Computer-Based
Compartment Fire Modeling

3éme Ecole des Sciences des Incendies et Applications (ESIA)
— June 1 2022

Arnaud Trouvé

Department of Fire Protection Engineering
University of Maryland, College Park MD (USA)




Compartment Fire
Modeling

® Qutline

» Brief Review of Compartment Fire Dynamics
» Fire Modeling Landscape

» Computational Infrastructure

» Physical Modeling

» Examples

Slide 2



Fire Dynamics @,

® Main features: fire 1s an uncontrolled combustion process
characterized by a thermal feedback loop
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Fire Dynamics

-~

® Main features: fire 1s a buoyancy-driven, relatively-slow, non-
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premixed combustion process

» Example: pool fire configuration
= Fuel source velocity 1s small (a few

cm/s)

Buoyancy effects accelerate the flow
up to several m/s; flow regime
corresponds to moderate turbulence
intensities

Flame corresponds to diffusion
combustion and to a thin reaction
sheet where fuel and air meet in
stoichiometric proportions

Long residence times and large
length scales promote soot formation
and radiation losses

Xrad = (Qrad/inre) ~0.3
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Fire Dynamics

A

—

® Main features: in compartment fires, combustion can evolve
to under-ventilated (i.e., fuel-rich) conditions
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Flames extending out of the compartment of fire origin
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Fire Dynamics

® Main features: in compartment fires, combustion can evolve
to under-ventilated (i.e., fuel-rich) conditions

» Flame location: (1) near the fuel source; (2) near the vents

Vent Vent
(1) Over-ventilated combustion, (2) Under-ventilated combustion
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Fire Dynamics

® Main features: 1n compartment fires,
combustion can evolve to under-
ventilated (i.e., fuel-rich) conditions

» Oxygen starvation reduces the flame
intensity and promotes flame extinction

<mmmu Air  Air vitiation

(0.0]
! Yo, = Yo, air
Vent
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Fire Dynamics /@,

® Main features: in compartment fires, radiation plays a
dominant role in the thermal feedback to fuel sources

Gy = &yy X(O-T{]}L)

YA

emissive power emissivity

Upper layer (UL)

Ly s (tzo,UL »Xco,,uL» Jour)

gy = 1 —exp(—ky,Xdyy)

N

Planck mean mean beam
absorption coefficient length

Heat Fuel

gas soot .
radiation radiation Solid Fuel

Ky (TyL (tzo,UL» XC0,,UL» four))
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Fire Dynamics /@/

® Main features: in compartment fires, radiation plays a
dominant role in the thermal feedback to fuel sources

» Possible transition to flashover (rapid series of radiation-driven ignition
events involving all flammable objects/materials present in the fire
room)

Small fire

Flashover !

Flammable
objects
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Fire Dynamics
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Main features: fire 1s an uncontrolled combustion
process characterized by a thermal feedback loop
» Buoyancy-driven turbulent flow
» Non-premixed combustion

* Including possible oxygen-limited conditions
leading to flame extinction/re-ignition phenomena

* Including soot formation
» Thermal radiation

* Including possible transition to flashover
» Pyrolysis

i — 900.0
Radlatlon i ?5(1:0.0

— 6380.0

Pyrolysis

— 570.0
— 460.0
— 350.0

L 2400 |

1300 [

L b
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Fire Dynamics /@)

® Three different components in a computational model aimed at
fire applications

» Computational Fluid Dynamics (CFD) flow/combustion
solver

= Heat release by combustion and heat transfer by convection

» Radiation solver

= Heat transfer by radiation (electromagnetic energy)

» Solid phase pyrolysis solver

= Heat transfer by conduction and possible thermal degradation of
materials
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Fire Modeling Landscape

® CFD modeling

» A spatially-resolved description of compartment fires

Wall Boundaries (ceiling, side walls, floor)

orid cell

(mass, momentum, energy
conservation statements)
(based on first principles)

Flame Zone Vents
& Fire Plume
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Fire Modeling Landscape /@)

® CFD modeling

» History
= An approximately 25-years-old activity

= Widespread use by different fire safety stakeholders (including
researchers and practicing engineers)

» Landscape
= No commercial software

= Software with limited distribution: JASMINE (Building Research
Establishment, UK), KAMELEON (Norwegian University of
Science and Technology/SINTEF, Norway), SMARTFIRE

(University of Greenwich, UK), SOFIE (University of Cranfield,
UK)

= Open-source software: FDS (NIST, USA), FireFOAM (FM Global,
USA), ISIS (IRSN, France)
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Fire Modeling Landscape @

® CFD modeling
» Applications

= Performance-based design (compartmentation performance,
evacuation performance, smoke management, fire suppression
systems, structural resistance, etc)

= Forensic applications

= Risk analysis

= Fire-fighter training

= Sensor-driven real-time emergency management

= Research (scientific studies of fire dynamics)
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Computational Infrastructure /@)/

® CFD-based fire modeling (field modeling)

» A branch in a wider class of simulation tools known as
Computational Fluid Dynamics (CFD)

» CFD infrastructure requires:
= Mathematical models to describe relevant physics
v" First principles (conservation of mass, momentum, energy)
* Numerical algorithms to solve mathematical models
v" Partial Differential Equations (PDE) solvers
v Mesh generators
= Computer power to enable numerical algorithms
v Massively parallel computers

v" Graphics Processing Unit (GPU) computers
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Computational Infrastructure /@)

® Mathematical modeling (Direct Numerical Simulation

~ DNS)
o0 o
+ u.)=0
at  ox; (o)
Y,. .
—(pY)+ (pYu)— (pDk—)+a)k, l<sk=<N,
] aJ axj
0
—(,Oul.)+—(puiuj)=—ap T’]+pgl, l<i<3
ox;  0X;
op ou. 0q.
— h+— hu. ——+u—+17 N
('0) 0X; (P ) dt ax Tox.  Ox,

J J

p=oRT(Y Vk)

k
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Computational Infrastructure @,

® Resolution requirements
» How many pixels (i.e. computational cells)?
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Computational Infrastructure @)

® Mathematical modeling (DNS)

» Characteristic length scales
* Turbulence viewed as a multi-scale problem

Fast-moving stream | | 5 inar unstable region

> ORI T P
I— R
. o~ : . £ . !
g ‘-
o ) »
< .

Fully turbulent region

large eddies small eddies

N = 0.1 —1mm
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Computational Infrastructure

® Mathematical modeling (DNS)

» Computational grid requirement
= Large eddies (macro-scales)
v" Turbulent rms velocity (m/s): u’
v" Integral length scale (m): L,
v" Turbulent Reynolds number:

_pu'l, u'L,

Re,
u %

= Small eddies (micro-scales, also called Kolmogorov scales)
v Kolmogorov velocity (m/s):
v =u'x(Re,)™"

v Kolmogorov length scale (m):

n. =L x(Re,)™"
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Computational Infrastructure

—

® Mathematical modeling (DNS)

Slide 22

» Computational grid requirement
= Example: pool fire, 0=1 MW; D=1m

ey o = 1.9%(0/1000)" = 7.6 m/s
> WL, 23x0.5

u'=03xu, . =23m/s -=>Re, = e 11500
’ , 1%

L=05xD=05m

L 0.5

= N L= =04 mm

" (Re,)™  (11500)"

Axpye =04 mm| Grid requirement based on flow




Computational Infrastructure

® Mathematical modeling (DNS)

» Characteristic length scales

= Combustion viewed as a stiff problem

Lecoustre et al. (2014) Combust. F lame
Strained laminar diffusion
flame theory

heat release (Wicm”)

5flame ~ \/Dth,st/)(st

y(cm)

5ﬂame ~ 1 mm

~\

Ax,ys =0.1 mm

Grid requirement
based on flame

/B Instantaneous
: heat release
; rate contours
0
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Computational Infrastructure

® Mathematical modeling (DNS)

» Characteristic length scales
" Thermal radiation viewed as a stiff problem

Experimental
observations

Osoot ® 1 mm

Soot
Axpys = 0.1 mm contours
Grid requirement 61 2 0 1 90 4 O
based on radiation ko) y (cm)

Valencia et al.

Proc. Combust. Inst. 2016
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Computational Infrastructure

—

® Mathematical modeling (Direct Numerical Simulation
— DNS)

» Computational grid requirement

= Grid-resolved scales: L, Nk, Origmer Osoot

Axpys = Nk

AXxpns = (5flame/10) =|Axpys = 0(0.1 mm)
Axpns = (Os500t/10)
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Computational Infrastructure

® Mathematical modeling (Large Eddy Simulation —

LES)
oo 0 .
+—(pu,)=0

dt  Ox, =

~ ~ oA, —
i(,(_)Yk)+i(,BYkiZJ.)=— cl S 0 (pDk% +",| I<sk=<N;
ot 0x . 0x;| ox, 0X;
o . 0 ____|oT| op oT, _
—(pu,)+—(puu,)={-——LH-—+—L+pg., 1=<i=<3
ar 1 P ox;| ox, ox, &

~ ~ 00| op | 94"
i(ph)+i(ﬁm7j)=— Qf+ap+uja—p+rij ou; | °d;
ot 0X; ox;| ot 0X; 0x; | ox;

N o s s

13=,5RT2£+RE(’OTY" pTY,)
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Computational Infrastructure /@)

® Mathematical modeling (Large Eddy Simulation —
LES)

» Mathematical formulation applied to LES-filtered (i.e.
computational-grid-cell-averaged)  quantities;  requires
models to describe unresolved (subgrid-scale) physics

=  Models to describe turbulent fluxes: A, i Tij, Qj

NAZ

= Models to describe turbulent combustion: w;,

= Models to describe thermal radiation transport: g,,q = —0/0x; (51}')
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Computational Infrastructure @

® Mathematical modeling (LES)

» Computational grid requirement

= Turbulence viewed as a multi-scale problem

Fast-moving stream

Laminar unstable region Fully turbulent region

large eddies small eddies
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Computational Infrastructure

—

® Mathematical modeling (LES)

» Computational grid requirement (fine-grained LES)
= Example: pool fire, 0=1 MW; D=1m

L=05xD=05m

= AXLES zlL—(t)=005 szOOXAxDNS
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Computational Infrastructure

® Mathematical modeling
» Direct Numerical Simulation (DNS)

= Grid-resolved scales: L¢, Nk, Or1amer Osoot
Axpns = Nk
Axpns = (8f1ame/10) =|Axpys = 0(0.1 mm)
Axpns = (0s00t/10)

» Large Eddy Simulation (LES)

= Grid-resolved scales: L

Axpgs = (L¢/10)

= Unresolved scales: Nk, Ofigme Osoot
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Computational Infrastructure

® Mathematical modeling (LES)

» Computational grid requirement (coarse-grained LES)

= Example: fire in a large building system

Space: (L

3
system )

CPU cost
NAI(NAxNAyNAZ)

=0000us)

Lsystem
NAxNNAyNNM=( Ax )
T T
Ny =(—)=(

Ar" CFLx(Ax/U)

T xUx(L

3
system ) )

CFL

CPU cost x (Ax)* = O(100 us) x (
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Computational Infrastructure

® Mathematical modeling (LES)

» Computational grid requirement (coarse-grained LES)

= Example: fire in a large building system

L em =50 m

U =10 m/s

T =10 minutes

CPU cost =24 x 32 PEs = 768 hours

CFL=0.5

= |IAx~05m \

(N NyN,.)~1 Million
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Computational Infrastructure /@)/

® Computational modeling

Slide 33

» Going from a mathematical model to a numerical algorithm

Model problem
o 0T
ot ox = ox?

» Discretization: describe continuous function f(x,z) as a set of discrete
numbers corresponding to values taken by f at prescribed space and time
locations

fin :f(xi9tn)




Computational Infrastructure /@)

® Computational modeling

» Going from a mathematical model to a numerical algorithm

Model problem
o 0T
ot ox = ox?

» Formulation of discretized equations: describe original partial
differential equations (PDEs) as a set of algebraic operations (additions,
subtractions, multiplications, divisions) that can be performed by a

computer
1
fin+ _fz'n _l_ufifl _]Fi}—il _ Dfifl +f:1 _2fz’n
- 2
At 2Ax (Ax)
uns;gady conv;fction ) diﬁ‘;;ion ’
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Computational Infrastructure

—

® Computational modeling
» PDE solvers

Model problem | - L '

I ',T Exact
af af aZf 08 __ # # solution
at Tu dx = 0x2 !

06
Computational domain -
L.=20m

f(x,t)
—-
__.,_

04
Initial conditions i

(x — 9€0)2

flx,t =0) = exp(— — ) 02l +

0

Xg=5m; 0,=0.5m

Parameters

u=lm/s ; oy =20, =1m

Re = ”250 ~1000 : D=10"3 m%/s




Computational Infrastructure

—

® Computational modeling

» PDE solvers t=0 t=5s t=10s
Model problem 15 - | ] Nomerical
EECD scheme E i q solution
(Euler/explicit, central-differencing) - ’I \\ ] ’\\
o ! |
Ax=(,/10)=0.1m o A \ A
=) /
At=02x(Ax/u)=0.02 s X 0 \’ «
: NB: oscillati
unstable solution! 0oF h growoisffltililléons
(unphysical) n — d (without bounds)
I R T AT N SRR AR TR SR SN S R SR
0 5 10 15 20
X
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Computational Infrastructure

—

® Computational modeling

» PDE solvers t=0  1=5s =105
r A
[ |
Model problem ! {\| ¢ +[ Numerical
EEUD scheme 08| lll‘ H l' ‘l solution
(Euler/explicit, upwind-differencing) [ | | | | i
I | |
Ax=(0,/10)=0.1 m 0.6 | ||I :l Iy
= I || || : | | dissipation
At=02x(Ax/u)=0.02 s X [ | II l “ error (damping)
0.4 : ll [
stable solution | I
positive solution " l
(physical but) inaccurate 02 ,l ‘|
|
i \ :
%0 : 20
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Computational Infrastructure

® Computational modeling

» PDE solvers dispersion
. error (la
» Numerical errors . ﬂ( 8
! dissipation I,\ Numerical
*®C  error (damping) --¥----- S solution

06

0.4 [dispersion error

g (non-physical
“oz2f  oscillations)
oF
02}
‘OAﬁé — 25 — 25 | ; | 2; — 2% — 2%
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Computational Infrastructure

—

® Computational modeling

» PDE solvers t=0 t=5s  t=10s
1 —
I j
Model problem : ! ! \ | Numerical
TVD scheme 08I | ‘l | solution
(Total Variation Diminishing) I |' l
06} | |
Ax=(50/10)=0.1m I 'I‘I
At=02x(Ax/u)=0.02 s 204l H
I [
stable solution 02} j ll
physical and accurate I ! |
B ’ | \
(and positive) 0 J y, J
R T E—
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Computational Infrastructure

® Computational modeling
» Mesh generators

\\_\ KT > 2 ,?< K\\-\ 2
SRR
R

SRERRERE SIS
\\MA S
‘\\l\l S o

gfg/ AN X\/\

Multiblock-structured grid Unstructured grid
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Computational Infrastructure

L

® Computer power

» Cyber-infrastructure (CI): Information Technologies for
computation, storage, communication, and data processing
services, driven by:

= Fast development of computer and network technologies
= Dissemination of these technologies on a global scale

= Rapid decrease in cost (< $1/MFlops)
Moore’ s law

Number of transistors doubling every 18 months.
= 1,000,000,000,
= ‘(?":"aza..)
@ = 100,000,000 Number of transistors doubling every 24 months. A tankm?
- = ‘{Pem’unl
'9 & / * ranium
W S 10,000,000 7 pentumm
: ‘s o /' pentium I
t.' g 1,000,000 T e
i R 4
o« Y ™
s E“n 100,000 (/iﬂ
= 3 s
E .E 10,000 — Y
S = P o
7w PO i Year
[ I I I ]
1971 1980 1990 2000 2004
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Computational Infrastructure @,

® Computer power

» Current status of CI technologies

= High-performance computing (HPC) facilities (Government
Research Laboratories, Universities)

v Massively parallel processing systems with computational
rates ~ 1 Exa (10'®) Flops

= Small-to-mid-scale computing facilities (Businesses)
v Medium-scale parallel computing systems (clusters)

* Grid infra-structure (coupling of distributed and heterogeneous
computational resources and data stores via high-speed networks)

v" Cloud computing
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Computational Infrastructure

® Computer power
» Changes brought by CI technologies

= Development of computational research as a new scientific
approach

= Development of computational research as a new engineering
approach

= Development of open-source data and software digital libraries
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Modeling of Turbulent Flow

® Modeling of convective transport

o~ aTiJ- é)p (977

—(pu )+ —(pu,u]) - L+ Dg;

ax 0X ox, ax j
~~ _/ A,—J
grid-resolved subgrid-scale

convective transport ~ convective transport

= pPUU; ﬁﬁ z \

requires modeling
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Modeling of Turbulent Flow @,

® Modeling of turbulence

Slide 46

» Classical LES treatment: gradient transport model for
turbulent fluxes featuring a turbulent viscosity £,

ou. ou, 2 _ o, . 2
T, =Juf =+ =20, 75+ 2.0,pk
ij lut axj ax‘ 3 ij axk 3 z]IO SGS

l

» Closure expression for

U, = P(C, A)\Jkggs | where A =(Ax,Ax,Ax,)"

» Closure expression for kg

=  Models: Smagorinsky; Deardorff (FDS); k-equation (FireFOAM);
WALE; etc



Modeling of Turbulent Flow

—

® Limitations of current subgrid-scale turbulence models

» No suitable treatment of boundary layer effects:

= Sharp gradients of temperature at
the wall surface need to be
evaluated in order to calculate the
wall convective heat flux

Wall-resolved LES

Ay = 0(1 mm)

Ol == = o = o= = == ==

Gravity g Solid
u(x,y) oy Wl

(vertical)




Modeling of Turbulent Flow

-~

® Limitations of current subgrid-scale turbulence models

» No suitable treatment of boundary layer effects:

. Gravit Solid
= Sharp gradients of temperature at vy 8 u(x,y) Wall
the wall surface need to be 2 (vertical)
evaluated 1n order to calculate the
wall convective heat flux I
n o7
w.,C = _ka_
Y ly=0
I w

Wall-modelled LES

Ay = 0(1 cm)

T T S T TSI TN ST R S |
0.002 0.004 0.006 0.008 0.01
y(m)




Modeling of Turbulent Flow

-~

® Limitations of current subgrid-scale turbulence models

Slide 49

» Traditional approach to wall modeling

v" First off-wall grid node located inside the log-law region

v" Implicit equation for u,

1
iy = . Log(y7) + C;

v Equation for ¢,,

1

(pcpur) (TW _Tl)
w

Log(y;) + Cg

Kg

[
>

i oyt

log-law
region (log scale)

sublayet

inner layer



Modeling of Turbulent Flow

® Limitations of current subgrid-scale turbulence models

» No treatment of buoyancy effects: Rayleigh-Taylor
instabilities; reverse cascade of turbulent kinetic energy

= Example of a pool fire configuration
heavy

unstable stratification
Pﬁﬂ %1 l (will promote mixing) qg@ﬁ
£ light
I

= Example of a ceiling jet configuration
hght

stable stratification

(will prevent mixing)
> heavy
Slide 50 m ﬁ




Compartment Fire
Modeling

® Qutline

» Brief Review of Compartment Fire Dynamics
» Fire Modeling Landscape

» Computational Infrastructure

» Physical Modeling
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= Pyrolysis

» Examples
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Modeling of Combustion

—

® Modeling of chemical reaction rates

G)L. _
L (PT) 40T ===+ (oD, Moy @
0x, ox, ox, 0x; —~

(grid-scale
and subgrid-scale)

/

requires modeling
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Modeling of Combustion /@)/

® Modeling of chemical reaction rates

» Fuel composition is often unknown in fire problems: use a
representative surrogate fuel (wood, plastic, foam, fabric,
etc)

» Global combustion equation (no chemistry)
C,H,0,+{n+(m/4)-(p/2)}0, = nCO, +(m/2)H,0

» Closure expression for reaction rate: Eddy Dissipation
Model (EDM) model

M

F=ﬁx

min(YF;f()z/rs) where 7, =C ><(’5A2
T, )

)

S
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Modeling of Combustion /@)/

® Limitations of current combustion models

Slide 54

» No treatment of extinction effects

= Extinction by oxygen depletion in under-ventilated compartment fires
or by evaporative cooling in fires weakened by water-based
suppression systems

» No treatment of ignition effects
= Possible re-ignition of fuel-air mixture following extinction

= Ignition of flammable vapor-air mixtures in explosion scenarios (e.g.,

backdraft)

» No treatment of toxic products emission (soot, CO, HCN,
etc)



Modeling of Combustion

® Limitations of current combustion models
» Current treatment of extinction effects (FDS)

-~

= Flammability map based on a critical value of the flame temperature

for extinction, FEF = function(Xo,, )

T

CFT

(Critical Flame

FEF = H(

CFT—-T %o,

CFT —T., LOI

)

Temperature |
~1,700 K) |

T,, = 293 K 4—
0 LOI
Slide 55 (Lower Oxygen Index ~ 0.135)
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Modeling of Thermal Radiation

—

® Modeling of radiative cooling/heating

» Theoretical framework

=  Decomposition of angular space (hemisphere) into discrete viewing
directions and elementary viewing areas (solid angles)

Slide 57

Viewing direction:
sin & cos @
sin @'sin @
cos @

“|
Il
N\

Elementary solid angle:

dQ =sin0do do



Modeling of Thermal Radiation @

® Modeling of radiative cooling/heating

» Theoretical framework

= Description of radiation energy as electromagnetic wave energy
with spectral-dependent properties

= Black body radiation

L A T ~2898
A WA um.K

25
1,,(AT)= 2hc, ZC
AT 0 y—1
( )[eXp(kuT)) |
I —jwl dl = ol”
b 0 A,b T T

Slide 58
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Modeling of Thermal Radiation

® Modeling of radiative cooling/heating
» Theoretical framework

—

= Description of radiation energy as electromagnetic wave energy

with spectral-dependent properties

air layer smoke layer flame I I
300 800 2200 5600
i i » 1 (K)
| |
A(um) < | |
9.67 3.62 1.32 I 0.52 I
Infra Red I I Ultra Violet
-
0.7 um < A I I A <0.4um

- Visible

Slide 59 0.4um <1< 0.7um



Modeling of Thermal Radiation

® Modeling of radiative cooling/heating
» Radiative transfer equation (RTE) (assumed grey medium)

oT* Z 5
I(P,8): VI.§=r(——)—«l 0
-/ |
emission absorption
K(T, (Xu,0,Xco, fv ) P(x,y,2)

Arag = —f (V1.5)dQ = —4k(cT*) + KXJ 1dQ
41Tt ST 41Tt ST

= Solution methods for the RTE: Discrete Ordinate Method (DOM);
Discrete Transfer Method (DTM); Monte Carlo Method (MCM)
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Modeling of Thermal Radiation

® Modeling of radiative cooling/heating
» Radiative transfer equation (LES framework)

VI__)— —O- — Kkl
.S K K
( )

Emission  Absorption
(grid-scale & subgrid-scale)

N

requires modeling

grog = —4k(aT*) + KXJ 1dQ
4w ST
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Modeling of Thermal Radiation @

® Modeling of radiative cooling/heating

Slide 62

» Closure model for the RTE (LES framework): the
prescribed global radiant fraction (PGRF) approach

11!

gty

VI.S =|xs , if gl . >0

VI_§ — O, lfqélolmb 0

= (Global radiant fraction )(;,ga 4 18 treated as an input quantity to the
fire model and 1s user-prescribed



Modeling of Thermal Radiation

® Limitations of current radiation models [

=

> The PGRF approach remains approximate : |

£ 0.15}

(does not work in scenarios in which the ..

2
=

flame structure changes and the radiant =7 ;#

fraction 1s not constant) Suppressed o

flame

» Radiation properties depend on soot volume fraction: the
radiation model requires a soot model

» No treatment of spectral effects (assumed grey medium)

» Accuracy of DOM and DTM controlled by discretization of

angular space and typically decreases in the far-field (ray
effect)

= Solution methods for the RTE are computationally expensive
(typically multiplies the cost of CFD by a factor of at least 2)

Slide 63



Modeling of Thermal Radiation

® Control of numerical accuracy (DOM, DTM)

» The solution of the RTE is a function of spatial location and
angular direction; the accuracy of the RTE solution is controlled by
the number of angles used in the decomposition of angular space

—— Experiment

1.2 -®-FireFOAM |
1p=========-=-=--=-=-=-=--"-"- -
S R e L AEEEEE AT TR -
— N -
H? E gl 2
= ’
[ V4
V4
- S K AT
m ,; AQ =
o / angles
I 04 ¢
V4
Il AQS
0.2 /) AQ S
) 10
V4
heat ﬂUX 0 _. - —. 1 1 1 1 1
gauge 100 200 300 400 500 600

Number of Solid Angles [-]

Slide 64 (Vilfayeau et al. (2016) Fire Safety J.)
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Modeling of Pyrolysis

® Modeling of the fuel mass loss rate (MLR)

» Two different approaches
= Empirical approach: prescribed MLR; predicted ignition time

" Advanced approach: MLR predicted from gas-to-solid thermal
feedback and finite rate decomposition kinetics

G . Heat release .
aseous > ' >
rate
fuel mass ﬁ O
Pyroly.sis Fuel gasification Temperature
Evaporation | rate 5 ; distribution
Heatt Heat flux to
= < fuel surface )
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Modeling of Pyrolysis

® Modeling of the fuel mass loss rate (MLR)
» Advanced approach

= Finite-rate chemical kinetic model: explicit treatment of thermal
decomposition chemistry

= Thermal degradation across flammable solid described by a local 1D
problem in the direction normal to the exposed solid surface

ol
—k. =2(0,t) =-£G+e0(T.(0,1) =T +h(T.(0,1)-T,)
ach radi\fation conv\erction
heat flux to solid interior ‘ ,
(conduction) '
thermal feedback
(challenge: need to be evaluated accurately)
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Modeling of Pyrolysis @,

® Modeling of the fuel mass loss rate (MLR)
» Advanced approach

= Finite-rate chemical kinetic model: explicit treatment of thermal
decomposition chemistry

= Sequence of 4 chemical reactions (example)
(Drying) (1 kg wet solid)
— (77H20,Rd kg water vapor) + (Nas rq kg dry solid)

(Thermal pyrolysis) (1 kg dry solid)
= (Mgrp kg fuel) + (Ncrp kg char)
(Oxidative pyrolysis) (1 kg dry solid) + (10, rop kg 02)
- (Nr.rop kg fuel) + (Ncrop kg char)
(Char oxidation) (1 kg char) + (7702,Rco kg 0,)
- (np,Rco kg products) + (na,Rco kg aSh)
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Modeling of Pyrolysis @

® Modeling of the fuel mass loss rate (MLR)
» Advanced approach

= Arrhenius reaction rates (Lautenberger & Fernandez-Pello,
Combust. Flame 156:1503-1513, 2009)

. Ps Ws(1 _ 1/st)stAV ERd
ma AV = (> )R (psws (1 — Prys)xy s AV)s X Aggexp(— )
Rd (ps,ws(l . l/)ws)stAV)z S,Ws ws/)tws ) Rd RTS
. Ps ds(1 _ l/)ds)xdsAV ERp
Mp,AV = (— )RP (5,05 (1 — Yas)xqsAV ) X Appexp(— )
P (ps,ds(l T l/)ds)xdsAV)Z ( e ’ ’ )Z ’ RTS
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Modeling of Pyrolysis /@)/

® Modeling of the fuel mass loss rate (MLR)
» Advanced approach

= Arrhenius reaction rates (Lautenberger & Fernandez-Pello,
Combust. Flame 156:1503-1513, 2009)

Ps,ds (1 _ l/)ds)xdsAV

MRepAV = ( )'RoP (pg 4s(1 — Pas)xasAV)s
Rop (ps,ds(l _ lpds)xdsAV)Z . > >
Y E
9,02 \n Rop
X ( )"*02Rop X Ap exp(— )
Yg,Oz,air Rop RTj

Ps,c (1 _ lpc)chV

MeeoAV = "'Reo 1 =Y )x AV
Rco ((pS,C(l l/JC)XC QV)Z) (pS,C( C)xC )2
Y E
g;OZ n Rco
X (———"—)"02RcoOX Ap ., exp(— )
)g,Oz,air reo RT;
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Modeling of Pyrolysis /@)

® Modeling of the fuel mass loss rate (MLR)
» Advanced approach

= Governing equations (Lautenberger & Fernandez-Pello, Combust.
Flame 156:1503-1513, 2009)

a 77
a (ps,ws(l - lpws)stAV) — deS AV
a (ps,ds(l — ll)ds)xdsAV) - +77ds Rdmlgéi AV — m%{? AV — mlll?,ép AV
a (ps,c(l _ l/)c)chV) — +77c Rpmg{o AV +77c ,Rop mlll?’c,)p AV — m;?,éo AV
a 77
P (ps a(l _ l/)a)xaAV) — +77a Rcocho AV

(pg gozl/)AV) + ¢a€ (¢ m( QOZ)AV

aYg 02 I I

a( (¢ 1/),09 g )AV 7702 Romeop AV — 770 Rcocho AV

)
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Modeling of Pyrolysis @,

® Modeling of the fuel mass loss rate (MLR)
» Advanced approach

= Governing equations (Lautenberger & Fernandez-Pello, Combust.
Flame 156:1503-1513, 2009)

) Kxap
il = o 2F
¢ vy 0¢ B
V) = 19 op AV + ”’AV
at<Rpr ) = ¢ac(¢vg DAV + i

11 0T,
(pscs(1—¢)+pgcpg1/)) AV+mC P9 57 AV

10
= 557 (A =Pk + AT W + e AV
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Modeling of Pyrolysis

® Modeling of the fuel mass loss rate (MLR)
» Advanced approach

= Fuel mass loss rate

r 7

m}’ = J (Tlf Rp me + Nf.Rop mRop) d(
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Modeling of Pyrolysis

® Modeling of the fuel mass loss rate (MLR)

» Advanced approach
= [nput data

Thermal properties of wet solid Psws» Ksws» Cswsr Ews
Thermal properties of dry solid Ps.ds: Ks as) Cs as» Eas
Thermal properties of char PscrkscrCser &
Thermal properties of ash Ps.arKsa Cs.ar €a
Porosity and permeability of wet solid Wwer Kiys
Porosity and permeability of dry solid Was Ky
Porosity and permeability of char Y., K,
Porosity and permeability of ash U, K,
Drying reaction Ara, EpgyNra, AHgrg, Nas ra
Thermal pyrolysis reaction Arp) Egpy Mgy, AHgp, Ne rp
Oxidative pyrolysis reaction Aropr Eropr MRop» M0y,Ropr AHRops Ne,Ropr N0, Rep
Char oxidation reaction Arcor Ercos MRcor Moy, Rcor AHRcor Ma,Rcor M0, Re0
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Modeling of Pyrolysis

® Modeling of the fuel mass loss rate
(MLR)
» Advanced approach

= Many of the model parameters cannot be
measured and remain unknown

"= Model parameters determined by comparison
between model predictions and experimental
results  from  micro-scale tests (e.g.
thermogravimetric analysis) and bench-scale
tests (e.g., cone calorimeter, Fire Propagation
Apparatus)

= This comparison often wuses optimization
methods

e 'w - . . -
6mm thick sample of PV-C
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Modeling of Pyrolysis

-~

® Modeling of the fuel mass loss rate (MLR)
» Advanced approach

= Example: white pine (Lautenberger & Fernandez-Pello, Combust.
Flame 156:1503-1513 (2009)

A =3.8cm 0.025
G = 40 kW/m?
Xo,4 = 0.21
t =100s

= 0.01

1 | 1 1 |
0 100 200 300 400 500 600
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Modeling of Pyrolysis

-~

® Modeling of the fuel mass loss rate (MLR)
» Advanced approach

= Example: white pine (Lautenberger & Fernandez-Pello, Combust.
Flame 156:1503-1513 (2009)

Exposed
A = 3.8cm - surface
G = 40 kW/m?
X, 4 = 0.21
t =100s 700

[¢2]
o
o

Temperature (K)

400 [

300

200 1 1 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
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Modeling of Pyrolysis

-~

® Modeling of the fuel mass loss rate (MLR)
» Advanced approach

= Example: white pine (Lautenberger & Fernandez-Pello, Combust.
Flame 156:1503-1513 (2009)

Exposed
A =3.8cm . surface
G = 40 kW/m? o \
szlg — 021 0.8 \
t =100s ol “

o
(&
T

°© o o
w » (4]
T T T

/
-
D
-l

Volume fraction of solid species
o
N

o©
o

o

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
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Modeling of Pyrolysis

-~

® Modeling of the fuel mass loss rate (MLR)
» Advanced approach

= Example: white pine (Lautenberger & Fernandez-Pello, Combust.
Flame 156:1503-1513 (2009)

Exposed
A= 3.8cm . surface
G = 40 kW/m? 1 ”
X0, 4 = 0.21 ﬂ

t =100s

8]
T

Mass reaction rates kg/s/m3)

N
T

w
— e o —

H

o —_
[~

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
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Modeling of Pyrolysis @,

® Control of numerical accuracy

» The accuracy of the solution of the solid phase equations is controlled
by the spatial resolution

Ax, <100 — 200 um Opr = 0(1mm)  pyxposed
— surface

|

oo
1

[¢)] ~
—————

&)
T

Mass reaction rates kg/s/m3)

N
T

w
e

H

e

0 0.005 0.01 0.015 0.02 0.025 7 0.03 0.035 0.04
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Examples @
® Solvers
FireFOAM2 FDS?2
Scheme Second-order accurate, finite Second-order accurate, finite
volume solver with implicit time difference solver with explicit time
integration integration
Turbulence  k-eqn model (default), dynamic Deardorff (default), dynamic
Smagorinsky, WALE, Deardorff Smagorinsky
Combustion  Global combustion eqn, Eddy Global combustion eqn, Eddy
Dissipation Model (EDM) Dissipation Model (EDM)
Radiation DOM-FVM DOM-FVM
(prescribed radiant fraction, grey (prescribed radiant fraction, grey
medium model, WSGG model) medium model, wide band model)
Soot Flamelet-based model Soot yield model
Pyrolysis 1D solid phase model 1D solid phase model
Mesh Structured and unstructured grid Structured (Cartesian) grid

'FM Global (USA), FirecFOAM, Available from: https://github.com/fireFoam-dev
Slide 82 2 NIST (USA), FDS, Available from: https://pages.nist.gov/fds-smv/
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Examples @)/

® Fine-grained LES (research-level) (FireFOAM)
» UMD experiment on flame suppression by inert gas

»  Flame structure: Ly~ 0.5 m; L4y, ~ O(1-10 cm); U, 44, ~ O(1 m/s)
(Vilfayeau, White, Sunderland, Marshall, Trouvé, Fire Safety J., 2016)
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Examples

Slide 84

Fine-grained LES (research-
level) (FireFOAM)

» Univ.  Waterloo/NIST
experiment on structure
of pool fires

»  Flame structure: L,~ 0.5
m; Legg ~ O(1-30 cm);
Ueday ~ O(1 m/s)

(Ahmed & Trouvé, submitted to Combust. Flame, 2020)

= fﬁ\\ v-’-’ 2
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Examples

® Coarse-grained LES (engineering-level) (PyroSim/FDS)

»  Study of fire smoke dynamics in commercial 5-story building
» Building: L ~ O(10s m); pressure effects; leakage paths
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Examples

® Coarse-grained LES (engineering-level) (PyroSim/FDS)

»  Study of fire smoke dynamics in commercial 5-story building
» Building: L ~ O(10s m); pressure effects; leakage paths
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Conclusion @)/

® Fire modeling has experienced a remarkable growth in

the past two decades

» Fueled in particular by the development of FDS (and also now
FireFOAM) and the development of open-source CFD software

» Fire models have become routine fire safety engineering tools

® Fire modeling features several technical challenges

» Modeling of complex (solid) fuel sources (pyrolysis processes)

» Relatively slow, buoyancy-driven flow

» Combustion with flame extinction/ignition

» Boundary layer flames

» Soot formation

» Spectrally-resolved radiation and turbulence-radiation interactions
» Water spray

Slide 87 » Flame and smoke chemistry effects (toxicity)
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Conclusion /@)/

A

® Organizational challenge

» The fire modeling community is small, fragmented, geographically
dispersed, without a history of well-defined standards and without a
consensus on well-defined objectives

» There is a need for a coordinated effort to organize and strengthen the
fire modeling community

® MaCFP

» The IAFSS Working Group on Measurement and Computation of Fire
Phenomena (the MaCFP Working Group) (htip.//www.iafss.org/macfp/)
= A recent initiative endorsed by the International Association for Fire
Safety Science (IAFSS, http.//www.iafss.org)

= A forum between experimentalists and modelers to establish a common
framework around the topic of CFD validation

= Aregular series of workshops

= A list of community-approved experiments
= A data repository (https://github.com/MaCFP)
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