

Yaz

Select an upstream interface houndary (IBxw;)
{at least 05D m from upwind the end of the fire
object)

Conduct
* Long-transvers velocity analysis
* hiean TEE and mean vorticity analysis

F

For the outlet cross section

¥
Selact IBrc.m = (Coupling variable * D) cross
section from the centerlineof the olbjact as the
downstream mterface bowmdary

Start with {Coupling variable (C,) = 12)

Check 3 following items
1. Longitudinal velocity of all nodes iz
streamwize
+ 1. The distribution of longitudinal and

transversal velocities ars almostzrmbriothe
outlat values

3. Thestandard deviation of longitudinal and
transversal welocities are less than 0.2
compare to the outlet values

Accept [Bre.n as the downstream
mterface boundary

- Select [Broym = (O +1)¥ D as the
dovwnstream interface boundary

Figure 8.21. Decision making algorithm for determination of interface boundary
couple 3D and 1D fire simulations in tunnels
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8.8. Conclusion

The fundamental longitudinal and the transversal velocities analysis and the TKE
and the vorticity analysis for the steady state condition of the full CFD models were utilized
to determine interf@e boundaries for coupling of 1D and 3D simulations. The selected
downstream interface boundary was 12D downstream of the fire for the simulations.

The upstream interface boundary selection depends on the utilized velocity in the model.
The upstream ietface boundary was selected at (Okp4Om upstream the tip of the object
when the velocity was greater than equal to thelN the simulations with backlayering

( V o), th¥interface boundary was selected 10 m further from the tip of the ro{lback

Dn). The novel methodology was applied to a tunnel with 73 78rass section and 960

m in length. The indirect coupling strategy was utilized to couple 3Bdeuiain to 1D
subdomains. The calculated temperature and velocity errors between meltisodéls

and the full CFD models were less than 5%. It was evident that the longitudinal velocity
component was affected by the temperature more than the transversal velocity components
in the whole computational domain. In other words, the longitudiratig (u-velocity)

was temperature dependent in the whole computational domain while the transversal
velocity components (v and w velocities) were temperature dependent just at the near field.
It was observed that the temperature did not impact the gesawelocities at the far

field. Due to this, the fluid field was observed the gLiaifluid which the longitudinal

velocity dominated the fluid structure.

Consequently, a novel iterative methodology was developed according to the
physics of the fluid stcture, TKE, and the vortex dynamics for selection of interface
boundary to couple 3D and 1D models for all kinds of fire in the road tunnel or more
complex underground space environments. Additionally, the work agrees well with
previous work that usesraore exhaustive systematic method (gradually increasing the
CFD domain and decreasing the 1D domain until a predetermined error level is
encountered.) The proposed methodology was demonstrated to be a useful technique for
the determination of near and fae fields, and could be applied across a broad range of

flow simulations.
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Appendix C: Chapter 8 Supplemental Data
Longitudinal and Transversal Velocity ComponentsAnalysis for Scenarios 2 and 3

The results of the longitudinal and the transversal velocity components analysis for
scenarios 2 and 3 at different cross sections d@0=9are presented in Figur@22 to
8.27.thenormal quantile plot, beandwhisker plds, distribution®f u, v, and w velocities
of all nodes, and standard deviations at different cross sections of the tunnel were plotted
during the steady state conditiom addition, the dispersion of the longitudinal and
transversal velocities in scei@s 2 and3 are demonstrated in Figu&8. This study has
shown that the longitudinal and transversal velocities distribution in scenario 2 behaved as
same as the behavior of the values in scenario 1. The scenario 3 was considered for
investigation of viacity components behavior upstream and downstream of the fire during

the upstream transport of smoke scenarios.
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Appendix D: Chapter 8 Supplemental Data
The Mean Velocity and Mean Velocity Components in &nario 2 and 3

The mean velocity and mean velocity components in sceaama 3 are shown in

Figures8.29 and8.30 respectively.
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9. Novel Methodology for Determination of Interface Boundary in the
Multiscale Mine Fire Simulations

The following paper wasubmitted toJournal of Fire ScienceAli Haghighat
conducted the majority of the work and wrote the papdr @ditorial input from coautho
Dr. Kray Luxbacher

9.1. Abstract

The numerical modelling cost of large complex dynamical systemsh as fire in
underground spaces or mine tunnels is one of the most important chaittemgesrground
researchA successful multiscale methodology canabaseful technique to decrease the
simulation cost while the accuracy of resudre maintained. Although, the multiscale
approach can increagbke simulation efficiency, therecisionof the resultss highly
dependent on thaterface boundary locatiofhe location othe interface boundary can
determinghe decomposition location of 3D and 1D subdomadihs.research in this paper
develops a novel methodology to determine the interface boundary between CFD model
(near fire field) and 1D model (far figlaf fire simulations at a coal mine working face
understeady state conditianThe development of the methodology is based on the physics
of the fluid structureturbulentkinetic energy (TKE) of the dynamical system, and the
vortex dynamics. Differenworking face methane fire scenarios rangimgn 200 kW to
1000 kW were investigated with various inlet velocities. The impact of velocity changes,
HRR changes, and the ventilation curtain position on the selection of interface boundary
werealsoinvestigded. An indirect coupling strategy was utilized to couple CFD models
to the 1D models at the selected interfaoandary andhte coupled models results were
compared to the full CFD models results. The calculated error between CFD and coupled
models forthe mean temperature and the mean velocity at different cross sections were
calculated less than 6%. An algorithm based on the results was developed for the selection
of 3D-1D interface boundary for the underground mine fire simulations. The developed
appro&h can be utilized to determine the interface boundary of multiscale simulation of
different types of fire (e.g., longwall fires, electrical installation, gob fires, belt fires, etc.)

in underground mines or more complex computational dasnain
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9.2. Introduction

Over the past century, great strides have been made in the advancement of mine
fire knowledge. However, fire hazards remaiaritical hazardnh underground coal mines
in the U.S. and around the world. Fires in underground coal ntiage contributed to
catastrophic eventandthe possibility for the safe escape of miners and also the design of
emergency plasin firefighting missions for fire brigade teams or mine rescue teams are
the main concerns during a fire event in a mine. A precise fire numanasjlsis before
any fire events can give @etailedview of the emergency situatipand leado better
response and improved safejowever, the high computational cost of such simulations
has limited their applicatiowWhen they are appliedpmputatioml fluid dynamics (CFD)
numerical analysis is utilized for precise studies rleafire field [1-3]. While network
modeling, onedimensional (1D) simulationis often usedfor fire analysisof large
computational domains such as undewpd mine tunnel efronments. he 1D
simulations technique isommonly usedlue to the much lower computational ¢dmsit
the physis of the complex regions encountered close to the fire s@rsagot captured
precisely. The coupling of CFD fire simulations to the 1D siraulations (ultiscale fire
simulation 3D-1D) is a useful technique to reduce the computational time without
significant loss of accuracy. This technique is extensively applied in different engineering
fields, such as mechanical engineering, environmesmgineering, and bio engineering
[4-11]. Coupling methods haasobeen used in the simulation of airflow and fire in the

transportation tunnels {81].

According to previous research siesl[e.g., 10], the significant parametdor
accuracy of largeystem multiscale simulatiors ithe location of the interface boundary
between 3D and 1D simulations. Therefore, for determination of the interface boundary,
thereis a need to simulate several multiscale simulations. Based on the calculated lowest
averageerror between CFD and coupled models at different cros®isga@n interface
boundary can beletermined ¢.g., 10]. Several studies have described exthaustive
systematianethodfor determination of 3ELD interface boundarid8-11]. However, in

this study, a statef-the-art methodology was developed to determine the interface
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boundaries based on the fundamental physics of the fluid, including the physics of the fluid
structure, turbulent kinetic energy (TKE), and the vodgramics. In additiona large

eddy simulation (LES) mathematical model was considedurbulence simulation in
thisresearch study

LES has been used extensively for the fire numerical analysis study in different
research areas such as fire plumelist flame height studies, plume temperature, mine
fires, and etc. [1A9]. This approach has some advantages comarthe Reynolds
averaged NavieStokes (RANS) equations whicheve utilized in previous research
studies. Based on the results of theparison of the RANS and LES approaches for-well
ventilated horizontal tunnel fires, it was evident that the temperature contours of the LES
simulations for 30 kW fire shovbetter agreement with the experimental results than the
RANS simulations results. ufthermore, the turbulent thermal diffusion in the LES
simulation showed better agreement than in the RANS simulations due to thedalee
unsteadiness in the LES [20]. Although RANS can provide results for mean quantities with
acceptable accuracy at derate cost for simulation of fire and smoke propagation [10, 11,
20-23], LES was selected for simulation of the turbulent fluctuations.

Previous research studiessults have shown that the interface boundary should be
located in the regions where theovfl structure is quasiD which means that the
streamwise component of the fluid is the dominant component on thé&dllo\8-10, 20].
Moreover, in order to decompose the whole domain into 3D and dmuhins as shown
in Figure9.1, the continuity of ta following quantities at the interface boundaries should
be met [24].
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Therefore, since the mean properties of fluid (mean velocity, mean temperature,
mean pressure) are transferred at the8BOnterface in both directions, all node values of
the 3D model at the interface should be almost uniform and close to the meanWatless
these circumstances, the single value (mean value) of the 3D model at the interface
boundary can be the precise representative of all the nodes in that cross section for a

dynamic system.

This research studp€uses on the development oftateof-the-art methodology
to determine the interface boundary in multiscale simulations of the active face fires in
underground coal mines. The development of the methodology is based on the fundamental
physics of the fluid structure, Turbulent Kinetic Ene(g¥KE) of the dynamical systm,
and the vortex dynamics.efailed longitudinal agh transversal velocities analgsevere
conducted to distinguish the region where the streamwise component of the fluid
dominated the flowfield. Moreover, for determination tiie quasilD region, there was a
need to investigate the tendency of fluid particles to rotate and also the intensity of
turbulence of the system. Therefore, the mean vorticity along X, Y, and Z axes and the

mean turbulent kinetic energy at different cresstions of the mine tunnels were analyzed.
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The computational fluid dynamics software, Fire Dynamics Simulator (FDS), Version 6.0
was utilized to determine the region where the airflow behaves as thelquégid. The
formulation of the equations andethumerical algorithm are described in detail in the FDS

technical reference guide [25].

Due to the potential for high lewebf methane gas and coal dust during the
production at the continuous miner working face, tlpsrating region is consider@me
of the most significant risk areas for fire events. Therefore, a methane fire event at a
continuous miner heading as shown in Figure 9.2, number 8 entry, with the exhausting line
curtain set to the right side, was considered as the computational domaamtimuous
miner headings, due to different magnitudes of the ignition or resulting fire, auxiliary
ventilation controls may be dislodged, affecting the ventilation into the area. Therefore, the
effect of ventilation curtain removal on the selection drifsice boundary, for coupling of
the 3D simulations to the 1D simulations was investigated. According to the various
velocities and HRR, thirteen fire scenarios were utilized to investigate the impact of

velocity and HRR changes on the selection ofl¥Dinterface boundary.

Selected Working Face

Figure 9.2. Schematic view of the selected working face (after [19])

The interface boundary regions were determined for all scenarios according to the
conducted studies results. Then, the 1D models were simukitegV/entFIRE™M in order
to couple to the full CFD simulationg&n indirect coupling strategy was utilized for
coupling of CFD models to 1D models; the coupled results were compared to the full CFD

and 1D modelsBased on the resultd)d interface boundary for multiscale simulation of
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fire at coal mine working faces was recommendEden, a general algorithm was
developed based dhe physics of the fluid structufer multiscale (3B1D) simulation of

all kinds of fire (e.g., longwall fire, gob fire, vehicle fire, electrical installation fire, and
belt fire) for underground mines.

9.3. Computational Domain and Design ©nsideration

According to U.S. regulations, in exhausting face ventilation systems in all
underground coal mines, the mean entry air velocity reaching each working face where
coal is being cut should be at least 0.3 m/s [26]. In addition, the maximuml@aity at
the working faces was recommended to be 4 b#@sause higher velocitiesn resulin
personnel discomfort anicicreased dust entrainment in the area [27]. Therefore, three
different velocities as the minimum (0.3 m/s), the velocity basedpamtaer mine in the
United States (0.6 m/s), and the maximum velocity (4.0 m/s) were considered to investigate
the effect of velocity changes on the determination ofl8Dinterface boundary of the

working face fire simulations.

There is no information ithe literature quantifying a heat release rate for methane
ignitions at the working faces in underground coal mines, due to the difficulty in measuring
or estimating the fuel mass loss or gas consumption in a real scenario. Some research
studies were condtted to measure the peak HRR of a drilling rig and a loader fire which
they were as 29.4 MW and 15.9 MW, respectively [28]. In addition, the maximum HRR

of a single wood crib was measured at about 180 kW [29].

Moreover, different experiments were conduatcby the U.S. National Institute for
Occupational Safety and Health (NIOSH) for better understanding of mine fires, using a
natural gas burner with a rated HRR of 44 to 114 kW [30]. Additionally, an experiment
was conducted on 230N, 1-MW and 3MW dieselfuel fires to investigate the effect of
ventilation and preborn time on water mist extinguishing [31]. Although there is a lack of
information in terms of HRR, there are some data in terms of flame height and physical
size of the fire at working faces. éarding to MSHA mine fire accident reports from 2000

to 2012, most fires at working faces were reported as small fires, such as a floor methane
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fire in 2000 which the flame size was reported to be 0.25 m high and 1 m long by 1 m wide
in the presence of ciain. Consistent with the data of previous research, the simulated 200
kW methane fire at a working face agreed well with the reported flame size [19]. Although
none of the reported flame heights at the working faces reached to the ceiling, the maximum
HRR was selected at 1000 kW, which would correspond to a flame height of about 2.7 m.
Therefore, different fire scenarios ranging from 200 kW to 1000 kW were simulated in
order to investigate the effect of HRR changes on the selection of a multiscale enterfac
boundary for underground mines working face fire simulations. In this study, it was
assumed that the methane was ignited on a surface that was 1 m long and 1 m wide. The
thickness of the coal under the fire source was 0.2 m. The minimum, medium, and
maximum values for velocity and HRR as shown in Table 9.1 were considered to

investigate the effect of HRR and velocity changes on the selection of interface boundary.

Table9.1. Selected values for designsohulations

Parameter Minimum Medium Maximum
Velocity (m/s) 0.3 0.6 4.0
HRR (kW) 200 600 1000

The simulated fire in this research study was ac¢oekrolled fire since the most
entry fires were reported as the fwelntrolled fires [32]. It was assumed that the ignition
and fire occurred during continuous miner production. In this study, theioignit
magnitudes were not quantifidtis common for an ignition to damage or destroy auxiliary
ventilation controls in a dead end mining face, so effects of ventilation curtain removal on
the selection of 3E1D interface boundary was investigated. Theusated scenario

conditions are shown in Tables 9.2 and 9.3.

Table9.2. Different scenarios based on the curtain position, fire size (HRR), and

inlet velocity
Curtain Scenario HRR  Velocity Curtain position Scenarios HRR Velocity
position (kW) (m/s) (kW) (m/s)
Scenariol 200 0.3 Scenario4 200 0.3
With Curtain  Scenario2 200 0.6 Without Curtain Scenario5 200 0.6
Scenario3 200 4 Scenario6 200 4.0
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Table9.3. Different scenarios based on the curtain position, fire size (HRR), and inlet

velocity
Curtain Scenario HRR Velocity Curtain position Scenarios HRR Velocity
position (kW) (m/s) (KW) (m/s)
Scenario 7 200 0.6 Scenaridl0 200 0.6
Scenario 8 600 0.6 Scenario 11 600 0.6

With Curtain  Scenario9 1000 0.6 Without Curtain  Scenario 12 1000 0.6
Scenario 13 1000 0.3

In all scenariosit was assumed that a methane fed fire was started by an initial
ignition event. The fire was set on the fladrthe center, close to the face. The geometry
and ventilation are generally based on a partner mine in the United States. The width and
height of the entries were 6 m and 1.8 m, respectively. The length of the entry that had the
continuous miner in it waset at 15 m and the distance from the outlet to the end of the
curtain was 49 m. The curtain was installed in the entry, 0.9 m from the closest rib. The
length of the inlet to the main entry was 73 m. The thickness of the coal on the wall assumed
to be 01 m for consideration of thermal conduction through the wall. The detailed tunnels
geometry dimensions, continuous miner, fire source, airflow direction, and exhausting
curtain utilized in all simulations are shown in Figure 9.3. The hydraulic diamefeof(D
the tunnels was calculated at 2.769 m. The exhausting ventilation curtain was removed
from the computational domain for scenarios without exhausting line curtain (scenarios 4

through 6 and also scenarios 10 through 13).
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Figure 9.3. Geometry dimension and objects in the computational domain (isometric

view)

Methane fire characteristics such as heat of combustion and soot yield were set to
55.5 MJ/kg and 0.1 kg/kg, respectively. The thermal and the qgdtysharacteristics of
Pittsburgh bituminous coal [33], were considered for the characteristics of the walls in all
simulations. The detailed characteristaf the exhausting line curtain explained in the
previous research [19, 34, 35], was utilized ia §imulations. For the simulation of the
continuous miner body in the computational domain, the thermal and mechanical
properties of steel were considered. Since the specific heat and the conductivity of the steel
are temperature dependent, the rafezd parameters were varied based on different
temperatures. In FDS, we assumed that reliable numerical results can be achieved when
the grid size is O 0. inkétailip [B@ 37]. Theréfeegrel D *
sizesof 5 cm, 8 cm, and 10 cm were considered for the numerical analysis of tké&/200
600 kw, and 100kW methane fires respectively in this study. Tksgjiared approach
was utilized for the growth of the methane fire at the face [38]. The decay time foeriod
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methane fire was ignored in the study as the focus of the research in this paper was the
development of a methodology for determination of 3D interface boundary of the
working face fire simulations. The growth of the fire at the face was assurbeddst to
ultra-fast growth with afire growth coefficient set at 0.16 kV¥/g89]. The volume flow

rate at the inlet varied in the range of 3.24so 43.2 /s and the outlet was set to open.

A no-slip boundary condition was considered for all wallgl objects in the computational

domain.
9.4. Methodology Development for Interface Boundary Determination

The region where the flow structure is québBiis the region where the longitudinal
velocity is the dominant component of velocity on the fluid stmecio that regior8-10,
20]. Therefore, 1Dsimulation can be performed on that region since thesyeasal
velocity components do nhaffect the fluid structure and the resuBue to this, a detailed
longitudinal and transversal velocity componentslyais was conducted in order to
determine the region where the longitudinal velocity dominates the fluid field. In the other
words, the region where the influence of transversal velocity components on the fluid
structure were inconsequential, was deterohifi@rther, the intensity of the turbulence of
the system was investigated withtbulentkinetic energy (TKE) analysis. Furthermore, in
order to determine the region where the transversal velocity components have
inconsequential effect on the fluid fiekthe tendency of fluid particles to rotate (vorticity)
along different ags (X, Y, and Z), was investigated. In the worst case scenario (scenario
13 with no line curtain, and relatively high HRR and low velogiiy was observed that
the rollback didnot advance along the longitudinal axafter 1300 s and after that the
steadystate flow condition in the tunnelasreached. Therefore, all parameters upstream
and downstream of the fire source in all scenarios were investigated at t=1300 s. All
parameters @re calculated at all nodes along the height of the tunnel at different cross
sections of the mine. All calculations are at a distance tranflow path as shown in
Figures9.4 (a) and9.4 (b) for both curtain and curtain less scenarios respectively. The
development of the methodology for selectionha&finterface boundary to couple 3D and

1D simulations in sceniaxr 1 was explained in sections 9.4.1 and.D.ih detail. The
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methodology for the rest of the scenaya®d alsq the effect of changes in \agity, HRR,

and the ventilation curtain positiavere investigated in section 9.5
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Figure 9.4. Distance from flow path and the selected cross sections for all scenarios a)

scenarios with curtain (scenarios 1, 2, 3, 7, 8, and 9) b) without exhausting line curtain

scenarios (scenarios 4, 5, 6, 10, 11, 12, and 13) (top View). Continuous miner isrshown
orange

In all scenarios, the velocity component parallel to the airflow direction represents
the longitudinal velocity component and the velocity components in the horizontal (lateral)
and the vertical directions perpendicular to the airflow represieatsansversal velocity
components. Therefore, the velocity alahg X-axis in the inlet tunnel represents the
transversal velocity component in the horizontal direction while the velocity Xlemgs
in the outlet tunnel is the longitudinal velocityngponent.

9.4.1.Longitudinal and Transversal Velocity Components Analysis

The longitudinal and transversal velocity components of all nodes along the height
of the tunnel at different cross sections in scenario 1 were calculated. The resultsedere
to analyzethe distribution and normality of the longitudinal velocity and the transversal
velocities (lateral and vertical) of all nodes at different cross sections of the tunnel upstream
and downstream of the fire source at t=1300h& £ro line represents theoss section of

the tunnel at the center of the fire source. In scenario 1, because the velessythan
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critical velocity, the smoke progressed into the continuous miner face abautdlitby

the mouth of the curtain, as shown in FigQr®. However,because of the presence of
exhausting line curtain, the smoke dit progress into the inlet airway. Previous research
[19] has shown that the smoke progress from the mouth of the curtain depended on the
curtain length. Therefore, the use of ventilatantain can influence the transport of smoke

and fluid structure upwind; consequently, the selection of interface boundary would be

affected by the position of the ventilation curtain.

Figure 9.5. Smoke prgress to the continuous miner area in scenario 1 at t=1300 s (top
view)

Due to the presence of the objects (continuous miner and ventilation curtain) in the
continuous miner face and the upwind transport of smoke in the continuous miner region,
the dynamicflow field in the continuous miner face was not quBBi Therefore, the
continuous miner face is clearly not an ideal place to couple 3D and 1D simulations. On
the other hand, some 1D simulation software such as MFIRE are not able to analyze the
fluid structure in the narrow channels or airways (such as the airway at the backside of the
curtain) [40]. Therefore, the region to decompose the domain into the 3D and 41D sub
domains should be located away from the continuous miner face region at upstream and
downstream regions. In addition, because of the sudden expansion at the outlet of the
exhausting line curtain, a large eddy zone at the outlet of the curtain is created. Therefore,
the flow pattern is not quadD at that zone. Hence, the interface bounddoguld be
located far away from the outlet. The flow pattern based on time at the outlet of the

exhausting line curtain is plotted as shown in Figure 9.6.
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Figure 9.6. the flow pattern at the outlet of thehausting line curtain according to
differenttime atz=1.3m (a) 10 s (b) 16 s (c) 100 s (d) 200 s (e) 500 s (f) 1300 s (top
view)

The normal quantile plot, beandwhisker plots, and the distributions of the
longitudinal and transversal velocitiesadf nodes at different cross sections of the tunnel
in scenario 1 are shown in Figures 9.7, 9.8, andMl%listances are from the center line

of the fire source at the working face as shown in Figure 9.4 (a).
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Figure 9.7. Normal quantile plot, boandwhisker plots, and distributions of longitudinal
velocity at different cross sections of the tunnels at t=1300 s in scenario 1 (a) cross
section B (b) cross section C (c) cross section D (d) cross sé&fjepcross section H
(f) cross section | (the cross sections are based on Figure 9.4 (a))

According to the data of Figure 9.7, by getting closer to the mouth of the curtain
and the fire source (Figures 9.7 (b) and 9.7 (c)), the distribution of the longitudinal velocity
of all nodes along the height of the tunnel at those cross sections @matly distributed.
However, the longitudinal velocity of all nodes along the height of the tunnel at different

cross sections from the inlet (cross section A) to 23 m upstream of the fire source (Figure
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9.7 (a)) were distributed normally. Also, the lamglinal velocity of all nodes at each cross
section was not distributed normally up to 57 m downstream of the fire (cross section H).
Again, the normal distribution was observed from that cross section to the outlet (Figures
9.7 (e) and 9.7 (f)). The beand-whisker plots in Figure 9.7 show that the dispersion of

the longitudinal velocity values at cross sections increased as one moves closer to the end
of the curtain at the return or the fire source as shown in Figures 9.7 (b) and 9.7 (c). Due to
the sudde expansion at the outlet of the curtain, the longitudinal velocity has the highest
dispersion, as shown in Figure 9.7 (d). At that section (cross section G) about 45% of the
longitudinal values were in opposite direction of the air flow. However, byngdiirther

from the cross section G, the percentage of the longitudinal velocity in opposite direction
of the stream decreased. At the cross section H (30 m away from the cross section G), just
19% of the longitudinal velocity values were calculated irogfip direction of the airflow.

Due to the produced eddies and the turbulent flow field in the underground mine tunnels
downstream of the fire source, the percentage of the longitudinal velocity in opposite

direction from that cross section up to the dugenained constant.

The distribution of transversal velocity components in horizontal (lateral) and vertical
directions, shown in Figures 9.8 and 9.9, are similar to the distribution of longitudinal
velocity component. A normal distribution of the treesal velocities in horizontal and
vertical directions were not observed in the continuous miner face (close to the fire source)
while a normal distribution was observed far away from the fire source (e.g., from the inlet
to the cross section B upstreanddrom the cross section H downstream to the outlet).
Moreover, the spread of transversal velocity components (in horizontal and vertical
directions) of all nodes along the height of the tunnel at different cross sections decreased
by getting away from # continuous miner region. In the other words, the domination of
transversal velocity components (in horizontal and vertical directions) on the fluid field

decreased when moving away the fire source.
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Figure 9.8. Normal quantile plot, baandwhisker plots, and distributions of transversal
velocity in horizontal direction at different cross sections of the tunnels at t=1300 s in

scenario 1 (a) cross section B (b) cross section)Cress section D (d) cross section G
(e) cross section H (f) cross section | (the cross sections are based on Figure 9.4 (a))
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Figure 9.9. Normal quantile plot, baandwhisker plots, and distributions tinsversal
velocity in vertical direction at different cross sections of the tunnels at t=1300 s in

scenario 1 (a) cross section B (b) cross section C (c) cross section D (d) cross section G
(e) cross section H (f) cross section | (the cross sectianbased on Figure 9.4 (a))

The transfer of mean values (velocity, pressure, temperature) is required for the
adoption of direct and indirect (3LD) coupling strategies {81]. For this reason, a cross
section which all the nodes values of 3D model dtdfass section are nearly uniform and
close to the mean values can be selected as the most suitable boundary for decomposing
the global domain into 3D and 1D sdbmains. In the other words, the spread of values

of all nodes along the height of the tunaeldifferent cross section plays a key role for
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determination of interface boundary and it should be investigated. Hence, a study was
conducted to calculate the standard deviation of the longitudinal and the transversal
velocities of all nodes along theight of the tunnel at different cross sections in steady
state condition as shown in Figure 9.10.
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Figure 9.10. The dispersion of the longitudinal and the transversal velocities at different
cross sections of the tunnels in scenario 1 at t=1300 s (the cross sections are based on
Figure 9.4 (a))

Consistent with the data of Figure 9.10, the standard deviation tdfrtgiudinal
and the transversal velocities of all nodes along the height of the tunnel at different cross
sections were calculated to be less than 0.02 from the inlet to 1 m to the cross cut (e.g.,
from cross section A to cross section B). The dispersidhe values started increasing
because of three main reasons; the turning points at the cross cut, the roll back of the smoke
at the continuous miner area, and the continuous miner object at the working face (e.g.,
cross section B to cross section C).tle center line of the fire source (cross section D),
the spread of the longitudinal velocities of all nodes decreased while the spread of the
transversal velocities increased (zero line represents the cross section D). The spread of the
values of the ndes along the height of the tunnel increased at the mouth of the curtain
(cross section E). The dispersion of the longitudinal velocity of all nodes along the height
of the tunnel at different cross sections at the back side of the curtain remainedtconstan

(cross section E to cross section F), while the spread of the lateral and vertical transversal
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velocities of all nodes decreased in the same region. The highest dispersion of the
longitudinal velocity of all nodes was calculated at cross section @asHe reason lies

in a sudden expansion of the cross section. The sudden expansion of the cross section and
the ventilation curtain position contributes to the creation of vorticities in the region after
the curtain (from cross section G to cross sedipnFrom cross section G to the outlet
(cross section J), the dispersion of the transversal velocities of all nodes remained relatively
constant. However, the dispersion of the longitudinal velocity of all nodes decreased from
the cross section G to theoss section H and then plateaued to the outlet.

Due to thecomplex dynamical fluid field close to the fire soura®jide dispersion
of the longitudinal and transversal velocity components was calculated. However, the
spread of the values decreased atféinefield, after one advances beyond the auxiliary
ventilation controls (i.e., line curtainn addition, this study has shown that the streamwise
component of the velocity (longitudinal velocity) was affected by the temperature in all
computational doma while the transversal velocity components were influenced by the
temperature just close to the fire source. In the other words, the transversal velocity
components were temperatutependentlose to the fire sourcavhile the effect of the

temperaturen the transversal velocities was inconsequential far away from the fire source.

9.4.1.1Longitudinal velocity ratio to transversal velocities

The ratio between longitudinal and transversal velocities can give a broad view
about the fluid field structure and consently the near and the far fire fields can be
distinguished. Then, for adoption of multiscale methodology, the CFD (3D) and 1D models
can be applied to the near field and far field respectively. According to the previous studies,
it was evident that thélow structure was quadiD when the maximum longitudinal
velocity ratio was almost 2 times of the maximum transversal velocities [20]. In addition,
in some research studies [10, 11], the far field was named for the region where the
longitudinal velocity & up to two orders of magnitude larger than the transversal velocity
components. Hence, a study was conducted to calculate the maximum longitudinal velocity
component ratio to the maximum transversal velocity components along the height of the

tunnels adifferent cross sections from the inlet to the outlet in the steady state condition
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as shown in Figur8.11. Also, for investigating the ratio between the mean longitudinal
and the mean transversal velocity components, there was a need to calculatenthe mea
velocity components along the height of the tunnels at different cross sections which it is
explained elaborately in section 914.

According to Figure 9.11, the longitudinal velocity component dominated the fluid
field from the inlet to the crossection B which it is 1 m before the cross cut. After the
cross section B, the air tends to turn to the continuous miner area. Therefore, the effect of
transversal velocity components on the fluid structure at the cross section increased
dramatically whicht resulted the ratio in decreasing conspicuously. The lowest ratio was
calculated at the center of the fire source indicating that this flow field was notlduasi
At the mouth of the curtain (cross section E), because of the turning point of the tie an
complex fluid structure, the effect of the transversal velocity components is consequential.
At the back side of the curtain (from the cross section E to the cross section F) the ratio
increased dramatically; so, the fluid field was qud3i Becausef the sudden expansion
of the cross section from the cross section F to the cross section G, the ratio decreased. Due
to the effect of the created vorticities between cross section G to the cross section H, the
impact of the longitudinal velocity compamteon the fluid field decreased. The maximum
longitudinal velocity to the maximum transversal velocity ratios varied widely from the
cross section B to the cross section H as shown in Figure 9.11. The maximum longitudinal
velocity component ratio to the mienum transversal velocity components remained

constant at about 6 from cross section H to the cross section J (outlet).

Overall, the complex dynamical 3D fluid field was observed from the cross section B to
the cross section H. Therefore, this region diainguished as the near fire field and the

3D CFD simulation should be applied to this region. In addition, the region between the
inlet and the cross section B upstream and between the cross section H and the cross section
J downstream were distinguighas the far fields (where the interface boundary could be
located). Due to the transport of smoke and hot gases to the outlet, the maximum

longitudinal velocity ratio to the maximum transversal velocities at the outlet was lower
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than the inlet. Moreovenpstream of the fire (from the inlet to 1 m to the crosscut (8.5 D

to the crosscut)) the dominant component of the velocity was the longitudinal velocity.
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Figure 9.11. The maximum longitudinal velocity ratio to the maximum transversal
velocities along the height of the tunnel at different cross sections at t=1300 s for
scenario 1 (the cross sections are based on Figur€a))

9.4.1.2Mean velocityand mean velocity component

The mean longitudinal and the mean transversal velocity components along the
height of the tunnel at different cross sections were investigated for two re@sonise
hand, the near and the far fields can be distinguished via determination of theasgnif
component/components of the velocity on the fluid structure at different cross sections of
the tunnel. On the other hand, due to the continuity of the average velocity at-ii2 3D
interface boundaries, the mean velocity and its components alohgitjie of the tunnel
at different cross sections were analyz&sl.shown inFigure9.12, itis evident that the
mean transversal velocity in horizontal and vertical directions in the near field (e.g., cross
section B to the cross section H) experienoadaiderablefluctuations. In that region, the
mean transversal velocities were calculated within a rang & m/s to + 0.2 m/sas
shown in Figure®.12 (positive and negative values correspond to the direction). From the

inlet to the cross section B afrdm the cross section H to the outlet, the mean transversal
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velocities were small. Therefore, this study has shown that the effect of the mean

transversal velocities on the fluid field at those regions were inconsequential.
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Figure 9.12. The mean transversal velocity components along the height of the tunnel at
different cross sections at t=1300 s in scenario 1 (the cross sections are based on Figure
94 (a))
It is noteworthy thathe magnitude of the medongitudinal velocity compared to
the mean transversal velocities is significantly higher at different cross sections of the
tunnels as can be seen in Figure 9.13. From the inlet to the cross section B and from the
cross section H to the outlet, the meaifoeity remained constant and it was calculated as
same as the mean longitudinal velocity. The mean velocity was higher than the mean
longitudinal velocity in the near field (e.g., cross section B to the cross section H). The
reason lies in the high impaof the transversal velocity components on the average
velocity. Hence, the fluid field in that region was not gid3i
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Figure 9.13. The mean velocity and its components along the height of the tunnel at
different cross sections at t=1300 s in scenario 1 (the cross sections are based on Figure
94 (a))

9.4.2.Turbulent Kinetic Energy (TKE) and Vorticity Analysis

The TKE of a dynamical system represents the energy content of eddies in turbulent
flows of that syste. Although the turbulent flows are dissipative (the kinetic energy of
larger eddies will be transferred to the smaller ones, and finally the kinetic energy of the
smallest eddies will be converted into the heat), sometimes backscatter phenomenon (the
kinetic energy will be transferred to the larger eddies via the interaction of the smaller
eddies with each other,) can occur-43]. Due to this, a study was conducted to investigate
the strength of the turbulence of the system and the tendency of flualigsaia rotate via
calculation of the mean TKE and the mean vorticity alorgYX, and Zaxes along the
height of the tunnel at different cross sections as shown in Figure 9.14. The fluid particles
tend to rotate less in the qud$) flow regions. Thereire, the TKE of the quadiD fluid
field (far field) should be lower than the TKE of 3D field (near field).

According to Figure 9.14 (a), the mean TKE at the near field (cross section B to
cross section H) is experiencing the sporadic behavior becadse\adlbcity fluctuations
in scenario 1. However, the mean TKE at the far fields (from the inlet to the cross section
B upstream and from the cross section H to the outlet) remained constant and less than 0.15
(m/sy¥. The highest mean kinetic energy of thebulent flow was calculated at the mouth

of the curtain in the near fire field (cross section E) by about 3.5%(r/shsistent with
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the data of Figure 9.14 (a), by comparison with the inlet turbulent kinetic energy, it was
evident that the effect of dibs on the energy of the system from the cross section H to the
outlet was inconsequential. This study has shown that the created energy content of eddies
in the near fire field was dissipated at the cross section H downstream of the fire and then

TKE remained constant up to the outlet.
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Figure 9.14. The mean TKE and the mean vorticity along the height of the tunnel at
different cross sections at t=1300 in scenario 1 (a) mean TKE (b) mean vorticity (the
cross sections are based on Figré (a))

It is noteworthy that the mean vorticity along X, YidaZ-axis (Figure 9.14 (b))
was calculated within a range df3 (1/s) to 2 (1/s) in the near fire field (which it was
started after cross section B to the cross section H) while the mean vorticity along different
axis at the far fields (from the inlet tbe cross section B upstream and from the cross
section H to the outlet) were calculated close to zero but it was not exact zero because of
the turbulence structure of the airflow in the airways. The highest mean vorticity along X,
Y, and Zaxis was calcated at the mouth of the curtain in the continuous miner area (cross

section E).

Overall, the higher energy content of eddies and the higher rotational structure of
the fluid were calculated from the cross section B to the cross section H (near field).
Beause of the complex fluid structure in this region, the 3D CFD simulation has to be
applied. In addition, because of the low energy content of eddies and low tendency of flow
particle to rotate in the region between the inlet and the cross section Banpsine
between the cross section H and the cross section J downstream (far fields), the fluid
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structure could be count as the quBBifluid. Therefore, the interface boundary can be
located at that region for coupling of 3D models to the 1D models iniscalk

underground mine fire simulations.

9.5. Effect of Velocity, HRR, and the Curtain Position Changes on Interface
Boundary Selection

Different working face methane fire scenarios ranging 200 kW to 1000 kW were
investigated with various inlet velocities (0v8s, 0.6 m/s, and 4 m/8) order to analyze
the influence of the velocity and HRR changes on the selection dfDBihterface
boundary in multiscale underground working face fire simulations. According to the
minimum, the medium, and the maximum valuasvielocity and HRR as shown in Table
9.1, thirteen different scenarios shown in TR were simulated. Previous research [19]
has shown that different levels of damage to an exhausting ventilation curtain in a
continuous miner heading influenced thensport of the smoke into the entiifhe worst
case scenario was determined as the scenario without an exhausting ventilatioracwttain
the effect of the position of the ventilation curtain on the selection ef30nterface
boundary was investigatebh addition, the worst case scenario with the longest rollback
length (scenario 13) was considered for the investigatiodBDeiD interface boundary

position in multiscale underground working face fire simulations.

The same longitudinal and transversdbegy components analysis and the same
TKE and the vorticity analysis (as described in sections 9.4.1 and 9.4.2 for scenario 1) were
conducted to determine the near and far fields for multiscale working face fire simulations
in scenarios 2 to 13. All caltations are at a distance from flow path as previously shown

in Figures 9.4 (a) and 9.4 (b) for both curtain and curtain less scenarios respectively.

As shown in Appendix E, increasing the inlet velocity from 0.3 m/s to 0.6 m/s and
4.0 m/s, increased tlteomponent velocities. The mean transversal velocity in horizontal
and vertical directions impacted the fluid structure drastically close to the fire source, while
away from the fire, just the longitudinal velocity component dominated the fluid field.

Moreover, by increasing the inlet velocity, the energy content of eddies and the rotational
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structure of the fluid close to the fire source (near field) increased. However, at a certain
distance away from the fire source, the created energy content of eddidsgipated and
remained constant up to the outlet. Therefore, at a certain distance away from the fire
source, the tendency of the fluid particles to rotate decreased. In scenarios 2 and 3, the near
field was distinguished from cross section B to thassrsection H as shown in Appendix

E. It is noteworthy that in the scenarios without curtain (see Appendix F), the near field
domain decreased by increasing the velocity from 0.3 m/s to 4.0 m/s due to the effect of
rollback on the fluid structure upstrearhthe fire. By increasing the inlet velocity from

0.3 m/s to 0.6 m/s and 4.0 m/s, the length of the rollback at the inlet tunnel decreased from
36 mto 8 m and 2 m, respectively, as shown in Figure 9.15. Consequently, because of the
roll back length chares, the region where the fluid field is quas§) (far field) upstream

of the fire was changed while the quag region downstream of the fire was not changed

by varying the velocity. The interface boundary downstream of the fire in scenarios without
curtan (See Appendix F), was calculated at 37.5 m distance from the flow path (cross
section G). The quadiD region upstream of the fire in scenarios without curtain were
calculated 3.3 m further away from the tip of the roll back. Hence, in all scenartmaitvit
curtain (scenario 4, 5, and 6), the near field was distinguished from a cross section which
itis 3.3 m further away from the tip of the roll back to the cross sectitime@&K0ss sections

are based oRigure 9.4(b)) as shown in Appendix F.

(@) (b) ()
« 36 m | | 81 2 Qﬂ
' [ 1

Figure 9.15. The Effect of velocity changes on the rollback length (a) scenario 4 (b)
scenario 5 (c) scenario 6

By increasing the velocity from 0.3 m/s to 0.6 m/s and 4 m/s in scenarios with
curtain (scenarios 1, 2, and 3), the region where the fluid structure waslfuasis not

changed. This study has shown that the upstream and downstream interface boundaries in
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scenarios with curtain were not changed by varying the inlet velocity. So, the interface
boundaries were velocity independent in scenarios with exhausting line curtain. However,
the upstream interface boundary in scenarios without exhausting line curténe

computational domain is velocity dependent. The downstream interface boundary in

scenarios without exhausting line curtain were not changed by varying the velocity.

In addition, a study was conducted to investigate the effect of HRR changes on the
quastlD domain size. Therefore, two different sets of scenarios (see Appendix G and
Appendix H) based on the presence of the exhausting line curtain in the computational
domain were simulated as explained in Table 9.3. According to Appendix G, it wastevid
that by increasing HRR from 200 kW to 600 kW and 1000 kW, the near fire field (after
cross section B to the cross section H) was not changed in scenarios with exhausting line
curtain (scenarios 7, 8, and 9); only minor changes were observed on thiideghthe
mean velocity components, the mean TKE, and the mean vorticity at different cross
sections of the mine tunnel as shown in Appendix G. According to Appendix H, the region
where the fluid structure is quabb, was changed in scenarios withoxhausting line
curtain (scenario 10, 11, and 12) by varying the HRR from 200 kW to 600 kW and 1000
kW. Because of HRR changes, the transport of smoke upstream of the fire (roll back) was
changed as shown in scenarios 10, 11, and 12. By increasing thedtiRER00 kW to 600
kW and 1000 kW, the length of the rollback at the inlet tunnel increased from 8 mto 28 m
and 32 m, respectively. Therefore, the upstream interface boundary was affected by the
changes of HRR in scenarios without exhausting line cugaangério 10, 11, and 12). The
guastlD region upstream of the fire in scenarios without curtain was calculated 3.3 m
further away from the tip of the roll back up to the inlet and the downstream interface
boundary (See Appendix H), was calculated at 37distance from the flow path (cross
section G).

The highest HRR (1000 kW) and the lowest inlet velocity (0.3 m/s) in the
computational domain without exhausting line curtain were considered as the worst case
scenario (scenario 13) to investigate the eftdddRR and velocity changes at the same

time on the quaslD region size. Acaaling to Appendix H (Figure 9.32it was evident
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that the downstream interface boundary was independent of HRR and velocity changes at
the same time. The downstream interfaceirtmary in scenario 1@igure 9.32 was
calculated at 37.5 m distance from the flow path (cross section G) as same as the calculated
downstream interface boundary in scenarios 10, 11, and 12. However, by having the
highest HRR (1000 kW) and the lowest velocity (0.3 m/s), the length ofithadloat the

inlet tunnel increased to 70 m. Therefore, The gliBsregion upstream of the fire in

scenario 13 was calculated 3.3 m further away from the tip of the roll back up to the inlet.

By comparison of scenarios with exhausting line curtain @osttenarios without
curtain (e.g., scenario 1 to 4, scenario 2 to 5, scenario 3 to 6, scenario 7 to 10, scenario 8 to
11, scenario 9 to 12), it was evident that the presence of the exhausting line curtain
influenced the domain of the quddD region. Becase, not only the presence of the curtain
affected the transport of the smoke upstream of the fire, but also the fluid structure
downstream of the fire (on account of sudden expansion) was affected by the presence of
the curtain. The quadiD region upstrea of the fire decreased while the quab
downstream of the fire increased when the exhausting line curtain was removed from the
computational domain (scenarios without curtain). The downstream interface boundary
was 20 m closer to the fire source whea ¢éxhausting line curtain was removed from the
computational domain in all scenarios. The upstream interface boundaries were rollback
length dependent. Overall, the interface boundaries were affected by the presence of an

object (e.g., exhausting line cair) in the computational domain.

It was evident that the interface boundaries did not depend on the fire size (HRR)
and the velocity in all scenarios with the exhausting line curtain in the computational
domain. In scenarios without exhausting ventilatartain in the computational domain,
the downstream interface boundary was independent of the fire size (HRR) and the velocity
while the upstream interface boundary was the fire size (HRR) dependent and the velocity

dependent.

According to thdongitudind and the transversal velocity components analysis and
the TKE and the vorticity analysis, the quaB regions for all scenarios were determined
in order to couple 3D models to 1D models. The upstream)(Ed downstream (Bwn)

245



interface boundaries we determined for all scenarios as shown in Figure 9.16. Because
of different roll back length in scenarios without curtain as shown in Table 9.4, the
upstream interface boundary varied in associated scenarios. In Figure 9pl688xn,

and D are upsteam interface boundary, downstream interface boundary, and hydraulic

diameter respectively.

IBupy=1m= IBup=393m= IBup=113m= IBup=53m=
(Rollback Length + 1.2Dn)  (Rollback Length + 1.2Dn) (Rollback Length + 1.2Dp)

[ T
IBoown =31 m= IBoowa =33 m = Bpown=33 m = IBpown =33 m =
(11.2Dp) (11.9Dw) (11.9Dw) (11.9Dw)
a) b) ©) d)
IBup=113m= IBup=313m= IBuypy=353m= IBuyp=733m=
(Rollback Length + 1.2Dn) (Rollback Length + 1.2Dn) ll(Rollback Length + 1.2Dx) [l (Rollback Length + 1.2Dn)
IBpows =33 m = IBoown =33 m = IBpows =33 m = IBpown =33 m =
(11.9Dw) (11.9Dr) (11.9Dg) (11.9Dx)
e) D g h)

Figure 9.16. Selected interface boundaries at upstream and downstream of the fire
source (a) scenarios with curta(b) scenario 4 (c) scenario 5 (d) scenario 6 (e) scenario
10 (f) scenario 11 (g) scenario 12 (h) scenario 13 (Not to scal@k8& is shown in black

and gray

Table9.4. Roll back length in the entry frotine cross cut

Scenarios Roll back Length (m)
Scenario 4 36
Scenario 5 8
Scenario 6 2
Scenario 10 8
Scenario 11 28
Scenario 12 32
Scenario 13 70

The upstream and downstream interface boundaries for scenarios with curtain in
the computationatiomain (scenarios 1 to 3, 7 to 9) was calculated at leastOifoiD
upwind the end of the cross cut and at least 1dfin downwind the end of the curtain
respectively as shown in Figure 9.16(a). The upstream and downstream interface
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boundaries foscenarios without curtain in the computational domain (scenarios 4 to 6, 10

to 13) was calculated at least 1r2D far from the tip of the rollback and at least 119D

from the fire source respectively as shown in Figures 9.16(b) to 9.16(h). The study on

downstream interface boundary has indicated the excellent agreement with the previous

research studies [10, 20]. Therefore, the near fire field (region between upstream and

downstream interface boundaries) was determined as shown in Figure 9.16 for all

scerarios.
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VentFIREM was utilized to simulate 1D models. For implementation of the

multiscale methodology, the 1D simulations were coupled to the full CFD simulations. The

multiscale calculations were iducted using indirect coupling strategy with the near fire

field characteristic curves implemented in the 1D models. The indirect coupling strategy

allows the users to get the simulation results faster compared to the direct coupling strategy.

The charadristic curves of near fire field (3D CFD region) are required in indirect

coupling of 3D models to 1D models [9, 10]. Therefore, the near fire field characteristic

points for all scenarios were calculated in terms of mass flow rate versus total pressure

drop across the domain boundaries, and these points are shown in Figure 9.17 for each

scenario.

Figure 9.17. Characteristic points of the near fire filed region for all scenarios
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Due to the continuity of #htemperature at the interface boundaries in multiscale
simulations, the mean temperature along the height of the tunnel at the selected boundaries

in all CFD models were calculated as shown in T8He

Table9.5. The mean temperature at the interface boundaries for different scenarios

Upstream Interface Temperatur Downstream Interface Temperatur

Scenarios (°C) (°C)
Scenario 1 20 31.189
Scenario 2 20 31.339
Scenario 3 20 22.428
Scenario 4 20 28.337
Scenario 5 20 26.492
Scenario 6 20 21.139
Scenario 7 20 31.339
Scenario 8 20 52.372
Scenario 9 20 67.549
Scenario 10 20 26.492
Scenario 11 20 38.470
Scenario 12 20 46.045
Scenario 13 20 45.686

After coupling the 3D (CFD) models to the 1D models, the mean temperature and
the mean velocity results along the height of the tunnels at different cross sections were
selected for comparison of CFD simulations, 1D simulations, and the multiscale
simulatons in all scenarios as showrFigure 9.18 andpperdix |. According to Figures
9.18,9.33 9.34, and®.35, it is evident that the mean temperature and the mean velocity
results were improved drastically when the multiscale methodology was used campare t
the 1D model results. The highest mean temperature difference and the mean velocity
difference between CFD results and 1D results were observed in the near field. Because,
the 1D modeling software (such as VentFIREs designed to provide a predictiohheat
and fire products transfer over the huge computational domains such as entire mine, which
extends kilometers in size. Therefore, for application of this type of prediction, the physics
of the airflow and heat transfer are simplified by treatindgi@es of the tunnel as nodes
where the conditions are spatially uniform. Besides, some phenomenon (such as rollback)
in 1D simulations are overlooked. Due to this, the physics of the fluid characteristics cannot

be captured precisely as can be seehRigare 9.18 andAppendix I. Therefore, a higher
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percentage of error of the mean temperature and mean velocity between 1D and the coupled

model could be observed in scenarios with the roll back.
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Figure 9.18 Mean temperature and mean velocity comparison between CFD, 1D, and
the coupled models at different cross sections of the tunnel for all scenarios (a) scenario
1 (b) scenario 2 (c) scenario 3

The associated average temperature and the average velocgyiretha coupled
scenarios compare to the full CFD scenarios at the outlet in all scenarios were calculated

as shown in Figur8.19.

249



10

10

,.\
2

(b)

Temperature Error (%)
[ B T S ]
Velocity Error (%)
= ] E=3 (=] 0o

ol
io2
o3
iod

05

lob
o7
o8
09
iol

Scen
Scen
Scen
S
Scenario:
Si

S

Si

Se

g

Si

Si

LLLLLLLLLLLLL
@ @ @ @ @ @™ @ @ @ ‘o

ario12

ioll
inl2
0l3

. e e i
o e

cenario10
joll
o2
io3
nariod
io5
o6

;;;;;
o O 9O 9O 9O O 9O O

S
S
S
5
S5
S
g
S
S
Scen
en
cen
cen
cen
ena
ena
ena
na

ST T S T s
(I R v S = T &

S
S
S
S

Simulations Simulations

Figure 9.19. The calculated error between CFD and coupieadels for the mean
temperature and the mean velocity at the outlet for all scenarios (a) Temperature error
(b) velocity error

According to Figur®.19, the mean temperature error and the mean velocity errors

at the outlet in all scenarios were calculakess than 6%. The error before upstream
interface boundary was calculated as a 0%.

It is so crucial to consider thabme natural phenomenon can be overlooked in
multiscale fire simulations because of 1D sldmains. To clarify this issue it can be
refer ed to the fAthrottledod phenomenb'whep44] wt
the fire source is located at a dead end tunnel (ex: coal mine working face). Due to the
assumed insufficient oxygen at a dead end tunnel, the software assumes a fireowith ze
airflow while in reality a bidirectional flow pattern may be established. The hot, smoke
laden upper layer travels in one direction away from the fire near the roof, while the cooler
lower layer of fresh air travels to the fire source near the ilodghe other direction.
Therefore, the domain of the bidirectional flow pattern (Ex: dead end tunnel) should be
distinguished and transferred between the inlet and the outlet airways for multiscale fire
simulations since the continuity of the velocityegsure, and temperature at the interface
boundaries should be kept. In addition, this study has shown that the objects (Ex:
continuous miner) in the domain, influenced the fluid structure; consequently affects the
interface boundaries. Therefore, if théext objects or fire sources were considered in the
simulation domain, the same study should be conducted for determination of the interface

boundaries before and after the extra objects in the tunnel. Moreover, the number of nodes
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used in the 1D subdomain can influence the multiscale simulation results. The results

error decreased by increasing the used number of nodes in the-tiDrsains.
9.7. Interface Boundary Selection Algorithm in Multiscale Mine Fire Simulations

Based on the physics of the fluid stwe, TKE, and the vortex dynamics, a novel
algorithm was developed for the selection of the interface boundaries as shown in Figure
9.20. Arst CFD model is the reference model and the most expensive part of the process.
Based on the results, we recommendomputational domain &Dn upstream an@0Dn
downstream of the fire source as the reference CFD nifdtielinlet velocity was greater
than equal to critical velocity O ¥ (e.g., there is no rollbackHowever, if the inlet
velocity was less than critical velocity* ¥ the rollback length shadilbe calculated and
be added to thapstreamcomputational domairNext, the CFD model is simated and
the inlet velocity of the domain is determindidthe determined inlet velocity is greater
than or equal to ¥, the upstream interface boundary is selected at least DdD the tip
of fire source, or the cross cut, or the used upstreamtolfjdte selected inlet velocity is
less than M, the roll back length should be calculated and (12Dt rollback length)
should be selected as the upstream interface boundary. The longitudinal and the transversal
velocities analysis and the mean TKRJ the mean vorticity analysis for the outlet cross
section should be conducted to determine the downstream interface boundary in both
VO¥and JseeNarios. The 12Rlownstream cross section from the centerline of the
object is selected as the dowestm interface boundary which number 12 is the coupling
variable (&). If the distribution of the longitudinal and transversal velocities at the 12D
downstream cross section are almost similar to the outlet values, and the standard deviation
of the longitdinal and transversal velocities of the determined section are less than 0.3
compared to the outlet values, that cross section can be accepted as the downstream
interface boundary. If one of the explained requirements was not met, thed)/On is
seleded as the downstream interface boundary to repeat the longitudinal and the transversal
velocities analysis and the mean TKE and mean vorticity analysis for that selected
downstream interface boundary. The method will be iterated till all requirememtsetre

Ultimately, that cross section is accepted as the downstream interface boundary.
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Although the recommended modified procedure for interface boundaries selection
was based on the methane fire at a coal mine working face, this approach can be applied
for interface boundary determination in different engineering fields. It is so noteworthy
that the presence of the objects in the computational domain have an immense impact on
the fluid structure and the interface boundaries. Hence, for the extra objettts in
computational domain, the same study before and after the extra objects should be

conducted for determination of the interface boundaries.

| Sirnulate CFD hod=l |

}

Mo Calculate the Select IBy, =(1.2D% m+ rollback length)
[ rollback length as the upstream interface boundary

Wes

Select an upstream imterface boundary (IBw)
(At least 05Dy m from upwind the end of the fire
object) as the upstream interface boundary

Conduct

* Long-transvers wvelocity analysis

*  Mhisan TEE and mean worticity analysis
For the outlet cross section

|

Salact IBre.w. = {(Coupling variahls # D) eross section
from the centerdineof the object as the downsteam
interface bowmdary

Start with {Coupling variabls {Cy) = 12]

|

Check 2 following items

1. The distribution of longsitudmal and
transversal velocities are almost similartothe

o outlet valunes

The standard deviation of longitundinal and

transverszal wvelocities are less than 0.3

compars to the outlat values

8]

1 and 2 Yes Accept IBocws as the downstream
are mat? * mterface boundary
No

Salact IBrewn = {Ch +11% Dy, as the
* downstream interface boundary

Figure 9.20. Decision making algorithm for determinationitfierface boundary to
couple 3D and 1D fire simulations in underground mines
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Therefore, with the usage of this methodology, the boundaries for decomposition
of the huge complex numerical domain into the 1D and 3BEdsuiains can be determined.
Overall, a dastic time saving can be achieved with the usage of the proposed methodology

for determination of the interface boundaries in multiscale simulations.
9.8. Conclusion

The interface boundaries were determined based on the fundamental longitudinal
and transversavelocities analysis and the TKE and the vorticity analysis for steady state
conditions of the methane fire in an underground mine tuhelnovel methodology was
applied to the tunnels with 10.8?mross section and 160 m in length in toTdlis study
has shown that the longitudinal velocity component was affected by the temperature in the
whole computational domain while the transversal velocity components were temperature
depended just close to the fire. It was noteworthy that the temperature iomp#uo
transversal velocities was inconsequential away from the fire sddareover, it was
evident that the downstream interface boundaries did not depend on the fire size (HRR)
and the velocity in all scenariodowever, the upstream interface bounddepends on
different parameters such as the size of the fire (HRR), velocity, and the used objects in the
computational domairBy comparison of scenarios with exhausting line curtain to the
scenarios without curtain, it was evident that the presenaeafjact (the exhausting line
curtain) influenced the domain of the quaBl region.The selected downstream interface
boundary was at least 12Bway from the fire source or the used object (ex: exhausting
line curtain) in the numerical domain for all sifations.Due to the effects of the size of
the fire (HRR), velocity, and the objects on the rollback (backlayering) phenomenon, the
upstream interface boundary variégdn t he si mul ati ons cowhet h bac
upstream interface boundary wasesgtd at least 1.20urther from the tip of the rollback.

The wupstream interface boundary #&omas scena
calculated at least 0.50rom the upwind the end of the cross cut or the used object at the
upstream of the fire swce in the computational domain. The indirect coupling strategy

was utilized to couple 3D swuiomain to 1D sulbomains. The calculated mean

temperature and the mean velocity errors between multiscale models and the full CFD
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models were less than 6%. Themposed methodology was demonstrated to be a useful

technique for the determination of near and far fire fields.

Due to the large size oihderground mingshe developed novel algorithm can be
applied for selection of interface boundary for multissitbeulationsof all kinds of fireat
differentregionssuch as longwall, gob areas, or belt areas (neutral airways). Additionally,
the work agrees well with previous work that uses a more exhaustive systematic method
(gradually increasing the CFD domain aletreasing the 1D domain until a predetermined
error level is encountered.). This innovative methodology has broader impact which it can
be applied for interface boundary determination in different engineering fields. With the
usage of the proposed metlodmhy, the precise 3D numerical analysis domain and the

simplified 1D numerical analysis domains can be distinguished.
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Appendix E: Chapter 9 Supplemental Data

The results of the mean velocity components and the mean TKE and the mean
vorticity along the height of the tunnel at different cross sections at t=1300 in scenarios 2
and 3 are presented in Figu&21to 9.22. This study has shown that the domain of the

near field and far filed did not change by changing the velocity.
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Mean

Figure 9.21. The mean velocity components, mean TKE and the mean vorticity along the
height of the tunnel at different cross sections 4860 in scenario 2 a) velocity
components b) mean TKE c¢) mean vorticity (the cross sections are based orBHEgure
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Figure 9.22. The mean velocity components, mean TKE and the mean vorticity along the
height of the tunnel at different cross sections at t=1300 in scenario 3 a) velocity
components b) mean TKE c) mean vorticity (the cross sections are based orBHEgure
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Appendix F: Chapter 9 Supplemental Data

The results of the mean velocity components and the mean TKE and the mean
vorticity along the height of the tunnel at different crasstisns at t=1300 in scenarios 4,
5, and Gare presented in Figur823to 9.25
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Figure 9.23. The mean velocity components, mean TKE and the mean vorticity along the
height of the tunnel at different cross sections at t=1300 in scenario 4 a) velocity
components b) ean TKE c) mean vorticitfthe cross sections are based on Figaze
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Figure 9.24. The mean velocity components, mean TKE and the mean vorticity along the
height of the tunnel at different crossctions at t=1300 in scenario 5 a) velocity
components b) mean TKE c) mean vorti¢itye cross sections are based on Figdee

(b))
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Figure 9.25. The mean velocity components, mean &Ké&the mean vorticity along the
height of the tunnel at different cross sections at t=1300 in scenario 6 a) velocity
components b) mean TKE c¢) mean vortiftityg cross sections are based on Figaze

(b))
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