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Abstract

Fire accident in a containment is a serious threat to nuckstors. Fire can cause
substantial loss to life and property. The risk posed by fine also exceed the risk from
internal events within a nuclear reactor. Numerous reseafiorts have been performed
to understand and analyze the phenomenon of fire in nuclaetoreand its consequences.
Modeling of fire is an important subject in the field of fire dgfengineering. Two ap-
proaches which are commonly used in fire modeling are zondetimg and field model-
ing. The objective of this work is to compare zonal and fielddeling approach against a
pool fired experiment performed in a well-confined compariine
Numerical simulations were performed against experimemntsch were conducted within
PRISME program under the framework of OECD. In these expemis) effects of ventila-
tion flow rate on heat release rate in a confined and mechnieaitilated compartment is
investigated. Time dependent changes in gas temperatdrexgggen mass fraction were
measured. The trends obtained by numerical simulatioropesd using zonal model and
field model compares well with experiments. Further val@ais needed before this code
can be used for fire safety analyses.

1 Introduction

Fire is one of the complicated subjects in combustion seierd is defined as uncontrolled
flame spread and growth. Fire within a nuclear reactor is demg and must be avoided. The
risk posed by fire is larger than the risk posed by internah&vevithin the nuclear reactor. In
particular, fire can potentially affect the critical systeseded to shut down the nuclear reac-
tor. Several fire accidents are reported in nuclear reactpy fere occurred at the Browns Ferry
Nuclear Power Plant (NPP) in 1975, the cause of the fire idatéd to electric cables. Sodium
fire accident occurred in sodium fast reactor Monju, Japab9iB5 and it was due to sodium
leak in the secondary loop. In order to reduce the risk of firé faequency of fire occurrence in
a nuclear reactor, further research on fire safety analysiseéded. Experimental and numerical
investigations are useful approaches for the fire safetlysisa Numerical tools are increas-
ingly being used in risk oriented fire assessments to impaonakeupgrade fire protection.
There are two approaches of numerical simulations a) zowalkeiand b) field model, which
are based on Computational Fluid Dynamics (CFD). In the, gastal model was one of the
best approach to simulate fire, since it does not requireslaggnputational resources. The
zonal model divides the geometry into two zones namely aynvaone and b) cold zone.
Equations for conservation of mass, energy and ideal gagtavgolved in these zones. The
parameters such as temperature and concentration arggaddraeach of these zones. This
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approach is also used by safety analysis code, however #tisath is not accurate for highly
complicated geometry. An in-depth review of zonal modelrsspnted elsewhere [1].

The alternative method is based on field model which is mozarate than zonal model, how-
ever, the simulation of fires using CFD is a challenging tasice a wide range of length scales
(diffusion flame of order 1 mm to room dimension of 5 m) mustésofved. In the last decade,
several researcher reported such investigation and validaf their code. Fire Dynamics Sim-
ulator (FDS) developed by National Institute of Standartts Bechnology (NIST) is one of the
codes, which is widely used. This code is based on Large Edduyl&tion (LES) and mix-
ture fraction based combustion model wherein radiatioce®anted by finite volume radiation
model. The details of the model are described in FDS man{iaRcently, validation of FDS
is performed against medium scale pool fire [3], cable fire utldar power plant [4, 5, 6, 7],
lifted turbulent jet flame [8], turbulent buoyant flame [9 ] hethane fire [11], enclosure fires
[12] and small pool fire [13]. The FDS can also be used for cainpent fire [14, 15] and
tunnel fire [16, 17, 18] and to simulate extinguishing of fif&3, 20, 21, 22].

Several other codes are also used to perform such analgsis3#S and FLUENT. ISIS [23, 24]
code developed by IRSN (Institut de Radioprotection et @ets Nucléaire) France can also
be used to simulate fires in a compartment. The code is basdéthwe-averaged Navier-
Stokes (FANS) equation and both mixture fraction and edeyak up combustion models are
available [23, 25, 26]. Radiation is accounted by simple @sdplicated finite volume based
model. Commercial CFD code ANSYS FLUENT [27] is also usednouate fires. Both LES
and FANS based turbulence models are available. Threeehtfeombustion models based on
mixture fraction, eddy break up and laminar finite rate ar@lable [27]. ANSYS FLUENT is
validated by Xue et al. [28] for enclosed room fire, shoppiralriires and tunnel fire.

The focus of this paper is to compare zonal model and field imgj@roach against pool ex-
periments relevant to fire in nuclear compartments. In paldr, it presents validation of CFD
based field model and its comparison with zonal model. Thepigprganized as follows. In
Section 2, numerical methodology is presented. First irti&e@.1 we present zonal model
and describe the governing equations which are solved ialzondel. Second, in Section 2.2
we present governing equations for field model. Furthermooenbustion model, turbulence
model and radiation models are discussed in detail. In @@&j experiments considered for
the simulations are described in detail. Section 4 presbetsomparison of zonal model and
field model simulations against experiments. Finally, ¢asion is presented in Section 5.

2 Numerical methodology

2.1 Zone modd

Consolidated Model of Fire Growth and Smoke Transport (CFAR9] is used here for the
validation of compartment fire. The code is developed andchtasied by NIST. The code
is based on two zones, which means the compartment modetidded into zones a) hot
layer and) cold layer. This means that the variation of qgtiastonly along the height of the
compartment is taken into account. Figure 1 shows controimie of a zonal model. A layer
interface divided the lower layer and upper layer This coalges the following equations for
pressure, volume and temperature with respect to each [algese equations are given below.
Pressure:

dp  v—1

7= et h) (1)
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Volume:
avy 1 dp

ot oy [(7 —1h; — VU%} (2)

Upper layer temperature and lower layer temperature:

U hy — e;moTh b 3

dt cppiVu [( v = muly) + Vo dt} (3)
and

di _ _1 [G —cmT)+v@} 4)

dt — cpiVi Lk Larl

Here,i = L is the lower layer and = U is the upper layery; is the densitym; is the mass,
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Figure 1. Schematic of control volume in a zonal model.

V; is volume,T; is the temperature of the layeandp is the pressurel/;, andV;; are the lower
layer volume and upper layer volume. These sets of equasianderived by conservation of
mass, energy and ideal gas law. Fire in CFAST [29] is implertkas a source of mass of fuel
released at a prescribed rate. The combustion productseated as it burns. Energy source
is equal to product of fuel release rate and heat of combuséleased by the fuel. One step
reaction is assumed for the reaction of fuel and combustiodyxts. Heat transfer in wall is
accounted by solving heat conduction equation normal teveilke

2.2 Field model

Commercial CFD solver ANSYS FLUENT [27] is used for this pose. The models and the
governing equations are described below in the followirgssations.

2.2.1 Governing Equations

Within the ANSYS FLUENT solves the following governing edioa for conservation of mass,
momentum, energy
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Here,i;, Y; andE are the Favre-averaged velocity, mass fraction of spéceasl total energy,
11 1S the turbulent viscositys; is the turbulent Schmidt number asg, is the mass transfer to
the gas phase from liquid droplet or pool due to evaporatiathe time,p is the densityp is
the pressure;), is the specific heat capacity, is the gravitation acceleratiow;, is the reaction
rate, .S, is heat of chemical reaction amﬁ is the diffusion flux of speciek.

2.2.2 Turbulence mode

The closure for Reynolds stress terms in Eg. 6 was achievtdine standard — w turbulence
model. Following equation for turbulent kinetic energyand specific dissipation rate,

Opk ag , .. 0 we Ok
o + a—ggj(pu,kz) = axj (,u + o Oz, ) + Gy + Gy + pB” farwk 9)
and ap 0 0 0
pw _~ Mty OW
. W) = — 1
ot o, ) = 5 <M+0w@xj)+aka+pﬁfﬁw (10)
are solved. The turbulent viscosity is evaluated as follows
ok
e = ol (11)
w
Here,, 5%, o, f3 and fz- are the constants. The production term in Eg. 9 and 10 is gigen
follows 5 96 297 oa
o U, uj  20ug U;
G = {“t<axj or:  30m." ) pké”} oz, (12)

Buoyancy effects the turbulent kinetic energy given by uliided term in Eq. 9 is taken into
account and is implemented in ANSYS FLUENT using User DefiRadctions (UDF). The
production of turbulence due to buoyancy is given as foltows

Here, g; is the gravitational acceleratiorfr; is the turbulent Prandtl number amtlis the
coefficient of thermal expansion and is given by

5= —;(@)p (14)

An effect of buoyancy on specific dissipation rate is not teikeo account.
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2.2.3 Combustion and radiation model

The termw,, in Eq. 7 represents the reaction rate which needs to be cld$ededdy-dissipation

model proposed by Magnussen and Hjertegar [30, 31] is usadtiz| combustion. The model
is based upon the assumption that the overall rate of bursiogntrolled by turbulent mixing.

The net rate of production of speciésdue to reaction, u, is given by the smaller (i.e.,
limiting value) of the two expressions below:

- _€ . Yr
W = Vllc,er,k’APE min <V§z,er,R> (15)
and v
G = v My AB e T (16)
Zj Vj,erJ

Here,e is the turbulent dissipation ratd,andB are the constantd/,, . is the molecular weight
of speciest, Y» andYy are the mass fractions of products and reactaritsandv;, are the
stoichiometric coefficients of reactant specias reactionr and stoichiometric coefficients of
product specieg in reactionr. Following one step reaction considered for liquid hydnogted
tetra propylene (TPH) which is the fuel burned is considered

CiaHog + 100y = VCOQCOQ + I/HQOHQO + v C. (17)

Here,vp, vco,, Vu,0 andve are the stoichiometric coefficient of,OCO,, H,O and soot. To
account for radiation loss, Discrete Ordinate (DO) radiatnodel is used here. The absorption
coefficient of the soot, COand H,O must be taken into account. To calculate the absorption
coefficient of soot and gas, respectively following equatoused

Asoot = 1262fUT (18)

and

Qgas = P(kco,Tco, + kmoTm,0). (19)
Here, f, is the soot volume fractior, is the absolute pressuri;o,, km,o are the temperature
dependent absorption coefficients of £and HO are taken from [32]xco, andzy,o are
the mass fractions of CCand HO. The absorption coefficients are implemented in the solver
using UDF.
To summarize, at each time step Eq. 5, 6, 7, 8, 9, 10 and 11 lzexido obtain density, velocity,
mass fraction of speciek, temperature, turbulent kinetic energy and turbulentipeson rate.

2.2.4 Numerical scheme

3D simulations were performed using ANSYS FLUENT, which éogp a finite volume method.
The spatial and time discretization of the conservatioraéiqas were performed with second
order upwind scheme and second-order implicit method,e&sgely. The pressure-velocity
coupling was performed with SIMPLE and discretized equetiovere solved using a segre-
gated solver in an iterative manner.

3 Resultsand discussion

The aim of this work is to compare zonal model approach agéigis model. For this pur-
pose, the experiments performed in confined and mechanicatltilated fire compartment are
selected. This is described below.
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3.1 Experiment

Within the framework of PRISME (French acronym for “Fire Pagation in Elementary Multi-
room scenarios”), several experiments were performedisgafrom single room to fires in
three rooms with ventilation. These experiments were peréal in DIVA facility in IRSN,
France. The Diva facility shown in 3.1 essentially contansom (floor area 56 and height
4 m) which is mechanically ventilated. The floor of the roonmtzaning pool of liquid hydro-
genated tetra propylene (TPH) is burning at specified massrite (see Fig. 3). The pool
surface is 0.4 rhbefore ignition and the fuel depth is 0.05 m. The pool is igaiby propane
gas burner. The room has inlet and outlet branches of thelator system. The inlet branch
supplies fresh air at a ventilation rate of 568hm'. The properties of the room and the liquid
fuel are mentioned in Table 1 and 2 and 3. More details of tipeements are provided in
paper by Pretrel et al. [33].

Table 1. Experimental condition

Atmospheric temperature 287 K
Absolute Pressure 99kPa
Fuel temperature 306.5C

Temperature in fire compartment 307
Temperature in JUPITER compartment 304
Wall temperature 305

Table 2: Diva compartment
Material | Thermal Conductivity Heat Capacity Emissivity | Density
A Wm—'K™] Cpldkg K™ €[] plkgm™]
Concrete 15 736 0.7 2430
Rockwool 0.102 840 0.95 140

Table 3: Hydrogenated tetra-propylene properties

Formula| Density Heat of Heat of | Ignition temperature Radiative fraction
vaporisation| combustion
P hfg AHC Tign ﬂ
[kgm™] | [kJkg'] [Jkg™'] [K] [-]
CioHog 749 362 42.106 473 0.7

The point measurements of temperature performed at différeations x=2.375, y=0.0 z=[0.05,0.3,
0.55,0.80,1.05,1.30,1.55,1.80,2.05,2.30,2.55,M8,3.3,3.55,3.80, 3.85, 3.90]. Additionally,
oxygen concentrations are measured for entire fire durati@»00 s. The uncertainty in mea-
surement for gas temperature and oxygen concentratiorOe#g dnd 2 %.

3.2 Simulations

The experiments are simulated using CFAST and ANSYS FLUENE computational do-
main and boundary conditions used in ANSYS FLUENT are dbsdrihere. Commercial
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Figure 2: Schematic of DIVA facility
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Figure 3: Measured mass loss rate

Meshing software ANSYS GAMBIT is used to mesh the geometwo different meshes (cell
size of 10 cm and 20 cm results) were compared to obtain gddgandent results. Time
dependent mass flow inlet boundary condition is specifiethénfire inlet (see Fig. 3), while
constant mass flow rate is specified for the air inlet. Thektiess of the wall on the roof and
adjacent walls were resolved and heat conduction equatssaived for this purpose.

Figure 4a and b) shows the comparison of gas temperatureoabtation z = 0.155 m and
z = 0.205. Curves 1 and 2 were obtained using CFAST and ANSYS@BNT simulations,
respectively. Filled symbols in Fig. 4 represent experitaktiata. The results are plotted only
from time t = 0:500 s since the peak in mass flow rate occursigmtitme range (see Fig 3) .
The results obtained from CFAST over-predict the gas teatpeg, while ANSYS FLUENT
results are in good agreement with experiment. It is worthtimaing here that the uncertainty
in measurement in gas temperature is 10 %. Both CFAST and AANEYUENT results show
peak in temperature at the same time as in the experiments.

Figure 5a) and b) shows the comparison of gas temperatuaeation z = 0.28 m and z =
0.33 m. Curves 1 and 2 were obtained using CFAST and ANSYS RMU&mulations, re-
spectively. Filled symbols represent experimental datae fesults obtained from both these
simulations tend to over-predict the gas temperature, kiewehe trends are predicted very
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well. Further investigations are needed to ascertain theecaf over-prediction in gas temper-
ature.

The oxygen concentration plays a major role in fire propagatAs the oxygen concentration
decreases, burning rate also decreases and hence the gasdeme. Figure 6a) and b) shows
the comparison of oxygen concentration at location z = 0.@Gwhz = 0.33 m. Curves 1 and 2
were obtained using CFAST and ANSYS FLUENT simulationspeesively. Filled symbols
represent experimental data. Results from ANSYS FLUENTchaery well with the experi-
ments. Itis worth mentioning here that the uncertainty imsuement in oxygen mass fraction
is 2%.
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Figure 4: Gas temperatufB(k) versus timet a) z = 0.155 m b) z = 0.205 m. Curves 1
and 2 were obtained from CFAST and ANSYS FLUENT simulatiorspectively. Symbols
represent experiments.
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Figure 5: Gas temperatufE(k) versus timef a) z = 0.28 m b) z = 0.33 m Curves 1 and 2

were obtained from CFAST and ANSYS FLUENT simulations, exgpvely. Filled symbols
represent experimental data.

4 Conclusion

Fire accidents in nuclear reactors must be prevented tadahei risk of release of harmful
radioactive materials in the environment. Numerical tdmsed upon zonal and field model
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Figure 6: Oxygen concentration versus tim&) z = 0.28 m b) z = 0.33 m. Curves 1 and 2
were obtained from CFAST and ANSYS FLUENT simulations, exgpely. Filled symbols
represent experimental data.

approaches are commonly used for the safety analyses aéarugactors. The aim of this
work is to compare both these simulation approaches agexpsriment. For this purpose,
simulations were performed and compared against liquid fi@experiments conducted in
confined and mechanically ventilated compartment. Zonalehsimulations performed using
CFAST and field model simulations performed using ANSYS FINJEare compared. The
gas temperature and oxygen concentration at differentitot® obtained using simulations
show similar trends as in experiments. However, CFAST @vedicts the gas temperature and
oxygen concentration in comparison to ANSYS FLUENT.

Further validation must be performed before this code candeel for the fire safety analyses
of nuclear reactors.
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Nomenclature

Roman Symbols

C,  :Gas mixture heat capacity at constant pressure [J/kg.K]
g :Gravitational acceleration [fs]

H.  :Heat of combustion [kJ]

h; :Enthalpy of specieg, [J/mole]

hr, :Enthalpy of lower layer [J/moles]

hy  :Enthalpy of upper layer [J/moles]

k ‘Turbulent kinetic energy [AV s7]

kerr  :Gas mixture thermal conductivity [W/ m.K]
m; :mass of layei [kg]

Nu  :Nusselt number [-]

P :Absolute pressure [Pa]
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:Pressure [Pa]
:Universal gas constant [J/K.mol]
‘Radius [m]
e  :Reynolds number [-]
:Energy source [-]
'm  .Mass source [-]
Sc :Schmidt number [-]
T ‘Temperature [K]
t :Time [s]
17, :Temperature of lower layer [K]
Ty :Temperature of upper layer [K]
u
v
v,

YR

o

‘Velocity [m/s]
:Control Volume [moles]
:Volume of layeri [m?]
Vr  :Volume of lower layer [m]
Vu :Volume of lower layer [m]

x; :Coordinates iy [m]

Yi :Mass fractions of species, [-]

z ‘Height [m]

Greek Symbols

€ :Emissivity [m]

1 :Laminar viscosity [Pa.s]

1t :Turbulent viscosity [Pa.s]

w :Specific dissipation rate [1/s]

p :Density [kg/n¥]
Py :Density of gas [kg/rf]

o :Stefan-Boltzmann constant [.]
o :Turbulent Schmidt number [-]
Acronyms

CFAST :Consolidated Model of Fire Growth and Smoke Transpor
FDS :Fire Dynamics simulator

IRSN :Institut de Radioprotection et de&®t¢ Nucléaire

NPP :Nuclear Power Plant

RHS :Right Hand Side
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