ABSTRACT
DEVANANDA, VIJAYANANDA VIVEK . Numerical Investigation of the Effect of Gravity on
Backdraft Phenomexin an Enclosurevith Varying Opening GeometriedJnder the directioof
Dr. Tarek EchekKi.

When air/oxygen enters an oxygetarved compartment rich in fuel, a combustible
mixture is formed. This mixturavill combust when it comes into contact with a heat source
forming a deflagration wave that exits the compartment through the opening. This is called
backdraft.Backdraftsare extremdy dangerousand arealso a major threat to firefighterk.is
known that gravitycurrentscause the formation of backdrafts human beings are trying to
explore the frontiers of space, it becomes necessary to studgrthation and the effects of
backdraft under varying gravity conditions.The influence of the opening geometoy the
backdratft is also studied.

Large Eddy Simulation (LES) smployedin this work.A FORTRAN toolkit called Fire
Dynamics Simulator (FDS) developed bNWIST (the National Institute of Standards and
Technology)s used taonduct the simulations. A GUI for FDS called PyroSimtikzed for the
development of study casdsour different opening geometries are studieder ten different
gravity conditionsAll simulations are repeated three tingsintroducing variability into the LES
simulations to understand the trend

It is observed that the gravity strength affects the ignition and total time of backdraft
occurrence notlinearly. Moreover,the smokeexiting the enclosurecanserveas an indicator of
the arrival of backdraft allowing us to take precautidiie heatmpactwas observed to have the
most damaging effect compared to the momentum flow in all the cases studied. Moreover, out of

the four models, the opening configuration of model 3 is the most dangerous in terms of the heat

and momentum transferred.
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CHAPTER 1
INTRODUCTION

The backdraft phenomenon is the deflagrative burning of a combustible mixture of gases
in an oxygerdepleteccompartmerienclosureWhen a slot is opened the compartmengxygen
rushes in due to the gravity currdiatilitating conditions fothereignition of the rich fuel mixture.
The deflagration exits thaot in a shortime with significant heat releasBackdraft poses a severe
threat to fiefighters.As human beingsare trying toexplore the frontiers ofpace the study of
backdraft under reduced gravity conditidvas gained importancEacilities such aspace stations
and possible human settlements outside of Eantkd be undethe forceof gravity much lesdian
that of the Earth.

How the backdraft phenomenon behaves under such conditions is of increased concern. At
the same time, the effect of slot geomairy backdraft dynamicand the damaging effects of
backdraftunder varying gravityrealso studied
1.1 BACKDRAFT PHENOMENON

As explained by C.M. Fleishman] in one of hisworks a fire in a closed compartment
generates byproducts of combustemd heatlf the fuel is a hydrocarbon, the byproducts will
mainly becarbon dioxideand water vapoprovided the equivalence ratioiisthe vicinity of one
The compartment has smallleakagefacilitated by cracks andrevicesin the walls and around
the hatch. This limits the buildup of pressure in the compartment.

As the combustiorproceeds, the byproducteay include additional products such as
carbon monoxidesoot,and excess fuel as the oxygen aroundfiteegradually depletes and the
fire keepssupplying fuel It is assumed thdhe heat sourceemainsasa small flame or ember at

the bottom of the compartment.



The air rushes in when a slot or window is opened in one of the compartment'Stalls
hotcombustion products will escape through the top portion of the compartment while the cold air
entersthrough the bottom portion. This flow is driven by treiation in density between the hot
and cold gases and is called the gravity curftgdn{3]. Mixing occurs at the interface between the
cold air and hot combustion produciseto the instabilitiesat the shear interfaces between the

cold inflow andhot outflow.

Figure 1.1 Backdraft fireball exiting thenclosuren areallife experimenby the Slav Mo

Guys|[4].
A portion of these mixed gases is in the flammability limit and ignites when it is in contact
with the heat sourc&he flame then propagates through the mixing layer. The resulting turbulent
deflagration inside the compartment drives the remaining unburnt fuedcamiolustion products

out through the opening to burn outside as a firdall



1.2 BACKGROUND

This study is based on tlexperimental work3] of WengEt al. andthe computational
work [2] of Shreyas Et aMethane is used as the fuel in these wdvlethane is one of the simplest
hydrocarbon&inda major natural gas constituemth the chemical formula CH

Four differentopening geometries are simulated in thi@k. The firstopening geometry
is the one used in the experimand is used as the baselrase The other thregeometriesare
constructedy modifyingthe first simulationWeng Et al. conducted backdraft experiments in a
reduced scale compartmefdimensions: 1.2 m X 0.6 m X 0.6 nwith an openinfhatch
(dimensions: 0.6 m X 0.2 nn) the middle of the endall. Various data acquisition systems were
used in the experimerdetails of which are explained in reference 3.

In the experiment, &80 sbhaselinetime was taken to measure the initial conditions. Then
theburnerwas tuned onThe fire starts when the heating coil is switchedldrehatchis suddenly
closedat the end of 60 s anbdtimer is set to zerdAfter a said amount of timepethandlow to
the burner is cut ofdind the hatch is opened. During this tire fireinside theenclosuregoes
from combustion to extinction due tbhe consumption of available oxygemhe heat source is
turned off at the end ohé experimentThe experiment was run for 8 sets of varyfngl flow
ratesand flow time (burner time). In the current study, thast set(8" set)is simulated and
compared against for validation.

1.3 OBJECTIVES

The main objective of this study is to find out tt@mbinedeffect of gravityand the
opening geometnof the enclosurga study onthe influence of gravity alone was already
conducted by Shreyas Et air) the backdraft phenomendn attempt is also made to understand

whether any visual cues can be obtained from the experimesighalttheformation of backdraft



so that precautions can be taken. @ihmage that can lmausedy backdraft isalsoassessely

measuring théotal momentum fbw andtotal heattransferat various locations in the domain.



CHAPTER 2
NUMERICAL METHOD AND SETUP

A FORTRAN toolkit developed bythe National Institute of Standards and Technology
(NIST) called Fire Dynamics Simulat¢gFDS) version 6.8vasused for thesimulation.FDS is a
computational fluid dynamics model fife-drivenflow [5]. FDS numerically solves a form of the
NavierStokesequations suitable for low MactumbergMa < 0.3 or incompressible flow) which
are thermally driverMore details about the solvareavailable in reference [5].

A graphical user interface (GUI) called PyroSim is also emplofggdthe easier
visualization of the problem and creation of the FDS input deD& is integrated into PyroSim.
More details are available thereferencd6].

FDShas powerful parallel processing capabilities. For computer clusters, FDS smploy
Message Passing Interface (MRWPI enablesmultiple computers or multiple cores on a single
computer to run a problem with multiple mesHeasch mesh is considered a process or. tds{
handles informationransferbetweenvariousmeshesThe high-performancecomputing (HPC)
cluster at NC State University called Hamelsutilized for running this workHazeloperates on
a Linux operating systemrhe problem is divide into different meshes or subdomaiite
problem is then submitted for running into the HPC using a job scheduler called LSF (Load Sharing
Facility developed byBM).

2.1 NUMERICAL APPROXIMATION

One of the challenges of the current study wamsitoericallyapproximate the experiment
A Direct Numerical SimulatiofDNS) was not feasible owing tenrealistic computational costs.
As such, simulating the experimental conditions ftbhebeginningthatinvolvedfire combustion,

extinction and reignition was not possible.



As mentioned in reference the hatch in thenclosurds opened after apecific amount
of time during which the fire extinguishes due to lack of oxygen. Weng Baatrecorded the
conditions at this point inside the compartmesien the hatch is openethis istaken as the
starting point of the simulatioiThis is sufficient given the fact thtte backdraft is initited once
the gravity current enters the compartment after the hatch is ofdnedtartingpointalso avoids
the need to simulate threstly extinction and rggnition processThe details of the modelnd
initial and boundary conditions are explained in the next section.

2.2 MODEL SETUP

Modeling, meshingand setting up the initial and boundary conditions are done using
PyroSim. The generated FDS code is then exported to be run on thé-6fRGe baseline case
(also called model 1Yhe model used by Shreyasdttis recreated-igure 2.1 shows the model
of the enclosurewith the baseline geometry and the computational domagd in all the cases.
Figure 2.2 shows the other three opening geomettiesconvenient to discuss the specifics of
the baseline geometry because the other three casasnast the same with different openings
andlocationsof certain sensors.

22.1 GEOMETRY AND DOMAIN

The enclosurds of the dimensions 1.th X 0.6m X 0.6m. The thickness of the wall is
0.02m. There is a surrounding areatside the compartment, one directly abv@m X 0.6m
X 0.6 m) and one in front of the opening (Ir®X 0.6m X 3.0m). There is an ignition block of
dimensions 0.12n X 0.12m X 0.06m located along the wabppositeto that of the opening. This
ignition block is activated when the gravity current reaches the top of the ignition block. The arrival

of the gravity current is sensed by an oxygen mass fraction sensor locatethabgr#ion block.



Combustion Surroundings
Compartment

Ignition Block

Figure 2.1:Computational geometry of model 1 walvertical openinghatch)geometry

Model 2 Model 3 Model 4

Figure 2.2: Opening geonmits of models 2,,3and 4respectively



The opening /hatch dimensions of model 1 are 0.02 m X 0.2 m X 0.6 m. The ogenérgions
of model 2 are 0.02 m X 0.6 m X20m. Openings in models 1 and 2 haverasssectionalarea
of 0.116m?. The opening dimensions of models 3 and 4 are 0.02 M8M®X 0.12m. Openings
in models 1 and 2 have a cresectional area d3.0216 nf. Thevarioussensorsisedin the model
are:
1. Oxygen mass fraction sensor
This device is locatedt <0.04m, 0.3m, 0.12m>. It detects the arrival of the gravity current
to the farther end of thenclosureThis sensor activates when the oxygen mass fraesabove
0.2 kg/kg which then activates the ignition block.
2. Pressure sensar
This sensor is located aD9 m, 0.02m, 0.02m>. It measures thpressure during the
backdraftprocess. Its position is the same as in the experimental study of Weng Et. al and in other

numerical workg2], [7], [8], [9].

Compartment center sensors

L
Oxygen mass fraction sensor \
Pressure sensor

Plane A sensors
Plane B sensors

Plane C sensors

Figure 2.3: Location of oxygen mass fraction and pressure sensooslel 1.



Figure 2.4: Location oPlane A, B, and Gensors in modél.

Figure 2.5: Location dPlane A, B, and C sensarsmodel3.



Figure 26: Location of Plane A, B, and C sensors in model 3.

3. Compartment center sensors

Six sensors are located at the center oeti@osure<0.6 m, 0.3 m, 0.3 m> to measure the
mass fractions of methane, oxygen, water vapor, carbon dioxide, carbon monogidé&rogen.
These quantities are measured for study which is beyond the scope of this research.
4. Exit sensors

Seven sensors measuring the mass fractiomethane, oxygen, water vapor, carbon
dioxide, carbon monoxide, nitrogesind soot are located at 21 m, 0.3 m, 0.3 min models 1
and 2 These are located at <1.21 m, 0.3 M90n> in model 3 and <1.21 m, 0.3 m1Om> in
model 4.A small tolerance of 0.01 m j@ovided to the location of sensors in the x direction to
prevent anynteraction with the compartment geometry.
5.Plane A B, and Csensors

Pyrosim doesndt have sensors to directly
through an area in the computational domain. Hence vasensors are utilized to measure

guantities that can be used to calculatenttoenentum flow and heat transfélomentumflow
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and heatransfer are measured at three planes viz. x = 1(@atted Plane A)x = 1.7 m(called
Plane B) and x = 2.2 n{called Plane C)Various sensors are placediase planepanningthe
area projected by the opening into these plahles. sensorarrangement can be seen in Figures
2.3 to 2.5There are21 sensopointsin modelsl and 2 In models 3 and,4here arel2 sensor
points At each point4 different sensors meagurarious quantitiesThese include densitgell
centeru-velocity, the absolutevalue of the cell center-velocity, andgauge heat flux of the gas.
Gauge heat fluyyjas measures the heat flux of the gas passing througallitcenter ewelocity
output vector quangit More detailsabout these sensocan be found irthe referencel5]. A
tolerance of 0.0In is providedin those areas where the sensors interseatdhmartment and
boundaries of the domain to avoid errdree calculatiorof momentum flow andheat transfer is

shown below.

Momentum flow P=} .u.Ju|.A kg.m.s? (2.1)

Where; i s de mmd uis cell center vielgcityn m/s?, |u| is the absolute value of the cell
center velocity and A ithe area spanned by the sensons?. A is 0.116 m? for models 1 an@.
Ais0.0216m*formodels3and4a means t hat a Theavetagedmomeatent o r
flow through the are@rojected by the openingn the planesn the model is calculated by the

equation(2.2).

Momentum flow P=2—2% A kg.ms? (2.2)
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Where n ighe total number of sensors on that planis 21 for models 1 and. 2Vhereas,tiis 12

for models 3 and .4Heat transfer is given by equati¢h3).

Heat transferqg =q & kW (2.3)

Whereg0 i s the gauge heat fmfankA iotiie atedhspanrpdls thene a s u
sensorsn m?. The average heat transfer through the area in the model is calculated by equation

(2.4).

Heat transfer, g 2—S. A KW (2.4)

Where n is the total number of sensors on that plane.
2.2.2 DISCRETIZATION

The whole domain is discretized usingesolution of2 cm This results in a total of
535,500 cellsThe domain is further subdivided into 26 suleshes. This facilitates the utilization
of the MPI processupported by FDS. A total of 26 processeshe HPCare allocated to each
simulation This redu@sthe run timesignificantly compared td run in series or ora personal
computemwith muchfewerprocessing units
2.2.3NUMERICAL MODEL

FDS by default usesmixing-controlled combustion moderhis is a singlestep infinite
rate combustion moddHowever, the backdraft phenomenon cannot be accurately captured using

the mixingcontrolled combustion model as shownIyWoong Park Et a[9]. Thus,a finite-rate
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combustion modeiustbe adopted fosimulating backdraft experimentBhe following single

stepchemical reaction is used in this work:

CHs+1.90; ) 0.9CO+2H0 +0.1G (25)

Therate constanfior the abovesingle stepreactionis given by théArrhenius lawas[10]:

Rate constank = A T" exp (-E4RT) (cm¥mol)°*>-s (2.6)

WhereA is the preexponential factor in (cémol)*°-s, Ex is the activation energy in J/mol, R is

the universal gas ogtant (8.34 JK-mol) and T is the absolute temperature in Kelvin séaie.

rate of the chemical reaction is given by the equation:

d[CHa]/dt = k [CHy]* [O2]%° mol/cn-s (2.3)

[1]0 represents the cnwolce’eFortcanaeniencenthe odlue of hm s p e c

1]

equation (2.2is taken as OThe valuesof A and E ardaken as 1.4%X 10'2 (cm®/mol)®*5-s and
107,460 J/mol respectivelyThe values of A and [Bavebeen alteredrom what is reported in
Westbrook and Dryef10] because LESspatially averages the temperature and species
concentration. The adjusted values accommodate faatbiegind2]. The value otritical flame
temperature isset tothe default value of 150C for methaneThe value of autégnition
temperature is set to be P&) much less than that methane to avoidpontaneous ignitiof2],

[5]. The model is run for 10 different gravity valuesm 0.1 g to 1.0 g at an increment of 0.1g.
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2.2.4 INITIAL CONDITIONS

It is noted in the experiment conducted by Weng Et al.ttieae is a formation of two
separateegions of differentemperaturemside theenclosurgust after the hatch is opened. For
the 8" set the initial conditions in thenclosureare showrin Table 2.1

Table 2.1: Initial conditions inside tlemclosure

Quantities Upper layer Lower layer
Height (m) 0.32 0.28
Temperature {C) 103 67
Nitrogen mass fractiofkg/kg) 0.6994 0.6994
Oxygen mass fractiofkg/kg) 0.146 0.146
Methane mass fractiofkg/kg) 0.1224 0.1224
Carbon dioxide mass fractigkg/kg) 0.021 0.021
Carbon monoxide mass fractigkg/kg) 0.0012 0.0012
Soot mass fractiofkg/kg) 0.01 0.01

There is nasootrecordedn the work of Weng Et abr Shreyas Et alAn arbitrary mass
fraction ofsoot wasadded to thenclosureThis makes up for the fact thédiring the time the fire
went from ignition to extinction, thieiel burnt in a rich stoichiometric ratio that could h#setto
incomplete combustion arggneration of smoke.

The background pressure in the computational domaietias the default 1.013251%P
Pascals. All recorded values of pressures in the simulkatasacorded above this valueiarother

words, gauge pressure is recorded. The surrounding temperature is s&€.aBh2Gairin the
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surroundingshas a composition (mass fraction) of nitrogen, oxygen, water yvapdrcarbon
dioxide0.76274 kg/kg.23054 kg/kg, 0.00626 Kgj, and 0.00046 kg/kg respectively.
2.2.5 BOUNDARY CONDITIONS

The walls of theenclosureare modeled as adiabatic which is a close approximation of the
experimentThe rest of the computational domain was modeled as open artioeindingsThe
top face of the ignition block is modelealhavea constantemperature of 150C.
2.2.6 PRESSURE SOLVER

The default pressure solver in FDS is FRR.optional pressure solver called the ULMAT
is used in this workwith this solvernormal components of velocity at a solid surfaoald be
calculated exactly without any penetration effjt ULMAT is slower than FFThoweverit is
less expensive than the other optional solvers available infFIx® have higher accuracy
23 INTRODUCING RANDOM PERTURBATIONS IN LES SIMULATIONS

Random perturbations can be introduced into the same simulatheck thescillations
of the system about a mepoint In FDS,there is a parameter called NOISE_VELOCITY that
introduces a small amountdfn oi s e 0 i nt [®]. By defaultf thiovaluefisi0.€d5 dn/s.
By varying the value of the NOISE_VELCOIT¥ndomization of theimulation can be achieved.
In this work, a set of three simulations were run each with different NOISE_VELOCITY values.
Each setof simulations hagl models with 1Qyravity values. Thus, a total of 120 runs were
conductedThe detailof the simulations and their corresponding NOISE_VELOCITY vatues

shownin Table2.2.
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Table 2.2: Simulation set and corresponding NOISE_VELOCITY values.

Simulation Set NOISE_VELOCIVaue (in m/s)
1 0.005
2 0.004
3 0.006

Interestingly, the maximum pressure value of model 1 from set 3 is closer to the
experimental valuewhich is seen in the next chapt@hus, the grid convergence study was
conducted on the set 3 model.

24 GRID CONVERGENCE STUDY

A grid convergence study was conducted using a resolution of 1t Ibaseline case
model 1 for the noise velocity value of 080@/s The maximum pressure and heat release rates
were compared between the two caddge maximum pressuséor the2 cm and 1 cm grichodeb
were 8 Pa and 11.64 Pa respectivélyis is not a significant variation considering tredue of
the total thermodynamic pressuye01325X 10° Pa) The maximum heat release rates in the
compartmentor the2 cm and 1 cm gridhodelswere 425.54 kW and 414.94 kW respectivéty.
was concluded that threodel witha 1l cm grid was adequate forgfstudy rather than a finand
more computationally expensive modklis also noted that the maximum Mach number in all

cases isvithin the allowable limitof FDS.

16



CHAPTER 3
RESULTS OF MODEL 1

3.1 COMBUSTION DYNAMICS

One of the methods by which FDS outputs dieden devicedss throughcommadelimited
files. These files can be easily accessed using Micrésafl. Data analysis can also be done in
Excel such as plotting graphsl charts thahavebeen used in this work are made ugimgExcel
program.The FDSalso outputs varioug/pes of dataa few of them being SLCHKslice) and
smoke3d filesSlice filesrecord gas phase quantities at more than one pdietslice can be a
line, plane,or volume.Smoke3d files can be renderas realistic fire and smok#.is observed
that the maximum pressure value of the baseline model under normal gravity conditions
approximately matches that of the experimental vEL€7.79 Pa)n set 3 simulation runsAlso,
gualitative results are very similar for all sdtence qualitative results are shown only for set 3
results

Model 1 is the baseline case used in this work. The geomsesiyownin detailagainin
Figure 3.1 The initial, and boundary conditions are explained in the previous chapter. Figure 3.
shows the density contour of the simulation at a time t = 2.4 s through the central y plane. The
image has been zoomed in since the important phenomena happeneincibsureand its
immediate vicinity. We can see the variation in the density of gases. The coolersdagbiy air
comes in from below and the hotter, lalensity mixture of gases inside the chamber goes out
through the upper part of the opening. The combustion has just been initiated at this point. Figure
3.3 shows the velocity vector plot of the same model shown in Fig@&elt3confirms the
phenomenon seen in Figur@ 3igures 3 and 35 show the density and velocity vector plots for

model 1 of set 3 under a much lesser gravity of 0.1 g. The plots are qualitatively similar to those
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Figure 34: Density contour of set 3 at t~=2s, 0.1 gthrough planey = 0.3 m

Figure 35: 2D velocity vector plot of set 3att=7.2 s, thgpugh planey = 0.3 m
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Figure 39: Methane mass fraction contour evolution of backdraft from ignition & g&bugh

plane y = 0.3 m. Time is shown in each frame.
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under normal gravity conditions. However, from the velocity vector contour, we can see that the
velocity of the gases is mudbssthan that of the normal gravity conditions. This is because the
strength of gravity current reduces with gravity and thus it takes a longer time for the gases to
reach the farther left of thenclosurelt must be noted that at 0.1 g, ignition occurs att=7.18 s.
Figures 36 to 39 show the evolution of temperature, HRRPUV, oxygen mass fraction, and
methane mass fraction respectividy set 3 The time of each frame is shown at the bottom right
of each imageA visual comparison ismade betweenthesephenomena under three gravity
conditions viz1 g, 0.5 g, and 0.1 §Ve can see that these contours are very similar to each other
under the three gravity conditioriscan also b@bserved from the oxygen mass fraction contour
that oxygen starts reacting with methane in the upper layer first and then the reaction proceeds to
the lower layer as seen in the contdiagrams. It can thus be concluded that backdraft occurs
under all gravity conditions.
Figure 310shows the plot of ignition time against gravity strength. Ignition time increases
sharply below 0.2 dgnition time at 0.1 g, 0.2 g, and 1 g &8 s, 4.96,2and2.37 s respectively
for set 1 These values d.1 g and 0.2 g are approximately 303 % and 209 % of that at normal
gravity conditions respectivelygnition time for other sets is within 0.0lo§ set 1value Figure
3.11 shows thevariation oftime taken to reach maximum pressure from ignition with gravity. This
is thetimewhen tre deflagration reaches the plane where the pressure sensor is locatghprhis
shows a decreasing trend with gravity strength. viddeeof this timeis 4.89 s, 3.75 @and 3.87 s
for 1 g, 0.5 g, and 0.1g respectively for set 1. Similarly, these values are 4.36 s, 3.62 s, and 3.84 s
for 1 g, 0.5 g, and 0.1g respectively for set 2. For set 3, itis 4.4 s, 3.60 s, and 3.75s respectively

for 1 g, 0.5 g, and 0.1d¢gnition time combined with the time to reach maximum pressure can be
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Figure 3.2: Total time for backdraft to occur vs. Gravilyength

seen as the total time for the backdraft to occur fiteempening of the hatch. Figure 2.8hows
the variationn the total time for the backdraft to occur frdine opening of the hatch with gravity
strengthWe can infer from the plot that the time taken for the backdraft to occur increases with
decreasing gravity strength. However, the dependence of total time on gravity strength is non
linear. The total time for the backdraft to ocasr6.77 s, 6.77 s, and 10.930s 1 g, 0.5 gfor set
1. For set 2these times are 6.74 s, 6.80 s, and 11f6BXkg, 0.5 g, and 0.1rgspectivelyFinally,
for set 3, these times are 7.26 s, 6.93 s, and 11.05 s for 1 g, 0.5 g, and 0.1 g respectively.
3.2 STRENGTH OF BACKDRAFT

It has been established that backdraft oconderall gravity strengths. Now, how does
the strength of the backdraft with gravity vary? This can be examined by looking at two
parameters. The peak pressure and the heat release rates in the domain. It must be noted that the

peak pressure values will varypnding on th@ressuresensor location. However, in this study,
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Figure 3.B: Maximum pressure vs. Gravity strength plot.
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the location is exactly similar to that in the experiment conducted by Weng[8tsdown in
Figure 3.1.

Figure 3.B shows the variation of maximum pressure with gravity strength for all sets of
runs.Looking at individual graphs, one can observe that the maximum pressure increases with
decreasing gravity from 1, geaks between 0.4 g and 0.5agd then drops down. Thisend can
also be seen in tharessure vs. time since ignition platder 1.0 g, 0.5 g, and 0.1fgr all sets
shown in Figures 33lto 3.15. The maxima occur at 0.4 g (10.82 Pa), 0.4 g (11.59 Pa), and 0.5 g
(10.73 Pa) for sets 1, 2, and 3pestively.

It can also be observed that the pressure gtagvetwo peaks. This ismost prominent in
normal gravityconditions. JIWoongPark Et al[7] obtained similar result§.he reason has also
beenexplained in his work. Considering normal gravity conditions, we can see that the first peak
occurs aaround4.3s, 4.4 s, an®.6s afterignition for sets 1, 2, and 3 respectiveiromFigures
3.6 and 37, we can see that this pressure iiseaused when tHeel-air mixture first ignitesThe
second peak occurs at aroun@gafter ignition an@.6s afterthe first peakn set 1 These values
areb.5s after ignition and..1s after the first peak for set 2n the case of set $hesecond peak
occurs 4.4 s after ignition afd8 s after the first peakhe second peadccurs when the backdraft
passes through the exit. It must be noted that in set 2, maximum pressungt the first peak
whereas in other cases it occurs at the second peak. It must be noted that these pressure values are
irrelevant compared to the total thermodynamic pressure. The pressurenggégible because
the mode of ambustion is deflagration. In case of a detonation, the pressure rise will be significant.

We can also see a dip in the pressure after the deflagration has passed. This is due to the
reduction in pressure due to the sudden expulsion of gases out eridlosure The pressure

slowly rises to background pressure as air fromio@tslls in the chamber.
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Figures 3. and 3.B show the variation in compartment heat release rate and total heat
release rate with the time since ignition for 1.0 g, 0.5g, and G=dog the plot of the maximum
compartment heat release against gravity strength from Fig@ex&Xan see that the maximum
heat release in the compartment occurs at 0.5 g for set 1 (510. 71 kW) and set 3 (501.38 kW).
However, for set 2, the maximum occurs at 0(%516.47kW). Two peaks in compartment heat
release can be prominently seen for 1 g in all wiish hasthe sameexplanatiorfor two peaks
in the pressure plots.

For setl, compartment heat releaselis%, 34 %, and ® % of the total heat release for 1
g, 0.5 g, and 0.1 g respectiveRor set 2, compartment heat releas2986, 34 %, and 8 % of
the total heat release for 1 g, 0.5 g, and 0.1 g respectively. In the 8, afompartment heat
release is 36 %, 35 %, and 25 % of the total heat release for 1 g, 0.5 g, and 0.1 g resfdwttvely.
is, most of the heat released is outside the compartarahthis increases with decreasing gravity

strengthexcept br set 21t can also be observed that maximum total helabseoccursbetween
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Figure 321: Compartment HRRPUVSs. Time since ignitiorplot.
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Figure 322: Total HRRPUVvs. Time since ignitiorplot.

0.3 g and 0.4 g for all cases as seen from Fig@® Bhis is 1601.81 kW at 0.3 g, 1689.88 kW at
0.4 g, and 1582.72 kW at 0.3 g for sets 1, 2, and 3 respectireinteresting observation from
Figure 3.7 is that the peaks are separated by approximately 0.5 s under normal gravity conditions.
As the gravity strength decreases, the peaks tend to occur at about the same time after ignition.
Another inference is that both maximum total and compartment heat release follow the same trend
of the maximum presse curve in Figure 33

Let us examine the variation of heat release per unit volume (HRRPUV) against time since
ignition and gravity strength. We obtain the heat release rate by integrating the HRRPUV over a
volume. Figures 3.21 and 3.22 show the variation of the compartmentoEhdHRRPUV
respectively against the time since ignition under 1.0 g, 0.5 g, and 0.1 g for all sets. Grsecan
that the HRRPUV plots are very similar to those of the heat release rate plots only varying in
guantities measured and their valulso, the HRRPUYV in the compartmentrisuch higher than

the HRRPUYV in the whole domain. Even though the heat release fraartigartments lesser
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than that of the whole domain, the volume of the compartment (0.232 much less compared
to that of the total volume (4.284°m The observation that the peaks are separated by
approximately 0.5 s under normal gravity conditions, and the peaks tend to occur at about the same
time after ignition as the gravity strength decreaseslss repeated heri@ the case of the
HRRPUV plots.

From Figures 23 and 3.2, we carnobserve thathte compartment HRRPUV peaks at 0.5
g (1246.31 kW/m®), 0.4 g (1260.37 kwW/f), and0.5 g (1223.54 kW/R) for sets 1, 2, and 3
respectively. Whereas the total HRRPUV peaks 2yd375.64kW/m?®), 0.4 g 896.30kW/m?),
and 03 g (371.17kW/md) for sets 1, 2, and r@spectively.
3.3 VISUAL CUES TO PREDICT BACKDRAFT

It is of vital importance to know if we can obtain any visual cues that can signal the arrival
of the deflagration so that precautions can be taken. This can be understood by looking at the plot

of thesoot mass fraction at exit against the tumeer 1 g, 0.5,¢and 0.1 g for all set®s shown in
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Figure 325: Exit soot mass fractioms. Time plot of set 1.
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Figure 326: Exit soot mass fractiows. Time plot of set 2.
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Figure 328: 3D smoke and fire mderingof set 3under 1 gTime is shown in eactiame.
Figures 3.8to 3.2Z. The darkcircled point is the ignition tim&Jnder normal gravity conditions,
the exit soot mass fraction starts to increase rapidly, approximately 0.6 s after ignition. This is
approximately 1 s after ignition for both 0.5 g and 0.1 g. This is true for all sets. We can see a

sudden peak in soot mdsaction in all three plots. For normal gravity, this occurs approximately
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at6.45s, 6.74 s, and 6 s respectively for sets 1, 2, and 3. This is when the defleepalties the
exit and pushes out the soot in fronit.

This can also be confirmed by the realistic 3D rendering of smoke and fire for set 3 shown
in Figure 3.8 for 1 g. Thus, we can conclude that the soot mass fraction at exit starts increasing
earlier at higher gravity conditions. In set 1, under normal gravity conditions, the time taken by
the deflagration to reach the exit after ignition is approximately<l.BBe smoke starts increasing
0.6 s after ignition. Thus, we have approximately 4.3 s after the smoke starts increasing when the
deflagration exitshe enclosure This time is 2.75 s and 2.87 s for 0.5 g and Ocbmditions
respectively. In the case of set 2, we have approximately 3.8 s, 2.6 s, and 2.8 gl and
0.1 g respectively. In set 3, these times are approximately 3.8 s, 2.6 s, and 21D gf@.5 g,
and 0.1 g respectivelyTherefore, there is only so much time to bail once the srstdks
increasing through the opening betenclosurén all situationslt can also be noted thtte soot
mass fraction curve under normal gtgvionditionsalsofollows the twepeak trendseen in the
pressure and heat release curves.

3.4 EFFECTS OF BACKDRAFT

Now the question arises what is the damage done by the backdraft? This can be assessed
by measuring the total momentum flow and heat transfer through Planes A, B, and C.F2ures
to 331 showthe variation of total momentum flow through various planes under different gravity
conditionsviz. 1 g, 0.5 g, and 0.1. ¢rigure 332 shows themaximum total momentum flow
variation through various planes under different gravity conditiong/e can observe thdhe
momentum flow graph also follows theo-peaktrend asthat of the pressure and heat release rate
graphs.The time at which the first peak and the second peakrmatches closely with thaif

the pressurelots in Figures 34to 3.16. The twopeaks are not prominent at Plane C under 1g.
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in each frame
However, itbecomes visible at lower gravity conditions, the reason for which is explained
subsequently.

It can be inferred from the plot in Figure 3.that momentum flow is maximum through
plane B under most gravity conditions except at 0.1 g. A maximum momentum of 1.62 N can be
observed at 0.6 g on Plane B of set 3. In the case of Plane A, the maximum is 0.92 N at 0.5 g of
set 3. For Plane C, momentum peaks at 0.3 g with a value of 1.02 N in set 1. An important
observation is the shape of the momentum plotsicreases with decreasing gravity, peaks in
between 0.3 g to 0.6 g, and then drops down.

This trend can be easily understood by looking at Fig@®&w@hich shows the density and
velocity vector plots of set 3 under various gravity condittbnsugh the central y plan€he time
shown in the image is the time at which the deflagrgt@sses the pressure sensor. This tgme
approximated as thetme when deflagration reachté®e exit planéhenceforthsincethe pressure

sensor is close to the exilomentum flow is proportional to density asduare of velocity. The
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dots seen in the image are the sensors to measure density, velocity, and heat Traystme
arranged in Planes A, B, and C from left to right respectii@en though the momentum is
measured over an arparpendicular to the plane of papene can get an idea by observing the
density and velocity changes through the central y pldnder 1 g the buoyancys strong and
the hot gases with higher velocity rise faster and thus pass the least through Plane C. Therefore,
the momentum flow is the leastrough Plane C. Hot gases with high velocity pass through Plane
A, however, the density is very low. Thus, the momentum is not very high. Moderately dense gases
pass through Plane B with sufficient velocity causing the highest momentum to be expeiienced a
this location. As the gravity strength decreases, the momentum flow can be felt further away from
the exit plane. This explains the two peaks becoming more prominent at Plane C at 0.1 g. It must
be noted that the effect due to momentum transfer is ifisgmt for model 1 under all conditions.
Figures 3.34 to 3.3 showthe variation othetotal heat transfer through planes A, B, and

C under 1.0 g, 0.5 g, and 0.1 g for all sets, just like measuring total momentum flow. Figure 3.3
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Figure 336: Total heat transfer through various planes vs. Time since ignition plot for set 3.
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shows the variation of maximum total heat transfer through Planes A, B, and C at different gravity
conditions It can be observed that heat transfer through Plane A is maximum under all gravity
conditions. For Plane A, the maximum total heat transfer occurs at 0.4 g in set 2 with a value of
27.71 KW. For Plane B, the maximum occurs at 0.5 g in set 1 with acfaliee69 kW. Finally,

for Plane C, the maximum total heat transfer is 14.29 kW at 0.3 g of set 2.

The twopeak trend is not very evident in the case of total heat transfer. However, the
maximum total heat transfer occurs again between 0.3 g and 0.5 g for all cases and the plots follow
the same trend as that of the maximum pressure curve in FigeTBi$ behavior can be
understood by observing Figure 8.& shows the temperature contour of set 3 through the central
y plane at gravity strengths of 1 g, 0.5 g, and 0.Thg time shown in the image is the time at
which the deflagration reaches thet gtane. Temperature can be seen as a direct indicatibreof
amount ofheat being transferred. Buoyancy affects the convection heat transfer which is a major
mode by which heat is transferred. Therefameder normal gravity conditions, minimum heat is
transferred through plane C. As gravity decreases, buoyancy decreases, and more heat gets
transferred througPlane C. We can see from FigureBtBat the gap between maximum heat
transfer between planes B and C closes as the gravity decreases. Undad®@12yg for certain
sets, heat transfer througtiane C is slightly higher than that of Plane B. This might be due to
other effects such as radiation which need to be investigated.

The area through which the heat is transferred is 0.Z1&ms, the maximum heat flux
is 238.88 kW/m through Plane A under 0.4 g of set 2 and the minimum heat flux is 25 %W/m
through Plane C under 0.9 g of setAtcording to Fu Et alf11], exposure to a heat flux of 5
kW/m? for 20 seconds will cause secedégree skin burn on blackened living skin. As the heat

flux increases, the time of exposure to cause the skin burn reduces. At heat fluxes more than 50
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kW/m?, seconedegree skin burns occur almost instaritijias also to be noted from Figures43.3

to 3.3 that heat transfer wanes off slowly through the exit plane at 0.1 g owing to very low
buoyancy. Thus, it can be concluded that damage caused by heat transfer is catastrophic and is a
major threat in model 1.

Theodore von Karmafil2] and T. B. Benjamif13] formulated a simple relationship
between gravity current velocity and gravity strengiloecording to this relation, the gravity
current velocity scales with the square root of gravity strefdtat is, when the gravity strength
reduces froml g to 0.1 g, it will result in @ifference inthe magnitude othe gravity current
velocity bya 1. @ince the length of thenclosuraemains constantye can assume that the time
taken by the gravity currestales inversely with thequare root of the gravity strgilh. We can
see that this relation holds well for the ignition times in the case of Modkalis we can observe

that the ignition time at 0.1 g &pproximatehd 1 0 t i mes t hat at nor mal gl
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CHAPTER 4
RESULTS OF MODEL 2
4.1 COMBUSTION DYNAMICS

Now that we have seen tliermation ofa backdraftin an enclosurewith a doorlike
opening, we move on to explore how the backdraft dynamics, its strengtits affdcts change
in a slotlike opening. Thegeometryof model 2 is shown idetailin Figure 4.1. Thenitial and
boundary conditions aexplained in Chapter Just like in the case of model 1, qualitative results
for set 3runs are only shown as they are very similar for all sets.

Figure 42 shows the density contour sét 3 at the ignition time of t = 3%through the
plane y = 0.3 mUnder normal gravity conditions, the air from outside reaches the oxygen mass
fraction senson 3.6 s.Even though the total area of the opening is the same as that of model 1,
density stratification is verticaHence it takes slightly more time for the air to come inside
compared tahe previous modebwing to thenarrow width of the opening in the vertichiection
in the central y plane. Figure3shows the velocity vector contour for the same case. This gives
us an ieka of how the air gets mixed with the hot gases insidetictosure The density and
velocity vector contour at 0.1 g is shown in Figuregsafd 45. It can be observed that the density
and velocity vector contours are very similar to each other. However, it caaeb¢hat the
velocity vectors are smaller under 0.1 g than under normal gravity conditions. In addition to the
change in the geometry in model 2, the lower gravity current strength makes the air take 11.2 s to
reach the farther end of tleaclosure

Figures 46 to 49 show the evolution of temperature, HRRPUV, oxygen, and methane
mass fractioarespectively for set 3 under three gravity strengths viz. 1 g, 0.5 g, agdWelcan

infer from Figures 48 and 49 that methangasstarts reacting from the top of teaclosure and
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Figure 4.1: Setup of Model 2.
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Figure 42: Density contour of set 3att= 3.6 s, 1 g through planey = 0.3 m.
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Figure 43: 2D velocity vector plot of set 3att=3.6 s, 1 g through planey = 0.3 m.
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Figure 44: Density contour of set 3att=11.2 s, 1 g through planey = 0.3 m.
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Figure 45: 2D velocity vector plobf set 3att=11.2 s, 1 g througlane y = 0.3 m.
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Figure 46: Temperature contour evolution of backdraft from ignition of set 3 through plane y =

0.3 m. Time is shown in each frame.
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Figure 47: HRRPUV contour evolution dfackdraft from ignitiorof set 3 through plane y = 0.3

m. Time is shown in each frame.
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Figure 48: Oxygen mass fraction contour evolution of backdraft from ignition of set 3 through

plane y = 0.3 m. Time is shown in edcame.
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Figure4.9: Methane mass fraction contour evolution of backdraft from ignition of set 3 through

plane y = 0.3 m. Time is shown in each frame.
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Figure 4.1: Time to reach maximum pressure from ignition vs. Gravity strength plot.
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proceeds to the lower part and outside éhelosure It can also be seen from the temperature,
HRRPUYV, oxygen, and methane mass fraction contours that the imagpsbratively similar
under all gravity strengthsThus, we can conclude that backdraft occurs under all gravity
conditions for aslot openingconsidered in thisnodd.

In this model too, the ignition time increases with decreasing gravity strargghplot in
Figure 410 shows the quantitative variation of ignition time with gravity strength. Under normal
gravity conditions, the ignition times are 3.66 s, 4.21 s, and 3.61 s for sets 1, 2, and 3 respectively.
The ignition time starts increasing steeply from 0.3 g and belba gravity strength of 0.3 g, the
ignition times are 6.42 s, 6.41 s, and 6.48 s for sets 1, 2, and 3 respectively. It increases to 11.11 s,
11.06 s, and 11.20 s for sets 1, 2, and 3 respectively under 0.1 g.

Figure 4.1 showsthe time takerio reach maximum pressungth gravity strengthThis
plot shows a decreasing tendency witlshallowsloppedgraph. The time to reach maximum

pressure from ignition varies between 3.76 s&08 s.t is 3.44s, 335 s, and 29sfor1 g, 0.5
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Figure4.12: Total time for backdraft to occur vs. Gravdyength
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g, and 0.1 g respectively for set 1. Similarly, these values are 3.76 s, 3.38 s, and 3.29 sfor 1 g, 0.5
g, and 0.1 g respectively for set 2. For set 3, itis 3.49 s, 3.45 s, and 3.35s respectively for 1 g, 0.5
g, and 0.19. The total timdor the backdraft to occur decreases with gravity strength. This is shown
in Figure 4.2. From the graphywe can conclude that thetal time variesvith gravity strength in
a nonlinear fashionThe total time for the backdraft to occur7id s, 8.5s, and14.34s for 1 g,
0.5 g for set 1. For set 2, these times A8¥ s, 8.83s, and 4.35s for 1 g, 0.5 g, and 0.1 g
respectively. Finally, for set 3, these times afes/9.05s, and #.55s for 1 g, 0.5 g,and 0.1 g
respectively.
4.2 STRENGTH OF BACKDRAFT

The strength of the backdraftnseasured again by examining the peak pressure and the
heat release rates in the computational domsate that the pressure sensor location has not
changed from the standard model. Only the opegawmetries are altered in this stuéjgure

4.13 shows the variation of maximum pressure with gravity. The maximum pressure decreases
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Figure 4.B: Maximum Pressure vs. Gravity strength plot.
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Figure4.14: Pressure vsTime since ignitiorplot, set 1
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Figure4.15: Pressure vsTime since ignitiorplot, set 2
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Figure4.16: Pressure vsTime since ignitiorplot, set 3
with gravity almost linearly. Maximum pressure is felt at normal gravity conditions with values
17.05 Pa, 21.05 Pa, and 17.72N Pa respectively for Sets 1, 2,Figdrds 4.14 to 4.16 show the
variation of pressure with time since ignition for three sets under three gravity conditions viz. 1 g,
0.5 g, and 0.1 g. The graphs are consistent with each other except for set 2, which is slightly
different than the other two. This difference is alsaent in other plots.

We can see a twpeak situation in the pressure plots prominently under normal gravity
conditions. The first peak is vemyeak compared to the second one which occurs when the
backdraft passes through the exit. In ¢thse ofsetl, the first peak occurs at 2.7after ignition
For set3, the first peak occurs at 2.7%fer ignition However, for set 2, this time %95 s. The
peak pressure occuss3.44 s, 3.76 s, and 3.49 s after ignition for sets 1, 2, and 3 respedinely.
difference in time beteen the two peakis 0.74 s for sets 1 and 3. It is 0.81 s for sdti@e that
the peak pressures occur at almost the same tinsetfsit and 2 forthe three gravity strengths.

However, for set Zhe peak of 0.5 g occufs39 s earlier than thgeak of 1 g gravity strength.
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Figures 4.7 and 4.B show the variation of compartment and total heat release rates with
time forunder 1 g, 0.5 g, and 0.1fgr all the setsFigures 4.9 and4.20 show the variation of
maximum compartment heat release and total heat release with respect to various gravity strengths
for all the setslt can be seen thaibth compartment and total heat release peak around the same
time i.e.around 3.5 s after ignition the only outlier being 1 g of set 2. You can also obhsemer
first peak, but thiss not very evident in the compartment heat release cumege is only a single
peak in total heat release ces.

The maximum compartment heat release cwaweost linearly decreases with gravity
strength. However, thmaximum totalheat releasdoes not show such a tendency. It is almost
constant eounda range of value§’he maximumcompartment heat release valuesler 1 gare
669.47 kW714.88 kW, and 685.39 kW for sets 1, 2, and 3 respectitel.5 g, they ar®16.43
kw, 572.29 kW, and 516.14 kW respectively for sets 1, 2, ar@30.1 g, they are 385.31 kW,

378.61 kW, and 374.96 kW respectively for sets 1, 2, and 3. It can be inferred that the contribution
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Figure4.17: Compartment heat release rageTime since ignitiorplot.
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Figure4.18: Total heat release rates. Time since ignitiorplot.

Figure4.19: Maximum compartment heat release rzelime since ignitiorplot.
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