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1. Introduction

Deep understanding of fire damage triggered by combustion of electric wires is one of
important issue in terms of the fire safety of automated facilities, such as factories, power
plant etc. Combustion process of electric wire is, nevertheless, quite complicated since it
consists of multi-phase, multi-dimensional time-dependent heat and mass transfer with
chemical reactions in each phase and several fundamental processes are equally important
so that it is relatively hard to simplify the system. Unlikely the conventional solid
combustion, the metal rod in the wire could play an important role to determine the
combustion process of the wire (Bakhman et al., 1981a, 1981b). In this way, the thermal
interaction between the metal rod and surrounded insulated matter (mainly polymeric
materials) is a leading key process in understanding the fire character of the wire (Umemura
et al., 2002). However, this is not only the matter of concern; we have much serious problem
to face with. As pointed, the combustible of electric wire is mainly the polymeric material
surrounded by the (conductive) metal rod and the polymer does “melt” during the fire
event. The shape of liquefied polymer freely modifies and sometimes tremendously
deforms, thus, the precise tracking of the liquid-gas interface is one of important task since
the major chemical reaction at the interface should govern the overall gasification rate (Blasi,
1991; Ross, 1994), i.e., gas-phase combustion behavior. As summarized, in order to predict
the precise process of electric wire, the following three processes need to be modeled
properly: 1) three-phase induced by chemical reactions (e.g., degraded pyrolysis), 2)
deformation of interface of liquid phase, 3) heat transfer between metal rod and surrounded
polymer (either melted and solid). Our ultimate goal is to understand each contribution
properly and develop simplified model of wire combustion.

To this date, the precise experimental observation of combustion behavior of electric wire
has been performed by authors” group (Nakamura et al., 2008a, 2008b, 2009), as shown
schematically in Fig. 1. It shows the magnified still image of spreading flame over the
specially-designed “model” wire (polyethylene-coated on the several kind of metal wires.

www.intechopen.com
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For details, see above references). During the combustion event, the coated polymer first
liquefies to form large molten ball, and then decomposes to produce fuel gas released into
the atmosphere. As notified clearly, it includes complex phenomena associated with the
formation of molten layer; e.g., deformation of outer shape, bubble formation and its
internal motion in the molten polymer etc. In our previous studies, it has been found that
the size of molten polymer gradually increased during the flame spread over the wire. As
a result of the size growth, "falls-off" of molten layer is frequently observed. Our precise
observation data would be useful to validate the simulation and modelling, which is our
goal as stated.

To achieve our ultimate goal; such as establishment of complete model of wire combustion,
since the target is quite complex to handle as shown, it is preferable to take step-by-step. In
this paper, let us consider the most fundamental case that there is no species transport and
reaction, then main part to be modelled is the following two folds; one is how to consider
the size change of the molten phase, and the other is how to handle the complex melting
process. To simulate this, the governing equation requires the treatments of the
discontinuity at the melting front caused by a higher energy than the latent heat of fusion at
their interface, which is well known as Stefan problem. This results in transport properties
varying considerably between phases, and hugely different rates of energy, mass and
momentum transport from one phase to another.

Pressure Gauge AR __ Luminous
(N2/02: 79%/21%) Core Wire Flame

Bubble Spreading
Formation

Flame

Ignitor

Sample Wire

\ Sample Holder/ |

Combustion Chamber

‘\_ " Pyrolysis Front

Blue Flame Unburned
Bubbles Molten PE PE

To Vacuum

Fig. 1. Experimental set-up (left) and a typical observation of flame spreading (right) over
polyethylene (PE) coated electric wire (Nakamura et al., 2009)

In the past, a few analytical methods offered an exact solution (Neumann, 1863). Even
though they were mathematically robust, applicable ranges of solution are limited to one-
dimensional cases of an infinite or semi-infinite region with simple initial and boundary
conditions and constant thermal properties. Therefore treatments were extended to
numerical analyses with finite difference and finite element methods. Particularly, because
of their simplicity in formulation, finite difference methods are still used for a wide range of
industrial processes. The essential feature of finite difference methods is that the latent heat
absorption or release is accounted for in the governing energy equation by defining either a
total enthalpy (Voller, 1986, 1987a; Gong, Z. X et al., 1997, 1999) or a specific heat capacity
(Yang & He, 2010). Consequently, the numerical solution can be carried out on a space grid
that remains fixed throughout the calculation, the so-called fixed grid method (Voller,
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1987b). In contrast to the variable grid method, domain or coordinate transformation is not
required, implying a low computational cost. One of approaches in the fixed grid method,
enthalpy method taking account of latent heat evolution, is applied in our calculation. A
major advantage of the enthalpy method is that it can calculate the melting with convection
by the simple concept of porosity (Brent, 1988). In other words, the combined Enthalpy-
Porosity method can accommodate the zero velocity condition which is required as a liquid
region turns to solid. Mathematical treatment of this Enthalpy-Porosity method is very
simple, and has a wide range of application such as energy storage systems and to casting
processes (Yvan et al., 2011; Lamberg et al., 2004; Dawei et al., 2005). For this reason, it was
chosen in the current study, and this allows the estimation of the latent heat of melting and
the position of the melting front.

A particularly difficult part of the modelling is to compute as a function of time the interface
motion and deformation at a flexible free-surface boundary which co-exist with the melting
surface. In the case of melting, modelling focuses on the latent heat change with convection
flow inside the liquid and melting position of the interface between the liquid and the solid
phases, but the key to understanding the free surface motion and the deformation of the
melting surface is the surface tension force as well as the tracking free surface. In such
problems involving change of phase, diverse approaches exist according to combination of
the governing equation and the tracking method, and are divided into roughly two main
sectors. These are the Lagrangian or Eulerian approaches for tracking the position of
interface based on one or two sets of conservation equations for the phase change. Although
two sets of conservation equations with the Lagrangian tracking approaches such as Maker
and cell (MAC) methods and the front tracking method (Deen et al., 2009) are quite accurate,
nowadays one set conservation equations with the Eulerian approach is more generally
used because numerical problems arise when a re-meshing process in Lagrangian tracking
approaches is required to model high distortions of interfaces or interface break up. A
famous set of conservation equations with Eulerian approach is the VOF (volume of fluid)
method, which was pioneered by Hirt and Nichols (Hirt & Nichols, 1981). In this method,
the interface is given implicitly by the volume fraction of one of the phases within each cell.
A reconstruction of the interface is made, and is propagated implicitly by updating the
volume fraction using the transport equation.

Much of the earlier work was performed using the Enthalpy-Porosity method and the VOF
method, and have been gradually improved. In order to extend these methods to three
phases as in the present study, a combination of melting and free surface tracking is
required (Assis et al., 2007; Ganaoui et al., 2002; Jeong et al., 2010; Kamnis & Gu, 2005). For
this reason, in the present study numerical model including scalar transport and a source
term in the governing equation is considered, and these combined methods are applied to
investigate the phenomena during a melting and falls-off process of suspended liquified
matter beneath the wire. By exploiting a combination of these two methods melting
combined with a three-phase problem is properly considered. Furthermore, for an accurate
calculation of the melting and dropping process, temperature dependent surface tension
and piecewise polynomial approximation for material properties between solid-liquid
phases are additionally applied. In the following, in order to observe the basic process of
flame spreading over polymer-coated wire combustion, we are going to model a melting
and falls-off process of polymer (i.e., phase change material: PCM) subjected to the local
heating without considering any species transport and generation/consumption due to the
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chemical reactions. This study is done with commercial software (FLUENT 12.0) based on
the finite volume method.

2. Numerical model

0.02m
| CORPSE Thermal input|’

_
l

0.2m [0.17m 0.18m
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| ¥ Alr
(0, OF = 0.25m - |

Fig. 2. Schematic description of the numerical model

Fig. 2 is a schematic illustration of the physical configuration. The 2D domain width and
height are 0.25 m and 0.2 m respectively, and initially the numerical domain consists of solid
(only in the top portion) and gas phases. Solid phase includes copper plate with polymer
(phase change material; PCM) whose thickess is 1 mm as shown in Fig.1. Normal gravity,
9.81 m/s?, is applied in the downward direction. Three materials are used in the calculation,
and their properties are described in Table 1. Two phases, liquid & solid, of PCM are
included. A localized thermal input is used on the top part of the copper surface. Heat from
the localized thermal input is conducted through the copper, and then PCM changes phase
from solid to liquid with absorbance of the equivalent latent heat. The free surface of the
PCM is then deformed, and liquid PCM moves to the left following the growth of a molten
PCM which eventually falls-off via gravity drag.

2.1 Governing equations
Melting of the PCM is governed by the two-dimensional unsteady Navier-Stokes equations

in the form of equations for continuity, momentum, and energy.

V-(p0)=0, (1)

ﬁa—5+V -(po0) = —EVp +£V (Vo) + (V@)T]+,BFST +3+ S, (2)
ot p P

p%+V-(pz7h)=V-(k VT)-5,. 3)
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Parameter Symbol Value Units
Air (gas phase)
Density Py 1.225 kg/m?3
Thermal conductivity k, 0.0242 W/ (m K)
Specific heat Cp g 1006.43 J/ (kg K)
Viscosity M, 1.789x10- kg/(m s)
Copper (solid phase)
Density P. 8978 kg/m3
Thermal conductivity k. 387.6 W/ (mK)
Specific heat Cp,e 381 J/ (kg K)
PCM (solid phase)
Density Ps 980 kg/m3
Thermal conductivity k, 0.24 W/ (mK)
Specific heat Cps 4800 J/ (kg K)
Latent heat of melting L 1.8 x10° J/kg
Melting temperature T, 400 K
PCM (liquid phase)
Density P 900 kg/m3
Thermal conductivity k, 0.15 W/ (m K)
Specific heat Cpi 4200 J/ (kg K)
Viscosity 4, 0.005 kg/(m s)
Solidification temperature T, 350 K

S

Table 1. Physical properties of the phase change material

Here, /3 is the liquid fraction, 7 is velocity, p is density, u is viscosity, p is pressure, g is
gravity, F,; is surface tension force, S is the momentum source term, T is temperature, k
is conductivity and h is enthalpy. Surface tension is modeled as a smooth variation of
capillary pressure across the interface. Following Brackbill et al (Brackbill, 1992), it is
represented as a continuum surface force (CSF), and is specified as a volumetric source term

in the momentum equation as
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k. ,VF
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Here subscripts g, land srepresent the gas, liquid and solid phase respectively. o, the
surface tension coefficient, is modeled as linear function of temperature, as shown in Fig. 3 .
k.is the curvature of free surface and is defined in terms of the divergence of the unit
normal 7 as
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Fig. 3. Surface tension coefficient as a function of temperature

Because surface tension plays an important role in the process of interface reconstruction, a
piecewise-linear interpolation scheme developed by Youngs (Youngs, 1982) is used for the
interface reconstruction. It assumes that the interface between two fluids has a linear slope
within each cell, and uses this linear shape for calculating the advection of fluid through the
faces of the computational cell.

In order to model the solid phase, it is necessary to impose a zero velocity on a liquid with
the appropriate solid physical parameter. Several methods can be used to achieve this,
including velocity switch-off, variable viscosity, and Darcy law approaches (Sanchez-
Palencia, 1987). In this work all computational fluid cells were modelled as porous media by
adjusting the parameter . And the Carman-Kozeny equations (Voller, 1987b; Brent, 1988),

based on the Darcy law, were used for the source term to describe the flow in the porous
medium with the following the momentum equation:
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Vp = _|:Amush ( 3 ) :|U/ (6)
B
where A, is a constant (1.0x10°) accounting for the mushy region morphology. In order

to achieve this behavior, we implemented a source term in the momentum equation for the
mushy zone (a region in which the liquid fraction lies between 0 and 1):

S = _Amush (13_—ﬂ)2?7’ (7)
(B +e)

where ¢ is a computational constant (0.001 ) introduced to prevent division by zero.
In the energy equation, & is the sensible enthalpy, which is

T
h=h+ [ c,dT, 9)

Tref

where, h,, is the reference enthalpy, T, is the reference temperature and c,, is specific heat.
In the continuity and momentum equation, S determines whether a computational cell is
solid or not. A is a function of temperature, and can be described as

0 lf T < T;alidus'

= 1if T>T, (10)

iquidus /
(T - Tsolidus) / (Tliquidus - Tsolidus) lf Tsalidus <T< Tlic]uidus'

Furthermore, the energy equation takes into account latent heat as the volume source for the
heat transfer condition at the melting front, S,, :

S, =@+V -(pBAH), (11)

where AH is latent heat, and is defined as AH = L , where L is latent heat of PCM material.
To represent the free surface of the melting region adjacent to the gas phase, the VOF
method is used. In this method, function F is a scalar field, which defines the state of a
particular cell in the computational domain:

1=liquid or solid,
F=10<F <1=partial gas, (12)
0= gas,

and F also satisfies the conservation equation

DF _(BF) . v/ pop
=5V (BTF)=0, (13)
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and the material properties involved in equations (1) to (3) are written as follows:

p=p.+B(p,—p.)+ BE(p = py), =P, + BF(uy — 1)

(14)
k=k,+p(k, —k)+ BF(k -k,), ¢,=c, +B(c,,—c,.)+PF(c, —c,,)

Properties

L

T -rm T

5

Fig. 4. Temperature dependent smoothed function for modeling properties intermediate
between the solid and liquid phases

A smoothed piecewise-polynomial profile, which is a function of temperature, is used due
to discontinuities in properties between solid and liquid PCM. This is shown in Fig. 4.

2.2 Initial and boundary conditions

The initial temperature of domain is 300 K, and the localized thermal input temperature is
500 K. The conjugated thermal boundary condition is applied between the copper and the
solid PCM, and the heat balance equation between the PCM and air. The boundary
conditions are expressed as follows:

atx=0
T =300 K;
at interface between the PCM and air
oT, JaT,
k—t—k —2=0; 15
"on ¢ om (15)

at interface between the solid and liquid PCM

kqﬂ—klgzk(]“s -T);
 on on |
at other boundaries
al =0or al =0.
ox ay
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3. Results and discussion

3.1 Model validation

To validate the model, a simple melting problem of gallium in a cavity by the use of
Enthalpy-Porosity method was solved and compared with experimental results. Fig. 5
shows the schematic illustration of the physical configuration of gallium melting. Solid
gallium occupies the whole domain, Ty = 311 K is heated wall temperature, and Tc = 301.3
K is cold wall temperature. The boundaries of the top and bottom surfaces are isothermal
walls. The width W = 8.89 cm and the height H = 6.35 cm. Normal gravity is applied in the
downward. Details of the applied material properties and information on the experimental
setup are described in Brent’s work (Brent, 1988). Once the calculation is started, the solid
gallium melts. Fig. 6 shows the shape and location of the solid-liquid interface at several
times during the melting process. The black and red lines indicate the experimental (Brent,
1988) and calculated data respectively. Before a time of 2 minutes, the shape of the interface
is nearly flat because convection is still weak and melting is driven by conduction. After 2
minutes, the interface becomes wavy due to the circular flow inside the molten region.
The position of the melt front near the top surface in the calculation before a time of 12.5
minutes is over-estimated compared to experiment, and after 19 minutes, it is
underestimated. However, the overall trend shows good agreement with experiment and
we can safely said that our model and code are fairly validated to track the melting
boundary satisfactorily. It is well known that a key point in the calculation of melting is
the exact interface position between the solid and liquid phases. But in case of a
convection-driven melting problem, such exact prediction is difficult due to the complex
convection flow inside the liquid. For this reason, numerical studies for convection flow
inside molten liquids require more attention (Noureddine, 2003).

Insulated boundary

— W

g H
H
\ Interface

Liquid , ~ Solid X

Insulated boundary

Fig. 5. Schematic of gallium melting
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Fig. 6. Comparison of experiment (Brent, 1988) and current numerical model: position of
melt front with time

3.2 Expansion to three phase problem

The two dimensional continuity and Navier-Stokes equations are solved with the Enthalpy-
Porosity and the VOF methods in order to simulate a melting and falls-off PCM and we can
safely said that our model and code are fairly validated to track the melting boundary
satisfactorily hereafter. For precise calculation the free interface between liquid PCM and air
and linear surface tension, which is function of temperature, are considered. And to reduce
the numerical oscillation at the interface discontinuity, a piecewise polynomial profile
between the solid and liquid state PCM materials is used.

Energy determines critical point of melting and most physical and transport properties vary
with it in melting phenomena. For this reason, at first, the temperature profiles as a function
of time at 0, 1, 2, 3.5, 3.9 and 4.2 s are shown in Fig. 7. At 3.9 s, melted PCM separates from
the ceiling and falls-off. In this calculation, convection mode heat transfer can be negligible
due to no force flow. Heat is transferred by conduction through the copper from the
localized thermal input imposed from the right corner at the top surface, and then passed to
the PCM and air. At the interface boundary between different materials, a discontinuity in
temperature is observed. The temperature profile in all regions shows a decrease over a
wide range of y in the air.

Because convection flow inside molten PCM affects the shape of the melt front directly, flow
inside molten PCM is shown in Fig. 8 as velocity vectors. During molten PCM growth, the
velocity vector is generated inside the molten PCM and then moves to the left. At 3.5 s, a
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relatively high surface velocity near the molten ball is observed. When falls-off of molten
ball is experienced at 3.9 s, a high velocity driven by gravity is observed.

copper
PCM
. 500
481
463
445
I a7
409
I 550 Air
372
B 354
336
l 8
300
s | 2s

388 30y

Fig. 7. Temperature distribution in copper, PCM and air as a function of time (localized
thermal input is imposed from right side on the top surface of copper)

copper

s

PCM ™! Pyt 7 S

Air

0s 1s 2s

3.55 " i 3.9s% 425

Fig. 8. Velocity vector field and solid-liquid interface att=0,1,2,3.5,3.9and 4.2 s
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Fig. 9 shows the volume fraction, F. In this figure, change of free surface interface between
gas and PCM are observed. Free surface interface becomes to strech from 2 s, and then free
surface interface moves to left direction. It is important to note that the melted region cannot
be distinguished solely by F .

- copper

= LA

Fig. 9. Time dependence of the volume fraction distribution

copper

- r

Fig. 10. Time dependence of the liquid fraction distribution
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Fig. 11. Distribution of ( B + F )/2 with respect to time

Fig. 10 illustrates the melting processes by use of liquid fraction #. [ determines the melt
front by both solidus and liquidus temperature. When cell temperature is lower than solidus
temperature, B = 0, mass and momentum equations are turned off, and energy equation is
only solved. When cell temperature is higher than liquidus temperature, S =1, all equations
are solved. If temperature is between solidus and liquidus temperature, 0< <1, cell is
treated as partial liquid region, which is represents a mushy region. Here blue is solid
region, and red means gas or liquid region. Figure at 1 s shows that melting of PCM begins
to happen at the right conner of top surface. After that, melting front advances to left, and
then molten ball falls-off at 3.9 s, as stated. But it is hard to distinguish where is liquid and
gas region when melt front touch the gas phase. To the end, in order to visualize the three
phases together, the simple combined relation, (8 +F)/2, is shown in Fig. 11. When
(B +F)/2 =1, all computational cells are shown in red, and this represents the gas phase.
When (S +F) =0, all computational cells are shown in blue, and this represents the solid
phase. When 0<( 8 + F)/2<1, intermediate colors are used to represent the liquid region.
Melting in the solid state PCM initially takes place due to absorption of heat from the
adjacent copper by localized thermal input. When heat reaches to the free surface between
the liquid PCM and air, free surface starts to deform. After that, molten PCM moves to the left
and starts to form a molten ball, as shown at 3.5 s. Molten PCM is sustained till 3.9 s, and then
the molten ball falls-off eventually. By introducing (8 +F)/2 for identification of edge of
each phase, we can see a melting as well as falls-off process clearly.

Fig. 12 represents the melt fraction as a function of time. It is estimated that 24% of the PCM
is melted during 4.2 s. Melting of PCM is started at 0.25 s. The melt fraction variation with
time exhibits a different gradient after 1.8 s. This behaviour can be categorized by two
regimes: regime 1 from the starting point of melting to the point at which the molten ball
begins to grow; regime 2 from the point of the initiation of molten ball growth and the point
at which molten ball starts to drop. These two regimes can be explained by different
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conduction modes. In regime 1, the conduction from copper governs the heat transfer to the
solid PCM, and this directly affects the melt fraction. However, liquefied PCM on the right
hand side moves to the left, and then it generates the molten ball. Therefore, when the melt
front becomes isolated from the localized thermal input, it is more affected by the molten
ball than by the copper. So in regime 2, heat transfer by conduction from the molten ball
dominates the melt fraction rather than that from copper. This can be more easily
understood by observing the shape of solid PCM adjacent to the melt front and the melt
fraction after the molten ball falls-off (as it is shown by the inset in Fig.12). Within regime 1,
the top part of the solid PCM is more melted than the bottom part because the conduction
mode of heat transfer from the copper mainly affects the PCM. However in the case of
regime 2, the bottom part of the solid PCM is more melted than the top part because the
molten ball governs the heat transfer to the solid PCM rather than from the copper. It is
also seen that after the falls-off the molten ball, the melt speed is dramatically reduced.
This fact could support above-mentioned thermal status, such that the heat from the
molten ball is mainly governed by melting phenomena in the PCM before the falling-off is
experienced.

(B+F)/2 are shown with various surface tension coefficients, [o] in Figs. 13, 14 and 15.
Falling-off of molten phase is only happen in Fig. 13 (surface tension coefficient; [o] = 0.15),
and is repeated. But when relatively high surface tension is forced, free surface of molten
PCM is sustained along the copper, and melted region is broadening out, which is shown in
Figs. 14 and 15. Especially, in case of surface tension [o] = 0.35, surface becomes wavy, and
molten ball is not generated till 4.2 s. The surface tension force is a tensile force tangential to
the interface separating pair of fluids, and it tries to keep the fluid molecules at the free
surface. Therefore, molten PCM can be sustained with growth of forced surface tension.

0.250
0.225+

— I'%egi'mell »

+ — Régin'nei

02&0;
0.175;
0‘15'3—-
0‘125—-

0.1004

Melt fraction
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0.025+

ﬁ‘ . . . . .
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Fig. 12. Melt fraction with time, showing two regimes
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copper

- F

Fig. 13. Distribution of (#+ F)/2 with respect to time (surface tension coefficient, [o] = 0.15)

copper

Fig. 14. Distribution of (#+ F)/2 with respect to time ([o] = 0.25)
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copper

Fig. 15. Distribution of (#+ F)/2 with respect to time ([o] = 0.35)

4. Conclusion

The model proposed in this study has been successfully applied in the elucidation of the
melting process involving three phases and the falling-off phenomena of sustained solid
matter. The Enthalpy-Porosity and VOF methods generate scalar transport and involve
source term in the governing equations. Additional treatment for surface tension and
material properties at the interface between solid and liquid PCM are applied. Validation of
the current model by existing experiment shows reasonable agreement from the
mathematical as well as from the physical points of view. Discontinuity at the phase
interface is inherently included in the governing equation at each time step. However this
may generate errors during the progression of time. Therefore we precisely included heat
transfer, motion of molten ball and melting rate in the model to minimize such errors.
Furthermore we suggested that there are two different dominant modes during the
melting and falls-off process: one is the copper conduction driven mode and the other is
the molten PCM driven mode. Finally, possible effect induced by surface tension on heat
transfer in PCM was elucidated. Although the model requires further development and
validation of the model with the inclusion of much more complex phenomena such as
species transport and combustion processes, and this study has brought one of major
insights of teat transfer which possibly occurs during the wire combustion.
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