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Abstracf

The wire-coating process has been analyzed numerically making use of
particular die designs employed in high-speed industrial operations. Here,
both the lubrication approximation theory (LAT) and a fully two-dimensional .
finite element method {(FEM) have been applied to study the steady, incom-
pressible, creeping polymeric melt flow under isothermal and nonisother-
mal conditions, respectively. The commercial coating resins considered
were low-density polyethylene (LDPE) and plasticized polyvinyliGhloride
(PPVC). Use of the LAT yielded important qualitative information, par-
ticularly on the pressure distribution and possible flow recirculation, while
the FEM solved the coupled mass-, momentum-, and energy conservation
equations to yield realistic predictions for the flow and temperature fields,
pressure distribution, shear stresses and shear rates at both the die wall
and the wire, and haul-off wire tension. For the first time the FEM is ex-
tended to a full nonisothermal analysis considering both the entrance chan-
nel before melt-wire impact and the distance beyond the die exit, where
the coating melt free surface is determined through an iterative procedure.
The effect of different operating conditions, die design parameters, melt
properties, and product specifications on the overall coating performance
is examined. From this, operating limits are found to prevent damaged
coating surfaces resulting from melt fracture, flow recirculation, or exces-
sive local heating of the melt due to viscous dissipation. The numerical
results also showed good agreement with a set of experimental data for a
particular LDPE resin employed in an industrial operation.
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Chapter 1

IN_‘IRODUCTION

1.1 The Wire-Coating Process

The wire-coating process is a continuous extrusion process for primary insu-
lation of conducting wires with molten polymer resins for both mechanical
strength and protection. The earliest use of an extruder for coating pur-
poses dates back to the 1840’s (Tadmor and Gogos, 1979). Such a process
was used for the first underwater cable, laid between Dover and Calais in
1851. Modern technological developments in the use of plastics in wire-
coating are offshoots of earlier efforts of cable covering with rubber (Hoyey,
1961). The requirement for insulated wires and cables has produced gre:;%
industrial demand, creating a need for both more effective and cost-efficient
operation and design of the basic process. Current techniques assist engi-
neers to determine design specifications and to predict performance prior
to actual operation. ‘

The process of wire-coating consists of passing a bare wire through an
" extrusion die to obtain a polymeric coating of a predetermined thickness.
A sketch supplied by Griff (1968) in Figure 1.1 illustrates the basic compo-
nents of a wire-coating production line. ;

A bare wire is initially unwound, passes through a straightener and is
then preheated to prevent premature shrinkage of the hot plastic around
the wire, Tadmo? and Gogos (1979) reveal that the wire is heated close to
the melt temperature to allow better adhesion of the polymer to the wire
surface. The wire then passes in the back of a crosshead die and enters
into the die to meet the homogeneous molten polymer, which is pressure-
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fed from an extruder. The final product then passes through a cooling
water trough, through a capstan {which pulls the wire), past a tester and
is wound up on the take-up reel. The inability to feasibly recycle defective
wire makes monitoring of the final product an important task. An actual
wire-coating line in operation is shown in Figure 1.2. The wire (entering the
die from the left) is shown leaving the die with its outer coat, and entering
the cooling trough. .

Griff (1968) has carried out a thorough survey of various production

and equipment ranges pertaining to wire-coating operations: Wire sizes

«range from tiny wires of 0.2 mm in diameter to cables of 13 cm in diameter
and more. Extruders used range from 2.5 to 25 cm in diameter, putting
out from 5 to 450 kg/hr. Fenner (1970) reports that wire speeds range
from 2 cm/s for large high-voltage electric cables, up to and exceeding
2000 cm/s for small telephone wires. Linear speed is usually the limit
to output. Statistics from 1985 (Kline, 1986) indicate polyethylenes and
polyvinyl chlorides comprised 55% of all coating polymers used in that year.
In particular, low-density polyethylene (LDPE) and plasticized polyvinyl-
chloride (PPVC) have in the past received most attention. In addition to
LDPE and plasticized PVC, other resins such as high-density polyethylene
(HDPE), Nylon and Polysulfone are also used. Since PVC is sensitive to
thermal degradation, it is used under lower speeds at lower temperatures.
It is frequently used as jacketing for other wires since it is self-extinguishing.
Griff (1968) states typical melt temperatures as 185°C for PVC, 220°C for
LDPE, 285°C for Nylon and 365°C for Polysulfone. ‘

There are two types of dies used in the coating of wires: pressure dies
and tubing dies. Figure 1.3 illustrates both of these configurations=Pres-
sure dies utilize a pressure-fed polymér melt which contacts a high-speed
wire inside the die while still under pressure. Passing from the back of a
crosshead die, the wire enters into a guider tube (torpedo) prior to die entry
and subsequent melt contact. In the entry region of this die the polymer
melt flows in a convergent annulus which leads to the region where the melt
meets the wire. The moving wire drags the melt and therefore both a pres-
sure and drag type flow will now exist. Conversely, the tubing die operates
by having the extruded melt form a coat around the moving wire outside
the die, where it is drawn onto the wire by action of a vacuum. The vacuum
is applied through a clearance between the conductor and the guider tube
(usually in the order of 0.2 mm). Pressure dies are normally used for the
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Figure 1.2: Operation of a Wire-Coating Line (Griff, 1968).
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primary insulation of a conductor, wher tubing dies find greater usage
in insulating large cables, and when “jj(lf:a;g” or “sheathing” of wires (or
groups of wires) that have already bken coated is required. In addition,
tubing dies are preferable in the coating of very thin wires that may oth-
erwise rupture when contacted with a highly viscous melt. Thin coatings
can be applied without forcing the melt through an extremely small die
opening, since the action of the vacuum results in small drawdown ratios.
The drawdown ratio is the ratio of the cross-sectional area of the annular
die gap to the cross-sectional area of the final wire product. Griff (1968)
states that typical drawdown ratios range between 1 and 4 for major coating
resins. _ '

Most previous investigations have focused on design of pressure dies
rather than tubing dies. The complex flow field that exists within a pressure-
type die is of considerable interest to engineers since greater knowledge of
it is necessary for improvements to die designs. Therefore, examination of
this die type will be the focus of this work.

1.2 Literature Survey

A solid knowledge of the flow and heat transfer phenomena that occur inside
a pressure-type die is required. A die must fe designed to avoid excessive
shear stresses at the wire which may lead to elongatign or rupture of the
wire or excessive shear stresses at the die wall resulting in an uneven and
rough extrudate coating.

Variables which affect the wire-coating process through pressure-type
dies are summarized by Rao (1979) as follows': ‘

1. Die design variables, such as die diameter and angles, wire diameter
and die land length. )

2. The operating variables, such as total flow rate, wire speed and ex-
trusion temperature.

3. The material variables or the rheological propertles of the polymer
melt, na.mely the viscosity and elasticity.

Previous research dealing with the wire-coating p‘;ocess focused more
on material properties and general process techniques rather than analysis
of phenomena encountered in the process.
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Early analyses of wire-coating die designs were made in an attempt to
'predicéf various desired field variables. An initial theoretical analysis was
done by Carley (1959), in which the equations of motion, upon application
of simplifying assumptions, were solved using the Lubrication Approxima-
. tion Theory (LAT). The melt was assumed to be Newtonian and isother- __.
~. mal. McKelvey (1962) extended this analysis by taking into account the

“combined drag and pressure flow. Middleman (1977) , Tadmor and Go-
gos (1979), and Tiu (1986) undertake analytical treatments of coating dies.
Tiu (1986) furthermore underlines the danger of supérimposing pressure.
and drag flow components by suggesting that this is far from realistic for
non-Newtonian fluids under standard conditions of wire-coating. Fenner
(1970) uses the LAT-and a series of dimensionless parameters for a detailed
analysis.

The ultimate objective is to create a reliable predictive model with which
design specifications can be found so that a given set of criteria is satisfied.
Fenner and Williams (1967) present a die for coating of wires with an LDPE
melt, and proceed to analyze the die assuming inelastic shear-thinning be-
havior under isothermal conditions. Various important variables such as
required entry pressure, maximum wire tension and shear stresses are de-
termined by utilizing the lubrication approximation as a basis of solution.
This particular die is studied in detail further on.

Hammond (1960) examined existence of extrudate roughness with re-
spect to different probable causes: poor extrusion mixing, insufficient feed
material, low melt temperatures, and melt fracture. Griff (1968) also lists
moisture, trapped air and-polymer decomposition as other possibilities that
may lead to surface roughness. Hammond (1960) cites the most common .
cause as melt fractire, which occurs when excessive shear stresses have de-
veloped within the melt. Hammond found experimentally that for a large
final taper (i.e. small cone angle) the shear rate before melt fracture will

__be higher than for the case of a shorter taper with a larger convergent an-
gle. However, longer die designs risk rupturing the wire due to excessive
viscous drag of the fluid on the wire itself. This trade-off is an important
consideration in the final design selection. Additional means of avoiding
surface roughness might include operating at higher temperatures or lower
speeds. ’ .

Die design criteria to achieve optimal performance and the effects of
configurations and operating parameters on the performance have been
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investigated by many authors, including Hammond (1960), Vaughan and -
‘Spohn (1960), Ferrari (1964), and Han and Rao (1978).

Shear rate data are essential to determine the relative probability of
melt fracture occurence within the die. Haas and Skewis (1974) and Endo
(1976) both report shear rates exceeding 10°s~!. Bagley and Storey (1963)
initially derived an analytical means of determining velocities and shear
rates for Newtonian fluids in cylindrical wire-coating dies under isothermal
conditions. Many improvements have since been made on this model. Haas
and Skewis (1974) presented a die design upon which experiments were
performed. Proper design (e.g. adjustment of “gum space™) of the die, it
was claimed, could suppress melt fracture under conditions where it would
be expected. This die receives further treatment later in this work.

At high wire speeds, it is expected that significant amounts of energy are
dissipated within the flow due to the viscous nature of the melt. Therefore,
the isothermal assumption made by previous authors may not be totally
realistic. To account for viscous heating in the polymer melt, solution of
the equation of energy is required. Winter (1975, 1977) presents a summary
of work done in this area . He also shows graphically a means by which the
temperature field and the increase in average temperature may be found via
numerical solution of the equations of continuity, momentum, and energy
for a power-law fluid. Although his work is done for straight dies with one-
directional shear flow, it does illustrate principles at work inside the coating
die. Basu (1981} examines nonisothermal flows in wire-coating co-extrusion
dies, detailing the effects on pressure, stress and temperature distribution
within each component of the flow. Stewart and McClelland (1983) perform
an approximate analytical study of viscous dissipation for flow in a theoret-
ical wire-coating die under adiabatic conditions, finding results significantly
lower than those of CarleyLet al. (1979). Carley et al. (1979) performed a fi-
nite difference simulation to examine the flow through various wire-coating
dies of different dimensions. A typical wire used in industrial operations at
moderate to high speeds was assumed to be coated with either an LDPE
or plasticized PVC resin, both regarded as non-Newtonian inelastic fluids
under nonisothermal conditions. The conservation equations were solved
to yield information on the flow field (e.g. profiles for the velocity, shear
rate, viscosity and temperature). The effect of viscous dissipation in the
temperature rise of the melt under typical processing conditions was shown
for the two melts. The assumption of adiabatic boundaries was made and



compared to the isothermal boundary assumption. Although significant,
this work had two important omissions. The assumption of negligible ra-
dial convection brings into questicn the accuracy of the temperature results.
In addition, the domain under consideration includes only that portion of
the die where the melt and wire meet. Therefore no analysis of the region
located before this point has been made (entry to impact), nor has analysis
been undertaken on the exit effects (e.g. develapment of free surface). .

The first effort to analyze the whole flow field inside wire-coating dies
without using the lubrication approximation was made by Caswell and Tan-
ner (1978). Application of the Finite Element Method (FEM) was made for
different die designs to generate important information, such as recircula-
tory regions within the flow field and the determination of the free coating
surface at the die exit for both pressure and tubing dies. Their analy-
sis also finds the pressure distribution-throughout the die. This particu-
lar work considered isothermal flows of Newtonian and power-law fluids.
Nonisothermal conditions were not studied. Caswell and Tanner (1978)
presented an improved die design upon which numerical simulations have
. been performed and documented. Their die design will also be @tensively
studied in this work. -

The literature contains very few experimental investigations of the wire-
coating process. Experimental research is difficult due to the minute volume
of melt within the region of interest and the small size of the dies used.
Except for the overall pressure drop in the crosshead and the flow rate of
the final product, all other quantities are extremely difficult to measure.
Han and Rao (1978) conducted experiments on a selected die design but at
speeds unrealistically low (around 1% of speeds used in actual production).
Ettinger {1961) and Haas and Skewis (1974) presented experimental results
for runs conducted, but they did not specify rheological properties of the
melts used and operating temperatures. However, since the results given
by Haas and Skewis (1974) represent the most complete set of experimental
studies, their die design is also closely studied in this work, and comparisons
are made between theory and experiment.



1.3 Objectives

The objective of this research is to study, using numerical analysis, the .
polymer melt flow inside pressure-type wire-cdating extrusion dies. Two -

computer programs are employed: one based on the Lubrication Approxi-
mation Theory (LAT) and another on the Finite Element Method (FEM).

Both are applied under isothermal operating conditions to compute im- .

portant design data such as pressure distribution, shear stresses at the
wire surface and die wall, haul-off wire tension and maximum wire tension.
Nonisothermal conditions are handled primarily by FEM analysis. Further-
more, the FEM analysis will yield more information regarding the flow and
temperature fields inside the die, along with other important variables of
the process.

The effect of the geometric configuration of the die on these flow char-
acteristics is studied by examining three different tlie designs found in the
literature. Two separate polymer resins are used: LDPE and plasticized
PVC. The different conditions likely required for proper coating operation
are determined through numerical analysis. In addition, the effects of rhe-
ological behavior and boundary conditions on wire-coating operations are
examined. : :

The numerical results are to be compared with experimental data on
pressure for a particulir die design and melt properties available in the
literature.

1.4 Outline of Thes-is

Chapter 22 The equations of conservation of mass, momentum and energy
are introduced and simplified using the appropriate assumptions. The mod-

els in the constitutive equations for the description of flow of polymer melts -

are also presented, along with a set of boundary conditions. The LAT is
discussed and applied to the wire-coating process. .
Chapter 8: The relevant properties of the polymer melts used in this work
are completely detailed, including viscosity curves, densities, thermal con-
ductivities and specific heats. Further information on critical stresses and
degradation temperatures is also presented. '

10
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Chapter 4: Results from runs performed on the d:e design given by Fenner
(1970) are presented. Isothermal and nonisothermal conditions are exam-
ined asspming Newtonian and non-Newtonian behavior. Both LDPE a.nd
plasticized PVC are separately studied, as is the effect of decreased flow
area (by incredsing wire radius). Results are compared to other numerical
findings. '

Chapter 5: Results from runs performed on the die design given by Caswell
and Tanner (1978) are presented. By the nature of this design, only a PVC
melt is studied. Isothermal and nonisothermal conditions are examined
for Newtonian and non-Newtonian models. Results are compared to other

_available findings.

Chapter 6: Results from runs performed on the die design given by Haas
and Skewis (1974) are presented. Extensive research centred only on LDPE
as the coating material. Isothermal and nonisothermal conditions are ex-
amined for Newtonian and non-Newtonian models. Results are compared
to experimentally obtained data available in the literature.

Chapter 7. The results of this thesis are summarized for the various de-
signs examined. Conclusions and recommendations for future work are
presented.

11
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Chapter 2

MATHEMATICAL
MODELLING

a——

This chapter introduces mathematical expressions to model the behavior
of polymer melt flows in the wire-coating process, providing a basis for the
overall numerical analysis. '

The conservation equations are presented and simplified according to
the assumptions made. The Lubrication Approximation Theory (LAT), a
further simplified model, is then detailed for isothermal and nonisothermal
conditions. Important dimensionless parameters used in the LAT analysis
are introduced. A discussion of two-dimensional flow follows, and the as-
sumed boundary conditions are presented. Finally, the methods of solution, -
i.e. LAT and the Finite Element Method (FEM), are outlined.

-

2.1 Conservation Equations

The flow of polymer melts inside wire-coating dies takes place at low Reynolds
numbers (Re < 1) and the assumption of creeping flow is acceptable !, Due
to axisymmetry, the mathematical analysis is carried out in terms of cylin-
drical coordinates (r,0,z), where r is the radial direction, z is the axial
direction and 4 is the azimuthal direction. The conservation equations for

s

1For example, a wire of radius R, = 0.032 cm and speeding at V,, = 2000 cm/s
contacts an LDPE melt at 230°C having a'density of 0.75 g/cm® and an average viscosity

of 4 = 1000 poise (g/cm:s); the Reynolds number would be Re = ‘3-‘5’:‘—"3-“ = 0,048.

12
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mass, momentum and energy for steady-state flow may be expressed as
follows:

Mass: D L
[4 =
~r V-3)=0 2.1
p; Ho(V-9) (2.1)
Momentum:
DY Up+(V-F) 47 (2.2)
P =~ VP pg -
Energy:
' DT =
pc”_D_t =-V -7+ p(V-0)+[F: V] (2.3)

where p represents density, & velocity vector, pepressure, 7 extra stress ten-
sor, C,, specific heat, T temperature, § heat flux vector and g gravitational -
force per unit mass.

The following simplifying assumptions can now be made:

e Incompressible fluid.

o Inertial effects are negligible in magnitude relative to viscous and pres-
sure forces.

e Body forces (such as gravity) are negligible in magm'iude relative to
viscous and pressure forces.

e Rotational symmetry éf the fluid.
¢ No slip at the wall. |

Basu (1981) notes that the steady-state assumption for short dies is the
most severe restriction and Tadmor and Gogos (1979) agree that no process
is truly steady-state. However, this assumption is not entirely unreasonable,
and will remain in the present study. In addition, Chung (1986) questions
the incompressibility assumption, suggesting that melt compressibility may
become significant for certain coating fluids at high speeds, thus influengi

die design parameters and final products. However, Endo (1976) does%ont
consider this significant for typical polymer melts, supporting the incom-
pressibility assumption by showing that density changes are very small for
pressure drops in excess of 100 atm. The idezalization of no-slip conditions
is quite possibly erroneous to some degree at high speeds, and can be ac-
counted for if the true state of slippage is known. However, no data has

13



thus far been produced for wire-coating materials to allow development of
an accurate slippage expression and therefore relevant research previously
done in this field has been conducted under the no-slip assumption.

Two additional assumptions may be made with respect to the equation
of energy:

e Constant thermal conductivity.

e Constant heat capacity.

The assumption of constant g, C, and k allows for further simplification of
Egs. (2.1) - (2.3) to give the following:

V-i=0 (2.4)
—Vp+[V-F]=0 (2.5)
pCyt - VT = kV?T + |7 : V) (2.6)

where § = —kVT with k being the thermal conductivity.
The preceding vectorial equations can be rewritten for axisymmetric
geometries in cylindrical coordinates:
. \
dv, v, Ov,
~or r adz (27)

@ OTve | Tre | OTuer  Tog

R e e A P (2.8)
ap aTrz Trz aT:z
__9%p Trz 2.9
0=—2= 4 22+ 2= 4 2= (2.9)
8T 8T
pCp (U.-E + Ug'a‘) = (2.10)

(1 aT 8T a?r) dv, v,
. + T+ Tae?

ror | art | 8z ar
o, 2oy OO OU
Trz af Tzr az X az

1t should be noted that due to the symmetry of the stress tensor, 7,; = 7,,.
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2.2 Lubrication Approximation Theory

It is reasonable to assume that the flow in tapered pressure dies with small

angles (¢ < .10°) will be nearly parallel so that Ef’; << % U << vy,

v, = v,(r,z) and p = p(z). This allows for further simplification of the

_previous equations to:

dv, v 6v,=0 (2.11)

or r oz
dp Oz | Trx
=Ly 2.12
0 6z+ or + r ( )
aT 18T &8*T av,
”CP”'E“"(FEF Eﬁ) o (2:13)

Problems for which Egs.(2.11) and (2.12) are applicable are said to obey
the Lubrication Approximation. The application of the Lubrication Ap-
proximation Theory (LAT) is done in detail in the books by Fenner (1970),
Middleman (1977), Tadmor and Gogos (1979), and Pearson (1985). The
continuity equation (Eq. 2.11) may be replaced by the integral form:

rolz)

Q=27 " v(r,2)rar (2.14)
. ri(s .

where @ is the volumetric flow rate and r;(z) and r,(z) are the inner and

outer channel radii, respectively. For a given cold coating thickness h (at

the ambient temperature), @ is computed from a mass balance on the melt

which moves as a rigid coating on the wire surface outside the die:

Q =V, [(Ru+h)? — R 5—“ (2.15)

where p, is the melt density at ambient temperature and p,, is the melt
density at the mean melt temperature.

2.2.1 Isothermal Analysis

Asguming isothermal conditions at a mean die temperature, Eq. (2.13)
is no longer required and the lubrication approximation equations for the
cylindrical coordinate system shown in Figure 2.1 are Eq. (2.14) and:

dp _1d _
2 = rar ) (2.16)
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To solve the above equations, a constitutive equation that links stress to
the velocity gradient is required. Furthermore, proper boundary conditions
must also be imposed. No-slip boundary conditions are imposed on the
moving wire and the stationary die wall in the die region between contact
of the melt with the wire and die exit, i.e.

v, = V, at r=ri(z) = R, (2.17)
vy, = 0 at r=r,(z) (2.18)

In the annular region before contact with the wire, Eq. (2.17) is replaced
by a zero wall velocity.

For a generalized Newtonian fluid obeying a power-law, the following
expression applies: "

du,\"
Ty =T ( m ) (2.19)

where m is the consistency index and n is the power-law index.

For a Newtonian fluid (n = 1, m = u = constant), solutions may be
obtained analytically for parallel- or tapered-channel dies. Han and Rao
(1978) have developed analytical expressions for velocity profile and volu-
metric flow rate for the case of a straight annulus, whereas Fenner (1970)
has presented results for the more general case including taper. This latter
treatment is more comprehensive, and will be followed here as well for a
power-law fluid.

Dimensionless parameters are introduced into this analysis. The dimen-
sionless flow rate may be defined as:

_ Q@

ny — CHVW (2'20)

where C is the mean circumference
C=ma{ri+1,) - (2.21)

and H is the channel gap. -
H=r,—r (2.22)

The dimensionless pressure gradient is expressed as
dp\ H B
- =—|—] = 2.23
e (dz) 7 _ (2.23)
16
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¢
where 7 is the mean shear stress defined at the mean shear rate V,,/H:

Vo™
F= —_ 2.24
| Tem (H) | (2.24)
A dimensionless wire shear stress S, is defined by

S =

e

(2.25)

*

where 7, is the shear stress at the wire. In addition, a dxmensmnless die
wall shear stress, S3, may be defined:

Si= (2.26)

=1 &

where 74 is the shear stress at the die wall. Furthermore, a wire tension
gradient mp is defined by
(%)
de

mp = ol (2.27)

CcT
where dF /dz is the wire tension gradient given by
dF
oA 2.28
T TS, (2.28)

and F is the force exerted by the shearing melt on the wire. Other important
dimensionless quantities include:
a diameter ratio:

£=— where 0<k <1 (2.29)

To

an inverse diameter ratio:

K=%=;°T where 1< K < o0 (2.30)
a dimensionless radius:
R = rL where 1< RE<K (2.31)
§
a dimenéionless ;;:ress: Toe
) S = ey (2.32)



2

and a dimensionless velocity:

. ’ _l_
v,(r, 2) dp Tp n
_ _ Py T 2.33
v ( V. 1) sg"’(dz) }(Kﬂ)"“ (23%)
The drawdown ratio Dy is defined as:
1 p?
Dp K, Ry (2.34)

~ (Ra+ R} - R2

where R, is the exit die radius and h the final coating thickness. A draw-
down ratio of 1.0 indicates that the diameter of the coated wire is equal to
the diameter of the die opening. If Dg > 1 the diameter of the coated wire
is less than the diameter of the die opening. Note that the same Dz means
the same h. Integrating Eq. (2.16) gives

Toe = dp\ [r* — (Ar,)’] @ \
. re = dz gf—b
where 7,, = 0 at r = Ar, , the position of the zero stress surface as yet

unknown. Using the dimensionless Eqs. (2.31) and (2.32), Eq. (2.35) may
be written as:

(2.35)

1 [R?— (AK)’]
o S=g (2.36)
Substituting the power-law Eq. (2.19) yields
% = |8|hsgn[R? - WK)Y (2.37)

This is the governing ordigary differential equation in dimensionlessg for
The following dimensionless boundary conditions are also obtained:

at R=1 W=0 (2.

at R=K, W= —sgn (E‘E) ‘—Wp—-
: dz

4

If A is known, Eq. (2.37) is readily iﬁtegrated from R =1to R = K by
means of Simpson’s rule. The dimensionless parameters are then obtained

o

%,



as follows:
rq = 1- W(K)(sz -5 flKW(R)thR (2.0
T, = —sgn (%) (K -1)"t"\W(K)™ (2.41)
e = mu[lK*2 (j\f)z] (2.42)
T, K[l — A?
Sq = "2—1&1‘:-%1 (2.43)

For a Newtonian fluid (n = 1), we have the following equations:

OK)? = lan {(Kzz— - 2(K1; 1)2] \' (2.44)
"o = 21;1( "r—Kzl— 1t 8(1{7ri 1)? [Kz - K:u:( ] (2.45)
R ey dadi ey (240
B¢ = _;({ 1;;{ p [‘(1}.;';;.2 - 2(KK— 1)-] . (2.47)

The above equations are exact coming from the solution of Eq. (2.37)
and the boundary conditions Egs. (2.38) and (2.39). Eq. (2.44) is useful
for defining suitable values of (AK)? for use in the solution of the power-law .
case.

The general case of a power-law fluid does not have an exact solution
and therefore a numerical solution is necessary. Fenner (1970) has generated
characteristic curves for different values of K and n with g appearing as a
variable on each graph. Interpolation between these curves can be used to
get the necessary information for calculations of overall die performance.
For the analysis of the annular region before the melt contacts the wire a
new dimensionless parameter is defined by

A= 2= X  (248)



where 7 is the mean viscosity defined at the mean shear rate V,,/H:

6

In general, 74 will be a function of n and K. Fenner (1970) shows that x4
is nearly independent of K and the exact solution for K = 1 (x = 1) may

therefore be used: . RN
n
AT e (2n + 1) (2:50)

A more precise formula for the pressure drop of power-law fluids in annular
tapered dies is given by Parnaby and Worth (1974). Overall, wire-coating
results are little affected by the annular region calculations.

7= (2.49)

s

2.2.2 Overall Die Performance Analysis

Using~Eqs. (2.15) and (2.20), the following expression for g is found

T = Pa b (2R, +h) (2.51)
pm H (2R, + H) .
If the cold coating thickness h is known, a numerical value for mg can
be found at any die section. This value may then be used to obtain the
corresponding values of the other dimensionless parameters.
Overall die performance may be computed by integration over the axial
length. Defining z = O at the entry to the annular regionf\bl"i'e inlet pressure

P (at z = 0) is given by: . - N

P= —foL (%)_ dz - (2.52)

since p = 0 at the exit z = L. Therefore, overall:

P= f; (“%) dz + f‘L (—g) dz (2.53)

where | is the axial length of the annular region and L the overall axial
length of the die.
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Introducing Eq. (2.48) and using the definition of 7, {Eq. 2.23) the
following is obtained:

»

CH3

where 74 is given by Eq. (2.50) for the particular polymer melt, Q by the
desired final thickness and all other variables are known functions of z.
The haul-off wire tension F is given by

L(dF "
F= fI (?E) dz + F, (2.55)

where F, is the payoff tension. Introducing 75 (Eq. 2.27) yields

Q/‘ 7 [L mpT '
P== el _
T et (2.54)

L A
F= [1 Crrpdz + F, ! (2.56)
The stresses are given by:
1
at the wire 7, = §,F= -—-Z—ar_p(K + 1)7 (2.57)
at the die wall T4 = S4T ' (2.58)

Of considerable interest as well is the maximum wire tension F.x given

by: : .
Fone = f‘ Crrpdz + F, (2.59)

where z, is the position before the die exit where dF/dz = 0 and the wire
shear stress passes from a negative to a positive value, which means there
is a tendency to push the wire out of the die, reducing the haul-off tension
required. Since wire strength is an important factor, it is also necessary to
know this maximum tensiom. :

Further results from this analysis can be obtained under varying oper-
ating conditions. Fenner (1970) shows that for other speeds and tempera-
tures, we have:

P = CmV: - (2.60)
F = Cm,V] + F, (2.61)
Tw = Csm,Vy (2.62)
14 = Cem,V>l ' (2.63)
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where Cy, C,, Cs, C, are constants for a gjven wire radius and coating thick-
ness and m, is the apparent viscosity ay unit shear rate and die operating
temperature. '

2.2.3 Nonisothermal Analysis

Winter (1977) seems to have made the first attempt to treat the nonisother-
mal problem using the LAT. His analysis takes into account convection and
viscous dissipation effects within the die land and outside the die and shows
the development of a temperature profile for a typical wire-coating opera-
tion. The nonisothermal analysis starts with the simplified equations:

ro(s) -
Q= 27r/ . ve(r, z)rdr (2.64)
dp 10,
= ralm (2:65)
aT 18 { 8T dv,
POy = ko5 (a_) e (2.66)
where a power-law is assumed for the shear stress 7,,
\ n
Tre=m (%‘i) ' (2.6’4:)

and the consistency index m is an exponential function of temperature;
m = m, exp[—b(T — T,)] (2.68)

b is a temperature shift factor and m, the consistency index at the reference
temperature T,.

Winter (1977) discusses the relative importance of heat transfer mode at
the boundaries in terms of the Biot modulus (Bi), which compares the rel-
ative magnitudes of surface convection and internal conduction resistances
to heat transfer. It is expressed as:

_ hr R,

Bi P

(2.69)

N
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where hr is the heat transfer coefficient. A low Biot number (Bi<1) indi-
cates low internal conduction resistance and heat transferto the surround-
ings is subsequently poor (nearly adiabatic case). A high Biot .number
(Bi>100) indicates the opposite effect of poor resistance to external heat
flow, with little heat retained internally (nearly isothermal case). Usual
values in die flow are in the range 10-100. At the wire surface, an en-
ergy balance is required between the melt and the metallic wire. Finite
difference solution (Winter, 1977) of the system of equations yields very
high temperature rises close to the die wall where a region of low viscosity
acts as a lubricant film and most of the polymer passes through the die in
plug flow. On the other hand, the energy balance on the wire shows that
within a very thin layer the melt regains its entrance temperature despite
its contact with the much cooler wire. The average temperature increase
for the melt was found to be about 3°C, and also the temperature of the
wire stayed constant due to the extremely short residence time in the die.
Furthermore, it was found that the temperature peak at the die exit wall
levels off within a short distance (< 10 cm). Winter (1977) briefly extends
his analysis to the cooling of the wire core as well as the coating melt.

2.3 Two-Dimensional Analysis

The need for a full analysis of wire-coating without making use of the lubri-
catiofapproximation becomes evident because of the inability of the latter
to describe the flow for large entrance angles and to accurately account for
recirculation phenomena at the impact of the melt with the wire. Note
that due to axisymmetry, the three-dimensional problem can be described
by two independent variables, namely r and z . Thus for a cylindrical co-
ordinate system, this analysis may be carried out as two-dimensional. A
typical representation of a wire-coating die is shown in Figure 2.2.

The preceding equations (Eqs. 2.7- 2.11) are linked through the tem-
perature and shear rate dependence of viscosity. The stress tensor, 7, for a
generalized Newtonian\nelastic fluid is expressed in terms of a rate-of-strain
tensor, ¥ as:

=5 - (2.70)
V.9

where 7 is the non-Newtonian viscosity. Assuming incompressibility (

‘ (
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0), the components of the stress tensor can be expressed as:

Ter = N = 206, (2.71)
Tee = 1700 = 2N€gs (2.72)
Tee = NYe = 20€se (2.73)
Trs = Tap = Mrg = N(€rs + Eur) (2.74)

where &;; = 8v;/8z;. The rate-of-strain tensor, fy, is expressed in terms of
the individual velocity gradients: :

Oup Buy vy
26r 0 Bz+8r
T = ur
= 0_ 2% 0
8u Gy fu
5 t+te 0O 2%

Newtonian and Generalized Newtonian Fluids

For an incompressible fluid, Newton’s law of viscosity states that the vis-
cosity is constant at a given temperature and pressure, regardless of the
stress or shear state of the fluid. The generalized Newtonian fluid however
has a viscosity that has a functional dependence on the magnitude of the
rate-of-strain tensor, 4, in addition to temperature and pressure:

F=n (53 (275)

To obtain 7 as a scalar function of the rate-of-strain tensor, the invariants
of this tensor must be found. Bird et al. (1960) explain the purpose and
formulation of the three invariant quantities that lead to scalar quantities
from the tensor. The assumption of an incompressible, viscometric flow
effectively eliminates the first and third invariants, and the second invariant

takes the form: - -
L=F:3) =23 % - (2.76)
i
The magnitude HI is then given by:
z 1 1=z =
il = =360
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ov dv dv
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e

Once this scalar value has been determined, it may be used in any one of
many non-Newtonian shear-dependent viscosity models available, such as
the power-law model.

The power-law model is an empirical rela,tlonship in which the viscosity
is assumed to have a functional dependence on the shear state of the fluid.
The relationship between the stress tensor and rate-of-strain tensor is

7= (mlA") 3 (2.78)

The coefficient m is the consistency index and n is the power-law index. If
n < 1, the fluid experiences a decrease in viscosity under increased shear
rates (pseudoplastic behavior) and if n > 1, the viscosity will increase with
greater shearing (dilatant-behavior). For polymer melts we usually have n
< 1 (shear-thinning behavior): '

Other models can also be used to better describe the shear rate depen-
dence of viscosity for polymer melts. For example, Carley et al. (1979)
modelled the viscosity for two typical coating resins (plasticized PVC and
LDPE) by using three regimes: a Newtonian regime at low shear rates, a
transition regime at moderate shear rates and a power-law regime at high
shear rates.

The link between viscosity and temperature is also important since dur-
ing normal operation, significant temperature rises are expected. A com-
mon model, previously shown in Eq. (2.68), is often used:

n = noexp[b(T — Tp)] (2.79)

where b is determined for a given material, and g is a reference viscosity
at T[).
Another model used by Carley et al. (1979) takes the form:

1 = noexp [(i) (% - Tlo)] (2.80)

where E, is the activation energy at constant stress and R, is the molar gas
constant. Chapter 3 gives more information with regard to these equations.
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2.4 Boundary Conditions

An appropriate set of boundary conditions is necessary for the solution of

the flow equations. Referring to Figure 2.2, boundary conditions must be

specified in all solid and free boundaries. These may be either “essential”
(referring to the primitive variables, i.e. velocities and temperatures) or
“natural” (referring to fluxes) boundary conditions. .

In the annular region, a creeping annular flow occurs with no sllppa.ge
along the solid surfaces. A fully developed velocity profile, v,(r), corre-
sponding to a given volumetric flow rate, Q, is assumed at the entry. The
flow rate is readily calculated at the exit by:

Q = (R - B,V (2.81)

where R, is the radius of the coated wire. The entering velocity prdﬁle is
then computed by assuming Newtonian flow in an a.nnulus which has been
analytically expressed by Bird et al. (1960):

R2dp r\? 1 — &2 r
ve(r) = el (F) + (—IH(I/E)) In E] (2.82)
where x is the ratio of inner to outer radius. The Newtonian profile may
be used since the shear rates at the entrance are relatively small. From the
computational viewpoint any profile corresponding to given Q is acceptable
since it will rearrange itself within a short distance from its initial state to
satisfy the particular flow geometry and boundary conditions.

The relatively large channel gap feeding the’melt to the die helps pre-
vent significant viscous heating, making the dssumption of uniform entry
temperature acceptable. Constant wall temperature is assumed throughout
this section. Mathematically, these boundary conditions are expressed as
follows:

ve{ri,z) = v,(r,,z) =0 , 0<z<l (2.83)
ve(ri,2) = ve(re,2) =0 , 0<z2l (2.84)
T(ri2) = T(rpz)=Ta=T v 0% 251 (2.85)
v,(r,0) v.(r) , 0< =< (2.86)
T(r,0) = Tn . 0<z< (2.87)
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In the die region, where the melt meets the wire, the boundary condi-

vi(ri,2) = Vi L l<z<L (2.88)
Uz(ro:z) = 0 , 1 £2<51L (2'89)
U,-(r,,z) = v,(ra,z) =0 , Z < z< L (2.90)
T(riz) = Ty , I1<z<1L (2.91)
T(ro,z) = Tu 1<z<L (2.92)
When adiabatic conditions are assumed, then: ~
-
or,  _or| _, , 1<z<L ~(2.93)
or|._. ori_.

In the exit region, no mass or momentum flux will occur at any point
normal to the surface, and adiabatic conditions may apply for the heat flux.
Upon emerging from the die, the polymer melt will acquire everywhere the
speed imposed on the wire. In addition, surface forces on the free boundary
are set to zero in the absence of surface traction. These boundary conditions-
are expressed mathematically as:

i i{ry,z) = 0 , L<z<Le (2.94)
i-T(re,2) = 0 L<z< Le (2.95)
vo(ri,2) = Ve L <2< Lo (2.96)

v (ry,z) = 0 L <z < Lo (2.97)
T(ri,z) = Tu L <2< L (2.98)
—kg—fr:r'zo , L$z5Le (2.99)

where 7 is the outward normal vector and T is the surface traction. Note
that r; refers to the inner torpedo wall up to the end of the annular section,
after which it refers to the wire surface (R,,), and r, refers to the outer die
wall and free surface.

From the solution of the velocity field a great deal of information can
be obtained. The components of the rate-of-strain and stress tensors are
calculated, the vorticity, viscous dissipation term and an update for the
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free surface. The latter is accomplished 'y considering what happens after
the melt has exited the die. It must be true that at every point along the
free surface no cross-flow occurs (i.e. flow normal to the surface). This is
mathematically expressed by Eq.(2.94). Using this criterion, a method for
determining the free surface of the melt has been proposed by Caswell and
Tanner (1978). The following expression is derived from Eq.(2.94):

@) =yt [ (%)e (2.100)

and is used to calculate iteratively the free surface. The numerical integra-
tion is carried out using Simpson’s rule.

A force is exerted by the viscous melt on the wire as it passes through
the die section. A significant force may cause rupture of the wire. To
calculate this quantity, the shear stress at the wire surface is integrated
over the wire surface as follows:

Lw =
F = f deA=j; Tw2mrdz (2.101)
A

Initially, the drag of the wire will pull the melt with it, creating a negative
shear stress (in the direction opposite to the flow). This then causes tensile
action on the wire. However, when the melt velocity surpasses the wire
speed, the stress then becomes reversed in direction. Therefore, calculation
of the maximum wire tension exerted by the melt on the wire is found by:

L
Froax =f 'rwdA=f 01'._,,21rrdz (2.102)
A !

where Lj is the axial position where r, = 0.

To solve for and present visually the streamlines in the flow domain,
solution for the stream function is required. In axisymmetric flows the
stream function 1 is defined by:

-

13¢

' 13¢Y
= —— 2.10
ve r JOr ( 1)

~Stream function values can be obtained by solving a posterior: the Poisson
equation:

Vig=-w | (2.105)
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where w is the vorticity given by
dv, Ov,
or dz

and has been calculated from the solution of the flow field. The stream
function is normalized to yield a more meaningful flow field variable: -

gro Y= .
'pwirc - 'ﬂbwnll

where )ya and ¥u;e are wall and wire stream function values, respectively.

Note that t* represents a fraction of the total melt flow rate, such that

0 < ¢* < 1. If ¢* is outside the O to 1 interval, this would indicate that

recirculation is occurring. The total flow rate may also be computed by

using the stream function ¢ according to:

Q@ = 27 (Puatt = Yuire) . (2.108)

Additionally, it should be noted that the energy equation with no con-
vection satisfies a Poisson equation of the form:

kAT = —~Qq (2.109)

Wy = —Wrg =

(2.106)

(2.107)

The quantity Qg is the viscous dissipation term (Q4 = 7 : V- 7). Note that
£q.(2.109) is equivalent to Eq.(2.105) when Q¢ =w, k=1 and T = 4.
The Peclet number (Pe) of the system is also an important parameter
and'is defined as: - - v
Pe = E—if’—& (2.110)
which is a measure of the relative importance of convective heat transfer to
conductive heat transfer. The Pe number in typical wire-coating operatiens
ranges between 1000 and 20000. Such a Pe range is the highest encountered

in any polymer processing operation.

2.5 Method of Solution

2.5.1 Lubrication Approximation Theory (LAT)

Unlike the case of a Newtonian fluid, power-law fluids have no exact solu-
tion, and therefore a numerical solution is required. Fenner's (1970) method
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involved interpolation between characteristic curves generated for different
K and n values, with wg appearing as an explicit variable on each graph.
Interpolation between the curves would yield the information required for
solution.
A thorough numerical solution of the dimensionless LAT equations gives
more precise results however. An initial assumption of a (AK)? value is
-tequired, and a dimensionless flow rate may be calculated. This quantity
must agree with the actual (dimensionless) flow rate, otherwise alteration
of the initial guess is required. A Newton-Raphson iterative technique may
, be used. In a certain region where the initial assumed value of (AK)? is
‘ not appropriate, a bisection iterative method can be implemented. Such a
numerical solution has been applied by Heng (1986), who solved the LAT
equations using a FORTRAN computer program called LAT. This program
has been used to obtain the LAT results of the present work.

2.5.2 Finite Element Method

The flow domain is initially discretized into numerous, small triangular
subdomains called “finite elements”. This is normally done automatically,

- unless a particular variation in the grid arrangement is required. The size or
shape of each individual element need not he the same. Considering every
element separately, a given contribution to the overall solution is deter-
mined, thus resulting in a “piecewise” approximation using the governing
differential equations.

The solution of the equations along with the boundary conditions was
carried out using the MACVIP finite element program developed for creep-
ing viscoelastic flows (Mitsoulis et al, 1983). MACVIP implements a finite
element formulation using the “primitive variable approaeh” and the “prin-
ciples of virtual work” for planar or axisymmetric geometries. The primitive
variable approach involves solving for radial and axial velocities (u and w,
respectively) and the pressure (p). Each triangular element contains six
nodes. The velocities u and w require solution at each node and pressure
requires solution only at the three vertex nodes, as shown in Figure 2.3.
Knowledge of the nodal quantities allows interpolation over the element
to determine the value of a given field variable at any point. This is ac-
complished using continuous functions known as “interpolation” functions.
Velocities are interpolated quadratically and pressures are interpolated lin-
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, r
carly over the element domain. Secondary variables such as stresses, rates-

of-strain, and stream function quantities can be determined from the known
primitive varidbles. A more in-depth explanation of the principles behind
the FEM can be found in the book by Huebner and Thornton (1982).

The analysis using MACVIP follows the procedure as outlined in the
flowchart of Figure 2.4. A complete data file is composed of input data
essential for proper simulation using the FEM. Such data includes material
propertics, operating and boundary conditions, information to allow con-
struction of the finite element grid, geometric structure of the die, required
number of solution or free surface iterations, and various flags to invoke
or suppress certain capabilities of the program (such as nonisothermal or
non-Newtonian analysis). Initially the finite element grid is constructed,
after which all other data is incorporated. If the analysis is nonisothermal,
temperature data is read in from an external file and used to calculate new
viscosity values. ‘

Since this method is based on solution contributions from area domains

rather than individual points, the differential equations are rewritten in ap- -

proximate integral form. Substituting the interpolation functions into these

approximate integral equations and having set the boundary conditions, a -

set of simultaneous linear algebraic equations is created. The primitive
variables are then found from the following expression:

[ K| [Kpl} Y _ (@Y
= (2.111)

g o), \®) “lo)
The individual contributions from each element are found through integra-
tion of the individual terms of the FEM expressions corresponding to the
conservation equations. Together they produce a symmetric “stiffness ma-
trix”, [K], for each element n, with all contributions eventually added up
and equated with the “load vector”, F, that contaihs body forces, surface
tractions and boundary conditions. These algebraic equations are solved
by using the frontal method (Hood, 1976 and Taylor and Hughes, 1981).
Since the viscosity is strain-rate dependent, a direct iteration scheme has
been employed in the non-linear analysis. This direct substitution algo-
rithm (Picard method) is based on the root-mean-square error (norm of
the erzor) of velocities for successive iterations.

Iterations were initially performed until satisfactory convergence was
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Figure 2.3: Typical Element Used in FEM Analysis.
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achieved, after which the free surface was determined. Three iterations
were normally sufficient with the first iteration being done by assuming a
constant viscosity. The grid was then regenerated to account for the altered
domain due to the inclusion of the free surface and the process for u-w-p
solution was repeated. The free surface was solved for until little change was
observed, usually requiring three attempts with last determination having
no subsequent procejsmg Therefore a total of five iterations was norma.lly
performed overall. :

Computer time.requirements for MACVIP vary due to various consid-
erations such as number of iterations desired and the extent or intensity
of the analysis. A denser grid will undoubtedly yield more precise data
although the increase in CPU time required could make costs prohibitive.
Thereforé a balance must be struck between the two concerns: Overall CPU
time for the five iteration process described above ranged between 114 and
121 CPU secs, with ar®average requirement of 24 CPU secs per iteration
for the grids used in this study.

Figure 2.5 shows how the main program (MACVIP) interacts with other
progra.ms which have been designed to solve for other variables by us-
ing data created by the former. The solution for nodal temperatures in
a nonisothermal analysis is done by the program POISSON FORTRAN.
It requires the data files produced by the main program on coordinates
(CWIRE DATA), velocities and pressures (SWIRE DéTA viscous dis-
sipation (QWIRE DATA) and stresses (STWIRE). The POISSON FOR-
TRAN program divides each 6-node element used for u-w-p formulation
into 4 sub-elements with' 3 nodes each.

As with the pressure determination, a linear approximating function is
used for evaluation of temperatures over elements. This function is substi-
tuted into an integral form of the differential equation for the conservation
of energy, which accounts for thermal variations due to convection, conduc-
tion, and viscous dissipation. From this, a linear system of finite element
equations is obtained, expressed in the form

[Kr][T°] = [Fr] (2.112)

where |Kr] is the global heat stiffness matrix (unsymmetric), [Fr] is the
heat load vector incorporating all boundary conditions, and [T"} is the
column matrix of the unknown nodal temperatures. The matrix solver
used for solution is based on the Choleski decomposition method for non-
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symmetric matrices. It was found that time requirements for execution

were approximately 6 CPU secs.

Temperature oscillations were initially found to exist at moderate to
high Peclet numbers (i.e. relatively high convection) by Mitsoulis (1984).
To suppress these oscillations without making major grid density increases,
a mathematical method called “upwinding” can be implemented. Basi-
cally, the contribution of the convective term is found through integration
of the element matrices over the area of each triangle. This integration
is performed at three midside nodes that are called the Gauss-Quadrature
integration points. The upwinding technique serves to relocate these inte-
gration points so that the oscillations due to the convective term are min-
imized or eliminated. Some difficuities, however, arise from the fact that
although upwinding suppresses the oscillations, it also introduces a certain
degree of error into the computations. . The upwinding process employed
throughout this study is detailed further by Mitsoulis (1984).

After the final series of iterations has been completed by the main pro-
gram, data 45 transferred to find the stream function values. This is ac-
complished by using the same program and format used to solve for tem-
peratures, since mathematical description of the two are very similar (both
satisfy the Poisson equation a3 seen earlier in this Chapter). Therefore by
setting the thermal conductivity, k, equal to 1, eliminating the convection
term and replacing the viscous dissipation with vorticity, qpick determina-
tion of the stream function is accomplished using the POISSON. FORTRAN
program. ' p ' . ’ e

" Finally, visual displays are created to illustrate the performance within
the die by using the PLWIRE FORTRAN program. The stream function
values are normalized, after which streamline patterns are produced by con-
necting points of equal value (i.e. contours). This procedure is also carried
out for temperature values to give a presentation of isotherms. Other data;
such as pressure, shear stresses, and wire tension are read in directly to
quickly produce visual displays of their distributions in the dje.
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Figure 2.4: Flow Sheet for the Organization of Main Program (MACVIP).
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Chapter 3

MATERIAL PROPERTIES

Low density polyethylene (LDPE) and plasticized polyvinyl-chloride
(PPVC) are the primary coating materials under consideration due to their
extensive commercial use. Material properties of these polymer melts such
as viscosity, density, specific heat, and thermal conductivity are presented
along with some characteristic critical values for stresses and temperatures
useful in polymer processing.

3.1 Viscosity

The chemical structures of both LDP¥ and PVC are relatively basic,

LDPE i CH, —— CH, ——

PVC CH, ~—— (l)H —+—

+ Cl

the repeat units of which are shown above. A detailed analysis of the
chernical aspects of LDPE and PVC is given by Tadmor and Gogos (1979}.
LDPE is a yersatile plastic which can be modified with relative case to
enhance its properties. Given its relatively low cost, it enjoys great usage
in comparison to other coating materials. PVC is more flexible than LDPE

and has very good rcsistanc? to corrosion and flame. In addition, PVC has

good clectrical insulating pfopertics but is much more thermally sensitive
than LDPE. |
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At low shear rates, polymeric melts exhibit a generally constant viscos-
ity, and thus they can be described adequately by the Newtonian model:

n = u = constant (3.1)

where p is the Newtonian viscosity. _

These fluids, however, exhibit decreased viscosity at high shear rates
(“shear-thinning” behavior). In wire-coating operations, very high shear
rates are encountered that may reach 10 s7! . The shear-thinning be-
havior is adequately represented by the power-law model which relates the
- viscosity 7 to the shear rate % according to:

n=m@"" . (3.2)
where m is the consistency index and 7 is the power-law index.

To account for the entire shear rate range (i.e. Newtonian behavior
at low shear rates and power-law behavior at higher shear rates) other
models can be applied such as the Carreau or the Ellis model (Bird et al.,
1977). Carley et al. (1979) have employed a three-equation model covering
the entire shear range. This model includes a Newtonian regime at low
shear rates, a transition regime at intermediate shear rates and a power-law
regime for high shear ratess Upon specification of 2 Newtonian, transition |

shear rate value 4y and a transition/power-law shear rate value 4p, the
following equations were used: '

logr = logy+logu ¥ < AN (3.3)
logr = a(log4)® + b(log4) + ¢ IN<Y< P (3.4)
logr = n(log '7) + logm Y2 P (3.5)

Eq. (3.3) is the Newtonian model and Eq. (3.5) is the power-law model,
both expressed in logarithmic form. The given constants are found by
. requiring that the slopes be equal between the regions at the points of
transition. The corresponding values are shown in Table 3.1. Note that =
is expressed in dynes/cm? and ¢ has the units of poise. Figures 3.1 and 3.2
illustrate the viscosity behavior over a large range of shear rates at different
temperatures for LDPE and PPVC, respectively. -

The temperature dependence gf LDPE and PPVC was expressed by the
Arrhenius relationship

@3] e

-
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TaBl‘J 3.1: Parameters for Model Proposed‘by Carley et al. (1979).

| Parameter l LDPE Value | PPVC Value |

a —0.06408 —0.06971
b 0.7437 ©0.7212
c 4,346 5.198
" 40000 300000
logm 5.004 5.568
n 0.333 0.400
"')'N 0.01\5_:l 0.018'“1
Ap 160051 2015~
T ' 206°C 170°C

Table 3.2: Parameters for Temperature-Dependent Viscosity Model.

[ Variable | Units | LDPE | PPVC |
E, cal/gmol | 11700 | 28400
No poise | 40000 | 300000
Tr °C 206 170

where ng is the reference viscosity at a reference temperature To; E. is
the activation energy at constant stress, and R, is the molar energy con-
stant (R, = 1.987 cal/gmol-K). Table 3.2 gives the values employed in this
analysis.

D}lring this research an LDPE sample (Alathon 3535) was supplied from
Du Pont Co., data from which was to be used in the analysis of the die
presented by Haas and Skewis (1974). Experimental viscosity data was ob-
tained using a capillary viscometer {Tzoganakis, 1986). Shear stress-shear
" rate curves were obtained at four different temperatures (190°C, 210°C,
230°C, and 250°C). The shear rate region was from about 2 s™* to 2000
s™!. The data was then corrected in terms of Rabinowitch and Bagley
methods (McKelvey, 1962). The following viscosity function was used to

curve-fit the data via linear regression analysis (Agur and Vlachopoulos,
1982):

Ing =a; +a;lndy+as(In4)? + a4T + asT? + agT In%y (3.7)
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where -

a; = 10.6773 a; = —0.7615 as = —0.0072
ay =0.0035 a5 = —4.473 x 1075 a5 = 0.00113

Figure 3.3 shows the experimental data points and the corresponding vis-
cosity curves in the shear region from 1s~! to 10% s~!. To test the LAT for
power-law fluids, the following power-law relations were also obtamed by
curve-fitting the data:

at 190°C 7 = 181844"3% (3.8)
at 210°C. 7 = 144594%40%1 (3.9)
at 230°C 1 = 102414°4°78 ~ (3.10)
at 250°C 7 = 69674%4% (3.11)

In the above equations, the shear stress is expressed in Pa.

3.2 Density

The density of LDPE is a function of temperature, and is expressed accord-
ing to Raff and Allison (1956) as

p = [1.143 + (0.00089)T|™* T > 127°C (3.12)

where T is the temperature in °C, and p is expressed in g/cm®. This
relationship was used by Endo (1976) in his research and it is also employed
in this work. Cogswell (1972) gives data concerning density of molten LDPE
with moderate branching, reporting 0.746 g/cm® at 210°C, as compared
with 0.752 g/cm? from the above relationship. Basu (1981) presents another
density relationship for LDPE as a linear function of temperature {1 atm):

p == 0.8772 — 0.000597T, T > 150°C (3.13)

The density from this expression at 210°C is calculated to be 0.753 g/cm?,
which is in excellent agreement with the value found using Eq. (3.12). The
ambient temperature (23°C) density of LDPE is given by Basu (1981) as
- 0.918 g/cm®. Overall, the density will depend on the chemical structure of
the particular type of polymer used.
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For this research, the method of assuming the density for PVC used by
Endo (1976) was employed. In lieu of available data, 90% of the density at
25°C was taken to represent the density at 170°C (1.05 g/cm®). Cogswell
(1972) gives a density of 1.39 g/cm® at 190°C for a rigid grade of PVC, and
this may possibly be more accurate but it is not definitely known.

R
3.3 Thermal Conductivity

Limited information on thermal conductivity values is available in the lit-
erature for polymer melts. Lack of data for LDPE in the molten state for
this particular property means that a satisfactory value must be assigned.
Endo (1976) cites a thermal conductivity value, k, at room temperature
(23°C) as k = 0.0032886 J/cm - s -°C. Basu (1981) uses virtually the same
value in his research and therefore it will also be used in this work. Fur-
thermore, the thermal conductivity value for PVC used by Endo (1976) is &
= 0.0014226 J/cm - s :°C for the entire temperature range, and this is also
used in the present computations. Since the temperature dependemxce of &

is relatively weak, little error will be introduced by introducing constant
values.

3.4 Specific Heat

—

Specific heats for polymer melts are functions of temperature. The following
linear relationships, quotéd by Endo (1976), are given by Dole et al. (1952)
for LDPE and Koleske and Wartmen (1969) for PVC, respectively:

LDPE C, =2.079+0.003376T (3.14)
PVC C, =0.857+0.00362T (3.15)

Temperature T is expressed in °C and C, is expressed in J/g °C. Basu
(1981) also makes use of Dole’s correlation in his research.

3.5 Critical Stress

An important consideration in wire-coating operations is the stress allow-
able before the onset of “melt fracture”. Melt fracture occurs when a fluid
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is subjected to shear stresses that are too large to allow smooth coating

of a wire. This critical stress value depends upon the material used. Vla-

chopoulos and Chan (1977) and Vlachopoulos and Alam (1972) have done

work in this area, and the latter study presents €Rpressions to calculate

-critical shear stress values for a variety of materials, including LDPE. The

critical stress values are functions of molecular weight and temperature,
and for LDPE the following expression was found to apply:

Ter 1.005 x 108
= 1317+ 3.16
oo W o (818)

where 7., is the critical shear stress (dynes/cm?), Tiy, is the absolute tem-
perature, and MW is the molecular weight of the resin. Figure 3.4 shows
the critical shear stress values as a function of temperature with the upper
curve representing an LDPE resin with a molecular weight of 50000 and the
lower curve of a molecular weight of 90000. The two curves represent typi-
cal extremes for LDPE molecular weights. It is also of importance to note
that these expressions were obtained from data generated for a 90-degree
entrance angle. Hence, there is evidence that properly designed tapers may
“allow the critical stress values to be exceeded without necess'a.ri&vleading
to melt fracture. : e

The only available critical shear stress data on PVC is given by Agassant
(1980) and is presented in Figure 3.5. Higher temperatures will increase
the critical stress even though the actual stresses will be lowered as a result
of the decreased viscosity. The molecular weight for this particular PVC
sample was not specified.

3.6 Thermal Degradation

Large temperature rises in the melt cause concern with respect to thermal
stability of the polymer. An extensive literature search has shown limited
information for polymer melts, but studies of polymer melt flows gave im-
plicit information. For example, LDPE has been tested over a wide variety
of temperatures {150 - 300°C) and apparently does not degrade within that
range. Hammond (1960) has stated that LDPE operation above 227°C is
desired since it improves the finish of the final coating. On the other hand,
PVC was never found to be used at temperatures above 210°C, and it is ex-
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pected that significant degradation occurs around and above this tempera-
ture. Griff (1968) states that the normal,operating temperature using PVC
compounds is somewhere around 185°C, The decomposition mechanism in-
volves the elimination of hydrogen chloride molecules after which oxidation
occurs at the double bonds, leading to possible discoloration of the polymer.
Furthermore, simultaneous cross-linking of the resin yields subsequent de-
terioration of madterial properties and possible extrudate roughness. leat
stabilizing compounds are available to-assist in helping to combat this prob-
lem although the choice of a particular one must satisfy specific criteria for
a given set of circumstances. Further information on the sensitivity of PVC

melts is found in work by Owen (1967), Collins and Daniels (1974), and
Collins (1978). | :
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Chapter 4.

ANALYSIS OF FENNER’S
DLE

+ Q

—_ e————

A particular die design is examined by using both LAT and FEM analysis.
The LAT is applied for Newtonian and power-law fluids under isothermal
conditions. Results obtained from the FEM are compared with LAT re-
sults for verification. The FEM analysis is then extended to nonisothermal
conditions, and a series of parametric studies is done for both LDPE and
plasticized PVC. - -

4\1\ Introduction

The die configuration given by Fenner (1970) is shown in Figure 4.1. There

_are two distinct regions: the region around the torpedo {Section Y-Y) and
the die region (Section X-X). The polymer melt will contact the bare wire
where the torpedo comes to an abrupt end (Section A-A).

Analyses undertaken by Fenner (1970) are for isothermal conditions,
assuming either Newtonian or power-law constitutive models. The effect of
viscous dissipation was not examined. Extension to nonisothermal analysis
is important in order to obtain results in a more realistic environment
and also showthe relative influence that internal heat generation has on
previous isothermal findings.

For this die, both an LDPE and a plasticized PVC resin will be consid-
cred as the principal coating materials. This analysis assumes a wire radius
of 0.025 cm with a constant coating thickness of 80% the wire radius for a
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final radial thickness of 0.045 cm’at the exit. The difference between the
melt and ambient resin density is not considered in this particular analysis.

-

. 4.2 LDPE: Isothermal Analysis

This analysis assumes that the containing surfaces remain at a fixed tem-
perature along the die and that the temperatyre of the LDPE melt stays
unchanged. This assumption is carried through for both Newtonian and
power-law fluids.

4.2.1 Lubrication Approximation Theory

The LAT has been applied to this system for fluids ha.{ring different power-
law indices. The results are generated by using the LAT FORTRAN pro-
gram. For the LAT analysis, Heng (1986) used 30 axial divisions in the
die region and 100 axial divisions in the annular region, with 100 vertical
divisions for every axial location. These conditions are acceptable since it
is found that a three-fold increase in total number of diwisions yields dif-
ferences under 1% while nearly doubling the execution time required. It
was found that execution time for the Newtonian case took approximately
3 CPU secs, whereas in the case of a power-law fluid the execution time
was about five times greater. Figure 4.2 shows the pressure distribution in
dimensionless form for different fluids (n = 1.0, 0.75, 0.50, and 0.25).

It can be seen that for the Newtonian case (n = 1), the entry pressure

in dimensionless form was found to be around 31.1 and a pressure build-
up in the die section reached a dimensionless value of 42.2. The positive
pressure gradient that exists in the die region corresponds to a development
of a velocity profile showing flow in the opposite direction, beginning with
the fluid nearest the die wall. This partial recirculation of flow is very
undesirable, having an adverse effect on the quality of the final product.
The exact extent and intensity of recirculation cannot be readily determined
in the LAT analysis.

The previous figure shows two interesting aspects with respect-to the
“behavior of power-law fluids. First, the dimensionless entry pressure for
the n = 0.50 fluid exceeds that of the n = 0.75 fluid, and the n = 0.25
fluid surpasses all fluids. Secondly, the pressure build-up in the tapered
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region decreases steadily with the power-law index, and it is seen that at
n = 0.25 the pressure exhibits a consistent, monotonic drop. The pressure

distribution of each fluid is linked with the nature of the flow field found
" to exist in -each case (e.g. the occurrence of backflow). More detailed
discussion of this is made in the FEM analysis section.

Because of the rearrangement of the velocity profile throughout the
length of the die, the shear stresses will also change ¢ontinually along the
axial length. Figure 4.3 gives the dimensionless shear stress distributicn at
the wire and die wall. The wire tension is also calculated from knowledge
of the shear stress state along the wire, and is presented in dimensionless
form in Figure 4.4.

Fenner used the LAT method to analyze_ his die design considering an
LDPE melt following power-law behavior with n = 0.48. The consistency
index was not given by Fenner, and therefore it needed to be calculated.
Using the value of inlet pressure (27 MPa) cited for a speed of 510 ¢m/s, the
consistency index was found to be m = 0.00745 MPa -s". Fenner considered
two speeds, 510 cm/s and 2040 cm/s, under isothermal conditions (300°C).
Several performance quantities were found including inlet pressure, shear
stresses and wire tension. These results present a basis for comparison with
the FEM analysis under similar conditions.

-~

4.2.2 Finite Element Analysis

The finite element grid employed to compute the required quantities is
shown in Figure 4.5. This particular grid was initially tested under New-
tonian isothermal conditions to verify the adequacy of the finite element
discretization. Mitsoulis (1986) found that this grid, consisting of 240 trian-
gular elements for velocities-pressure and 567 nodes, gave results virtually
identical to those obtained from grids having 264 and 300 eleménts. (The
number of elements for solution of temperatures and streamlines is neces-
sarily four times greater, totalling 960 elements). Due to symmetry, only
half the domain need be considered for the calculations. Many elements
were concentrated near the impact zone and the die exit, where the stresses
will have the greatest magnitude. This grid covers a total length of 7.4 cm
(or 296 wire radii), extending 0.4 cm beyond the exit. Such an exit length
is adequate to satisfy the natural boundary conditions on the free surface.
It was found that for a Newtonian fluid under isothermal conditions,
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an area of intense recirculation existed. Computations showed that about
120% of the flow rate recirculates within'the die in a region located just
after impact. Figure 4.6 gives a visual repregentation of the flow field. Using
IEBM anatysis, Caswell and Tanner (1978} generate results that suppo:D
the existence of recirculatory behavior under these conditions, but give
numerical values to their streamlines. Figure 4.7 compares in dimensionless
form the pressure distributions along the axial length for both studies. The
discrepancies were traced to the modelling of the impact zone with finite
clements as discussed below. .
It was found that the FEM results were very sensitive with respect to
the nature of the discretization in the impact region, and relatively insensi-
tive to the number of radial divisions employed. Figure 4.8 illustrates two
~ different types of arrangements considered. The first shows a clearance gap
between the end of the torpedo (at 3.8 cm) and the wire surface (at 3.82
cm). In reality, a free surface will occur in this minute area just before the
melt contacts the wire (at 3.82 cm). It was found that for a Newtonian
fluid, a dimensionless entry pressure of 34.2 was thus generated, exceed-
ing the LAT and Caswell and Tanner’s (1978) predictions by about 10%.
The second type of arrangement shown best modelled the LAT approach,
placing the node at the surface of the emerging wire (at 3.8 cm), thus
eliminating the clearance gap. Setting the node at 3.82 cm to the wire ve-
locity, the results obtained effectively matched both the LAT and Caswell
and Tanner’s analysis. Nevertheless, in the remainder of calculations the
first arrangement was adopted, since it better represents the clearance gap
found in actual operations. -
The effect of shear-thinning was then studied by considering several
fluids described by the power-law model, with each fluid having a different
index (n = 0.25, 0.35, 0.50, 0.75). The flow patterns developed within
the die will depend primarily upon power-law indices of the coating fluid,
as well as wire radius and coated radius requirements under isothermal
assumptions. In Figure 4.9, the pressure distribution in dimensionless form
for each fluid is shown, assuming a clearance gap between the end of the
torpedo and the wire surface. The extent of recirculation decreased when
shear-thinning behavior was greater {smaller n values). It was found that
below n = 0.35, no secondary flow existed. At indices where recirculation
occurred, pressure build-ups were present in the die region, the magnitudes
~of which extended above inlet pressure values. However, at n = 0.35, the
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die region back-pressure had sufﬁgieJntly decreased, allowing a larger inlet
presstre (i.e. driving force) to develop. Generation of design specifications
that yield monotonic pressure drops must be a primary objective in the
design of wire-coating'dies.” -

Caswell and Tariner (1978) extended their analysis of Fenner’s die to in-
clude a shear-thinning fluid with n = 0.50. It was suggested that the effect
- of shear-thinning on the extent of the recirculation zone was small but no
comment was made concerning any effect on the intensity of recirculation,
which is of more immediate importance to proper coating performance. The
flow field generated for a similar case with n = 0.48 is shown in Figure 4.10.
" Flow reversal still exists, with up to 14% of the total flow rate recirculat-
i & The characteristic shear-thinning behavior of the coating flu ,ghas

tively decreased the intensity of recirculation which was Sohit 120%
for a Newtonian fluid (Figure 4.6). However, note that the side 0 the fones
where recirculation occurs are in fact about the same:

In addition to the flow recirculation, it is 1nterest.mg to examine the
"values of the other performance variables. It is noted that these values were

quite high. The shear stress values range between 1-4 MPa, which easily
exceeds critical values for LDPE melts (around 0.1-0.2 MPa), therefore
indicating possible melt fracture. Since it is likely that this die has been
used in actual operatlon under hlgh speeds with LDPE, the elimination
- of both recirculation and likely melt fracture (i.e. .shear seress reduction) -
must be possible under certain conditions.

A comparison between axial pressure distributions,obtained by the LAT
and FEM, under the same conditions and using the same fluid model em--~
ployed by Fenner (1970), is shown in Figure 4.11. The two curves are almost
identical up tothe tapering zone, after which the pressure, predicted by the
LAT falls below the FEM curve. The LAT fails to account for the effects
of the singularities (e.g. high stresses at the impact and exit), thus causing
the backpressure to be underestimated. Other pertinent quantities such as
shear stresses and haul-off tension are shown in Table 4.1. ’

"The isothermal assumption, while facilitating 2 quick and approximate
solution, can only be considered as approximate since viscous dissipation -
effects can give temperature increases within the melt. The’energy conser-
vation equation must be included to make the analysis and related results
more realistic. A nonisothermal analysis 13 thelpefore required so better
observa.txons can be made '
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Table 4.1: Comparison between Predictions from the LAT and FEM for a
Power-law Fluid (7 = 0.007454%4*MPa} in Fenner’s Die for Different Wire
Speeds under Isothermal Conditions (R, = 0.025 cm.).

Vy,= 510 cm/s

V= 2040 cm/s

Variable

LAT

l

FEM

LAT

[ FEM

Inlet
Pressure

AP (MPa)

27.0

27.0

53.0

52.7

Maximum
Pressure

Paax (MPa)

27.0 5.8

30.6 5.8

| 53.0 5.8°

59.5 5.8°

Haul-off
Tension

F (N)

17.0

40.2

33.0

78.2

Maximum

Tension
Frax (N)

20.0 6.6°

404 6.9°

38.0 6.6’

786 6.9°

Maximum
Shear Stress
at )fVire
Tw,max (MPa)

0.83 7.0°

1.44 3.8°

1.68 7.0°

281 3.8°

Maximum
Shear Stress
at Die Wall
Td,moax (MPa.)

1.03 7.0

2.01 7.00

2.00 7.0

3.91 7.0

“*Location (in em) where the maximum value is observed.
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4.3 LDPE: Nonisothermal $Analysis

This analysis assumes that the metal surfaces (wire and die and torpedo
walls) are kept at a constant temperature which is equal to the tempera-
ture of the entering melt. Solution of the energy equation was required to
account for the heating effect due to viscous dissipation in the melt. -

Carley et al. (1979) examined the coating of a No. 22 AWG wire (R,
= 0.032 cm) using speeds between 254 cm/s to 3048 ¢cm/s (500 ft/min to
6000 ft/min) and a melt entry temperature of 227°C. Hammond (1960) has
found that temperatures for wire-coating grade LDPE resins should be in
excess of 227°C to improve the luster and gloss of the final coating.

On the basis of the above information, runs were undertaken in Fenner’s
die with R,, = 0.025 ¢m at three different temperatures: 227°C, 260°C, and
300°C. The speeds set for the wire ranged between 250 cm/s to 3000 cm/s.
{The metal surfaces (wire and die) are kept constant at the melt entry tem-

perature. Winter (1975) has claimed that this assumption is not entirely
correct, since the real state of these surfaces is somewhere between isother-
mal and adiabatic. However, Basu (1981) has shown that the results are
not greatly affected within the die for either set of conditions. Addition-
ally, Carley et-al. (1979) report a relatively small increase in pressure drop
(approximately ‘7.5%) when the die wall was treated as isothermal instead
of adiabatic.

The runs were performed for the LDPE melt obeying the viscosity func-
tion as given by Carley et al. (1979) (Figure 3.1). Throughout these runs,
it was found that a small zone of flow recirculation was present, involving 1
to 2% of the total flow rate. Recirculation becomes less pronounced under
conditions of lower speeds and higher temperatures. Figure 4.12 gives an
example of the flow pattern found at 2000 em/s and 227°C, showing the
flow recirculation just after impact.

In addition to the occurrence of minor secondary flow, further important
information can be derived from this nonisothermal analysis. Figure 4.13
shows the temperature field under the same conditions. As expécted, the
greatest dissipation occurs near the die exit, where flow conditions are the
most intense. The basic temperature pattern found to exist in the melt for
all runs is presented in Figure 4.14, which shows various steady-state tem-
perature profiles at selected axial locations after the melt-wire impact. The
wire surface radius has been normalized to zero. It is seen that as the exit
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is approached, the temperature maxima become greater and move closer to
the die wall, where shear stress values are the greatest. Natural adiabatic
conditions after the exit (z = 7.0 cm) reduce the maxim®m value by virtue
of heat flow out to the coated surface. Figure 4.15 shows the occurrence of
maximum temperatures at each radial division considered throughout the
entire length of the die. The temperature increases more towards the exit
of the die, with the melt temperature dropping quickly upon emergence
(where natural adiabatic conditions come into effect). An overall temper-
ature rise of 24.2°C is found to exist in this case. It was found that a
nonisothermal analysis at 300°C yielded a temperature field showing little
thermal variation, becoming essentially isothermal. This is attributable to
lowered viscosity resulting from the higher temperature, which then serves
to reduce the overall severity of the conditions inside the die. A total rise of
only 7.7°C was computed for conditions of 3000 ¢cm/s and 300°C, with lower
speeds causing even smaller temperature increases. Figure 4.16 shows the
effect of wire speed on the resulting maximum temperatures. Higher wire
speeds will undoubtedly lead to greater temperature rises. The occurrence
of significant temperature increases within the polymer melt demonstrates
the need to consider nonisothermal conditions if a realistic performance
analysis is to be made.

Shown in Figure 4.17 is the axial pressure development, where an inlet
pressure of 2.7 MPa is predicted. The decreased magnitude of the pressure
build-up is indicative of a smaller amount of recirculation. The magni-
tude of this build-up is essentially dependent on the extent of recirculation.
Figure 4.18 shows how wire speed affects the required inlet pressure, with
these results generated at a die temperature of 227°C. Figure 4.19 gives
the general correlation between pressure and temperature at different wire
speeds. Conditions of higher wire speeds and lower temperatures will natu-
rally require larger overall pressures. It appears that pressure requirements
are more sensitive to operating temperature than wire speed.

Close examination of shear stress data is required if possibility of melt
fracture is to be detected. Melt fracture is probably avoided if the great-
est shear stress magnitudé does not exceed a characteristic critical value
(Chapter 3). Figure 4.20zhows the expected maximum shear stresses ex-
pected to occur at the wire surface and die wall for a given wire speed at
227°C, and Figure 4.21 illustrates the influence of temperature on predicted
maximum die wall shear stress values at different wire speeds, supporting
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Figure 4.15: Maximum Temperature Distribution for LDPE in Fenner’s
Die (V= 2000 cm/s, T =227°C).
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Figure 4.16: Maximum Tcmperat;ure vs. Wire Speed for LDPE in Fenner’s
Die (T = 227°C).
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the expectation that the less viscous fluid existing at a higher temperature
_ will experience smaller shear stress. As detailed in Chapter 3, the critical
shear stress values are calculated to range from 0.13 MPa to 0.19 MPa for
temperatures between 227°C and 300°C. Note that at higher speeds of 2000
cm/s and 3000 cm/s (at 227°C) the critical shear stress value would be ex-
ceeded, possibly leading to melt fracture of the coating material. However,
Hammond (1960) has suggested that higher temperatures will naturally
reduce maximum stress values below the critical range. Figure 4.22 shows
the axial shear stress development along both the wire surface and the die
wall for 2000 cm/s and 227°C. The maximum wire shear stress occurs at
the melt-wire impact (0.2 MPa) due to the stress singularity present when
the melt speed at the wall changes from zero to the wire speed. The ve-
locity gradient increases at the die wall as the external pressure imposed
on the flow becomes more significant (i.e. a flatter velocity profile} thus
giving a stress magnitude at the exit of 0.23 MPa. Shear rate maxima in
this coating die are found to range from 2.3 x 10° s~¥ at 1000 cm/s to
essentially triple this to 7.0 x 10° s~! at 3000 cm/s (at 260°C). These large
shear rates suggest that for any proper simulation, the rheological model
must be a comprehensive one, having acceptable accuracy up to very high
shear rates. .

The existence of recirculation for LDPE is rather small, the greatest
. magnitude being 2.5% of the total flow rate (at 3000 cm/s and 227°C). But
even small amounts of recirculation would likely cause surface roughness.
A strategy to overcome this may include altering the operating conditions
and/or the geometric die design. In the latter case, reduction of the flow
area would effectively eliminate unneeded space in the die that would allow
for recirculation to occur. One method of achieving this is alteration of the
“gur space” (Haas and Skewis, 1974). An optimum gum space is a lateral
distance between the torpedo and die wall, adjusted by fixing the torpedo
position. This concept is examined further in Chapter 6. For this particular
analysis, the die configuration remains unchanged, but a new, thicker wire,
No. 22 AWG, is introduced (R,= 0.032 cm) to generate the same effect
(i.e. reduce the area available for flow). The wire is still assumed to require
an 80% coat (R, = 0.0576 cm). :

Runs were performed using the new No. 22 AWG wire at 260°C and
at three different wire speeds: 1000 cm/s, 2000 cm/s, and-3000 cm/s. Ta-
ble 4.2 compares several important variables found from both wire -radii
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Table 4.2: Compakifon of Design Variables for Two Different Wire Radii
at T = 260°C for LDPE in Fenner’s Die.

Radius Speed Pressure | Max. Temp. | Max. Shear Stress
R, (cm} |V, (cm/s) | AP (MPa) | Tnu(°C) Tw,max (MPa)
0.025 2000 1.842 272.0 0.1127
0.032 2000 6.911 - 286.5 0.1848
A

considered. The reduced flow area will result in higher shear stresses oc-
curring at the same wire ‘speed, therefore leading to greater viscous dis-
sipation and subsequently greater temperature increases. A comparison

of maximum temperatures predicted at different wire speeds is shown™m "

Figure 4.23 for a die entry temperature of 260°C.

It is logical to expect that a greater inlet pressure is required, as ev-
~ idenced by the 275% increase for the case shown in the previous table.
The effect of the wire speed on the pressure is detailed in Figure 4.24 with
Figure 4.25 showing the axial pressure development at 2000 ¢m/s. The
pressure build-up in the die region is noticeably less intense for this partic-
ular wire. Furthermore, from examination of the streamline pattern shown
in Figure 4.26, it is evident that flow recirculation"has bazen effectively elim-
inated. .

The continuous rearrangement of the z-velocity profile along the axial
direction is presented in Figure 4.27. It is evident that near the impact
region a drag-type profile exists with the wire speed as the maximum. The
effect of the die geometry on the melt flow can then be observed as there is
a dramatic change in the nature of the profile with maxima moving away
from the wire surface and the melt velocity exceeding that of the wire. In
addition, it can be seen that the velocity gradient near the die wall steadily
grows steeper as the exit is approached, producing high rates-of-strain. '

To investigate the shear stress state, and therefore melt fracture, Fig-
ure 4.28 illustrates how shear stress values increase when the radius of the
wire is enlarged from 0.025 cm to 0.032 cm. It is observed that the shear
stress value predicted for 260°C and 2000 cm/s (0.185 MPa) actually ex-
ceeds the critical shear stress thought to cause melt fracture. However, it
must be recalled that critical stress data was derived from tests in which
the melt was subjected to a sudden contraction, that is an entry angle of

-
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90-degrees. In this tapered geometry, melt fracture occurrence is far from
certain. In fact, Haas and Skewis (1974) have suggested that melt fracture
depends also upon the die design (e.g. tapering, length) and can possibly
be avoided at shear stresses well exceeding critical values. This makes pre-
diction of melt fracture a difficult task. Nevertheless, a logical respgnse to
countergtt high shear stress development would involve reduction in the

speed of dperation, effectively lowering the magnitude of shear stresses well
below the crxtxca.l level.

4.4 .PP\VC: Nonisothermal Anagsis

Runs using PPVC as the coating substance were performed at thr:é dif-

ferent temperatures: 170°C, 180°C, and 200°C. At each temperature, wire

speeds of 100 cm/s, 150 cm/s, and 200 cm/s were examined, these speeds
being of the same order of magnitude as those used by Carley et al. (1979).
The wire radius was set at 0.025 ¢cm and the coating thickness taken to be
80% of the wire radius. The viscosity function was gwen by Carley et al.
(1979) (Figure 3.2).

The first set of runs for different speeds at 170°C gave results that
imdicated that such conditions were totally unrealistic. Entrance pressures
were found to be negative (-0.75 MPa at 100 c¢m/s) throughout and very
large temperature rises were generated that would lead to major thermal
degradation.

The previous runs were repea.ted for 180°C, yielding results that were
more realistic in the physical sense, although they were still not acceptable.
Upon ingpection of the entrance pressures, it was found that while the lower
speeds produced pressures slightly greater than zero, speeds greater than
200 cm/s gave negative pressures. This is shown in the pressure-wire speed
relationship illustrated in Figure 4.29 for both 180°C and 200°C. Further-

more, the pressure distribution at both these temperatures for a wire speed

of 200 cm/s is shown in Figure 4.30. Note the large pressure build-up in
the die section at 180°C which is indicative of significant recirculation.
The occurrence of significant flow recirculation is clearly shown in the

streamline pattern of Figure 4.31, which predicts recirculation of arouvnd

20% of the total flow rate. Figure 4.32 shows that the higher operating
temperature serves to decrease the magnitude of flow recirculation, in this
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Table 4.3: Maximum Temperature for PPVC in Fenner’s Die (180°C).

[ Wire Speed (cm/s) | Maximum Temperature (°C) |

100.0 199.9
150.0 - 206.0
200.0 210.3

case to about 7%, due to,the overall lowered fluid viscosity. The isother-
mal results for PPVC gave a total flaw recirculation of 6% at 200 cm/s
and 180°C. This illustrates the relative inadequacy of assuming isothermal
conditions when analyzing wire-coating operations. Figure 4.33 shows that
greater speeds will lead to more intense recirculation, and more importantly
that decreasing the speed will not alone eliminate flow reversal at 180°C.
Temperature fields were generated at both 180°C and 200°C (for 200
cm/s) and are illustrated in Figures 4.34 and 4.35, respectively. It is seen
that maximum temperatures will exist near the die orifice, where the viscous
dissipation is the greatest. The temperature field for the 200°C case is much
smoother than that of the 180°C case. This is also clear from the maximum
temperature distribution, shown in Figure 4.36. The overall temperature
rise must be monitored closely since PVC exhibits degradation tendencies at
temperatures around 210°C and above. Temperature increases in the flow
have a dependence on the wire speeds employed as detailed in Table 4.3.
The difference in maximum temperatures is nat great, however operat-
ing at 200 clm/ $ (and perhaps 150 cm/s) would probably lead to significant
degradation of the resin. In addition, shear stresses were found to range
between 0.3 MPa to 0.49 MPa for the different wire speeds considered. Crit-
ical shear stress values have been correlated with temperature by Agassant
(1980), and these values ranged fxom 0.24 MPa at 180°C to 0.67 MPa at
210°C. Therefore, operations at 180%C could possibly lead to the occurrence
of melt fracture. Figure 4.37 presefits shear stress results at different wire
speeds for 180°C and 200°C.
Results obtained at 200°C wére better, although degradation effects at
this temperature are likely. Terhperature differences under these conditions
are found to be less pronounted, reducing the tendency for recirculatory
behavior of the fluid. This iy supported by the pressure distribution curve
for 200 cm/s (Figure '4.30) howing a less severe positive pressure gradient

—
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at this temperature. It is clear, however, that backflow will occur.

Examination of the shear stresses at 200°C show that they do not exceed
the forementioned critical values. These values remain reasonably small,
primarily due to an overall decrease in viscosity of the melt. A summary of
results, found in Table 4.4, generally shows the effect of both nonisothermal
conditions and higher temperatures on various:performance variables.

The amount o%%f?:ulation occuring in Fenner’s die for PPVC is unac-
ceptably high. Thethigh viscosity of this resin, coupled with its sensitivity
to high temperatures strongly suggests that a smaller die length is required
for successful wire-coating opera.tlons using PPVC. Therefore, another die

design would be required to handle PPVC, and this is the subject of the.

next chapter.

4.5 Concluding Remarks

The use of the LAT, while only giving an isothermal, one-dimensional per-
spective, does yield a good deal of important information. It provides us
with a quick and preliminary estimate of performance data. The existence
of flow recirculation 'is readily deduced using this method. In addition, the
‘results from the LAT analysis are required so that those obtained by the
FEM analysis may.be compared for agreement in the most limiting cases.
This will ensure the correctness of the FEM simulation. The discrepancy
observed in this chapter was primarily the cause of an assumed clearance
gap in the FEM analysis, a realistic assumption not incorporated in the

LAT method. It is of interest that the results obtained near the impact.

are very sensitive with respect to the nature of the modelling (1 e. element
structure) in that region.

Both LDPE and plasticized PVC were examined in this die design.
LDPE performance results were acceptable when a 0.025 cm wire was em-
ployed, except for a small flow recirculation being evident throughout all
runs. To remedy this, an increased wire radius was assumed and this effec-
tively eliminated flow recirculation while giving reasonable results for other
performance variables. It is likely, therefore, that Fenner’s die was designed
to handle LDPE for coating small telephone wires.

Results using plasticized PVC were found to be rather poor under al-
most every condition. It is felt the large die size is inappropriate for PPVC.
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Table 4.4: Comparison between Predictions from Isotherma! and Non-
isothermal Analysis for a Plasticized PVC Melt in Fenner’s Die (V,= 200

cm/s).

Variable

Isothermal
180° C

Nonisothermal
180° C

Nonisothermal
200° C

Inlet
Pressure ~
AP (MPa)

10.76

0.22

1.72

Maximum
Pressuré~—]
Prox (MPa)

(11.15 " 5.4°

2.10 6.2°

1.87 5.8°

Haul-off
Tension

F (N)

15.46

12.63

3.81

_ Frax (N)

Maximum
Tension

15.52 6.9°

1291 6.9°

K

3.83 6.9°

Maximum
Shear Stress
at Wire
Tow,max (MPa)

0.52 3.8°

0.52 3.8°

0.14 3.8°

_ Td,mnx (MPE)

Maximum
Shear Stress
at Die Wall

0.68 7.0°

-

0.43 7.0°

0.16 7.0°

*Location (in cm)
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Its greater viscosity also leads to greater heat digsipation and due to its
strong thermal sensitivity, it is very likely that the - olymer would he “sub-
jected to significant thermal degradation if used j %&nner s die.

4
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Chapter 5

ANALYSIS OF CASWELL
AND TANNER’S DIE

A particular die design is studied by using both the LAT and FEM analysis.
The LAT is applied for both Newtonian and power-law fluids assuming
isothermal conditions. These findings are gsed to verify the results ohtained
by the FEM. The FEM is then extended to nonisothermal conditions for
an extensive study using plabticized PVC.

5.1 Iﬁtrodﬁ”c‘tilon

Caswell and Tanner (1978), in addition to pioneering the application of the
FEM in the simulation of the wire-coating process, also established criteria
from which a new design could be constructed. Pressure considerations and
secondary flow effects were designated as the two principal concerns.
_ The new die design put forward by Caswell and Tanner (also referred to
as Caswell’s die in this study) is detailed in Figure 5.1. It was constructed
by using the LAT to give desired velocity profiles at certain axial distances
in the die. At impact, the best velocity profile would be one having no
backflow within the largest gap possible. The large gap at this point would
assist in suppressing the development of high shear rates. To prevent pres-
sure rising downstream from impact, this gap would have t{o be quickly
reduced to yield a less severe profile, basically determined by the motion of
the wire. This drag profile should then be eliminated to give a more “plug-
like” velocity, thus easing the fluid drag exerted on the wire. The total

-
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length of the die region was selected to provide a sufficient overpressure to

prevent cavitation in the impact zone while also preventing the possibility
of wire stretch, with either case yielding an unacceptable product. From

this, Caswell and Tanner (1978) deduced the basic dimensions. The authors

reasoned that this design would give no secondary flow while maintaining
a positive pressure at the impact point. In addition, a blunt nose was used
in order to model the effect of machining tolerances and wear. Caswell and
Tanner (1978) note that the sharp nose used in Fenner’s die is a suitable
model only for thick wires. The wire considered has a radius of 0.025 cm
with a coating requirement of 80% of the wire radius to give a product
of 0.045 cm at the exit. In the present study of Caswell’s die the coating
. material is assumed to be a plasticized PVC resin, the properties of which
are found in Chapter 3. Again, the density difference between the exiting
hot melt and the final cold coating is not considered.

5.2 Isothermal Analysis

This analysis assumes that the containing surfaces remain at a fixed tem-
perature along the die and that the temperature of the LDPE melt stays
unchanged. This assumption is carried through for both Newtonian and
power-law fluids.

5.2.1 Lubrication Approximation Theory

The analysis of wire-coating performance was initially carried out for New-
tonian and power-law fluids under isothermal conditions using the LAT.
Power-law indices examined were n = 0.75, n= 0.50, and n=0.25, while
n = 1 gives the Newtonian case. Figure 5.2 illustrates the dimensionless
pressure distribution within this die for all cases considered. It is evident
that maximum pressure values exist at the inlet for each fluid, therefore
indicating the absence™®{ recirculatory behavior. In all cases a relatively
small discontinuity exists iinmediately after impact, this being basically due
to the blunt nose of the torpedo. Subsequent pressure drop in the parallel
land section will show almost linear behavior since there is no taper. Shear
stress distribution at the die wall and wire surface is presented (in dimen-
sionless form) in'Figures 5.3 and 5.4, respectively. In addition; Figure
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Figure 5.1: Die Design Given by Caswell and Tanner (1978).
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5.5 shows the development of the wire tension throughout the die section,
again in dimensionless form. '

5.2.2 Finite Element Method

The finite element grid used in the simulations is shown in Figure 5.6. The
grid contains a total of 240 elements for velocities-pressure computations
and 567 nodes. The flow domain was extended to a total of 30 wire radii as
compared to 24 wire radii used by Caswell and Tanner. A longer distance
has been considered after the exit to better account for exit effects (i.e.
satisfying the natural boundary conditions on the free surface). The domain
has been selectively discretized with a denser grid used in regions where
singularities are known to exist. ;

An initial run was made assuming a Newtonian fluid under isothermal
conditions and having a coating requirement of h = h,, = 0.8R,, these
conditions having previously been employed in the LAT analysis thereby
providing a basis for comparison. The FEM computations yield a smoothly
streamlined flow field with no evidence of backflow as shown by Figure 5.7.
This is in agreement with the LAT predictions. The pressure distribution
obtained is compared with that found from the LAT in Figure 5.8. The dis-
crepancy between the two distributions can be attributed to several factors.
As previously observed, results are quite sensitive to the grid arrangement
used in the impact region. Furthermore, the LAT can only be considered
as an approximation since it is only one-dimensional by nature, and loses
accuracy when +he angle of convergence is greater than 10 degrees, which
is the case near the impact. Thus the LAT does not account for the radial
pressure contribution occurring in the impact zone. A discrepancy also ex-
ists between the LAT results and those of Caswell and Tanner (1978) but
is smaller in magnitude. The relatively small difference between the results
of the latter and the current findings is likely due to differences in the grid
density employed.

5.3 Nonisothermal Analysis

This analysis assumes that the metal surfaces (wire and die and torpedo
walls) are kept at.a constant temperature which is equal to tife entering
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melt temperature. Solution of the energy equation was required to account
for the heating effect due to viscous dissipation in the mielt.

Runs were performed with plasticized PVC using characteristic material
properties found in Chapter 3, and described by the non-Newtonian model
used by Carley et al. (1979). Wire speeds were set at 100 cm/s, 200 cm/s,
250 cm/s, 300 cm/s for each of three different operating temperatures at
170°C, 180°C, and 190°C. These conditions were assumed reasonable for
actual wire-coating operations using PPVC. L&

When the thermal boundary conditions were set to 170°C the results
were found to be very unsatnsfactory The highly viscous melt led to a
development of large amounts of _viscous dissipation, subsequently result-
ing in unrealistically high temperature rises. In addition, excessive shear
stresses were found to exist at the wire surface and die wall. This operating
temperature was therefore deemed inappropriate. Thus all other runs were
conducted at 180°C and 190°C, temperatures arounid which no appreciable
. degradation is believed to take place.

Flow recirculation has not been detected in this die under the isothermal
assumption. However, the more realistic case of viscous heat generation has
greater relevance with respect to actual process conditions. At a bound-
ary temperature of 180°C with a speed of 250 cm/s, Figure 5.9 gives the
resulting streamline pattern, with no recirculation found. The absence of
recirculation under nonisothermal conditions was also true for all other runs
performed. Therefore, neither the temperature-dependence of the fluid nor
its shear-thinning behavior cause any secondary flow effects. The temper-
ature development within the die can be easily and rapidly discerned by
visual representation of the lsotherms, as shown in Figure 5.10. In addition
the temperature profiles can give important information regarding thermal
effects in the melt. A presentation of these profiles in the die section (i.e. af-
ter melt impact) is made in Figure 5.11, with these trends basically similar
in all other runs conducted. The temperature maxima again occur near the
die wall, and the large increase in the temperature over the short distance.
towards the exit underlines potential problems mvolved—‘ﬁr‘hen operating
with PVC. * ,

The maximum temperature distribution, as seen in Figure 5.12, shows a
temperature rise of 16.5°C existing in this minute flow region resulting from
the relatively intense conditions imposed on the viscous melt. Figure 5.13
shows the basic trend between temperature rises and different wire speeds
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under nonisothermal conditipns. It is evident that the more viscous melt at
the lower temperature will experience greaterwyiscous heating effects and
thus lead to more dramatic temperature ris::alt is also apparent that
higher wire speeds could also lead to thermal degradation of the coating
material. Problems in temperature simulation were encountered at high
wire speeds, where oscillations in temperature values were observed. The
cumulative effect of this is believed to be relatively minor with respect to
overall results obtained. This point is discussed further and in more detail
in the next chapter.

The axial pressure development is shown in Figure 5.14 . The almost
linear pressure drop, particularly after the impad? is generally the result of
no taper in the die-land section, and further reflects the lack of any flow
recirculation. Figure 5.15 gives the relationship between the entry pressure
and wire speed in this die at two different die temperatures. _

The velocity profile changes continually along the axial length, and the
general pattern in the die section (i.e. beyond melt-wire impact) is shown
in normalized form in Figure 5.16 for 200 cm/s and 180°C. The profile
is initially rearranged due to the taper of the die wall, after which it is
primarily influenced by viscous heating effects in the untapered section.
The relatively short length of this final section prevents significant changes
of the velocity profile.

Shear stress development in the die region along both the wire and die
surfaces are given in Figure 5.17 . The maximum values were found to be
0.695 MPa at the wire impact, and 0.485 MPa at the die wall exit. The
generation of viscous heat asgsists in reducing the severity of the stresses.
Furthermore, Figure 5.18 illustrates the shear stress-wire speed relation-
ship at 180°C and 190°C. It is interesting to note that shear stress maxima
occur at the wire surface in this die design rather than the die wall as seen
in the previous die. The short length of this die prevents shear stresses at
the die wall from exceeding those initially formed at the wire surface. A
10°C increase, in general, reduces the viscosity by roughly one-half. The
difference in shear stress magnitudes between the two temperatures is ap-
proximately proportional to the viscosity drop. This underlines the large
influence of thermal effects within the polymer melts on the desired design
variables. Upon close examination of givén critical data, problems might
be expected with respect to melt fracture when operating at 180°C. How-
ever, as discussed in the previous chapter, melt fracture can be avoided in a
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Table 5.1: Summary of Results for Caswell’s Die.

| A [ Case 1| Case 2 | Case 3 |
Wire Speed (cm/s) 300 200 200

Temperature (°C) 190 190 200
-+ - Pressure Drop
AP(MPa) 3.08 | 282 | 1.60
Maximum

Temperature (°C) || 206.2 | 200.0 | 205.3
Maximum Shear
Stress at Die
Wall 74 0. (MPa) 0.34 | 0.31 0.16
Maximum Shear
Stress at Wire |
Tw,maz{MPa) 0.25 0.24 0.13

properly designed die even if shear stresses exceed the critical values (Haas
and Skewis, 1974). Table 5.1 summarizes results from some of the condi-
tions previously examined to further illustrate their effect on the important
die performance variables. '

5.4 Concluding Remarks

The use of PVC as a wire-coating resin, unacceptable in the configura-
tion of Fenner’s die (Chapter 4), was tested in this particular die which
was designed to avoid recirculation. The one-dimensional, isothermal LAT
analysis gave quick estimations of ekpected pressure requirements, shear
- stresses, and wire tensions for assumed Newtonian and power-law fluids.
In addition, it gave a preliminary indication that flow recirculation did not
exist. -

Extension of the FEM analysis to nonisothermal conditions using a char-
acteristic temperature-dependent viscosity model gave results deemed to be
more reasonable. The sensitivity of PVC to temperature puts constraints
on several factors that contribute to viscous dissipation, such as wire speed
and entry temperature. In addition, the minute length of the die illustrates
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that die length is another requirement for successfully handling PVC. The
fact that heat dissipation is so prevalent and that there is a significant effect
on the overall results underlines the importance of considering nonisother-
mal conditions in the analysis,

—_—
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Chapter 6

ANALYSIS OF HAAS AND
SKEWIS’S DIE

A particular die design employed by Du Pont Co. is studied using both
the LAT and FEM analysis. The LAT is applied for both Newtonian and
power-law fluids assuming isothermal conditions. These findings are used
to verify the results obtained by the FEM. The FEM is then extended to
nonisothermal conditions for a comprehensive st%using a commercially
available wire-coating LDPE resin (Alathon 3535) for which experimental
data is available. Finally a comparison between theory and experiments is
made for a specific set of operating conditions.

6.1 Introduction

Haas and Skewis (1974) examined the relationship between wire-coating
roughness and the design of the die and guider tip (torpedo) by two different
approaches: an empirical approach and a rheological approach. In the
guider tip-die configuration, the guider tip can be adjusted to enable the
melt to meet the wire at a predetermined location along the die. The
necessity to minimize entrance effects was cited as vital to avoid roughness,
and thus yield smooth streamlined flow of the melt upon contact with the
wire. This concept can be influenced by a design variable referred to as the
“gum space”. The gum space is defined as the closest axial distance between
the guider tip and the die wall, and is illustrated in Fjgure 6.1. The authors
discuss the existence of an optimum gum space, one which compromises

;
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between the large shear stresses developed in smaller gum- spaces and the
pronounced effect of the stress singularity at impact for larger gum spaces.
The equation for this calculation is based on the assumption that the best
gum space is found by equating the cross-sectional area at section 1, where
" the torpedo ends, and that at section 2, where the die wall changes slope
(Figure 6.1). The optimum gum space, GS:, is given by

Z 4+ N(tanf — tan o)

GSopt = tan g (6.1)
where Z is calculated from the equation
2® 4+ 2R Z = |(R, + k) + Ltan ¢|* — R? (6.2)
and N is found by
N=Lta.n¢+h+Rw+R¢ (6.3)

tan e P

Haas and Skewis (1974) present several different designs along with corre-
sponding GS,,; values for coating 10 mils (0.025¢4 ¢cm) on a No. 22 AWG
wire (Ry,= 0.032 cm). In addition, data is presented which shows that the
gum space plays an important role with respect to the quality of the coating
of the final product.

A particular wire-coating die design used by Haas and Skewis {1974)
(also referred to here as Haas’s die) in their research at Du Pont Co. is
shown in Figure 6.2. The guider-tip is characterized by a blunt nose and
the die is tapered up to the exit. The wire used was a No. 22 AWG type
wire, with a coating requirement of 80% of the radius (R. = 0.0576 cm).
Haas and Skewis (1974) give experimentally measured pressure drops for
different wire speeds using a gum space of 100 mils (0.254 cm) in their
design. A comparison between theory and these experimental results is a
prime objective in this part of the research. It was apparent after prelimi-
nary runs that the LDPE resin used in the previous analysis (Fenner’s die)
was much less viscous than that used by Haas and Skewis (Alathon 3535).
Therefore, information was needed and obtained from the authors on the
rheological properties of this resin. Furthermore, a sample of the resin was
received and fully characterized by Tzoganakis (1986) to give the viscosity
curves of Figsre 3.3 as explained in Chapter 3.
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6,2 Isothermal Analysis

. This analysis assumes that the containing surfaces remain at a fixed tem-
- perature along the die and that the temperature of the LDPE melt stays
unchanged. This assumption is carried through for both Newtonian and
power-law fluids.

6.2.1 Lubrication Approximation Theory

Application of the LAT to the 100-mil gum space configuration (or GS
= 7.9R,) of this die is done assuming that there is no density difference
between the LDPE melt and the LDPE existing in the ambient state (h
= h,, = 0.8R,). Fluids of different power-law indices were examined (n =
0.25, 0.50, 0.75 ) along with the Newtonian case (n = 1.0). Figure 6.3 shows
the pressure distridbution in dimensionless form for each fluid, displaying the
~expected pattern of behavior. Recirculation, however, seems likely to exist
' in the case of the Newtonian flaid. It appears that the pressure build-up
\ subsides when n is around 0.50. Shear stresses at the die wall and wire,
' and the wire tension are shown in Figures 6.4 and 6.5, respectively.
The ptevious results are independent of temperature (which affects m
"and n) and wire speed. To begin calculating the more significant dimen-
sional values, an effective wire-coating temperature must be chosen. It is
found that the greatest temperature rise occurs at the die wall exit. At
high wire speeds (V, > 1000 cm/s), convective heat transfer dominates,
and temperature rise due to viscous dissipation occurs only in a*very thin
layer close to the walls while the remainder of the melt passes under al-
most isothermal conditions at die temperature. Therefore, it was decided
to select the die temperature (232°C) as the effective operating tempera-
ture. From the data on Alathon 3535 in Chapter 3, an effective consistency
index m = 9774 Pa-s" and a power-law index n = 0.4406 are found.
Considering the temperature dependence of the density, it is found that
at 232°C, the density of the melt, p,,, is 0.74 g/cm3. Previously, the 80%
coating requirement was specified when the wire emerged from the die.
Requiring a cold coating thickness of 0.8Ry, a mass balance reveals that
the hot coating thickness must be h,, = 0.94R,,, assuming the ambient
temperature is T, = 23°C. Table 6.1 gives corresponding dimensionless
parameters for the two cases, i.e. assuming no density differences (p./p

-

s
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Table 6.1: Dimensionless Quantities Obtained from LAT for Haas’s Die
(LDPE: 7 = 97744%4%(Pa), T = 232°C, GS = 7.9R,,).

| Dimensionless Parameter |  hm = h = 0.8R, | hm = 0.94R,,
' Py'= P/7! 32.29 45.41
F *= F/7RY 159.17 84.30
F*pox= Fma/TRE 187.50 at —5.1211 | 148.20 at -8.38
T max= Twrmax/ T 1.70 at 0 {exit) 2.26 at 0 (exit)
Td mnx= Tdmuc/ T -2.41 at 0 (exit) |-2.71 at 0 (exit)

¢ tr=m(V ,.,./R)

tt Location defined as z,*= z,/R,, where the maximum occurs

= 1) and taking into account the temperature dependence {pa/pm = 1.24).
From these dimensionless parameters, dimensional values can be calculated
for different wire speeds.

The relationship between pressure drop and wire speed is detailed in
Figure 6.6 for both density cases, along with the experimental data given
by Haas and Skewis (1974). The agreement between experimental findings

and those predicted with h = 0.8R,, is good particularly up to 1000 cm/s, -

after which the LAT overestimates the experimental values, It is about this
speed that Haas and Skewis (1974) note the onset of melt fracture, and this
may have some significance in the new discrepancies. For the case of h,, =
0.94R,, it is clear that the LAT overestimates the experimental values.
The results here.can only be considered as a rough estimate since the
analysis is constrained by assumptions that have been shown to have an

effect on the computations. Thus a fully two-dimensional nonisothermal

analysis is required, and this is accomplished by using the FEM.

6.2.2 TFinite Element Method

The finite element grid employed in this analysis is shown in Figure 6.7.
The grid contains a total of 216 elements for velocity-pressure computations
and 511 nodes. A distance of 20 wire radii was incorporated after the exit to
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completely satisfy the natural boundary conditions far downstream. The
density of the grid has been increased in regions where singularities are
known to exist.

Initially, a run was made assuming a Newtonian fluid with n = 1 and
having a coating requirement of h = h,, = 0.8R,,, these conditions also
having been employed using the LAT. As seen in Figure 6.8, a small zone
of recirculation of approximately 1% develops after the impact point. This
recirculatory behavior is also predicted by the LAT. Adjusting the coating
requirement to account for density changes (i.e. h,, = 0.94R,,) shows that
recirculation is suppressed, this fact again supported by the LAT findings.

The pressure distribution for a Newtonian fluid (where h = 0.8R,,)
is shown in Figure 6.9 in dimensionless form, and is compared with the
distribution obtained using the LAT. The discrepancies can be attributed
to the FEM grid used to model the impact region and the inability of the
LAT to account for the radial flow that also exists in this region (22 # 0).

The viscosity model describing-~Alathon 3535, the material used in ac-
tual experiments by Haas and Skewix(1974), is now employed (model is
detailed in Chapter 3). A comparlson between pressure drop-wire speed
relationships obtained under isothermal conditions (T = 232°C) with both
LAT and FEM analyses is shown in Figure 6.10. The lower valueﬁ_fedicted
by the FEM primarily result from the nature of the viscosity function, which
shows a curvature at both low and high shear rates, unhke the power-law
employed in the LAT.

6.3 Nonisothermal Analysis

Using the Alathon 3535 model, the analysis was extended to consider the
effect of nonisothermal conditions on the overall results. A series of runs was
performed for various wire speeds taking into account differences between
the melt and ambient densities. Table 6.2 shows the results, Furthermore,
Figure 6.11 compares the experimental results with those found by FEM
under nonisothermal conditions, showing good agreement.

From the experimental values of pressure, and assuming Newtonian be-
havior, Hzas and Skewis (1974) calculated shear rates and viscosities (hence
shear stresses) for each wire speed. These computations along with results
obtained from the nonisothermal FEM analysis (using Alathon 3535) are

'Y
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Table 6.2: Qverall Pressure Drop vs. Wire Speed for LDPE: Comparison
between LAT, FEM and Experimental Results (GS = 7.9R,,, h,, = 0.94R,,).

FEM®

Experimental

Wire Speed | LAT, Isothermal FEM®
Vu (cm/s) |7 =97744%%(Pa) | Isothermal '| Nonisothermal | Haas and
Alathon 3535 | Alathon 3535 | Skewis (1974)
100 15.38 15.63 14.94 11.72
250 23.03 22.02 20.16 13.10
350 26.71 24.90 22.25 21.37
500 31.26 28.32 24.45 23.44
750 37.37 32.70 26.89 28.27
1000 42.42 36.16 28.57 29.65
1500 50.72 41.59 30.62 31.03
2000 57.58 45.87 31.79 33.78

* For FEM analysis, T,, = 232°C.

shown in Table 6.3. The discrepancies can be attributed mainly to the

assumptions involved, such as Newtonian vs. non-Newtonian fluid, tem--
perature dependence, etc. It is apparent that both the calculated shear

stress values and those obtained by FEM are above the previously men-

tioned critical values for LDPE. However, it should be noted that the ¢rit-

ical values are based on a flow into a sudden contraction rather than in a
tapered flow domain (see Chapter 3). Furthermore, Haas and Skewis (1974)

maintain that higher shear stress values are expected since three-taper dies

appreciably diminish the entrance effects.

Figure 6.12 shows the pressure distribution curve at three wire speeds.
The steady drop in the pressure throughout the die indicates that recircu-
lation has been avoided. This is supported by the flow field representation
in Figure 6.13 which also shows a streamlined flow.
~~ The maximum temperature distribution is shown for the 500 cm/s case
in Figure 6.14. The melt here experiences an overall rise of 72°C, which
is in fact quite large. Shear stresses at the die wall and wire surface are
presented in Figure 6.15. The maximum quantities were determined for
each over the range of wire speeds considered and are found in Figure 6.16.
It is evident that stresses at the die wall are higher than the corresponding
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able 6.3;: Maximum Shear Rates and Shear Stresses at DieTWal‘l in Haas’s
Die with 100-mil GS (T = 232°C, h = 0.8R,,). '

Wire Speed Haas and Skewis: FEM Analysis, Nonisothermal
Vw(cm/s) ’.)'d,mmc-'-;-'1 | Td.mnx(MPa-) '.Td,lmnxs_l { Td,mnx(MPa-) |

100 16,000 0.18 46,600 0.83

250 40,000 0.20 121,000 1.15

350 56,000 0.32 172,300 1:29

500 80,000 0.35 251,600 1.46

750 120,000 0.43 387,200 1.68

1000 160,000 0.44 527,000 1.85

1500 240,000 0.46 816,000 212

2000 | 320,000 0.51 1,113,600 2.33

values at the wire and therefore require closer monltormg since they are
more likely to cause melt fracture.

Related to this, velocity profiles, which depend to a large extent on
the viscous nature of the fluid and the geometry involved, assume patterns
shown in Figure 6.17 at different distances from the inlet (2* = z/R,, = 60
is the exit). These profiles are very similar to those found using LDPE in
the relatively long die employed by Fenner (1970), as shown in Chapter 4.

Finally, with regard to the temperature profiles, it was found that using
the more viscous LDPE resin (Alathon 3535) at high speeds, oscillations oc-
curred which were too significant to overlook. Figure 6.18 reveals the extent
of oscillations found to exist under the more intense conditions examined.
However, it is not believed that the oscillations of these nodal temperatures -
had a crucial net effect on the other field variables ca.lculated at least for
speeds up to 1000 cm/s.

6.4 Concluding- Remarks

The major objective of this chapter was to numerically simulate the ex-
perimental results available in the literature for a high-speed wire-coating
industrial operation. Using the conditions under which the experimental
runs were conducted, the LAT was first applied. Rough estimates of perfor-
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mance variables were determined. In addition, the LAT predicted a small
amount of recirculation for a Newtonian. fluid. Further runs using vari-
.ous power-law fluids showed that flow recirculation and shear stresses were
reduced as shear-thinning increased. Pressure drops, obtained assuming a
coating thickness of 80% of the wire radius (0.8R,) at the melt tempera-
ture, gave results close to those found by experiment, However, when the
coating requirement was altered to give a final 80% cold coating, that is
0.94R, at melt temperature, the findings were no longer in good agree-
- ment. It is therefore clear that the density of the melt {i.e. mass flow
requirements) will have "an effect on the final results and has to be taken
into account. ( ,

The effect of both viscosity and density were further illustrated by the
nonisothermal FEM analysis. It was found that for better simulations,
knowing the proper viscosity model for the resin used was a crucial mat-
ter. For example, assuming a power-law model under isothermal conditions
(232°C), discrepancies were found from the experimental va.lPE'S, especially
at higher speeds. The FEM analysis under nonisothermal conditions pro-
duced findings close to the experimental observations when the coating
thickness was taken as that at the ambient temperature, which is also the
actual case in wire-coating operations. Recirculation was not detected but
maximum stresses were above critical values specified for the onset of melt
fracture. However, as previously discussed, this does ot necessarily indi-
cate that melt fracture was occurring.

It has been previously noted that numerical problems existed in some
computations resulting from the occurrence of oscillations in the tempera-
ture field. This was partially relieved by using a mathematical technique
known as “upwinding”. However, a need exists to improve the upwinding
scheme employed in order to eliminate the temperature oscillations totally.
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Chapter 7

~“CONCLUSIONS AND
RECOMMENDATIONS

The wire-coating process was numerically analyzed by application of the
Lubrication Approximation Theory (LAT) and the Finite Element Method
(FEM) to three different die designs. The wire-coating die designs examined
were taken from the following works:

¢ Fenner (1970)
o Caswell and Tanner (1978)
» Haas and Skewis (1974)

The polymer melts considered as coating materials were low-density polyethy-
lene (LDPE) and plasticized polyvinyl-chloride (PPVC), both of which are
commonly used coating resins. Material properties for both of these poly-
mers are detailed in this research. The analyses assumed a steady, creeping,
incompressible, inelastic flow, along with the appropriate velocity and tem-
perature boundary conditions.

The results obtained from the two-dimensional FEM analysis were com-
pared to predictions found by using the LAT for power-law fluids under
isothermal conditions. This was done thoroughly in the examination of Fen-
ner’s die. Discrepancies between the computational methods were primarily
due to the FEM modelling of the impact region and the one-dimensional
nature of the LAT.
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The LAT was found to be very valuable because of its simplicity and its
ability to rapidly yield approximate results for certain performance vari-
ables such as pressure, shear stress at the die wall and wire, and wire
tension. It was found that the pressure distribution curve generated by the
LAT gave important information on the nature of flow conditions through-
out the die, whether, for example, recirculatory flow was present. Recircu-
lation was found to occur in cases where a positive pressure gradient had
developed, as evidenced by a pressure build-up in the die section over and
above the inlet pressure. Therefore, the LAT can be used to determine
proper die design parameters to effectively avaid recirculation. Whenever
an LAT analysis indicated that recirculation was likely to occur, the follow-
up FEM analysis consistently supported this result. '

When the process is assumed to operate undernnonisothermal condi-
tions, seemingly a more realistic situation, the FEﬁ can be applied for a
full two-dimensional analysis, taking into account the whole axisymmetric
domain. Furthermore, the FEM allows determination of the free surface of
- the melt beyond the exit of the die. This gives important information on
what form (i.e. thickness) the final coating will take.

The FEM analysis yielded a wealth of information on the overall per-
formance of a wire-coating die. The flow and temperature fields were gen-
erated, along with distributions of pressure, maximum temperature and
shear stress throughout the die. The visual presentation of the flow and
temperature fields enabled quick and accurate determination of recircula-
tion or hot-spots where the polymer is under severe heating, both of which
would be detrimental to the final product.

Recirculgffory flow was cited as a major problem in this process since
subsequent surface irregularities damage the final wire product. Greater
wire speeds and lower temperatures were both found to increase the inten-.
sity of recirculation, whereas it was seen that shear-thinning of the fluid had
the effect of decreasing recirculation. Initjal runs in Fenner’s die using both
LDPE and PPVC indicated flow recirculation. In the case of the LDPE
resin, a wire having a greater radius was employed to eliminate excess space
and ensure that the pressure build-up in the die region would not be too
great. Runs that followed showed that most or all flow recirculation had
been suppressed.

Thermal effects in the melt, resulting from viscous dissipation, were
studied by the generation of temperature fields, maximum temperature
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rises, and other thermally related data. Knowledge of the true tempera-
ture state is vital to the overall analysis. For example, the plasticized PVC
melt was found to experience large temperature rises within very small dis-
tances when nonisothermal conditions were assumed. Since PPVC is prone
to thermal degradation, it must be known whether the temperatures are
too great, thereby leading to an unacceptable final product. The general
trend showed that operating at high wire speeds and/or low die tempera-
tures led to greater temperature rises in the melt. The temperature rises
obtained were considered quite reasonable, thus further supporting the need
for analyses under these conditions.

A comparison between the nonisothermal FEM analysis and the LAT
-~ showed that nonisothermal conditions had a significant effect on all perfor-
mance quantities. For example, pressure predictions found with the LAT
were now dramatically reduced. Other variables consistently experienced
large changes. Since the temperature distribution influences the nature of
the flow field, in turn affecting performance variables, it can be seen that
isothermal analyses can give only rough approximations at best™.

The shear stress distribution yields important information with respect
to melt fracture, which occurs under excessively high shear stresses. Prob-
ably the most common cause of surface roughness is the onset of melt
fracture. It was seen that in many cases the predicted shear stresses were
greater than the critical shear stresses cited from previous research. How-
ever, it should be emphasized that these critical quantities are based on
a 90-degree sudden contraction and thus ignore the effect of the tapered
geometry in preventing melt fracture. Therefore it would appear that ac-
tual testing would be required to absolutely ensure the avoidance of melt
fracture. -

The effect of melt selection on wire-coating performance is illustrated
by the unsatisfactory results obtained when PPVC was used in Fenner’s
die. This effectively showed that a die design must be made compatible
with the polymer melt that it is supposed to handle. The examination of
Caswell’s die showed that it, unlike Fenner’s die, was suitable for PPVC
resins. Caswell’s die is a much smaller die and has a relatively long parallel -
land length, both these adjustments allowing for better handling of PPVC.
Nevertheless, the intense conditions generated in wire-coating operations
made suitable performance only possible for wire speeds under 300 cm/s
and for die temperatures less than 190°C. Temperatures greater than this
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indicated the possibility of thermal degradation.

A prime objective of this research was the simulation of results obtained
by experimental methods. Runs were therefore conducted using the LAT
and FEM in Haas’s die, for which experimental data were available as a
basis of comparison.

The agreement between LAT-generated and experimental results was
good when a commercially available LDPE resin (Alathon 3535) was used
in Haas’s die. This good agreement was found by assuming operation at die
temperature and assuming no difference in density between the hot melt .
and cold coating. It was found that when a difference was considered in
the latter, the pressure results were strongly affected. Therefore it is seen
that the pressure is very sensitive to the assumed coating thickness.

The FEM was then employed under nonisothermal conditions, using
experimental viscosity data for Alathon 3535. Good agreement was found
with the experimental pressufe results of Haas and Skewis (1974) after the
density differences were taken into account, that is using h,, = 0.94R,, in the
computations. The discrepancies that do exist may be due to the thermal
boundary conditions assumed (isothermal walls). It was also found that’
pressure values greatly depend on a good knowledge of the viscous behavior
over the entire range of expected shear rates, particularly the magnitude of
viscosity at high shear rates. The temperature dependence of the viscosity
must also be accurately specified. o

A problem experienced in this research was the occurrence of oscilla-
tions in temperature results under high Peclet number (i.e. high speeds).
The remedy for such a problem lies in the development of a proper “up-
winding” scheme. While there may be significant deviations in the point
temperatures, the overall effect on performanke-related variables, such as
pressure, is likely to be small. However, to eliminate these fluctuations and
ensure a better accuracy, an improvement in the “upwinding” procedure
used in the nonisothermal analysis is essential.

he application of the FEM to the wire-coating shows great potential
for the gimulation of the process. Some of the recommendations for future
work in this field include:

1. Further investigation of other industrially used die designs by appli-
cation of the FEM and LAT, thus leading to an even better under-
standing of the process.

157 !



. Use of polymer coating materials other than LDPE and PPVC to
study the effect on overall die performance.

3. Extension of the wire-coating analysis to cover multi-layer coating of
wires (coextrusion dies). ' -

4. Improvement of the “ypwinding” technique used in the FEM to effec-
. tively suppress oscillations in temperature that were observed in the
nonisothermal analysis under high Peclet numbers.

5. Alteration of boundary conditions on temperature to reflect more
realistic thermal conditions (i.e. based on heat flux) rather than as-
suming isothermal or adiabatic conditions.

6. Inclusion of a proper viscoelastic constitutive equation to account for
elastic effects of the viscous flow. The consideration of melt compress-
ibility can also be explored if a correct equation of state is known.

7. Determination of the extent of fluid slippage in actual operations to
allow for incorporation of proper slip-at-the-wall boundary conditions
in the FEM analysis.

8. A greater exploration of the significance of the wire tension in the
process.

Experimental studies on actual wire-coating operations are few, and
most of them with limited knowledge of melt properties. Thus there is a
particular need for more experimental! data. In addition, more information
on the relationship between melt fracture and geoimetric configuration is
needed if melt fracture is ever to be accurately predicted.

Finally, it can be said that the combination of the LAT and FEM analy-
sis with good material property data and well defined and realistic boundary
conditions is quite capable for the analysis of the wire-coating process. In
general, improvements in predictions will be made with greater and more
accurate information on the nature of polymer used.
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