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Background and Motivation
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ALTERNATIVE IN-FLIGHT

FIRE SUPPRESSANTS

“A comparison of agents showed that on
average, NaHCO3 was three times more
effective than CF3Br on a mass basis and six
times more effective than N2 in extinguishing
flames burning the various fuels.”
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NaHCO; Decomposition Kinetics

Reaction Temp [°C] E, [kJ/mol] A [1/s]

NaHCOs3 (s) — 3NapCOs3 (s) + §CO2 + 3H,0 984 - 168 105.8 1.1 x 101
NayCO3 (s) — NagO (s) + COq 550 - 900 273.3 9.5 x 1010
Nay0 (s) + HoO — 2NaOH 900 - 1200 401.6 3.4 x 10'2

: * TGA at 10 K/min

® Kuang (2008)
B Tejeda-Ochoa (2019)|

—

Heda (1995) i H i i
> Bkt (2008) * Mass loss on heating process of NaHCOs is divided into
—— FDS no residue three Stages.

o
o’

——— FDS 18 % residue

* The mass loss in first and second stages are validated with
available literature data of pure NaHCOs at low
temperature of 98 - 168 °C and BC powder as well at
NaHCO; and SiO, mixture at temperature of 550 - 900 °C.

Normalized Mass
o
[e)]

0.4+
* At high temperature, calculations of equilibrium
0.2 concentrations demonstrate that the main product above
974 to 1127 °Cis sodium hydroxide [Zamansky, 1997],
0 ‘ ‘ homogeneous reaction Na,0O + H,0 => 2NaOH is defined
0 400 800 1200 1600 in temperature range of 900 - 1200 °C.

Temperature (°C)
* Third step is not well understood. (We will return to this.)



NaHCO3 Decomposition Thermodynamics

Heats of reaction for NaCO3 and Na,O obtained
Q +769 kl/kg

from NIST-JANAF enthalpy data.
‘ + The heat of reaction for NaHCO; obtained from
a TGA test.

@179 °C
2 NaHCO, Na,CO; H,0 + CO, Items in boxes all contribute to decomposition.
+6.5 ki/kg +280 kJ/kg +3006 kJ/kg
L gt
@450 °C @750 °C @862 °C
Na,CO; | Na,CO; Il Na,CO; Liquid Na,0
‘ +23 kl/kg +192 kl/kg ‘ +770 ki/kg ‘ @uszs ki/kg
= +
@750 °C @970 °C @1132°C @1226 °C
Na,O vy Na,O 3 Na,0 a Na,O Liquid H,O  Liquid phase® 2 NaOH

Not well understood, we follow
Dounia (2018)

*B and o phases would differ by the phase change energy



Simplified Full Particle Decomposition

O — O+

1 kmol NaHCO;3 1 kmol CO, 1 kmol NaOH

1 kg NaHCO;, 0.524 kg CO, 0.476 NaOH

“The residence time in the cup burner flames used here is approximately
an order of magnitude larger than in the low-strain-rate counterflow
flames [used by Trees and Seshadri], suggesting that both [2 to 6 um and
3 to 8 um] particle fractions completely vaporized in the cup burner
flame.” -- A. Hamins (1998)

This observation will be useful for later analysis.



FDS Model Formulation

Slice
temp

2000.0 .
1802.0 . .
1604.0

1406.0 .
1208.0 .
1010.0

812.0 .
614.0

416.0

218.0

20.0

low-Mach, 2D axisymmetric, DNS or “LES”

generalized lumped species

conservative, finite-volume, second-order

TVD scalar transport (CHARM)

modified Deardorff eddy-viscosity, algebraic k_sgs (minimal)
constant Sc_t and Pr_t (0.5)

gray gas radiation

predicted radiant emission

JANAF + NASA thermodynamic properties

basic EDC (or EDM) combustion model

specified threshold (AIT) ignition model

thermal extinction model based on critical flame temperature
solid particle thermal decomposition (new for moving particles)



Solid particle decomposition verification

° part_baking_soda_500K . mo - m
L * Specified initial temperature extent of reaction: @ = mo
* SOLID_PHASE ONLY=True
] s * Kinetics models from Heda d d

« Q 2/3
et al. (1995) — =k(l — — =k3(1 —«
. a =M d=el

i = l 3 3 —kt

P =rye r=ro(l — kt)

FDS6.7.9-330-g3fd4d795d-master FDS6.7.9-330-g3fd4d795d-master FDS6.7.9-330-g3fd4d795d-master

Baking Soda 420 K (part_baking_soda) Baking Soda 450 K (part_baking_soda) Baking Soda 500 K (part_baking_soda)
Mg - 5 5

S
S

o Exact first-order
o Exact spherical
——FDS N=1 A=3.4e11
—— FDS N=2/3 A=133e11 SHRINKING=F|

Diameter (um)
w

Diameter (um)
N
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w

N

37 = Exactfirst-order ] @ Exact first-order » i 4
o Exact spherical 1+ A o Exact spherical 7 1H
——FDS N=1 A=3.4e11 0 FDS N=1 A=3.4e11

—FDS N=2/3 A=133e11 SHRINKING=F — FDS N=2/3 A=133e11 SHRINKING=F

0 2 4 6 8 10 0 2 4 6 8 10
Time (s) Time (s) Time (s)



Energy budget verification test

@® particle_heating_convection_bicarb_um
- 15107 ‘
e . . ", —— AE gas
Single particle decomposition —— AE part
v . 1| Complex material, 4 um dia —sum
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1500 °C initial gas temperature
20C

4 mmx4 mm

4 um particle

no radiation



Thermal Extinction Model

Fuel + Air — Products

- sZ% 79— Za
¢ = min (1 —) = =4
79 Z9

~ 0 0 Excess Air and Products removed
(1 — Qb)(ZA —|— ZP) from stoichiometric pocket of

reactants

Zyhp(T)+¢ ZY ha(T) + ¢ Z% hp(T) < Zp hp(Torr) + [ZP —(1-¢) Z]OD] hp(Tcrr)

Defines an extinction event



Propane-Air PSR Computations

= Zero-dimensional, steady state, constant pressure reactor
= Detailed Propane/Na chemical kinetics
= Na species (NaHCO3, Na, NaOH, (NaOH),, NaO, NaH, Na,0,, Na,0, NaO,)

Reactor temperature versus residence time Residence time = 0.3 ms
2500 — - —
Stoichiometric condition L. oot
L 0.06 - e 1600
__ 2000 — T = e 1680
< o —— T __ S - ¢ 1760
@ 1500 Lo . § 4 2 - 1840
% | | [ 0.04 . ' e e 1920
| | <))
= 1000 Added NaOH _ . 2 e 2000
‘é_ Addedco, | — i > 2 8
[ | ©
1 -1 | I
e 200 I L 20% ¢ 0021
0% 5% 10% 20% °7° 10% “Flammability Region”
0 1 1 1 1
1.00E-05 1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 Stoichiometric
. 0.00 . . -
Time (s) 0.00 0.01 0.02 0.03 0.04
Added Agent in Air ( Mole Fraction)

= Temperature decreases with decreased residence time
= Reaction does not occur below critical residence time » Added agent = 1:1 NaOH/CO, mixture

(extinction)



Validation Cases

1 ,
. . . Minimum Extinguishing Concentration 744
 Gaseous agents (FDS validation guide) Exp. Rel. Std. Dev.0.03 /A
* Free burning heptane cup M°ge: Lt o y % Fuel Extinguishing Agent
. . iy — odel blas ractor: 1. O Acetone O Argon (Ar)
* Heptane with Water Mist (Shl”lng) (_é) // Acetylene O CafbonDioxide (€0,
. . / O Benzene A Helium (He)
* Propane with NaHCO; (Hamins) = p Butane o Nirogen ()
o O Dodecane Y Sulfur Hexafluoride (SFq)
Ses? Ethanol
O Y/ O Ethylene
g 4 @ N-Heptane
A ©) N-Hexane
DMQL&KQ){.__ i : O Y/ @ Hydrogen
gy o fudakok—— A Takahashi (2006): 28 mm 2 4 et
£ “‘%ﬁ L Grigg (2000):D= 26 mm S Y4 L
[ DIESEL OIL g v B haet I | -Uctane
g L FUEL OIL A\." ks % o 0'1 3 // [ ] Propane
= /4 (&) Isopropanol
w10 S =4 = /2 ® Toluene
'2 B mracrorCUp Burner 28 1 Z
T s . O] v /i
] 7
O T 4
z 7 i ‘
& r [ = 0.1 1
@5 3 o i T T = Measured MEC (mol/mol)
001002‘004 0102 04 1 2 4 10 30
PAN DIAMETER (m)
The simulated cup burner size (D= 0.028 m) is in laminar flame region CFT taken from STANJAN calculations with stoich fuel and

air diluted with MEC of gaseous agent.



Shilling et al. (1998) n-heptane with water mist NIST

Slice 400
temp ) 60
C = o} Pure water mist
=) A e 0.4M solution of KCI
1300 5, N ¥ — - 0.4M solution of NaCl
1500.0 c S \ O neees 0.4M solution of LiC!
© =1 40
© e
1352.0 L e
200 9 B30}
1203.0 @© - '“"“'""'%
—HRR @ g
1055.0 - - Shilling MLR*HOC || 100 € % turbulent burning
—FDS MLR*HOC 5 30T
906.0 —— FDS mass loading o [ critical fuel evaporation rate
- — critical mass loading = 0 = L L . ——
758.0 ‘ : — 0 0 20 40 60 80 100 120 140
10_ 15 20 25 30 Mist Ior-_nding,gsolutionlm3 air 174 / 3
609.0 Time (s) g/m
from Shilling et al. (1998) critical mass
461.0 loading
Simulation details:
312.0
e “LES”, dx=1 mm * specified radiative fraction, 0.40
164.0 . . . . .
+ specified fuel flow rate (0.05 kg/m2/s) <+ particle Dgy = 8.2 um (Shilling)
15.0 e AIT and CFT taken from literature » Rosin-Rammler/lognormal distribution
Time: 3.05 . | * small pilot zone just above cup (AIT=0 K)

* default radiation parameters



Injection of MEC of CO2 and NaOH

35 [ . T T L m//
| W Propane ] L o agent
| g teptene ] Anaom = 0.015 Yagent = m!.  + !
e /4 .
5 25E S ues NE AT X_NaOH ar agent
5 5606 N e ol/imol
& 20 83282 N mol/mo »
g 15 é§§§ 1072 N/ Mair
o N 200 agent ™ 100/MEC — 1
—5 AN :
ok VA A E 1.60
» = 0 - - (] _
§ E§E 83 % 1.40 3
82 &2 =8 o o (1.2 kg/m3)(.1 m/s)
P ’ pr—
o o : agent L
o 100/4.2 — 1
Minimum Extinquishing 0.80 — 0.0053 kg/mz/s
Concentration 0.60 )
0.40
MEC — 42 % 0.20 I
by mass 0.00

meo, = 0.0028 kg/m? /s
] 0-Lm/s AR i on = 0.0025 kg/m? /s



Adjustment of NaOH Specific Heat

0.5 i i i i 0.5 i i i i 0.5 i i i i
13000 13000 13000
C3H8 w/ CO2,NaCH gas — ] gas 5 C3H8 w/ CO2,NaCH gas 5
O
0.4 Cp NaOH 15 kJ/kg/K 12500 & 0.4 (_ Cp NaOH 10 kJ/kg/K 12500 & 0.4 Cp NaOH 5 kJ/kg/K 12500 &
S 5 S
12000 § 12000 § 12000 §
o o o
€ £ £
11500 2 11500 2 11500 2
(0] (0] (0]
§ § §
11000 = 11000 = 11000 =
—HRR 8 —HRR 3 3
0.1 —FDSMLRHOC|| 509 2 0.1 —FDSMLRHOC|| 509 2 0.1 —FDSMLRHOC|| 500 2
—FDS CFT © —FDS CFT © —FDS CFT ©
— — CFT literature — — CFT literature — — CFT literature
0 ' : : ; 0 0 ' ' : : 0 0 ' ' —t ; 0
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Time (s) Time (s) Time (s)

TABLE 2
Calculated flame temperatures and agent behavior of
near-extinction heptane flames

Agent Volume

) ) ) Agent Percent T (K) % Physical
NaOH Cp=10 kJ/kg/K achieves extinction at 1800 °C
None 0 2275 —
Ny 32+ 3 1856 + 52 100
CF3Br 31=+03 2210 + 7 12+ 3

NaHCO;, 23 + 0.7 2054 + 68 47 = 16

(2-6 um)
NaHCO, 2.1 + 0.7 42 + 17
(3-8 um) from A. Hamins (1998)




LES with flame heat transfer model

&COMB SPEC_CHEM_ID='NaOH', SPEC_CHEM_CP_FAC=1000/ T care, naroos, o om_racr 2000

04f 2500 5
Slice Part _ 3
temp temp S08F e . 2000 é
c c E 1500 '3
0.2r £
- 1000 <
©
1800.0 1100.0 01 | FoemaHoc 500 £
—FDS CFT ©
- - CFT literature
1622.0 992.0 % s 10 15 20 25 30
Time (s)
05 3000
1444.0 884.0 C3H8, NaHCO3, CHEM_CP_FAG=100 5 .
04} =0y Basically, no effect.
1266.0 776.0 Soaboo 2000 § Flame extinguishes
= £
o 1500 £ H
1088.0 668.0 9 2 with CFT near
1000 & . .
9 ¢ adiabatic flame
910.0 560.0 - il 500 E
o [ CFThersure . tem pe rature.
0 5 10 15 20 25 30
732.0 452.0 Time (s)
0.5
3000
554.0 344.0 C3H8, NaHCO3, CHEM_CP_FAC=1000 5
0.4 2500 E
- g
376.0 236.0 Sosl_ . 0002
E 1500 ~:’~J
T 02p £
198.0 128.0 1000 &
—HRR 8
0.1 1| — Fps MLR*HOC| 500
200 200 . - GRT inerture .

) 0 5 10 15 20 25 30
Time: 10.74 | ] Time (s)




DNS (dx=0.2 mm)

Time: 1.0

Slice
temp

1800.0
1622.0 I
1444.0
1266.0
1088.0
910.0 |
732.0
554.0
376.0
198.0
20.0

Time: 0.998

Slice Part
X_NaOH temp
mol/mol C
*10"-3

1.0 1100.0
0.9 990.0
0.8 880.0
0.7 770.0
0.6 660.0
0.5 551.0
0.4 441.0
0.3 331.0
0.2 221.0
0.1 111.0
0.0 1.0




DNS temperature time history for particles NIST

22,589 particles

2000 ‘ ‘ ‘ ‘ 5000 —
[
) I 4000 |
05,1500 " M ] _ I
2 | & 3000 | |
qémoo - | j S |
o i © 2000 | |
- r\ =
S 500 |
= ) | 1000 | |
u |
1) L
0 — | | | 0 ~
0 0.2 0.4 0.6 0.8 1 0 500 1000 1500 2000
Time (s) Wall Temperature (°C)

no time shift



DNS 1 step fast at 1100 °C, CFT=1447 °C

Slice
Slice X_NaOH
temp molimol
*10"-3
1800.0 15.0
l 1622.0 13.5
1 J
1444.0 12.0
$£087 1
® 1266.0 10.5
=
§e; L i
o 0.6 1088.0 9.0
N
E i i
€04r ' 910.0 . 75 .
o @® Kuang (2008)
zZ B Tejeda-Ochoa (2019) f— H |
Heda (1995)
02+ » Baeki?tzis(zoog) \ | 732.0 6.0
——— FDS no residue
——FDS 18 % id|
—FDS singlerztse.:pue 554.0 45
0 1 1
0 400 800 1200 1600 376.0
Temperature (°C) 3.0
198.0 -
20.0
0.0

Time: 1.0

Time: 1.0



DNS 1 step fast, ramp CFT

Slice Part
X_NaOH temp
molimol C
*10°-3
1.0 1100.0 ‘ ‘ | | 2200
6 _
- 992.0 l C3H8, NaHCO3, CHEM_CP_FAC=100 S
(0]
0.8 884.0 £’ 03
£ ®©
s, 2
0.7 776.0 < £
5, 11800 ©
0.6 668.0 & 8 g
—. o <
ol =
0.5 560.0 - T 11600 g
p— ] ——FDS MLR*HOC =
0.4 452.0 —FDS CFT ©
— = CFT literature
0 . I L L 1400
0.3 344.0 0 0.2 0.4 0.6 0.8
02 236.0 Time (s)
.‘ . 0.1 128.0
R
LR 0.0 20.0

Time: 0.312 [ | Time: 0.997




Conclusions

* We have proposed a simple modification of the FDS thermal extinction model---
adjustment of the agent specific heat---to mimic the effect of chemistry from
gaseous NaOH in sodium bicarbonate suppression.

* We have shown proof of concept by assuming full particle decomposition and
injecting the corresponding MEC of the NaOH agent as a gas.

* The kinetics of the final step do not appear to be a significant limitation. The
larger problem lies in generating sufficient NaOH.

* The final particle decomposition step occurs at around 1100 °C. The particle
decomposition is endothermic and cools the flame, making numerical modeling
of the final particle decomposition step challenging.

* Attempts to cool the flame below the NaOH decomposition temperature
(1100 °C) have been unsuccessful.



