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Thermal decomposition of solid fuels

Introduction

Thermal decomposition aspect — Problems in the condensed
phase
Thermal decomposition description

o 15t phase: development of the pyrolysis model

o 2" phase: thermochemical and radiative properties

o 3" phase: heat feedback and oxygen diffusion

o 4" phase: validation of the thermal decomposition model

Fire retardancy of polymers

Conclusion and perspective
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Global Introduction

|:> Improvement and validation of the numerical tools

L Experimental and numerical multi-step
approach

Objective:
v'To furnish the data required for the numerical tools development and validation
= [nitial and boundary conditions

* Chemical, physical and thermal properties (as a function of temperature and
environmental conditions)

» Experimental data for the comparison with the numerical predictions and the
validation of the model

v To define the laws of evolution of the fire (its development and the characteristics ) and
the key parameters as a function of time and/or temperature
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Global Introduction

|:> Improvement and validation of the numerical tools

Composition of a CFD model:

v’ Different sub-models, for example:
» Heat transfer
= Radiation
= Combustion: EDC, EBU, flamelet, etc.
= Turbulence
= etc.
= Pyrolysis model

v" A correlation between those sub-models: FDS, Firefoam, etc.
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Global Introduction

|:> Improvement and validation of the numerical tools

Composition of a CFD model:

v’ Different sub-models, for example:
» Heat transfer
= Radiation
» Combustion: EDC, EBU, flamelet, etc.

= Turbulence

Our subject... (partially...)

= etc.

* Pyrolysis model

v" A correlation between those sub-models: FDS, Firefoam, etc.
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INroauctorn = vvriat 15 a Pyrotysis Imodci

Model of pyrolysis:
U Relation between temperature, atmosphere and kinetic of thermal decomposition of a

material
O Limit: volume element dV wich is considered at each step homogeneous in term of
temperature and of composition.

So, a pyrolysis model permits to describe the chemical evolution (reactions) of a small
volume element as a function of temperature and of the atmosphere (%0,)

Then, the pyrolysis model:

= Must be coupled to other ones to describe heat transfers (temperature), mass transfer
(%0, devolatilization transfer, reactive mixture, etc.) and the boundary conditions of the
volume element.

(oo}
H
o
N

£

=)
=

S
L |
=)
(o]
]
S
N
N

K]
£
QL

o

o

[
wn
<

Ke)
S
(o]

S
Q
Q

<
4+
Q

L

B,
IS
QL
O
c

<

—
QL

BS
(%]
L
()
<
L
O
0
(%]
(]

RS
QL

—~—
S
w

|
&
W

= |tis a part of the description of thermal decomposition process.
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InNtroduction — I hermal decomposition

The description of the Thermal decomposition of a solid fuel reclaims:
- A model of pyrolysis
- The determination of physical, chemical and thermal properties
- Its coupling with other submodels

Simplified representation

Radiation

|
I
|
I
|
I (Gaseous emissions
Flow o.f I ana Oxidation
pyrolysis | | condensed
: products
|
|
Radiation l
I

Condensed Phase Gaseous Phase
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--> equ. of mass conservation

--> equ. of movement quantity conservation (rate)
--> equ. of energy conservation (T)

--> equ. of species conservation (mass fractionsY,)
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InNtroduction — I hermal decomposition

The description of the Thermal decomposition of a solid fuel reclaims: A
- A model of pyrolysis
- The determination of physical, chemical and thermal properties Our Challenge
- Its coupling with other submodels P

Simplified representation

Radiation

I
I
|
I
I
I (Gaseous emissions
Blow o_f I ana Oxidation
pyrolysis | | condensed
: products
I
1
Radiation l
I

Condensed Phase Gaseous Phase

--> equ. of mass conservation

--> equ. of movement quantity conservation (rate)
--> equ. of energy conservation (T)

--> equ. of species conservation (mass fractionsY,)

ESIA - Ecole des Sciences de l'Incendie et Applications— Obernai, 27 mai au 1¥ juin 2018
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Introduction — Challenge of the thermal decomposition

The modeling of thermal decomposition permits to describe:
* The mass loss and the mass loss rate of the solid
= So, the devolatilization flowrate: gaseous combustible products kept into the gas
phase (quantity and composition)

L Source Term

Itinfluences: thermal decomposition
= The ignition process (time)
* The flame structure (height, growing, etc.)
* The temperatures of the flame — Heat Release Rate
= The flame propagation
= Etc.

Are depending of the

L So the Dynamics of the fire

@

Big challenge now to describe with accuracy the thermal
decomposition of the materials involved into a fire

5/29/2018 10
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Introduction — Challenge of the thermal decomposition

TS
e, Dependance and Influence of
N :,'." o the thermal decomposition
o Jeoip
2" Gas

——% Oxidant diffusion

{> Species from devolatilization slightly
affected by flames (HBr, HCl etc.)

& Species from devolatilization strongly
modified by flames (HCN, aldehydes,etc.)

/\ Species produced in gas phase
(CO,, SO, NO,, etc.)
® Soot or particules

Oxidant airflow Oxidant airflow

The thermal decomposition and gases production
depends of:
- Local oxygen concentration
- Local temperature
- Structure and properties of the material (Intrinsic
chemical and physical properties)

ESIA - Ecole des Sciences de l'Incendie et Applications— Obernai, 27 mai au 1¥ juin 2018
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Introduction — Challenge of the thermal decomposition

Toxic gaseous
Influence thermal | emissions
decomposition :

v

- Heat Feedback
Influence thermal decomposition

80}
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3,

3 Influenceand Oxygen

g isinfluenced | concentration

N n

N

g v 4

3 Oxygen _

o . . .

: diffusion | Flame pilot Are influenced by .the

s : thermal decomposition

8 Polymer

g material | v

& Heating u : :

s € g up Thermal Fuel gaseous . Flaming Gaseous
b »  process of . ) > Ignltlon > : > ..
S . decomposition | | production combustion emissions
RS the material :

y Heat 3

S source
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Introduction — Challenge of the thermal decomposition

| Toxic gaseous
Influence thermal emissions
decomposition

; Heat Feedback
yl/u?nce thermal decomposition

(S ¢]

]

kS

=

3 Influence and Oxygen

g isinfluenced | concentration

N M

% ¥ T~

g N\

3 Oxygen : _ H

i diffusion Flame pilot Are influenced by.t.e

s thermal decomposition

kS Polymer

g material | !

T Heating u .

Py g up Thermal Fuel gaseous - Flaming Gaseous
32 | process of |* "y : —| Ignition | 2™ .
S . decomposition production combustion emissions
RS the material

< Heat )

RS}

S source

kS

A

2

-4

S

N

X

2

Challenge and complexity of thermal decomposition description
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ion

aspects

Thermal decompos
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Nomenclature

Pre-exponential factor
Apparent activation energy

Heat of combustion per unit mass of oxygen

consumed (13.1 in this work)
Effective heat of combustion
Convective heat transfer coefficient

Heat release rate per unit area
Thermal conductivity

Solid mass fraction of the reaction i
Mass

Mass-flow rate of species b

Mass flux of species b

Mass Loss Rate

Reaction order
Pressure

Universal constant of gases equal to 0.082

Specific mass-loss rate (per unit area)
Temperature

Enthalphy of the reaction

[s]
[kJ-mol?]

[MJ-kgO2!]

[kJ-kg]

[W-m? K]

[kW-m?]

[W-m-K]

[9-97]
[kl
[9-s7]
[g-st-m?]
[g-s7]

[-]

[atm]

[I-atm-mol?t-K?]

[9-s*m7]
[°C] or [K]
[kJ-kg]

15
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Nomenclature

Greek symbols

VS 2Ueg ™R

c

S

<

Degree of conversion
Heating rate

Oxygen depletion factor

Reaction order for oxygen mass fraction
Wavelength

Fitness factor between curves

Density

Stoichiometric coefficient of a solid or liquid
product of reaction i

Arrhenius reaction rate of reaction i

Scale factor

16
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Problem — Strong coupling between the condensed and the gas phases

-~ =

q,(0,t) .
qc\' (ﬂ'!t}
1, ﬂ ﬂ H H U ﬂ 4'/
o Mo, Yo.a(04) Y, (0.6) T(0,0) IIEJ.UTQ,. (0,t)

x:
x=idp I H /

i
X =[\;|.' ¥
x=L

\J

l' q,(0,t)

Simplified processus (1D) of thermal degradation of a solid - Torero.

Coupling
Description of the intferactions



Problem - Actual approach, separation of the condensed and the gas phases

i,

K0.0) Tq. (0,t)
14 0,0

t Mg, Yo.s(00 ¥

i

|

L0 T(0L8)

Coupling
Description of the interactions

Objective of the present
class

Simplified processus (1D) of thermal degradation of a solid - Torero.

5/29/2018
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Problems into the Condensed phase

4" () 4’ (8)

g WIS

x:O .............
x—sp .............
:8T .............

q;"(t) : incident heat flux

q.," (t) : convective heat flux
x = &, : Position of the front of decomposition _ _
q."(t) : conductive heat flux

x = 8, : Position of the heat front O o
q,"(t) : re-radiative heat flux
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combustion of the solid fuel
* Char production...

5/29/2018

Chemical reactions

[J.L. Torero, SFPE Handbook]

. A qz(t)
4, 0,9 . LR RN
Qe {“!t) Pilot
m,
. = T,
_l Mg, Yo.s(0) Y, (0,t) T(0,1) Xa0.t) T‘lr (0,t) :
x=10 T(0,0)
i E / 3 0.9
x=bgp-t-aol N N A\ T X =0
|
x=6 I-®*- X 1 Y =m————---d x=b,
YEs(x,1) ,
____________________________ et ] x=8, . ﬂq&(Lt) i
x=L
\ Simplified processus (1D) of thermal degradation of a solid — Torero, SFPE Handbook.
External radiation Energy conservation
* Thermal transfer into the solid 5 oo | o | s
L ) 0[psCsT 0 T wpCp,pTp m,Cp,0To psVRCsT] | .0
* Mass transfer (gaseous emissions and air) ClpseTl Sats L = {“51 A P T ok dRan
- Kinetic reactions of thermal decomposition and of @;ﬁmmps [Aiygygie—mr

20



Problems into the Condensed phase

PIBT L=

Pilot )
quv(o, )
o] a&k©p
YF.g(O’t) YF.s(Ovt) X= mf"s“ R - % (0.) T~l

Yo.Yg Yo 0t éTo T(0.,t)
e ) [l el S The thermal degradation depends of - 1D approach - :
e &r - Temperature T(x,t).
e P - Local mass fraction of combustible, Y (x,t).

- Local mass fraction of oxygen, Y, (x,t).

- Mass fraction of residual solid fuel, Y /(x,1).

- Permeability, x(x,t).

- Thickness of oxygen diffusion into the solid, 6,,(t).

- Thickness of the reactive zone, &(t).
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- Kinetic parameters values of each reaction, A, n, m, E.

[J.L. Torero, SFPE Handbook]

5/29/2018 21



Problems into the Condensed phase

@
LELRL The mass loss rate is determined (sum of the i reactions):

Pilot
J\dév(o. 0
1, % (0.0
Y (0.t YE0.0f x=o|[ M6 ' h ﬁ 70 Ty g Loca | Iy by:

Yo,Yr Yo (0t T. 100

T ity (1) = Yo, 1) Y [ AV, )Y, £)e /KT

X=Eo] : ey ) X3 ; N
i=1

ﬂqmm x:Ll

e For a surface unit, taking into account the thickness and so the permeability
(volumic element dV) by:

" L S m; 1 T X
mP(X, f) = /{} x(x,t) [YF,s(xr t) I:Zi (Ai]’ﬂzr(x, HYM(x,t)e E./RT( ,f))]dx

ESIA - Ecole des Sciences de l'Incendie et Applications— Obernai, 27 mai au 1¥ juin 2018

[J.L. Torero, SFPE Handbook]

5/29/2018 22



Problems into the Condensed phase

Thermal decomposition: transformation of the solid into gases by the breaking of the
molecules into smaller ones — breaking of the chemical linkage

In a molecule, the atoms are linked the ones to the others by an energy = linkage energy

It is necessary to provide a sufficient energy in order to break this linkage

¥

Energy of activation

Solid Liquid Gas
.
cesessssse S5 % 3 43 A N T
L bddd . T e P _aten
$33238388 A S
ssassasas '~'0“~ > 8'ar e g
§3323338s 275t T A
I I T e o‘.’" .. 0.’ .a 0.
Orderly atoms, strong Muddled atoms, strong Muddled atoms,
interactions, dense interactions, dense material ~ random shocks, low-
material dense material

P Energy-Agitation |
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Temperature increasing
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Required parameters for the modeling of thermal decomposition

(Initial and boundary Conditions)

- Ambiant conditions: temperature, humidity, flows (rate),
pressure...)

- Conditions of ventilation: Yo,

- Properties of the materials: physical, chemical, thermal (p,
C,, k,€...); foreach condensed phase

- Heat of each reaction and of combustion (AH))
- Kinetic model of thermal decomposition
- Kinetic parameters of each reaction: u, A, Ea, n

- Heat flux received

In space (%, vy, z)
And
As a function of

time (t) /
temperature (T)

24
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Required parameters for the modeling of thermal decomposition

(Initial and boundary Conditions)

- Heat flux received

.

- Ambiant conditions: temperature, humidity, flows (rate), pressure...) \

- Conditions of ventilation: Yo,

- Properties of the materials: physical, chemical, thermal (p, C, k, €...) ;
for each condensed phase

- Heat of each reaction and of combustion (AH))

- Kinetic model of thermal decomposition

- Kinetic parameters of each reaction: u, A, Ea, n

|

In space (X, Y, z)
And

As a function of
time (t)

4
How to determine Them ?

Experimental investigations

Inverse method of optimization

Numerical approaches

Different empirical laws

25



Thermal decomposition
15t phase: Development of the
pyrolysis model
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Radiation
Thermo-chemical
and
radiative properties Thermal .
| E Gaseous emissions
nergy exhange and Flow of And
| conservation evolution  f=r . P Oxidation
) . pyrolysis Condensed
Reaction equation of the structural roducts
mechansim aspect P
and Kkinetic
parameters
Radiation
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The pyrolysis model

Pyrolysis is a thermochemical decomposition process of organic material at elevated
temperatures without the participation of oxygen. Itinvolves the simultaneous change of chemical
composition and physical phase and is irreversible. The word come from the Greek-derived word pyr

« fire » and lysis « separating »

The different approaches to determine the model of pyrolysis:

* Modelistic approach — Model fitting method:
o Uses a define reaction mechanism with an Arrhenius formulation
o Requires the definition of A, E, and n for each reaction. A, E, and n are defined as properties
of the reaction — use of optimization inverse methods

= |soconvertionnal approach — Free model method:
o Permits to determine the evolution of the activation energy as a function of the degree of
conversion of the reaction. E, is dependant of a and T.
o Does not use a reaction mechanism (just one reaction) but is based on an Arrhenius form.
The evolution of E, permits to represent the MLR
o Are available in the case of 1 reaction of thermal decomposition, or when the steps are
clearly separated and chronologics (not parallel)
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* Hybrid approach: combination of the modelistic and the isoconversionnal ones. Each peak of
MLR is treated with a Kissinger method
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The pyrolysis model

The different approaches to determine the model of pyrolysis:

- I nvertionnal
approach

Component Kinetic X
Thermokinetics X X
Thermo-Calc X X
Gpyro X
Thermakin X
FDS (V6) X

$

= Special Focus Here on the Modelistic approach — Model fitting method

28



Thermal decomposition
Development of the pyrolysis model
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Special focus on the
experimental benchscales

de l'Incendie et Applications—

ESIA — Ecole des Sciences
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Focus: Experimental Investigations — Thermal decomposition

4 scales are classicaly used

Thermal analysis: Thermo Gravimétric
Matter scale mm Analysis (TGA), Differencial Scanning
mg Calorimetry (DSC), TDA, etc.
Small scale cm Calorimetry: Cone Calorimeter (CC)
g and Fire Propagation Apparatus (FPA)
10"cm-m IMO-LIFT, Medium Burning Item,
Product scale kg Single Burning Item, room corner
test
Real size scale y m Rooms, House, real objects (train
g-t waggon, plane...)

The objective is to determine real properties and models avalaible for

5/29/2018

each scale and conditions

30



Focus: Experimental Investigations —Thermal decomposition

Multi-scale appoach

Building scale

Room scale

ESIA - Ecole des Sciences de l'Incendie et Applications— Obernai, 27 mai au 1¥ juin 2018

Matter scale

5/29/2018 31



Focus: Experimental Investigations — Thermal decomposition

Multi-scale appoach

Building scale

Room scale

Object scale
e :,‘, —

P

ESIA - Ecole des Sciences de l'Incendie et Applications— Obernai, 27 mai au 1¥ juin 2018

Matter scale

5/29/2018
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Focus: Experimental Investigations — Thermal decomposition

l

Matter Scale

oD process

*No thermal diffusion

= No mass transfer

= « Perfect » control of

the boundary
conditions
= Controlled

conditions: imposed

by the user

" ntrinsic properties

l

Small Scale

1D process

»1D Thermal transfer
=Radiative properties
=1D mass transfer
=\We try to control the
boundary and the
experimental conditions
*No flame transfer-
propagation

sSimplified characterization

of the diffusion aspects

l l

Product scale Real Scale

2D or 3D process

»Thermal transfer
=Radiative properties
=Mass transfer
=Uncontrolled or difficulty to control the boundary
conditions and the experimental ones
*Flame transfer-propagation

=Real diffusion aspects but... many process invoved
and difficulty to determine the « conditions »
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Focus: Experimental Investigations — Thermal decomposition

l l l l

Matter Scale Small Scale Product scale Real Scale
*Mass Loss *Delays of inflammation, *Delays of inflammation, extinction, flash-over
*Mass loss rate extinction *Mass loss
: *Mass loss *Mass loss rate
*Enthalpy of the *Mass loss rate *Gaseous emissions
reactions *HRR *HRR
*Heat of combustion *Temperatures *Flame propagation
*Specific heat *Gaseous emissions *Temperatures

concentrations
*Model of pyrolysis _
(mechanisms and *Thermal inertia
parameters) « Effusivity
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Thermal decomposition
Development of the pyrolysis model

The pyrolysis model
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Determination of a model of pyrolysis - Matter scale investigations
The modeling of the kinetic of thermal decomposition at matter scale

Choice of an approach with an imposed model
* Represents the detail kinetic

* Is applicable with complex mechanisms of kinetic of degradation
* Requires the definition of an homogeneous control volum

Difficulties of the method
* Heterogeneity of the materials and multi-material fuels

* Thousands of kinetic reactions (ex. PE, more than 1500)

Kinetic law
Reaction mechanism
E, Function of oy
W = Ai RTm"* —> co(r;/(e;;i)on + ml—’> m, =—=>  Kinetic model - Model of Pyrolysis

Law of variation of the rate (k(T))
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Determination of a model of pyrolysis - Matter scale investigations

Considered here

\ 4

The model-fitting (modelistic) method consists in selecting from a list of models the one that
best fits TGA non-isothermal experimental curves.

The model-fitting method is expressed in terms of the degree of conversion: equal to O at the
beginning of the test and to 1 when all the mass has been decomposed.

The degree of conversion is defined as:

m, —m
o =—0

Where, m_ is the mass of the sample at the beginning of the process, m, is the mass of the sample
at an arbitrary time, myis the mass of the sample at the end of the process.
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Determination of a model of pyrolysis - Matter scale investigations

Solid reaction rate = [ k(T), the rate constant + f(a) the differential conversion function I:

- The rate constant is the Arrhenius equation

With A pre-exponential factor, E apparent activation energy, R universal gas constant, T absolute
temperature

- The conversion function is the reaction model.
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Determination of a model of pyrolysis - Matter scale investigations

The modeling of the kinetic of thermal decomposition at matter scale

Kinetic law
Reaction mechanism

Eg , :
o=A e_R—T‘n" s Function of w,V .. _ .
conversion + m—> m, —=> Kinetic model — Model of Pyrolysis

J (f (@)

Law of variation of the rate (k(T))

The pyrolysis model is formed by:
- Akinetic mechanism of thermal decomposition: kinetic reactions
- Akinetic model: rate of the reactions descrition
- Kinetic parameters for each reactions considered

= Intrinsic properties How to describe them ?

* Intrinsic kinetic reactions and parameters How to determine them ?
= Inknown and controlled conditions )

\ 4

| work at the matter scale - In 3 steps
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Determination of a model of pyrolysis - Matter scale investigations

The modeling of the kinetic of thermal decomposition at matter scale

o —

2"d step
15t step
Kinetic law d Reaction
3" step mechanism
o =Ae_%’n" 4 Functior.1 of mﬂ; o
| conversion 1
! (f (a))
Law of variation of
the rate (k(T))

Kinetic model — Model of Pyrolysis

40



Focus: Experimental Investigations — Thermal decomposition

l l l

EEEEEEEEESEEEEEEEENEN
" l .Q

L 4

(0]
¢
S
3,
3
- s
Y Matter Scale : Small Scale Product scale Real Scale
S :
| n
S .
3] H .
5 *Mass Loss : *Delays of inflammation, : <Delays of inflammation, extinction, flash-over
5 *Mass loss rate ' extinction *Mass loss
3 : *Mass loss *Mass loss rate
S *Enthalpy of the . *Mass loss rate *Gaseous emissions
S reactions : *HRR *HRR
§ *Heat of combustion B *Temperatures *Flame propagation
3 *Specific heat : *Gaseous emissions : *Temperatures
' . :
8 : concentrations
R *Model of pyrolysis .
N (mechanisms and : *Thermal inertia
< : .
a parameters) - « Effusivity
[
3

*

...IIIIIIIIIIIIIIIIIII“
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Determination of a model of pyrolysis - Matter scale investigations

Hypothesis of the analysis:

e The material is thermally thin

e Temperature and concentration around the sample are
homogeneous

e Surface thermal decomposition
* No gaseous diffusion and mass transfers
* The sample does not affect the fluid flow (vector gas)

* No heat transfer: equilibium between the furnace and the
particle

e Thermodynamical equilibrium between solid and gas
phases

e No local pressure gradient

eEtc.

Matter Scale

Controled parameters

* Heating rate
* Temperature
* Atmosphere
* Diffusion and transfer

Unknown parameters

*/

oD Investigation

42



ESIA - Ecole des Sciences de l'Incendie et Applications— Obernai, 27 mai au 1¥ juin 2018

Determination of a model of pyrolysis - Matter scale investigations

1. A kinetic mechanism of thermal

A apparatus decomposition: kinetic reactions

Sample and reference pans

Gas outlet valve

Heating device

Thermocouple

Heating element 2t
Heat flow sensing thermocouples

Sample carrier

Protective tube Electric heating element

Radiation shield

Balance system (TGA)—-FTIR Apparatus

5/29/2018
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Determination of a model of pyrolysis - Matter scale investigations

Temperature [°C] Temperature [°C]

Thermal degradation of a PU foam in TGA

m -
8 TGA analysis:
fS . . .
3 « Examples of results 1. A kinetic mechanism of thermal
LY
:, TSR T .
S decomposition: kinetic reactions
g
8
§ x10° —— Air 5 °C-min-"'
S} 100 ——— Air5 °C:min” r ir min 1
(@) . o e = Air 8 °C-min”
| Air 8 °C-min 450 A— X o
2 90 ——— Air 10 °C-min! Air 10 C-mm1
S — e
§ 80 = Air 15 °C-min”" 4t Air 15 ler:
3 o N,5°Cmin” - ¢ N,5°Cmin .
= - 5 T
< ° o N,8°Cmin” o N,8°Cmin
I - +
§ 60| £ N, 10°Cmin” 3 # N, 10 °Cmin
Y = A T
2 @ sof N, 15 °C-min’! + FB| £ ONy1seemin e
QL © -
O s =
s a0}
s
n 30+
QL
=
5 20f
A
9 10
B o
QO 0 1 1 Il V OLPAPS s sesar
S 200 250 300 350 400 450
w
|
X
0

120/2018 [T. Rogaume & al. Development of the thermal decomposition mechanism of polyether polyurethane foam using both condensed and gas phase release data. Combustion Science and Technology, 2011]
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Determination of a model of pyrolysis - Matter scale investigations

Results of TGA + FTIR 1. A kinetic mechanism of thermal
decomposition: kinetic reactions

* Also possible with GC and MS system: knowledge of the

—#— |socyan - TGA

-
)

Temperature [°C]

(0 0)

H

o

N
S
=)
>
3, -

3
8 gaseous emissions = tracker of what happen in the solid phase W
- o —+— Polyol - TGA
3 E —©— Polyol - TF
5 - —a— Aldehy - TGA
: ) o~ Aldehy - TF
: 0.7

£ x 10 —— Air 5 °C-min”" =06
) ! Zos.

Air 8 °C-mi ]

5 ol PR Under inert atmosphere % s

1 : = Air 10 °C-min" 3

[ . e E 04
_g 2l = Air 15 °C'min

S o N,5°Cmnt T >
=~ 35F : o o

s : o N,8°Cmin”
E b & . 0.1 S

‘G 3t * N, 10 °Cmin’! 0 -
@ %, y
5 o sl | + Nytseemin® e ? -

] -

(¥)
g = 1400 [0
- S 1200 TS s
- z

: 2 —>— MLR-TGA

(=

{ £ 1000

U X
" S 800"

QL . g
g Under air %
£ T 600

v =

Ltl) —_—

. &

j =

o =

Thermal degradation of a PU foam in TGA

200 250 300 350 400 450
Temperature [°C]

5/29/2018 [T. Rogaume & al. Development of the thermal decomposition mechanism of polyether polyurethane foam using both condensed and gas phase release data. Combustion Science and Technology, 201H
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Determination of a model of pyrolysis - Matter scale investigations

Thermal Volatilisation Analyses (TVA)

HO| 41,0
jauge de Pirani jauge de Pirani  jauge de Pirani l T Hzg :0
i l l piége a eau
P
I [] ] N, _’J% 1
| | — N,

feuille

' . feuille d’aluminium
d’aluminium

= échantillon

echantillon

T T

piége a-196°C piége a-80°C
azote liquide  azote liquide/éthanol four
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Determination of a model of pyrolysis - Matter scale investigations

TVA:

* Examples of results : PU

b
n

20 ';1‘
2 ]
3 g8 |7
=R § et
g =
=g
: M
residil
05

200 250 300 350 400 430 00 4500 4000 3500 3000 2500 2000 1500 1000 500

Température (*C) Mombre d'onde {cm-1)
—_—Ee —O—-108°C

Spectre FTIR des différentes fractions collectées

ESIA - Ecole des Sciences de l'Incendie et Applications— Obernai, 27 mai au 1¥ juin 2018

5/29/2018
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Determination of a model of pyrolysis - Matter scale investigations

Pyrolyser — GC/MS

Auto-Shot Sampler

Multi-Shot Pyrolyzer Carrier Gas Selector

He
Air

v@ Selective Sampler
MicroJet Cryo-Trap
Ultr QY Metal Capillary Columns

F-Search System

i) =
0

Py-GC/MS System (Multi-Shot Pyrolyzer and peripherals)

» Pyrolysis has many modes:
- Thermal desorption (TD)
- Flash pyrolysis (PY)
» Temperature programming such as EGA

—FSIA - Ecole des Sciences de l'Incendie et Applications— Obernai, 27 mai au 1% juin 2018

5/29/2018



Determination of a model of pyrolysis - Matter scale investigations

Py-GC/MS: Pyrolysis of polymeric materials and pyrolyzates
5 * Examples of results
3 t. " 'il I;‘ AH (Heat energy)
E H-C-C- C-C-H | "———f— CO, +H,0
5 Butane "‘ :' "' ." burn in air
S (MW: 58)
S c1 S c2
2 - i woo By
£ H-C-H H.-C:C  H-C-C-H
g In He Ho S HH
§ AH < ' c3' ~c3 | C4"+C4'+C4
(Heat/ Elecron) [ (WM K MM WY
g \)n-c-.c:c H-C-C-C-H u-c-'c-c-.c-n‘
g HaA L AR T Rk
g Polyethyl i |lll .l'I .l'l ';' A C1,C2'C2, C3
s i el el IH-CC C-C-H | n—- | -
N (MW: 10,000 o i G C3,Cc4’, C4”... Cx
< ~1,000,000) . h *n |'.| h (Heat/ Electron
n =300 ~ 30,000

https://www.ssi.shimadzu.com

5/29/2018



Determination of a model of pyrolysis - Matter scale investigations

Py-GC/MS:

* Examples of results

Py-GC/MS of Polyethylene

001 Polyethylene (high density); PE(HDPE)

—-CH:CHy -
Cro
-
: o T,
" c ||c \
| cu R Y '
Fea| Tow 1|7 e
Cs g‘. -
cr
¢
L8 N Cu ca
= L
-~ " v v e —o— .
. " ) B ' I v X e e »

Pyrolysis Temperature. 600°C
Column: Ultra ALLOY-5, 30M x 0.25u x 0.25u
Oven Temp: 40°C (2min) -20°C/min-320°C (13min)

Pyrolysis GC/MS Data Book of Synthetic Polymers, 2011
Tsuge, Ohtani, Watanabe
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Determination of a model of pyrolysis - Matter scale investigations

1. A kinetic mechanism of thermal
decomposition: kinetic reactions

From the TGA, TGA-FTIR, TGA-GC analysis — reaction mechanism

Different approaches are possible:

* Lumped parameter approach (LPA): considers that the material is one, homogeneous.
The thermal décomposition is the one of this material.

» The constituant approach: considers that a material is composed of several
constituants and that the thermal decomposition is the sum of the one of each
component — Example: wood is composed of cellulose, hemicellulose and lignin.

» The functional approach: the thermal decomposition is described as functional groups,
due to the well known fragmentation of the polymers — Done for some « simple » plastic
polymers.

51



Determination of a model of pyrolysis - Matter scale investigations

Proposition of a reaction mechanism of thermal decomposition (LPA)

1. A kinetic mechanism of thermal

(00}

:

£

3

; = Air 5 *C-min”' .y . . .

= —— s o’ decomposition: kinetic reactions
g —— Air 10 °C-min”'

[ — Air 15 *C-min”"

= o Nyscmin? 7T

g 0 N8 Cmin’ o

§ o Aoy * 4 No  Type of T%mp. Reactives Products Products

: N8t t reactlo_n [°C] solid or liquid gas

g 1 Pyrolysis 200-340  PPUF = u,Polyol 7, [Isocyanate]

8 2 Pyrolysis 340-450  Polyol =) Residue * 7, [Polyol + H,CO + H,0 + CH,]

Q. . .

k - 4 Oxidation 220-300  Polyol+O; — ) .char ~ * 7, -[Polyol + H,CO + CH,+ CO + CO, + Hy0]
g Temperatur 0 = 5 Oxidation 300-450 Char+O, — ) Residue * t,[Polyol + H,CO + CHyt CO +CO, + H,0]
=

g 3

9

3 v

3 1 4 5 _

E PPUF  =ssssss=s » Polyol ——————>» Char ——>» Residu

S A

I 2 : o

S "massEEEEsEEEssEEssEEEEAAEEEEEREEEEEEaAEEEEd '] Oxidation
[ — Pyrolysis

[T. Rogaume & al. Development of the thermal decomposition mechanism of polyether polyurethane foam using both condensed and gas phase release data. Combustion Science and Technology, 2011]
5/29/2018 52



Determination of a model of pyrolysis - Matter scale investigations

Rate of the reactions 2. A kinetic model: law of variation of the
rate of the reactions

Steady rate in the gaseous phase

i k: Steady rate, s
k_ (t) — A e RT (t) A: pré-exponentiel factor, s*
| E: activation energy, J.kg*
R: Constant of the perfect gases

Rate of variation of a concentration A, B and C

A ki.u1 sy B K 0y )C Ulzkl'[A] Uzzkz'[B]
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5/29/2018 [B. Batiot, Etude et modélisation de la cinétique de décomposition thermique des matériaux solides. Application a la dégradation du bois. Thése de Doctorat ISAE-ENSMA, 2014] 53
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Determination of a model of pyrolysis - Matter scale investigations

2. A kinetic model: law of variation of the
Rate of the reactions (solid phase) rate of the reactions

Rate of the reaction

®; reaction rate (s?),
A : pré-exponential factor (s1),
. n: E; : activation energy, (J/kg),
W;: = kY L Y n; : order of the reaction
l ] 02 Y. : mass fraction of a specie j into the reaction i,

TJ: temperature,
B R perfect gas constant,
k_ (t) — Ae RT (t) : mass fraction of oxygen into the reaction zone
! o': equal to 1 under oxidative atmosphere and to 0 under inert atmosphere

Mass loss rate of a specie j

Difference between the rate of production and of consumption of the specie j

d . .

—Y = Z Y. &b: — Z (‘jf Y, Residual mass fraction

dt J Tyl H; all the reactions producting j and G;, the ones consuming j

YEH; fEGj
Total mass loss rate M

d d
—Y, =) Y,
dt ' 4 dt

120/2018 [Rein G. Computational model of forward and opposed smoldering combustion with improved chemical kinetics. These de doctorat, University of California, Berkley, 2005 |
5/29/201
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Determination of a model of pyrolysis - Matter scale investigations

2. A kinetic model: law of variation of the

Mass balance of the species: rate of the reactions

Each equation has an Arrhenius
Total mass at time t, is the sum of remaining reaction rate

mass of each condensed phase species
. & m "

| wi=Ae RT| — | Y°

MLRiz%zui-a)i =AR T ] T

0

Mass balance is expressed in terms of reaction rates and stoichiometric coefficients (v)

dm(t) N .
T ;(Vi —Dw;
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Calculation results are compared to experiments
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Determination of a model of pyrolysis - Matter scale investigations

Different conversion function

3. A kinetic model: conversion function

Model f(a))
ordre 0 1
18" ordre 1-a
2" ordre (1 - )
Reactional Order
ordre 3 (1-a)?
ordre n (1-a)”
Exponential law o
P=3/2 %a‘)é
P=2 2(}.}/2’
Power function P=3 3%
P=4 Aot
P=n natth

== (lassically used

56



Determination of a model of pyrolysis - Matter scale investigations

Different conversion function 4. The determination of the kinetic

parameters
dm
. D MLR,
i n k: Steady rate, s
* _ m. Y, 5 A: pré-exponentiel factor, s
i Ai m_ 0, E: activation energy, J.kg™
0 R: Constant of the perfect gases

n: reaction order
v: stoichiometric coefficient
o=o under inert, and =1 under air

JV v

Are Unknown parameters — How to determine them?
- Experimentally, it is not possible
- Then, we use inverse optimization methods: Genetic Algorithms, Particle
Swarm Optimisation, Shuffled Complex Evolution, etc.
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Determination of a model of pyrolysis - Matter scale investigations

4. The determination of the kinetic
parameters

Inverse methods of optimization
= Use an evaluation function

* This one defines a fitness ¢ which evaluates the adequation between the
experimental and the numerical results of ML or/fand MLR.

= Different evaluation functions:

¢[{f

dm Calc dm Exp

-1
i dT} +w([|m°a'°—mEx”|dT)1] [Rein &al ]

B

c K . Bp)”
¢:ZZ[d—tJ _d—tj J [Esperanza & al.]

== 2 — I\ " cal
¢ = z cos((%,9)) Iix = ylI L dme®P _ dm™ [gustamante Valencia & al ]
) P\ TIRI Y=g YT ar
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Determination of a model of pyrolysis - Matter scale investigations

One example of application: PU Foam

The mechanism includes the species of solid and gas phases

No Type_ of Temp. Reactives I_Droduc_:ts _ Products
reaction [°C] solid or liquid gas
1 Pyrolysis 200-340 PPUF — p, Polyol + 7, -[Isocyanate]
2 Pyrolysis 340 -450  Polyol — v, -Residue T 7, [Polyol + H,CO + H,0 + CH,]
3 Oxidation 200-275 PPUF+0O, — v Polyol + 7, [Polyol + CO, + H,0]
4 Oxidation 220-300 Polyol+0, — v, -Char + 7, [Polyol + H,CO + CH,+ CO + CO, + H,0]
5 Oxidation 300-450  Char+O; — ) .Residue * 7, [Polyol + H,CO + CH,+ CO + CO, + H,0]

The “chemically correct” kinetic mechanism allow prediction of MLR and gas releasing.

3

|

PPUF "*=***=*> Polyol ==> Char > Residue Oxidation reaction

y SR Pyrolysis reaction

5/29/2018 [Bustamante Valencia & al.]
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Determination of a model of pyrolysis - Matter scale investigations

3 Mass loss description L
S B One example of application: PU Foam
= .
. ass balance of the species:
£ Residue
N
S Oxidation reaction
§ """"" Pyrolysis reaction
|
Fr) 2.
S :
\Q_ llllllllllllllllllllllllllllllllllllllllllllllllllllllll L]
Q
é dePUF — deonoI _ dmChar — dmResidue —
3 dt dr dt dt
§ — W, — ), +0,- @ v, @, v, @, 0
§ -, -, Wi = Ae o O,
kS m,
i
QU 4
E d_m — Z MLRb — dePUF + deonoI + drnChar + dmResidue
s = =
G d dt dt dt dt
|
X
] dm

T (v; =D+ =D, + (vz —Dwz + (1, — Dy, + (5 — Dws

[T. Rogaume & al. Development of the thermal decomposition mechanism of polyether polyurethane foam using both condensed and gas phase release data. Combustion Science and Technology, 2011]
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Determination of a model of pyrolysis - Matter scale investigations

(S ¢]

bn

0 - -

X One example of application: PU Foam

5 The unknown kinetic parameters determined

- .

3 are: Reaction Parameter Value - Range Units

kS| High Low

S PPUF pyrolysis E, 169.9 190 150 kJ-mol™*

N A 6.09x 10"  1x10* 1x10° st

g . 0.91 1 0.1 _

§ u 0.69 0.9 0.1 Kg-kg™

8 7, _ 9x10° 1.5 x 10° _

d Polyol pyrolysis E, 243.9 260 100 kJ-mol™*

17 19 7 -1

-§ A, 4.42 x 10 1x10 1x10 S

§ n, 1.26 15 0.1 _

2 ) 0.10 0.81 0.1 kgkg™

£ 7, 4.9x10° 9x10° 1.5x10° _

5 PPUF oxidation E; 214.1 240 161 kJ-mol™*

2L . . . A 3.07 x 10*® 1x10% 1x 107 st

R~

S Calculation using Genetic . 04 . i i

L . . . 1

S Algorithms and a fitness function s 0.44 07 01 kgkg

g T 8.9 x 10* 1.5x10° 3x10* _

9 Polyol oxidation E, 213.6 240 161 kJ-mol™*

S A, 126x10®  1x10% 1x 10 st

'5; n, 0.95 3 0.3 _

o v, 0.56 0.7 0.1 kgkg™®

e 7, 8 x 10° 2.2x10° 2x10* _

s Char oxidation Es 160.8 240 160 kJ-mol™

- As 430x10%  3x10° 1x 10" st

< Ns 1.64 3 05 _

o Us 0.25 0.8 0.1 kgkg?
s 3.4x10° 9x 10° 1.7 x 10° _

[T. Rogaume & al. Development of the thermal decomposition mechanism of polyether polyurethane foam using both condensed and gas phase release data. Combustion Science and Technology, 2011]

5/29/2018



Determination of a model of pyrolysis - Matter scale investigations

One example of application: PU Foam

Validation of the pyrolysis model:

5/29/2018

Comparison of numerical and experimental MLR curves in TGA

©

bn
o
N
S
S
o
E

=
3

g

-3

N x10 . x10°
—~ o, @ _1

g ¢ Exp5°C'min : 2 i O Exp5°Cmin’
3 35 " Exp8°Cmin 1 © Exp8°Cmin”
Cl) +  Exp 10 °C'min” - Nitrogen *  Exp10°Cmin”!
@ Lt Exp15°Cmin” +  Exp15°Cmin”
_§ ssssnes Calc 5 °C-min” s=s=s2x Calc 5 °C-min”"
8 o5 cacg°cmn? f« 0 k| e Calc 8 °C-min”"
& _ ) i Sale 40 oc,min'1 " Calc 10 °C‘min-1
B ", =~ Calc 15 °C-min”’ =~ Calc 15 °C-min’"
(\}) [vd 2+
L ]
o =

c

] 15
=
w
BS] 1

wn

V]

(¥

S
S 0.5
wv

wn
LY 200 250 300 350 400 450 450
& Temperature [°C] Temperature [°C]

I
X
o

[T. Rogaume & al. Development of the thermal decomposition mechanism of polyether polyurethane foam using both condensed and gas phase release data. Combustion Science and Technology, 2011]
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Determination of a model of pyrolysis - Matter scale investigations

Validation of the pyrolysis model:

» The pyrolysis model has been developed from matter scale experiments

= The mechanism of thermal decomposition is proposed from TGA and gas analysis
measurements

= The kineticis described from a modified Arrhenius law and a conversion function

» The unknown kinetic parameters of each reaction are determined using inverse methods of
optimization

» The objective is to fit, at matter scale, the experimental and numerical mass loss and MLR
curves using a fitness function.
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Thermal decomposition
2" phase: Thermochemical and
radiative properties
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Radiation
Thermo-chemical
and
radiative properties Thermal —
| Gaseous emissions
Energy exchange and Elow of And
| conservation evolution . = | | Oxidation
. . pyrolysis Condensed
Reaction equation of the structural roducts
mechanism aspect P
and kinetic
parameters
Radiation
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Determination of the thermochemical properties of the condensed phase

 k p, Cp,E...
« [C,H O...1-Y,

* Enthalpies of the reactions

* Experimental investigations
* Inverse optimization

D

Condensed Phase

v
Radiation '
Thermo-chemical '
and ; I I
radiative properties Thermal : —
| Gaseous emissions
Energy exchange and Flow of I And
| |conservation evolution |« = || Oxidation
_ : pyrolysis Condensed
Reaction equation of the structural I
) products
mechanism aspect I
and kinetic 1
parameters
Radiation I

' Gaseous Phase
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Determination of the thermochemical properties of the condensed phase

Determination of k — Different methodologies:
* Flash method (with a laser)

. . . . Temperature [°C]
= Differencial scanning calorimetry (DSC) Example of k measurement of a PU Foam

. . . . ) with a guarded hot plate apparatus
Determination of the radiative properties

* |Rand thermal camera approach

o)

]

o=

3,

IS 0.085

£ * Guarded hot plate o

N 0.08 +—©— Virgin PPUF
g . . . 0.075

3 Superior calorific power : bomb calorimeter 5

] X 007

§ E

g Chemical properties: % L

g = Elementary analysis: [C], [H], [O], [N], [S], [CI],[H,Q], ‘§ e

b [ash], etc. E 0.055

S = Nuclear Magnetic Resonance: chemical linking. 0.05 1

<

E 0.045 -

S

8 . . 0.04 . : ; .
s Determination of Cp and AH 0 50 100 150 200
0

£

QL

o

b

X

0

5/29/2018 66



Determination of the thermochemical properties of the condensed phase

Differential Scanning Calorimetry (DSC)

e } gas outlet (MS-GC-FTIR)

i \
/ furnace
2
o
. //’\\
TG sample carrier ( \\
| =
\ /
\x\__,,//

sample carrier

~

LLLLLLLLLL)
LR

-

radiation shield

protective tube
thermostatic control

vacuum seal
~+—————— reactive gas
=B B

protective gas

evacuation system E

inductive displacement
transducer

electromagnetic
compensation system

ESIA - Ecole des Sciences de l'Incendie et Applications— Obernai, 27 mai au 1¥ juin 2018

vacuum tight casing
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Determination of the thermochemical properties of the condensed phase

Differential Scanning Calorimetry (DSC)

5 X 10°
82
~—&— \Virgin PPUF — , ] " %‘
——p— Char PPUF ', :
o +  Heat flux P E
= ©
(&)
‘_'_| I
Y
E;
2
o
0 =
E,
>
=
=
©
[}]
3%,
190 200 300 400 500 s 350
Temperature [°C]
Temperature [°C]
Example of Cp measurement of a PU Foam in DSC Example of AH measurement of a PU Foam in DSC

[Bustamante Valencia & al.]
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Determination of the thermochemical properties of the condensed phase

Radiative properties — IR spectrometer and thermal Camera

1 maE T m aw = -

. Multispectral IR camera Cone calorimeter

Incident flux : 50 KW.m™

Intensity [W/(mz.sr. cm")]
da

Phase 1

. . . M . . | | - n pener———
0
1000 2000 3000 4000 5000

Wavenumber [cm'l]

Radiative intensity emitted and reflected by a composite
surface at 50 kW/m?

Wl(mz.sr.cm'1)

50 100 150 200 250 300

) . . [Boulet & al.]
IR image at 2353 cm™, converted in intensity.
Composite - Incident flux so kW/m?, time t = 8os



Determination of the thermochemical properties of the condensed phase

Radiative properties — IR spectrometer and thermal Camera

Mean absorptivity of the plywood samples as a function of the irradiation duration

Radiative intensity emitted and reflected
by composite surface at 50 kW/m?

o)

bx

o

N
£
La'

™

=)

(o]
IS

E

8 in the cone calorimeter. Averages based on Planck’s means with reference
§ temperature of 1000 and 1200 K respectively.

L

[\
S 0.95 Sample and irradiation Ref temp.

| ..

wn
S 1000 K 1200 K
g
3 i Virgin M1 0.87 0.84
< 0.9 M1 30 kW/m? during 1 min 0.85 0.83
o M1 30 kW/m? during 10 min 0.94 0.94
s M1 50 kW/m? during 2 min 0.93 0.93
S M1 50 kW/m? during 10 min 0.95 0.95
Ry 0.85 [ Virgin M3 0.82 0.78
@ Composite - dlear , M3 30 kW/m? during 1 min 0.74 0.74
§ —— 9 After100s under 65 kW.m’ M3 30 kW/m? during 5 min 0.88 0.88
S O After 1805 under 35 kW.m M3 50 kW/m? during 2 min 0.86 0.87
o oglom v U M3 50 kW/m? during 5 min 0.88 0.88
E 1000 2000 3000 4000 5000 6000
~—~ -1

g Wavemmber [enr’] Plywood studied

|

<

i

[Boulet & al.]
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Determination of the thermochemical properties of the condensed phase

Critical analysis of the experimental investigations of the thermochemical properties

I v

1 4 5
PPUF """ > Polyol =™ Char = ResAidue
: 2

The Thermochemical properties must be determined for each « condensed specie » formed,
but, Considering k:

o ltisvery difficult to «isolate » each condensed product in order to do the
measurement required. A solution should be to degrade until a certain temperature
and to stop the test. But when cooling, modification of the structure of the material...
so impact on the k measurement.

o ltis classically done on virgin material, between o to 200°C
o No thermal degradation can occured in the setup used — destruction

o The measurement when there is some char is not possible (wrong), whatever the
technique of measurement
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Determination of the thermochemical properties of the condensed phase

Critical analysis of the experimental investigations of the thermochemical properties

I v

1 4 5
PPUF """ > Polyol =™ Char = ResAidue
: 2

The Thermochemical properties must be determined for each « condensed specie » formed,
but, Considering Cp and AH:

o ltis very difficult to « isolate » each condensed product in order to realize the
measurement required.

o InTGA-DSC apparatus:
» The furnace is not enough performant - thermal inertia and sensibility.
* The Cp value must be corrected by the mass loss

o In DSC apparatus: the test must be stopped at a temperature before the thermal
degradation — destruction of the furnace.
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o Asolution should be to degrade until a certain temperature in TGA and to do some DSC
analysis on the materials obtained... But the material characterized is it representative ?

5/29/2018



Determination of the thermochemical properties of the condensed phase

Critical analysis of the experimental investigations of the thermochemical properties

I v

1 4 5
PPUF """ > Polyol =™ Char = ResAidue
: 2

The Thermochemical properties must be determined for each « condensed specie » formed,
but, Considering p:

o ltis very difficult to « isolate » each condensed product in order to realize the
measurement required.

o Asolution should be to degrade until a certain temperature and to stop the test. But
when cooling, modification of the structure of the material so of p...
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Determination of the thermochemical properties of the condensed phase

Critical analysis of the experimental investigations of the thermochemical properties

I v

4 5
PPUF """ > Polyol =™ Char = ResAidue
: 2

—The Thermochemical properties must be determined for each « condensed specie » formed

¥

It is very difficult experimentally

\ 4

What are the solutions:
Classically we use a « weighting (average) law », between the properties of the initial material and
the final one :
o or, equivalent properties are taken for all the « materials » - as for just 1 equivalent
material.
o or, a linear evolution of the properties between the initial and the final materials is
considered
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Determination of the thermochemical properties of the condensed phase

Examples of results:

k(T) = T8l ki (T) - imiemmedinte 1oy mediate (T) + mﬁ::lm-kkesidue(n

(o0]
in
o
N
£
=)
o
N
=}
_B
S
S
N
oL 012 +
g
§ 0l 4 ;
o) =002 4 =
: E
g =006 g,
S E E
- Tl
S a4 + i
Y ooz 4 3
= B
o 000 - b 3 b 1 b i i
% i 200 400 o0 00 1000 1200 =
S Time [5] 1
O 'l'..uq.l..ral:l.n. Il":'l
kS
o
o z
(%] r
§ 00 T -
Ko} aoo 4 E
] ) §
o = 500 4 =
S o+ El
5 E 400 3
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300 + i1
Y 1
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Determination of the thermochemical properties of the condensed phase

Other solutions of determination?

* |nverse optimization methods, but...
This is like some degrees of liberty, some mathematical fitting methods with more variables

=the thermochemical properties
o The results obtained are not realistics and physics

o Compensation phenomenon are observed due to the large unknown parameters
(the kinetics and the thermochemical ones)

I The determination of the thermochemical properties is a main challenge

This is the target of numerous actual research work
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Thermal decomposition
3’4 phase: Heat feedback and

Thermo-chemical
and
radiative properties

oxygen diffusion

Reaction
mechanism
and kinetic
parameters

Energy
conservation
equation

Radiation
Thermal G -
exchange and aseous emissions

Flow of And

evolution |t . =] Oxidation
of the structural pyrolysis Condensed >
products

aspect

Radiation
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Heat feedback and oxygen diffusion - Determination

~~~___Heated phase ___
Condensed solid phase ——————"""

Multi-scale experimental investigations
5/29/2018

What happen in the gas phase: flame,
temperature.

The MLR flow and the species diffusion.

The mass transfer diffusion, from the condensed
phase to the gas one, and from the gas phase to
the solid.

The thermal transfer between the gas phase and

the solid one.

In controlled and defined conditions ' How to describe them ?

How to determine Them ?
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Thermal decomposition
34 phase: Heat feedback and oxygen diffusion

o
Q
N
S
S
]
-
>
3
5]
N
IS
S
@
o
o

Special focus on the
experimental benchscales

de l'Incendie et Applications—

ESIA — Ecole des Sciences
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Modeling of Thermal decomposition — Required parameters

* Mass loss
* Mass loss rate- MLR
* Regression of the surface (thickness)

Radiation '
Thermo-chemical
and '
radiative properties TRl ¥ : —
| Gaseous emissions
Energy exchange and Flow of I And
| conservation evolution it S = Oxidation
_ : pyrolysis Condensed
Reaction equation f the structura I roducts
mechansim aspect I P
and kinetic I
parameters
Radiation I
Condensed Phase : Gaseous Phase

--> equ. of mass conservation

--> equ. of movement quantity conservation (rate)
--> equ. of energy conservation (T)

--> equ. of species conservation (mass fractionsY,)
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Modeling of Thermal decomposition — Required parameters

* Mass fractions of gaseous emissions

* Condensed products formed — mass fractions + properties

* Thicknesses of the condensed « phase »

Thermo-chemical
and
radiative properties

Reaction
mechanism
and kinetic
parameters

Radiation :
I
| A 4
Thermal ..
* |Gaseous emissions
Energy exchange and Flow of I And
conservation evolution L] || Oxidation
: pyrolysis Condensed
equation of the structural I
| products
|

Condensed Phase

--> equ. of mass conservation
--> equ. of movement quantity conservation (rate)
--> equ. of energy conservation (T)
--> equ. of species conservation (mass fractionsY,)

Radiation

Gaseous Phase
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Modeling of Thermal decomposition — Required parameters

Delays (ignition, extinction...)
Gaseous emissions mass fractions
Heat release rate HRR

Flame structure and dynamic

* Temperatures
Radiation :
Thermo-chemical
and ,
radiative properties ' 2
prop Thermal | .
| Gaseous emissions
Energy exchange and Flow of I And
| |conservation evolution il S || Oxidation
_ : pyrolysis Condensed
Reaction equation f the structura I
: products
mechanism aspect I
and Kkinetic I
parameters
Radiation I

Condensed Phase

--> equ. of mass conservation
--> equ. of movement quantity conservation (rate)
--> equ. of energy conservation (T)
--> equ. of species conservation (mass fractionsY,)

Gaseous Phase
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Focus: Experimental Investigations — Thermal decomposition

l

Matter Scale

oD process

= No thermal diffusion
*No mass transfer :
= « Perfect » control of :
the boundary '
conditions
= Controlled
conditions: imposed
by the user

" |ntrinsic properties

5/29/2018

esEEEE R N R R R RN A AR AN A R R R EEEEEEE R RNy,

L 4

S EEEEEER EEEEEEEEEEN
" l Yo

Small Scale

1D process

"1D Thermal transfer
=Radiative properties
*1D mass transfer
=\We try to control the
boundary and the
experimental conditions
*No flame transfer-
propagation

»Simplified characterization

of the diffusion aspects

‘. “
SpEEEEEEEEEEEEEEEEEEES

. | !

Product scale Real Scale

2D or 3D process

*Thermal transfer
=Radiative properties
=Mass transfer
=Uncontrolled or difficulty to control the boundary
conditions and the experimental ones
*Flame transfer-propagation

=Real diffusion aspects but... many process invoved
and difficulty to determine the « conditions »

EYEEEY RN R AR NN AR N AR R AN AR AR LR L A

0..

*

Approach: to simplify the problem and to add
complexity as we go along
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Focus: Experimental Investigations — Thermal decomposition

Matter Scale

Small Scale Product scale Real Scale

*Mass Loss *Delays of inflammation, *Delays of inflammation, extinction, flash-over
*Mass loss rate extinction *Mass loss
*Mass loss *Mass loss rate
*Enthalpy of the *Mass loss rate *Gaseous emissions
reactions *HRR *HRR
*Heat of combustion *Temperatures *Flame propagation
*Specific heat *Gaseous emissions *Temperatures

concentrations

*Model of pyrolysis

(mechanisms and
parameters)

*Thermal inertia
Effusivity
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Focus: Experimental Investigations — Thermal decomposition

Cone Calorimeter (CC) or Fire Propagation Apparatus (FPA) :

* Few g and (200*100*Thickness) mm3 samples Small Scale

* Heat flux: o to 100 kW/m?2
Controled parameters

* Possible controlled atmosphere
* Heat flux

* Coupling with gas analysis « Global atmosphere

* Piloted ignition or auto-ignition Unknown parameters

* Temperature
* Heating rate

* Local mass fraction of combustible

*tg Tig CHF and of oxygen

e ML and MLR * Permeability of the solid
* Thickness of the reactive zone

v Determination of

* HRR

* Gaseous emissions

* Temperatures into the condensed and the gas phases | =10 e s i)
* And other parameters can be deducted with a flame Heat and mass
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propagation

5/29/2018



Focus: Experimental Investigations — Thermal decomposition

Cone Calorimeter (CC)

Laser extnction beam including

lemperature measurement . EIeCtrIC heater HOOd

 Temperatuie and differential pressure
L~ measurements taken here

~ Soat sample tubea location

Exhaust ¢

blower | o
1
I\ ‘ Exhaust
N hood
Soat collection l("i;‘;";"'"’je'—" Cone heater
filter ’ AKEN Nare

Spark igrter
Controlled llow rate

s ~— Sample

Vertical of lentaton

5/29/2018 We|gh|ng deV|Ce Sample



Focus: Experimental Investigations — Thermal decomposition

Fire Propagation Apparatus (FPA):

PITOT LASER
TIJBE EXTINCTION
|

i
msss =
THEHHI:H:UI‘LE l
|eLrerme ano| |
| CONDENSING I

’ ' ‘ DILUTION AIR I

QUARTZ ||
TUBE —7 1 FLake LA i

i, INFRARED
=~ HEATER

I
I
I
FLAME Ll FTIR
I
L

SAMPLE

HOLDER PILOT

PORDUS (CoH/Ain

FUEL BED LOAD ANALYZER |
CELL PR ——

[Diallo & al. An innovative experimental approach aiming to understand and quantify the actual fire hazards of ionic liquids, Energy and environmental science, 2013]
5/29/2018



Focus: Experimental Investigations —Thermal decomposition

Examples of results:

0.2

—+— 30 kW-m" Time [s]
—%— 40 kW-m"

—&— 50 kW-m"

N NN NN

Thermal decomposition of a PU Foam

HRR [kKW-m™3]

o)

bx

o

N

c

3,

- —p— 80 =
S —o—10kwm? 8000 - “ 400 &
S 2
S p—p— o
N 0.15 4] 7000 - ——HRR 350 =
s - .. —&— MLR (Scaled)| =
§ *‘5 = 6000 - —a—CO - 300 §
O 0.1 T —

| © g s000{) wf| W 0 ___ No 1250 =
J = , THC o
g ON @
= 0.05 It T 4000 200 T
W) o THA o L.
S c S
S mN 3000 Ext.173's 150 &
s 8 )
s Py — Wby T 2000 -100 T
= 0 50 100 150 200 250 300 e
L ima le

g e 1000 50 &
= 400 %
o —&— 10 kWm" ' . I SOSN8 .
g —%— 20 kKW-m’ 0 50 100 15 200 250 300 8§
=

0

2

S

QL

S

I

<

0

_ 300 [L. Bustamante Valencia & al. Analysis of principal gas products during combustion of
Tt 1ol polyether polyurethane foam at different irradiance levels. Fire Safety Journal, 2009.] g
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Focus: ExperimentaSIZIQﬁeléastigations —Thermal decomposition

Examples of results:

500
450 R R
Fd
400 _ '/'/
- -

__350 _ e e
ot Ny
S 300 - —
S , - - - - Ty =
=1 - -
2 250 7 /_,/,2’: =
5 / — ==
2 500 ' -
£ / / -7 = =T-back/ no load
[ -

150 e T-f

/ ~ = = T-front / no load
100 s
I / ——T-back/ load
50 _V ——T-front / load
0 |
0 50 100 ) 150 200 250
Time (s)

Temperatures evolution during the thermal decomposition of a composite material in CC

[A. Benelfellah & al. Effect of a coupled thermomechanical loading on the residual mechanical strength and on the surface temperature
of wound carbon/epoxy composite, Journal of Composite Material, 2017]
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Focus: Experimental Investigations —Thermal decomposition

ts:

Soot particle filter

ansferline with
perature controller

onical heater

FTIR
Spectrometer

Concentration of acetone, acetic acid,

methane ethene propane [volppm]

Water x 3 x 101 [volppm]

600

500

400

300

tification of the decomposition gases : Controlled-Atmosphere Mass Loss Calorimeter coupled FTIR

1.2E-03

1.0E-03

8.0E-04

6.0E-04

4.0E-04

2.0E-04

200 400 600 800 1000
Time [s]

Example of results obtained for EVA/ATH

0.0E+00
1200

Mass Loss Rate [%0/s]
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Heatfeedback and oxygen diffusion - Modelling

The objective is to describe the thermal decomposition and what
happen at this scale:

: 0/ = CFD modeling

» Integration of the « model of pyrolysis » and the
« thermochemical data » in the CFD model (as FDS or
Firefoam)

= Modeling of the cone calorimeter or the FPA experiments

Oxidant airflow . \ . - , Oxidant airflow
O Z 2 oA e
N A | £

0
XI il Validation of the model of pyrolysis at this
scale, with thermal and mass transfers

ESIA - Ecole des Sciences de l'Incendie et Applications— Obernai, 27 mai au 1€7jjLim zonB

5/29/2018
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Thermal decomposition
4" phase: validation of the
thermal decomposition model

Thermo-chemical
and
radiative properties

Reaction
mechanism
and kinetic
parameters

Radiation

Energy_ exchang(_e and Elow of And -
conservation evolution  f=fr o | | Oxidation
. pyrolysis Condensed
equation of the structural roducts
aspect P

Thermal —
Gaseous emissions

Radiation
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Qoe

app

5/29/2018

Validation of the thermal decomposition model

ihih Small Scale

Cone calorimeter

results

) 4
t=

T 400 ~

350 A

300 A i

kw/
E

RR

Thermo-chemical

Model of pyrolysis properties

<>

v

Prediction of thermal decomposition at small
scale

—Test 50 k\WW/m2
(mean)

= FDS simulation 50
kW/m2

100 200

300 400 500 600 700 800

[A. Camillo & al.]
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Focus: Experimental Investigations — Thermal decomposition

Y ®
S g EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEERS

(0]

:

.S “ill EEEEEEEEEEEEEEEEEEEEEEEEEESR Illll...

E . ‘
5] L]

& Matter Scale Small Scale : | Product scale Real Scale

S : -

5 oD process 1D process - 2D or 3D process

3 : ¥

§ »No thermal diffusion »1D Thermal transfer *Thermal transfer

= =No mass transfer =Radiative properties fa =Radiative properties

§ = « Perfect » control of »1D mass transfer - »Mass transfer

S the boundary =\We try to controlthe  i= =Uncontrolled or difficulty to control the boundary
S conditions boundary and the conditions and the experimental ones

§ = Controlled i experimental conditions i *Flame transfer-propagation

§ conditions: imposed =No flame transfer- .

g by the user propagation = ®Real diffusion aspects but... many process invoved
R : :=  and difficulty to determine the « conditions »

E " |ntrinsic properties »Simplified characterization .

0 - of the diffusion aspects %, o

0. .
...Illllllllllllllllllllllllllllllllllll“

Approach: to simplify the problem and to add
5/29/2018 complexity as we go along



Focus: Experimental Investigations —Thermal decomposition

L 4

“III EEEEEEEEEEEEEEEEEEEEEEEEEER III..

L ) ..
* *
¢ .

*

o)

g

S

3

3

: ;

R .

s Matter Scale Small Scale * | Product scale Real Scale

3 :

| n

5 :

= : H

5 *Mass Loss :  *Delays of inflammation, ' *Delays of inflammation, extinction, flash-over

5 *Mass loss rate extinction . *Mass loss

3 ; *Mass loss : *Mass loss rate

S *Enthalpy of the *Mass loss rate . *Gaseous emissions

S reactions *HRR : *HRR

§ *Heat of combustion *Temperatures : *Flame propagation

3 *Specific heat *Gaseous emissions : *Temperatures

§ : concentrations g

3 *Model of pyrolysis : i

N (mechanisms and E *Thermal inertia 5

< : . :

o parameters) : Effusivity E %, o
. ¢ .

..llIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-“
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Focus: Experimental Investigations — Thermal decomposition

Classical experimental investigations:

- IMO LIFT

* Medium Burning Item HRR
Rate of flame

- Single Burning Item Temperatures
Flame structure

Open calorimeter (Nordtest NT Fire 032 calorimeter)

* Combustion chamber (ISO g705 — room corner test)

Product scale

HRR

[V. Brabauskas, Heat release rate, The SFPE Handbook of fire protection engineering 4th edition]
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Focus: Experimental Investigations — Thermal decomposition

Single Burning Item (SBI), Medium and

LIFT .
* Mass: kg
» Atmosphere: under air

* Piloted ignition by a burner or a piloted
flame

« Gaseous analysis possible

Medium or LIFT: vertical or horizontal
samples

SBI: possibility to « create » structures

Product scale

Controlled parameters

e LIFT: incident heat flux
« SBIl and medium : Py e

Unknown parameters

* Temperature
* Heating rate

» Local mass fractions of combustible and
oxygen

* Permeability

* Gradient of oxygen (diffusion) in the
condensed phase

* Gradient of temperature
» Reactive zone thickness
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Focus: Experimental Investigations — Thermal decomposition

IMO - LIFT : Product scale

HRR measurement (Thermopile)

Radiant panel

Piloted flame

Sample Holder

Indicators for the rate measurement

IMO/LIFT Spread Of Flame Apparatus (ISO 5658)

5/29/2018
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Focus: Experimental Investigations — Thermal decomposition

Medium and Single Burning ltems:

Medium Burning Item

A

; 7 il
J S . ‘ N "
~— o % S F Conduite exirac o —
2 B J - | d

nalyse de gaz
Mesure de fumees
es fumees

Mesure du
N\ débat Fextraction

A
g -~

2Ehe! N ‘ ) . :
- § Enceinte d'essan
"y :

Source dignition

— ] Chariol porte eprouvetle

Single Burning Item

Product scale




Focus: Experimental Investigations — Thermal decomposition

ISO 9705 - Room corner test: Product scale

Smoke optical

Gas analysis (0,, CO, CO,)
density

Exhaust hood
Imx3Imx

Flow measurment
Exhaust gascs g

(Gas burner

24m

Doorway
0,8mx2,0m
S

'“w

[

5/29/2018
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Focus: Experimental Investigations — Thermal decomposition

SBIl et Medium:
Product scale
* Example of results

HRR [kW]

t T T T T T 0
0 50 100 150 200 250 300
Time [s]

Thermal decomposition and combustion of a PU Foam into a SBI

[L. Bustamante Valencia& al. Analysis of principal gas products during combustion of polyether polyurethane foam at different irradiance levels. Fire Safety

Journal, 2009.]
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Focus: Experimental Investigations —Thermal decomposition

A:30s C:480s

777777777777

B:270s

250 -

200 ~

50 -

— Test
'FDS-25 mm

D:510s

E:600s

1

0.9

Headset gg

o
e

Z direction

o
)

Back

d
o

04

1,378
1,325

£
81275

8
Seat 51225

1,76

1,125

||||||

200

400

600

—
800 1000 1200

Time (s)

1400

rmr—

1600 Burner
Heat flux density distribution

[E. Guillaume & al. Application and Limitations of a Method Based on Pyrolysis Models to Simulate Railway Rolling Stock Fire Scenarios. Fire

Technology, 50, pp. 317-348, 2014]



Focus: Experimental Investigations —Thermal decomposition

Training device of the firemen (container) Real scale

[Colloque national - Contraintes thermiques et performance des EPI des sapeurs-pompiers en caisson d’observation et d’entrainement aux phénomenes

5/29/2018 thermiques, Niort, 2014]



Focus: Experimental Investigations —Thermal decomposition

Rooms and building
Real Scale

[Essais Dalmarnock, Université d’Edinburgh]
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Focus: Experimental Investigations — Thermal decomposition

Real Scale

Rooms and building

ESIA - Ecole des Sciences de l'Incendie et Applications— Obernai, 27 mai au 1¥ juin 2018

5/29/2018 [E. Guillaume & al. Real-scale Fire Tests of One Bedroom Apartments with Regard to Tenability Assessment, Fire safety journal, 2015p5



Fire Retardancy of
Polymers

groz uinf ;T np jow Lz ‘ipuiaqQ —suoipaljddy 12 alpuadsuj,] ap sadualds sap 3]033 - VIS
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Combustion
cycle

(post pyrolysis materal)
Polymer
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Gas Phase

\
Flame

retardancy

Heat release

Oxygen O

Degradation products
Heat

‘ ke
* e
Metal /

Hydroxyde

Intumescent
Systems

Nanocomposites

| Condensed phase |

5/29/2018 108
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Fire Retardancy of Polymers : Halogenated Compounds

X + RH HX + R

H +HX —— Hy, + X

HO + X

HX HO + HX

OH* H* CO | 02 HOH X* H-H 02
co: ‘L/ co.  HX U

SbyQ3 +6 HX == 2 SbX3 + 3 Hy0
SbXa +H' == SbXs +HX

Without Flame retardant With halogenated Flame retardant SbXs +H® == SbX +HX
pplied Pharmacology 216(2):274-81 - November 2006 SbX + H' === Sb +HX
Sb + O° == SbO
SbO" + H* s—*= SbOH
SbOH + H* == SbO" + Hy

ESIA - Ecole des Sciences de l'Incendie et Applications— Obernai, 27 mai au 1¥ juin 2018

5/29/2018
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https://www.researchgate.net/journal/0041-008X_Toxicology_and_Applied_Pharmacology
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Fire Retardancy of Polymers : Metal Hydroxides

https://www.martinswerk.de/

lOO{
£ 90
g
B g ]
§ ]
{ e MDH
7] —— A
60 — T T T
o 100 200 300 400 500 600
Temperature (°C)
https://www.hubermaterials.com/
200 °C 2
2 AI(OH » 3 H,O+ALO;
(O +1050 kJ / kg
300°C "
Mg(OH),  +1300kJ/kg H,O + MgO
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Fire Retardancy of Polymers : Intumescence

- « To Intumesce » was used by the tragedian John Webster
In the 16th century with two meanings

- To grow and to increase in volume against the heat
- To show an expanding effect by bubbling

m The result of this process is a foamed charred layer on the
surface which protects the underlying material from the action
of the heat flux or the flame

m Flame retarding polymers by intumescence is
essentially a special case of a condensed phase
mechanism

5/29/2018 111
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Fire Retardancy of Polymers : Nanocomposites

=2

Layered silicate

e cmerieeza 2
soox (a)

Phase separated Intercalated Exfoliated Interc al at Cd PS .k

(microcomposite) (nanocomposite) (nanocomposite)

smol;e Ve
labyrinth acting Am
as barrier

l ceramic char-layered

silicate nanocomposite

DECREASE OF THE
RATE OF EVOLUTION
OF THE DEGRADATION
PRODUCTS

**Doh et al.
5/29/2018 Polym. Bull. 41:511-517 (1998)



Intumescent Polyurethane

ESIA - Ecole des Sciences de l'Incendie et Applications— Obernai, 27 mai au 1¥ juin 2018

5/29/2018



©
bn
o
N
£
=)
=
S
L |
=)
(o]
3
S
N
N
K]
£
QL
o
o
[
wn
<
Ke)
S
(o]
S
Q
Q
<
4+
Q
L
B,
IS
QL
O
c
<
—
QL
BS
(%]
L
()
<
L
O
0
(%]
L
RS
QL
—~—
S
w
|
&
W

5/29/2018

Intumescent Polyurethane

y) ~catalvse acide

S

o—  —OH

A(M(T)) = Mexp(T) - Mineo(T)
Mineo(T) = (1-X) x Mpoy(T) + X x Maga(T)

Masse résiduelle (kg.-%)

100% -

80% A

50% A

40% A

20% A

0%

— Revétement PU/APP - - =Revétement PU

€ 1.

.%m_

Mineo

AM(T)) = Ma
2 2 2

:

100 200 300 400 500 600 700 800
Température (°C)

——APP

Température (°C) 114

—— sousair — SOUS 87018



Intumescent Polyurethane

d to measure the heat conductivity of PU chars

nt plane source method

in mica (resists at highT), r=3.289 mm

ement at ambient T and as a function of T

ple heated in a furnace controlled by the Hot Disk software

ESIA - Ecole des Sciences de l'Incendie et Applications— Obernai, 27 mai au 1¥ juin 2018

5/29/2018
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Intumescent Polyurethane

Clear # with

)
]
§ Not affected by T =2 or without
3 0,50 - ] ) y Intumescence =2 low
S egradation ..
R 0,45 - & heat conductivity
s process not started
§ — 0,40 -
! h4
S 0,35 -
% . /—‘1
% 0,30 - —
% 0,25 -
S
v 0,20 -
3 /" Decrease followed by
S 0,15 - . .
3 linear increase = heat
g ] . ..
3 0,10 conductivity linked to
b ——PU 30%APP .
- 0,05 - \_  Charproperties )
4 ——PU 28%APP 2%nano Mg0 “~—~

0,00 . . . : : . . :

Q ,&00 ']-00 ,._500 D.QO "900 600 100 %00

5/29/2018 Temperature (°C) 116



Intumescent Polyurethane
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linear n-alkanes

Water Acetic acid + Acetone
or alkenes
r r 3
320°C 380°C
> Al,O, Al,O,
_ > AL,O;4
220°C ~ 480°C
\ =
-
Temperature
N\ =
N
> '
220°C 460°C  490°C Al O,
AlLO, NC
Al O,
> NC
NC
270°C 320°C 380°C
) ) linear n-alkanes or alkenes
Water Acetic acid Acetone complex structures

Degradation pathway of EVA/ATH and EVA/ATH/NC

Gas 1

Gas 2

Formulation

Intermediate

Residue
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Temnper athure [* C]

5/29/2018

Gasification experiments of EVA/ATH

14E-03 100
— 12E-03 = Expefimantzl
£ 10E03 - —— Rapid diffusian wlfe
ﬁ 8 NE-04 —— Slow diffusion 2 g
% AOE-04
E 4 DE-04 2 A0
20E-04
- 20
0OEHID i i k i i
200 40 a0 200 1m0 1200 0
e [£]
ml:l e
ﬂ:":l —_
-.-"'"_'_._-_-_
m— Erperimenta
= Rapid diffusion
— Slow diffusion
200 1000 1200

— Experimental
e Rapid diffusion

— Sl diffusion

n 200 4010 a0 20 1000 a0

T [5]

* Good prediction of the temperature
* Prediction of MLR is achieved by tuning the

mass transfer coefficient
> Assumption of slow diffusion of the gases inside

the decomposing materials



Conclusion and
perspective
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Conclusion and perspectives

One says (to do not cited him... Pr Torero) that the research on
thermal decomposition will even require Hundreds of years !!!!
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ANNEXES
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Focus: Experimental Investigations — Thermal decomposition

Multi scale approach

Matter scale Material Product
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Determination of a model of pyrolysis - Matter scale investigations

Mass loss rate (MLR)

LIpRA 4= e

m
C
Ah
8
q,«;r(o,t) B
qﬁ,c,(oyt)
m,
N ; -2
N a3 .. f(j;.’(O,t) g Incident heat flux [kW.m?]
x=0 > " — 4 4. Heat flux from the flame
Qe = s _Qﬂ_,c fW.m]

"

q r Radiative heat loss [kW.m™2]

Ah ¢ Enthalpy of gaseification [kJ.kg]
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Problems into the Condensed phase

Different kinds of solid polymers

Air — gas combustible mixture

Gas Combustible Gas
Char
Case of a charring material — ex: wood. Mesophase
Condensed
phase Y

Thickness

Air — gas combustible mixture

Gas Combustible Gas

Mesophase
Case of a solid decomposition with liquid phase - tar
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