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@ Fire physical basics and modelling
o Fire scenario
o Characteristics
o Couplings

® Unsteady density variation effect
o Density variation disabled
o Density variation estimation
o Application to combustion

@ Application: Low Froude number flames

® Conclusion and future works
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Fire is the first internal aggression :

~ 60 fire starts/year for 58 nuclear plant units

® Costs :

- Cattenom 2004 : 22 days off costing 300 k€ = 6.6 M€
- Fire security systems replacement in EDF’s plants : 500 M€
(Plan Action Incendie 1999-2006).

® Causes :

Electric the main causes, dynamic (short-circuit, over-current, under-
calibrated cable section) or static (friction, lightning).

Mechanic overheating by friction.

Thermal hot spots (cigarette), sparks (engine), welding works (fire

authorization), heating system (building maintenance),
surface overheating

Chemical product reaction (paints, varnishes, solvents),
combustion (greased rag mix, oil in basket, etc.)
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__ Why Code_Saturne ?
“NAGIC
o Zone model developed at EDF R&D for 20 years,

o Industrially mature and international accreditation (EPRI + NRC).
® MAGIC limitations

o Due to gas stratification, two zones, global values

o Spatial description simpler than CFD (ex. pool position effect on wall
temperature).

@ CFD advantages

o Local scalar values, better flow description (ex aeraulic short-circuits),

o MAGIC validation range enlargement (larger volumes, complex geometry).
® EDF R&D views: Code Saturne based development

o code IPS (Important Pour la Sdreté), final engineering fire version expected,

o Code rationalisation (Code Saturne already used at SEPTEN),

o Technical skills and intern/extern synergy R
-y
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" Fire physical basics

secondary fuel pyrolysis

q;

B i

| 6. Flame, smoke and wall radiation =>

e e e

sk

4. Stratification (open fire) :
- hot smoke layer

B e T T e R

2. Fire plume
— pump

TS,

5. Flame radiation => 1. Combustion by 3. Fresh air
increasing pyrolysis rate diffusion flame entrainment I
LGB k.
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- Fire physical basics: characteristics

@ Vaporlzatlon or pyrolysis : weak combustible emission rate ~ g/m?/s

=> inlet speed ~ mm/s

® Combustion : cold reactants — hot products : p ~ 1 to 0,1kg/m?3 :
o Strong buoyancy forces (p - p,)g
o Strong thermal expansion op/ot = 0
@ Large eddy turbulent structures (~ pool dimension)
o Hot gas puffs (2-3 Hz) burning rising + global oscillation (< 0,1 Hz)
=> complex unsteady phenomena

o Smoke dilution by fresh air (affect temperature, concentrations,...)

® Confinement effect
o Stratification: hot smoke vs. fresh air

o Extinction, reignition, flashover

o =
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~ Fire physical basics: couplings
l.}}}_"‘:@::'{;elocity/ Density: thermal expansion
o flow speeded up by expansion

o variation density modified by the flow

® Smoke/fresh air: natural convection

o hot smoke raise in the plume and drive
up fresh air

o smoke temperature and natural
convection decrease

o but, less soot formed by the complete
combustion which keep smoke
temperature and air entrainment high

® Flame/fuel, wall, interface : radiation

o pyrolysis (or vaporization) is incident heat pyrolyse l T feed
flux-dependant from flame

o pyrolysis products feed the radiant flame

LCD

Uproozs Unsteady fire simulation 7 @DF




-
sheeate,
bl

- Unsteady RANS (k-¢) (enough to pick up very large eddies )
- Infinitely fast combustion (diffusion flame): F + Ox —»> P

- Radiation of a grey gas and soot composition (radiant transfer equation solver)

@ Physic to improve
- Unsteady density variation effect 0,p+div(pu) =1
- Absorption coefficient calculation and soot effect
- Pyrolysis rate estimation
- Gas extinction and reignition
- Thermal wall effect g,,, = oC AT

- Fire security systems

® 15 year objectives
- Unsteady behaviour and radiation effect

- One open-room fire, end of 2008 3 a2V
> A Y
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- Unsteady effects: fault

i Replacement of burnt gas by fresh gas ( calculation 1D, 100 meshes)

fresh burnt
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_ Steady Navier-Stokes
“@Prediction :  8,(pu)+div(pu®u)=—grad p+divlz)+ pg
o Explicit pressure p=p"” = predicted velocity u B

® Correction :

. ‘g +1
o Pressure increment addition op”

po,u=—grad 5p""' = pu"" — pii"" =—Atgrad op""'
o Continuity equation div(pg"”) =1"-0,p

0

N

div(At grad op™") = div(pi"") =T +0,p

At 0
n+l1 ~n+l n+1
— u =u ——grad op
o,
A
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Unsteady Navier-Stokes (1/2)

"“® Derivative calculation by independent scalar fields, ex: (f)

-

2
pdtp+p—
S

dp Tt
L

H)-(2) = divw)=—T+

yo,
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d,p+ pdiv(u) =T

div(u) =

af

pd, f=div(D,grad f)+pS, acd, f = % d,p

o,
X
of
1
of
(1)

£.d,p=div(D,grad f)+pS, (2)

o’

: 6]'[:[611\)( D, grad f)- pSf]

1
= __dtlo
Jo,
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~ Unsteady Navier-Stokes (2/2)
“©Prediction :  8,(pu)+div(pu®u)=—gradp+ divlz)+ pg

~n+l1

o Explicit pressure p=p"” = predicted velocity y

® Correction :

. ‘y +1
oPressure increment addition op”

O,u= —lgmd p = u" g = —ggmd p™
P P
. . . . n+l 1 1
oContinuity equation  |div(iu™ )=—I1'-—d,p
P P
A 1 —nt 1 .
div(>L grad ") = —T —divii™™) +—26—p[dw(—z>f grad [)—pS, |
P P p-of
n+ ~n+ A n+
e u lzl’_l l_lg_rad 5p 1 N J
p -
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Infinitely fast chemistry !

Combustible + Oxidant — Products

@ Infinitely fast chemistry :
o No reactants coexistence
o Complete reaction at stoechiometry
@ Mixture fraction : describe Comb/Ox mix
Air: f =0, combustible: f=1
Combustion products: f=fs

No source term:

0,(pf)+0, pu,)=0, \pD2, 1)

@ Mass fractions Y(f) and temperature T(f) and
density p(f)

LCD
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Products

Flame = ——

thick zone
between
reactants
Combustible
} Yp,T# 4
[\ Yox /. Ye
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- Fire: a turbulent child i

Turbulence fluctuatlonsf around the mean f (2 transport equations)

e p= [ (£, T(fH,)P(S NS

o Presumed PdF determined by the two first

moments and his shape

o Lead to five parameters : D, D,, f,, f,, h

® Temperature calculation (T(H,) is tabulated):

T(f,H,)=a(f,H)+b(f,H)T(H,)

oH =T .H;+(1-f,).H,, if adiabatic calculation

oelse H, is deduced from H calculation:

H=[H()P()df =a+p.H,

e [p=pli70)
LCD
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- Unsteady combustion

@ DenS|ty derivative calculation for f and 0= p(f,f"z,f[)
o Use PdF parameters D,, D,, fo, f, h

2 op op,
p afjpr(fH)df jzapl 2 p=DuD S fioh

A@ H and f are coupled by temperature T(f,H,)=a(f,H)+b(f,H)T(H,)

o Some enthalpy effect already considered in f derivative H=« + [B.H,

dp _0p[0T'oH  op _og T .
of OT\6H |of  o6H OT\6H

o Derivative for H, instead of H:

Z pi 6T(f9Hs)
op, oT(f,H, ) ©OH,

LCD
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fresh

Inlet 1m/s
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thearie 108
fautu =1 5,dx =102 m :
fauturb =105, dx =102 m oo T Q.05
002 fautuh = 100 5,dx = 10"-2 m e 1.06
Bulub =100 5, dx =10"3 m :
T IR 1.04
it 0.04
g 001 E 1 E
H 1 ooz U
! | -9
s 0.0 . 0.88 i
=
- 0.02
0.005 U84 0.01
0.82
0 09 : 0
0 0.2 0.4 0.6 0.8 1 0 01 02 03 04 05 Dﬂ n? na nfa 1
Tempst () Tempst is)
- Better mass behaviour
- Coherent velocities
- No density transport equation solved
G‘-t
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burner (U,, ~ mm/s)
(LCD Poitiers, 1989)

® Natural convection dominating: _

Froude : 10 < Fr < 10+ Fr=—"
gD

® “Pyrolysis rate" controlled: 5.3 g/m?/s
(~25 kW: a small paper basket fire)

® Representative of classic situations :
Pool fire
Fire closed to a inert wall
Vertical wall fire

LCD
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Vitesse verticale ¥V {nfs}

e
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@ F’ool fire : vertical velocities g |
S s L—m’j s N
O 015 m vert|cal proﬂle 0. 230 m
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o Correct general shape, larger flame (no jet effect)
o Thermal expansion effective ¢

v =
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Tenperature {K}

@Bl fire : temperatures

T
TR

-
- at

o Better profiles, better dynamic
o Too hot close to the floor

o Too cold in the fire plume =

0.015m vertical profile

0.460 m
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3 g
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- Fire close to an inert wall

1,00 m

1,50 m

1688 §

1488

1288

1860

Tenperature T (K}

gee -

688 -

488 -

288

LCD
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(0.015 m)

o Colder flame than free fire due to less oxygen rate
o Hotter plume, due to less cool by fresh air entrainment

o Simulation is too cold : thermal loss, soot effect ?

Temperature (K) Vertical velocity (m/s)
(0.130 m) (0.130 m)

2208
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800 =
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Abszcisse A {(m} Absciszse X ()

Unsteady fire simulation

20 @DF



L
o

~ Vertical

1,00 m

‘wall fire

1,50m

0.230 m

o Standard algorithm

results already correct

o Need friction description

(mass source term
instead fuel inlet)

LCD
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 Conclusion and work in progress
® Conclusion:

o Unsteady density variation effect is considered

o A simple solution is proposed

o Efficient for classic fire situations

@ Work in progress:
o Realistic open-room fire calculation available, need validation
o Soot formation and effect
o Pyrolysis (vaporization) rate estimation
o Gas extinction and reignition

o Thermal wall effect

o...
ﬁ-“‘
LCD %
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- Fluid dynamics
"(‘4)'“Favre average : pf = pf avoid ﬁ = ,517+ﬁ

® Continuity equation: ~ 0,p+0, (,51/7]-)= r

® Momentum equation :

0,(pit), +o, (pi i)+, puu,=-0,5+0, 7,+Pg,

@ Reynolds tensor : gradient approach

2~ — ~ ~
— puU,; +§,Ok511 = ,Ovt(axjui +8x,-uj)

k2

v,=C,—

@ Turbulent viscosity : k-€ model &
5
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Combustion model: diffusion flame

Products
Combustible + Oxidant — Products
® Diffusion Combustible <=> Oxidant Flame =
thick zone

Q Products => Reactants between

reactants
9 ov + Ly = @(D iyj o

Ot Ox Ox ox Combustible /
_____________________________________ | S
—Fa i
_ RT n m |
w, =Aer |C]'|Ox] ; wr
i Ycomb
® Source term calculation:
o Infinitely fast / limited chemistry > Yox
o Global / detailed chemistry 5 : . |
|- reaction -
_________ convection diffusion, préchauffage T
o B
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~ Thermal transfers
uzﬁ@“ﬁ;ﬁthalpy transport equation:

o,(pi )+o, (pi i)-o, &axﬁj _o | Lo i |+mil-vq
J J J PI- J J Cp J
mﬁ : heat release rate from combustion

c]()?) 3 L”L()_c’, §)§d§2 : radiant puissance emitted on
direction S (W/m?)

@ Radiant transfer equation:

%(L()_c’, §)§)= —kL()_c’, §)+ kG—T4 k : absorption coefficient, function
d CO,, H,0 and soot volume fraction,
temperature, total pressure
and mean beam length e,
UL,)%Q Unsteady fire simulation 25 é‘[;F
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