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ABSTRACT

Fiber optic technology is undergoing rapid development with many

applications requiring direct fusion of short filaments to form one long

continuous fiber. Automatic devices have been developed to heat the

fiber ends in an electric discharge and bring them into contact for

fusion to occur. Current practice is to establish splicing parameters

for each unique splicing condition through experimental testing. This

study develops an analytical model for the arc fusion splicing process.

The model enables parametric studies, sensitivity analysis, quick

determination of optimum splicing procedures for unique conditions, and

can be used to provide analytical guidance in experimental research.

A physical model of the fiber optic splicing process is developed

which incorporates heat transfer along with thermal and viscoelastic

strain. An empirical model of electric discharge heating is used to

supply an energy source model to one-dimensional heat transfer

calculations of radiation, conduction, and convection. A numerical

model is employed where temperatures are calculated for each grid

element of the fiber at each time step. Physical properties of the high

silica fiber optic material are modeled as functions of temperature. A

two-dimensional physical model of viscoelastic glass flow is developed

from force balance considerations and considers deformation due to

thermal, viscous and elastic strain. Maxwell stress-strain

relationships are assumed.

Finite difference numerical algorithms are derived for an

Lagrangian viewpoint. Simultaneous equations for heat transfer are

solved implicitly in a tri-diagonal matrix routine. Simultaneous
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equations for viscoelastic flow are solved by back substitution

techniques that account for boundary condition transitions upon gap

closure.

Experiments were conducted using a commercial arc fusion splicer

to provide experimental verification of the analytical model. Evolution

of the fiber distortion was photographically recorded for repeated

heating cycles of a continuous element and a free end respectively. The

geometric distortion of the element with time was compared to

predictions obtained with the analytical model.

The analytical model was found to display all of the physical

phenomenon of the fiber deformation observed in the experiment including

an unsymmetrical necking down and eventual separation of the filament.

Magnitudes of the deformations were, in general, found to be

overpredicted after several heating cycles.

Preliminary results indicate the relative importance of the

convection heat transfer coefficient in determining the fiber's

temperature profile. Viscoelastic response of the glass filament's free

surface is shown to be dominated by surface tension forces. Surface

profiles show a tendency to evolve unsymmetrically into a necked down

region which must be countered by a press stroke during an actual

splicing process.

It is concluded that the analytic model correctly simulates all

major phenomenon associated with the arc fusion splicing process.

Therefore, it constitutes an attractive alternative to large-scale

experimentation for obtaining large data bases to be used in parametric

and sensitivity analysis.
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CHAPTER I

INTRODUCTION

This dissertation gives the background, physical formulation,

mathematical construction, and operational details of an analytical tool

developed for studying fiber optic arc fusion splicing. It represents

the first recorded simulation of all major physics effects, engineering

parameters, material properties, and operator selectable controls

throughout the fusion process.

To date, experimental studies into the optimization of splice

characteristics have resulted in a relatively large empirical data base

for a few specific fibers. However, each fiber type and splicing

condition presently require an exhaustive series of experiments to

establish a statistical data base for each variable in the splicing

process.

The primary objective of this effort was to develop a computer

based model to expedite analysis of the fiber optic arc fusion process

by parametric studies of splicing parameters. A secondary objective was

the development of an analytical tool to enable a systematic study of

the influence of variables inherent in the process.

Requirements on the model were to simulate electric discharge

heating, heat transfer involving a semi-transparent fiber, variation of

material properties over a wide temperature range, viscoelastic flow

coupled with free boundaries, and externally applied mechanical forces.

In addition, the model must be capable of adjusting these conditions as

a function of time.



Background

Rapid advances in fiber optic technology have placed increasing

demands on the ability to perform high strength, low optical loss,

inter-connections between fiber optic filaments. Fiber optic connectors

have undergone a rapid improvement in their ability to satisfy these

demands where size and flexibility is not a critical factor. Many other

applications can only be satisfied by fusing the filaments directly

together as discussed by Kao. Drake, and Long [1.2.3].^

Commercial devices are currently available which fuse glass fibers

together by immersing the splice region in an electric glow discharge as

shown in Figure I-l. This process has become popularly known as arc

fusion splicing. It is noted that magnitudes of the discharge currents

are typically in the milliampere range which characterize a type of

discharge known as a glow discharge.^ Details of the electric discharge

are discussed in detail in Chapter II.

Virtually all arc fusion splicers have been derived from

laboratory devices with their operating parameters determined

empirically [4-21]. Although these experiments have shown that splicing

conditions can be improved by controlling certain parameters, trade-offs

are often made in splice properties [22-47]. These trade-offs are

compounded by a wide variety of fiber optic filament materials and sizes

in common use.

^  Numbers in brackets correspond to similarly numbered references in
the Bibliography.

2  In keeping with popular terminology, the fusion process will be
referred to as arc fusion splicing throughout the remainder of this
dissertation.
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Figure I-l. Arc Fusion Splicing of Fiber Optic Filaments

No analytical technique is available to systematically investigate

splice properties and the various trade-offs required with practical

splicing procedures. Present practices require a series of parametric

studies to derive optimum settings for each new splicing condition

encountered. These studies are often very time consuming and expensive

due to the stochastic nature of many of the process parameters. There

is clearly a need for an analytical tool which can be used to conduct

parametric studies on the effect of changes in process variables and to

predict their probable distributions over a wide range of values and

combinations of settings.

Fiber optic filaments are waveguides which are typically

constructed with three axisymmetric layers of material; a central light

conducting core region, a cladding region for maintaining light in the

core, and a protective outer polymer buffer region.



Filaments of primary interest in this investigation are those in

which both the core and cladding are composed of a high silica glass.

These filaments are commonly found in telemetry link applications where

a  low optical loss and high tensile strength are required. The silica

composition provides high tensile strength with very small amounts of

dopant added to control the index of refraction profile.

The filaments are assumed to be of the standard 50/125 graded

index construction. In this construction, a 50 micron diameter optical

waveguide region is surrounded by a 125 micron diameter cladding and

substrate glass region.

A polymer buffer coating is usually placed on the glass fiber

optic filaments to protect its surface from abrasion and help distribute

micro-bending stresses. The buffer coating typically has a 200-300

micron outer diameter. It is removed from the fiber at the arc fusion

splice region and is therefore of little interest in this investigation.

A cross-section of a typical fiber is shown in Figure 1-2.

125
Si 1 i ca

Cladding/Substrate
[50^!7core 300 ̂  Polymer
—-I-— Buffer Coating

Figure 1-2. Cross-Section of Typical Fiber Optic Filament

The core and cladding regions shown in the figure are typically

composed of high silica glass differentiated by graded changes in the



index of refraction due to dopant material added to the glass during

manufacture. The outer glass substrate layer is almost always composed

of pure silica due to its high strength. Because only minute amounts of

dopant material are added to the silica glass in the optical waveguide

region, the physical properties of the fiber are essentially those of a

pure silica glass fiber.

Arc Fusion Splicing

Arc fusion splicing of glass fiber optic filaments is accomplished

in three primary operations. They consist of preparing clean, flat-

faced fiber optic ends, performance of the arc fusion splicing

operation, and replacement of the protective polymer coating. These

operations are shown schematically in Figure 1-3.

Buffer Removal ^
and End Cleaving Q 1/

Arc Fusion Splicing S (4=

(0)===:::;=;:=^

I

ZZB

Buffer Coating
Replacement

A. 2

7
2

Figure 1-3. Fiber Optic Arc Fusion Splicing Operations

Fiber end preparation is important because of the critical

influence this region has on the splice properties. It is initiated by

removal of the buffer coating from a portion of the glass fiber. This



is followed by a fiber scribing step in which a small mechanical defect

is introduced into the surface of the glass filament.

A flat face perpendicular to the fiber's axis is achieved by a

cleaving operation. In this operation a stress is placed on the fiber

such that the defect introduced by scribing initiates a crack which

propagates across the fiber.

It is noted, one step sometimes associated with the fiber end

preparation is a slight rounding of the fiber ends such that each face

has slight center bulge. This is usually accomplished by heating one

fiber face at a time with the electric arc in a profusion heating step.

During the nominal splicing process, fibers are pressed together to

insure fusion of the fiber ends. A slight center bulge in the fiber end

faces allows a flow of the glass fiber material outward from the central

fusion boundary.

Making initial contact at the center of the fiber along with the

outward flow of material avoids gas entrapment and contributes to the

removal of surface contaminants from the splice fusion region. However,

the flow of material often results in a distortion of the index of

refraction profile along the core/cladding boundary. In the remainder

of this dissertation, perfect flat-faced fiber end faces are assumed to

be used in the splicing process.

During a nominal arc fusion splicing operation, cleaned fibers

with flat faced ends are clamped in axial alignment between two

electrodes perpendicular to the fiber. A current is established between

the electrodes by inducing electric breakdown of the air. This

breakdown is maintained as an electric glow discharge which is used to



heat the fiber ends up to a temperature where they will fuse if

touchi ng.

Generally, the two heated fiber ends are then pressed together by

a drive mechanism on one or both of the clamps. This motion is known as

a press stroke and is performed to counter the glass's natural tendency

to neck down due to surface tension effects. Additional material forced

into the splice region by a press stroke has an added benefit of

increasing the cross-section of the fiber in the splice region and

thereby increasing its ultimate tensile strength.

A sketch showing a typical configuration used to provide fiber

clamping and motion relative to the electrical discharge electrodes is

shown in Figure 1-4.

Stationary
Strain Reliefs Electrodes

/

H HI
Axial Movement
Fiber Grips

Transverse Alignment
Fiber Guides

Figure 1-4. Typical Fiber Grip and Electrode Configuration

Present day arc fusion splicing is usually achieved through the

use of commercially available devices. Recent progress in arc fusion

splicing technology has resulted in the development of automatic devices

with a high degree of sophistication. Many of these devices feature
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microprocessor controlled automatic fiber alignment, arc control, fiber

motion, and process monitoring [61-66],

A typical commercially available arc fusion splicer is shown in

Figure 1-5.3 This device features microprocessor control of the

electric discharge and fiber motion. It includes a microscopic TV

camera system to insure proper fiber end preparation and alignment prior

to initiation of the arc fusion splicing process. In addition, the

monitor provides the operator the capability to evaluating the completed

splice.

Figure 1-5. Modern Commercial Arc Fusion Splicer

Experience using arc fusion splicers has demonstrated that

variations in the arc fusion splicing process have a significant impact

on the fiber's tensile strength and optical loss. Important factors are

the fiber's physical geometry, the degree of fusion between fibers.

3  Model FSM-20 manufactured by Alcoa Fujikura Ltd. Spartanburg, South
Caroli na.



devitrification into crystalline states, residual thermal stresses, and

disruption of the waveguide properties by glass flow [52-60].

Rpview of Technology Supoortinq Model Development

No attempt to model the splicing process and analytically study

the optimization of splicing parameters has been reported. One reason

for this lack of a comprehensive analytical tool for studying the

splicing process is the large number of fairly complex individual

physical processes which must be simulated in a coupled model.

Thermal energy is provided by an AC glow discharge between closely

spaced pointed electrodes in air. Transient heat transfer to. and from.

the semi-transparent glass filament occurs by a combination of

convection, conduction, and radiation. Under the imposed heating

conditions, viscoelastic response of the glass includes free surfaces

controlled by surface tension in strong thermal gradients, thermal and

viscoelastic strain, and glass fusion of fiber filament faces.

Considerable effort has been expended in characterizing the

properties of glass and silica as a function of temperature. Much

information on the viscous nature of silicate glass, glass transition

effects, and the transfer of heat in semi-transparent material was

obtained from efforts supporting the commercial glass industry [66-99].

Recent demands for improved performance of glass materials has resulted

in increased material characterizations of high silica glass and quartz

including those specifically on fiber filaments [100-109]. Information

on silica properties used in this study is given in Appendix A.

Heat transfer and glass flow in forehearths has received

considerable attention [110-114]. In these treatments, the glass is
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assumed to be optically thick and conducts heat following the Rosseland

approximati on.

In the Rosseland approximation, an effective thermal conductivity

is used which is the sum of the conventional thermal conductivity term

and a radiation term which varies with the cube of temperature. The

Rosseland approximation was found to be appropriate along the fiber's

axis but not transverse to it due to large variations in the radiation

path length. This is discussed in detail in Appendix A.

Analysis of glass flow in furnace forehearths universally treats

the glass as a fluid using the Navier-Stokes relationship for viscous

flow [115-125]. These were found to be inadequate for analysis of the

arc fusion splicing process due to the lack of significant material flow

and the need to include viscoelastic effects.

Analysis of glass flow in the drawing process used to manufacture

fiber optics also treats the glass as a fluid using the viscous Navier-

Stokes relationship [126-138]. As in the case of the glass furnace

forehearths, glass flow is treated as a steady state problem. Here, the

Rosseland approximation is not used because the glass fiber is shown to

be optically thin. Heat transfer is modeled as being one dimensional

with air quench cooling times found to be on the order of seconds [100,

101, 109, 129, 130]. Surface contours of the fibers are treated as free

boundaries dominated by surface tension forces.

Surface tension forces have been shown to be dominant for liquid

bridges with a small cross sections such as that of a fiber optic

filament [139-160, 199, 200]. In silica glass, as for most materials,

these forces are a function of temperature and may result in fluid flow

when temperature gradients are present [201, 202].
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Heat is provided to the arc fusion splicing process by an AC

electric discharge between pointed electrodes in air. Several general

reviews of electric discharges provide guidelines which classify the arc

fusion splicing discharge as a high pressure glow discharge type [161-

165].) Glow discharges are characterized by a relatively constant

potential drop between electrodes over a relatively wide range of

current values. High pressure discharges are collision dominated and

therefore have their component species in local thermal equilibrium.

Measurements on high voltage breakdowns of real gases in uniform

electrical fields have shown the breakdown voltage to be linearly

related to the separation distance between the electrodes [166-171].

After breakdown, joule heating of conduction electrons in a high

pressure discharge is quickly transferred to other species of the gas by

both radiation and conduction [172-177]. The heating profiles in these

discharges have been shown to exponentially decay with increasing

distance from the discharge axis in the steady state case [178-181].

No complete analysis has been reported which treats the specific

conditions of an AC glow discharge in air at atmospheric pressure

between pointed electrodes as found in the arc fusion splicer. However,

experimental measurements have been made on the radiation emitted by

such discharges and empirical relationships have been derived which give

the discharge's radiant energy as a function of position [8. 9, 10, 46,

47]. This information has been used to derive the heating profile of

the fiber as a function of its position in the discharge as described in

Chapter II.

11



Overview of Report

Chapter II of this report gives the development of physical models

and assumptions for the arc fusion splicing process, formulation of

governing equations along with initial and boundary conditions,

numerical algorithms in finite difference form, and the computation

methodology used to obtain a solution.

Chapter III gives the results of analytical and experimental tests

performed to compare with the predictions of the analytical model. The

experiment performed was a modification of the arc fusion splicing

process that was adapted to simplify and isolate specific physical

mechanisms. Significance of the comparison is described relative to the

predicted deformation, stress concentrations, and temperature variations

along the fiber optic filament's length. Agreement with various

physical effects reported in the open literature and outlined in the

previous sections is shown. Weaknesses in the model are identified and

methods of alleviating these are identified.

Chapter IV gives the conclusions reached as a result of this study

and recommendations for further work to advance this effort.

Physical properties of silica fibers are given in Appendix A.

These are developed in a form useful for inclusion into the numerical

algorithms and were given as a function of temperature where

appropriate.

Calculations and rationale justifying the assumption of negligible

gravitational forces are given in Appendix B.

A discussion of the computer program used to solve the numerical

algorithms is given in Appendix C. Program structure, control flow and

a discussion of the action of individual subroutines are given.

12



CHAPTER II

GOVERNING EQUATIONS AND NUMERICAL ALGORITHMS

An examination of the arc fusion splicing process for high silica

fibers reveals several features which must be incorporated into any

model used for analysis. First, the process is inherently transient in

nature. It includes glow discharge heating and open air quenching of a

semi-transparent material with a filament geometry. This heating and

cooling results in changes in material characteristics and molten free

surfaces controlled by viscous and surface tension effects. The

physical properties of silica are such that viscoelastic responses

throughout the glass transition and softening range must be included in

the model.

Successful modeling of the arc fusion splicing process requires

the development of coupled heat transfer and viscoelastic response

models. This coupled model should be capable of accommodating changes

in fiber optic properties with temperature resulting in a highly

nonlinear system of governing equations. A lack of closed form

solutions for these governing equations requires the application of

numerical techniques. Validation and calibration of the coupled model

with data from the existing experimental data base along with selected

additional experiments will then yield a useful analytical tool. These

stages of development for the arc fusion splicing analytical tool are

shown graphically in Figure II-l.

The following sections discuss the physical models, governing

equations, and numerical algorithms used to represent heat transfer, and

the stress/strain relationships associated with the viscoelasticity of a

13



fiber undergoing an arc fusion splicing process. Initial conditions,

boundary conditions, and a discussion of computation methodologies used

in the analysis are included where appropriate.

Establi sh
Physi cal
Model
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Figure II-1. Development Stages for Arc Fusion Splicing Model

Physical Model of Splicing Process

Analysis of the physical response of the fiber filament to

discharge heating and relative motion requires the development of a

coupled heat transfer and viscoelastic response model. This coupled

model must be capable of simulating each phase of the arc fusion

process. Specifically, it must including glow discharge heating,

viscoelastic material response, fusion of individual fibers, surface
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tension at a free boundary, and air quench cooling. In addition,

provision must be made to simulate an initial gap between fiber ends,

their relative motion with respect to each other, the electric discharge

heat flux, as well as the elastic compression of the fibers due to

mechanical motion of fiber grip mechanisms. These interactions are

shown schematically in Figure II-2.

Free Surface
Boundary

Semi-Transparent
Radiation and

Heat Conduction

Press Stroke

Initial Gap

Glow Discharge
Transient Heating

Figure II-2. Interactions in Arc Fusion Splicing

Fibers were assumed to be homogeneous silica cylinders with

perfectly prepared end faces. Silica properties were assumed to be

functions only of the fiber temperature. This assumption has been found

to be acceptable when modeling the physical properties of a wide range

of silica glass compositions [110-114].

The fiber is a strongly one dimensional structure, being symmetric

about its axis and having relatively minor variations in its radial

direction. Minor radial variations are created during manufacturing to

control optical waveguide properties. These radial variations are

engineered to minimize discontinuities in the physical properties of the

fiber. Temperatures in the fiber were assumed to be constant in cross-

section with variations only in the axial direction because the fiber
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was so thin. This assumption is in keeping with reported models of the

fiber drawing process [100, 101, 109].

Conditions of the splice were assumed to be such that the process

is axisymmetric. Arc heating is assumed to be evenly distributed

radially around the fiber filaments and the cross section of the fiber

remains circular. Allowances were made to permit the position of the

fiber to vary with regard to its axial position in the electric

discharge heat flux because of the manner in which the fiber motion is

modeled.

Phases of the arc fusion process which must be simulated include

the response of the individual fibers while separated as well as the

response of an effectively continuous fiber length after the gap closes.

The fiber was allowed to expand or contract into or out of the heat flux

distribution with time. Special provision was included in the model to

simulate the existence of a gap between fiber end faces and changes

during gap closure. Upon closure, transient boundary conditions were

employed to simulate compression of the fiber due to the imposed motion

of the gripping mechanisms. Boundary condition were also changed to

simulate the transition from glow discharge heating to natural

convection cooling in air.

Before discussing the individual physical models used in the

analysis of the arc fusion splicing, it is useful to consider several

features of the process. First, changes in the system typically occur

smoothly over a relatively long temporal and spatial period. Examples

of this are evidence in previous workers' analysis of glass flow during

the drawing of fiber filaments where temperature and material motion

tend to be smoothly varying functions [126-138]. Second, melting of
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glassy materials occurs over a relatively broad glass transition

temperature range in which properties, such as viscosity, change

smoothly. This is in contrast to the sharp change in material

properties over a narrow temperature range typical of many melting phase

transitions.

Overview of Computational Methodoloav

The methodology used in the analysis is to numerically time-step

through the arc fusion splicing process. A heating cycle was initiated

by instantaneously imposing the modelled heat flux on the room

temperature fiber. During subsequent time steps, a new temperature

distribution for the fiber is determined from heat transfer calculations

based on the physical geometry and physical properties of the previous

time-step. Material properties for the current time-step are determined

using this updated temperature distribution. Material responses are

calculated using a stress/strain model with the updated material

properties. Results of the updated fiber geometry and physical

properties are output. The sequence of calculations is indicated in

Figure II-3.

Physical processes modeled in the calculation sequence included

heat transfer from a glow discharge in air, heat transfer within the

semi-transparent fiber material, viscoelastic response of the heated

glass, fusion of contacting fiber interfaces, motion of the free

boundary under the influence of surface tension, and cooling by

quenching in air. Each model is discussed in detail in the following

sections. In each, the process has been assumed to be axisymmetric with

boundary condition changes applied instantaneously.
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Figure II-3. Sequence of Calculations for Each Time-Step

Numerical Technique

Fiber properties and temperature are assumed to be constant in

cross-section. For modeling purposes, the length of fiber between grips

is divided into a number of cells along its length. Each cell is

assigned a node at its center and an interface boundary between each of

its nearest neighbors. Cell interfaces and nodes are numbered starting

at the leftmost grip location.

The notation used to track cell nodes and interfaces is depicted

in Figure II-4. The origin is taken to be at the leftmost fiber

grip/fiber interface boundary. All nodal and interface positions are,

therefore, referenced to this location.
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Figure II-4. Notation Used in Numerical Model

Variables used in the numerical algorithms are identified as being

evaluated at a fiber cell nodal or interfacial positions in addition to

the calculation time step. Variable subscripts, i. designate the value

of the parameter at the midpoint of the i^'^ cell. Subscripts, j,

designate the cell interface. Superscripts, n. designate the n^"^

time step.

Fiber temperature and properties were assumed to be constant

throughout the volume of each cell as discussed previously.

Temperatures were determined at cell nodal points by direct solution of

the governing energy equation. Temperatures at cell interfaces were

calculated from a linear interpolation between nodal temperatures as

given by:

Tj = (Ti-i + Ti)/2 (Eq. II-l)

where Tj is the temperature at the interface

Ti-i is temperature of previous cell node

Ti is temperature of following cell node

Each cell is initially given the same length of L/(N + 1). where L

is the combined fiber length between grips and N is the total number of
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nodes, or cells. As the fiber undergoes viscoelastic deformation each

fiber cell length is determined from the position of the cell interfaces

and is given by:

Hi = xj+1 " xj (Eq. II-2)

where Hi is the length of the i^H cell

xj+i is the position of the interface on the right side of

the ith cell

xj is the position of the interface on the left side of the

i^H cell

An initial gap is located at the cell interface labeled M+1 by

modifying the size (length) of the free fiber end cells labeled M and

M+1 as shown in Figure 11-5.
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i=M-l i=M
• 1

j=M-l J=M

A 8gapi

i=M+l i=M+2 r
1 •

h
j=M+2

'gap2

Figure II-5.

A 8r

j=M+l

Notation Used to Model the Gap Region

This notation for the gap region allows for the transition from a

condition where the fiber free ends are exposed to glow discharge heated

gas to a condition where the fiber ends make contact due to thermal
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expansion and the press stroke. The cell interface labeled M+1 was

nominally positioned in the middle of the fiber length at the (N/2)+l

interface to model an arc fusion splicing operation and moved near the

left fiber grip to model the electric discharge heating of a continuous

length of fiber.

Special consideration is given to modeling the gap that initially

exists between fibers. The gap was initially assumed to occur in the

middle of the length of the fiber filament typical of the gap position

in an arc fusion splicing operation. Later the model was modified to

allow the gap position to be specified as being anywhere between the

fiber grips except for the first or last three cell interfaces. In this

manner, the glow discharge heating of a continuous fiber filament with

one free end could be modeled.

A finite difference numerical technique was used to solve the

governing equations and to track the evolution of individual cells.

Heat transfer and stress-strain interactions among fiber cells occured

only between nearest neighbors. Radiation heat transfer through the

semi-transparent silica fiber material from distant cell neighbors is

accounted for in an effective conductivity term. This is discussed in

detail in a later section.

Nodes and interfaces were assumed to be fixed with respect to the

fibers, in keeping with an Lagrangian viewpoint (i.e., no mass flux

across interfaces). Relative movement of the fiber was tracked by

computing the central nodal position due to thermal , elastic, and

viscous strain as well as any motion imposed by the press stroke during

a given time step.
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Governing equations were written in implicit form by using values

for physical properties and fiber contours calculated from the previous

time step. Energy balance equations governing heat transfer were

formulated in a tri-diagonal matrix form for ease of computer solution

using standard routines [182]. Force balance equations governing

viscoelastic response were formulated in a marching solution format. An

overview of the computer code generated to solve the governing equations

is given in Appendix C. Details of the governing equation formulation

are discussed in the following sections.

Heat Transfer in Fiber Filaments

Analysis of heat transfer in the fiber optic filaments was

conducted by establishing an energy balance for each finite cell volume.

In this analysis, the fiber is treated as a thin cylindrical rod. Heat

transfer processes in the fiber are assumed to be symmetric about its

central axis. Also, because the rod is very thin, the temperature is

assumed uniform over any given cross-section. The fiber is assumed to

be heated asymmetrically in the axial direction but symmetrically in the

peripheral direction. Heat flux through the surface is permitted to

vary with time and axial position. This reduces the problem to that of

one-dimensional heat transfer along the fiber.

Thermal energy enters (and leaves) each fiber cell from the

discharge gas energy source by radiation and convection heat transfer.

In addition, thermal energy enters and leaves each cell through

neighboring cells by radiation and conduction. These interactions are

shown in Figure II-6.
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Figure 11-6. Elements of Heat Flux in Fiber Cell Energy Balance

An energy balance is formulated for each cell. These equations

relate the temperature within each cell to the sum total of all heat

transfer into and out of each cell. The energy balance equation for

each cell volume is given by:

dU/dt = AQconduction + AQconvection + AQradiation (Eq. 11-3)

where dU/dt is rate of change of internal energy

AQconduction is the net heat transfer due to conduction

AQconvection is the net heat transfer due to convection

AQradiation is net heat transfer due to radiation

The temperature of each cell is a function of the thermal energy

present. Both the temperature and thermal energy of each cell changes

with time as heat is transfered across cell boundarys. The change of

thermal energy within each cell volume with respect to time, dU/dt, is

given by:
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dU/dt = p(T)Cp(T)V(T) d[T]/dt (Eq. II-4)

where dU/dt is the rate of change of internal energy

p(T) is density

Cp(T) is specific heat

V(T) is volume of the cell

d[ ]/dt is time derivative operator

T is the cell temperature

As shown, material properties of the fiber are considered to be

functions of the local temperature from the previous time step. The

product of density and cell volume is constant due to conservation of

mass considerations. The finite difference form of this equation is

given by:

(dU/dtli-n+l = Fi"Tin+l - FinTi" (Eq. II-5)

where (dU/dtli""*"! is rate of energy change in the i^l^ cell at the

n+lth time step

Ti"^ is temperature at the i^l^ node at the n^l^ time step

Ti""*"! is temperature at the i'^h node at the n+l'th time step

The Fi" term in the above equation is given by:

Fin = p(Tin)Cp(Tin)Vin/At (Eq. II-6)

The volume of the i^l^ cell at the n^l^ time step. Vi", is taken to

be a truncated cone with a value given by:
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Vi" = 7c[(Rj+in)2 + Rj+inRj" + (Rjn)2]Hin /3 (Eq. II-7)

where is volume of the 1^'^ cell at the n^h time step

Rji^ is radius at the interface at the n^h time step

is axial length of the i^'^ cell at the n^'^ time step

(see Eq. II-2)

Conduction heat transfer between fiber cells is governed by

Fourier's heat conduction equation and is given by:

Qcond = -kAdT/dx (Eq. II-8)

where qcond is heat flux

k  is the thermal conductivity

A is the cross sectional area of the interface

dT/dx is the temperature gradient along the fiber

The finite difference form of the equation for heat conduction to

each cell from the neighboring cell to the left is given by:

Qleftcondi""""! = k(Tj")Aj"(ATieft"'''^/^xieft") (Eq. II-9)

where Qieftcondi^'^'i- is heat conduction across the interface at

the n+li^'^ time step

k(Tji^) is thermal conductivity based on the interface

temperature at the n^h step

Aji^ is the area of the interface at the n^^l^ time step

Here, ATieft""*"^ is the temperature difference between the midpoints of

neighboring cells and is given by:
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= (Ti-i^+l + Ti-i")/2 - (Tin+1 + Tin)/2 (Eq. 11-10)

where Ti" is the temperature at the i^l^ node

following the Crank-Nicholson method of finite differencing [182]. The

finite difference form of the distance between midpoints of neighboring

cells. Axieft". "is given by:

Axieft" = (Hi-i" -I- Hi")/2 (Eq. 11-11)

where Hi" is the length of the i^i^ cell (see Eq. II-2)

This can be written in terms of cell interface positions as given

by:

Axieft" = (xj+i" - xj-i")/2 (Eq. 11-12)

where xj+i" is the position of the j+l^i^ interface

The finite difference form of the equation for heat conduction to

each cell from the neighboring cell to the right is given by:

Qrightcondi"+l = k(Tj+i")Aj+i"(ATright""^^/Axright") (Eq. 11-13)

where Qrightcondi""*"! is heat conduction across the interface

at the n+l'(^'^ time step

k(Tj+i") is effective thermal conductivity across the

interface at the n^h time step

Aj+i" is area of the j+l^h interface at the n^h time step
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Here, ATright""*"^ is given by:

ATright""^^ = - (Ti+in+1 + Ti+i")/2 (Eq. 11-14)

where Ti" is the temperature at the ii^l^ node

and Axright" is given by:

Axright" = (Hi+l" + Hi")/2 = (xj+z" - xjn)/2 (Eq. 11-15)

where is the length of the ii^l^ cell (see Eq. II-2)

xji^ is the position of the interface

By combining the previous equations, the total heat transfer due

to conduction for the i^'^ cell is given by:

AQcondi^+l = Kj^Ti-in+l - (Kj" + Kj+in)Tin+l -h Kj+inji+in+l

+ Kj^Ti-i" - (Kj" -I- Kj+l")!," + Kj+inJi+in (Eq. 11-16)

Here, Kj" is given by:

Kj" = l<(Tjn)Ajn/(Hi-in -h Hi") (Eq. 11-17)

where k(Tj") is effective thermal conductivity across the

jth interface

Aj" is area of the interface

Hi" is the length of the i^l^ cell (see Eq. II-2)

and Aj" is given by:
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Aj" = 7t(Rj")2 (Eq. 11-18)

where Rj" is the radius of the interface

The coefficient of thermal conductivity used in the above

equations is an "effective" coefficient which includes contributions

from both radiation and conduction from neighboring cells following the

Rosseland approximation [69]. In this approximation, radiation heat

transfer for transparent materials is treated as conduction heat

transfer in the optically thick limit which is assumed to exist for

radiation along the fiber.

Using the Rosseland approximation, the coefficient of thermal

conductivity due to radiation is added to that for traditional

conduction to yield an "effective" coefficient of thermal conductivity.

This value is used in place of the coefficient of molecular thermal

conductivity in conduction heat transfer equations. The effective

thermal conductivity for the transparent silica fiber material is given

by:

keff = kcond + ISno^asfiT^/Sa (Eq. 11-19)

Where keff is the effective thermal conductivity

kcond is molecular thermal conductivity

no is the index of refraction

T is the absolute temperature

aSB is Stefan-Boltzmann's constant

a  is the absorption coefficient
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The finite difference form of the equation for the effective

thermal conductivity is given by:

kdj") = kcdj") + 16no2asB(Tj")3/3a (Eq. 11-20)

Where kdj") is the effective thermal conductivity at the

jth interface at the n^h time step

kcdj") is molecular thermal conductivity at the

interface at the n^l^ time step

Tj'^ is temperature of the interface at the n^l^

time step

Heat flux in the form of radiation and convection heat transfer

enters and leave the exposed surface of the fiber in a radial direction.

Heat flux in the form of radiation and conduction heat transfer enters

and leaves each fiber cell in an axial direction. Radiation heat flux

from the electric discharge heated air is modeled as the heat flux

profile along the length of fiber in agreement with the relationships

discussed in previous sections.

Convection heat transfer to the surface of the fiber optic

filament is given by:

dconv ~ hcAAl (Eq. 11-21)

where qconv is the heat flux

he is convection heat transfer coefficient

A is the surface area

AT is difference in effective gas temperature and

the fiber surface temperature
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The finite difference form of the equation for convection heat

transfer of the i^'^ cell is given by:

AQconvi"+l = hciAi"ATi"+l (Eq. 11-22)

where AQconvi"'''^ is convection heat transfer at the i^"^

cell at the n-t-l^l^ time step

hci is the convection heat transfer coefficient

Ai" is the surface area of the i^h cell at the

n^h time step

The temperature difference, ATi""*"!, between the fiber and gas at

the surface of the i^l^ cell is given by:

ATi"+l = Tgasi" - (Ti"+1 + Ti")/2 (Eq. 11-23)

Where Tgasi" is an effective temperature for convection of

the gas at the i^l^ cell during the n'th ^-jnie step

Eq. II-8 can, therefore, be written as:

AQconvin+1 = Ci"(2Tgasi" " Ti") - Ci"Ti"+l (Eq. 11-24)

where Ci" = (hciAi")/2

The surface area of the cell is modeled by assuming each cell has

the shape of a truncated cone. The lateral surface of a truncated cone

is given by:
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As = jc(ri + r2)V[H2 + (rz - ri)2] (Eq. 11-25)

where As is surface area

ri and r2 are the cell end radii

V[ ] is square root operator

H  is cell length

Therefore, the finite difference form for the surface area, Ai",

is given by:

Ai" = :t(Rj+l" + Rj")[(Rj+l") - Rj")2 (Hin)2]l/2 (Eq. n-26)

where Ai" is surface area of the i^l^ cell at the ni^h step

Rj+l" is j+1^'^ interface radius at the n^h time step
Rjn is jth interface radius at the n^^ time step

Hi" is length of the i^l^ cell at the n^l^ time step

The coefficient of heat transfer is sensitive to glow discharge

gas properties, fiber geometry, surface roughness, and fluid flow

conditions. It will, in general, be a function of relative gas motion

which varies along the fiber in the electric discharge heat zone.

Furthermore, the temperature of the gas changes from that of the

electric discharge heated air to that of room temperature air as the arc

fusion process changes from the electric discharge heating phase to the

air quench cooling phase.

Values of the convection heat transfer coefficient for a fiber in

a glow discharge are not readily available. Further study is required

to establish its functional dependence on position in the discharge and

the thermal properties of the discharge plasma itself. Therefore,
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although the model has the capability of specifying the coefficient of

convection heat transfer as a function of position along the fiber, for

the purposes of this analysis, it was taken as being constant during

both the heating and cooling phases of the arc fusion splicing process.

Magnitudes were estimated from values reported for horizontal cylinders

undergoing natural convection.

Heat transfer to and from each fiber cell due to radiative

exchange with the surrounding glow plasma for each fiber cell is given

by:

AQradiation = Qinrad - Qouf^^cl (Eq. 11-27)

where AQradiation is effective radiation heat transfer

Qini^ad is the radiation energy absorbed by the cell

Qouf^^cl is the radiation energy emitted by the cell

Radiation energy absorbed by each fiber cell is a function of the

cell surface area and is given by:

Qinrad = aBggsA (Eq. 11-28)

where Qinrad is radiation heat transfer from the gas

a is fiber absorptivity

Bgas is irradiation impinging on the surface of the fiber

A is the surface area of the fiber

Radiation heat transfer from each fiber cell is a function of both

the cell surface area and its temperature and is given by:
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Qoutf'acl = erad^JSBT^A (Eq. 11-29)

where Qouti^acl is radiation emitted from the fiber

erad is fiber emissivity

asB is Stefan-Boltzmann's constant

T is temperature of the fiber

A is the cell surface area

Both heat transfer equations for radiation into and from the i^^"^

cell of the fiber can be combined into a single finite difference form

given by:

Qradi"+1 = li" - Ei"Ti"+l (Eq. 11-30)

where Ii" = a(Ti")BiAi"

Ei" = e(Ti")aSB(Ti")3Ai"

a(Ti") is fiber absorptivity

e(Ti") is fiber emissivity

Bi is irradiation on surface of cell from gas

Ai" is surface area of cell (see Eq. 11-26)

asB is Stefan-Boltzmann's constant

The fiber was assumed to absorb and emit radiation as a gray-body.

In this case the absorptivity is equal to the emissivity for all

radiation wavelengths and all fiber temperatures. It is noted that

variations in both of these is significant if the thickness of the

silica is less than 0.2 cm. For the case of a 125 jim fiber filament

they have been estimated as having a constant value of 0.1 [136]. This

value is used for both the absorptivity and emissivity in the analytical
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model. It should be noted that a more complex function can be input to

the model if determined necessary.

The first and last nodes require boundary conditions and those at

the gap region require special treatment in the equations for axial

conduction heat transfer. The gap in a nominal splicing operation is

near the midpoint of the electric discharge where the heating is

relatively symmetric. In this case the differences between the gap

interface temperatures raised to the fourth power will, in general, be

small. Therefore, the major mechanism of heat transfer across the gap

region is assumed to be simply that of conduction through the air in the

gap.

The location of the last fiber cell node prior to the gap is

identified as node M. The gap interface is therefore identified as M+1.

As previously discussed this interface is assumed to lie initially

between the end faces of each fiber section and become the same

interface when fiber contact is made. Both the M and M+1 fiber cells

are initially set at half the axial length of the other cells. Their

nodes, therefore, are at the initial free end surfaces of these cells.

The finite difference formulation of conduction heat transfer

across the gap region (see Figure II-5 on the notation used to model the

gap region) is approximated by:

AQcondi = kgap(Tj=M+i")Aj=M+l"A'''/5" (Eq. 11-31)

where AT = (Ti=M"+l + Ti=M")/2 - (Ti=M+l""^^ + Ti=M+l")/2

Aj=M+l" = 7t{[(Rj=M+l")left + (Rj=M+l")right]/2}2

kgap(Tj=M+i'^) is thermal conductivity across the gap
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When the gap is large, the conduction heat transfer coefficient is

primarily that of the gas which is between the fiber end faces. When

the gap is closed, the conduction heat transfer coefficient is primarily

the "effective" thermal conductivity previously discussed. The

transition between conduction heat transfer coefficients is modeled as a

sum of each contribution and is given by:

kgap kgas(8gap - A5gap)/5gap + keff(A6gap/8gap) (Eq. 11-32)

where kgap is the effective thermal conductivity

for the gap region

kgas is thermal conductivity of the gas in the gap

keff is the effective thermal conductivity of the fiber

8gap is distance across the gap

ASgap is the fraction of the original gap containing fiber

which has moved into the gap region due to thermal

expansion and the press stroke

The gripped areas of fiber are assumed to remain at room

temperature throughout the arc fusion splicing process. This assumption

is justified because of the large distance between the grips and the

electric discharge heating zone in addition to their relatively large

mass and good thermal conduction path with other parts of the arc fusion

splicer. Due to this, the conduction heat flux contribution to the

energy balance from the gripped fiber sections to the two fiber cells

nearest the grips (i.e., the first and the N^'^) is given by:
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AQcondi = (kA/AX)[To - (11"+! + Ti")/2] (Eq. 11-33)

where k is thermal conductivity at interface

A is fiber cross sectional area at the cell interface

AX is cell length

To is fiber temperature at grip

(T^.n+1 + Ti")/2 is time averaged temperature of the adjacent

i^h cell (i = 1 or N)

The finite difference form for conduction heat flux from the

gripped fiber sections across the j=l interface is given by:

AQcondi = 2Kj=inTo - (Kj=in + Kj=2")Ti=in+l -h Kj=2"Ti=2"+l

-  (Kj=in Kj=2")Ti=in + Kj=2"Ti=2" (Eq. 11-34)

where Kj=i" = k(Tj=i'^)Aj=i"/(2Hi=i")

Aj=i = 7c(Ro)^

Rq is initial fiber radius

The finite difference form for conduction heat flux from the

gripped fiber sections across the j=N interface is given by:

AQcondN+l = Kj=N"Ti=N-l"+l - (Kj=Nn + Kj=N+i")Ti=N"+l

+ 2Kj=N+l"To + Kj=N"Ti=N-l"

-  (Kj=N" -H Kj=N+l")Ti=N" (Eq. 11-35)

where Kj=N+i" = k(Tj=N+in)Aj=N+i"/(2Hi=N")

Aj=N+l = Jt(Ro)^

Rq is initial fiber radius
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The complete set of finite difference equations for heat transfer

to and from all fiber cells constitute N equations with N unknowns.

These equations for the new time step fiber cell temperatures can be

represented in a matrix formulation given by:

[31 ,m][Ti=m'^''"^] ~ [di] (Eq. 11-36)

where 1 = 1 to N

m = 1 to N

Here, it is noted that the elements of the matrix [di ] are

computed from the cell temperatures of the previous time step. The

resulting [ai.rn] matrix is tri-diagonal.

Coefficients for the first row where 1=1 are given by:

31.1 = Fi=l" + -I- Kj=2") -I- Ci=i" + Ei=i"

and (Eq. 11-37)

31.2 = - Kj=2"

The corresponding [di] matrix term is given by:

di = (Fi=in - Kj=in - Kj=2" - Ci=in)i=i" + (Kj=2n)Ti=2" +

-I- Kj=in(2To) -I- Ci=i"(2Tgasi=in) -h Ii=i" (Eq. 11-38)

It is noted that the gas temperatures, Tgasi", do not change with

each time step. These values only change when the electric discharge is

turned on and off during each heating cycle. The magnitude of the gas

temperature during the heating phase is determined from the glow

37



discharge model as described in following sections. The gas temperature

during the cooling phase is assumed to be that of room temperature.

Coefficients for rows 1 = 2 to N-1 are given by:

ai,m-l = '^^=1"

ai .m " Fi=m" + (Kj=i" + Kj=]+i'^) + Ci=m" + Ei=rn" (Eq. 11-39)

ai.m+1 = -Kj=l+l"

The corresponding [d]] matrix terms are given by:

di = (Kj=in)Ti=n,-in + (Fi=m" ' Kj=in - Kj=i+in - Ci=m")Ti=mn

+ (Kj=i+i'^)Ti=m+i" Ci=n:i"(2Tgasi=ni") Ii=m" (Ed- 11-40)

Coefficients for the last row where 1 = N are given by:

aN.N-1 = - Kj=N"

and (Eq. 11-41)

aN.N = Ei=N" -t- (Kj=Nn + l<j=N+l") Ci=N" + Ei=N"

The corresponding [d^] matrix term is given by:

dN = (Kj=N")Ti=N-l" + (Fi=N" - Kj=N" - Kj=N+l" - Ci=N")Ti=Nn +

-H Kj=N+l"(2To) + Ci=N"(2Tgasi=N") Ii=N" (Eq. 11-42)

The above set of equations are solved each time-step for the

temperatures, Ti"+1> along the fiber.
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Tnit.ifll Conditions on Temperature

The splicing process is modeled by assuming the fiber is at an

initial condition of room temperature. Tq. A heating cycle consists of

a  heating phase and a cooling phase. At the beginning of a heating

cycle, the electric discharge heat flux described in the following

section is considered to be suddenly imposed along with an effective gas

temperature profile along the fiber. At a prescribed time the electric

discharge heat flux is considered to be turned off. Transition between

the heating conditions and the cooling condition is taken as a discrete

change in the heat flux to zero and the electric discharge gas

temperature to Tq.

The convection heat transfer coefficient also changes from a

constant value initially selected to represent nominal conditions in the

electric discharge to a constant value initially selected to represent

nominal conditions in the natural convection cooling of a horizontal

fiber in air. These values were later adjusted by iteration to yield

temperature distributions in the fiber which were in better agreement

with those reported in the literature [4-56].

Cooling time-steps are continued until the maximum temperature of

the fiber drops to within 100 ""K of room temperature. At this point the

cooling phase is considered complete and the process is halted.

Glow Discharge Heating

Heating for the arc fusion process is supplied by immersing the

fiber ends in an AC glow discharge in air. The use of discharge

currents on the order of milliamperes (12 - 21 mA) indicates that the

label of "arc" fusion splicer is actually a misnomer. Discharges at
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this current level are properly classified as "glow" discharges.

Voltage and current characteristics of classical discharge types are

shown in Figure II-7.
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Current (A)

Figure II-7. Voltage and Current Characteristics of Discharge Types

Arc fusion splicing glow discharges are maintained in open air at

one atmosphere of pressure and are, therefore, classified as high

pressure discharges. High pressure discharges are typically

characterized as maintaining local thermodynamic equilibrium conditions.

This implies that all species in the discharge are at the same local

equilibrium temperature. Further, it has been shown, for air discharges

with a diameter on the order of a centimeter or less at pressures less

than 30 atmospheres, the discharge may be considered as being optically

thin such that self-absorption of radiation may be neglected [183].

Electrical power for a typical arc fusion splicer discharge is

supplied by a current limited 20 kHz AC power supply. A 4 kV DC spike

voltage is applied to each half cycle of the electrical field to induce

breakdown to a glow discharge condition.
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Previous experimental research has shown that after discharge

breakdown has been initiated in air between tungsten electrodes with a

30° apex angle and electrode gap lengths in the range 0.5 mm to 2.0 mm.

AC glow discharge voltage is given by the equation [10]:

Vg = 365 + 115(L) (Eq. 11-43)

where Vg is glow discharge voltage

L  is electrode gap length in mm

This equation yields a glow discharge voltage of 537.5 Volts for a

1.5 mm electrode gap length resulting in an effective voltage drop of

358.3 Volts/mm. This agrees very well with manufacturing specifications

for arc fusion splicers [66]. It is noted that voltage between

electrodes remains relatively stable over a wide range of discharge

current values. This characteristic is typical of glow discharge

phenomenon and has been used to produce constant voltage power supplies.

It has been shown that the potential between electrodes required to

maintain various currents in nitrogen at constant pressure is the same

over a range of currents from 1 to 120 mA and frequencies from 0.5 to 7

MHz [184].

An AC glow discharge between pointed electrodes is axisymmetric

with an additional symmetry about a central plane. Regions on each side

of the central plane are like point-to-plane discharge regions where the

electric field intensity increases as the electrode is approached.

Typical pointed tungsten electrodes used in arc fusion splicers have

electrode tip radius of 20 \m and electrode separation distances of 1.5

mm. The fiber optic filament diameter of 125 ̂ m is less than one tenth
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of the AC glow discharge region. A fiber immersed in the central region

of the discharge is, therefore, far from the electrode points.

The region of the glow discharge of primary interest in this

effort is the central region in which the fiber is immersed. A

simplifying assumption is made that the thermal profile of the discharge

is represented by black-body type emission from the heated air

molecules. For black-body radiation, the temperature distribution is

proportional to the 4th poot of the total radiation energy distribution.

Experimental measurements of broad band optical radiation from AC

arc fusion splicer discharges have been converted by inverse Abel

transforms into a radiation strength distribution [8]. Typical

experimental optical intensity distributions are shown in Figure 11-8.

I  1 mm ^ Di scharge
Area

A' B'

0 ■:

C'
Electrodes

Figure II-8. Glow Discharge Optical Intensity Distributions
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The optical intensity distribution is approximated well by a

Gaussian distribution in the X-Y plane perpendicular to the electrode

axis. Following Tachikura [8], the radiation strength from the glow

discharge between electrodes is given by:

p(x,y.z) oc {l/[2nap(z)4]}exp(-(x2 + y2)/2ap(z)2} (Eq. 11-44)

where the x-y plane is perpendicular to the discharge axis

p(x,y.z) is radiation strength emitted at point (x.y.z)

x,y,z is distance from center of discharge in mm

op(z) (in mm) is standard deviation of the radiation

strength in the x-y plane located at z

The radiation strength was found to follow a power law

relationship in the axial direction with a maximum near each electrode.

Increases near each electrode are due to the increased current density

and Joule heating in these regions. The standard deviation of the

radiation strength as a function of z was shown to be given by [8]:

ap(z) = ap(0)[f(z)]-l/3 (Eq. II-45)

where ap(z) is standard deviation of the radiation

strength as a function of z

ap(0) is ap(z) at z = 0

f(z) is variation of the radiation strength

along the z axis

Under the guidance of Fujikura Ltd. (manufacturer of the arc

fusion splicer used as a standard in this effort), profiles of 20 kHz
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discharges were derived from reported experimental measurements [9,186].

The results are values of 1.22 mm half-width radius for the glow

discharge and 1.017 mm standard deviation for the radiation strength

profile in the z=0 plane. The variation of radiation strength along the

z axis was approximated by a curve fit of the experimental data and is

given by:

f(z) = 1 + 0.9345([z]abs)^-^^ (Eq. 11-46)

where f(z) is variation of radiation strength

along the z axis

[  ]abs indicates the absolute value

z  is limited between ±0.75 mm

The proportionality constant in Eq. II-3, is related to the

conversion of electrical energy into radiation and can be evaluated by

considering the total power dissipated in the electrical discharge.

Total electrical power dissipated in the glow discharge as radiant

energy is given by:

Pe ~ Vq Id (Eq. 11-47)

where Pe is glow discharge electrical power

Vq is glow discharge voltage

Iq is root-mean-square (RMS) glow discharge current

The above calculation yields a value of 9.675 watts for the

discharge power with a glow discharge voltage of 537.5 Volts and a RMS

discharge current of 18 x 10'3 amperes. This value of discharge current
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is typical of nominal arc fusion splicing conditions. Therefore, the

total electrical power in the discharge is given by:

Pe = A JJJ p(x,y,z) dV (Eq. 11-48)

where Pe is glow discharge electrical power

A is a proportionality constant

dV is differential volume element

p(x.y,z) is radiant energy released at

point (x.y.z)

Numerically integrating the above equation and substituting the

empirical value of 9.675 watts for the total discharge power, Pe, yields

a value for A given by:

A = 0.6147Peap(0)4 (Eq. 11-49)

where A is the constant of proportionality in Eq. 11-48

Pe is total power in discharge (9.675 Watts)

ap(0) is radiation standard deviation at z = 0 (1.017 mm)

This equation yields a value of 6.362 Watts-mm^ for A. The

radiation strength is therefore known as a function of position in the

electric discharge. This value of A is for a specific electric

discharge condition, in particular, specific values of the discharge

geometry and power dissipation characteristics.

Normalizing the magnitude of A by the value of the electrical

power yields a dimensionless heat flux distribution for the discharge.

This has the advantage that the electrical voltage and current can be
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input to the analytic model as variable parameters provided large

excursions form the nominal values are not made. Large variations in

the current and voltage characteristic of the discharge are expected to

affect the discharge distribution and therefore the heat flux

distribution as well as its magnitude.

It is noted that the discharge voltage has been shown to be

primarily a function of the electrode separation distance. Therefore,

the power dissipation characteristics of the discharge are influenced

primarily by the operator's choice of discharge current and the

electrode spacing fixed by the arc fusion splicer manufacturer.

Radiation from each volume element in the electric discharge to a

specific fiber cell was found by computing the radiation strength from a

volume element in the direction of the fiber cell, and contained in the

solid angle subtended by the "visible" surface of the cell. The

radiation from each volume element of the electric discharge was assumed

to be isotropic. As a result, the radiation flux impinging on the

surface of a cell is given by:

dq/dA = p(x.y .z)dVdco/47t (Eq. 11-50)

where dq/dA is the radiation heat flux on a fiber cell surface

p(x.y.z) is the radiant energy emitted by the discharge

volume element

dV is the discharge differential volume

d(o/47t is the solid angle subtended by the exposed fiber

surface
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This equation is integrated over the discharge volume for each

fiber cell to determine the radiation heat flux to the cell as a

function of position along the x axis of the fiber. The relative

geometry between an arbitrary emitting volume element in the glow

discharge and an arbitrary cell of the fiber optic filament is shown in

Figure II-9.

dco

/

Electrode Axis

Figure 11-9. Glow Discharge and Fiber Optic Filament Geometry

It is noted that the heat flux is fixed in the electric discharge

coordinate system. This heat flux acts at different fiber locations as

the fiber moves relative to the electric discharge during the splicing

operation.

Heat flux from the electric discharge is transformed into a

function of the arc fusion splicer discharge voltage and current by

normalizing the radiant energy distribution by the total discharge
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electrical power. This is effectively accomplished by factoring out the

value of the total electrical power in the discharge from the equation

for the constant of proportionality given in Eq, 11-49. In this manner,

the operator control variable of glow discharge current is made an input

parameter of the model.

It is noted that only the discharge current is an operator-

selectable variable in most commercial arc fusion splicers. The

discharge voltage is related to the electrode separation distance as

previously discussed. The electrode separation distance is normally

fixed at the time of arc fusion splicer manufacture and is not

adjustable.

The incorporation of the electrical discharge current as a

parameter into the model enables this important variable to be included

in parametric studies of the splicing process. It is noted, however,

that this technique requires the additional assumption that the heat

flux distribution in the electric discharge does not change its

dimensions nor its distribution significantly as a function of electric

discharge power.

The radiation flux from the glow discharge was used in the

determination of an effective gas temperature used in the calculation of

the heat flux due to convection heat transfer. The effective gas

temperature at each fiber location was taken to be that of a black-body

radiator which would produce a radiation flux equivalent to that

calculated to be incident on each fiber element. The temperature

distribution is, therefore, equal to the 4th root of the total radiation

on each fiber element divided by Stefan-Boltzmann's constant (5.67 x

10'^2 watt/cm^-'K^).
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nverview of Stress-Strain Formulation

During the arc fusion splicing process, fibers will undergo

thermal, elastic, and viscous strain in response to stresses. The total

strain is taken as the sum of these individual strains which is valid

for small perturbations [209]. The total strain is, therefore, given

by:

eT = ETh + EE + ev (Eq. 11-51)

where ej is total strain

ejh is thermal strain

EE is the elastic strain

e\i is viscous strain

Prior to gap closure, linear thermal expansion results in a strain

characterized by fiber elongation in both the axial and radial

directions. As in the case of an unrestrained press stroke, this

results in movement of the fiber relative to the fixed electric

discharge heat zone. After gap closure, the free expansion of the fiber

is restrained in the axial direction resulting in the value of the total

elongation of the fiber being equal to the initial fiber length minus

the total distance of the press stroke which has occurred up to each

time step. This will be discussed further in the following sections on

boundary conditions. Thermal strain in the radial direction is not

mechanically resisted and is treated as a free expansion.

The thermal strain is given by:
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8Th = aih^T (Eq. 11-52)

where ejh is thermal strain

ajh is thermal coefficient of expansion

AT is the temperature change

As discussed, this thermal strain has both an axial and a radial

component. The finite difference form of the axial thermal strain

computed at the midpoint of the cell and is given by:

EThxi"^^ = aTh(Ti")(Tin+l - Ti") (Eq. 11-53)

where eThxi"^^ is the axial thermal strain at the itb node

aTh(Ti'^) is thermal coefficient of expansion

Ti^+l is temperature at the ith node at the n-i-lth time step

Tii^ is temperature at the ith node at the nth time step

The corresponding finite difference equation for the finite

difference form of the radial thermal strain is computed at the cell

interface and is given by:

^Thrj'^"'^^ = "ThiTj'^) ii"54)

where ejhrj'^"''^ is the radial thermal strain at the jth interface

aTh(Tj") is thermal coefficient of expansion

Tj^+i- is temperature of the jth interface at n-i-lth time step

Tj" is temperature of the jth interface at nth time step

When an elastic material is distorted by an applied mechanical

stress, there is a coupling between strains produced in the direction of
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the applied stress and strains induced in perpendicular directions.

Longitudinal strains in an elastic material produce lateral strains and

lateral strains produce longitudinal strains. The ratio between lateral

and longitudinal strains is a constant property of the material known as

its Poisson's ratio. Elastic strain contributions due to this cross

coupling is given by:

etr = •neap (Eq. 11-55)

where etr is an induced strain in a direction transverse to the

applied stress

Cap is the strain in the direction of applied stress

■q is Poisson's ratio

Contributions from these cross coupling strains and their

associated stresses must be included in calculations of elastic

deformations for each fiber cell. These cross coupling stresses always

resist the deformation and are therefore negative. The resulting

equation for the strain in the axial direction has contributions from

stresses in both the radial and tangential directions and is given by:

ex = CSx - q(Sr + St)]/E (Eq. 11-56)

where ex is the coupled axial strain

Sx is the axial stress

Sp is the radial stress

is the tangential stress

q is Poisson's ratio

E  is Young's elastic modulus
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The tangential stress is unknown. However, the relationship

between the tangential stress and the radial stress can be estimated.

Because of cylindrical symmetry, the tangential strain can be expressed

as:

= (t)dr/<t)r (Eq. 11-57)

where is the tangential strain

<|>dr/<t)r = dr/r = ep

ep is the radial strain

Therefore, it is reasonable to assume that the tangential stress

is proportional to the radial stress. In this case, the strain in the

axial direction is given by:

ex = [Sx - Ti(l B)Sp]/E (Eq. 11-58)

where ex is the coupled axial strain

Sx is the axial stress

Sp is the radial stress

B is the ratio between tangential and radial stress

■q is Poisson's ratio

E  is Young's elastic modulus

This coupled axial strain should be used for the elastic strain

contribution to the total strain previously discussed. As a result the

finite difference formulation of the axial elastic strain term is given

by:
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= [(Sxj"+1 + Sxj+l"+l)/2

-  (1 + B)Ti(Tin)Sn-n+l]/E(Ti") (Eq. 11-59)

where eExi""'"^ is axial elastic strain at the ii^*^ node

Sxj""''^ is axial stress at the interface

Sri""*"^ is radial stress at the ii^l^ node

B  is the ratio between tangential and radial stress

•ndi") is Poisson's ratio at the i^^l^ node

Edii^) is Young's elastic modulus at the i^*^ node

Here, it is noted that axial stress is computed at the cell

interface and the radial stress is computed at the midpoint of the cell.

The corresponding equation for the coupled strain in the radial

direction is given by:

er = [Sr - + St)]/E (Eq. 11-60)

where ep is the coupled radial strain

Sp is the radial stress

Sx is the axial stress

St is the tangential stress

•q is Poisson's ratio

E  is Young's elastic modulus

Expressing the tangential stress in terms of the radial stress,

the finite difference formulation of the radial elastic strain term is

given by:
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eErj^+l = {[l-BTi(Ti")](Sri-l"+l +

-  ■n(Tjn)Sxj"+M/E(Tin) (Eq. 11-61)
where cErj""''^ is the radial elastic strain at the interface

Spi""*"^ is the radial stress at the ii^i^ node

is the axial stress at the interface

B is the ratio between tangential and radial stress

•ndi") is Poisson's ratio at the ii^l^ node

E(Ti") is Young's elastic modulus at the ii^i^ node

The tangential stresses were assumed to be equal to the radial

stresses, therefore, B in the above equations was set equal to 1.

Stresses are discussed in the following sections on force balance

considerations for fiber cells.

Stress Relationship?

Stresses on the fiber result from forces due to atmospheric

pressure, surface tension, and the splicing press stroke. Gravitational

forces are assumed to be negligible relative to the surface tension

forces as shown in Appendix B. Inertial forces are assumed negligible

due to the slow flow rates [208. 209]. Key elements of stress on the

fiber cells are shown in Figure 11-10.

Force balances were established for the stresses in the fiber in

the axial and radial directions. Axial stresses were considered uniform

across each fiber cross sectional area. Radial stresses were considered

uniform about each fiber cell assuming cylindrical symmetry. Values of

physical properties were determined as a function of the interface
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temperatures. These temperatures were linearly interpolated from

temperatures calculated for the nodal positions of neighboring cells.
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Figure 11-10. Elements of Stress in Fiber Cell Force Balance

The relationship for stresses in the axial direction is developed

first, then the relationship for stresses in the radial direction is

developed.

Atmospheric pressure acts normal to the surface of each fiber

cell. The total force due to atmospheric pressure is the result of

integrating over the exposed surface area of the fiber cell. It has

both an axial component and a radial component. Under conditions of

cylindrical symmetry, the axial component of this force is given by:

Fax = 2n|(Pa)(sin0)rdx (Eq. 11-62)

where Fax is the axial force due to atmospheric pressure

Pa is the ambient atmospheric pressure normal to the surface

0 = tan'l dr/dx
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This force is assumed to be applied uniformly to the area of the

cell Interface In the axial direction. Each cell Is assumed to have a

surface area approximated by that of a truncated cone as previously

discussed.

The finite difference formulation for the axial component of the

force due to atmospheric pressure acting on the outer surface of the

cell Is given by:

Faxj+l" = PaAi"(s1n0i") (Eq. 11-63)

where Faxj+i" Is the axial force on the Interface due to

atmospheric pressure on the outer cell surface

Pa Is the ambient atmospheric pressure normal to the surface

Is surface area of the 1^1^ cell (see Eq. 11-26)

= tan'l dRi"(x)/dx

dRi'^(x)/dx Is slope of the 1^1^ cell surface

Here, the slope of the surface of the 1^^ cell. dRii^Cxl/dx, Is computed

from a three point numerical differentiation formulation [182].

Surface tension generates forces along the surface of the fiber

element. The axial components of these forces are directed outward from

each cell and are assumed to be evenly applied at each cell Interface

area. This force, Is directed along the surface and Is, therefore, a

function of the slope of the fiber surface with respect to the fiber

axl s.

The axial component of the force due to surface tension Is given

by:
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Fsx = 27caRcos0 (Eq. 11-64)

where Fsx is the axial force due to surface tension

a is the surface tension

R is the radius of the fiber

0 = tan'^ dR/dx

The sign of this force is determined by the fact that it is

directed outward from each end of the cell. The force outward at the

left cell interface is negative and the force outward at the right cell

interface is positive.

The finite difference formulation for the axial component of the

force due to surface tension acting on each cell interface is,

therefore, given by:

Fsj = 2jta(Tjn)Rj"cos(0jn) (Eq. 11-65)

where Fsj is the surface tension stress at the

interface

a(Tj") is the surface tension at the interface

Rj" is the radius at the interface

0 = tan'l dR/dx

A balance of forces must be maintained in both the axial and

radial directions. These forces can be formulated in terms of the

stresses using the equations given above. When this is done, the finite

difference formulation for the axial forces on each cell in terms of

stresses is given by:
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Sxj+i"+l = ARjn(Sxjn+l) - SLsTj" + SRsTj+l" + PAi" (Eq. 11-66)

where SKj+i""""! is the axial stress on the j+l^^ interface

ARjn = Ajn/Aj+i"

SLsTj" = [2jta(Tjn)Rjncos(0jn)]/Aj+in

SRSTj+l" = [2jta(Tj+i")Rj+i'^cos(0j+i")]/Aj+i'^

PAii^ = (Pa)sin(0i")Ai"/Aj+i"

0j" = tan'l dRji^Cxl/dx

dRj"(x)/dx is slope of the cell surface at the interface

Pa is the ambient atmospheric pressure normal to the surface

a(Tj") is the surface tension at the interface

Rj" is the radius at the jth interface

Ai" is surface area of the i^h cell (see Eq. 11-26)

Aj+l"^ is the area of the cell interface

The relationship for stresses in the radial direction is developed

in a similar manner by considering contributions from atmospheric

pressure and surface tension. The radial component of the force due to

atmospheric pressure acting inward on the outer surface of cell is given

by:

Far = 2jtJ(Pa)(cos0)rdx (Eq. 11-67)

where Far is radial force due to atmospheric pressure

Pa is ambient atmospheric pressure

0 = tan'l dr/dx

Again, assuming cylindrical symmetry and approximating the surface

area of the cell as that of a truncated cone, the finite difference
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formulation for the radial component of the force due to atmospheric

pressure is approximated by:

Fari" = PaAin(cos0in) (Eq. 11-68)

where Fapi" is the force inward on the i^h cell surface

Pa is ambient atmospheric pressure

Ai" is surface area of the i^'^ cell (see Eq. 11-26)

0i" = tan'l dRi"(x)/dx

dRi"(x)/dx is slope of the i^'^ cell surface

Here, it is noted that the radial forces are computed for the

midpoints of the cells. This makes the determination of radial forces

per unit area simply a matter of dividing by each cell surface area.

This results in a radial force per unit area on the cell surface area

given by:

Fari" = Pa(cos0in) (Eq. 11-69)

where Fapi" is the radial force per unit area on the i^h

cell surface

Pa is ambient atmospheric pressure

= tan'l dRii^ixl/dx

dRi'^(x)/dx is slope of the i^h cell surface

The radial component of the force due to surface tension is the

result of forces at the fiber surface which are directed about its

circumference. The result of this surface force is that it tends to
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constrict or "pinch" the fiber with an inward directed effective radial

force per unit area [214].

The sign on the radial force due to surface tension is positive

for concave surfaces and negative for convex surfaces. The radial force

per unit area due to surface tension is given by:

FSr = a[(l/Rx) - (l/Rp)] (Eq. 11-70)

where Fsp is the radial force per unit area due to surface

tension

o is the coefficient of surface tension

Rx is the surface curvature in the x-r plane

Rp is the surface curvature in the r-0 plane

The finite difference formulation for radial force per unit area

due to surface tension is given by:

Fspi" = a(Ti")[(l/Rxi") - d/Rpi")] (Eq. 11-71)

where Fspi" is the radial force per unit area due to surface

tension at i^l^ cell surface

o(Ti") is the coefficient of surface tension

Rxi" is the radius of surface curvature in the x-r plane

Rri" is the radius of surface curvature in the r-0 plane

A balance of forces in the radial direction can be formulated in

terms of forces per unit area and opposing radial stresses that is given

by:
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=  Fari" + Fspi" (Eq. 11-72)

where Sri""*"^ is the radial stress on the ii^^ cell

Fan'" is the force per unit area due to atmospheric

pressure on the ii-'^ cell surface (see Eq. 11-69)

Fsri" is the force per unit area due to surface tension at

ii^h cell surface (see Eq. 11-71)

Governing equations for the viscoelastic response of the fiber are

formulated in terms of stresses and form a set of equations which can be

solved as a function of time. Boundary conditions for these equations

undergo transitions when the gap closes during the arc fusion splicing

process. These transitions include those associated with atmospheric

pressure on the fiber free ends, surface tension after fusion, and

mechanical forces which are transferred from one fiber section to the

other during the press stroke.

Prior to gap closure, axial forces on the end of the fiber are due

to atmospheric pressure, unbalanced surface tension, and axial stress in

the fiber as shown in Figure 11-11.

Figure 11-11. Forces on Fiber Free End at Gap



A force balance at the free end of the fiber in terms of axial

stress is given by:

Sx = - 2a(sin0)/R - Pa (Eq. 11-73)

where Sx is the axial stress

a is the coefficient of surface tension

R is the radius of the fiber end face

Pa is the ambient atmospheric pressure

Here, the cross-sectional area of the fiber end face has been

divided out of both sides of the equation. This relationship is based

on a force balance on an infinitesimal length at the free ends of the

fibers. Therefore, the finite difference formulation for the axial

stress at the gap interface is given by:

Sxj=M+l""''^ = - 2a(Ti=M'^)(sin0i=M'^)/Rj=M+l" ' (Eq. 11-74)

where Sxj=M+l"'^^ is the axial stress at gap end face

a(Ti=M") is the coefficient of surface tension

0i=M" = tan'l dRi=M'^(x)/dx

dRi=M"(x)/dx is slope of the M^h cell surface

Rj=M+l" is radius at the (gap) interface

Pa is ambient atmospheric pressure

The stress at all other fiber cells is determined by marching

backward along the left-hand fiber section and forward along the right-

hand fiber section toward the fiber grips.
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After gap closure, the axial stress is due to mechanical forces

which result from the press stroke. Inertial forces are assumed

negligible due to the slow rates of deformation which occur. This force

is transmitted along the fiber to each successive neighboring cell.

The stress in the fiber is initialized prior to beginning the

stress/strain analysis. The initial axial stress is assumed constant

along the fiber with a value given by Eq. 11-74 evaluated with initial

values of temperature, radius, and cell surface slopes of zero. The

initial value of radial stress is computed from:

Srinit~"®^'''0)/f^0' (Eq. 11-75)

where Srinit "is the initial radial stress

a(To) is the initial surface tension

Rq is the initial fiber radius

Pa is the ambient atmospheric pressure

Upon gap closure the axial stress undergoes a transition

characterized by free thermal and viscoelastic expansion to conditions

of a known length given by the total distance between the fiber grips

(Lo - Vt). Individual fiber cells may deform according to stresses

resulting on them but the sum elongation of all cells is constrained to

the total length of the fiber between the two clamped ends. This length

is fixed or decreases at a rate determined by the press stroke.

The press stroke performed during the arc fusion splicing

operation is a constant velocity process where the starting and stopping

times are adjustable parameters. The press stroke distance is equal to
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the press stroke velocity times the time elapsed since the stroke

movement started.

The constraint condition results in an additional equation which

must be satisfied by the solution set. This constraint on the total

fiber length is given by:

Jo'-Hi(x)dx - v(At) = 0 (zero) (Eq. 11-76)

where Hi(x) is the total elongated cell length

V  is the press stroke velocity

At is the time lapsed since gap closure

L is length of fiber between clamps

Here the total axial strain includes that due to thermal, viscous,

and elastic interactions including Poisson coupling terms. The finite

difference formulation of the boundary condition upon gap closure is

given by:

[eThxi""*"^ + (EExi""^^ - eExi") + (evxi""^^ - eVxi")]Hi"

-  v(t - to) = 0 (Eq. 11-77)

where ejhxi""^^ is the axial thermal strain at the n+lth time step

EExi'^"'"^ is the axial elastic strain at the n-i-lth time step

EExi" is the axial elastic strain at the nth time step

evxi""^^ is total axial viscous strain at the n-i-li^h time step

evxi" is total axial viscous strain at the nth time step

Hi" is length of the i^^h cell at the nth time step

V  is the press stroke velocity

(t - tQ) is time since gap closure
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In the equation given above, elastic and viscous strains for the

nth time step must be subtracted because these strains are determined

from absolute values and not just the change in their values since the

last time step. Axial thermal strain for the nth time step is not

subtracted in the equation due to the manner in which thermal strains

are calculated. Thermal strains at each time step are calculated from

the temperature change since the last time step instead of absolute

temperatures.

Viscoelastic Response of Fused Silica

Modeling of the viscoelastic characteristics of fused silica fiber

material must properly simulate its elastic response to physical stress

at low temperatures in addition to its viscous flow at elevated

temperatures. At low temperatures, silica behaves like a nearly perfect

elastic material. At temperatures above the glass transition

temperature, silica behaves like a viscous Newtonian fluid. As the

temperature of silica increases, its characteristics undergo a smooth

transition from one type of behavior to the other. A Maxwell

viscoelastic model was used to simulate both of these characteristics as

a series combination of an elastic spring element and a viscous dashpot

element [82].

The Maxwell model of viscoelastic response is shown in Figure

11-12. Here, the elastic spring element is treated as a purely elastic

Hookean material with no permanent deformation and the viscous dashpot

element is treated as an incompressible viscous Newtonian fluid. This
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arrangement is commonly used to represent glassy material such as fused

silica [82].

S = F/A

Spring Element With
Elastic Characteristics

Dashpot Element With
Viscous Characteristics

S = F/A

Figure 11-12. Maxwell Model of Viscoelastic Response

In the Maxwell model, both elements are subjected to the same

stress as given by:

S = F/A (Eq. 11-78)

where S is the applied stress

F  is the applied force

A is the area over which the force is applied

The characteristic response to stress of a material represented by

a Maxwell model is shown graphically in Figure 11-13. Here, thermal

strain is absent.



strain

Er = S/E

i

Ey = (SATp)At
(Permanent Deformation)

E^ = S/E

Time

Figure 11-13. Strain-Time Diagram of a Maxwell Model

The elastic strain of the elastic spring element is given by:

eE = S/E

where ce is the elastic strain

S is the applied stress

E  is Young's elastic modulus

(Eq. 11-79)

For continuous deformation under tensile or compressive stresses,

the viscous strain rate is proportional to the applied stress as given

by:

dev/dt = S/Xtr (Eq. 11-80)

where dey/dt is the rate of strain

S is the applied stress

A,tr is Trouton's coefficient of viscous traction
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Flow occurs in the direction of applied stress. For

incompressible materials, flow also occurs in the two directions

perpendicular to the axis of applied stress. Resistance to flow in each

of these three directions is determined by the viscosity of the

materi al.

The total resistance to flow is characterized by Trouton's

coefficient of viscous traction, Xtr- Following the above discussion,

the value of Trouton's coefficient of viscous traction is typically

taken to be roughly three times the value of viscosity for the material

and is given by:

Xtr = 3\i (Eq. 11-81)

where Xtr is Trouton's coefficient of viscous traction

\i is the coefficient of viscosity

The total viscoelastic strain for each fiber cell is, therefore,

given by:

ET = ejh + S/E + J(S/3ji)dt (Eq. 11-82)

where ej is total strain

ejh is thermal strain

S is the applied stress

E  is Young's elastic modulus

p, is the coefficient of viscosity
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The terms on the right represent the thermal strain, ejh. the

elastic strain, ee. and the viscous strain, ey. respectively. Where

thermal strain is present, it must be added to the elastic and viscous

strains to obtain the total strain.

The finite difference formulation for the axial component of the

viscous strain is given by:

evxi""^^ = evxi" + [(Sxj""^^ + Sxj+l"+l)/2][At/3ji(Tin)] (Eq. 11-83)

where evxi" is the axial viscous strain of the i^*^ cell

Sxj" is the axial stress at the interface

At is time step size

IxiTi"^) is the coefficient of viscosity at the i^l^ node

The finite difference formulation for the radial component of the

viscous strain is given by:

evrjn+l = evrj" + [(Sri"+1 + Spi-l"+l)/2][At/3^l(Tjn)] (Eq. 11-84)

where evrj" is radial viscous strain at the interface

Spi" is radial stress at the i^h node

|i(Tj") is the coefficient of viscosity at the j^h interface

At is time step size

Viscoelastic Strains in Terms of Stresses

The viscoelastic strains for the fiber cells can now be formulated

in terms of stresses using the equations given above. The equations

must be given in terms of the total of all the stresses for each cell in

the fiber length between the fiber grips as given in Eq. 11-77.
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Introducing individual components of the total axial strain in terms of

their respective stresses into this equation gives:

{[(Sxj"+1 + Sxj+l"+l) - 2Ti(Tjn)(Srj"+l + Srj+l"+l)]/2E(Tjn)

-  [(Sxj" + Sxj+l") - 2Ti(Tjn)(Srj" + Srj+l")]/2E(Tjn)

+ aTh(Tjn)(Tjn+l - Tj")

+ (Sxj""^^ + Sxj"+l)At/6n(Tjn)}Hj"

-  V[(n+l)At - tfl] = 0 (zero) (Eq. 11-85)

where Sxj""*"^ is axial stress at the interface

is radial stress at the interface

•qdj") is Poisson's ratio

E(Tj") is Young's elastic modulus

aTh(Tj'^) is the thermal coefficient of expansion

M,(Tj") is the coefficient of viscosity

Tj" is temperature at the interface

is length of the i^h cell

V  is press stroke velocity

At is time step increment

to is time of gap closure

Here, it is noted that the summation is over all the i''-'^ cells and

the use of the subscript j is for convenience in incorporating strains

at the interfaces.

The above equation can be written in a somewhat simpler form by

definining a few new terms. The simplified form of this equations is

given by:
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Sj=lN (rjn+lSxj"+l + rj+in+lSxj+l"+l)Hi=jn =

Ij=lN [(4'jnSxj" + 'i'j+l"Sxj+l")

+ (ijf+lspjn+l + Q^n+lspj+in+l) . (jijnspjn +

+ 0jn+l]Hi=jn + An+1 (Eq. 11-86)

where 4'jn = l/ZEdj^)

Oj" = At/Sndj")

Qjn+l = Ti(Tjn)/E(Tjn)

ej"+l = aTh(Tj")(Tjn+l - Tj")

An+1 = [(n+l)At - to]

rjn+1 = Yj" 4)j"

and

is axial stress at the Interface

is radial stress at the interface

•n(Tj") is Poisson's ratio

E(Tj") is Young's elastic modulus

aTh(Tj'^) is the thermal coefficient of expansion

|i.(Tj") is the coefficient of viscosity

Tj" is temperature at the interface

Hi" is length of the ii^l^ cell (see Eq, II-2)

V  is press stroke velocity

At is time step increment

tQ is time of gap closure

The left-hand side of this equation contains the unknown stresses

at each new time step. The right-hand side of the equation contains old

time step values and new time step values such as those for radial

strains which can be calculated independently. This equation is solved
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along with the set of N force balance equations (see Eq. 11-66) which

must be satisfied at each cell interface.

These combined system of equations form a linear set of N-i-1

equations with N+1 unknowns. They may be formulated in a matrix form

given by:

[ai.m][Sxj=m"+l] = [Bi] (Eq. 11-87)

where 1 = 1 to N+1

m = 1 to N+1

The [a],ni] coefficient matrix is a modified tri-diagonal matrix

with a special first row. In addition, one of each of the tri-diagonal

elements is always zero for the remaining rows.

The general form of the coefficient matrix with the special first

row and modified tri-diagonal matrix is given by:

n.i 91.2 91.3 91.N 91.N+1

92.1 92.2 0 - 0 0

0 93.2 93.3 - 0 0

0 0 94.3 - 0 0

0 0 0 - 0 0

- 0 9N-1.N-2 9N-1.N-1 0 0

- 0 0 9N.N-1 9N.N 0

- 0 0 0 9N+1.N 9N+1.N+1

(Eq.11-88)
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Individual elements for the first row of the coefficient matrix,

where 1 = 1. are given by:

ai.l = rj=in+lHi=in

ai.m = 1" + rj=m""^^Hi=n]" (Eq. 11-89)

ai.N+1 = rj=N+l"+lHi=N"

Corresponding [Bi] term for the first row of the coefficient matrix is

given by:

Bi = Ij=iN{[(¥jnSxj" + ̂ j+l"Sxj+l") + (Qjn+lSrj"+l

+ ftjn+lSrj+l"+l) - + i2j"Srj+l")

+ ejn+l]Hi=jn} + An+1 (Eq. 11-90)

Individual elements for rows 1 = 2 to N-t-1 of the coefficient

matrix are given by:

ai .1-1 = - Aj=i-in/Aj=in

and (Eq. 11-91)

ai.l = 1

In the above equations, individual elements of the coefficient

matrix not specifically assigned a value are understood to be zero. The

corresponding [Bi ] matrix terms for rows 1 = 2 to N-i-1 of the coefficient

matrix are given by:
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Bi = - SLsTj=l-l" + SRSTj=l" + PAi=i-i" (Eq. 11-92)

where SLsTj=l-l" = [2na(Tj=i -l"cos(0j=i-iP)]/Aj=i"

SRSTj=l" = [27ca(Tj=i")Rj=i"cos(0j=i")]/Aj=i"

PAi=i-i" = (Pa)sin(0i=]-i")Ai=i-i"/Aj=i"

0j=-l i^ = tan'l clRj=i"(x)/clx

dRj'^(x)/dx is slope of the cell surface at the interface

Pa is the ambient atmospheric pressure normal to the surface

a(Tj") is the surface tension at the interface

Rji^ is the radius at the interface

Aii^ is surface area of the i^h cell (see Eq. 11-26)

Aj" is the area of the cell interface

i = j = 1

The above set of equations are solved after each time-step for the

stresses, Exj""*"!. at the interfaces between fiber cells. Initially the

Sxj" stresses are taken to be equal to zero.

Allowances for axial and radial residual stresses in the fiber

cells due to manufacturing processes or post manufacturing treatments

may be accounted for by adding the appropriate stresses to the initial

values. It is noted, however, that these parameters are generally not

known.

Computation of Deformation

Changes in the fiber cell dimensions are determined from the

cumulative axial and radial strains which it experiences during each

time step. These strains can be determined by:
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AL = (eT)L (Eq. 11-93)

where AL is the change in length

ET is the total strain

L  is the previous length

The length at a new time step is. therefore, given by:

in+l = (1 + eT"+l)Ln (Eq. 11-94)

where is new length

L" is old length

is total strain

This yields a finite difference formulation for the axial length

of the fiber cell that is given by:

H^n+l = + eThxi"^^^ (sExi'^"'"^ ' sExi*^)

+ (evxi""^^ - evxi")] (Eq. 11-95)

where is new axial length of the i^l^ cell

EExi""''^ is axial elastic strain of the ii^l^ cell

EThxi""^^ is axial thermal strain of the ii^l^ cell

eVxi'^'*'^ is axial viscous strain of the i^l^ cell

Axial thermal strain for the n^h time step is not subtracted in

the equation given above. As discussed for Eq. 11-77. thermal strains

are calculated from the temperature change since the last time step

instead of absolute temperatures. Elastic and viscous strains for the

n+lth time step are calculated from absolute stresses instead of the
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change in stresses since the last time step. As a result, strain values

for the nth time step must be subtracted to yield strain contributions

which occurred during the n+l^l^ time step.

The corresponding finite difference formulation for the radial

length of the fiber cell is given by:

Rjn+l = Rjn[l + eThri""*"^ + (eEri""^^ ' ̂Eri")

+ (evri""^^ - evri")] (Eq. 11-96)

where is the new radius at the interface

eEri""*"^ is radial elastic strain of the i^l^ cell

eihri""*"^ is radial thermal strain of the ii^l^ cell

evri""'"^ is radial viscous strain of the i^^l^ cell

The above equations permit the determination of the length and

radius of a fiber cell in a relatively independent manner. This method

does not guarantee conservation of mass for each element. To maintain

each volume element at a constant mass, a proportional adjustment is

made to the lengths and radii of each cell to conserve mass.

Computational Procedure

The computational procedure follows the methodology previously

discussed. The volume elements and node positions are initially

defined. Axial and radial stress values are initialized as given by Eq.

11-74 and Eq, 11-75, respectively. The heat flux is instantaneously

applied at t = 0 and calculations proceed in time increments of

typically 0.01 seconds. The values of temperature at the i^^^ nodes are

computed from Eq. 11-36. Interface temperatures are next computed from
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Eq. II-l. Axial and radial thermal strains are then determined from Eq.

11-53 and Eq. 11-54, respectively. Radial stresses are determined from

Eq. 11-72. Axial stresses are determined from Eq. 11-66 before the gap

closes and Eq. 11-88 after the gap closes. The axial and radial

stresses are then used to calculate the axial and radial elastic strains

from Eq. 11-59 and Eq. 11-61, respectively. Axial and radial

viscoelastic strains are then calculated from Eq. 11-83 and Eq. 11-84,

respectively. These are then added to the thermal strains to arrive at

the total axial and radial strains as indicated by Eq. 11-82. Finally,

the axial and radial fiber deformation is computed from Eq. 11-95 and

Eq. 11-96, respectively. The process is then repeated for the next time

step.
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CHAPTER III

EXPERIMENTAL RESULTS AND MODEL PREDICTIONS

No analytical solutions nor experimental results for silica

filaments undergoing arc fusion splicing have been reported which can be

used to directly compare with predictions of the analytical model.

Therefore, several experiments were performed to obtain the necessary

data to provide a bases for validating the viscoelastic response

predicted by the computer code.

The fiber surface contour was selected as the parameter of

comparison between experimental results and model predictions. This

parameter is sensitive to both thermal and viscoelastic flow

characteristics in addition to the functions selected to represent the

material properties. This selection was also influenced by the ability

to measure the surface profile in situ with high experimental accuracy.

The experiments performed and the model predictions, along with a

discussion of both results, are presented in the following section.

Experimental Procedure of Continuous Fiber Tests

In the baseline experiment, an unbroken fiber was placed in the

arc fusion splicer and repeatedly exposed to heating by electric

discharges. Elimination of the junction region of a conventional splice

simplified heat transfer and surface tension interactions. Only one

gripping clamp (on the right) was used to hold the fiber. In this

manner, the fiber was free to expand (toward the left) thermally without

constraint. These conditions represented a case which allowed important

mechanisms of thermal viscoelastic behavior to be studied without
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complications of the complete gap fusion interactions and the mechanical

stresses due to a press stroke. In this manner the basis of comparison

between experimental and calculated results was simplified.

Under a normal arc fusion splicing operation, the surface of a

fiber undergoes very little deviation from that of an unbroken fiber.

Indeed, the quality of the final splice is judged relative to the lack

of surface distortion. Therefore, the experiments deviated from normal

splicing operations in the repeated heating of the fibers until a

significant distortion of its surface resulted. The repeated heating

enabled a series of photographic measurements to be taken on a

sequential heating operation. This represented a technique for

comparing intermediate experimental and calculated results. In

addition, this technique allowed the experimental testing to continue

without the fear of loss of useful data.

During the baseline experiment, a continuous fiber filament was

cyclically heated with electric discharge times of 6 seconds followed by

a 5 minute cooling period. The 6 second heating period is twice that of

a  nominal splicing operation. It was chosen after initial tests

indicated that surface deformations with three second electric

discharges were insignificant and therefore represented a significant

source of experimental measurement inaccuracy. The 6 second electric

discharge was found to be a good compromise between the desire to

approximate conventional splicing conditions and the need to achieve

measurable surface deformations.

The 5 minute cooling period between discharges was sufficient to

insure that the fiber had returned to room temperature between each

heating cycle. Experiments and analyses of the cooling rates of fiber
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filaments in the fiber drawing process during manufacture indicates that

the cooling time for fibers of 125 |im diameter is on the order of tens

of seconds. The 5 minute cooling time insured that each fiber cooled to

room temperature between each discharge. During the cooling period a l-X

Polaroid photograph was taken of the fiber profile which was displayed

as a 200X enlargement on the splicer TV monitor.

Electric discharge heating and ambient air cooling was repeated

for the baseline case until fiber separation occurred. During the

entire process the fiber remained undisturbed in the arc fusion splicer

apparatus.

Apparatus and Set-Up of Fiber Distortion Experiments

All electric discharge heating experiments were performed using a

Model FSM-20 arc fusion splicer manufactured by Fujikura, Ltd. This

splicer is a commercial unit with an AC electric discharge created

between 30 degree pointed tungsten electrodes having 20 nm radius and a

1.5 mm separation distance. All phases of the arc fusion splicing

operation were performed under the control of a microprocessor to

eliminate operator variations. The FSM-20 has a TV camera mounted to a

200 power microscope which monitors the fiber during electric discharge

heating. The camera lens is mounted such that the view of the fiber

filament was upwards at a 45 degree angle. This enabled photographic

measurements to be made of the fiber by means of an oscilloscope camera

after each heating cycle without removing it from the unit.

The thermal expansion (and contraction) of fused silica is on the

order of 5.5 x 10'^ /C. During the cooling process from approximately

1800 C to 25 C, the heated fiber diameter of 125 jim will contract less
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than 1/10 of a percent. As this is on the order of the accuracy with

which the photographs were measured, these photographs which were taken

at room temperature after each complete heating cycle, also tend to

represent the evolution of a fiber undergoing one long continuous

heating cycle.

The fiber optic filaments used in the experiments were high silica

multimode fibers with a 125 M.m diameter manufactured by International

Telephone and Telegraph (IT&T) under their high strength military fiber

program. An electric discharge RMS current value of 18 mA was selected

because it represents a nominal value used during a typical arc fusion

splicing operation and that for which the electric discharge heating

distribution had been modeled [25, 186].

Fiber optic filaments are held in place by a combination of "V"

blocks, centering wedges, and gripping clamps on the arc fusion splicer.

Each "V" block maintains axial alignment of the fiber relative to the

electric discharge electrodes and with the other "V" block. The "V"

blocks are located a distance of 3.25 mm from the electrode axis. Each

centering wedge is arranged such that it insures the fiber remains

securely seated in the trough of its "V" block without constraining its

axial movement. They are located a distance of 6.5 mm from the

electrode axis. Axial fiber motion relative to the "V" blocks is

prevented by the gripping clamps located 14.25 mm from the electrode

axis.

Results of Continuous Fiber Tests

Experimental results for the continuous fiber experiment are shown

as a series of figures. These figures are derived from photographs
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which show the progressive deformation of the continuous fiber over 10

consecutive 3 second heating and 5 minute cooling cycles. Each

photograph was processed by line scanning the image into a computer data

base and performing image processing to adjust the brightness and

contrast.

A typical image is shown in Figure III-l with labels added to

indicate various features. The outer edge of the dark bands represents

the physical boundary of the fiber profile. The line drawn vertically

through the center of the figure represents the electrode axis and the

center of the electric discharge heating zone. A bright band is

typically seen in the center of each fiber. This band is a result of

light refraction through the fiber and does not represent any physical

boundary nor does it indicate the exact location of the fiber core.

Outer Surface
of Fiber

I
I Li ghtl Refraction Band

1Z5 ixm I I

I

Electrode
Axi s

Figure II-l. Features of Experimental Results

Experimental results for the continuous fiber experiment are shown

in Figure III-2 through Figure III-ll.
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Figure III-2. Continuous Fiber Profile After 1 Heating Cycle

Figure III-3. Continuous Fiber Profile After 2 Heating Cycles

Figure III-4. Continuous Fiber Profile After 3 Heating Cycles
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Figure III-5. Continuous Fiber Profile After 4 Heating Cycles

Figure III-6. Continuous Fiber Profile After 5 Heating Cycles

Figure III-7. Continuous Fiber Profile After 6 Heating Cycles
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Figure III-8. Continuous Fiber Profile After 7 Heating Cycles

Figure III-9. Continuous Fiber Profile After 8 Heating Cycles

Figure III-IO. Continuous Fiber Profile After 9 Heating Cycles
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Figure III-ll. Continuous Fiber Profile After 10 Heating Cycles

In Figure III-2 through Figure III-5, the fiber can be seen to be

slightly bulging near the center of the discharge. Not visible to the

unaided eye but measurable under magnification, the left side of the

fiber has a slight necking down region. In Figure III-6 through Figure

111-8, the shrinking of the left-hand side of the fiber becomes much

more pronounced. Also shown in these figures, the center bulge

continues to grow with the high point shifting toward the right-hand

side of the fiber. In Figure III-9 and Figure III-IO, a very strong

necking down of the fiber occurs approximately one fiber diameter from

the center of the discharge. Finally, in Figure III-ll, the fiber

separates and the two molten ends are rapidly pulled away from the

center of the discharge by surface tension and/or internal stresses.

Several features of the evolution of the fiber surface during

electric discharge heating can be observed by an examination of the

figures. The fiber surface distortion is symmetrical with respect to

its center-line. No effects of gravity (for example, fiber drooping)

are apparent. Spot checks of the distortion in an orthogonal plane
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confirmed that the surface distortion was axisymmetric with no

gravitational effects apparent.

In Figure III-12 and Figure III-13, the final profiles of the of

the separated fiber ends are shown. The left-hand side, shown in Figure

III-12, has a symmetric rounding of the end with no pronounced growth in

its diameter. The right-hand side, shown in Figure III-13, has a

pronounced, almost elliptic bulge on its end.

Figure III-12. Final Left Fiber End Profile After Separation

Figure III-13. Final Right Fiber End Profile After Separation
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It is apparent from the figures that the fiber surface evolves

unsymmetrically with respect to the electrode axis and the center of the

discharge heating. This was confirmed over several trials and at

different arc fusion splicer parameter settings. Not only was the shape

similar in each case, but the orientation with regard to left and right

was the same. That is, the right side of the heated region always

increased in diameter while the left side decreased. It is noted that,

the right side of the fiber filament is held fixed relative to the

splicer while the left side of the fiber is undamped and, therefore,

free to move in the axial direction.

It is believed that the initial disturbance of the fiber surface

is such that the left-right preference of resulting shape results. The

fiber expands slightly to the left as it is heated because of the

constraint placed on motion by the clamp located on the right side.

This relative motion is equivalent to sweeping the heating zone over the

fiber from left to right. A result of the relative motion is that a

larger section of the fiber to the right of the heating zone expands

into the higher temperature central region than the fiber to the left of

the zone. This higher temperature affects the fiber material

properties, in particular, the surface tension and viscosity.

A dominant force on the fiber material is its surface tension

which for silica decreases slightly with increasing temperature. During

a heating cycle, the temperature in the fiber increases and the surface

tension decreases. A decrease in the surface tension results in a shift

in the relative magnitudes of radial and axial stresses governing

viscoelastic flow. If the axial stresses exceeds the radial stresses,

the fiber will tend to bulge under strong viscous strain. On the other
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hand, if the radial stresses dominate the axial stresses, pronounced

necking down during the viscous deformation will occur.

As the fiber expands toward the left and the higher temperature

region shifts toward the right, the radial stresses due to surface

tension are less on the right side than on the left side. The

observable effect of this interaction is a necking down of fiber

material on the left side and a bulging of fiber material on the right

side.

As shown in the figures, the degree of surface distortion due to

each subsequent heating cycle increases in a uniform manner. No

oscillations in the surface geometry were ever seen. There was a

dramatic increase in the rate of the surface distortion with each

subsequent discharge heating cycle.

Repeated experiments gave similar results as can be seen in Figure

III-14. The evolution of the surface always followed the same pattern.

Only the stage of evolution "captured" in each photograph was different

in the trials. The surface contour has been shown to evolve into an

unsymmetrical surface similar to those reported for free surface

cylindrically symmetrical fluids [200]. In these studies, the time to

breakage has been shown to be very sensitive to the magnitude of the

initial perturbation. In addition, during the later stages of evolution

toward breakage, the surface changes very rapidly. It is believed that,

in the experiments, initial perturbations and experimental variations

were sufficiently different to account for the differences seen in the

surface profiles frozen when the discharge heating was stopped.
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Figure III-14. Repeat Experimental Results for 6 Second Heating Cycles

Model Predictions and Comparison with Experimental Results

The analytical model of the arc fusion splicing process was run

for conditions of the continuous fiber experiment. Application of the

model to the experimental conditions of the continuous fiber experiment

was made by positioning the gap region outside the heating zone and

assuming a large value for the gap to allow the fiber to expand without

restriction. A no press-stroke condition was input to the model. In

this manner, the experimental conditions of a continuous fiber free to

expand on one end was simulated.

Initial predictions of the arc fusion splicing analytical model

using the model previously described above for the electric discharge

heating yielded unacceptable results. The resulting fiber temperatures

did not have distributions in agreement with reported temperature

profiles and did not appear to correspond to the experimental results.

Because of this, the electric discharge model was replaced with a

Gaussian distribution for convenience.
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The parameters of the Gaussian distribution were chosen such that

the heat flux along the fiber follows that of the optical intensity

distributions of Figure II-8. The conversion of total electrical power

into thermal power has been estimated to be 10 percent efficient [10].

This heat flux distribution yielded satisfactory results.

It is believed that the primary discrepancy in the electric

discharge heating model is related to the assumption of it being a

black-body radiator with no allowance made for selective band

radiations. Moreover it is assumed that the total input power is

completely converted to thermal radiation which is not likely. This

model is believed to be physically correct but additional research is

required to fully determine the correct values of the parameters entered

into the model. In addition, the assumption of a constant value for the

convection heat transfer in the discharge is suspect but no functional

dependence on position has been reported for the conditions at the fiber

surface in an electric glow discharge.

A  predicted profile corresponding to each photograph of the

experimental results shown previously in Figure III-2 through Figure

III-ll was obtained with the model. Comparisons between the analytical

model predictions and the experimental results of the fiber surface

evolution were made using measurements directly from the original

photographs. The analytical data were compared with the experimental

data by scaling the results and preparing overlying plots. This is

shown in Figure III-15 and Figure III-16 for the results obtained after

3  and 5 heating and cooling cycles, respectively. As shown, the

analytical model predicts the fiber deformation shape very well

including its asymmetric nature but tends to over predict the magnitude.
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Quantitative data was obtained from each experimental photograph

by tracing along its upper surface using a graphic digitizing pad. The

digitized data consisted of values of the fiber radius at given

positions along the fiber length. The X axis of the digitized data

coordinate system was located along the center-line of the fiber and the

Y  axis was located along the center-line of the electric discharge

electrodes.

The center-line of the fiber from which the radius was measured

was scaled with a vernier caliper and manually marked on each

photograph. The center-line was measured at several locations along the

fibers length. No asymmetry was detected in the fiber profile,

therefore only the upper radius was digitized. The center-line of the

electric discharge electrodes was determined by manually adjusting the

TV camera until the electrodes were visible and marking the center-line

on the monitor screen. This center-line was marked on the TV screen and

was present in the upper portion of each photograph taken. A scale

factor for the data was determined by using the unheated fiber 125 jtm

diameter as a calibration reference.

Analytical results obtained for later stages of the fiber profile

evolution as it approached separation did not agree very well with the

experimental results. It is believed that the deviations are cumulative

in subsequent cycles and tend to increase in the degree of deviation

with each heating cycle as the rate of changes increase. Several

parameters whose values are not known with accuracy were examined in a

sensitivity analysis to determine their potential impact on the results.
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Figure III-15. Analytical and Experimental Results for 3 Heating Cycles
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Figure III-16. Analytical and Experimental Results for 5 Heating Cycles

It was found that the computed magnitude of the deformation and

maximum fiber temperatures are very sensitive to the magnitude of the

heat transfer coefficient between the electrically heated air and the

fiber surface. For the results shown in Figure III-15 and Figure

III-16, the heat transfer coefficient is h = 3.575 X 10"2 Watts/cm^ (100

Btu/hr ft^). In Figure III-17, a sequence of 6 fiber profiles are shown

for analytical calculations corresponding to heating and cooling cycles
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with a heat transfer coefficient of h = 7.15 X 10'^ Watts/cm^ (200

Btu/hr ft2).
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Figure III-17. Profile with an Increased Heat Transfer Coefficient

Wheh compared to experimental results, the fiber profiles in

Figure III-17 shows the necking down characteristic similar to that

shown to occur experimentally. Magnitudes of the necking down region on

the left-hand side is under-predicted in these calculations and the

magnitude of the bulge on the right-hand side is over-predicted. In

addition, the curvature of the bulge peak is calculated to be greater

than that found experimentally.

An important result of the analysis is that the primary heating

mechanism has been shown to be convective heat transfer. In addition,

the peak temperatures at the fiber bulge were found to increase in

magnitude by 22 °C with each sequential heating and cooling cycle. It

is believed that the phenomenon of a sequential increase in the fiber

temperature profile is also related to an increase in the heat transfer

due to a sequential increases in the fiber surface area with each

heating cycle. This creates a larger surface area for convective heat
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transfer to take place. The temperature difference between sequential

peak temperatures is not sufficient to indicate fundamental differences

in the deformation process.

Another potential explanation for the differences shown between

the analytical and experimental results can be found in the assumption

that one end of the fiber was free to move without resistance. This was

relatively easy to simulate in the model but may not have been entirely

implemented experimentally due to frictional forces. One end of the

fiber lay freely in V alignment grooves held only by its own weight.

There was. therefore, a small axial frictional force resisting the

movement of the fiber.

The model shows that surface tension forces in the discharge

heating zone tends to move fiber material toward the cooler regions on

the side of the gripped fiber end. With no resistance to axial motion

assumed, the model allowed cool fiber material on the free end of the

heating zone to move freely with the heated material in the heating

zone. As a result the model shows less necking down on the free end

side of the heating zone and a larger radial growth toward the gripped

end than found, experimentally. It is noted, that in a conventional arc

fusion splicing process, both ends of the fiber are gripped and it is

not important to allow for frictional effects.

Additional Experimental Results and Model Predictions

The dominant effect of the surface tension on the evolution of the

fiber profile was demonstrated by a couple of additional experiments

performed. The first additional experiment consisted of heating a

single cleaved fiber end in the electric discharge heat zone. In this
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experiment, the flat face of the fiber end was aligned with the axis of

the electrodes as shown in Figure III-18. As can be seen, the fiber end

face was cleaved perpendicular to the its axis.

Figure III-18. Free End Alignment Prior to Discharge Heating

When heated with a three second discharge, the fiber was found to

respond immediately. A three second electric discharge resulted in the

formation of a rounded bead on the fiber free end and a flowing of

molten material back along the fiber axis until it moved out of the

center of the heat zone. This retraction placed the end of the fiber

(the furthermost projection of the formed bead) near the edge of the TV

monitor screen. The profile of the bead on the free end was

photographed by manually moving the fiber end back into view. The

profile of the free end in position for a repeat discharge is shown in

Figure III-19

As an extension of this experiment, the widest portion of the bead

on the end of the fiber was manually realigned with the electrode axis

and an additional three second electric discharge applied. The cooling

time between discharges was approximately 5 minutes. Again, the

96



response was an immediate retraction of the end of the fiber along with

a  simultaneous growth in the size of the bead on the end of the fiber.

The resulting fiber profile following two sequential heating cycles is

shown in Figure III-20. The corresponding profile following three

sequential heating cycles is shown in Figure III-21. In each of these

figures, the bead has been recentered with the electrode axis.

Figure III-19. Free End Profile After 1 Heating Cycle

Figure III-20. Free End Profile After 2 Heating Cycles
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Figure III-21. Free End Profile After 3 Heating Cycles

As shown, the end of the fiber assumes a near elliptical profile

similar to that found in the continuous fiber experiment after fiber

separation occurred. As the size of the bead size grew with each

additional heating cycle, the retraction of material along the axis of

the fiber became less dramatic. This is shown in Figure III-22 which

shows the location of the bead following the fourth heating cycle.

Figure III-22, Free End Profile After 4 Heating Cycles
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The process of recentering the bead on the end of the fiber with

the electrode axis was repeated for a total of ten, 3 second heating

cycles with a 5 minute cooling period between each cycle. Figure III-23

shows the final results. The series of heating cycles was halted after

the tenth cycle because it was believed that the width of the bead had

grown to the point that it was interacting with the electrodes. Later

inspection showed that an apparent defect in the surface of the bead

region was in fact an illusion resulting from refraction of illuminating

light into the camera lens.

Figure III-23. Free End Profile After 10 Heating Cycles

Of all the experiments performed, only extremely large beads of

silica formed after many heating cycles gave any evidence of

gravitational effects. The center of the bead shown in Figure III-23

which was formed after 10 heating cycles is just slightly below the

center-line of the fiber.

The analytical model of the arc fusion splicing process was run

for conditions of the free end fiber experiment. Application of the

model to the experimental conditions of the continuous fiber experiment

99



was made by positioning a large gap inside the heating zone but offset

slightly to one side. This offset initially positioned the fiber free

end at the center of the heating zone. As in the case of the continuous

fiber analysis, a no press-stroke condition was input to the model.

Here the heating cycle was reduced to 3 seconds to correspond with the

experimental conditions. At the end of each heating cycle the free end

of the fiber was analytically repositioned in the center of the heating

zone.

A fiber profile for the free end case following two heating cycles

was predicted with the model. The analytical data is shown in Figure

III-24.
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Figure III-24. Free End Analytical Results

As shown, the analytical model predicts the rounding of the fiber

end and its increase in size but tends to under-predict its magnitude.

It is believed that the experimental conditions for this case did not

truly have frictionless axial movement and is believed partly

responsible for the magnitude differences observed. Another factor is
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the presence of an initial sharp corner on the cleaved fiber which leads

to very large surface tension forces in that area. One possible

solution for this is to decrease the grid spacing used to model the end

region. Another possible solution is to expand the model into a two

dimensional treatment to allow the fluid flow to be different across the

fiber end face.

Because of the rapid retraction found in the free end experiment,

a  second additional experiment was performed to determine the impact

that the free end exposure has on the heat transfer to the fiber and on

its profile evolution. This experiment used the procedure and set-up of

the continuous fiber baseline experiment except that a cleaved fiber was

used. Two fibers with perpendicular faces were butted together at the

center-line of the electrode axis as shown in Figure III-25.

Figure III-25. Position of Fibers in Experiment With No Press Stroke

Each fiber initially shielded the other fiber end face from direct

exposure to the electric discharge radiation and from convection heat

transfer with heated gas. Being located at a point of symmetry in the
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heat zone anowed conduction heat transfer along the fiber axis to be

ignored. The experimental results are shown in Figure III-26.

Figure III-26. Results of Heating Two Fibers With No Press Stroke

As in the case for the free end experiments, even when the

discharge time was reduced to three seconds, the fiber responds to

discharge heating was immediate separation of the ends by the formation

of an enlarged bead on the fiber ends. This demonstrates that the

results obtained with the free end experiment are not primarily the

result of heat transfer differences between the experiments.

It is believed that the experimental results for the case of two

fiber ends butted together but with no press stroke can be explained by

a  consideration of the surface tension forces. At a free end the

primary surface tension forces are directed toward one side along the

fiber axis. Additional surface tension forces are present in the fiber

end face which are perpendicular to the fiber axis. During viscoelastic

flow at a fiber end face, the combined effect of these surface tension

forces tends to result in the rounding of the fiber end face.
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It is noted that the results obtained with no press stroke

illustrate the importance of this step in performing a conventional arc

fusion splicing operation. The press stroke is necessary to insure

fusion of the end faces during the melting process and assist in the

formation of surface tension forces bridging the interface region.
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CHAPTER IV

DISCUSSION OF RESULTS

Results from both laboratory experiments and analytical model

calculations provide insight on the fidelity of the model and its

utility in analyzing the arc fusion splicing process. These results

along with their implications are discussed in the following sections.

Fidelity of Analytical Model

The analytical model has been shown to correctly describe the

primary physical process taking place in arc fusion splicing of high

silica fiber optic filaments. For a continuous section of fiber heated

cyclically in a conventional arc fusion splicer, the analytical model

shows the bulging and necking down of the fiber element as observed

experimentally. It also correctly displays the general viscoelastic

flow characteristics experimentally observed in the fiber surface

contour evolution for a continuous fiber when heated until separation

occurs. This agreement with experimental results includes the

development of an asymmetry in the surface contour.

The model accurately predicted the evolution of the fiber surface

into an asymmetric form. Results of the continuous fiber experiments

showed a consistency in the orientation of the necked down region toward

the left side of the discharge heated zone.

Analysis of the necking down phenomenon using the model as a basis

has helped in providing an explanation for the consistency in the

orientation of the necked down region. The left side of the fiber was

not gripped during the experiment. As a result, the fiber was free to
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expand toward the left side during thermal expansion. Expansion of the

fiber toward the left had the effect of sweeping the heat zone from the

left to the right as the fiber temperature increased. This in turn

provided a situation in which fiber material to the left was at a

slightly higher temperature than fiber material toward the right at any

instant in the expansion process. A result of this was that the surface

tension was slightly less on the left side of the heat zone which

resulted in moving the fiber material toward the right inducing a

necking down region toward the left side.

The existence of a necking down tendency clearly explains the

experimentally observed requirement for a press stroke to insure good

fiber fusion with a minimum loss of physical and optical properties.

The press stroke adds material to the region and counters the necking

down tendency. This in turn, maintains the cross-sectional area of the

fiber and, thereby, avoids a loss in its ultimate strength.

Because the tensile strength of the fiber is typically calculated

based on the a nominal cross-sectional area and not on an actual cross-

sectional area, the decrease in ultimate strength is interpreted as a

lowering of tensile strength. The experimentally observed phenomenon in

which arc fusion splicing lowers the tensile strength of fibers may

partially be explained in this manner.

A similar argument can be made for optical loss considerations. A

small bulge in the optical waveguide is not sufficient in physical

extent to permit optical mode mixing and therefore the light effectively

"shoots across" the bulge region. A necking down in the waveguide, on

the other hand, immediately degrades the optical path. A result is that

optical considerations favor a bulge over a necking down region. This
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helps explain the experimentally observed phenomenon in which optical

losses tend to be less with the use of a press stoke during arc fusion

splicing.

It is noted that an optimum press stroke from ultimate strength

considerations may not be the same as that optimized from optical loss

considerations. In fact, a trade-off is anticipated.

In the present version of the model, magnitudes of profile

distortion are not predicted with great accuracy. In addition, model

predictions for the later stages of profile development, near the time

of fiber separation, deviate from experimental results. These

inaccuracies are believed to be related to the following: 1) uncertainty

in the heat flux model and heat transfer coefficient along the fiber

immersed in a glow discharge, 2) resolution of the numerical algorithm

due to the use of a one dimensional finite differencing grid along the

fiber axis, 3) lack of accurate physical property data as a function of

temperature, and 4) the fact that silica fiber optic filaments contain

radial gradients of index of refraction dopants and have significant

nonuniform residual stresses due to their draw tower air-quench

manufacturing process.

A detailed knowledge of the exact glow discharge heat flux profile

for the experimental arc fusion splicer is not known. This information

was derived form information which has been published in the open

literature and is based on generic arc fusion splicer measurements. As

a result the accuracy with which the model predicts specific arc fusion

splicer results appears to be limited to the degree that the actual glow

discharge heat source complies with the published information.
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Analysis of results of the analytical model shows the sensitivity

to details of the heating conditions which exist within the glow

discharge. In particular, the magnitude of the heat transfer

coefficient has been shown to have a profound effect on the evolution of

the fiber surface deformation. This suggests that, in addition to the

geometrical relationship between the heat profile of the glow discharge

and the fiber, gas composition, its circulation within the discharge,

and ambient conditions such as atmospheric pressure, and humidity may be

important variables in the arc fusion process.

A comparison of experimental and analytical results show the

greatest discrepancy occurs when the curvature of the fiber surface is

great. This is the case for the free end experiments and when the

continuous fiber experiment approached fiber separation. This suggests

that stress gradients across the fiber cross-sectional areas may become

significant. Accurately modeling this situation requires expansion of

the finite differencing grid used in the model to two dimensions. This

would enable the simulation of the viscoelastic response within a cross-

sectional area of the fiber to be treated as non-uniform.

A wide range of temperatures are experienced by a fiber during arc

fusion splicing. These temperature variations have a significant effect

on the physical properties of the fiber material. Most of the physical

properties as a function of temperature were available in the open

literature although they were often only specified over a narrow range

of temperature values which required the somewhat risky technique of

extrapolation to cover the complete range of interest. In addition, it

is noted that in almost all cases, the individual data points

represented equilibrium data which is subject to question when applied
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to a transient case such as that found In the arc fusion splicing

process.

Surface tension data as a function of temperature is very scarce.

In fact, conflicting data exists for the slope of the function at high

temperatures in the case of very pure single oxide ceramics such as

silica. Most material has a decrease in the surface tension as the

temperature increases. This tendency is also reported for silica and is

used in the present analytical model. It is noted, however, that a

positive slope has also been reported for very pure silica [192].

It is noted that the manufacturing process for high silica optical

fibers produces an outer surface consisting of very pure silica

material. It is possible that, for this case, a positive slope is

accurate. The situation is further complicated by the possibility that

during the arc fusion heating process contaminants such as dust

particles in the discharge heated air or dopant material from the

interior of the fiber filament mixes with the silica on the surface and

alters the surface tension in a complex manner.

The density of silica is assumed to be that of fused silica in the

calculations contained in the analytical model. Figure IV-1 illustrates

how the density of glassy materials such as fused silica typically

varies with temperature [83].

As shown, the density varies essentially linearly with a moderate

slope, to a critical temperature, and then changes to a much steeper

slope in the glass transition region. It is noted, however, that glass

is a super-cooled liquid and may exhibit a hysteresis effect due to

nonequilibrium conditions which typically exist. When temperatures are

high enough to enable significant kinetic rates but low enough to favor
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higher density phases of materials, the density of a glassy material may

change by a discrete step. This process is accompanied by the formation

of a crystalline phase in a process called devitrification.
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Figure IV-1. Glass Density as a Function of Temperature

Devitrification effects are not included in the present model but

may contribute to the results observed experimentally. It has been

noted that when a spliced region fails in tension, the break almost

always occurs to one side of the splice location but within the heat

affected zone [54, 55]. Suggestions have been made that this is due to

thermal stresses which are created upon air quenching, that it is due to

an alteration of the residual stresses which are used to strengthen the

fiber during manufacture, that it is due to contamination which is

attracted to the viscous surface during the splicing process, or that it

is due to internal stresses which are created when a small region of the

fiber material undergoes devitrification.
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If devitrification occurs, the sharp increase in density will

alter stresses in nearby regions toward those of tension which would

account for the drop in ultimate strength observed. It also indicates

the possibility that the simple homogeneous stresses assumed in the

analytical model are inadequate to model this phenomenon.

The analytical model clearly demonstrates that residual internal

stress present from the fiber filament manufacturing process can be a

significant factor in the arc fusion splicing process. Details of this

impact have not been fully investigated, but it is clear from the

present analysis that the balance between the residual axial stress and

the residual radial stress is critical to the formation of a bulging and

necking-down region in the heating process.

As mentioned previously, present-day high strength fibers often

are manufactured with the outer surface under residual axial compressive

stresses to improve its resistance to tensile failure. This is

typically achieved by placing the inner core region of the fiber under

residual tensile stress during the fiber quenching process. The

accurate simulation of these fibers with the analytical model may

require the input of these residual stress profiles as initial stress

data. These effects are presently under investigation.

It is noted, that the deviations between model predictions and

experimentally obtained results near the time of fiber separation may

not have great significance in the analysis of actual arc fusion

splicing processes. The early stages of the fiber surface evolution

have a greater similarity to conditions experienced during the arc

fusion splicing of two fibers.
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utility in Analyzing Arc Fusion Splicing Process

Arc fusion splicing alters the physical and optical properties of

optical filaments being joined. The selection of process control

parameters is typically the result of one or more trade-offs in reaching

an optimum solution which is practical to implement. These trade-offs

are often unique for each specific fiber and end application under

consideration. Obtaining sufficient experimental data necessary to

support a sensitivity analysis can be time consuming and subject to

added experimental uncertainty.

The primary application of the analytical model is in aiding in

the understanding of the physical processes involved and in establishing

priorities for experimental investigation. It also appears to have

considerable potential for "testing" proposed hardware changes without

physically modifying the equipment. At this time.however, the fidelity

of the model appears to be inadequate to support the selection of

optimum process control settings independent of experimental

measurements.

Necking down of a fiber optic filament has serious consequences

for both the light carrying ability of a fiber and its load carrying

ability. A reduction of the outer dimensions of a fiber filament

typically corresponds to a proportional reduction in the internal

waveguide dimensions as typical of the fiber draw manufacturing process.

This reduction in waveguide dimensions will reduce the light carrying

ability of the fiber and affect its waveguide cutoff frequency.

In addition to changes in the light carrying ability of the fiber,

necking down reduces the load carrying cross-sectional area and,

therefore, results in a reduction in the ultimate strength of the fiber.
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Most tensile tests of fibers do not account for changes in the cross-

sectional area of the fiber under test and report the results as tensile

strength based on a nominal cross sectional area. In a similar manner,

increasing the cross sectional area of a fiber by the use of a press

stroke may allow an increase in the ultimate strength of a splice region

and overcome any otherwise inherent weakening processes.

The use of a press stroke has the effect of overcoming the necking

down tendency but risks perturbing the optical waveguide and affecting

the light conducting properties of the fiber. The results of these

experiments and analysis indicate that a properly applied press stroke

will involve a trade-off between optical and physical properties in an

optimized arc fusion splicing process.

The model has provided evidence that the necking down of the

splicing region is associated with the asymmetry which develops in the

fiber surface contour. This asymmetry appears to be associated with the

slenderness of the fluid region between solid fiber material. In

particular, there is reason to believe that a reduction in the size of

the heating zone will result in a decrease in the slenderness of the

fluid region and may provide a stable symmetric fiber surface contour.

This would effectively eliminate the necking down region and allow a

reduction or elimination of the press stroke and any accompanying

optical waveguide distortions.

As previously discussed, it has been often noted that tensile

fracture of fiber splice regions devoid of obvious physical defects

always occurs near but not at the fusion point of the splice region.

This has been suggested as being a result of devitrification, possibly

enhanced by surface contamination of the fibers. The rate of
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devitrification for fused silica has been reported to reach a maximum

near 1250 °C. This suggest that the heating zone gradient and heating

period are relatively critical if one is to avoid devitrification of

vitreous silica during the arc fusion splicing process.

It is desirable to reduce the total amount of material as well as

the time which any particular volume is exposed to the 1250 °C

temperature zone. This will result in a reduction in the total amount

of devitrification which occurs in the fiber silica material. It,

therefore, appears to be advantageous to have a sharper temperature

gradient about the 1250 °C temperature point to reduce the volume of

material exposed to these temperatures. It also appears to be

advantageous to perform the arc fusion splicing rapidly to decrease the

total time to which each fiber volume is exposed to these temperatures.

The analytical model has demonstrated an ability to generate data

useful for analyzing stresses and strains generated by the arc fusion

splicing process. Examples of axial strains predicted by the model for

a fiber undergoing a glow discharge heating cycle are shown in Figure

IV-2, Figure IV-3. and Figure IV-4.

These results readily explain the nature of fiber deformation from

a physical point of view. During the initial heating shown in Figure

IV-2, thermal strain dominates and results in fiber elongation. As

heating continues, the fiber softens and viscous strains begin to

dominate as shown in Figure IV-3. Surface tension forces result in a

fiber surface deformation which in turn results in a reduction of the

fiber radius at one location, and growth of the fiber radius at another

location. The combined effect of the bulging and necking down is that

of an effective growth in the fiber radius. This results in a
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contraction in the axial direction due to conservation of mass

considerations. As the necking down process continues, surface tension

forces dominate over axial forces and increases the axial strains as

shown in Figure IV-4.
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Figure IV-2, Axial Strain After 0.01 Seconds of Heating
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Prediction of residual stresses which remain in the fiber after a

series of glow discharge heating and air quench cooling cycles are shown

in Figure IV-5 and Figure IV-6.
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Figure IV-5. Residual Stresses After 3 Heating Cycles
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Figure IV-6. Residual Stresses After 5 Heating Cycles

It is anticipated that the magnitudes of residual stresses may not

be accurate but it is believed that their distribution along the fibers

length is realistic.

It is anticipated that the model may prove to be quite useful in

predicting the results of arc fusion splicing for situations where very

little experimental is available. It can serve a very useful role in

such cases as splicing dissimilar fibers or polarization preserving

fibers where internal stress members are present. In addition, it has

the potential for analyzing the performance of fiber designs which have

not been actually manufactured or determining the sensitivity of the

splicing process to manufacturing variables.

Another role not yet explored is the possibility of using the

basic heat transfer and viscoelastic response aspects of the model in

roles not related to arc fusion splicing. Areas where this might be

attractive are in analyzing the fiber drawing process used for fiber

manufacture, post draw heat treatments for modification of properties,
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or in analyzing the effects of existing processes such as the

application of buffer coating material where heat and strain are

present.

Other areas where the basic physical interaction modeling might

have potential application is in the analysis of micro-bending stresses,

stress corrosion cracking, environmental cycling of fiber, and in the

manufacture of unique fiber optic components such as tapers and

splitters.
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CHAPTER V

RECOMMENDATIONS

The computer based analytical model developed as a result of this

study has been shown to represent reality with a fidelity that is useful

in performing a variety of studies on the arc fusion splicing process.

It is apparent, however, that the present model lacks accuracy in

predicting magnitudes of deformations for a sequence of heating and

cooling cycles. In addition, several physical phenomenon and splicing

conditions of secondary interest in the arc fusion splicing process

cannot be adequately investigated with the existing model.

Recommendations for continued efforts to improve the utility of

the analytical model are given in the following sections. These include

recommendations to improve the quality of data used by the model and

recommendations to expand the scope of the existing model. Each of

these are further classified as a high or a low priority recommendation.

As previously discussed, many of the glow discharge heating

parameters and fiber optic material properties are not known with

accuracy over the complete range of interest. Any inaccuracies in this

data are translated into inaccuracies in model predictions. In

addition, the inaccuracy will be propagated throughout the life of the

model and any future enhancements. Therefore, a high priority should be

given to improving this data.

Glow discharge heating data can be obtained from reported

experimental results, from predictions using an analytical model of the

glow discharge electro-thermal properties, or from experiments performed
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using a specific arc fusion splicer. Each of these sources has

advantages and disadvantages.

Reported experimental results were used in this effort as a good

source of data generic to a class of arc fusion splicers but suffers

from an uncertainty in the appropriateness of fit when predicting the

experimental results obtained with a specific arc fusion splicer. Data

predicted analytically provides more insight into the physical processes

involved, flexibility in extracting data, and the potential for

interfacing with the arc. fusion splicing model but requires a dedicated

development effort. Another advantage to developing an analytical model

of glow discharge heat zone is the ability to include discharge current

and electrode spacing in the arc fusion splicing parameters which could

be investigated with the model.

A  high priority should be given to performing experimental

measurements on the coefficient of heat transfer for a fiber undergoing

glow discharge heating in an arc fusion splicer. No good information on

this important parameter was found in the open literature.

Every effort should be expended to insure the quality and accuracy

of the algorithms used for the properties of silica as a function of

temperature. This should be given a high priority due to its relative

importance to the predictive accuracy of the model. Material properties

where the most uncertainty presently exists and which have the greatest

impact on predicted results are the surface tension and non-linear

density changes.

A lower priority recommendation is to incorporate the ability to

simulate modifications to the material property of silica as a function

of dopant present in the material. This may be more important when
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heavily doped silica fibers are being investigated or where the exposed

end of a fiber allows the dopant to mix with the surface layers of pure

silica.

Analysis with the existing model has shown the results to be

sensitive to initial stresses present in the fiber. These stresses are

often intentionally induced during fiber manufacture to enhance the

strength characteristics of fibers or for controlling their polarization

characteristics. A high priority should be given to obtain stress

profile information for fibers being simulated. This information is

presently treated as proprietary by most fiber manufacturers but is

becoming available in the open literature as research into this area

continues [107, 109].

Optical absorption and emission characteristics for silica are not

constants for all spectral wavelengths being emitted by the glow

discharge as assumed in the model. The rationale for using constant

values can be found in Appendix A discussing the material properties of

silica. It is anticipated, however, that some improvement in the

accuracy of the model can be made by incorporating the spectral

characteristics of the fiber as a function of wavelength. In addition,

the glow discharge is not strictly a black-body emitter as assumed but

rather exhibits a wavelength dependence due to the spectral emission of

species which make up the air in the discharge volume. Again, it is

anticipated that some improvement in the accuracy of the model

predictions can be made by incorporating the true spectral

characteristics of the glow discharge radiant energy emission.

A high priority recommended modification to the model is its

expansion to simulate the heat transfer and viscoelastic response of the
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fiber as a function of radius. Because energy transfer is dominated by

convection heat transfer, the fiber heats up and cools down from the

outer surface inward. This phenomenon can result in stresses which are

a function of fiber radius.
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CHAPTER VI

CONCLUSIONS

An analytical model for analyzing arc fusion splicing of fiber

optic filaments has been developed. The model has been programmed in

BASIC and a preliminary analysis have been carried out for high silica

fibers. This preliminary analysis has demonstrated substantial

agreement with the physical processes observed experimentally.

For a continuous section of fiber heated cyclically in the heat

zone of a conventional arc fusion splicer, the analytical model shows

the bulging and necking down of the fiber element as observed

experimentally. The magnitude of the deformation, however, is not

produced in the model with repeated heating cycles as is observed in the

experiment. This is attributed to a number of factors related to the

quality of input data.

Analysis of results of the analytical model shows the sensitivity

to details of the heating conditions which exist within the glow

discharge. In particular, the magnitude of the heat transfer

coefficient has been shown to have a profound effect on the evolution of

the fiber surface deformation. This suggest that, in addition to the

geometrical relationship between the heat profile of the glow discharge

and the fiber, gas composition, its circulation within the discharge,

and ambient conditions such as atmospheric pressure, and humidity may be

important variables in the arc fusion process.

The analytical model clearly demonstrates that residual internal

stress present from the fiber filament manufacturing process can be a

significant factor in the arc fusion splicing process. It is clear from
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the present analysis that the balance between the residual axial stress

and the residual radial stress is critical to the formation of a bulging

and necking-down region in the heating process.
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APPENDIX A

PHYSICAL PROPERTIES OF SILICA FIBERS

Fiber optic filaments of interest in this study are manufactured

of high purity silica with a small amount of dopant added to the core

and/or cladding region. The primary purpose of the dopant is to

increase the index of refraction in the core region to produce an

optical waveguide.

Popularity of silica as a fiber optic material is a result of its

superior tensile strength, excellent light conduction, chemical

inertness, and its resistance to thermal shock. The impurities

(primarily Boric Oxide, B2O3, and Germania, GeOz) are added to the core

region in parts per million and have a limited but sometimes perceptible

influence on the physical properties of fibers [196]. In this study,

physical properties of the doped silica layers are assumed to be

represented by those of the outer layers of pure silica. These are

known to be similar in material properties to bulk fused silica. In the

following sections, properties of bulk and filament shaped fused silica

are given.

Most material properties change with temperature. This tendency

is often less for silica than for many materials, primarily due to its

low linear coefficient of thermal expansion. However, the material

properties of silica do have an important impact on the surface

evolution of the fiber filament and therefore need to be modeled with a

high degree of fidelity. In the following section, thermal, mechanical,

and optical properties of fused silica is given as a function of

temperature where possible.

142



Material property values used in the analytical model have a

significant impact on the fidelity of the results. Because of this

sensitivity, a continual effort has been maintained to improve on the

quality and accuracy of the functions used to represent the material

properties. As a result, some of the functions used to obtain the

results reported in this dissertation have been improved. In these

cases, both functions are given.

Vitreous and Fused Silica

Silica can exist in a highly polymerized amorphous state known as

vitreous silica or in several crystalline states. Fused silica is an

aggregate of crystalline forms in an amorphous matrix. Both vitreous

and fused silica exhibit similar material properties which therefore may

be used interchangeably.

In general, the crystalline forms of silica do not exist in fibers

because they are cooled very rapidly during the manufacturing process

quenching in the amorphous vitreous silica state. Once cooled to a

lower temperature, the energy required to reorder the molecules is

unavailable to effect crystallization. This crystallization, known as

devitrification, has been suggested as a root cause for the weakening of

high silica fiber regions heated above 1100 °C in the arc fusion

splicing process [191].

Melting Characteristics and Viscositv

Vitreous silica does not undergo a phase transition characteristic

of true melting. Rather, it is a supercooled liquid and undergoes a
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gradual softening similar to that characteristic of many waxes and

plastics.

An initial function for the viscosity of fused silica was derived

from a graph reported in the open literature [83]. This function was a

double exponential curve fit given by:

\i = 6exp[42.931exp(-1.0601 x IQ-^T)] (Eq. A-1)

where n is the absolute viscosity in poises

T is the absolute temperature in °K

Further study has resulting in the development of another function

for the viscosity of fused silica which is believed to be of a higher

fidelity. The following discussion gives the details of this

development.

Commonly used definitions for describing the melting

characteristics of glassy material relate the "stages of melting" to its

viscosity [84]. These values are typically very large numbers and are

normally represented as the value obtained after taking the logarithm to

the base 10 of the viscosity in poises. The glass transition (strain

point) temperature, Tgi, is the temperature at which the viscosity of

the material equals 14.6 logio poises. The stress relaxation (annealing

point) temperature is the temperature at which the viscosity of the

material equals 13.4 logio poises. The yield (softening point)

temperature is the temperature at which the viscosity of the material

equals 7.6 logio poises [196]. The flow point temperature is defined as

the temperature at which the viscosity of the material equals 5 logio

poises. The working point temperature is defined to be the temperature
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at which the viscosity of the material equals 4 logio poises. The

melting point temperature is defined to be the temperature at which the

viscosity of the material equals 2 logio poises [197]. A relationship

between the viscosity of transparent fused silica and its temperature

has been found to be [87]:

logio = (3.05 X 104/T) - 7.74

or (Eq. A-2)

\i = 1.813 X IQ-S exp[(140.000 cal/mole)/RgT]

where p. is the absolute viscosity in poises

Rg is the Universal Gas Constant (1.98588 cal/mole-°K)

T is the absolute temperature in °K

This equation gives the strain point temperature as 1092 °C, the

annealing point temperature as 1170 °C. the softening point temperature

as 1715 °C. and the flow point temperature is 2121 ®C. The defined

"stages of melting", corresponding viscosity values, and temperatures

are given in Table A-1.

As shown in the table, the defined working point temperature

(2325 X) and the melting point (2856 °C) is never attained because

silica volatilizes at 2310 ®C. Therefore the viscosity of silica has a

minimum of 4.07 logio poises. The softening point temperature of 1715

'C is taken as that required for coalescence of silica in performing a

fusion splice This temperature corresponds to an activation energy of

140 kcal/mole for viscous flow as seen in Eq. A-2. This value also

corresponds well with the values of 1700-2100 °C given in the literature

for the range of fusion temperatures [8, 9, 22]. It is noted, that the
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higher splicing temperatures are often preferred due to the shorter

splicing times required and therefore the less time for waveguide

distortion to occur.

Table A-1. Melting Characteristics of Fused Silica

Defined Points Viscosity
(logio poises)

Temperature
CK)

Strain Point (Glass Transition), Tgi 14.6 1365

Annealing Point (Stress Relaxation) 13.4 1443

Softening Point (Yield) 7.6 1988

Flow Point 5 2394

Working Point 4 - - ★

Melting Point 2
- - *

* Silica volatilizes at 2583 ®K corresponding to 4.07 in logio poises

Thermal Conductivity

The true thermal conductivity of bulk fused silica as a function

of temperature has been approximated by a third order polynomial and is

given by [75]:

kc = 9.373 X 10-3 + 1.149 x IG'St

- 8.506 X 10"9t2 + 4.559 x lO'l^jS (Eq. A-3)

where kc is the molecular thermal conductivity in W/cm-°K

T is the temperature in
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The effective thermal conductivity for bulk fused silica is a

strong function of temperature due to the presence of simultaneous

conduction and radiation at temperatures in excess of 200 °K. At high

temperatures, a considerable proportion of thermal energy in fused

silica begins to be transmitted by radiation. This radiation adds to

the apparent thermal conductivity in the optically thick limit (when the

photon mean free path is small compared to the system dimension). In

this case, an effective conductivity is given by [93]:

keff = kc + krad (Eq. A-4)

where keff is the effective thermal conductivity

kc is the molecular thermal conductivity

krad is the conductivity due to radiation

The coefficient of thermal conductivity due to radiation (the

Rosseland approximation) can be expressed as [118]:

krad = 16no^aSBT3/3a (Eq. A-5)

where no is the refractive index

osB is Stefan-Boltzmann's constant (5.67 xlO'i-^ Watt/cm2-°K)

T is the absolute temperature in °K

a  is the absorption coefficient

The index of refraction and the absorption coefficient of fused

silica in the above relationship is a function of the radiation

wavelength and is given in the following sections. For the purposes of

this calculation a value of 1.45 is used for the refractive index. A
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value of 4 ctn-1 is typically used for the absorption coefficient of

silica optical fibers where the internal radiation is governed by the

fiber temperature [92, 104].

The Rosseland approximation becomes invalid when the absorption

coefficient times the material thickness is much less than unity. In

the radial direction, the fiber thickness (diameter) is only 1.25 x 10"^

cm. The absorption coefficient of 4 cm'^ times the fiber diameter

yields a value of 5 x 10"^ and the Rosseland approximation is,

therefore, invalid in the radial direction.

Heat Capacity (Mean Specific Heat)

The heat capacity of fused silica at different temperatures is

given in Table A-2 [75,196].

Table A-2. Heat Capacity of Fused Silica

Heat Capacity
(J/q-<'K)

Temperature
(°K)

0.741 300

0.754 325

0.942 725

1.005 875

1.143 1675

1.189 1875

1.340 2275

The data for the heat capacity of bulk fused silica has been

approximated by a third order polynomial and is given by:
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Cp = 0.4903 + 10-3t - 6.147x10-7t2 + 1.486x10-10t3 (Eq. A-6)

where Cp is the heat capacity in J/g-'K

T is the temperature in ®K

Linear Coefficient nf Thermal Expansion

Fused silica has a low linear coefficient of thermal expansion

which is responsible for its remarkable thermal shock resistance even

though it is a glassy material. Data for the linear coefficient of

thermal expansion was approximated by a second order polynomial given by

[75]:

ath = (1.1228 -2.0428 xlO'^T +8.6463 xlO'^T^) xlO'^ (Eq. A-7)

where ath is the linear coefficient of thermal expansion

in cm/cm-®K

T is the temperature in °K

Further investigation has shown that this property can be better

approximated by a piecewise linear relationship with a value of 5.5 x

10"'' cm/cm-°C below the glass transition temperature of 1092 °C and a

value of 25 x lO'^ cm/cm-®C above the glass transition temperature [67.

83. 197].

Densitv

The very low value of the linear coefficient of thermal expansion

gives silica excellent thermal shock resistance and permits rapid

cooling of parts during manufacturing. This rapid quenching is
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performed during the manufacture of silica fiber optic filaments [100,

101, 104, 109, 126-138]. One effect of the quenching process is the

retention of the fused silica structure at lower temperatures.

Because of the very low thermal expansion properties of silica,

the initial function for density used in the analytical model was

assumed to be constant with a value of 2.2 gm/cm^ (137.33 Ib/ft^).

Further analysis indicates that this assumption may contribute to large

"effective" stresses and the following discussion is provided to guide

potential improvements in the fidelity of the model.

Transitions in silica take a significant amount of time [78,79].

The slow transitions usually result in a "freezing" of the higher

temperature material structure which is maintained at the lower

temperatures. This is the case for quenched fiber optic filaments made

of high silica glass where the fused silica state is maintained at the

lower temperatures.

For a given mass of isotropic material such as fused silica, the

density at a given temperature is related to the density at a reference

temperature and the linear thermal expansion coefficient by [205]:

p = poCl + 3athAT)'^ (Eq. A-7)

where p is the density at the new temperature in g/cm^

PO is the initial density in g/cm^

ath is the linear thermal expansion coefficient in °K"i-

AT is the change in temperature from the reference in °K

The change in the value of the linear coefficient of thermal

expansion at a temperature of about 1092 °C results in a change in the
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equation for density as a function of temperature over the same region.

Therefore, two equations exist for the density of fused silica as a

function of temperature. The first equation for the density of fused

silica is valid up to the temperature of 1092 °C (1365 °K) and is given

by:

p(<1365 °K) = 2.202(1 + 1.65 x lO'^ AT)"! (Eq. A-8)

where p is density at the new temperature in g/cm^

AT is the temperature above the reference temperature

of 300 °K (room temperature)

This equation gives the density of fused silica at 1365 ®K as

2.198 g/cm3. This value is used as the initial density for the second

equation for the density of fused silica valid above the temperature of

1365 °K. This equation is given by:

p(>1365 °K) = 2.197(1 + 7.5 x lO'^ AT)"! (Eq. A-9)

where p is density at the new temperature in g/cm^

AT is difference in the new temperature and 1365 °K

Data for the density of fused silica was obtained from the above

two equations for the temperature range of 300 °K to 2300°K. This data

was then approximated by a single third order polynomial equation given

by:
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p(300-2300 °K) = 2.202 + 1.258 x IQ-^T

-  3.314 X 10-13t2 - 3.716 x 10-13t3 (Eq. A-10)

where p is the density in g/cm3

T is the absolute temperature in °K

Elastic (Youna'sl Modulus

The elastic modulus of fused silica is well approximated as a

linear function of temperature and is given by [75]:

E = [745 + 0.1026(1 - 300)] x 103 (Eq. A-11)

where E is the elastic modulus in kg/cm^

T is the temperature in °K

Shear (Riaiditv) Modulus

The shear modulus of fused silica is well approximated as a linear

function of temperature and is given by [75]:

G = [320 + 0.0333(T - 373)] x 103 (Eq. A-12)

where G is the shear modulus in kg/cm^

T is the temperature in °K

Poisson's Ratio

Poisson's ratio was initially derived from data supplied by a

manufacturer of bulk fused silica [75]. This data was curve fit to a

third order equation given by:
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i\ = 0.1795 - 5.08273 x lO^T + 5.43895 x lO'^T^

-  1.21879 X 10-11t3 (Eq. A-13)

It was later discovered that this relationship is not good at the

higher temperatures experienced during the arc fusion splicing process.

As a result, an improved function was sought. The Poisson's ratio for a

material can be derived from its elastic modulus and its shear modulus

by [205]:

Ti = (E/2G) - 1 (Eq. A-14)

where ti is Poisson's ratio

E  is the elastic modulus

G is the shear modulus

Using the equations previously given for the elastic modulus and

the shear modulus results in an equation for Poisson's ratio given by:

Tl = [745 +0.1026(1 -300)]/[640 +0.0666(1 -373)] - 1 (Eq. A-15)

where ti is Poisson's ratio

T is the temperature in °K

Surface Tension

Surface tension for fused silica has not been experimentally

determined over the complete temperature range of interest. However,

fiber manufacturing studies typically assume a surface tension of

approximately 300 dynes/cm at a fiber spinning temperature of 1800 °C

[133]. Other measurements of fused silica at 1800 °C have reported
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values of 298, 310, and 313 dynes/cm [192], Therefore, a value of 307

dynes/cm at 1800 °C was assumed in this effort.

The change in surface tension with temperature is given by an

equation of the form [192, 193]:

a = oqCI + ATd[a]/dT) (Eq. A-16)

where a is the surface tension at a new temperature

ao is the surface tension at a known temperature

AT is the change in temperatures

d[a]/dT is the temperature coefficient of surface tension

A positive temperature coefficient (d[o]/dT) on the order of 0.031

dyne/cm-°K has been reported for fused silica [192]. However, this

trend was the result of interpolating between two different sets of

experimental data. Each set of data showed fairly tight grouping but

each set was obtained using different experimental methods. A decrease

of surface tension with respect to temperature is more characteristic of

most material and has been reported as having a slope of -0.017 dyne/cm-

°C for fused silica exposed to dry nitrogen and air saturated with

moisture [194].

The relationship for surface tension as a function of temperature

used in this effort is given by:

a = 342 - 0.017T (Eq. A-17)

where a is the surface tension in dynes/cm

T is the temperature in °K
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Absorption Coefficient

The absorption coefficient of fused silica determines the amount

of radiation which is absorbed in a given thickness of material. In

fused silica, its magnitude is not very sensitive to changes in

temperature but is a relatively complex function of the radiation

wavelength.

A useful approximation to the absorption coefficient has made by

treating the spectral characteristics of fused silica as being composed

of five discrete partially absorbing regions bordered by total

absorption regions [79]. The value of the absorption coefficient in

each of these regions is given in Table A-3.

Table A-3. Spectral Characteristics of Fused Silica

Wavelength
(um)

Absorption Coefficient
(cm"l)

0.2 - 2.0 0.01

2.0 - 2.4 0.10

2.4 - 3.3 1.00

3.3 - 3.9 1.09

3.9 - 4.6 2.66

4.6 - oo oo

Radiation from the electric glow discharge is assumed to be

blackbody in nature. Analysis of blackbody radiation indicates that

almost no radiation energy (less than 1%) exist at wavelengths shorter

than 0.2 urn for temperatures of interest (less than 7,000 °K). Over 50%

of the radiation is in the wavelength band 0.2 - 2.0 pjn for temperatures
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above 2,000 °K. This percentage increases to over 75% for temperatures

greater than 3,000 ®K.

A composite absorption coefficient has been estimated by adding

the contributions from individual wavelength bands. The contribution

from each absorption region was calculated by integrating the radiant

energy within each band and applying the appropriate absorption

coefficient. This process was repeated for a range of black-body

temperatures to determine a composite value for the absorption

coefficient.

Radiant energy striking the surface of the fiber in each of the

bands is given by:

e(Xi-X,2) = e\ dX - Jq^I e^, dXl/asfiT^ (Eq. A-18)

where ex, is the monochromatic emissive power in watts/cm^AX

(X1-X2) is the wavelength band of interest

osB is Stefan-Boltzmann's constant (5.67 xl0"12 watt/cm^^K^)

T is the absolute temperature in °K

The monochromatic emissive power (spectral radiant energy emitted

into a hemisphere), ex, . is given for a black-body by Planck's

distribution law:
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ex = CiX-5/[e(C2/^T) . i] (Eq. a-19)

where Ci is a radiation constant

(Ci = 27cc2h = 3.741832 x lO'^O watt-cm^)

Cz is a second radiation constant

(C2 = hc/k = 1.438786 x 10^ cni-°K)

X is wavelength of interest in cm

T is the absolute temperature in "K

c is the speed of light in a vacuum (3 x 10^0 cm/sec)

h  is Planck's constant (6.62618 x 10"34 joule-sec)

K is Boltzmann's constant (1.38066 x 10"23 joule/°K)

For this effort, the overall absorption coefficient for silica

exposed to the electric discharge is taken as being constant with a

value of 0.05 cm-1 over the glow discharge conditions of interest.

It is noted that the re-absorption of radiation emitted internally

by the fiber contributes to the "effective" thermal conductivity of

silica as previously discussed. For this calculation it is the

temperature of the fiber which is important in determining the spectral

distribution of the emitted radiation. Radiant heat transfer in silica

fibers is dominant at temperatures above about 1000 °K. Over the

temperature range between 1000 and 2000 °K between on-set of significant

radiant heat transfer and typical arc fusion splicing temperatures,

these values do not change dramatically. For these conditions, the

absorption of fused silica has been estimated to be 4 cm'l [104].
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Absorptivity and Emissivitv

Kirchhoff's law states that the emissivity and absorptivity of a

real surface are equal for radiations with identical temperatures and

wavelengths [213]. For a black-body or gray-body, this means that the

emissivity and absorptivity are equal for all radiations at all

temperatures and wavelengths.

Values for the emissivity of fused silica fibers have been given

as ranging from 0.05 to 0.91 for fused silica over the temperature range

of interest [76. 97. 104. 129-138, 212]. Part of the wide discrepancy

is due to the fact that fused silica is a semi-transparent material

where part of the emission of radiation is a bulk and not a surface

phenomenon. These materials, are often treated as a "gray-body" where

the emission of radiation is a volume emissive phenomenon related to the

absorption of radiation.

One result of the volume dependence is that for dimensions on the

order of the fiber diameter, the emissivity approaches zero [109]. It

has been estimated, that the emissivity for silica with a thickness less

than 0.2 cm is on the order of 0.1 [136]. Therefore, the value of

emissivity of fused silica was taken to be the lower reported value of

0.1 for this effort.

Convectivf? Heat Transfer Coefficient

The convective heat transfer coefficient is a function of material

properties, surface characteristics, and the conditions of interaction

with the gas in which the surface is immersed. It is particularly

sensitive to the relative motion of the gas past the surface of the

material. No experimentally measured values for the coefficient of heat
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transfer corresponding to 125 M.m diameter fibers placed horizontally in

an AC glow discharge has been reported. A value of 5.7 xlO"^ cal/sec-

cm2-®C (-4.2 Btu/hr-ft2-°F) has been reported as yielding satisfactory

results in heat transfer calculations for arc fusion splicing [206].

It is noted, however, that values of 7.17 x 10'3 cal/sec-cm2-°C

(-53 Btu/hr-ft^-op) has been reported for the condition which exist in

the furnace drawing of fiber optic filaments where forced cooling is

employed [136].

Other values reported for the heat transfer coefficient of fiber

optic filaments undergoing heating are 1 x 10'^ cal/sec-cm2-''C (-73.8

Btu/hr-ft^-'F) for the conditions which exist in CO2 laser splicing of

fibers and formation of spherical ends on fiber optic filaments

[49,137]. A value of approximately 3.78 x lO'^ cal/sec-cm2-°c (-28

Btu/hr-ft^-'F) has been reported for 125 ^m diameter silica fibers

immersed in H2/O2 torch flames [129].

The uncertainty in the convective heat transfer coefficient for

the 125 ^im diameter fibers undergoing arc fusion splicing resulted in

the use of initial values between 1 x 10'^ cal/sec-cm2-°C (-0.74 Btu/hr-

ft2-°F) and 1 x 10"^ cal/sec-cm2-°C (-74 Btu/hr-ft2-°F). The value

during the heating phase was estimated to be approximately ten times the

value during the cooling phase.

By iteration, a value of 2.7 x 10'^ cal/sec-cm2-®c (-20 Btu/hr-

ft^-op) for the heating phase was found to yield fiber temperatures of

approximately 2050 °C which corresponded to those reported throughout

the open literature for optimum arc fusion splicing conditions [4-60].

It is noted that this value approximates that reported for H2/O2 torch
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flame fusion of fiber optics where the gas turbulence might be expected,

to be similar to that in an electrical discharge [129].

A value of 2.7 x 10""^ cal/sec-cm2-°C (~2 Btu/hr-ft^-^F) was

estimated for the heat transfer coefficient during the cooling phase

where natural convection conditions exist and found to give satisfactory

results. This value provides fiber cooling times on the order of a few

seconds in reasonable agreement with values reported in the open

literature [100. 101, 109. 129. 130].
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APPENDIX B

GRAVITATIONAL FORCES ON FLUID REGION

During the arc fusion splicing of fiber optic filaments, a portion

of the fiber is placed horizontally in an electric discharge heating

zone. As the fiber temperature increases, its viscosity decreases. As

a  result the fiber material characteristics undergo a transition from

those of an elastic solid to those of a viscous fluid. Most fluids

undergo flow in response to body forces such as those due to

gravitational acceleration.

The following discussion is directed toward establishing the

relative importance of gravitational forces when compared to surface

tension forces in influencing the viscoelastic response of the heated

fiber.

A worst case approach is taken which maximizes the gravitational

forces and minimizes the surface tension forces. This is achieved by

assuming a uniformly heated length of fiber is suspended vertically by

surface tension forces alone. The mass of the heated fiber is chosen to

represent the maximum length of fiber which is above silica's 1092 °C

glass transition temperature when undergoing an arc fusion splicing

operation. A density characteristic of silica at 1092 °C is used.

Surface tension forces are minimized by using a surface tension

characteristic of that for silica at the 2050 °C maximum temperature of

a  fiber undergoing an arc fusion splicing operation. A nominal 125

micron fiber diameter is initially assumed.

The length of silica fiber heated above the glass transition

temperature when undergoing an arc fusion splicing operation is
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typically less than the electrode spacing [28. 38. 158]. This

observation is borne out in the analytical results obtained using the

arc fusion splicing model.

The gravitational force at the suspension interface due to a

length of heated fiber material is given by:

Fg = pg(Ljtr2) (Eq. B-1)

where Fg is the gravitational force at the interface

p  is the density of the silica fiber material at

1092 X (2.198 g/cm3)

g  is the acceleration due to gravity at the

Earth's surface (980.7 cm/sec^)

L is the heated length of fiber (0.15 cm)

r  is the radius of the fiber (6.25 x 10'3 cm)

This yields a value of 3.96 x 10'2 dynes for the total

gravitational force due to the suspended length of heated fiber.

The force at the suspension interface due to surface tension is

given by:

Fs = 27car (Eq. B-2)

where Fg is the surface tension force at the interface

a is the surface tension of the silica fiber material

at 2050 X (302.5 dyne/cm)

r  is the radius of the fiber (6.25 x 10"3 cm)
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This yields a value of 11.9 dynes for the total surface tension

force at the suspension interface.

The value calculated for the surface tension force is more than

two orders of magnitude greater than that determined for the

gravitational force when assuming worst case conditions. It is

therefore concluded that the gravitational force on the fiber undergoing

arc fusion splicing is negligible.
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APPENDIX C

FOSPLICE COMPUTER PROGRAM

Practical solution of the numerical algorithms developed for the

arc fusion model require the use of a computer system. This section is

devoted to the description of the program developed to carry out the

calculations, file handling, input/output requirements, and operator

control of the program status.

Program Overview

As pointed out in Chapter I, an objective of this study was to

develop a widely adaptable computer code. It was decided to use a

computer language which was well known and available for a large number

of computer systems. BASIC was chosen as the programming language

because it met these requirements and because it is an interpreted

language which enhances its ease of modification and adaptability. In

addition, BASIC compilers are available which can generate an executable

code which runs faster but is less conveniently modified if this

tradeoff is desirable. Although the program and/or parts of it were

developed and run primarily on the IBM/PC compatible family of

computers, every attempt was made to keep the program generic. Graphic

routines were included as subroutines to facilitate their conversion or

omission. This approach was taken because of the lack of standard

graphic output commands. Graphic output routines, therefore, are

typically unique for operation on specific computer systems, computer

languages, and printer/plotter combinations.
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The program, entitled FOSPLICE, was structured to run in a

interactive mode with a menu driven main routine and many specialized

subroutines. Subroutines were used extensively in order to enhance the

structured nature of the program and to add to the ease with which it

could be maintained and modified. These subroutines initialize the

program, present information and menu displays to the program operator,

perform file handling operations, perform calculations, and control

input/output operations^ The general program structure is shown in

Figure C-1.

FOSPLICE is composed of three major parts. The first part

consists of a very short main program which consists of a series of

subroutine calls. These subroutines are responsible for displaying

program information to the operator, program initialization, setting

default values for variables, and initializing values used in internal

calculations. The second major part of the program consists of menu

driven subroutines which permit operator interaction with the program.

These subroutines are responsible for controlling keyboard entry of

program changes, parameter data file handling, displaying the current

parameter values, entering the algorithm calculation portion of the

program, and exiting the program to BASIC. The third major part of the

program consists of subroutines implementing the numerical algorithms

for heat transfer, viscoelastic glass flow, and matrix algebra.
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Figure C-1. Structure of FOSPLICE program
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Program input and output consists of communications with the

program operator, a diskette storage device, and a line printer.

Communication with the program operator is provided through output to

the screen and input from the keyboard in a normal manner. Printer

output program statements contained in early versions of FOSPLICE were

eliminated in favor of a monitor screen-print command entered from the

keyboard. This added to program brevity and enabled a more thorough

internal documentation through the liberal use of remark statements.

Initial Subroutines

Immediately upon running FOSPLICE, an introduction subroutine

presents program information to the operator with a series of print

statements. These print statements include the name and version of the

program, a brief description of its utility, and the names and

affiliations of the principal authors.

A dimension and definition subroutine sets up memory allocation

for numeric and string variables. It defines functions used in internal

calculations and defines functions used in the calculation of material

properties. These material property functions are derived from curve

fits of empirical data valid for the range of conditions expected in the

arc fusion splicing process. The material property functions are

physically located near the end of the program listing to permit ease of

alteration for use with fibers which are not made from nearly pure

silica.

A default subroutine establishes default values for all of the

input variables used in the program. Defaults are included to speed

operator response to questions and reduce operator fatigue. Values for
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the defaults are based on safe-sided answers and on frequently given

answers. The default value subroutine is physically located near the

end of the program listing to permit ease of location and alteration.

An initialization subroutine is executed to set constants, convert

conventional units to standard units, and initialize variables used in

internal calculations. This subroutine is executed each time new values

for variables are entered either from the keyboard, default values, or

from diskette storage files.

Menu Selected Subroutines

The main program of FOSPLICE turns program control over to a menu

driven subroutine for operator interaction. This menu presents the

program operator with choices of individual subroutines for special

activities. The operator may elect to enter values of splicing

parameters from the keyboard, read parameter values from a diskette

storage file, store parameters in a diskette storage file, list the

current parameter values on the screen, alter the extent of output data,

enter into arc fusion splice modeling calculations, or exit from program

control to BASIC.

Keyboard entry of program control data is grouped into the

categories of fiber heating conditions, splicing parameter variations,

and simulation algorithm calculation controls. Fiber electric discharge

heating conditions include conventional splices with an initial gap

between filament ends, repeated heating of the splice region, heating of

an unbroken fiber, and heating of a single fiber filament end.

Splicing parameters which can be modified by keyboard entry include the

discharge current, discharge time, room temperature, atmospheric
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pressure, heating time before the press stroke, and the length of the

press stroke. Calculation controls include the number of cells used to

model the fiber length, size of each cell, total number of time steps

over which the model runs, and the incremental length of each time step.

All information entered from the keyboard may be stored in and

read from a diskette sequential data file to permit the creation of

standard run conditions and to facilitate documentation. The operator

is queried for a data file name and is permitted to preview all

diskette directories prior to responding. The file extension "PRM" is

suggested as a means of identifying parameter data files.

Current values of all operator selectable parameters plus a few

set by the default subroutine may be listed on the monitor screen. A

printout of this list may be obtained in the standard fashion of

entering a screen-print command from the keyboard.

Output from the simulation algorithm calculations may be presented

as an expanded list showing many of the intermediate values calculated,

or an abbreviated list showing only the final results. The former is

quite useful for understanding how the final results were obtained or as

a diagnostic aid while the latter is much faster for routine runs.

A graceful exit to the BASIC interpreter is allowed as one of the

options to permit the entry of microprocessor system level commands.

This avoids the time delay of a system reboot and maintains the program

intact in memory.

Subroutines which perform calculations of heat transfer and the

viscoelastic response of the fiber optic filaments are presented in the

following sections.
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Heat Transfer and Viscoelastic Flow Subroutines

Subroutines implementing the numerical algorithms for heat

transfer, viscoelastic glass flow, and matrix algebra constitute the

heart of the FOSPLICE program.

Heat transfer and viscoelastic flow calculations were performed in

a cyclic fashion for each time step as shown previously in Figure II-3

on page 18. Parameters were adjusted as a function of time to represent

heating or cooling conditions. The overall procedure for each time

cycle was to determine the temperature profile along the fiber from heat

transfer algorithms, update the temperature dependent fiber properties

within each cell , determine the viscoelastic flow resulting from stress

calculations, and determine the resulting fiber profile for use in the

next cycle of calculations.

Values for the parameters of each cell were tracked by means of

one dimensional variable arrays. In addition, where calculations

required values of parameters before and after a time step, separate

variable arrays were used. These arrays were updated in each time step.

Prior to the closure of the gap region, parameter values were calculated

for the left and right portion of the fiber separately.

Coupling of heat transfer calculations across the gap region was

by means of an "effective" heat transfer coefficient. Thermal

conductivity across the gap region was determined by a routine which

adjusted the value between the gas thermal conductivity value and the

silica thermal conductivity as a function of gap distance. This

provided a smooth transition of the value during gap closure.

Calculation of the heat transfer includes a calculation of the

heat flux to and from the electric discharge and surrounding air along
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with thermal transfer between the fiber elements. These calculations

follow a calculation sequence shown in Figure C-2. Calculation of

viscoelastic flow includes a calculation of stresses on the fiber

elements and their resulting strains. These strains constitute the

glass flow which is seen as a change of the fiber surface curvature and

follow a calculation sequence shown in Figure C-3.

For the heat transfer calculation sequence, time and geometry

input data are required to enable the position of fiber elements

relative to the electric discharge be adjusted for mechanical fiber

motion, thermal expansion, and viscoelastic flow. In addition,

viscoelastic flow required that each cell geometry be tracked throughout

the process. Temperatures were calculated for the midpoints of each

cell by essentially establishing conservation of energy relationships

between each cell and its nearest neighbors then solving all their

equations simultaneously. A matrix technique was used to solve the

equations efficiently due to their resulting tri-diagonal nature.

For the viscoelastic flow calculation sequence, fiber temperature

profile and material property as a function of temperature are input

along with the fiber geometry.

Stresses were determined for the axial and radial direction

independently in sequential routines. Prior to gap closure, mechanical

stresses were calculated for each fiber end by assuming free expansion

into the gap region. After gap closure, stresses in each cell was

adjusted to include mechanical forces due to the clamped ends. This was

accomplished by adjusting the boundary conditions upon gap closure in a

routine which included the effects of a press stroke if present.
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Figure C-2. Heat Transfer Calculation Sequence
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Figure C-3. Viscoelastic Flow Calculation Sequence
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A  routine determines the stress resulting from a press stroke

within each time step. This stress is added into the mechanical stress

resulting from all other causes. Press stroke strain rate values were

converted into stress values by using a Maxwell viscosity model with the

viscosity set to the lowest value in the fiber for each time step. This

value was determine by locating the highest temperature in the fiber and

using the viscosity of silica at that temperature.

Strains were determined from total stresses by using a Maxwell

type relationship for the viscoelastic response of the heated silica.

These routines included a coupling between the axial and radial

directions by requiring conservation of mass in the calculation of each

cell radius. The fiber surface contour was then calculated from each

cell radius by performing a curve fit along adjoining cells.

As previously mentioned, output of data was initially restricted

to the monitor screen with printouts obtained by the use of a screen-

print keyboard command. This data was in the form of an abbreviated or

complete listing.
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