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Context : Toxicological impact of sodium fire aerosols

Chemical transformations

Na,0, (s) + H,0 (g) ----> 2 NaOH (c) +1/2 0, AH = -192 kJ.mol-!
2 NaOH (c) + CO, (g) ---> Na,CO, (s)+ H,0(l) AH =-167 kd.mol
Na,CO; (s) + CO, (g) + H,0 (g) --—-> 2 NaHCO,(s) AH = -129 kJ.mol'

Iﬁpaét on human health
and environment



Description of the aerosol formation in a sodium fire

Ambience

Combustion ——> sodium oxides Na.O and Na:0:

Na(l or g), O, (g) ==> Na,O (s), Na,0, (s)

-
Oxide
layer
. B ) :
Hydration Soda AH=-192 kl.mol-1 L
1 o e— = Oxide diffusion
NazOz (S) + Hzo (g) ==> 2 NaOH (S or I) + E 02 ——— Na vapor = = — - Oxygen « + « — Oxide
Sodium humidity el phasel:Pre-ignition combustion phase2: Vapor combustion
\ peroxyde Hydroxide J Process of Na liquid droplet combustion,
H. Sun et al./Annals of Nuclear Energy 147 (2020) 107674
(" Carbonation N
2NaOH (sorl)+CO, (g) ==> Na,CO; (s)+H,0 (D
\__hydroxide atmosphere carbonate -

Bi-Carbonation
Na,COj; (s) +CO, (g) + H,0 (g) ==> 2NaHCOj (s) AH=129kl.mol-1

Sodium Sodium
carbonate bicarbonate




Objectives and scientific approach

Objectives Na,0, (s) + H,0 (g) -—--> 2 NaOH (c) + 20,  AH =-192 kJ.mol-1
* Development of a kinetic model 2 NaOH (c) + CO, (g) > Na,CO, (s)+ H20 ()  AH = -167 kJ.mol-1
° Ae rosol reactlon Wlth HZO Na,CO, (s) + CO, (g) + H,0 (g) -----> 2 NaHCO; (s) A/H=-129 kJ.mol-1

e Aerosol reaction with CO2

* Introduction of the kinetic modeling in an atmospheric dispersion simulator

* Consideration of aerosol interaction with the surrounding air
(sedimentation,deposition)

Methodology
* Review analysis of existing models and collection of experimental data

. Elak\‘boratio)n of a development strategy (conceptual model, hypothesis, numerical
scheme,...

 Evaluation of the developed model




Chemical transformations of sodium aerosols : review

J Aerodynamic diameter of primary sodium aerosol (before transformation)

* AMMD = 0.9 um (Cherdronet al., 1985)
* AMMD =1 um (Jordan et al., 1988)
e AMMD = 1.2 um (Subramanianet Baskaran, 2007)

- Carbonation seems to be the limiting process of the
aerosol chemical transformation

(] Reaction with H20 : Hydration - Modeling hydration reaction by assuming liquid-vapour
* V\ery fast reaction (transfer time tr<1 s) equilibrium on the aerosol surface (Cooper, 1981)
» tr= 2.10*-1s , RH = 40-70% (Hofmann et al. 1979)
> tr= 6.10%-3.102 s, dp= 0,1-10 um (Cooper, 1980) 087
* NaOH aerosol is very harmful R, = P 13
* Formation of liquid droplet for RH>35% (1-RH)

] Reaction with CO2 : Carbonation & Bicarbonation RH : Relative humidity — RO : Initial Radius of the hydrated aerosol - Rp Aerosol Particle radius
* Slow reaction (transfer time tr= few minutes)
» tr= 260 s , RH=20% (Cherdronet al., 1985)
» tr= 500 s, RH=50-65% (Subramanian et al., 2009)
» tr= 1300 s , RH=80% (Misraet al., 2012)
* Na2COsis only irritant
* Lack of studies on bicarbonation reaction
* NaHCO3 is inert




Development of a kinetic model

Shrinking core model (Mathé, 2012)
Reactive adsorption model (Plantamp, 2016)

porous layer of
Na2Co3,H20 (s)

(1 Conceptual model for carbonation reaction PSRN )

CO, (gaz)
Ve

NaOH 1 [ _;
(solid) e

i1l S

€O, (gaz)

CO,(g)+2NaOH(s) — Na,CO,. H,0(s)
A(g)+VvB(s) > C(s)

Carbonate aerosol image (Plantamp, 2016) — . .
_ Physical evolution of the aerosol
O Hypothesis
i i 0.87

o) Heterogepepug reactlpn (gas/s.olld). Initial radius R, =R, _

o Transfer limitation by internal diffusion (1-RH)

0 Instantaneous surface reaction (1storder) —_Internal radius . (3(mNa{)H))1f3
d Transfer flow rate (mole/s) Y amp

R,R i 3
Jco _ 4‘mDeCCD e e I External radius R, - (R} + xxlmzﬂ.,:,saﬁzg))1 5
: : R2 — Rl AP, O, (1-2)
_




Development of a kinetic model Shrinking core model (Mathé, 2012)

Reactive adsorption model (Plantamp, 2016)
J Application for all reactions (hydration, carbonation, bicarbonation)

* Na202(s) + H20 (g) ----- > 2 NaOH(c) + %2 O2(g) (hydration)
_ 4nCyoD.R.R,
o R;-R,

4nCco D.R,R,
L co, R, R,

# Na2CO3(c) + CO2(g) + H20 (g) ----- > 2 NaHCO3(c) (bicarbonation

/2 NaOH(c) + CO2(g) ----- > Na2CO03 (c) + H20 (I) (carbonationj

; 4nmin(Cy .Cep, )D.R3R,
H,0.C0, — R, R,
\ Configuration of a aerosol sodium
] Aerosol size evolution
N _(3(mm20x))m R - (Mson | o Incremental-.ltergtlve
* " amo VA, schemas with fixed

step time

3m 3m
R, =( Na,COs +Rf)“3 R, =( NaCHO, +Rg)1f3
4T[paem 4npaem

paero: aerosol density (cst) ; mk: chemical compound mass



Shrinking core model (Mathé, 2012)

° . I
Development of a kinetic mode Reactive adsorption model (Plantamp, 2016)

Stagnant Films

2 Conceptual model Gaz-liquid Interface
( ,".——‘“\ gaz film ) 4
’ J pores filled . | "‘
, with liquid (r.,) Two-film c CO02,x
NaOH + H,0 t 1 N":_H +H20 Na2Co3,H20 (s) theory \ Transfer
LA acceleration

(liquid) _bl

_ - =C0:l(ga2)
Vo \ C%qo i due to reaction
v\ (E)
/11 g =
Se -~ Ceozi c
€0, (gaz) CO,(g) + 2NaOH(aq) > Na,C05. H,O(s) co2,lig

A(g)+vB(aq) = C(s)
: 5y | Byg
O Equation of the transfer flow rate (mole/s) _
. 45?2 . .
v’ Gas film Jeo, =4mR7k, (CEq . —CCo, ;) / Physical evolution of aerosol \
e ey g 3(my, + Myon) . 15
v’ Liquid film Jeo, = 4R kg T E(Ceo, s — Coo, tig) Internal radius R, =( Ao )
g
Since Cco,i =HCEo R T Henry law External radius |, _ po, 3co.cn) o
T o
_ 2e 1 1 47,00, 0-2)
‘ sz _4“R1CCD=F X(ks +killETs-fR§==T) \ j
E: enhancement factor of reaction; Tsurf : ratio of accessible surface _




Shrinking core model (Mathé, 2012)
Reactive adsorption model (Plantamp, 2016)

Development of a kinetic model

] Calculation of model parameters

= Enhancement factor H Ha? = Kinetic rate of reaction in a liquid film
Transfer flow rate by dif fusion through film

Ha = \/ ICi:}H—,L k{)H— DCD: L Ha ko« reaction rate constant (m.,mol..s.)
a= k |f Einst>>Ha » E=——— D....: diffusion coefficient of CO2 in the liquid (m..s.)
L tang(Ha) D...: diffusion coefficient of OHin the liquid (m..s.)
Cox.: OHconcentration in the liquid (mol.m.)
_ 1 DOH‘,L CC.'H‘,L
Cco,.L Cc02 i

Evolution of accessible surface area as function of NaOH
conversion for different RH values

" Accessible surface area reur .
|_3 —HER = 200
o 0% e L
- 5 =——HER = 40%
Tour = PexXp(PX 0n) 5 \ \ ——
8 o =—HR = 6% [~
£ ==HR = T70%
~0.5289 £ \ \ \ T
P =—2_8626 u='.| 40% HR = 80
(1-RH) 2 \ \ \ \
@ 0
O — :
X — Nyaon ~ Dol E B

]
T
<

0.2 04 0.6 0.8 1

NaOH NaOH conversion degree Xy,oy (-)



Coupling with atmospheric dispersion calculation

1 CFD-based simulation : Eulerian Approach

* Eulerian approach is preferable because sodium aerosol inertia is negligible
* Aerosol concentration is considered as a scalar transported in the flow field

* Chemical transformation of aerosol is introduced as a source term in the transport equation

Transport equation

@ +div((pu)-X,) = div(K, grad(X,))+ TSy,

TSy, =Vl M,
g M
Zaz
* Modeling of aerosol sedimentation
PU = pPpU+ PV g drift-flux model
2 . .
P reero: relaxation time

1“"rsed lg - Taemg

- 18y,

Xk: mass fraction (kgk/kgairl)
Mk: molar mass (mol/kg)
k : Chemical species (NaOH, Na2COs, CO2,...)

Integration of the gravitational settling

effect of aerosols into the convection

term



Coupling with atmospheric dispersion calculation

d CFD-based simulation : Eulerian Approach

« Modeling of aerosol release

op -
—+div(pu) =T
o (pu)

‘XPTX](LL div((pu)-X, ) =div(K, grad(X,)) + TSy + Ko — X )T

Modeling of aerosol deposition

_ wall _
J= Vdepcaelo Ve = Vaua T

Integration of aerosols deposition as a
wall flux into the boundary condition

[

release rate(kgai/s)

Xkinj : mass fraction in the release rate

L

X

convective airflow

core region

concentration J;, deposition flux
boundary layer toward wall surfacm;_ y

L tﬁ " ‘
- o ‘ !
:-:i.. R R L N R %QM“L X

RO WA “'-f\'ﬁ:-',:..:.',. Ll
wall surface\f

Methodology modeling of aerosol deposition,
F. Chen et al. / Atmospheric Environment 40 (2006) 357—-367




Coupling with atmospheric dispersion calculation

d Modeling of reaction heat

e Heat balance

T _ AH : heat of the reaction, J.mol-1
pC, EJFPCp@ﬁd(T) =div(A,@adT)+ TS, +v (A H)  Vi: rate of the chemical reaction, mol.s-1

e Atmospheric application : potential temperature

P..r_/c Prer. standard reference pressure
B:T(?f) ge e Rq¢: gazconstant

A H - dC : . _
pC, X, pC,ugrad(6) = div(i gradd) + TSy + 9 dCmo (L yation + 9 &eo ('fj‘rH‘:5“""’““'5"‘:“”:l * AcH icarbonsion)
ct T dt Mmyg,, =~ T dt Mm g,

Cp: specific heat of the gas, J.Kg-1.mol-1
Ae : effective thermal conductivity, W.m-1.K-1



Coupling with atmospheric dispersion calculation

J Discretization of the aerosol granulometry

* Application of a normal distribution
* Choice of a 6 range sizes
* Possibility to integrate more realistic spectral distribution

A

X = 1 micron
0=0.3 micron

mass fraction
in a range size




Comparison to existent model

Evaluation of the kinetic model Comparison to experimental data from literature

Sensibility study — 3D simulations

] Model vs. Stark simulation (Mathé, 2012) Naz0:
. mo | co

; — Developed shrinking core model
- o Mathe model (2012)

Injected mass = 1000 kg
Simulation time = 1.8 sec
Reactor volume = 81600
m3

CCO2= 390 ppmv

RH =50%

Rp=0.5 um

o -
%

:‘II-'_

% -

Partial pressure of CO,(pa)

0 02 0s e 08 1 12 14 16 18 2z 1200
1200 Time {5] E =Daveloped Shrinking core model
3100 —Developed shrinking core model 1000 @ Na,O © Mathe model (2012)
= © Mathe model (2012) 3 .
2 3000 é NaOH
Q. 200 g " '
T S
T =
g S w00 -
@
Y ze00 -
o - 400
T 20 g
; 4
2400 E 200
2300
2200 X

o 0.2 04 0.6 0.4 1 12 14 1.6 18 2 0 0.2 0.4 [ 08 12 14 1.6 18 2

1
Time (s) Time(s)



Comparison to existent model

Evaluation of the kinetic model Comparison to experimental data from literature

Sensibility study — 3D simulations

J Model vs. Simulation Plantamp(Plantamp, 2016)

oy [CO,] = 399 ppm '
-BS- I R, =0.5 pm ’ —
o 08 RH = 50% i : -
S
o 071
O ! '
e hle—— O i wered i = —
S 1
4 g
o 05 ~—Developed reactive adorption model
E © Plantamp model (2016)
3 [
g 03 +
© [
2 o2

01

0 100 200 300 400 500 600 700 800 900

Reaction time (s)



Comparison to existent model

Evaluation of the kinetic model Comparison to experimental data from literature
Sensibility study — 3D simulations

J Model vs. experiments of Cheldron et al., 1984

11 |
[

[Na]=100-400 -3

a mg.m _

[ ICO,];; 335 ppm, | | | :-::':::
. R,=0.5pm o _ B lr"‘-f:::"""- R

' E g: =1.5, :Iﬂ"’ m.s? 2} ;”'-—"

o Experiment, , RH=56%
——=Shrinking core model, Rf-l-SG%

- qﬂ:nﬂ ive l'aﬂ_med‘el_‘RH_“ 56 u
o Experlme t, RH = 20% |

odel, nu- 20%

== Reactive adsorption made! RH = 20%

Ay
4 ;F

| -
| | --—--

- -
-

_--
- -
-

NaOH conversion degree (%

-
-
- -
-

150 200 250 300

Reaction time (s)




Comparison to existent model

Evaluation of the kinetic model Comparison to experimental data from literature
Sensibility study — 3D simulations

J Model vs. experiments of Hofmann et al., 1979 (RH = 40%)

17 o

]

[ ° ° 3
g o :
Ll o ; / o Experiment, RH= 40%
Q d ===Shrinking core model, RH=40%
q,_" i / == Reactive adsorption model, RH=40%
b0 0.7 1
Q C /
D os Spray fi
c i ray rire
o [Na]=200-500 mg.m-3
v 0.5 | [CO,] = 335 ppm, —— L
B R,=1pm e
q>; 0 | D. = 1.510° m2.s"! L oa==
= E / p"‘."’-
8 0.3 + ‘__..—"—"'"

L 'ﬂ
= 0.2 :I ~"'"
2 o4 -7

’
&
7’
0 5 10 15 20 25 30

Reaction time (s)



Comparison to existent model

Evaluation of the kinetic model Comparison to experimental data from literature
Sensibility study — 3D simulations

J Model vs. experiments of Hofmann et al., 1979 (RH = 70%)

1 -

- 0.9 | =
0\°~ i X‘"‘:- -]
— i
0.8
@ 02 .
| . L -]
bo 0.7 |
v ;
© 0.6 |
: -
= t RH=703
.E - M
E s===Shrinking core model, RH =70%
E Spray fire == Reactive adsorption model, RH =70% |
[Na]=200-500 mg.m-3
8 [CO.] = 335 ppm,
R, = 0.5 pm
g D, = 1.5 10° m2.s"
1Y
Z
5 10 15 20 25 30

Reaction time (s)



Comparison to existent model

Evaluation of the kinetic model Comparison to experimental data from literature
Sensibility study — 3D simulations

J Model vs. experiments of Subramanian et al., 2009
1 ©
i |

0.9 |

0.8 |

Experiment, RH = 50%
=—=Shrinking core model, RH = 50%
- Reactivfadsorption model, RH =50%

O Experiment, RH = 65%
—Shrinking core model, RH = 65%
== Reactive adsorption model, RH=65%

0.7 +

0.6 ¢

05 -

0.4

Pool fire
[Na]=2 g.m"=

0.3 [CO,] = 390 ppm,
doero =1 pM

D.=1.510°" m2.s"
0.2

NaOH conversion degree (%)

0.1

100 200 300 400 500 600 700 800 900 1000

Reaction time (s)



Evaluation of the kinetic model

J Modelling of aerosol deposition process: shrinking core model

Deposition process: considered

. e v' Homogenous domain
monodisperse size distribution case o
v Domain size:
_ carbonate 1000x400x400
' 1.4000e-03 v Source release : 30 m
1.0850e-03 S opsol
. 7.7000e-04 4 Eeu_trsalftmos here
P ———— . 4.5500e-04 _ >
L ' 1 .4000e-04 v’ Release rate : 100 Kg/s
’ - v Simulation time : 1000 s
Deposition process: not considered
monodisperse size distribution case
carbonate
i 1.40e-03

| 7.87e-04
| 4.436-04
2.49%e-04
. ! 4 40e-04
2.5 Km

L L

Release point
of aerosol

&
Y



Evaluation of the kinetic model

J Modelling of the aerosol deposition process : shrinking core model

Only carbonation reaction is considered

_ LigPotTemp

1 2.991e+02
2.990e+02
2.990e+02
2.989e+02
2.989e+02

All reaction are considered (hydration, carbonation, bicarbonation)

LigPotTemp
2.998e+02

2.996e+02
2.994e+02
2.991e+02
2.989%e+02

v" Homogenous domain
v' Domain size:

1000x400x400

v" Source release : 30 m

RN

up soil

RH =50%

Neutral atmosphere
Release rate : 100 Kg/s
Simulation time : 1000 s




Comparison to existent model

Evaluation of the kinetic model

Comparison to experimental data from literature
Sensibility study — 3D simulations

Frequency (-)

07 ' T T
e LJ Ld L3 - " - - N
] Effect of the aerosol size discretization = |[77 monodisperse size distrbution
- == Polydisperse size distribution an® -
E 0.6 - - - st
w
% 05F
0% - oo
£
o 04
80% S
4+
® Inlet aerosol granulometry 5 o3t
w
70% < m Qutlet aerosol granulometry: shrinking core model Yo
= 0.
- ¥ Qutlet aerosol granulometry: reactive adsorption model S
i 201
@©
o
50% - 0.0 i i i i
500 1000 1500 2000 2500
Distance to release source (m)
40% - 0.16 ; ; ; ;
= = monodisperse size dispersion
30% - T ol =" rnulti:disperse size: dispersion o R ...‘.;._
2 e
20% - o Reactive adsorption model WLt
o olaf . B . ..30.'5..’.'....
=
10% - O 0.08 A TS
€ ? o’
B S R
0% - o 0.06 |- - ..'. R
0.1- n.4 M-IJ.? n?-u.i -1 3 1.3-1.6 1.E u T .
i g 0.04 - ‘.'Q
Diameter (um) 2
O Q2| g o
ﬁi H
‘0 .
o.00l2” ; ; ; L
0 500 1000 1500 2000 2500

Distance to release source (m)



Comparison to existent model
Comparison to experimental data from literature
Sensibility study — 3D simulations

Evaluation of the kinetic model

10 ! !
] Effect of the aerosol size : shrinking core model  _
| i1 " i
- : went® :
D 08 S - ...‘.i'. e L
8 N e
07 T T T T E ’..é -‘... ‘-.‘é'.“--
m®  Shrinking core model | i aus® B 1 e e I e R .,;:ﬁgh'l
—_ : ; ; g8 ® = > T ' "qﬁ“"'
i == Reactive adsorption model | o* e & et et et ;
- 0.6+ . . ...i..‘ - .E : ;.“.1' i“‘.‘ ]
- - : ; ; +°
o ; ; on? : Soal o+ ‘_..‘go.f’.‘.\"\\.;_ ssssscnss s
) : : 2® ] U o . :"\ == dp=0.25 micron
E : : *“ i : © . ,‘:o‘":g‘ =® dp = 0.55 micron
Q 05F ‘.“ T 5 B :;«a ; == dp=0.85 micron
: ; R O SR SOR— L - leron |
e : o : o ::'0‘ Shrinking core model Sp=T.Es iy
c "' : ] : ; == dp =145 micron
= o4l __:___._‘0 ] : == dp =21 micron
] i 1 i i I I
= : ." : % 500 1000 1500 2000 2500
Qv + ! : : i
e 4+ Polydisperse size distribution BlETBRRENTEISARE sourdR: ()
g o3tk E ‘ | 0.20 — , ,
] 5 ] L] p = 0.25 micron ;
; ; T sm  dp = 0.55 micron ; -
E : - "m dp = 0.85 micron i "
B i caag® i @ oys)|*® dp=Lla5micon| L]
c a5 5 *» dp = 1.45 micron S,
_8 : —_ mn! g == dp=2.1 micron .,‘:.o"“o.‘.‘
h T i *
S 01l & . guun® waE ] = : 3 “:‘.\1“'
L f pum B L : 5 010 ....:‘\‘!‘ L\ A
w o ; PPL L 2 ; : A\
- annn®® S I S
-'.--.' : ¥ ] o 5’“““‘.
00 mm® L j i l o :‘.'\\\\‘ |
0 500 1000 1500 2000 2500 e 005,0\‘\\‘
: g Tt ; :
Distance to release source (m) g “,;;x“ Reactive adsorption model
U o\ '
L
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Comparison to existent model

Evaluation of the kinetic model

Comparison to experimental data from literature
Sensibility study — 3D simulations

] Modeling the conditions of a release scenario

4817=07 00012 0,002 0,003 481703
W |

0.20 . . -
Domain with building o - [
v" Domain size : 2000x2000x1000 s o _ _ e
. o 018 ‘Shrinking core model TGy
v' source release : 70 m up soil g ] : B
0.14 S S
v RH =50% E -.o“ i
/ _ 5 012} - - - ‘0" .
Rp=0,5 um L 5 .
; _a*
v" Neutral atmosphere E"-m- I .‘.*f. "
v' Release rate :100 Kg/s Zom| et
. . . H * H
v" Simulation time : 1000 s Sl e
: e O 008 aws™
v" Monodisperse size distribution U : _ _ : .
0'0%00 460 5I’IJO 660 760 8['!0 960 1000

Distance to release source (m)



Conclusions and Perspectives

O Conclusions

O Quantitative kinetic model but 0D validation is not sufficient
O High sensitivity of the carbonation process to the aerosol granulometry and to RH

0 allllrinking core model more adapted to low RH whereas reactive adsorption model gives better satisfaction at high

O Easy incorporation in atmospheric dispersion simulator
O K. Nsir, et al. Journal of Aerosol Science 137 (2019) 105433

O Perspectives

O Further experimental validations under different atmosphere conditions

0 Consideration of more realistic meteorological conditions in dispersion simulation
0 More precisions about the bicarbonation chemical kinetic is needed

O Evaluation of sodium aerosol toxicological impact at a larger scale
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