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Why bother?

* Fire — human interface
" Toxic gases lead to incapacitation, and death
= Asphyxiant gases: CO, HCN, Low O,, CO,
* Extending scope of fire safety engineering
" Forensics
" Supplementing testing
" Design

. Existing “models” inadequate

u Challenged by complexity of phenomena

" [ack of knowledge of required inputs




CO fundamentals

- ¢<1 lean

* Experimental characterisation
" Correlation to “equivalence ratio”, ¢ i~ gchiometric
® Measure of fuel-air balance ®>1 rich

S
HOO0D @ 7// N )
[ ] e

SETTLING
CHAMBER SUSMESR
, o
FLOW CONTROLLER TC (ORIFICE PLATE B
=~ 2 =)
BLOWER l s S ) :
o TP FLOW STRAIGHTENER
SAMPLING FLANGE TAPS

POINT



Hood experiments - continued
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Hood experiments
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Hood experiments - continued

- Fuel

Acetone

Methanol
Ethanol
Isopropanol
Propane
Propene
Hexane
Toluene
Polyethylene
PMMA

Ponderosa Pine

Formula
C,H.O
CH,OH
C,H.OH
C,H OH
C,H,
Cell,
Coll ),
CH,
-CH -
-C.H.0,-
Co.05H5 40

CcO Volume[%]

4.4
4.8
bL 5
2.4
1.8
1.6
1.6
0.7
3.0
3.0
3.2

COyield [g/g]
0.30
0.24
0.22
0.17
0.23
0.20
0.20
0.11
0.19
0.19
0.14

Beyler, C. (1983) PhD thesis, Harvard Uni.



Hood experiments - continued
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Compartment fires

* Reduced scale enclosures
= Rasbash & Stark (1966)

® (0.9m cubic enclosure, cellulosics

® CO concentrations = 10%
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Solid—phase pyrolysis
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Essential CO mechanisms

* Formation in plume, quenched
" Function of fuel

" Affected by temperature
* Reaction with entrained air
* Continued reaction in layer
* Pyrolysis

" e.g. wood in a rich upper layer
* Smoke interaction

e Other species

" Affect toxicity in general



Modelling 1Issues

e Air entrainment into rich upper layer
" Correlations for yield will fail

® Need sufficient grid resolution near interface

. Solid-phase cellulosic pyrolysis
. Couple with a flame spread model

" Multi-fuel issue is a problem!
. Approach to equilibrium chemistry
" Long time-scales require explicit finite-rate chemistry

* Smoke, etc.

" Engineering models needed




CFD-based models
* Array of proposed approaches

= Review of models
" Complexity
" Empiricism Huge range!
" Computational costs

Half —scale IS08705 room
TTT———___Central heptane pool fire (40kW)

" Comprehensive
" Turbulence
" Combustion ,f : ’ ’ L ol
" Chemistry |
" Soot

® Radiation




# | Modelname/descoption | Chemisiry CFD code Compuiational cost Test cases Advantages Disadvaniages

1. | LEK (Local kquvalence Hore SMAKRTFIRE | e Low Range of reduced- Simple extersionof | ¢ Parametic appmwach
Ratn) model (EDM) CFX42 scale and full-scale GER concept ¢ Requires extensive calibration
Wang et al, Unaversity, of (RANS) fire expermments Inchides a aude
Greermanch (1) (inchding cormdors) temperahire

dependercy

2. | Constramed equbbronm Detailed CFX-FLOWSD | ¢ Moderate Tet fixe test, | Sont Detailed CO ¢ Canot handle real fuels (e.g. wood)
flamekts chemistry 1s ¢ CO chenustry is instartanecus
Huang & Wen, Kingstom nchded *  Not thoroughly validated
Universty (2)

Ja. | Two-step eddy breakp Sumple SOFIE ¢ Low Steckler conparbment Simple ¢ CO chenustry s crude
Hyde & Moss, Cranfield. (RANS) ¢ Not thoroughly validated
Universty (3, 4)

Sb. | Flamelet-based COmodel [ Detaled SOFIE ¢ Moderate Steckler conparbment Detailed CO ¢ Cannot handle real fuels (e.g. wood)
Hyde & Moss, Cranfield. (RANS) o Flamelet lbray chemistry is ¢ CO chemistry is instartanecus
Unmiversty (4) 1s precomputed mchded ¢ Not thoroughly validated

4. | Flamelet-based HCN/CO Detailed SOFIE ¢ Moderate 150 Foom comer test Accourts detal ¢ Not gereral fuels
model GRI1Z2 (RANS) + Flamelst lbray chenustry ¢ CO chenustry is instartanecus
I'E'D.‘r’i!nzf%sp_s‘?mﬁh Is precomputed ¢ Vitiatonlevel has tobe prescribed

atonal Testmg ¢  Compkx and tome-oomsuming pre-

Research Instihite (5) pmcepssing d

5. | COMAC mass model Fast FD5 4.05 ¢ Low FOE expermments a Simple and general | ¢ Provides CO+ HC predictions
Hu, Tiouve et al (LES) ¢ Solves ] extra Uiy, of Maryland model ¢ Poor extinctiontreatment — etther
University of Mayland transport equation Extmetion effects fully burnmg or fully extmguished.
(&) for fuel

6. [ CO yeld Hore FDS 410 e Low Timnel fires Simple ¢ Crude predictions
MeGrattan, NIST
Hu et i USTC, Finre et
al VIT(8, 9

7. | CO pmoducton (Two-step Fast FDSOSU(LES) | Low Slot burner, Beyler Does not require ¢ Fommation step not yet generalised
reacton with extmetion). ¢ Solves 3 extra Hood and RSE detailed cheristry (EDC to be explred)
Floyd & MecGrattan, transport experients information ¢ Validated ongomg
NIST(7,10,11) equations Consistert HRR

Extmetion effects

2. | CMC modellmg ot CO Detail In-house code | ¢ High Tomer's hood fire Acourate ¢ Computatonally expensive
fonmation, GRI 3.0, (RANS) cases combustion ¢ Requires detailed chermistyy
Cleary et ol Universtty of CER. modelling Not thoroughly validated
Sydney (8) Promising CO

predictions

9. | CO pmducton (dedicated Simple SOFIE ¢ Low YIT 1lklUm Simple and general | ¢  Less approprate for hobulernt
CO transpoat equation), (RANS) * Solves at least] | conpariment (3) model conditions
Panl & Welch, The extratransport Facilitates linkageto | ® Not tharoughly validated
Universtty of Edinbaurgh equation flame spread (13)

(13,14)
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Multi-mixture fraction model

e Under development in FDS

" Validation cases

= Slot burner, hood and RSE
" Range of fire sizes and 7 diverse fuels in RSE (IAFSS9)

" FDS road map* outlines further work
" Formation rate linked to Magnusson’s EDC
" Decouple soot
" Asphyxiants: CO, HCN, Low O,, CO,

" Irritants: HCL, HBr, HF, SO,, NO,, CH,CHO (acrolein),
CH20O (tormaldehyde), X(user defined)

* http://code.google.com/p/tds-smv/wiki/FDS_Road_Map



Flamelet-derived models

. Arbitrarily Complex Chemistry

® Done offline

" Modelled, or experiment

. Steady Laminar Flamelet Model (SLFM)

" “Instantaneous”
u Only partial relaxation of fast chemistry assumption
* Demonstrated for well-ventilated fires

® Halt-scale ISO room (Pierce & Moss)
" Flame spread over corner wall (Marshall & Welch)



Heptane flamelet

e SOFIE laminar flamelet modelling

" Heptane mechanisms

" Held (Princeton) .~ =

4] species

® 2774 reactions

" Seiser (UCSD)
" 160 species

® 1540 reactions
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Vitiated flamelets

 Vitiated fires

® Tuovinen

" 100 species, 2000 reaction

® Over 30,000 flamelets

" Moss & Hyde

Increasing

® Vitiated flamelets for ethylene

® Demonstrated in under-ventilated Steckler

Single vitiation level!




New modelling strategy

* Decouple finite-rate CO chemistry
" CO regarded as trace (mainly)

= Additional Weakly—coupled balance equations and link to
solid-phase pyrolysis

a(?co )+ 8(61/7].17;0 )= d
dt 0xX 0xX

0x .

J

J Y, "xr" —o
(r CO)_pquCO)-l-pS(YCO)

" Implemented in SOFIE3
" Fire specific RANS code (1990-)

" Existing non-adiabatic flamelets



Post-processed CO chemistry

* Hybrid SLFM and quasi-laminar
" Partitioned via turbulent mixing timescale
mT .  Xk/E
" Hot layer is distinguished

" Homogenous regions

=_Can couple solid-phase release
" Exploit simple chemistry
" Two-step reaction mechanisms for range of (simple!) fuels
* Rate flamelets
" Piggy-backed on SLFM

u Explicit representation of finite-rate chemistry

® Can be parameterised

® Heat loss, vitiation, strain rate



Modelling strategy

* CO transport equation

a@a)) a(ﬁ% ) x}( Veo). —pu'Y], )+§§(Yc0)

ax.

] J

~~/

ES(YCO ) = MVI/CO [RJCO,form ;™ RCO,cons ]

C.H, + 1750 “wosm 5@ O +7CO




Modelling strategy

* Rate expressions (heptane)
Rep jom=6.3%x10" xexp(-30/RT )x|C,H,, | x[0, |
+5%x10% exp(- 40/ RT ] CO, |°

R.,... =10 xexp(- 40/ RT )x|co x[H,0]" x|0, }*

e Source term closure

" Mean properties C(_) F w(]_" E)
2

= Rate flamelet ﬁ(g%ﬁR(E)ﬁJ(EE)E



Verification & validation

e Initial qualitative examination

e Discriminate predictive Capabilities

* Hood fires (Caltech, 1980’s)
" Natural gas

* VIT large room (W66 report, 2004)
= 150kW fire
" Heptane

* RSE/FESE enclosure fires (NIST, 1993-1995)
" Natural gas

" Range of fires, including significantly under-ventilated




Results — RSE/FSE experiments
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Kinetics?!

 How general?

. Easily changed

" c.g. CH4
" t4s2
" t2s2
" t2s3
" t2s4
" t2s5

" Mechanism

Table IV Row 2
Table Il Set 2
Table 11 Set 3
Table Il Set 4
Table Il Set 5

Label
t4r2
t2s2
t2s3
t2s4
t2s5

A

1.5 x 107
1.3 x 108
6.7 x 102
1.0 x 10%3
2.4 x 10

Ea
30
48.4
48.4
48.4

48.4

a
-0.3
-0.3
0.2
0.7
1.0

b

1.3
1.3
1.3
0.8
1.0

Reo fom=1.5% 10" x exp(— 30/RT)>< [CH4 ]03 X [02 ]’3

R

CO, f orm

-1.0x10" xexp(- 48.4/RT )x|[cH, | x[o, |*



Kinetics?!

1. E+00 -
9 E-01 o147 0
01 4. |=0—12s2 i
8 E-01 os ;
7 E-01 4{=-B—-t2s5 1
— t2s4 I
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-+ 0 ; ;"
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T 4E-01 1 =
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Comparisons

Issue

Researchers

Model basis
Computational cost
Combustion
Formation
Oxidation

Further development

FDS v5.0

Floyd & McGrattan
LES

3 extra equations
Fully integrated
Instantaneous
Extinction model

Soot parameter;

other toxic gases

SOFIE 3 extension
Paul & Welch

RANS

2 extra equations
Post-processed
Finite-rate chemistry
Finite-rate chemistry

Solid-phase pyrolysis;

generalise flamelets



Conclusions

e Some modelling frameworks established

® Dedicated treatment of CO

u Flexibility is attractive
® Free of constraints of “instantaneous” chemistry
" Can patch in solid—phase contributions

" To achieve it we have to resort to simplified kinetics!

" With the freedom comes the responsibility
® What kinetics?!
® Database?
" Gas-phase
" Pure fuels, better info still needed ®
" Solid-phase

= Will be a much more challenging problem!
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Further work

e Addition of pyrolysis yield
" Extension of flame spread model

. Hybrid models

® QQuasi laminar/turbulence models

® Condition on mixture fraction variance
L Simplified chemistry in layer

® Flamelet treatment in fire plume

e Real fuels

= Exploit simple tube furnace correlations?

® Generalisation of CO flamelets



