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Abstract: This paper presents an innovative approach to modelling the fiber optic fu-
sion effect using the Network Simulation Method (NSM). An analogy between the heat
conduction equations and electrical circuits is developed, allowing a complex physical
problem to be transformed into an equivalent electrical system. Using NGSpice, thermal
interactions in an anisotropic optical fiber under high optical power conditions are sim-
ulated. The methodology addresses the distribution of the temperature in the system,
considering thermal variations and temperature-dependent material characteristics. In
an NSM equivalent circuit, the effect of applying the spark is modelled by a switch that
switches the spark-generating source on and off. It can be seen that temperature variation
with time, or temperature rise rate (K/s), depends on the applied power. In addition, the
mathematical method of nondimensionalization is used to study the real influence of each
parameter of the problem on the solution and the relationship between the variables. Four
optical fiber cases are analysed, each characterised by different areas and refractive indices,
revealing how these variables affect the propagation of the melting phenomenon. The
results highlight the effectiveness of the NSM in solving nonlinear and coupled problems
in thermal engineering, providing a solid framework for future research in the optimisation
of optical communication systems.

Keywords: network simulation method; mathematical modelling; non-linear material
characteristics; coupled differential equations; nondimensionalization; heat transfer

MSC: 76M55; 80M10; 37N30

1. Introduction
The fiber fusion effect, also known as optical discharge, refers to a phenomenon that

takes place in fiber optic cables when high-density radiation is transmitted. This process
involves an initial stage of optical breakdown, which is succeeded by a plasma spark that
moves along the fiber towards the source of radiation, causing significant damage to large
portions of the fiber optic lines (see Figure 1). This effect was initially explained by Blow
et al. during the years 1987–1988 [1–3]. A more detailed description of the problem, as well
as the properties used to solve it, can be found in the article by Starikova et al. [4].
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In the book Fiber Fuse, Todoroki, S. [5] describes the phenomenon of fiber fusion, 
which causes a serious problem for current optical communication systems. High-power 
light often causes catastrophic damage to optical devices. When the fiber melts, a heated 
region of the fiber cable emits a few watts of light and travels towards the light source, 
destroying its core region. The book includes the classification of its propagation mode 
and the self-pulse effect. 

 

Figure 1. The computational space is integrated by four distinct regions with varying thermophys-
ical characteristics: the core (1), the cladding (2), the guard envelope (3), and the metal plate (4). 
Thermal equilibrium is maintained at the interfaces between these regions. 

Due to the drastic consequences of this phenomenon, it has been studied and ana-
lysed by several researchers. Ha, W et al. [6] examine the non-linear fiber fusion effect 
(FFE) in hollow optical fibers (HOF), which feature a central void encircled by a ring core 
with a high refractive index, along with a silica outer layer, in contrast to traditional solid-
core fibers. They provide thorough comparisons regarding threshold power, the for-
mation of holes, and penetration depth. 

In the study conducted by Shuto, Y. [7], the focus is on understanding how core melt-
ing and fiber melting occurs in a single-mode fiber optic connector. The process of heat 
flow in the core, which leads to the melting of the fiber core, is evaluated using the explicit 
finite difference method. Meanwhile, Xiao et al. [8] explore the conditions that trigger fiber 
fusion (IFF), a severe type of damage that impacts all optical fibers, particularly those 
made of silica. An analysis of fibers with various chemical compositions is performed 
prior to IFF, revealing for the first time a consistent relationship between critical temper-
atures and the optical powers they transmit. 

The work of Konin et al. [9] studies and analyses the internal structure of microcavi-
ties in single-mode and multimode acrylate and polyimide-coated optical fibers, which 
appear due to the melting that occurs when a plasma spark propagates through the core. 
The study is carried out on the structure of the microcavities on the outer and lateral sur-
faces of the fibers. 

Shuto, Y. [10] examines the impact of fiber melting in multicore fibers (MCF) through 
the explicit finite difference method, utilising a thermochemical model for SiOx produc-
tion. The analysis presumes that MCF varieties possess a uniform refractive index profile 
akin to that found in doubly coated single-mode fibers. This study is influenced by the 
presence of optical power restrictions caused by the fiber melting effect and the limited 
transmission bandwidth set by fiber optic amplifiers. 

Figure 1. The computational space is integrated by four distinct regions with varying thermophysical
characteristics: the core (1), the cladding (2), the guard envelope (3), and the metal plate (4). Thermal
equilibrium is maintained at the interfaces between these regions.

In the book Fiber Fuse, Todoroki, S. [5] describes the phenomenon of fiber fusion,
which causes a serious problem for current optical communication systems. High-power
light often causes catastrophic damage to optical devices. When the fiber melts, a heated
region of the fiber cable emits a few watts of light and travels towards the light source,
destroying its core region. The book includes the classification of its propagation mode and
the self-pulse effect.

Due to the drastic consequences of this phenomenon, it has been studied and analysed
by several researchers. Ha, W et al. [6] examine the non-linear fiber fusion effect (FFE) in
hollow optical fibers (HOF), which feature a central void encircled by a ring core with a
high refractive index, along with a silica outer layer, in contrast to traditional solid-core
fibers. They provide thorough comparisons regarding threshold power, the formation of
holes, and penetration depth.

In the study conducted by Shuto, Y. [7], the focus is on understanding how core
melting and fiber melting occurs in a single-mode fiber optic connector. The process of heat
flow in the core, which leads to the melting of the fiber core, is evaluated using the explicit
finite difference method. Meanwhile, Xiao et al. [8] explore the conditions that trigger fiber
fusion (IFF), a severe type of damage that impacts all optical fibers, particularly those made
of silica. An analysis of fibers with various chemical compositions is performed prior to
IFF, revealing for the first time a consistent relationship between critical temperatures and
the optical powers they transmit.

The work of Konin et al. [9] studies and analyses the internal structure of microcavities
in single-mode and multimode acrylate and polyimide-coated optical fibers, which appear
due to the melting that occurs when a plasma spark propagates through the core. The
study is carried out on the structure of the microcavities on the outer and lateral surfaces of
the fibers.

Shuto, Y. [10] examines the impact of fiber melting in multicore fibers (MCF) through
the explicit finite difference method, utilising a thermochemical model for SiOx production.
The analysis presumes that MCF varieties possess a uniform refractive index profile akin to
that found in doubly coated single-mode fibers. This study is influenced by the presence of
optical power restrictions caused by the fiber melting effect and the limited transmission
bandwidth set by fiber optic amplifiers.

In order to complete the state of the art of the problem addressed in this article, we
can highlight a series of references that may be useful when it comes to deepening the
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knowledge of the fiber fuse phenomenon [8,11–13], as well as being able to clearly see some
of the industrial applications that have been made using this effect [14–16].

This article wants to contribute to the analysis of the fiber fusion effect by using a new
approach to modelling it with the NSM. So, the numerical model of the optical breakdown
starting process in the fiber and the thermophysical characteristics of optical fibers are
shown. Subsequently, the equivalent formulation of the physical problem in the SNM will
be presented. With the results obtained, the initial phenomenon, as well as the propagation
of this defect, can be better understood.

To solve the model, the NSM has been used. This is a numerical simulation method,
which is a widely tested method, by Peusner, L., Nagel, L. and Nagel, L. [17–19]. In this
method, the equations defining the physical problem are transformed into electrical circuits,
with a behaviour in their response equivalent to the physical equations.

The open-source program NGSpice has been used to solve the different circuits that
make up the equivalent problem. NGSpice provides the numerical solutions to the problem,
and by means of the inverse path to the one used to transform the original problem, the
solutions to the physical problem can be obtained, and in this way, conclusions can be
drawn about the results.

Furthermore, the nondimensionalisation numerical procedure makes it possible to
determine the influence of each study variable of the problem by grouping them into
monomials. This technique has been used in several engineering problems, Sánchez-Pérez
et al. [20].

This paper presents a model based on the heat transfer equation in the initial stage of
fiber fusion. With this model, the temperature distribution is obtained in the same, in the
stationary phase, neglecting the transient. With this model, the temperature distribution in
the same, in the transient phase and studying certain cases is obtained. The plasma spark
process movement is neglectable. The calculations were performed using NGSpice V42
and Matlab R2020. In addition, the study of nondimensionalization is indicated for the
study of the influence of the variables.

2. Materials and Methods
This research investigates an anisotropic optical fiber with cylindrical geometry. A

cylindrical coordinate system is employed for modelling, with the z-axis aligned with the
fiber’s axis and the r-axis along its span. The computational space, depicted in Figure 1, is
axisymmetric, allowing for 2D analysis in the z-r plane. Symmetry conditions are applied at
the axis of symmetry (r = 0). The distribution of temperature does not depend on the polar
angle. The computational domain illustrated in Figure 1 is made up of four elements, each
exhibiting distinct thermophysical characteristics. The conditions for thermal equilibrium
are satisfied at the boundaries between these elements.

A single-mode fiber (SMF-28e) with a stepped refractive index profile is examined.
The fiber is pressed against a duraluminum plate, and the starting temperature of both is
T0 = 293 K.

The material properties of the fiber are obtained from SMF-28e specifications, while
the duraluminum plate adheres to ISO standard 2024. Table 1 provides a summary of the
materials and dimensions of each region.
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Table 1. Values for the different simulation cases [4].

Case λ, nm n1 n2 V Aeff, µm2

1 1080 1.4483 1.4439 2.76 13.25
2 1310 1.4552 1.4508 2.17 15.29
3 1550 1.4617 1.4573 1.88 17.27
4 2050 1.4662 1.4618 1.39 23.49

The core of the fiber (1), its cladding (2), the protective reinforcement cladding (3), and
the metal plate (4) in Figure 1 have contact contours with each other at S12, S14, S23, S24,
and S34.

The distribution of the temperature T(r,z,t) within the computational domain is ruled
by the heat conduction expression as follows:

ρiCpi

∂T
∂t

= ki

(
∂2T
∂r2 +

1
r

∂T
∂r

+
∂2T
∂z2

)
+ Q (1)

where i = 1–4 is the section number (Figure 1), ρi are the densities (kg/m3), Cpi are the
specific heat capacities (J/(kg K)), ki is the thermal conductivity of the materials (W/(mK)),
and Q is the heat source, whose intensity is obtained by optical radiation (W/m3). In the
article [4], the authors show temperature-dependent functions.

Assuming that the temperature changes across the interface continuously, at edges S12,
S14, S23, S24, and S34 of the calculation scheme, the heat flow equilibrium conditions apply:(

ki
∂T
∂r

lr + ki
∂T
∂z

lz

)
Sij

=

(
k j

∂T
∂r

lr + k j
∂T
∂z

lz

)
Sij

(2)

where lr and lz are the unit vector projections onto the r and z axes. The outer contour is
considered to be quite well conducting with T0 = 293 K.

The heat source, Q, is determined by:

Q(r, z) = α(r, z)
P

Ae f f
Γ(r, z) (3)

where α(r, z) is equal to the aggregation of the under normal conditions absorption coeffi-
cient α0 and the electron gas absorption coefficient αe. describes the non-linear absorption of
radiation in chaotically localised defects in the fiber. Defects appear in the fiber core because
of chemical reactions in fabrication, as shown by Carslow, H.S. et al. and Davis et al. [21,22].

P is the input power (W), Γ is the normalised Gaussian distribution Γ(x) = 1√2π e−
x2
2 and

Ae f f is the effective area of the mode point (m2). Γ takes a two-dimensional form due to
the solution is a two-dimensional layer:

Γ(r, z) = Γ(r)·Γ(z) (4)

In the article [23], the GeE′ concentration ions are obtained by:

nGeE′ = npe−
E f

kBT (5)

where E f = 2.5 eV is the GeE′ formation energy, np = 1.72 × 1015 m−3 is the GeE′ centre
concentration at 293 K, and kB is the Boltzmann constant. The quartz, due to free electrons
conductivity, will be stated by:
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σ = eµene = eµenpe−
E f

kBT (6)

where e is the modulus of charge of the electrons, µe is the electron drift velocity, with
5 × 10−3m2/(V·s) [24], and ne = nGeE′. Considering (5) the electron gas absorption
coefficient in the fiber, Equation (3), will equal to this expression:

αe =
kBn1√

2


√√√√1 +

(
µ0c0σ

k0n2
1

)2

− 1


1
2

≈ µ0c0σ

2n1
=

µ0c0

2n1
eµenpe−

E f
kBT (7)

where n1 is the refractive index at the core, µ0 is the magnetic permeability, c0 is the vacuum
speed of light and k0 is the vacuum wavenumber.

The effective area of the model in Equation (3) is solved employing the effective radius
for each of the wavelengths, Marcuse et al. [25]

Ae f f = πa2
(

0.65 +
1.619

V
3
2

+
2.879

V6

)2
(8)

where a is the fiber core radius (see Table 1). The parameter V is the normalised fre-
quency [4]:

V =
2πa

λ

√
n2

1 − n2
2 (9)

where λ is the transported radiation wavelength, n2 is the fiber cladding refractive index.
Finally, in Table 1, Starikova, V. A. et al. [4] presents different values of wavelength,

core refractive index, cladding refractive index and area to simulate different cases with the
NSM and in Table 2, Starikova, V. A. et al. [4] gives some values of the different parameters
that appear in the equations that make up the mathematical model.

Table 2. Values of the constants for the calculation model [4].

Description Value Units

Boltzmann’s constant 1.38·10−23 J/K
Core refractive index 1.4617
Charge of electron 1.6·10−19 C
Concentration 1.72·1015 m−3

Input power 1.10 W
Formation energy GeE0 4.0054·10−19 J
Light velocity 3·108 m/s
Core radius 4.1·10−6 m
Core layer thickness 4.1·10−6 m
Magnetic constant 1.2566·10−6 H/m
Drift mobility of electrons 5·10−3 m2/(V·s)

2.1. Mathematical Model of the Heat Transfer Mechanism

The mathematical model we will discuss pertains to a cylindrical structure composed
of potentially diverse materials whose properties are subject to temperature variations, as
outlined by Fernández-Gracía, M. et al. [26].

As previously mentioned, the model incorporates heat transfer mechanisms.
For conduction processes, Fourier’s law is employed to quantify heat transfer:

α

(
∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

)
+

Q
ρce

=
∂T
∂t

; α =
k

ρce
(10)
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In the equation above, T represents temperature (K), α is thermal diffusivity (m2/s), k
is thermal conductivity (W/mK), ce is specific heat capacity (J/kg K), ρ is density (kg/m3),
t is time (s), and x, y, and z are spatial coordinates. As stated earlier, thermal conduc-
tivity, density, specific heat, and, consequently, thermal diffusivity will be declared as
temperature functions.

Given the cylindrical geometry of the problem, it is advantageous to formulate it in
cylindrical coordinates. The angle, φ; the radius, r; and the height, z, define the equation
illustrated in Figure 2:

1
r

∂

∂r

(
k r

∂T
∂r

)
+

1
r2

∂

∂φ

(
k

∂T
∂φ

)
+

∂

∂z

(
k

∂T
∂z

)
+ Q = ρce

∂T
∂t

(11)Axioms 2025, 14, x FOR PEER REVIEW 6 of 17 
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It can be simplified, because of the symmetry of the problem, to two dimensions, axial
and radial, leaving Equation (11) as follows:

1
r

∂

∂r

(
k r

∂T
∂r

)
+

∂

∂z

(
k

∂T
∂z

)
+ Q = ρce

∂T
∂t

(12)

It is obtained the following, if it is developed the above expression:

1
r

k
ρce

∂T
∂r

+
k

ρce

∂2T
∂r2 +

k
ρce

∂2T
∂z2 +

Q
ρce

=
∂T
∂t

(13)

Grouping the properties together streamlines their integration into the network model.
This is particularly beneficial considering their temperature-dependent nature.

To account for convective heat transfer, Newton’s law is applied:

dQb
dt

= Ah(Ts − Te) (14)

where Qb represents the heat transfer (J), h is the heat transfer coefficient (W/m2 K), A is
the heat transfer surface area (m2), Ts is the surface temperature of the solid (K), and Te is
the ambient temperature (K).

The final phenomenon to be considered is thermal radiation, which is modelled using
the Stefan–Boltzmann law:

dQr

dt
= εσ

(
T4

s − T4
e

)
dS (15)

where ε is the emissivity and σ is the Stefan–Boltzmann constant (W/m2 K4).
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2.2. Network Model

A physical phenomenon that is modelled mathematically can be solved using the
NSM. Each member of the mathematical model equation can be assigned an equivalent
electrical element. In this case, we are dealing with a heat transfer problem which will have
a corresponding electrical equivalent.

The equivalence between thermal and electrical variables has been extensively em-
ployed in heat transfer problems by Hao, L. et al. and Kreith, F. et al. [27,28]; however, the
resolution methodology is different. Numerous engineering problems have been success-
fully solved through this method, as shown by Alhama, F. et al., Del Cerro Velázquez, F
et al., Alhama, F. et al., Sánchez-Pérez, J.F. et al., and Solano, J. et al., [29–33].

To adapt Equation (14) for use with the NSM, we will express the term resulting
from multiplying all summands on the left-hand side as thermal diffusivity, given its
temperature-dependent variables. Additionally, through mathematical manipulation, the
second derivative terms will be accomplished as two in-series resistors.

1
r

α
∂T
∂r

+ α
∂2T
∂r2 + α

∂2T
∂z2 +

Q
ρce

=
∂T
∂t

(16)

To represent the second derivatives as resistors, it is compulsory to isolate them from
variable terms. To achieve this, they are split into two components (Equation (18)). One
component will be electrically analogous to a voltage-controlled current source, while the
other will be represented by in-series-connected two resistors, as described by Fernández-
García, M. et al. [26].

α
∂2T
∂r2 = (α − 1)

∂2T
∂r2 +

∂2T
∂r2 (17)

For the ∂2T
∂z2 term, the same procedure is followed as for the ∂2T

∂r2 term, leaving
Equation (16) as follows:

1
r

α
∂T
∂r

+ (α − 1)
∂2T
∂r2 +

∂2T
∂r2 + (α − 1)

∂2T
∂z2 +

∂2T
∂z2 +

Q
ρce

=
∂T
∂t

(18)

Any second-order partial derivative without variable terms is represented in the
circuit as in-series-connected two resistors. Similarly, any second-order or first-order partial
derivative involving multiplicative dependent terms is represented as a voltage-controlled
current source. Finally, the time derivative is represented as a capacitor. Consequently, our
circuit will be configured as follows:

1
r α ∂T

∂r , (α − 1) ∂2T
∂r2 , (α − 1) ∂2T

∂z2 + Q
ρce

: some voltage-controlled current sources
∂2T
∂r2 , ∂2T

∂z2 : two in-series-connected resistors; and ∂T
∂t : one capacitor.

Given the temperature-dependent nature of the involved terms, voltage-controlled
sources will be employed. Before applying the NSM, the differential equations are spatially
discretised by splitting the space into n-volume elements, as depicted in Figure 3. This
discretisation allows for the representation of the equations in finite difference form. Ulti-
mately, the balance of currents at the centre of each cell is ensured by the electrical elements
constituting the electrical circuit.
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Employing the terminology presented in Figure 3, the spatial discretisation of first
and second derivatives is achieved through equilibrium considerations between central
nodes and cell edges, as described by Kreith, F. and Zheng, W. et al. [28,34]. For instance,
the finite difference approximation of the first derivative is given by:

∂T
∂r

=
Ti+1, j − Ti−1, j

∆r
(19)

where ∆r = ri+1, j − ri−1, j, and the second derivative is:

∂2T
∂r2 =

Ti+1, j + Ti−1, j − 2Ti−1, j
∆2r

2

(20)

In Equation (20) the value of the equivalent resistance for each node, Rz, when imple-
menting the electrical element is:

Rz,l =
1

∆2r
2

Rz,r =
1

∆2r
2

Rz,d =
1

∆2z
2

Rz,u =
1

∆2z
2

(21)

Consequently, the circuit representing our problem, incorporating all the previously
discussed elements, is illustrated in Figure 4. Each of the circuits in Figure 4a represents the
unit cell defined in the geometry section. The boundary conditions, radiation, convection
and spark gap effects are implemented by voltage-controlled current sources. The remain-
ing voltage-controlled current sources represent the variation of the density variation,
Figure 4b, the variation in the thermal conductivity, Figure 4c, the variation of the specific
heat capacity, Figure 4d, and the variation in the thermal diffusivity, Figure 4e.

The network model is then solved by employing the circuit simulation program
NGSpice, Holger, V. [35].

NGSpice (version ngspice-42), Holger, V. [35], employs computational algorithms to
solve circuits understood from coupled and non-linear mathematical models, such as the
one proposed in this article. These algorithms, rooted in the work of Nagel, L.W. [18,19],
include Gear’s time-stepping methods, Gear, C. W. [36], and trapezoidal integration, Nagel,
L. [19]. Efficiency and accuracy are achieved by minimising local truncation errors and
promoting stability in the numerical solution convergence [37].
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The novelty in the present work lies in the modelling of the spark application by
implementing the discharge of a current source controlled by a switch; in Figure 4a, it can
be seen that the GIV source corresponds to the spark generator. This switch, when closed,
discharges the source at the set time. Table 3 shows the different spark application times,
which correspond to the time the switch remains closed. After the set time has elapsed, the
switch opens, simulating the completion of the spark.

The section that makes up the optical fiber has also been simplified to include the core,
the sheath, the protective layer and the metal where the spark is initiated. This reduction of
the domain allows for reduced computational time, as the mesh is smaller.
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Table 3. Temperature rise rate values for each simulation in rT (K/s).

t (s) P (W) rT1 (K/s) rT2 (K/s) rT3 (K/s) rT4 (K/s)

1 1 3816 3307 2928 2152
0.1 1 3816 3307 2928 2152

0.001 1 3816 3307 2928 2152
1 0.01 38.16 33.07 29.28 21.52
1 0.001 3.816 3.307 2.928 2.152

0.001 0.001 3.816 3.307 2.928 2.152

2.3. Nondimensionalization

Nondimensionalisation is a technique that requires a deep knowledge of the problem
and a well-defined set of equations that represent the problem under study. The difference
between this work and some previous ones lies in the importance of Q, which, in this
problem, initiates the temperature change in the system. Thus, its importance with respect
to the rest of the variables is studied. The difference is that this article has to be customised
and take into account the Q energy source.

The following is a brief explanation of the procedure to be followed in order to apply
this technique. Firstly, the dimensionless variables are established, which are as follows:

Q′ =
Q

Qmax
; t′ =

t
τ

; T′ =
T − Ti
Te − Ti

; r′ =
r
R

; z′ =
z
H

(22)

where Qmax is the maximum power obtained, Ti is the initial temperature, Te is the ambient
temperature, H is the height, and τ is the steady state time and R is the radius.

Applying the π − theorem, we obtain the following dimensionless numbers:

π1 =
ατ

R2 ; π2 =
R2

H2 ; π3 =
αhτ

Rk
; π4 =

hR
k

(23)

Here, π1 represents the temperature change associated with diffusion phenomena,
while π2 represents the cylinder’s dimensions geometric relationship. π3 predominates in
convection phenomena. π4 = hD/k, where D is the cylinder diameter. This is the Nusselt
number, Nu, which describes the heat transfer coefficient, h, and the thermal conductivity
of the material, k [27].

π5 =
QmaxR2

k
(24)

π5 relates the maximum rate of temperature rise to the driving effects. As can be seen,
the effect of Q on heat transfer in the system depends, logically, on geometrical factors, R,
which in turn is related to H through π1, π2 and on the thermal conductivity, k, which in
turn is related to density and cp through π1, since all of them are included in α. Finally, the
time to reach steady state, is obtained with τ :

τ =
R2

α
f
(

R2

H2 ,
QmaxR2

k
,

hR
k

)
(25)

where f is an unknown function. From Equation (25) it follows that the steady state depends
on the heat generated by the fiber melting effect, the geometry of the optical fiber and the
conductivity of the material.

3. Results
In Figures 5–10, the same process is represented, with equal spark application time

and equal power, but for the four different cases that can be seen in Table 1. Thus, section
(a) corresponds to case 1 and is the one with the smallest area and index n1. Section
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(b) corresponds to case 2, section (c) to case 3 and section (d) is for the last case, 4, which
has the largest area and the highest index n1.
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This section can be organised into subheadings. It should provide a clear and concise
summary of the experimental findings, their interpretation, and the resulting experimen-
tal conclusions.
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In Figure 5, the temperature rise speed corresponding to rT to the Q
ρce

term in
Equation (10) is higher in section (a) and the lowest in section (d). Due to the cross-section
of the optical fiber, which is smaller in section (a), the generation of energy is greater in less
surface area, so the temperature rise speed is higher than in the rest of the cases. On the
other hand, in case 4, which has the largest cross-section, the rate of rise is the lowest since
the larger cross-section means that the energy dissipation is greater.

Table 3 shows the different values obtained by NSM of rT (K/s) for different spark
application times, t (s), and applied power, P (W). The simulation time is always 1 s, and t
is the application time of Q.

The behaviour of the problem in Figures 6–10 is similar to that described in Figure 5.
It is clear that the temperature reached is conditioned by the time of application of the
spark and the power of the spark. Figure 6 shows that with the reduction of the time from
1 s (Figure 5) to 0.1 s (Figure 6), the temperature reached is lower than that reached by
applying the spark for 1s.

Next, a study of the variables of the problem will be carried out using the expression
obtained by means of nondimensionalization. Substituting the value of α into expression
(25) gives Equation (26). As can be seen, the variables that only appear in a monomial
are the specific heat capacity, ce, density, ρ, heat transfer coefficient, h, and maximum
heat transfer.

τ =
ρceR2

k
f
(

R2

H2 ,
QmaxR2

k
,

hR
k

)
(26)

In this work, the effect of material density on heat transfer with a spark application
time of 1 s and power of 1 W will be studied. Table 4 and Figure 11 show the results obtained
from the study, where it can be seen how the effect of this variable on temperature is studied
at two points with different materials, cladding and the guard envelope. The position
for T1, cladding, is (6.25·10−5, 1.25·10−4) m, and for T2, guard envelope, is (12.37·10−5,
1.25·10−4) m. Thus, the effect of variations with respect to a base case is studied. For case 1,
the value of the fibre density is halved so that, as shown in expression (26), the simulation
time must be halved to obtain the same temperature value in 1. However, since the value
of the density of the envelope guard is not also halved, the value in 2 must be different.
For case 2, only the value of the guard envelope density is halved, and the simulation time
of the base case is maintained, so as expected the value of T1 is the same and T2 is not, as
it is influenced by the heat transmission from the fibre. Finally, in case 3, both densities
are halved, so according to expression (26), the simulation time must also be halved. In
this case, by halving both densities, in contrast to case 1, the same temperature values are
obtained as in the base case.

Table 4. Study of the density of materials.

Case ρFiber (kg/m3) ρguard (kg/m3) t (s) T1 (◦C) T2 (◦C)

Base 2220 1190 1 3804 3743
1 1110 1190 0.5 3804 3690
2 2220 595 1 3804 3770
3 1110 595 0.5 3804 3743
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4. Discussion
Table 3 shows that the rTi remain constant as long as the applied power does not vary.

As the power decreases, the rate of rise does vary, and this variation is of the same factor as
the power decrease factor.

A strong dependence can be established between the rate of rise, the characteristics of
the section and the applied power.

These results obtained in the simulation agree with the analysis of the behaviour of
the equations and parameters governing the fiber optic fusion process.

Through nondimensionalization, it has been possible to establish which variables are
relevant and which variables are superfluous, as seen in the Results section. It has been
possible to reduce the number of variables that intervene or have a significant weight in
the problem.

Thus, the factor αe has a value of αe ≈ 8.888·10−11 m−1 which makes its influence
practically negligible and the factor α(r, z) = α0 + αe ≈ α0 = 1 m−1 . The gamma function,

Γ(x) = 1√2π e−
x2
2 = 0.159, is a constant value. With this it can be seen how the heat

generated and the rate of rise only relies on the applied power and the effective area of the
optical fiber, Q(r, z) = α(r, z) P

Ae f f
Γ(r, z) = 0.159 P

Ae f f
. With this result, it can be assured

that the simulations present results in agreement with the analysis of the equations.

5. Conclusions
In this work, we have studied the phenomenon of optical fiber fusion by plasma spark.

A methodology has been developed in NSM that has allowed us to design a circuit with
the same behaviour as the physical process. One aspect to highlight is the control that we
have been able to carry out on the time and application of the spark, as well as the applied
power; this has allowed us to check the effect that each of these terms has, reaching the
conclusion that the parameter that most influences the rate of temperature rise is the power,
as can be seen in Table 3.
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In the analysis of the equations that govern the process (see Section 4 Discussion), it
was found that most of the terms are either constant or their influence is negligible, leaving
as main variables those that define the section, the material and the power of the spark.

The results obtained are used to study the behaviour of different materials with respect
to the damage caused by the fusion of the optical fiber caused by a high-energy spark and
to establish a power limit for each type of material that allows different protection devices
to be designed according to the material selected.

It is interesting how the temperature varies depending on the material selected. This
result leads to the selection of the most suitable materials for this defect, which has an
impact on the design of better-quality fiber optic cables.
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