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Abstract

Flame spread over the horizontal surface of polymethyl methacrylate (PMMA) has been
studied numerically by a coupled model of heat and mass transfer describing the feedback
between gas-phase flame and solid fuel. Mathematical formulation has been defined by non-
stationary two-dimensional elliptic equations applied both for gas phase and solid fuel. The
computational procedure is based on modification of the OpenFOAM open-source code.
Results of predictions have been compared with the data of comprehensive experimental
investigation of the thermal and chemical structure of PMMA flame. Good agreement has
been obtained for the detailed gas-phase and the solid fuel temperature and species
concentrations profiles, as well as for the macroscopic parameters: the flame spread rate, the
total mass regression rate and the length of the pyrolysis zone. Based on the analysis of
thermal degradation of methylmethacrylate in inert surrounding, the concept of reduced molar
weight for gaseous products of PMMA pyrolysis has been proposed, which provided better
agreement for fuel distribution in the gas phase.

Keywords: flame structure; coupled heat transfer; numerical simulation; flame spread,;
polymethylmethacrylate burning

Nomenclature

specific heat capacity (J/kg/K)
diffusion coefficient (m?/s)
activation energy (J/mol)
incident radiation intensity (W/m?)
gravity acceleration (m/s?)
preexponential factor (1/s)
thickness or length (m)

Lewis number (-)

molar mass (kg/mol)

mass burning rate (kg/s)
pyrolysis reaction order (-)
pressure (Pa)

heat release (J/kg)
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heat flux (W/m?)

specific gas constant (J/kg/K)
universal gas constant (J/mol/K)
temperature (K)

time (s)

velocity (m/s)

flame spread rate (m/s)
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linear regression rate (m/s)

reaction rate (1/s)

mole fraction (-)

coordinate along fuel surface (m)
mass fraction (-)

coordinate normal to fuel surface (m)

< <X X=s<

Greek symbols

conversion degree (-)

surface emissivity (-)

thermal conductivity (W/m/K)

Plank mean absorption coefficient (1/m)
dynamic molecular viscosity (kg/m/s)
stoichiometric coefficient (-)

density (kg/m?)

Stefan-Boltzmann constant (5.67-10° W/m*/K?*)

QD < T A >0

Subscripts

initial

ambient
insulation board
fuel

gas

inert component
oxidizer
product
pyrolysis

solid

width

sSvoc  UDOo—QTMoY O

Superscripts
r radiative

1. Introduction

Propagation of diffusion flame over solid fuel's surface is regarded as a basic process relating
to fire initiation and growth. Among various spatial configurations, opposed-flow flame
spread (e.g. [1-6]) is usually distinguished and has been intensively investigated both
experimentally and theoretically for decades, particularly due to certain benefits provided by
such a flame spread mode. From the experimentalist's viewpoint, there are: small-scale flame,
independence on ignition technique and steady-state regime of flame propagation, which
together result in the high degree of repeatability of measurements performed by different
groups. As for mathematical modeling, opposed-flow flame spread is associated with primary
simplifications of formulation: assumption of laminar flow and a two-dimensional set of



governing conservation equations may be successfully employed. The former factor is
ensured by small-scale flame formed around the leading edge and generally low-level gas-
phase velocity, under which the flame is able to propagate. The latter one relates to actual
independence of the flame parameters upon a sample's width, which has been established
experimentally (e.g. [7-14]) for the flame spread over the flat surface of a solid fuel sample
with inhibited sides and of sufficiently large width. It has to be noted that a specific study of
side-edge burning which results in a sample's width effect on the flame spread behavior [15-
18] is not the case (undoubtedly three-dimensional) for the present analysis.

The typical opposed-flow configurations are downward flame spread on a vertical wall with
obligatory presence of buoyant opposed flow, which may be even especially enforced, and
flame spread over horizontal surface of solid fuel (occasionally, with or without forced
opposed convection). Surely, there are possible intermediate cases of inclined surfaces, which
could be treated as opposed-flow flame spread unless a flow-assisted regime occurs with
accelerating flame speed and a growing flame size. Considering the above, the present study
has been focused on the horizontal flame spread over solid fuel'surface in still air. Such a
mode, which would be represented, in some sense, as a limiting case of opposed-flow flame
spread, makes the laminar flow assumption challenging, since essential large-scale
fluctuations have been observed in the flame zone at some distance from the leading edge
[14]. Nevertheless, the laminar flow approach has been retained, supposing that these
fluctuations occurring far enough from the flame tip do not affect the flame spreading process,
mainly the flame spread rate, which is considered to be the major macroscopic parameter
describing the effect of the phenomenon.

Based on the previous approaches [4,19,20], the present level of the mathematical modeling
of opposed-flow flame spread over solid fuel includes the following considerations [21-25]:
elliptic formulation of governing partial differential equations, coupled analysis for heat and
mass transfer between flame and solid fuel, finite-rate chemical kinetics both for gas-phase
combustion and solid fuel's pyrolysis, and gas and surface radiation modeling. Since the
steady-state regime is rather typical for opposed-flow flame spread, the set of equations may
be reduced to the stationary form in the coordinate system fixed on the flame front
[4,5,19,20,24]. Here, the flame spread rate appears as an eigenvalue, which results in some
sophisticated iterative procedure is to be employed to get a convergent solution. In fact,
steady-state formulation has a certain potential in view of computational burden saving but it
is not aneasy work to search for reasonable initial estimation for all the variables and the
steady flame spread rate itself. Believing that up-to-date capability of computational resources
is-not crucial for calculation of the two-dimensional problem, we have decided on the
unsteady formulation (e.g. [22]), which provides a clear interpretation of the flame spread
behavior from the very beginning of ignition.

As it has been noted in [26]: "While the driving mechanism of flame spread (over solid fuel)
has already been well established, a better understanding of the flame structure may provide
useful information toward predicting spread rate, extinction, and other behaviors". Following
this remark, the primary aim of the present study was focused on the parametric numerical
investigation of horizontal flame spread over PMMA surface in order to perform direct
comparison of the calculated results with the data of a comprehensive experimental study [14]
of the thermal and chemical flame structure. Thus, every parameter available from the
experiment has been used as input data for calculations along with up-to-date collected
physical, kinetic and transport properties involved in a flame spread process. Finally, gas-
phase and solid fuel temperature and concentrations profiles, the length of the pyrolysis zone,
the solid fuel regression rate and the flame spread rate are the points for assessing the validity
of the numerical results.



2. Formulation
2.1. Gas-phase equations

The conservation equations describing the laminar flow of chemically reacting gas are
presented as follows:
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Here x; ={X,y}, U ={u,v},Y; ={Y£.Yo.Yp}, M; ={Mg,Mq,Mp}, pi ={pr.po.pp}. and
averaged density and specific heat capacity are expressed as

p=2piXjs C=2CY, (6)

and effective transport coefficients are calculated through the following relationship [27]

[ZY.X te (7)

21X j
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where y ={,u,pD}, i ={F,0,P}, and mole fraction is X; =

2(Yi/M;)
2.2. Heat and mass transfer in solid fuel

A thermally thick layer of solid fuel is considered here, so that non-zero temperature gradient
appears in the direction normal to the burning surface and heat transfer in solid fuel is
described by two-dimensional elliptic equation:

oT, o . ol
= Ay —= +p W Q. (8)
ot 8XJ 8XJ

PsCs

In the case of a non-zero order of pyrolysis reaction, the set of one-dimensional hyperbolic
equations for 'solid-to-gas' conversion is considered
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where a is the conversion degree. Here W; is the bulk reaction of solid fuel pyrolysis and the

surface regression rate for each cross-section normal to the burning surface is expressed as
(e.g. [28]):

0
ve() = | Wgdy. (10)
~L(x)

t

Here Ls(X)=Lgq —jvs(x)dt is variable thickness of solid fuel's sample decreasing in time
0

due to burnout.

2.3. Combustion and pyrolysis model
The reaction scheme for combustion of PMMA represented as
CsHgO,+60, = 5C0O,+4H,0, (11)

corresponds to the general balance of species F + voO+1 — vpP + 1, where fuel F=MMA,

oxidizer O=0, product P=CO,+H,0, and inert component 1=Nj, the mass fraction of which
isexpressed as Y, =1-Yg =Yg =Yp.

Arrhenius equations have been used for the gas-phase combustion (the first-order reaction
relating both to fuel and oxidizer) and the solid fuel pyrolysis (reaction of the assigned order
relating to conversion degree):

W, = (1-a)" ks exp(~Eq / RyTy ). (13)
2.4. Radiation model

For the assumptions of emitting, absorbing and non-scattering gray medium the divergence of
radiative flux, which has been included into the gas-phase energy equation (3), is expressed as
follows [24]:

g = (40T*-G), (14)

“Hj
axJ

The discrete ordinates method [29], which is based on discrete representation of the
directional variation of the radiative intensity, has been employed in the form of S-N
approximation. As it has been established in [24], the Sg approximation stands to be the
minimal order of the S-N method providing the reasonable prediction of surface heat flux
profiles in the case of opposed flow flame spread over thin solid fuel. Considering the flame
spread over thermally thick solid fuel, which usually results in the growing flame size and



pyrolysis length, both Sg and Sg approximations have been tested in the present analysis. The
results showed that Sg approximation did not provide any noticeable refinement and Sg model

has been used.

The effective Planck mean absorption coefficient in Eq.(14) is expressed as
K= z XiKi ,

where X; and «; are the mole fraction and Planck mean absorption coefficient of i-th
species, respectively.

2.5. Boundary conditions

The boundary conditions for gas-phase governing equations (2)-(4) and solid fuel energy and

(15)

6

mass conservation equations (8)-(9) are expressed in accordance with the configuration of the

computational domain represented in Fig.1:

x=0, x=L,: T=T,, Yo=Yoa, Yr =0, Yp=0,6u/ox=0, év/ox=0;

y=L,: 80/oy =0, ¢={u,v,T.Y;}, i={F,0,P};
y=-Lg: a=0;

y=-Ly: oTs/oy =0;

y=0: u=0, pvV=pgVs,

T, =T,
- S%-F([DVCT)S =—kﬂ+vaT +q,,
oy oy

oY
_pDWF‘FpVYF =pPsVs,
—pD%vain =0, i:{O,P};
oy

The initial conditions have a conventional form:

t=0: u=0,v=0,T=T,,Ye=0, Yo =Yg,, Yp=0, T, =T,, a=0.

(16)
(17)
(18)
(19)

(20)
(21)

(22)
(23)

(24)

(25)
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Fig.1. Configuration of the computational domain.
2.6. Numerical approach

The general implementation of computational procedure is based on the OpenFOAM open-
source code [30] with the following details: the finite volume implicit scheme is employed,
the flow field is predicted in primitive variables ‘pressure-velocity' by PISO algorithm, and the
set of linear algebraic equations.is solved by the conjugate gradient method. Through the test
run of calculations, the high non-linearity of governing equations has been treated as follows:
in order to achieve a convergent solution, 20 iterations were carried out at every time step,

and additional 4 inner iterations were made (inside these 20 iterations) for the prediction of
the flow field only.

The sizes of the computational domain shown in Fig.1 and the reasoning for its choice are as
follows. The thickness of the PMMA sample has been uniquely assigned by the experimental

data [14]: Lg o="5 mm. While the thickness of the insulation board was set to be 10 mm in the
experiment [14], here we decided to put L, =25 mm, with aim to avoid the assignment of an
additional heat exchange condition at y =—L, and keeping the use of equation (19) to be
close to condition T, =T, . The size of the gas-phase domain in the direction normal to the
burning surface was L, = 25 mm approved by the test run calculations, which showed the

independence of the processes in the flame tip upon L, . The initial length of the sample was

Ly = 100 mm, which provided the possibility for complete burnout of the sample (around 60

mm long [14]) and allowed enough distance ahead of the flame leading edge, ensuring that
inflow boundary at x =0 did not affect the flame spread process. The initial distance beyond

the sample was (L, —Lg)= 30 mm.

3. Input data

The physical properties of solid fuel (PMMA) were: p;= 1160 kg/m? [14], Ag=0.188 W/(m
K) [23], C; =1.01+ 0.00858T J/(g-°C) for T <130°C and C, =1.78+0.0024T J/(g-°C) for



T >130°C [31]; Q; =—0.87 MJ/kg [31], &5 =0.85 [32], vg =-1.0, vg =-1.92,

vp =2.92[23]. The properties of the insulation board [14]: p, = 800 kg/m®, Ap=0.15 W/(m
K), C, =950 J/(kg K). Two sets of kinetic parameters of pyrolysis reaction presented in Table
1 were studied.

Table 1. Kinetic parameters of the pyrolysis reaction.

No.| k,,1/s | E;, ki/mol| n Ref.

1 | 2.82:10° 129.9 0 |[23,33]
2 | 475107 1776 | 13| [34]

The temperature dependences of physical and transport properties (specific heat capacity,
thermal conductivity and dynamic molecular viscosity) of gas-phase individual species were
obtained from database [35], while diffusion coefficients were calculated as

(D), = (26)

where Lewis numbers were assigned according to [24].

The averaged Planck absorption coefficient is K=2Ki (T)X;, where k; is the individual
i
value of species i = {CO,, H,O, MMA} determined from [36-38].

As for the Kinetic parameters of gas-phase combustion reaction, which contain a great degree
of uncertainty if one-step description is employed, the following approach has been used. The
activation energy is set to E =90 kJ/mol [23], which is rather typical for the combustion of
lower-weight gases such a carbon monoxide, and finally, the preexponential factor stands to
be the only parameter which would be defined through the calculations, in order to calibrate
the model on the comparison with the experimental data.

There is a specific consideration which relates to the gas-phase fuel species. Undoubtedly, the
pyrolysis product of PMMA is its monomer, MMA, with molar mass M =100 g/mol. As this

component (gasified at the solid fuel's burning surface) moves towards the high-temperature
flame zone, a number of reactions are expected to occur, including the degradation of such a
higher hydrocarbon to lower-weight species. Thus, thermodynamic calculations of MMA
thermal degradation performed here by using Cantera toolkit [39] showed the existence of a
substantial amount of carbon monoxide (Table 2), which certainly participates as fuel in the
combustion reaction. Since in the present analysis the one-step macro-reaction is used for gas-
phase combustion, such a behavior could not be taken into account. As the data from Table 2
demonstrate, the average molar weight of MMA degradation’s products is around from 32 to
37 g/mol, depending upon temperature. However, it is a weight of products of a completely
degraded monomer. In our case, we have some mixture of initial MMA and the products of its
degradation in the vicinity of the burning surface. The actual composition is unknown, since
Cantera provides the thermodynamic parameters of mixture under a certain temperature and
does not yield the spatial distribution of components. In this regard, the following approach
has been introduced: PMMA pyrolysis product is represented as some ‘effective’ gasified fuel

with a lower molar weight, namely Mg =50g/mol, which is between the monomer and the
products of its thermal degradation.



Table 2. Mass fractions of MMA thermal degradation products in inert gas.

.| Pyrolysis temperature, K

SPecies 1200 1800
H, 0.015 0.047
CO 0.559 0.560
CH,4 0.187 0.027
CoH4 - 0.014
CoH, - 0.234
CsH; - 0.053
CeHs 0.234 0.046

4. Results and discussion

Firstly, it has to be noted that all the experimental data appeared below were taken from [14],
specifically of the specimen 3.

Before parametric numerical study of the flame spread behavior, preliminary calculations
have been performed to settle the parameter which was not introduced above. As pointed out,
the Kkinetic parameters of the one-step macroscopic reaction of gas-phase combustion are to be
determined through verification based on comparison of the calculations with the experiment.
Assuming the activation energy to be E =90 kJ/mol, the search was carried out for the pre-
exponential factor, which would provide the best agreement. Figure 2 presents the calculated
correlation between flame spread rate and pre-exponential factor, along with the measured
value of the flame spread rate. Such a result showed that both sets of pyrolysis kinetics
parameters (Table 1) are able to predict the flame spread rate reasonably, while some
difference was revealed. The choice of pyrolysis kinetics for further investigation was based
on the following reasoning: the first set of parameters in Table 1 was derived in [33] for the
condition of inert heating of PMMA slab, while the second one has been recently obtained
using the advanced technique of microscale combustion calorimetry [34]. Considering the
latter case to be more appropriate to the flame spread process, we chose the second set of
pyrolysis parameters (Table 1). Finally, the pre-exponential factor of gas-phase combustion

reaction was set to k = 2.0-1081/s.

0.2
—— 1
015 | —* 2
® — Exp
£
€ 01}
- /
0.05 |
0 &
1.E+06  1.E+07  1.E+08  1.E+09  1.E+10

kg, 1/s

Fig.2. Dependence of flame spread rate upon pre-exponential factor of combustion reaction;
curve number corresponds to pyrolysis kinetics, as indicated in Table 1, experiment [14].

Figure 3 presents the calculated and experimental temperature fields near the flame leading
edge. As it has been shown in experimental study [14], the significant large-scale fluctuations
were observed in the flame zone behind the flame tip at the distance of approximately 10 mm.
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Since the mathematical formulation presented here is based on the laminar flow assumption,
such fluctuations could not be resolved. Nevertheless, the following premise is stated:
processes occurring in the flame plume do not affect the flame behavior at the leading edge
and, correspondingly, the value of the flame spread rate. In such a view, good agreement
between the predicted and measured temperature distributions shown in Fig.3 may be
concluded. Figure 4 presents the profiles of the sample’s burning surface. It could be noted
that there is some discrepancy between calculation and experiment for the position of the
burnout point, the location of which differs by the distance of about 15 mm. As it was noted
regarding the temperature fields, we suppose such an effect to have no influence on the value
of the flame spread rate.

Flame temperature profiles presented in Fig.5 showed rather good agreement between
predictions and measurements, especially regarding the values of the maximal temperature.
As for the location of the temperature peak, the following tendency is observed: at the flame
front (x =0mm) the predicted peak stands closer to the burning surface than that of measured
one, while downstream ( x =5.1mm) the picture changed, so that the predicted temperature
peak moves away from the burning surface slightly faster than measured. The present analysis
is limited to the very flame leading edge due to the above mentioned appearance of
fluctuations, which could not be modeled here.

Tk
2000
|

1500
£10
1000 =

500
300

Fig.3. Temperature distribution in flame tip;
left — present calculations, right — experiment [14].

0 5 10 15 20 25 30 35 40 45 50 55

0 0T T A i 6

Fig.4. Burning surface profile;
top — calculations, bottom — experiment [14], distance in mm.
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2000
1700 |
1400 |

. ,

<1100 |

800

500

200 |

Fig.5. Temperature profiles in flame in the direction normal to the burning surface;
symbols — experiment [14], lines — calculations. The curve number corresponds to the
distance from the flame leading edge (in mm).

Figures 6 and 7 present the distributions of the species mole fractions in the flame for two
molar weights of gaseous pyrolysis products: Mg =100g/mol (actual value for monomer

MMA) and Mg =50g/mol (assumed somewhat arbitrary based on the analysis presented in

Section 3 and Table 2). In the former case, the fuel concentration is underestimated with
maximal disagreement occurring on the burning surface, while in the latter case the fuel
profile fits properly the experimental data. Thus, the introduction of some ‘effective’ fuel of a
lower molar weight (in fact, it does not coincide with pure MMA) allowed to achieve
noticeably better agreement with the measurements.

0.8 0.8

0.7 t

0 2 4 6 8 10 12 0 2 4 6 8 10 12

Fig.6. Species concentrations profiles in flame in the direction normal to the burning surface;
symbols — experiment [14], lines — calculations, Mg =100g/mol; O - oxidizer, F- fuel, P —
product, | - inert component; distance from the flame’s leading edge: (a) — 0 mm, (b) — 5 mm.
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0 2 4 6 8 10 12 0 2 4 6 8 10 12

Fig.7. Species concentrations profiles in flame in the direction normal to the burning surface;
symbols — experiment [14], lines — calculations, Mg =50g/mol; O - oxidizer, F- fuel, P —
product, | - inert component; distance from the flame’s leading edge: (a) — 0 mm, (b) — 5 mm.

Additionally, the experimental study of the horizontal flame spread over PMMA sample 10
mm thick was carried out using the technique described in [14]. The data of Fig. 8 presenting
the temperature profiles in solid fuel show that the calculated and measured temperature peaks
and the temperature on the burning surface in the preheating zone ahead of the flame front
have been predicted almost perfectly.

500 500
— Ts_up_Exp — Ts_up_Exp
400 r —Ts_low_Exp 400 r —Ts_low_Exp
—Ts_up_Calc —— Ts_up_Calc
300 + — Ts_low_Calc 300 F ——Ts_low_Calc

O
=

T,C

200 200

100 100 r

0 1 n 1 n 1
-10 -5 0 5 10 -50 -25 0 25 50
X, mm X, mm

Fig.8. Solid fuel temperature distribution along the burning surface;

Ts_up_Exp, Ts_up_Calc — experimental and calculated surface temperature,
Ts_low_Exp, Ts_low_Calc — experimental and calculated temperature on the back
side of the sample. Sample thickness: left — 5 mm, right — 10 mm.

Figure 9 presents the predicted distribution of the linear regression rate along the burning
surface. This parameter would be hardly achieved in the experiment, so the total mass burning
rate was calculated as m = pL,, j vsdx . Here the width of the sample used in the experiment

X
[14]is L, =100 mm. The comparison of the macroscopic parameters obtained from the
measurements and calculations are summarized in Table 3, from which good agreement may
be concluded in general.
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Table 3. Macroscopic parameters of the flame spread
Flame spread | Mass burning | Pyrolysis length

rate ug, mm/s | rate m, g/s | (L, —L), mm

Thickness Ly, mm | 5 10 5 10 5 10

Experiment 0.091 | 0.079 | 0.065 | 0.100 | 60 110
Prediction 0.089 | 0.080 | 0.063 | 0.108 | 45 105

0.03

0.02

Vs, mm/s

0.01

-5 0 5 10 15 20
X, mm

Fig.9. Distribution of the linear regression rate along the burning surface.
5. Concluding remarks and further directions

The primary result of presented study would be stated as follows: macroscopic parameters,
namely, the flame spread rate, the total mass burning rate, and the pyrolysis zone length, as
well as the detailed gas-phase and the solid fuel temperature and the species concentrations
profiles in the zone close to the flame leading edge have been predicted rather well.

There are some noticeable disagreements between the calculated and experimental data,
which could be divided into two points. Firstly, the solid fuel temperature along the burning
surface downstream from the flame front is underestimated, as shown in Fig.8. The most
probable reason for that is insufficient predicted heat flux from the flame zone to the fuel
surface. Since the flame shapes shown in Fig.3 are quite similar both for the calculated and
experimental results, the conductive heat flux is expected to be of the same level. Unlike that,
polishing up the radiation model may help in resolving this problem. Generally, the best way
to understand this physical behavior relates to achieving the experimental heat flux
distribution along the burning surface (not easy work for measurements, however). The
second noted disagreement regards the gaseous fuel profile shown in Fig.6. Introduction of
‘effective’ fuel of a lower molar weight than that of the actual MMA helped to obtain better
agreement but such an approach looks certainly artificial. In this regard, the analysis of
thermal degradation of MMA in inert gas showed generation of substantial amount of carbon
monoxide, light combustible gas. Following the considerations preceding Table 2, at least a
two-step reaction would be employed to describe the gas-phase combustion.
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Highlights

Flame spread over horizontal surface of PMMA was studied numerically by coupled model
Predicted thermal and chemical structure of flame tip fits measured data
Proposed gas fuel with reduced molar weight showed better agreement with experiment
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