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Abstract The tendency of the polymers to melt and drip when they are ex-
posed to external heat source play a very important role in the ignition and the
spread of fire. Numerical simulation is a promising methodology for predicting
this behaviour. In this paper, an computational procedure that aims at analyzing
the combustion, melting and flame spread of polymer is presented. The method
models the polymer using a Lagrangian framework adopting the Particle Finite El-
ement Method framework while the surrounding air is solved on a fixed Eulerian
mesh. This approach allows to treat naturally the polymer shape deformations
and to solve the thermo-mechanical problem in a staggered fashion. The problems
are coupled using an embedded Dirichlet-Neumann scheme. A simple combustion
model and a radiation modeling strategy are included in the air domain.

With this strategy the burning of a Polypropylene (PP) specimen under UL94
vertical test conditions is simulated. Input parameters for the modelling(density,
specific heat, conductivity and viscosity ) and results for the validation of the nu-
merical model has been obtained from different literature sources and by IMDEA
burning a specimen of dimensions of 148× 13× 3.2[mm3]. Temperature measure-
ments in the polymer have been recorder by means of 3 thermocouples exceeding
the 1000 [K]. Simultaneously a digital camera was used to record the burning
process. In adition, thermal decomposition of the material (Arrhenius coefficient
A = 7.14× 1016min−1 and activation energy E = 240.67[Kj/mol]) as and changes
in viscosity (µ) as a function of temperature were obtained. Finally, a good agree-
ment between the experimental and the numerical can be seen in terms of shape
of the polymer as well as in the temperature evolution inside the polymer.

Keywords Dripping, Melt flow, UL 94 Test, Particle Finite Element
Method(PFEM)
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1 Introduction.

Notations
Symbol Parameter
3D Three-dimensional
Ω Domain
Γ Boundary
t Time
x Spacial position
∇ Nabla
v Velocity
p Pressure
T Temperature
µ Viscosity
ρ Density
f Gravity force
C Heat capacity
κ Thermal conductivity
I Spectral intensity
s Direction
c Speed
ε Emissivity
Y Mass fraction
wT Rate of production of heat

QR Radiative heat flux
εv Mass loss
Qv Heat absorbed
α Absorption coefficient
σ StefanBoltzmann constant
G Incident radiation
q Heat flux
A Pre-exponential function
E Activation energy
Ta Absolute temperature
R Universal gas constant
H Enthalpy of vaporization
K Bulk modulus

FD Drag force
CD Drag coefficient
ACS Cross sectional area
Subscripts
a Air
p Polymer
F Fuel
O Oxygen

Many of the objects that appear in modern household, workplaces and other
consumer product areas are made of thermoplastic polymers. These range from
mattresses, upholstered furniture to moulded objects, such as electronic products
and fibre-reinforced composites.

Upon heating, thermoplastics suffer descomposition (pyrolysis) releasing com-
bustible gases which mix with the oxygen of the ambient air to form an ignitable
blend.

Having a sufficient concentratquantity of them, the ignition can take place
either impulsively if the temperature is adequate for auto-ignition (the activation
energy of the combustion reaction is attained) or due to the presence of an external
source (flame or spark). Part of the heat released due to the combustion is fed back
to the polymer causing further pyrolysis. If the evolved heat is sufficiently large to
keep the decomposition rate of the polymer above the required limit to maintain
the concentration of the volatiles within the flammability limits, a self sustaining
combustion cycle is established.

From the above, it can be concluded that the combustion of polymers is similar
to the combustion of many other solid materials. However, the tendency of poly-
mers to spread the flame away from a fire source is a critical and singular aspect
because many of them melt and tend to produce flammable drips or flow. There-
fore, dripping is a big threat in polymer fires. It can accelerate the fire growth and
spread the fire between nonadjacent objects producing secondary ignition.

Assessing the flammability of polymer materials is usually carried out via small-
scale fire test. One of such test is the so-called vertical UL 94 test. In this test,
a flame provided by a Bunsen is applied to a small-size specimen for 10 seconds
forcing its ignition. After this period the flame is removed and the burning becomes
free. This test is widely used for the quality control of polymeric products and the
development of flame retardant materials.
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A Finite Element Model for the simulation of the UL-94 burning test. 3

Modeling and computer simulation is another way of studying the polymers
performance under fire conditions. Focusing on the condensed phase (polymer),
considerable advances have been made in the modeling of pyrolysis phenomena
responsible for thermal decomposition (and thus the burning rate) [1–3] and have
become an integral part in existing fire simulation codes (e.g. [4], [5]). Basically,
they solve transient conductive and radiative energy transfer coupled with decom-
position chemistry [6]. These models are considerably complex and can poten-
tially require a large number of input parameters (e.g. [7]) many of which cannot
be known with high accuracy. Approaches have been developed in which these
parameters are determined using inverse modeling coupled with evolutionary op-
timization algorithms [8,9]. The relationship between complexity and prediction
error in the pyrolysis modelling have been explored in [10–13].

Although these account for different mechanisms affecting the degradation pro-
cess, a phenomenon that is ignored is the melting of burning solid objects followed
by melt flow and dripping phenomena in many references ( such as [14] and recent
[15–17]. This means that it is assumed that surface regression does not occur,
and the geometry/size of pyrolyzing or burning objects is invariant for the entire
duration of the simulation which is appropriate for short duration simulations.

Regarding the numerical simulation of the UL94 test, the two strategies dealing
with the problem at hand presented recently [18–20] ignored the computation of
the gas flow and therefore the flame heat feedback was applied to the polymer as a
boundary condition. Yet, the first one has shown the possibility of predicting the
burning and melting of solid objects by including a continuum thermo-mechanical
solid phase model in the calculations. Besides, in [19] the authors emphasize the
fact that as polymer specimens are often ignited at corners, a three-dimensional
burning model is more appropriate than a one or two dimensional model. There-
fore, previously mentioned pyrolysis models could not be employed directly [5,
6].

Athough numerical simulation is a promissing methodology for predicting the
behaviour, the uncertainty and lack of reliable input parameters for modeling the
fire behavior of most materials is a challenge to tackle in fire simulations. Ex-
perimental characterization of several temperature-dependent material properties
in fire situations has been recently done [21,22]. However, many of the necessary
parameters are still not available (i.e.,properties at the temperature close to the
decomposition). Adequate and reliable material properties at elevated tempera-
tures (for different heating rates etc.) as input for thermally coupled models are
mainly lacking, and even if available, stability and convergence is very difficult to
achieve in practical fire simulations.

In this work we present improvement in the previously developed finite element
thermo-mechanical model [23,24] to analyze the melting of polymers under UL94
vertical test conditions. These include a model for the combustion, an improved
radiation modeling strategy, an implicit solver for the motion of the air based
on the solution of the compressible Navier-Stokes equations and a new version
of Particle Finite Element Method (PFEM, www.cimne.com/pfem) to model the
polymer motion. In the present approach the motion of the surrounding air is mod-
eled solving a Eulerian formulation of the compressible Navier-Stokes equations
equipped with the energy, radiation and combustion equations. On the other side,
polymer motion and the evolution of the temperature are solved using the PFEM
strategy [25]. Both thermo-mechanical problems are coupled using an embedded
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Dirichlet-Neumann scheme. With this strategy the burning of a Polypropylene
(PP) specimen is simulated under UL94 vertical test conditions. The simulation
results are analyzed and compared with the experimental data provide by IMDEA
Materials Institute in Madrid(Spain).

2 Governing equations

This section is devoted to the mathematical formulation of the 3D heat trans-
fer and fluid flow. Fig. 1 shows the geometry and the schematic diagram of the
treated problem. The governing equations are considered to be three-dimensional,
unsteady and compressible for the air while incompressible for the polymer. Dif-
ferent computational domains are used to represent the gas and the polymer.
Thermo-physical and mechanical properties are assumed constant for both do-
main except for the viscosity of the polymer that depends on the temperature.
The computation of the heat transfer and the fluid flow requires to solve simulta-
neously the Navier-Stokes and energy equations. Moreover, in order to take into
account the radiation effects and the combustion process, the radiative transfer
and species equations have to be solved only in the air domain. For futher details
the reader is referred to [26–29].

Let Ω ⊂ R3 be a bounded domain containing the polymer Ωp and the air
Ωa which satisfy Ωa ∩ Ωp = ∅ and Ω = Ωa ∪ Ωp (see Fig.1). The subdomains are
assumed to behave as viscous fluids 1. We denote the time by t, the Cartesian spa-
tial coordinates by x = xi|3i=1, and the vectorial operator of spatial derivatives by
∇x = {∂xi}3i=1. The evolution of the velocity v = v(x, t), the pressure p = p(x, t)
and the temperature T = T(x, t) is governed by the following equation written in
a compact form:

Fig. 1 Domain.

∂ρφ

∂t
+∇x · (ρvφ) = ∇x · (Hφ∇xφ) + Sφ in Ω × (0, t) (1)

1 This assumption becomes satisfactory for higher temperatures and regarding a narrow
range of shear rates like those experienced in the UL 94 test [30].
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A Finite Element Model for the simulation of the UL-94 burning test. 5

In the following table φ, Hφ and Sφ are summarized for the different variables:

Transport of φ Hφ Sφ
Mass 1 0 εv (1.1)

Momentum v µ −∇xp+
µ

3
∇x(∇x · v) + ρf (1.2)

Energy T κ/C wT /C + (∇.QR)/C +Qv/C (1.3)

where µ is the fluid viscosity, ρ is the density, p is the fluid pressure, f is the
gravity force, C is the heat capacity, κ is the thermal conductivity, wT is the rate
of production of heat 2, QR is the radiative heat flux and εv and Qv are the mass
loss and heat absorbed due pyrolysis in the polymer, respectively. Note that for the
polymer the terms wT/C + (∇.QR)/C is set to zero. In addition, we shall assume
for the air domain the ideal gas equation of state p = ρ/RT which is the most
common case for the compressible flows [31].

Equations (1.1-1.3) are completed with standard Dirichlet and Neumann bound-
ary conditions. On the external boundary ∂Ω = ΓD

⋃
ΓN, such that ΓD ∩ ΓN = ∅(

v = v̄
T = T̄

)
onΓD (2)(

σ.n = σn
k∇T.n = q̄n

)
onΓN (3)

where v̄ and T̄ are the prescribed velocity and temperature respectively, n is
the outer unit normal to ΓN, σn and q̄n are the prescribed traction vector and
normal heat flux.

On the internal interfaces Γint, the coupling conditions are(
JvK = 0
JT K = 0

)
onΓint (4)(

JσK.n = 0
Jk∇T K.n = qR

)
onΓint (5)

with n the unit normal to Γint, and JφK represents the jump of a quantity φ across
the interface.

Radiation modeling

The effect of radiation is taken into consideration in the energy equation as
the divergence of radiative heat flux i.e. ∇ ·QR. Considering gray assumption and
neglecting scattering, term ∇ ·QR is given by

∇ ·QR = α

(
4σT 4 −

∫ 4π

0

I (s) ds

)
(6)

where I is the spectral intensity at the time of the propagation along the direction
s with speed c and α is the absorption coefficient. Eq.(6) requires the solution of
the radiative transfer equations (RTE)

s · ∇I (s) = −αI (s) + α
σT 4

π
(7)

2 Assuming constant values for the Schmidt (Sc = 1) and Prandtl (Pr = 1) numbers simpli-
fied composition and temperature dependent transport properties thus ρD = κ/C
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6

Several methods can be used to solve Eq.(7) as by The Discrete Ordinate Method
(DOM[32]) or the P1[29], among others. Adopting the P1 method, the intensity
I (s) is approximated as

I (s) =
1

4π
(G+ 3q · s) (8)

where G =
∫ 4π

0
I (s) ds is the incident radiation, and q the heat flux. Replacing

Eq.(7) into Eq.(8) makes it possible to simplify the RTE equation so that the
incident radiation is computed by solving the following system

−∇ ·
(

1

3α
∇G

)
+ αG = 4ασT 4 (9)

If the surfaces are taken to be diffuse and opaque it can be seen that ([29],
p.515), under this approximation, the boundary condition becomes

∂G

∂n
= − 3αε

4− 2ε
G+

3αε

4− 2ε
4σT 4 (10)

where ε is the surface emissivity. Eq.10 is known as Marchak boundary condi-
tion.

The incident incident radiative heat flux to be prescribed onto the air-polymer
interface Γint (Eq. (5)) for the polymer is calculated as

qR =
ε

2(2− ε) (4πIb −G) (11)

Note that radiation is only absorbed at the surface of the polymer as in previous
works [30,23,18,20].

Accounting for the gasification effects

The mass loss (εv) and heat absorbed (Qv) due to the pyrolysis process are
modeled as:

εv = −ρAe−E/RT (12)

Qv = ρHεv (13)

where A is the pre-exponential function, E is the activation energy, R is the
universal gas constant, T is the absolute temperature expressed in Kelvins and H
is the enthalpy of vaporization. Note that both terms appear on the right hand
side of Eqs.(1.1) and (1.3).

Combustion model

It is assumed that after pyrolysis the volatiles are released into the gas phase
and combustion with air to form the flame immediately after they are generated.
Following [33], the polymer/air reactive system is modeled as a simplified one-
step chemical reaction between the fuel(F) and the oxidizer(O) to generate the
product(P). In particular the reaction is treated as C3H8+5O2 −→ 3CO2+4H2O.
For each specie K (C3H8, O2 and 3CO2 + 4H2O) the following equation is solved,

∂ρYK
∂t

+∇ · (ρvYK) = ∇ (κ/C∇YK) + wk/C; (14)
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A Finite Element Model for the simulation of the UL-94 burning test. 7

The source terms are respectively wC3H8
= −CBcρ2YFYO exp(−Ta/T ) and wO2

=
−swC3H8

. In the air domain, the combustion heat release is introduced as wT =
hC3H6

Bcρ
2YFYO exp(−Ta/T ) in Eq.(1.3). Values of the parameters are obtained

from [34]

3 Numerical strategy

3.1 Particle Finite Element method for the polymer

In the present work the polymer is modeled using the Particle Finite Element
Method(PFEM). The PFEM uses an updated Lagrangian framework for describ-
ing the governing equations [35]. A finite element mesh discretized the domain
where the equations are solved in the standard FEM methodology. Mesh nodes
are treated as particles that can move freely and even separate from the main fluid
domain according to their velocity. Due to the nodes motion, the finite element
mesh is re-generated using Delaunay triangulation [36]. For further details on the
PFEM approach the reader may refer to [25,37–39].

Assuming a nearly-incompressible behavior [40], the discrete version of the
governing equations (Eq. 1.1-1.3) applying the standard backward Euler method
and the Galerkin approach is

(ρM +∆tµK)vn+1 = ρMvn +∆tGpn +∆tρF +∆tFD (15)

Mpn+1 = Mpn −∆tKDvn+1 (16)

(ρCM +∆tκK)Tn+1 = ρCMTn +∆MQ; (17)

FD denotes the drag force resulting from the interaction between the air flow
and the polymer particle:

FD =
1

2
CDAcs‖va − vp‖ (va − vp) (1/Ω) ; (18)

where CD is the drag coefficient, va and vp are the air and polymer velocities
respectively and Acs is the cross sectional area.

The mass M, stiffness K and divergence D matrices are assembled from the
elemental contributions as:

Mab
ij = δij

∫
V

NaNbdV (19)

Kab
ij = δijµ

∫
V

∂Na

∂xj

∂Nb

∂xj
dV + µ

∫
V

∂Na

∂xj

∂Nb

∂xj
dV+(

∆tK − 2

3
µ

)∫
V

∂Na

∂xi

∂Nb

∂xj
dV

(20)

Gabi =

∫
V

∂Na

∂Xi
NbdV (21)
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fai =

∫
V

NabidV (22)

D = GT (23)

where N are the standard linear FE shape functions [41], V is the domain
integration defined by the particles occupying the node position x at t = tn+1

( i.e. xn+1). The superscripts refer to the node indices while the Latin(i and j)
subscripts refer to the spatial components. The discrete operators follow the defini-
tions given by Eqs. (19-23) which are calculated using the unknown configuration
xn+1 according to the updated Lagrangian approach.

The governing system of equations (Eqs.15-17) is non-linear and the discrete
operators must be updated at every non-linear iteration according to the newly
obtained mesh position, which is usually evaluated as xn+1,i = Xn+ ∆t

2 (vn+1,i+
vn). In order to avoid this iterative procedure, xn+1 is predicted using an explicit
streamline integration. An extended description of this technique may be consulted
in [42,35,43]. Once this algorithm is applied onto all the mesh nodes, the new
configuration V is obtained by creating a mesh connecting these nodes. Once the
mesh is generated, the system (Eqs.15-17) is solved and the velocity vn+1, the
pressure pn+1 and the temperature Tn+1 are known.

3.2 Finite Element formulation for the air

The conservation Eqs.(1),(9) and (14) are discretized by a standard Eulerian FEM
procedure with a Backward Euler scheme for the time integration([44], [45]). The
equations to be solved in the air domain are:(

L1/3α + Mα

)
G = 4ασMαT

n+1,4 (24)

(
CM +∆tCC(vn) +∆tLκ/ρ

)n+1
= CMTn

∆tM1/ρwT + 4ασ∆tM1/ρT
n+1,4 −∆tM1/ρG

(25)

(
M +∆tCC(vn) +∆tLκ/ρ

)
Y n+1
k = CMY nk +∆tM/ρwk (26)

(
M +∆tC(v) +∆tKµ/ρ

)
vn+1 = Mvn +∆tG1/ρpn+1 +∆tF (27)

MRT/ρ

(
pn+1 − pn

∆t

)
+ Dvn+1 = 0 (28)

Matrix sub-indeces denote that the correspondly elemental contributions are
multiplied by the value of the sub-index evaluated at the Gauss point of the el-
ement. Eqs.(25-28) are further stabilized in space using an Algebraic Sub-Grid
Scales (ASGS) technique [46]. A fractional step procedure ([47], [48], [49], [50] or
[51]) is used for the solution of Eqs.(27) and (28).

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



A Finite Element Model for the simulation of the UL-94 burning test. 9

The discrete operators that correspond to the terms entering the Galerkin part
of the weak form are

M =
element∑
i=1

∫
V

NaNbdVi (29)

G =
element∑
i=1

∫
V

∇NaNbdVi (30)

L =
element∑
i=1

∫
V

∇Na∇NbdVi (31)

C(v) =
element∑
i=1

∫
V

Nav · ∇NbdVi (32)

F =
element∑
i=1

∫
V

NaFdVi (33)

Eqs(25,27- 28) represents the implicit version of the explicit strategy presented by
the authors in [23,52]. While in an explicit scheme the density ρn is known during
the time step, here is unknown and needs to be reevaluated in every iteration.
At the beginning of each time step the density is initialized as ρn+1 = ρn and is
subsequently updated with the last value of the nonlinear iteration.

4 Overall strategy

The overall solution of the problem involving thermal and mechanical interaction
of the polymer and the air can be summarized in the box below

In the polymer:

1. Prescribed in the free surface the normal heat flux qR (Eq.3-
Eq.11)provided by the air.

2. Solve energy eq.(Eq.17).
3. Solve the polymer motion (Eqs.15-16).

In the air domain:

1. Fix the velocity and temperature (Eq.2) in polymer-air interface fol-
lowing [23].

2. Solve RTE(Eq.24).
3. Solve energy eq.(air)(Eq.25).
4. Solve species eq.(air)(Eq.26).
5. Solve the fluid momentum equation (Eqs. 27 -28).
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5 Validation model and numerical computation

The burning of a polymer in the UL 94 set up has been modeled numerically with
the strategy proposed in this work. The numerical scheme has been implemented
in the open source code KRATOS ([53]). Next we present some details about
how the PP specimen was prepared as important parameters and data for the
numerical simulation and posteriorly validation by IMDEA Materials Institute.
Finally, details of the numerical set up as well as numerical results are presented.

Material and method

The PP specimen (Repsol PP ISPLEN 045 G1E [54]) was prepared using a
twin-screw extruder (KETSE 20/40 EC, Brabender) at 200[◦] and the velocity
was 60 [rpm]. The extruded strands were cut into pellets and then the PP com-
posites were injected with an injection molding machine (Arburg 320 C) for further
tests. Complex viscosity of the PP measured with a rheometer (AR2000EX, TA
Instruments) at the mode of dynamic temperature step and dynamic frequency
sweeping of 0.1 [rad/s], is reported in Fig.2.

Fig. 2 Curve of viscosity

To characterize the thermal degradation and calculate the Arrhenius coeffi-
cient and the activation energy a thermogravimetric analysis has been carried out
in air using a TGA Q50. The samples were heated with four different heating rates
of 2, 5, 10, 15 [◦C/min] and the weight loss was measured. The kinetic parame-
ters were obtained by methods of Kissinger [55] and Flynn Wall Ozawa (FWO)
[56,57]. Activation energy and pre-exponential for the first method are 240.67
[KJ/mol] and 7.14× 1016[min−1] while for the second one are 245.62 [KJ/mol]
and 1.54× 1016[min−1].

Values for the thermo-physical properties of ρ = 905.0[kg/m3] [54], κ = 0.16
[W/mK] and C = 1920[J/kgK] are used as default [58].

A vertical burning test instrument(FTT, U.K.) was used to conduct the test
with sheet dimensions of 148x13x3.2 [mm3] according to ASTM D3801. A flame
was applied at the bottom of the specimen at an angle of 45[◦].

During the combustion, the temperature was measured and monitored in the
condensed phase with three thermocouples K-type with 0.75[mm] nominal diam-
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A Finite Element Model for the simulation of the UL-94 burning test. 11

eter and 500 [mm] long-Incomel 600 from [59] embedded in the polymer. This
miniature semi rigid thermocouple was selected due to the response, size, dis-
placement and robustness of the assembly. Moreover, this type of thermocouples
is recommended for the cases where the temperature changes are rapid as the pre-
sented in this work. More details are provided in [59]. In Fig.4 one can see how the
instrumentation was positioned and fixed. The real time/temperature data were
recorded through a data acquisition apparatus at 0.5[s]. Simultaneously a digital
camera was used to record the burning process.

Numerical setup and results

In this work, only a fourth part of the polymer is analyzed assuming sym-
metrics conditions as in [19]. In the symmetry faces slip and adiabatic boundary
conditions are imposed(Fig.3(a)). The clamping of the sample is modelled by fix-
ing the velocities to zero on the top of the specimen. The domain is discretised by
100,902 four-noded tetrahedra(see Fig.3(b)). For the air domain, velocity should
not be imposed in the inlet since hot temperature in the vicinity of the flame
will increase the buoyancy force and increase locally the air velocity. However
such boundary condition would lead to creation of velocities in some parts of the
bottom boundary pointing in the opposite direction(downwards) which leads to
divergence of the numerical solver. With the aim of correcting this problem, a
constant uniform velocity is prescribed at the inlet ( v̄y = 0.2[m/s]). While at the
vertical walls slip and adiabatic boundary condition are applied, the top boundary
is defined as a pressure-outlet.

A non-uniform triangular mesh (see Fig.3(b)) formed by 286,850 tetrahedra
discretizes the air domain.

(a) Domains and boundaries conditions (b) Polymer and air meshes

Fig. 3 Problem definition.
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12

(a) View of the set-up. (b) Position of the thermo-
couples.

Fig. 4 Position of the thermocouples

The heat flux of the burner in the UL 94 test is applied as an external constant
heat flux of 85 [kW/m2]. This is an average value obtained from [19]. The heat
flux applied following the criteria presented in[18] during the first 10 [s]. Initially,
the gas temperature is set to 298 [K]. The initial fuel and oxygen mass fractions
are 0.0 and 0.23, respectively. Once the sample surface reaches the decomposition
temperature 650[K][60], the value of YF and YO are fixed to 1 and 0 respectively.
Regarding thermo-mechanical properties, in the gas phase thermal conductivity
κ, the density ρ and the specific heat C are set up to 0.0131 [W/mK], 1.0 [kg/m3]
and 1310.0 [J/kgK] [34], respectively while the values of these properties for the
polymer are chosen to be 0.16 [J/kgK], 905.0 [kg/m3] and 1920.0 [W/mK] respec-
tively. Note that density changes are described by the ideal gas equation presented
in section 2. The problem was simulated during 100 [s]. The input parameters are
summarized in Table 1.

The viscosity in the air is considered constant while in the polymer it is a
function of temperature. The analytical definition of this curve (see Fig.2 ) corre-
sponding to temperatures between 180[◦C] and 270[◦C] is given next.

Definition of the viscosity-temperature dependence for the polymer:
def AuxFunction(T):
if (T > 180.0 and T≤240):
mu = 8989008.95× e(−0.015×T)

return mu

For the cases of temperatures below 180[◦C] and above 270[◦C] see Fig. 2, viscosity
is approximated using the curve provided by NIST and published in [30].

The computed temperature distribution for different time steps across three
horizontal cut planes at different heights of the air domain is presented in Fig.5(a).
For the same time steps, the distribution of the fuel is shown in Fig.5(b). The
presence of fuel is limited to a very thin layer around the polymer-air interface.
This is due to the fact that convective transport is more important than the
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A Finite Element Model for the simulation of the UL-94 burning test. 13

diffusive one as a result of the buoyancy forces. Fuel mix with the oxygen and
react with the formation of a flame (see Fig. 5(a)).

From the Figs. it is seen that the heat zone evolves in the air domain giving
heat feedback to the polymer. As time progresses the viscosity value decreases
by several orders of magnitude in the polymer. As consequence of the viscosity
decrease the sample experiences volume reduction due to melting and dripping
together with gasification. This starts after a heating time of about 20 [s] and can
be seen in detail in Fig.6.

(a) Temperature distribution

(b) Fuel distribution

Fig. 5 Evolution of the temperature and fuel distribution at time 10, 30 and 50 [s].
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Fig. 6 Mass vs time for polymer in sample.

Fig. 7 Evolution of the melt flow at 40,43 and 47 [s]

Figs. 8(a)-8(b) show a comparison between the experimental and numerical
results between 0 and 100 [s]. In these Figs., the original domain of the polymer is
indicating in dotted lines. A good correlation in the shapes of the specimen between
the numerical and the experimental results can be observed up to 60 [s]. From this
moment, the polymer begins to drip continuously to form a thread of molten
material that PFEM cannot capture. Besides, it is seen that the temperature at
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A Finite Element Model for the simulation of the UL-94 burning test. 15

the edges is always higher than at the surface center, which is probably due to the
edge effect [61,62]. Details of the evolution of the free surface and the melting and
dripping can be seen in Fig.7.

Table 1 Input parameters for the Eulerian and PFEM solvers.

Parameter Air Polymer
Density see Section 2 905 [kg/m3]
Thermal conductivity 0.0131 [W/mK] 0.16 [W/mK]
Specific heat capacity 1310.0 [J/kgK] 1920.0 [J/kgK]
Viscosity 1× 10−5[m2/s] µ(T)
Emissivity – 1.0
StefanBoltzmann constant 5.67× 10−8[W/m2K4] –
Arrhenius coefficient – 7.14× 1016[min−1]
Activation energy – 240.67 [KJ/mol]
Universal gas constant 8.3144[J/Kmol] –
Enthalpy of vaporization – 8× 105[W/m2K] [30]
Bc 5.96× 109[m3/kgs] –
Ta 10700[K] –
C 2.601× 104[Kj/kg] –

In addition to losing mass due to melting and dripping, the polymer sample
(main body) loses mass due to gasification. But both phenomena (gasification and
melt flow and dripping) are strongly interrelated because the dripping changes the
surface temperature of the sample and therefore affects the mass loss rate due to
gasification as well. This characteristic makes it impossible to distinguish which
was the mass loss resulting from gasification and which one was due to melting and
dripping. Fig. 6 shows the comparison between the model and the experiment with
respect to mass losses. Note that we plotted the mass corresponding to a fourth
part of the polymer analyzed. The mass loss follows the same trend, although the
numerical values are in some parts may differ by 10 percent from the experimental
ones which is probably due to the differences in the evolution of the temperature
in the polymer as it shown in Fig.9.

Figs. 9(a)-9(c) show a comparison between experimental and numerical results
at different times for thermocouples 1,2 and 3. One can see that as we move from
sensor 3 in the direction of sensor 1, the difference between the experimental and
the numerical results becomes more evident. Probably, this could be due to some
complex phenomena which occur during the burning of polymers, such as bub-
bling, char formation, micro-explosions, complex time-dependent decomposition,
etc. that are not considered in this work. In addition, the temperature registered
by sensor 1 is affected for the polymer drips passing trough it. The study of these
phenomenas is clearly beyond the current modeling capabilities for burning sam-
ples and their investigation will be conducted in the future. However, despite of
the fact that the correlation observed is not perfect, the simulation results and
experimental values exhibit similar trends. Therefore, given complexity of the set-
up, we consider the agreement between the experiments and the simulation results
to be satisfactory. Nevertheless, there is a need for a systematic assessment and
improvement of existing sub-models and modelling practices as well as the de-
termination of the input parameters which cannot be known with high accuracy.
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(a) T=10, 20, 30, 40 and 50 [s].

(b) T=60, 70, 80, 90 and 100 [s].

Fig. 8 Comparison between experimental versus numerical results.

6 Conclusion

The numerical strategy was developed for modeling of polymers in fire and used
for reproducing the burning of UL94 test on a simple material (PP).

The numerical results show that the temperature agreed quite well the ten-
dency of the temperature measurements given by the three thermocouples located
inside the condensed phase. Consequently, during specimen combustion, PFEM’s
results show a good agreement with the experimental ones in terms of shape of
the polymer evolution. Also, the mass loss follows similar trend, although the
numerical values in some locations may differ from the experimental ones.

Although the model shows some deviation from the experimental results and
needs further improvement in the future, one must note that unfortunally up-to-
date there exists no other numerical tool to simulate the melting and dripping of
polymers and compare both results. In this sense, this work makes a new step in
this direction as at least qualitatively the proposed strategy is capable of repro-
ducing the test much more accurately than in the previous works dedicated to
the same problem. Thus, the air modelling including a combustion and radiation
models avoids to estimate a priori not only the value of the flame heat feedback
but also where and how this need to be distributed along the polymer.

Although the model clearly requires several physical parameters to be deter-
mined, in order to ”predict” a very well-known behavior, many of them have
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(a) Sensor 1
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(b) Sensor 2
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(c) Sensor 3

Fig. 9 Temperature evolution for sensors 1,2 and 3.

been obtained from different literature sources and diverse manufacturers. The
temperature-dependent values determined for the viscosity of PP enabled PFEM
to predict the dripping behavior in the UL 94 scenario. Nevertheless, a better
characterization of the chemical reaction in the air and material properties as a
function of temperature are needed to further improve the model. However, it
is important to note that inclusion of temperature-dependent parameters is triv-
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ial inside our model. Therefore, in case of obtaining these dependencies from the
experimentalists they can be immediately integrated in the model.

With this model the effects of model parameters on UL 94 test scenario could be
studied through varying the value of a single parameter. Therefore, the importance
of each parameter could be quantitatively evaluated. In addition, our numerical
tool can be used for improving understanding of the complex burning behaviour
including the dripping as the competition and interaction of gasification, flame
inhibition and removal of fuel and heat from the pyrolysis zone by dripping.

In future work, it would be of interest to use the numerical tool for the predic-
tion of flame spread and heat release rate in complex polymer geometries, modeling
of standardized fire tests ranging from small scale tests to large-scale tests, and
better understanding of flammability of anisotropic materials such as composites,
and compare it with experiments carry out at larger scale.
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analysis of polymers in fire situations. Int. J. Numer. Meth. Engng., 92:782–801, 2010.
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