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ABSTRACT

Coating of technical surfaces represents an impbrpxoduction step in many industrial
applications for realizing certain surface prog=tiThe coating process has in general to ensure
continuous, complete, and high quality coveragehef surface with a defined layer of liquid
finally providing the desired mechanical, chemiaal,electrical properties. The present work
computationally investigates in particular the gaheed Couette flow evolving inside
converging enameling dies which are typically used the coating of magnet wires with
electrical insulation. For this purpose an anafjtmmputational model based on the lubrication
theory approximation was developed accounting fam-Newtonian behavior of the working
fluid, and including heat transfer as well. Duethe lack of experimental data available on the
considered narrow gaps flow configuration the prgoins of the developed model were
validated against CFD results from numerical sitiotes showing in general very good
agreement. In regions with a strong axial changerass-section some deviations appeared in
the predicted velocity fields, and more signifidant the predicted temperature fields for higher
Prandtl numbers. These deficits essentially resylfrom the neglect of advective transport in
the lubrication theory approximation could be ldygeduced for the Newtonian fluid case by
introducing a first-order extension of the modek@amting for the advective transfer of
momentum and heat. The proposed first-order exiansif the zeroth-order base model
representing the lubrication theory approximatioaswproven to give markedly improved
predictions for the local variations of velocitydatemperature, which also translates into a very
accurate description of the global balances of nmtum and heat. Having to rely not solely on
CFD data for validation a special measuring dewas built by the industrial partner to measure
the total drag force exerted on the wire when pullierough the die under real operating
conditions. The measured data were in good agreeme the results obtained from the
analytical zeroth-order model for the considered-Newtonian enamel. The computational as
well as experimental results made evident thatidked drag forces are not sufficiently high to
cause any large scale plastic deformation or bigalkd the wire. The observed mechanical
stresses may still trigger some undesired microgiral changes of the wire material, making it
unusable for winding. Based on the computed fleldé the local variation of shear stress on

the wire was analyzed to derive possible modifaragiof existing real die geometries as well as



variants of generic die shapes with an analyticpllgscribed cosine-type contraction, which
finally lead to a notable reduction in drag for¢éis analysis helped to identify the geometrical
key features of the die contour, which most effetdsi reduce the resulting total drag force.
These findings obtained in the first place for ¢femeric analytically prescribed die shapes were
used to propose technically realizable geometrivadifications of real enameling dies.
Producing markedly lower total drag forces the psma novel die designs are well suited
especially in the light of ongoing and future trendwards the application of more viscous
enamels and higher production speeds leading baitrangly increased shear forces. A reliable
computational description as provided by the presealytical model is a prerequisite for any
further flow related optimization of the die shapgectedly needed to cope with these trends.
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1. INTRODUCTION

1.1 Background and Motivation

Coating can be basically defined as the coverinthefsurface of some solid substrate with a
layer of an adhering liquid. The main reason foplgipg such a surface coating can vary
dependent of the application of the final prodilictan range from purely decorative to purely
functional, or the combination of both. Differerypés (techniques) of coating can result in a
different coverage of the substrate which, regardime covered area, can vary from partial
coverage to full coverage of the substrate. Theimgpacan be applied to a substrate using a
variety of techniques. Most common processes carlibded into: chemical, mechanical,
thermal and thermo-mechanical.

Functional coatings play a dominant role in theustdal application. They are applied in order
to change the surface properties of the substredkinm it more suitable for a specific
application. The targeted properties of the subsitan be various, affecting adhesion, thermal,
mechanical, or, chemical resistance, surface wdtgbsurface roughness etc. Since the
thickness of the coating is often an important pet@r, different techniques have been
developed to obtain the desired coating thickn@$mse methods range from simple paint
brushing layer per layer until a certain thicknissebtained, to fairly complex liquid deposition
techniques applied in the production of compon@ntglectrical industry.

One representative example of a complex multi-stegiing process is met in the production of
enameled or magnet wire. Enameled wire in geneatesents a copper or aluminum wire
covered with a thin layer of electrical insulati¢gee Figure 1). This type of wire is most
commonly used in applications, where tight coiks mquired, such as the coil of stator and rotor
of an electric motor, or the coil applied inside @ectric transformer. A sufficient electrical
insulation against shorts is in general a preréguior safe and reliable operation of these
devices. For that reason wires are covered withtiphelllayers of coating ensuring a uniform

continuous insulation. Especially, in high-voltadgvices any imperfection in the coating would



most likely lead to strong spurious currents, whichy finally result in a burn down of the

whole device.

Different polymer solutions are generally used raneeling liquids. The type of polymer mostly
depends on the technical application of the wismgmg from polyurethane for less critical

applications, where wires are subjected to lowtatst loads, to combinations of polyester and

polyamide for the more heavy duty applications.

Figure 1. Raw wire and enameled copper wire (sourckAG)

The production process of enameled or magnet sireairied out on special wire enameling
machines. These machines usually involve multipledpction steps which have to ensure a
correct wire diameter and satisfactory quality loé surface of the end product. They can be
designed as vertical and horizontal machines, fegfardless of the type, the principle of the
process and the main components of the machinesaentially the same. The main components

of both types of machines are shown in Figure 2.
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Figure 2: Main components of the wire enameling madtdnes (source MAG)

Raw copper wire supplied at the entry of the deusally has a wire diameter that is a little bit
higher than the desired diameter of the blank wirde coated with enamel. It is therefore
necessary to pull the wire first through a drawingchine to provide the correct diameter before
entering the enameling process. Inside the drawiaghine the wire is passed through multiple
drawing dies, successively reducing the diametke Aigh stresses imposed during the drawing
process cause a hardening of the copper wire. dieroto regain those material properties
required for the further production, such as ditgtithe wire is passed through an annealing
zone, where the material is heated up to a ceataiealing temperature and cooled down again
to ambient temperature. In the next step the biain& enters the enameling process, where its
surface is successively coated with a certain laydresh liquid enamel. After each deposition
of fresh enamel, the wire passes an oven, wheredlvent evaporates, and the remaining solid
polymer content is cured. Usually, temperatureglenghe oven reach up to 70Q. Such high
temperatures are required due to the relativelytsthwell time of the wire inside the oven,
especially in the case of smaller wire diametergrsure a complete evaporation of the solvent
and curing of the polymer. After each pass throtighoven, the wire is cooled in a cross stream
of air. A detailed study and optimization of the/idg and curing process inside the oven was

carried out by Czaputa 2009. Finally, the wire iiected to the spooler, where it is wound up



into large coilsappropriate for transport and storage. Some detdigmch component shown
Figure 2 can be seen in Figure

Figure 3: Details of enameling machine componer (source MAG)

Thefocus of the present work on the liquid enamel deposition steghere a defined layer «
fresh enamel is deposited on the surface of theingowire. The principle of this liquid cong
process is shown in Figure 4. The process esdgntiablves two main steps. In the first step
initial layer of enamel is deposited on the wbased on the principle of dip coating, where

wire is pulled through a small bath of enamel whgfed from a bigger reservcbeneath. In the



second step the basically undefined thicknesseotlip coating is reduced to the desired leve
pulling the wire through an enameling die. Duehe tonverging geometry of the annular
between the wire @ahthe die contour the excess enamel is strippf the surface, so that tl
wire exits the die with a defined deposition heighfresh enamel (see Figure 4 r The excess
enamel is ejected upstream at the inlet of theltlis.then passed throughfilter and re-enters
theenamel reservoir to be applied again for the cggtimcess. The whole coatin¢ applied in
multiple deposition cycles, adding one further faga top of the other until the final height
reached. Within each deposition cycle the depodresh enamel is dried and cured in the o
Usually, the number of passes applied in theess varies between 10 and 25 depending o

wire thickness, required wire properties, typemdrmel, etc

Bath for dip coating
—— Excess enamel

Die holder

Enamel =, - Die
N ) . applicator i Wire
Filter Enamel

»

feeder

"/

Filter

Dic holder

Wire tracks

Enamel pump

Figure 4: Principle of enamel application on the wire surfac (source MAG)



1.2 Literature survey

The description of the flow evolving inside narr@aps, or gaps with converging geometry,
considering different rheological behavior of flsids of high relevance in many different
applications. Therefore, a significant number ofdgts related to this topic are available in the
literature. The investigated flow evolving insidee$e narrow gap geometries is often Couette or
generalized Couette flow, depending on the geonstoutline-contour.

The generalized Couette flow between two infinisggtiel plates subject to a pressure gradient
was studied in the work of Flumerfelt at al. 198fatsuhisa and Bird 1965 provided analytical
and numerical solutions for a large variety of egufations including the flow between flat
plates, in tubes, in films, and annuli, assumimgpa-Newtonian Ellis fluid.

Couette type gap flow configurations are also nmsidie the bore holes in ground drilling
applications, or inside journal bearings. A compatal analysis of such a generalized Couette
flow inside an annulus, where the flow is driven tine motion of the inner cylinder and
additionally subjected to a pressure gradient, prasented by Lin and Hsu 1980. In follow-up
studies Lin and Hsieh 1980, and Lin 1992 includedthransfer into their computations. Young
and Chukwu 1995 analytically computed generalizedigte flow of a power-law fluid in a
narrow eccentric annulus in order to investigatedfiect of the eccentricity of the inner moving
cylinder on the axial pressure gradient. Fitt ateh$e 2000 described an isothermal flow of a
shear thinning fluid inside an annulus betweenttfgeconcentric cylinders, where the inner one
was set into a rotating motion, using an asymptatialysis and comparing it to CFD results.
Nessil et al. 2013 analyzed the lubrication of a-Newtonian power-law fluid inside a journal
bearing including heat transfer. A recent work dégtg axial flow of a non-Newtonian fluid in

a concentric annulus using generalized flow pararsetvhich enable implementation of
different non-Newtonian flow models was presentgdHaobo et al. 2014. Sheeja and Prabhu
1992 investigated the flow evolving in the annutmp of a journal bearing using both a
computational and experimental approach, to study performance characteristics of the
bearing. Considering a more complex surface inmgh\shallow dimples, a CFD based analysis

of the lubrication behavior of a journal bearingswaesented by Yong and Balendra 2009. He



2004 applied the variational principle to derive RReynolds equations for describing the flow of
a Rabinowitsch-type non-Newtonian fluid inside analr slider bearing.

Apart from the technical application, the narrowp glow of non-Newtonian fluids is also of
high relevance in other fields such as biomedical$, where the emphasis is put on analyzing
the flow inside the cardiovascular system. In 1@K2 investigated the evolution of the pressure
along the axis of a tapered tube with fixed wallsing different types of non-Newtonian fluids.
Based on the work on Oka a more recent study orflole inside tapered pipes, considering
different angles as well as different rheologicald®ls in order to obtain flow rate and pressure
profiles was conducted by Kumar and Kumar 2003. dinteady flow inside a tapered tube of a
non-Newtonian fluid inside arteries with a stenagaés computationally analyzed by Mandal in
2004.

Hull and Pearson 1984 investigated the non-Couggie flow of non-Newtonian viscoelastic
fluids through cones and wedges with stationarylsyalhich is of high relevance for the
polymer processing technology.

The basic concepts for the computational analysteegeneralized Couette-type flow and heat
transfer in converging gaps, specifically met irameling dies can be found in the review of
Mitsoulis 1986. Carley et al. 1979 computed thevfland temperature field inside the conical
section of wire coating dies by solving numericalg simplified conservation equations with a
semi-implicit finite-difference scheme. Tadmor d@idd 1974 investigated the magnitudes of the
lateral forces which the fluid exerts on a wireestcically positioned inside the coating die, and
their effect on the stability of the wire duringethoating process.

Dijksman and Savenije 1985 presented an analysickition of the converging flow through
coating dies applying the lubrication approximatibeory. They introduced a special toroidal
coordinate system, which suitably fits to their sidlered conical geometry of the die, but admits
only straight lines as outer radial contour of ¢ In a recent work Shah et al. 2013 presented
analytical solutions for Couette flow with zero gsare gradient assuming power-law fluids,
ranging from strongly shear thinning to stronglgahthickening, imposing linearly varying wall

temperatures.



Most of the computational studies performed on tlaerow gap flow problem assume the
approximation of the lubrication theory, which edssly neglects all advective transport.

Appropriate extensions to the lubrication theoryomder to account for the effect of advective
transport have thus far been proposed only foromagap flow configurations different from the

ones met in the wire coating process, like flowplanar journal bearings considered by Collins
et al. 1986, or pressure-driven flow through narganar channels with axially varying channel
height studied by Tavakol et al. 2014.

1.3 Objectives

Due to the extremely high shear rates occurringlenghe converging gaps of the coating dies
very high shear forces act on the surface of theimgowire resulting in large total drag forces
exerted on the wire. The pressing need for dragefaeduction mainly comes from some
particular characteristics of the wire enamelingcpss, which have in common that they all
potentially strongly increase the shear forcestFthe solid mass fraction in the applied enamel
should be very high to reduce the costs for theest) and to deposit a highest possible amount
of solid coating mass per wire pass through theSkeondly, the solid content should be mainly
constituted by large polymers. Large polymers temble less volatile, so that the solid losses
into the hot gaseous ambiance during the dryingcamohg of the deposited fresh layer can be
kept low. Meeting both requirements implies morsceus enamels, which translates directly
into an increase in the drag force on the wire drdafarough the coating dies. Thirdly, the
maximum allowable heat up of the wire, which ocaarshe oven for the drying and curing of
the coating, limits the residence time of the wirehe oven. Since the thinner wires inherently
heat up faster they permit a shorter residence timthe oven to avoid overheating of the
material, which implies a faster wire speed. In boration with the typically smaller die exit
gap heights, this finally leads to much higher shates and shear stresses, and hence larger drag
forces, particularly for the thin wires. Apart frothese process-related aspects, the permanent

economic demand for higher productivity and cosiuction keeps pushing for increased wire



velocities, which further fosters the need for magpropriate die shapes to keep the total drag
forces within an acceptable range.

The main objective of the work is to computatiopalivestigate the flow field inside wire
enameling dies, which shall finally also help tentfy the possible flow related reasons for the
wire breakages appearing during production, as rtegpoby the magnet wire producers,
especially in the case of thin wires (for diametaasging from 0.15 mm to 0.35 mm). The
description of the flow field shall be obtained rfroa suitable computational model to be
developed. The developed model shall provide arurate prediction of the flow and
temperature fields at low computational costshélisflexibly handle different die geometries as
well as different fluid properties, so that it filyaalso serves as a computationally efficient and

reliable tool for developing flow optimized die gaetries.

1.4 Approach

The developed computational model for describirg tilomentum and heat transfer inside the
wire enameling dies basically relies on the anedytapproach assuming the lubrication theory
approximation. For the case of Newtonian fluids thérication theory approximation is
extended by a first-order perturbation to include ¢ffect of inertia and convective heat transfer.
The very confined geometry of the flow domain balycexcludes any detailed measurements of
the flow and temperature fields using today’s ald#é measurement techniques. Due to this lack
of experimental data, a numerical model was useg@rtwide data for a validation of the
predictions obtained from the developed analytimatlel. Solving the full set of equations in a
discretized formulation inherently makes the nucarisimulations computationally more
expensive than the analytical model. The numergiaiulations are performed using the
commercial CFD code Ansys FLUENT. Some experimevaétiation could be still carried out
for the analytically predicted drag forces on theewThe required experimental data were
obtained using a drag force measuring device, wvigh specially designed and constructed by
the industrial partner MAG. The drag force measuwet®: were carried out on an enameling

machine running under real production conditions.



1.5 Organization of the Thesis

Chapter 2 deals with the possible flow properties of the kg fluid, discussing established
models for describing the flow behavior of Newtaniand non-Newtonian fluids. It further
surveys the coating liquids typically applied i twire enameling process. The main measuring
techniques for determining the dynamic viscosityhafse liquids are described as well, including
the measured flow curves for some representatiaenels.

Chapter 3 describes the derivation of the analytical compomal model using the assumptions
of the lubrication theory, applying it first to aeiWtonian fluid and then the non-Newtonian
fluids. The extension of the analytical model te tieat transfer is also described. The results
obtained from the analytical model for generic aanging die geometries are discussed and
validated against CFD results. For the case of Newanh fluids, the analytical model is extended
introducing the first-order perturbation to imprabe accuracy of the analytical predictions.
Chapter 4 describes the application of the developed arwalytcomputational model for
describing the flow field inside real die geomedriender real operating conditions. The results
obtained by the analytical model for the hydrodymanirag forces exerted on the wire are
further validated against data from a speciallyigitesd measuring device. Possible reasons for
frequently reported problems during the productmmocess, such as breakage and plastic
deformation of the wire, are discussed.

Chapter 5 deals with the application of the developed comjiutal model to provide modified
real die geometries, which generate significantiguced drag forces exerted on the wire. Using
such flow optimized geometries shall ensure a sadecontinuous production process and allow
for further increase in productivity and reductiarprocess costs.

Chapter 6 gives a summary and the main conclusions coming fite presented computations

and analysis of the results.
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2. RHEOLOGY OF THE WORKING FLUID

Fluids exhibit different properties depending oeitithemical composition, structure and size of
the fluid molecules, etc. For any fluid type the sthgeneral form of momentum equation,

neglecting body forces, reads

—

Dv
,0E =-Up+00T. (1)

In order to provide closure for the system it iegssary to define the dependence of the stress
tensor on the deformation rate tengm,z(@), where the deformation rate tengdiis written

Qz%[(D\?)+(D\7)T} @)

In the most general case the shear stress depentie diistory of this tensor. The particular
dependency for the considered fluid is essentiddtermined by its microscopic structure. A
highly complex molecular structure in general ttates into a more complex relation between
shear stress and deformation rate. Figure 5 exeilgaows some modifications of the internal
structure of the suspensions, containing largettigles or molecules, when subjected to

deformation.
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Figure 5: Behavior of suspensions subjected to defoation (adopted from Chhabra, 2010)

2.1 Purely viscous fluids

If the stress depends only on the instantaneousrrdafion rate tensoD and the material
behaves isotropic, the fluid is termed a purelycois or Reiner-Rivlin fluid. As stated in the
book of Giesekus on phenomenological rheology 188relation between the stress tensor and
the instantaneous deformation rate tensor can Iserided by the following algebraic

constitutive equation:

7 =¢,E+¢D+¢,D°. 3)

Therein,E is the unity tensor and the coefficiegiddepend on the density and three invariants of

the deformation rate tensor:

¢ =¢ (p:lp. llp, ), =012, (4)
with
#,(0;0,0,0)=0. (5)
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Liquids of practical relevance considered in thisrkvare incompressible, implying that their
density p does not vary, such that the coefficigfatcan be set to zero. Moreover, the other
coefficients are independemtof and Ip, due tolp =0 =0, and hence, Eqg. (3) can be

rewritten as

I:¢1(IID’IllD)D+¢2(“D’”ID)[_)Z' (6)

The coefficientsp; and ¢»> can be generally rewritten &=21 and ¢=4¢&, wherer denotes the
apparent shear viscosity agdlenotes the so called cross-viscosity. The ragiwéen the two
coefficientsg, and ¢, has the unit of time, which can be interpretec asaterial specific time
scale. This is, however not consistent with thestutive algebraic Eqg. (6), which does not
involve any dependence on time. Discussing thisneistency Giesekus 1994 stated that no
purely viscous fluid has thus far been observedbitking any time dependent flow behavior in
unsteady configurations. Giesekus, therefore, ardghat the cross viscosity representedgby
should be set to zero, i.¢,70, for the description of purely viscous liquidscordingly, Eq. (6)

reduces to
=¢,(115,115)D=27(l1p,1115) (7)

where 77 represents an apparent viscosity depending ors¢bend and third invariants of the
deformation rate tensor. The most relevant typioaf considered in this work is a simple shear

flow, where the deformation rate tensor can betamias

lwj
Il
N I
o A~ O

(8)

O O -~
o O O
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with y denoting the shear ratM/dXz . The invariants of the deformation rate tensor read

Ip =0, Hp=——, lll;=0. 9)

T11 =Ty =0, (10)
Ty =Ty =0, (11)
Tp =1 :%¢1 (VZ)V (12)
T3 =T,3 =0, (13)

which implies that the apparent shear viscosityriten as
. 1 :
n(#)==a(7)- (14)

Guided by the work of Chhabra 2010, it is possibldistinguish between several types of fluids
based on the way viscosity depends on the shear rat

- Shear thinning fluids

- Shear thickening fluids

- Bingham plastics

Different shear rate dependent behaviors of thd #ite illustrated in Figure 6.
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Figure 6: Shear rate dependent fluid behavior

2.1.1 Shear thinning fluids

This type of rheological behavior of the fluid da@ observed as the most common type of non-

Newtonian fluid behavior in various engineering liggtions. Its apparent viscosity written as

_h

n 7 (15)

is not a fixed material property, but graduallgmses with increasing shear rate. In general the
apparent viscosity approaches asymptotically comdtvels for vanishing and infinite shear

rates termed Newtonian plateaus. The so calledNis/tonian plateau defined as

im 112 =
Im=y = (16)
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is reached for vanishingly small shear rates, wthie so called second Newtonian plateau

written as
. T
!|m 212 =, (17)

is approached for very high shear rates. Such arghening trend between two Newtonian
plateaus is typically observed with polymer solnsipwhere the second Newtonian plateau is

usually close to the value of the molecular vistyosf the pure solvent.

2.1.2 Shear thickening fluids

In shear thickening liquids the apparent viscostitthe fluid increases with increasing shear rate.
This type of behavior can usually be observed imceatrated suspensions. The variation of the
apparent viscosity illustrated in Figure 7 exemplashows a possible mechanism of shear
thickening depending on the applied shear. At V@nyshear rates or shear stresses the particles
remain in an equilibrium state, where only the @ndollisions between them generate a certain
resistance against the motion of the fluid. FotHher increased shear rates or shear stresses the
particles are redistributed in such a way thatrthebility is increased, resulting in a reduction

of the apparent viscosity. Exceeding a certaintlimishear rate or shear stress finally leads to
the formation of larger agglomerates of particlepeding the motion, such that the apparent

viscosity increases.
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Figure 7: Shear thickening phenomena (adopted froriWagner et al. 2009)

These particular types of fluids were rarely inigegied in the past. Due to the rising application
of highly concentrated suspensions in various itrdisapplications, they are becoming an
increasingly interesting topic for basic and appliesearch.

2.1.3 Bingham plastics

A Bingham plastic is defined as a viscoplastic mak¢hat behaves as an elastic solid as long as
the shear stress applied on it is lower than thiearvalue (yield stress). When the yield stress
is exceeded, the material behaves like a Newtonman also non-Newtonian shear
thinning/thickening fluid. Figure 8 exemplarily skie the respective flow curves. Tooth paste,
mud, or slurries are typical representatives o$éhiéuids.
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Figure 8: Flow curve of viscoplastic fluids

2.1.4 Newtonian fluids

In a case of simple linear dependence of the stees®r on the deformation rate tensor which is

associated with the coefficients

=0, ¢, =21, ¢, =0,
%o ¢ =21, ¢, (18)

Eq. (6) becomes

r=2nD. (19)
These types of fluids are so called Newtonian #HuiBheir apparent viscosity, denoted Apyn
Eq. (19), does not depend on the deformation raddsatermed dynamic shear viscosity.

Examples of fluids which exhibit Newtonian behavawe water, alcohols, low molecular weight

organic or inorganic solutions, molten metals etmd all gases. In Newtonian fluids the

18



viscosity represents a pure material property whicly only change with pressure and
temperature. The viscosity of the liquids generdgreases with temperature and increases with
pressure. Table 1 shows viscosities of differentifdaian fluids ranging from the low values for
gases to high values met in oils.

Table 1: Viscosities of different Newtonian fluidsat 20°C

Fluid Shear dynamic viscosity [Pas]
Air 1.8 x 10*
Water 1.0 x 16
Mercury 1.6 x 16
Automotive engine oil (SAE 10W30) 1.3 x10

A typical flow behavior of a Newtonian fluid can berown in an example of a simple shear flow
configuration, as met in a Couette flow between pewallel plates, where the upper one is
moving at the fixed velocity,,, shown in Figure 9.

F Y,
- - .
o du,
»
X dx,
xI ’7

Figure 9: Couette flow between two parallel plates

The movement of the top plate due to the appliecefin thex-direction drives the motion of the
fluid layers beneath down to the bottom wall. Theving plate leads to a continuous angular
deformation (shear) of the fluid, which is deteredrby the velocity gradient in thyedirection,
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termed shear rat¢/ = du;/dX, . The applied tangential force per unit ama(shear stress) is

directly related to the angular deformation rg{ghear rate) through

r _/7% 20
2= (20)
In the Newtonian case a linear velocity profile t@nobserved, due to the shear rate independent

viscosity of the fluid, as shown in Figure 9.

2.2 Fluids with time dependent stress-strain relatin

If the apparent shear viscosity, as specified in Eqg.(7), does not only depend loa t
instantaneous invariants of the deformation ratsde but also on their histories, two types of
fluids can be distinguished:

- Thixotropic fluids

- Rheopectic fluids

If some part of the deformation of the fluid is rpErmanent, as in the case of purely viscous
fluids, but vanishes after a stress relaxationjlaimnto the case of an elastic body, the fluidns i
general termed visco-elastic. The constitutive &godor the dependence of the shear stress on
the deformation rate includes a temporal derivativ®lving a relaxation time specific for the
considered visco-elastic fluid, as will be showiole

2.2.1 Thixotropic fluids

If the viscosity decreases with time when sheatiggfluid, it is called thixotropic. In principle,
all liquids feature thixotropic behavior dependiog the difference in the dynamics of internal
structure breakage due to the shear applied arld-lypiidue to the free motion of particles
(Brownian motion). An example of a typical flow gerof a thixotropic fluid is shown in Figure
9. When subjected to a gradually increasing defoonathe fluid reaches point denoted A.

Keeping the constant deformation rate over a cepariod of time results in a decrease of the

20



fluids viscosity, such that the shear stress dsesegpoint B). If the deformation rate would be
kept constant for an infinite period of time, thwsuld result in a further decrease of viscosity

towards a theoretically minimal apparent viscosagsociated with pointB...

shear
stress

shear rate

Figure 10: Flow curve of thixotropic fluids

2.2.2 Rheopectic fluids

Rheopectic behavior represents the inverse behafighe previously described thixotropic

behavior. This means that the apparent viscosityhef rheopectic fluid increases with the

duration time of shearing, resulting from a build-af a flow impeding internal structures inside

the fluid under the influence of an external sh&reopectic behavior is not as common in the
technical application as thixotropic behavior. Epdes are gypsum pastes and printer inks.

The phenomenon of rheopexy can be illustrated goakly to thixotropic behavior, as shown in

Figure 10. When a certain deformation rate is &gpthe fluid reaches state A. A constant
deformation rate applied over a certain periodimietresults in an increase in the viscosity
leading to an increase in shear stress towardd [Boi;_.. iS associated with the maximum

possible value of apparent viscosity which wouldréached, if a certain shear rate is applied

over an infinite period of time.
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Figure 11: Flow curve of rheopectic fluids

2.2.3 Visco-elastic fluids

Visco-elastic fluids basically feature material pedies of elastic solids and viscous liquids
when subject to mechanical stress. A widely usestitoitive equation for the dependence of the

stress on the deformation is written as

Dr

W viscous

This equation, generally termed White-Metzner mpdmvers the most important flow
properties of many viscoelastic fluids. The unsyetatm on the Ihs involves a relaxation time

scale/1=A(//p) and the so called Oldroyd derivative written as

%:"_hmg—[(mvf T+ )|
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In the viscous contribution on the ripsdenotes the apparent viscosity, also dependeren
second invariant of the deformation rate tensornyleaterials in the industrial application
today show visco-elastic properties, for examptdymer melts, concentrated polymer solutions,

gels, foams, etc.

2.3 Flow models for purely viscous non-Newtoniandids

Generally speaking all fluids which do not exhithie simple linear shear stress dependence on
the deformation rate as given in Eq. (19) are termen-Newtonian fluids. Since we consider
only shear thinning and, possibly, shear thickenmugn-Newtonian fluids, as described in
subsections 2.1.1 and 2.1.2, well established flemdels for only these fluids shall be discussed
here. A very popular model assumes a simple poswerdependence of the apparent viscosity

on the shear rate, written as
.\n—1
n=m(p)"". (22)

For exponent:<l Eq. (22) describes shear thinning, forl shear thickening, and=1
Newtonian fluid behavior. The main drawback of thisiple model is its inability to capture the
appearance of the asymptotic transition to Newtorptateaus at low and high shear rates.
Additionally, the shear thinning formulation assded withn<1l produces a singularity for
vanishing shear rate— 0. As such the model cannot cover the full rangeosisible shear rates.
The Ellis model was developed to eliminate thisrgtwming of the shear thinning power-law
model at vanishingly low shear rates. The Ellis slogxpresses the apparent viscosity as a

function of shear stress (see Chhabra and Richa23@8) written as

17

n=—-——
1+(r/r1,2)a1

(23)
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Therein,n, represents the zero shear rate viscosity assdamth the first Newtonian plateau,
which is approached for vanishing shear stress0. The coefficientsr and 71, are determined
from a best-fit to measured flow curves. It is evidthat Eq. (23) describes Newtonian fluid
behavior, when the denominator is unity, which ¢hiaved by setting ther =1, or 1y, to
infinity. Setting the exponent greater than uniity €xpression describes shear thinning behavior.
The models proposed by Cross 1965, Bird and Cart®®8, and Carreau and Yasuda (see
Barnes et al. 1989), essentially provide a fornmmhatvhich correctly describes the asymptotic
behavior for very low and high shear rates as agltransitional regime in terms of a smooth

S-shaped function gf. The Cross model reads

n=m _ 1
I = 1+m(}'/)n

: (24)

wheres, andn, represent the viscosities of the first and secoedtinian plateaus approached
for y— 0 andy— oo, respectively. The parameterbasically determines the length of the first
Newtonian plateau and determines how fasy varies with yin the transition to the second

Newtonian plateau. The Carreau-Yasuda model usesyasimilar formulation written as

M= _ 1 _
M = [1+(K1 }'/)ZTVZ (25)

Alike the parametersn andn in Eq. (24) the coefficienk; determines the length of the first
Newtonian plateau, allowing to adjust the pointt@nsition towards the second Newtonian
plateau as observed in the measured datamgpndetermines the steepness of the flow curve in
the transition between the two plateaus. A floweugenerated using the Carreau-Yasuda model
is exemplarily shown in Figure 11.
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Figure 12: Shear thinning behavior described by th&arreau-Yasuda model

2.4 Materials for wire enameling

The main task of the wire enameling solid comporiento provide a continuous insulation
which avoids a possible occurrence of a short titmtween adjacent windings of the wire. For
the accomplishment of this task the wire enameltbdslfill some specific requirements, such
as high chemical and thermal resistance, good adhés copper and a sufficient mechanical
resistance. The quality of the final product is coomly assessed in measurements of special
enameled wire properties and a comparison of thateagainst certain standards which are, for
example, prescribed by the IEC (International Eieat Commission). The solid material which
meets the imposed requirements to a high degreelygster-imide. It is therefore nowadays
most commonly applied in wire enameling, and itsbgl production was increased to the level

of tens of thousands of tons per year.

2.4.1 Polyester-imide

Before the application of polyester-imide, polydéme teraphthalate (PET) based polyesters

were applied for coating copper wires, even thotnghexcellent properties of polyamides were
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already known. Despite the positive properties @fjimides, they were not applied due to
difficulty in handling thesaypes of materials. On the other hand polyesters exhibgeod
flexibility, processability, and stability when stored. In orteget good properties from both
the groups of materials, they were combined, arngegte-imide was createcThe formation
reaction of polyesteimide is illustrated in Figurd3. The imide part ofhe compound enabled
an improvement in mechanical and thermal properigsvell as thermal endurance, bu
lowered the level of adhesion on the copper andiced the softening temperature of
polymer film. The softening temperature was regainad levated by the addition tris-(2-
hydroxyethyl)-isocyanuratear HEIC).

The group of polyestamides can be further subdivided into two lacategorie: saturated and
unsaturated polyestémides Saturated polyesteémides can be produced by modifyi

payesters with structures that contain imi
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Figure 13 Polyesterimide formation reaction (adgpted from Linert, 1999)
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The polyester-imide resins are produced from etigylglycol, THEIC, dimethyleterephtalate,
trimellitic anhydride and 4,4-diaminodiphenylmetkanThe production process involves
esterification reactions between diols, triols awids, and cycle forming reactions between
diamine and anhydride. The esterification requicestain amount of catalysts in order to
intensify the reaction. Different types of catatysiin be applied. The contemporary production
processes of polyester-imide resins are usuallizeghas one step processes. For the application
on the wire surface the resin has to be dissolVéd. solvent generally applied in the case of
wire enamels is cresol. Cresol is widely accepted tb its affordable price and convenient
properties. For example, it can be adjusted torticeboiling range, as required by the wire
enameling process. Furthermore, the addition dédiht additives does not cause a significant
reduction in dissolving power. It further has athgpecific reaction enthalpy of combustion of
34200 kJ/kg, which is used for heating the hot rdyyand curing sections of the enameling
machines. The specific reaction enthalpy is catally released burning the evaporated solvent.
The disadvantages of cresol are its toxicity asdiéry intensive smell, which requires handling
of the enamels with special care. There were ska#rmmpts to replace cresol by an alternative
solvent, which would be less toxic and easier tadle Tests performed with cresol-free
polyester-imide wire enamels showed that the alltted proposed alternatives had lower
dissolving power which resulted in less hydrocasbbfended in the structure and in the end
lower specific reaction enthalpy, which is not feadale in the modern wire enameling machines.
Apart from the resins and solvent, other additiwesy be added to the formulation of the wire
enamel. Among these are catalysts, which supperttrdmsesterification reactions during the
curing process.

The second large group of polyester-imides areutmsaturated polyester-imides. Their usual
area of application is the impregnation of the teleal coils. The impregnation has the task of
protecting the coil against water or some corrosihemicals that can be present in the
environment, where a certain device is applied. ikalthlly, these types of coatings enable
better thermal conductivity. An important practiegdplication is the insulation of the coils of
electric motors. Applying unsaturated polyesterdiesi allows for the reduction in size of an
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electric motor without losing power. The solutiandeposited on the coils by dip coating and
cured at temperatures between 130°C and 160°CreBime copolymerizes very rapidly.

In the magnet wire production process, after egitine enameling dies with a defined fresh
coating the wire enters the oven, where the degmbsthamel is dried and cured. During this
process the solvent and the resins are cured.érhperatures in the oven rise to 700°C. When
the content of the solvent is reduced to about 60%ae initial value the curing process starts. In
order to achieve a high final quality of the cogtithe thickness of the deposited fresh enamel
layers should be sufficiently small. In case dba thick layer, imperfections like blisters can
appear after the curing, which would make the eiedneire unusable. For this reason, the
coating is applied in multiple deposition stepsplagsing the wire successively through the dies,
gradually increasing the thickness of the coatingach pass. The evaporated solvents have to be
kept inside the wire enameling machines to becanaly burned catalytically with a very high
level of efficiency resulting in very low emissiaf waste gases. The high temperatures of the

exhaust gasses are used in heat exchangers taptieberying air entering the system.

2.5 Viscosity measurements

The commonly used experimental techniques are giydrased on the measurement of the
forces which are required to deform the fluid inlefined and controlled manner. The desired
rate of deformation can be produced in differenysydor example by dragging the fluid with a

moving (sliding or rotating) solid, by forcing tHikid through a geometry imposing a pressure
gradient or using gravitational force, by sinkingay submersed in the fluid, etc. Depending on
the way how the flow, and hence the deformationinékiced, viscometers can be divided in

certain classes, as listed in Table 2 following bk, 1994.
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Table 2 Viscometer classification (adopted fromMacosko, 199.)

Drag Flow Types:
Flow set by motion of instrument boundary/surface using external or gravity force.

Type/Geometry Basic characteristics/Comments

Rotating concentric cylinders (Couette)  Good for low viscosity, high shear rates; for R,/R, = 1, see Figure 30.3; hard to
clean thick fluids

Rotating cone and plate Homogeneous shear, best for non-Newtonian fluids and normal stresses; need
good alignment, problems with loading and evaporation

Rotating parallel disks Similar to cone-and-plate, but inhomogeneous shear; shear varies with gap
height, easy sample loading

Sliding parallel plates Homogeneous shear, simple design, good for high viscosity; difficult loading
and gap control

Falling body (ball, cylinder) Very simple, good for high temperature and pressure; need density and special
sensors for opagque fluids, not good for viscoelastic fluids

Rising bubble Similar to falling body viscometer; for transparent fluids

Oscillating body Needs instrument constant, good for low viscous liquid metals

Pressure Flow Types:
Fluid set in motion in fixed instrument geometry by external or gravity pressure

Type/Geometry Basic characteristics/Comments

Long capillary (Poiseuille flow) Simple, very high shears and range, but very inhomogeneous shear, bad for
time dependency, and is time consuming

Orifice/Cup (short capillary) Very simple, reliable, but not for absolute viscosity and non-Newtonian fluids

Slit (parallel plates) pressure flow Similar to capillary, but difficult to clean

Axial annulus pressure flow Similar to capillary, better shear uniformity, but more complex, eccentricity

problem and difficult to clean

Others/Miscellaneous:
Type/geometry Basic characteristics/Comments
Ultrasonic Good for high viscosity fluids, small sample volume, gives shear and volume

viscosity, and elastic property data; problems with surface finish and
alignment, complicated data reduction

Since the measurement principles in general asqueniect flow conditions, such as ful
developed flow, an infinitely extended domain, mgigle viscous heating, laminar fl¢, etc.,

any possible deviations frothese ideal conditions result in errors, exemplarilyddtn Table 3.
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Table 3 Viscometer errors (adopted from Macosko, 199)

Error/Effect Cause/Comment

End/edge effect Energy losses at the fluid entrance and exit of main test geometry

Kinetic energy losses Loss of pressure to kinetic energy

Secondary flow Energy loss due to unwanted secondary flow, vortices, etc.: increases with
Reynolds number

Nonideal geometry Deviations from ideal shape, alignment, and finish

Shear rate non-uniformity Important for non-Newtonian fluids

Temperature variation and viscous heating ~ Variation in temperature, in time and space, influences the measured viscosity

Turbulence Partial and/or local turbulence often develops even at low Reynolds numbers

Surface tension Difference in interfacial tensions

Elastic effects Structural and fluid elastic effects

Miscellaneous effects Depends on test specimen, melt fracture, thixotropy, rheopexy

2.5.1Drag flow type viscometer:

According to the classification in Table 2, dragwl type viscometers are the ones where
motion of the examined fluid is induced by the rantof a solid surface. The most well kno
representatives of this group are so called ratatiwiscometer Among these, thconcentric
cylinder type viscometer shall be described in na®til here, because this measuring techr
was mostly applied in this work. Other alternatimeasuring techniques will just be brie
addressed.

The rotational viscometds essentially designed to ay a defined constant shear | on the
fluid for the longer period of time. This fure allows forsteady state measurements of
fluid’ s viscosity for a given range of shear rates, laa for the experimental investigation o
possible time dependent flow behavior of the flltdirthermore, it is possible to measure
effect of the temperature on the viscosity, if tlimperature cthe fluid can be controllec

As shown in Figure 14he experimental device usually consists of anrooyinder and ¢
concentric inner cylinder. The gap between twonggrs is filled with the investigated flui
Usually, the measurements conin meauring the torque exerted on the stationary cylirzahel
the rotational speed of the moving cylind:
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Figure 14: Concentric cylinders viscometer (adoptedrom Macosko, 1994)

From the known torque on the inner cylinder and dbemetry it is possible to determine the

shear stress at any given radius inside the gagebetthe two cylinders from the expression

(26)

The effective lengthe=L+L; represents the real length of the cylindenodified by a so called
end-effect correctioh.. Accounting for the fact that the torque is consit all radial positions

it is possible to write
M
_ T = T = ,
i R =10,R =1,RE (27)

where 7, denotes a representative shear rate exerted etancrepresentative radil,. This

radius is computed from Eq. (27) as
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2ﬂ2 1/2 2 1/2
Rm:a[Hﬁz] =R2[1+ﬁ2j , (28)

wheref denotes the ratio between the radii of the twandgrs written as
R

-2 (29)
Ry

Since the gap between the two cylinders is veryllsffacl), it is possible to assume a planar
Couette type flow associated with a linear velogtpfile between the inner and the outer
cylinder, regardless of the fluid type being meaduDue to this assumption the angular velocity

at any radial position, induced by the motion & thuter cylinder rotating with the angular speed

w, reads
R w N
V(1) szﬁ (30)

which implies a uniform shear rate inside the gaipten as

, Wy @
Ym = ar _’8_118- (31)

Expressing the representative shear stress in tefntse representative radius according to
Eq. (27), and using the Eqgs. (28) and (31) the mmpaiscosity is determined as
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o [l §
=1 A RLp |w (32)

It was shown in the work of Jimenez and Kostic 198t the present model, which is
independent of the fluid’s rheology, covers veryllvee large variety of fluid behaviors. For
example, considering non-Newtonian power-law flyiti® present concept provides values for
the viscosity with an accuracy of £1% for the ramfjehe power-law exponemt between 0.35
and 3.5 and concentric cylinder radii rat®between 1 and 1.2.

One further effect that should be taken into act@ithe appearance of possible secondary flow
structures in form of the vortices which can affde measurement results. Even though in the
Couette type viscometers there are no vortex sirestto be expected inside the narrow gap
between the cylinders, they may appear near therbagnd of the inner cylinder. The transition

to turbulent flow can become an additional isstithe Reynolds number defined as
Re= ﬂ(lgﬁ _1) (33)
2n

reaches values between®Hnd 10.

2.5.2 Pressure flow type viscometers

As already outlined above, in this type of techeighe motion of the fluid is induced by
pressure or gravitational forces. A popular repreese of this technique is the capillary
viscometer, as illustrated in Figure 15. This tegha was used in the present work as well and
will therefore be discussed here in more detail.

The main assumption regarding the flow inside thgpes of viscometers is a fully developed
laminar pipe flow. The geometry of these deviceseaisigned in such a way that the length of the

capillary tube is much larger than the diametetheftube. The quantities which are measured in
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this type of viscometer are the flow rate of thedland the axial pressure difference between the
two measuring points.

Sample
o | container

1
Inlet —
B4 K]
L
Capillary tube — | u
l Z
N N L-
Outlet = F

B2,
Figure 15: Capillary viscometer

In general the viscosity of a fluid can be obtaifiexn the ratio between the shear stress and
shear rate at the wall

n==-*. 34
Vu 59

A simple momentum balance applied to a control m&uof axial lengthL provides the wall

shear stress in terms of the measured axial peegdfgrence written as

(R
TW—(ZLJAD. (35)
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The shear rate at the wall, which is obtained as

_du

yW: EI’ZR (36)

basically requires the knowledge of the radial jeadf the axial velocityu(r). For a Newtonian
fluid this can be easily computed yielding the walbwn parabolic Hagen-Poiseuille profile,
which finally gives the following linear relationetween the wall shear rate and the measured

volumetric flow rate:

. 4 .,
YunN = (EJV (37)

For non-Newtonian fluids the dependence of theogig on the shear rate excludes an a priori
computation of the velocity profile, which is reced to evaluate the wall shear rate from the
derivative (36) producing finally a relation to telumetric flow rate similar to Eq. (37). In the

non-Newtonian case the wall shear rate is thereforeputed in an alternative way. The starting

point is the general expression for the volumédtaw rate written as
R

V=J.2nru(r)dr. (38)
0

Integration of this equation by parts yields

ar (39)
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For fully developed pipe flow the shear stress gbmwaaries linearly with the radial coordinate as

T _r
= (40)
, R

regardless of the rheological flow behavior. Usiag. (40) the radial coordinate can be

substituted by the shear stressuch that the Eq. (39) can be rewritten as

3

. R
V:7T—3
TW

r*ydr, (41)

o '-'5"‘

wherey denotes the shear rate at positi@iven as

) du
== 42
a (42)

Equating the volumetric flow rates obtained in dase of Newtonian, given by Eq. (37), with
the Eq. (41) obtained for non-Newtonian fluids gl

nR37 R Ty .
ﬂ = 7T_3J‘ szdl', (43)
4 Tw %

where JT/W,N represents an “equivalent Newtonian wall sheas”ralaking the derivative of

EqQ. (41), with respect tg, gives
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3 7 1 dJ-/W,N

iy = — +—T, , 44
yw 4 yW,N 4 w dTW ( )
which can be transformed into

) f/wN din f/wN

=" |3+ — |, 4

fu =7y dinz, (45)

%/_/

S

The correction parametesris obtained by measuring different operating EoBgsociated with

different flow ratesV and pressure differencép. The variations invV and Ap translate via

Egs. (37) and (35) into corresponding variations%m andz,, which are used to estimate

Using Kvfrom (45) and:, from (35) finally gives the apparent viscosityaccording to Eq. (34).

2.5.3 Other viscometer types

There are multiple other techniques using diffeq@mnomena to determine the viscosity of a
fluid, but since they were not relevant for thisriyahey shall be only briefly addressed in the
following lines.

One of these alternative techniques, which is dssed on the principle of drag flow
viscometers, is the so called oscillating methottisTmethod is particularly applied for
measuring fluids with low expected values of visyosanging between T0Pas and 19 Pas.

A further group of measuring techniques is basedherultrasonic method. It relies on the fact
that the dissipation of energy of an acoustic waassing through the fluid is dependent on the

viscosity of the fluid.
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2.6 Viscosity measurements of wire coating enamels

One of the main prerequisites for a correct contpmrtal prediction of the drag force on the wire
is a reliable description of the flow field insidee die, which is only possible with a correct
modeling of the fluid behavior when subjected teah Two sets of measurements have been
conducted in order to determine the shear rate et flow behavior of the wire enamels
applied in the enameling process. The first sene&surements used a capillary viscometer to
reach highest possible shear rates which are esgbetti appear inside the dies. These
measurements were performed by the company BASE.sEoond set of measurements was
conducted at the Research Centre for PharmacekHingaheering (RCPE) at the Graz University
of Technology, using a concentric cylinders viscteneBoth sets of measurements were carried
out for both basecoat and overcoat enamels suppligie enamel producer company Elantas.
As stated in the introductory part, enamels argmel solutions, which differ within each group
(basecoat and overcoat) dependent of the fractfosolbd mass content contained by each
solution. For the considered enamels the solidesarif the solutions varied between 25% and
45%.

2.6.1 Capillary viscometer measurements

The high shear rate measurements were performedhérbasecoats Terebec MT-533-25,
Terebec MT-533-34, Terebec MT-533-41, Terebec M3-83, and the overcoats Sivamid 595-
25, Sivamid 595-34, Sivamid 595-38. They were mesbdor shear rates ranging between
1x1¢ and 2x16s', at the constant temperature of°®0 This temperature was selected
according to the temperature of the enamel in tizenel tank during real application. The results
shown in Figure 16 were repeatedly obtained in tansecutive sets of measurements in order

to check the reproducibility of the results.
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Figure 16: Viscosity measurements results — capilta viscometer

As seen from Figure 16 all enamels exhibit sheamthg behavior except Terebec 533-25,
which shows a shear thickening tendency occurrimgaovery low level of viscosity though.
Since the measurements do not cover the low shéarange down to zero, they were redone

using a concentric cylinders viscometer. The resuiittained in this second set of measurements
are shown in the following subsection.

2.6.2 Concentric cylinders viscometer measurements

The second set of measurements considered the ssaree fluid samples of both basecoat and
overcoat enamels as considered in the capillargowieter measurements. The measurements
were also conducted at the temperature 8€6@arying the shear rates fromite 7000 8. The
measurements were conducted three times for eadah tifpe in order to provide consistent

reproducible results. Figure 17 shows the averagedosities as obtained from the three
measurement cycles for each enamel.
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Figure 17: Viscosity measurements results - conceitt cylinders viscometer

As seen from Figure 17 all enamels exhibit sheanthg properties. The measured range in the
second set covers the range of the first Newtopiateau, and the start of the transition towards
the second Newtonian plateau for all fluids. Whemparing the results obtained from the
capillary viscometer measurements against thosairmdat from the concentric cylinders
viscometer, a certain offset in the values cantieewed. A possible reason for this offset may
reside in the estimation of the parametappearing in the Eq. (45) for determining the wall
shear rate as required in the estimation of theogity of non-Newtonian fluids in the capillary
viscometry. Even small inaccuracies in this coiogctactor can significantly change the results
leading to the observed discrepancies. Due touthigrtainty associated with the results of the
capillary viscometer, the measurements obtainedn ftbe concentric cylinder viscometer
appeared to be more reliable. Therefore, only these were further used for modeling the flow

behavior in the computations of the flow field exof inside wire enameling dies.
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3. ANALYTICAL MODEL

The present analytical model relies on lubricatilb@ory approximation, whose most essential
features are the neglect of inertial forces andthinelayer approximation. This neglect appears
to be justified due to the typically very small ¢ieli of the gap between the moving wire and the
radial outer contour of the die. The analytical mlaghall provide a reliable and computationally

efficient approach for the analysis of the flowidescoating dies, which basically allows for a

large variety of die shapes as well as non-Newtofiav models. The computational analysis

carried out with this approach focuses in particalia the effect of the non-Newtonian shear-
thinning, or shear-thickening, behavior, and onitfileience of the die geometry on the resulting
total drag force. The effect of heat transfer isluded as well. The considered material

properties and operating conditions are selectsgdan real-life enameling applications. The
results of the computational analysis shall helplétermine dieshapes which generate lowest

possible drag total forces on the wire. Figure hi8ws the basic schematic of the generalized
Couette flow met in coating dies. The flow is dnvay a fast moving wire of velocity,,. Due

to the converging die geometry only a small portidrthe enamel, which is entrained by the

wire, finally forms the defined deposition layer.

i/

Figure 18: Flow configuration inside a coating die
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3.1 Governing equations

The converging flow through the coating die is désd in cylindrical coordinates, where the
direction (axial direction) is aligned with the sxof the moving wire, as seen in Figure 19. The
radial (cross-stream) direction varies between the radius of the wirer,, and the outer
contour of the dier=rqy (2). L denotes the axial length of the die. The flow isuased as
axisymmetric and steady.

Z;O =L

< S

die

DR

ho @,

Figure 19: Schematic sketch of the computational doain

The governing conservation equations of axial mdoman radial momentum, and thermal

energy read in dimensional form

ou  du)_ ap 10(rr,) or,

Uu—+vV— = ——+—— "2+ Z 4
'0( 0z arj 9z r or 0z (46)
p(uﬂ+vﬂ}:_@+arzr +16(rrrr) _@' 47)

0z or or 0z r Or r
,OC ua_T'l'Va—T _/11i I’a—T +7 @'l'@ +7 @4—]’ X-}-Z’ % (48)
Pl70z  or ror\ or Zlor az) "or ¥r Zoz
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with the normal and shear stresses written as

Ju ov
+ (49)

ou Y, ou
I, :2/75, Too :2/7?, T, :2/75, I, =T, :”(E Ej

respectively. The conservation of mass is enfolgeninposing a constant flow rate at each cross

sectional position inside the die, which closesgbeerning set of equations:

(50)

Iy
V= I2mudr = const.

M

The order of magnitude of the individual terms adag in the formulation shall be estimated

by non-dimensionalizing the equations, introdudimg following normalized variables:

u
“he YU hU
" (51)

The non-dimensionalized representation of the moumerequation in the axial direction, radial

direction, energy equation, and the continuity ¢ignaread

Lo Lol ) 1 a|..(ad [hejza\’}
g u +V * - * +* * rl7 * + - * +
0z r or or L) oz

(52)
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Y o[ .o (ET Y (3)
(Lj az*L'7 ar*+ L) T )

V= I rudr =cons., (55)

Tw

respectively. In this rescaled representation thlative magnitudes of the individual non-
dimensional terms are determined by the prefactmsurring in front of them. The non-
dimensional parameter occurring as prefactor of ddeective transport terms on the lhs

represents the so called reduced Reynolds number

2 2
o3 2]

Due to the very small aspect raligl<<1 and the fact the Reynolds number based on thé¢ axia
length of the die in general strongly exceeds uftitgical values are in the range ReD(10°),

the definition (56) implies
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2
[Ej «<e. (57)

The advective and viscous dissipation terms inetergy equation (54) involve the Prandtl and
the Eckert numbers defined as

Co/l

pr=—"_", 58
7 (58)
U2

Ec=—W, (59)
cpTW

respectively. Analogously to the momentum transgonmhon-dimensional scaling parameter
appears as prefactor of the advective term onhthef the thermal energy equation. It is defined
as

2
& =&Pr=PrRe (%} (60)

and basically represents a reduced Péclet number.

Due to Ec << Rg it follows

2
Ec P{%j S (61)
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Considering the relations (56) and (60) it becomadent that the terms which are scaling with
(hdL)? are much smaller than the terms scaling with &, respectively.

The solutions of the non-dimensionalized set ofatiqus shall be assumed as series expansions

written as

U =uy+eu +&2Uy +..., (62)
VoSV HEV, 2V, +LL, (63)
P =P +EP +E Byt (64)
T =Ty +&T +&2T, +..., (65)
N =otem + &+ (66)

Introducing these expressions into the non-dimeradiftorm of the balance equations (52)-(55) it
is possible to derive the constitutive equatiorrsefach individual order by equating all terms of
the respective same order. Truncating the solutiw@s and &2 the present work computes the

zeroth-order solution and its first-order extendimnNewtonian fluids.

3.2 Zeroth-order solution

The governing equations for the zeroth-order amévele by equating all terms of the order
and &° in Egs. (52)-(55). It can be seen that the zeootter formulation represents the
approximation based on the lubrication theory aggion, where the convective and axial
diffusive transports are neglected. The zeroth4obddance equations for momentum and heat

read

Oy _ 1 0 » » 0y

— = I " , 67
0z rdr(”o arJ 67)
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%Mo _g (68)

* * \2
101 | gopyy| Mo | (69)
r or or or
ry
V, = j Uy dr =ocongt. (70)

(o

At the radial inner and outer walls no-slip bourydaonditions are imposed, while constant
temperature and adiabatic wall conditions are pitesd for the energyj, i.e.,

rr=r,: Ug=1T, =1, (71)

* * * d-I-*

I=ry: u,=0 —%=0. (72)
dr

Z=0: p, =0 (73)

Solving the continuity equation (70) for the unkmowlow rateVy requires an appropriate
boundary condition for the pressure at the exivek. This necessitates a closer look at the local
flow conditions next to the exit, as schematicaliywn in Figure 20. In this exit region the flow
shall be assumed as Couette flow, which is suligeet certain axial pressure gradient arising

from the capillary pressure inside the curved ligmeniscup,da/R..
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Figure 20: Flow condition at the die exit

Assuming for simplicity planar flow, the flow raé the die exit can be computed as

v=y, b o

V2 dz

LY
27 (74)

Assuming the exit gap height as length stal®or the surface curvature radiBs as well as for

the local streamwise pressure variation the presgadient can be estimated as

dzl, K (75)
Introducing this estimate for the pressure gradigiotthe Eq. (74) yields
: h, 1
V=U,—=|1-—|.
"2 6cCa (76)

Eq. (76) involves the capillary number, which balicrepresents the ratio between the viscous

forces and surface tension and is defined as
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Ca= _ (77)

whereo denotes the surface tension gndenotes the local value of viscosity. The contidyu

of the capillary pressure at the exit is evidemstermined by the magnitude of the capillary
number. As will be shown in the discussion of tleenputationally investigated flow cases in
section 3.2.3, the relevant capillary number isagisvsufficiently large, so that the effect of the

capillary pressure can be neglected. Thus, the earhlpressure can be imposed at the exit
boundary as well, i.e.,

Z=1: p, =0. (78)

The radial integration of the non-dimensional fooimthe axial momentum equation yields the

following expression for the axial velocity

) —”(Z—rd , (79)

. rt N
I(z*,r*):_':;”*di’”(z* r):j?i , (80)

respectively. The expression for the velocity gisnEq. (79) still contains the yet unknown
axial pressure gradient. The axial pressure gradenbtained by substituting the axial velocity
(79) into the equation of continuity (70), whiclelds

49



(81)

The flow rateV, is iteratively obtained by integrating (81) intcetlaxial direction until the
pressure boundary conditions at the inlet and xiteaee satisfied.
Analogously to the solution of the momentum equmtithe radial integration of the energy

equation given by Eq. (69) yields the following rdimensional expression for the temperature:

T =-v(r )+ v () ||:rr** +1. (82)
w

Therein,|V represents the integral

aoem(e) % o o
IV(r):[ p dé with Ill(f)zEcPrJ:y 7ede, T,<9 <r. (83)

M

For non-Newtonian fluids the dependence of theodig on the shear rate impedes an analytical
evaluation of the integrals occurring in (80) aB8)( This is only possible for Newtonian fluids,

as will be shown in the following subsection.

3.2.1 Newtonian fluid model

Considering Newtonian flow behavior implies thag¢ triscosity of the fluid does not vary with

the shear rate, such that /7=const. Furthermore, excluding any dependence of theogiscon
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the temperature as well, its non-dimensional reprsion becomeg, =1. Assuming unity for
non-dimensional viscosity, the integrals occurring Eqs. (80) and (83) can be evaluated

analytically. Which finally yields an analytical geession for the velocity written as

*

* _In(rd*/r*)+1(2p2 [r*zln(rg /r\fv)+razln(rf,v v )+FW2In('r /ty )}

Ug" = 4 dz L. , (84)
In(rd / M )
where the axial pressure gradient, obtained from(&L, is rewritten as
*2 _ *2 .
o,
dn, 2 2In(rd/rw)
dz ( s x2\2) (85)
1 *4 _ *4 + rd rW

16| @ ™ In(rg/r:v)

Upon substitution of the upper radial contourry (z) of the considered die shape this
expression is successively integrated in an itezatirocedure to obtain the flow rad , for

which the pressure boundary conditions (73) and @@ satisfied. Using the analytically
obtained expressions for the integrdlsandlV occurring in Eq. (82) the temperature is rewritten

as
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*

*\2 5
. B[ZTJ (o B{“Z‘; (r:f—r“*)} (i /i)
.

o4 32|n(rd* / r:,kv)2
Brdﬂ)* (r*z_r*z){_‘l_'_dpo* (r*z_r*z)} ; 4B{dp(; Jz |n(r* /*r )
oz ! e \" ] T« v (86)
16In(r’ /', 16
gendegisifege]
16In(rd*/r;v) '

3.2.2 Non-Newtonian fluid model

Since the presently derived computational modell $¥&a applicable to real-life wire coating
conditions, non-Newtonian flow behavior typicallyetrwith most enamels has to be considered.
A non-Newtonian fluid model has therefore beenodtrced into the zeroth-order solution. As
already presented in the section 2.2.1.1, thergtsexsi large variety of models that describe the
shear rate dependent behavior of nhon-Newtoniaddluror the considered enamel, which is a
polymer solution the Carreau-Yasuda model, as gimeBarnes et al. 1989, appears as a very

convenient approach. It is written as

0 :M:(p”ij 1+(K1 yuij + (87)

The model parametets; and my, determine the transition between the first and sbeond
Newtonian plateau, which are reached in the linitszero shear ratey — 0, n —» n;, and
infinite shear ratey — oo, n = n;;, respectively. A typical flow curve for a sheamting fluid

is exemplarily shown in Figure 21. The model par@rsehave been set Ky =1.74x10° s and
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my2 =0.4, such that the flow curve fits best the aldé experimental data which are denoted by
the symbols. The experimental data were measuratddaenamel “Terebec 533-45” with a solid
polymer mass fraction 45%, which corresponds tolanae fraction 39%, using a rotational
viscosimeter. It is noted that the region of velghhshear rates, where the flow curve is plotted
as dashed line, is not accessible to availabledatdnrheometers. The level of the second
Newtonian plateau had therefore to be assumedodine lack of experimental data.

O Measured data

— Carreau-Yasuda model

10° 10° 10 10° 10
v[1/s]

Figure 21: Flow curve of a typical wire enamel Terebec 533-45

The dependence of the viscosity of the shear pate, n*(y*) with y* = y*(z*,r*), allows only
for a numerical evaluation of the integrals defimedegs. (80) and (83). As a consequence, the
governing set of equations has to be solved itexigtiwith the local shear ratg*as the basic
unknown. The iterative solution procedure is byieflitlined below:
1) An initial solution is computed assuming a Newtonfluid with 7= m=const. setting
n=l
2) Based on the actually obtained flow field at itematstep () the shear rate at the new

level (0+1), i.e.,¥(n41), is computed from the implicit equation
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dp’/dz (1?2 11(Z,1, ) =1 (Z 1y ) |1

iz 1) ’
(n)

Trz =1 (y(n+1)) y(n+1) =

wheren*(¥(n+1) is substituted as defined in the flow model Eq)(8

3) The flow field at the new leveh¢1) is recomputed using the updated shearygate;,
for the viscosityy* (¥ (n+1))

4) Steps 2) and 3) are repeated until the solutiothi®mholey *- field has converged, i.e.,
Vine1yVim <0.001

5) The velocity field is evaluated from Eq. (79) usthg converged viscosity (y*) in the
integralsl andll.

Apart from the shear rate dependent behavior ofvibeosity of the fluid, the computational
model was additionally extended to account for asfme dependence of the viscosity on the
temperature. The temperature dependence was imategdoby reducing the values of the
viscosity for the first Newtonian plateau (zero ahegiscosity) to lower levels for increasing
temperature. The dependence of the zero shearsitisaaf the temperature was assumed as
Vogel equation written as

_ _B
m(T)= Aexp[_l__cj (88)

involving the model parameters A, B and C.
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3.2.3 Test cases

The test case conditions considered in the presenputations of the zeroth-order solution were
specified very close to real enameling conditiohthm copper wires. Accordingly, the diameter
of the wire was set tdy=0.15 mm, and the velocity of the wire was set tgpacally high value
for thin wiresU,=22.3 m/s. The length of the dielis25 mm, and the gap height at the exit is
he=5 pum. The difference in gap height between the dietinahd exit was assumed-2.5 mm.

Based on this parameter setting the local valub@ireduced Reynolds number, analogously to
. — pU,L(hY _ o
Eq. (40) defined as F%e,7— 1) » varies betweeRRe = 8.9 at the die inlet, whete= hot+ J,
|

and Re=£=8.91x10’ at the outlet, wherl=h.. Although this value exceeds unity near the inlet,
the assumption of the lubrication theory approxiorastill provides reasonable predictions for
the velocity field even in the entrance regionijtasill be shown below in the discussion of the
results.

The effect of the shape of the die was examineddyying the axial contraction assuming a

cosine-type variation of the radially outer contgenerally written as

=t T gy 9 e H(Ejnge" | (89)
h o ho 2n L

As shown in Figure 22 the prescription of the gewita parametengs, determines the shape of
contour. For the low values of the parameter, tbengetrical outline becomes purely convex,
while by increasing its value it changes towardacawe shapes, finally ending in step like
change in the geometry as the values of the gemalefparameter tend to infinity. The
functional dependence (89) provides by definitiomeso gradient at the exit, i.alfy /dz =0,

which follows from a specific requirement of th@lrenameling process.
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Figure 22: Die contours for different values of expnentnge,

The presently computed cases are essentially gisshed by the flow behavior of the fluid.
They are all listed in Table 4.

Table 4: Computational cases; parameters for non-Netonian fluids according to Eq. (87)

Case
1 Newtonian Isothermal n[Pag = n,=0.25= const.
ny il K1X:|-O5 My
[Pag [Pag [s] [-]
Non- Sheal 4 4
2 Newtonian thinning Isothermal 0.25 0.016 1.74 0.3
at 7«
Non- Shear Non- =
3 Newtonian thinning isothermal | 333.15 0.25 0.0167 1.74 0.3
K
Non- Shear
4 Newtonian | thickening Isothermal 0.25 3.75 1.74 0.3

Case 1 represents a reference base case consitawgnian fluid behavior with constant
dynamic viscosity independent of both shear ratetamperature. The dynamic viscosity of this

base case is assumed/as0.25 Pas, which corresponds to the measured\f@stonian plateau
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of the enamel “Terebec 533-45" with 45% solid mi@astion. This value is also assumed as the
zero-shear rate viscosity for all non-Newtonian cases. The viscosities @f finst and second
Newtonian plateau always differ by roughly one ormfemagnitude.

Case 3 essentially considers the same shear thifinid as Case 2, but it additionally assumes a
dependence of the viscosity on the temperatureridesicby the Vogel equation (89) with the
model parameters set £50.003906 Pa$3=414 K, andC=234 K. The thermal conductivity and
heat capacity required for the solution of the hemisfer equation were set4s0.5 W/mK and

Co =10 J/kgK, respectively. Using the value of thestfiNewtonian plateauy as reference
viscosity this translates into Prandtl and Eckernbers Pr=5, and Ec=0.14, respectively.

The surface tension is assumed ca$.06 N/m, which represents a typical value forewir
enamels. Based on this setting and the viscosithefsecond Newtonian plateau the capillary
number defined in Eq. (77) is at minimum in theasht@inning cases 2 and 3, bei@g=6.21. As
seen from Eqg. (76), this value is still sufficigntiigh to justify the neglect of the capillary

pressure at the exit of the die.

3.2.4 Results

A wide range of the geometrical parameatgy was considered to evaluate the accuracy of the
zeroth-order solution obtained for very differemogetrical outlines, as well as to investigate
the influence of the change in die shape on the 8ad temperature fields. The computed range
extends fromnge,=0.3, describing a fully convex geometrical outline nge=50, describing a
fully concave geometry of the die.

Detailed zeroth-order results of the flow field dmelat transfer are discussed in the following
only for the geometrical parametsg,=1.8, because this case is well representativehfer
geometries commonly met in the application. Morepwke basic structure of the flow and
temperature fields showed qualitatively no substhdtfferences for the other considered values

of ngeo, Which would require any particular analysis.
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3.2.4.1 Flow field

Figure 23 gives a qualitative insight into the stawe of flow field showing the contours of the
streamwise velocity component obtained for the Newan fluid. The flow field can be
evidently split into two sub-regions. The radialhner sub-region near the wire is associated
with a positive axial velocity, where the flow isivcen by the viscous entrainment of liquid due
the motion of the wire. The radially outer sub-tegis characterized by reverse flow, carrying
excess enamel out of the die. The resulting coralidie ejection of excess enamel from the inlet
is typically observed in the real application aslwe

The rheological behavior of the fluid notably atkethe shape of the velocity profile, as seen
from Figure 24 showing the radial variations of #teeamwise velocity component at different
axial positions. The results at the inlet.=0, and half-way downstreanz/L=0.5 shown in
Figures 24 (a) and (b), respectively, indicate thatshear thinning behavior of the fluid leads to
a certain flattening of the velocity profile in thackflow region. This effect is most significant
in the shear thinning non-isothermal case 3, wiieeeviscosity is additionally reduced as the
temperature is increased by viscous heating. Arosipp effect on the velocity can be observed
in the case of the shear thickening fluid, where grofile is steeper as compared to the
Newtonian reference case. At the exit cross-sedlmwn in Figure 24 (c) the profile of the
shear-thinning isothermal case somewhat exceedstliees, which implies a higher volumetric
flow rate exiting the die at the outlet cross-sattiThe differences observed in Figure 24 (c)
give also insight into the interaction between pinessure and the viscous forces governing the
generalized Couette-flow. For the shear-thinnirgghermal case the favorable pressure gradient
occurring at the exit evidently increases mostatiffely the flow rate relative to the purely
shear-driven contribution entrained by the movingwAccordingly, case 2 exhibits the bulkiest
profile atz/L=1.

The differences in the shape of the velocity pesfiobbserved in Figures 24 (a) and (b) also
translate into different radial extensions of tleelilow regions. Figure 25 shows the contour
lines of zero axial velocity =0, which separate the regions of forward and s=/dow. It is

clearly seen that shear thinning leads to a broadiéle shear thickening leads to a narrower
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backflow region. The axial extensions of the bawmkflregion do not differ significantly, as
indicated by the intersection of the contour liveigh the upper wall contour shown in the
zoomed detail in Figure 25.
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Figure 23: Contours of the streamwise velocity comgmentu’ for Newtonian fluid (Case 1);Nge=1.8;

solid contours denoteu* < 0, dashed contours denot&* > 0
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—5~ Newtonian (Case 1)
0.8 £ @t | —5— Shear thinning isothermal (Case 2)
e

—— Shear thinning non-isothermal (Case 3)
—*— Shear thickening (Case 4)

TwU
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Figure 24: Velocity profiles at different streamwise positions for ng,=1.8: (a) ZL=0, (b) zZL=0.5,
(c)zL=1
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Table 5 lists the volumetric flow rates exiting tHie at the outlet cross-sectidhy together
with volumetric flow rates exiting the die with theackflow at the inleV pagdion. As already
indicated by the close velocity profiles at theletytthe differences in the flow rates at the dutle
are fairly small. In contrast, the amount of enambich is ejected upstream at the inlet cross-
section is considerably decreased for the sheanitig fluids and significantly increased for the
shear thickening fluid as compared to the Newtoné&arence case. Due to the very small exit
gap height it is conceivable that only a very sriaiction of the fluid, which is entrained at the
inlet, passes the outlet coating the wire. Most pathe entrained liquid is redirected and leaves
the die as backflow at the inlet. This reverse ortgets evidently enhanced for the shear
thickening fluid.

0 1 1 1 |
0 0.2 04 0.6 0.8 1

Z/L

Figure 25: Contours of zero velocityu =0 separating forward flow and backflow regions

Table 5: Flow rates at die outlet and backflow flowrates

. Shear thinnin¢ | Shear thinning Sheal
Newtonian . . . ;
(Case 1) isothermal non-isothermal thickening
(Case 2) (Case 3) (Case 4)
V* out 0.0410 0.0434 0.0395 0.0407
V* backtiow 4.6239 3.4865 3.1224 7.5124
V*out /V*backﬂow [%] 087 124 127 054
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A most significant influence of the rheologicalviildehavior can be observed in the variation of
the wall shear stress along the wire displayediguré 26. Since the shear rate at the wall is
always below zero, the wall shear stress is alwegative as well. It is plotted with negative

sign, which implies the higher the shown ordinad&ug the more it contributes to the total drag

forceF4 obtained as

1
Fa = =270,/ 107 - (90)
0

Relating this quantity to then cross-sectional arethe wireA,, yields the corresponding tensile

stress exerted on the wire written as

Fd
A/vire

Uwire -

(91)

All curves exhibit a characteristic peak closelgtupam of the axial end of the backflow region
shown in the zoomed detail of Figure 26. As exmkdtee increase in viscosity due to shear
thickening leads to the highest peak level, while decrease in viscosity due to shear thinning
and the raise in temperature (shear thinning notnésmal case 3) leads to the lowest level for
-T,, . Since the momentum balance is basically govebyethe pressure and the viscous forces,
the streamwise variation of the wall shear stresseflected in the variation of pressure, as
depicted in Figure 27. The peak is highest for sti@akening and lowest for the shear thinning
non-isothermal case. The axial position of the pisaklose to the exit, and it does not differ
notably for the considered cases, very similar gshear stress. The peak in the pressure also
denotes the position, where the curvature of thal aelocity profile changes from positive near
the inlet to negative near the exit. The differeuntvature can also be seen in the profiles already
shown in Figures 24 (a)-(c).
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Figure 26: Variation of wall shear stress along thevire; ng,=1.8
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Figure 27: Variation of the pressure along the wirgng,=1.8
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3.2.4.2 Heat transfer

In the shear thinning non-isothermal case 3 heatster is included by solving the energy
equation as given by Eq. (69). Figure 28 showsatadhriations of the temperature at three
selected axial positions, analogously to the vé&guiofiles presented in Figure 24. The solution
for the Newtonian case 1 computed from Eq. (8&)isplayed as well, representing a reference
case with constant material properties. The iner@asemperature caused by the viscous heating
is well visible, but it is markedly less pronounded the non-Newtonian fluid. The decrease in

viscosity with both increasing shear rate and teatpee effectively reduces the generation of

viscous heat appearing as source tgim , = Ec P, (au*o/ar*)2 on rhs of Eq. (69).

Figure 29 shows the streamwise variation of thet fflea at the moving wire. It is always
negative in sign for the Newtonian case as weltoaghe non-isothermal shear thinning case
which simply follows from a global balance of imat energy. Due to the neglect of convective
transport and the adiabatic outer radial boundangdition the viscous heat generated inside the
enamel is completely transferred into the wire.sTieat flux into the wire is markedly smaller
for the shear thinning case due to the already ioveed lower production of viscous heat. The
curves obtained for the heat flux essentially follihe trend of the momentum flux represented
by the wall shear stress shown in Figure 26. A$ $hey remain on an almost constant level for
a large section near the inlet, and they exhib#gxremum near the exit.

Despite the intense local heat flux into the wimduced by the strong viscous dissipation (the
non-dimensional peak value shown in Figure 29 spoads to more tham,=2x10" W/n?), its
potential to heat up of the wire is still very smalable 6 shows the total heat transferred in& th

wire, written as

L
Qu= Iqwdwn dz (92)
0
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and the corresponding potential increase in thepéeature of the wire on its way through the die

computed as

Qu

AT, = > :
CowPuwdy 77/ 4

w

(93)

assuming forc,w and gy material properties of copper. The very small heataface combined
with the very short residence time evidently allowly for an insignificant increase in wire
temperature. Therefore despite the very intenseergéon of viscous heat no particular
previsions are required in order to impede a péssibdesirable heat up of the enamel as well as

the surrounding material. This holds true for trewtbnian as well as the non-Newtonian fluids.
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7 Shear thinning non-isothermal (Case 3)
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Figure 28: Temperature profiles at different streanwise positions forng,=1.8: (a)z/L=0,
(b) ZL=0.5, (c)ZL=1
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Figure 29: Heat flux along the wire;ng,=1.8

Table 6: Total heat flux into the wire and correspading potential change in wire temperature;

Ngeo=1.8
Newtoniat Shear thinning
(Case 1) non-isothermal
(Case 3)
Qu[W] 2.64 1.94
ATy [K] 1.76 1.44
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3.2.5 Evaluation against numerical results

The numerical approach generally termed “ComputatioFluid Dynamics” (CFD) solves
numerically the discretized representation of thieé det of transport equations. As such it is in
general computationally far more expensive than dhalytical approach. Since there are
practically no experimental data available on thawffield inside enameling dies, CFD
simulations basically represent the only reliabpgraach to provide comprehensive data for

validation. The used CFD setup will be explainedetail in the following section.
3.2.5.1 CFD setup

The problem of wire coating basically representava phase problem involving gas-liquid
interfaces between the ambient air and the indialcoat deposited upstream of the die, and the
thin final coat exiting the die. Considering noreddss the flow inside the die as purely single-
phase requires some justification for excluding @ssible two-phase flow situation as

schematically shown in Figure 30.

Figure 30: Possible two-phase flow situation insidine die

Therein,V;, represents the incoming volumetric flow of enamkich has been deposited on the
wire in the dip coating step. Inside the die timsoming amount of enamel per time unit is split
into two branchesVe,; represents the amount of enamel which exits theatlthe outlet with a

very small deposition height determined by the gajp height of the did/;e, >> Ve represents
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the much larger amount of enamel directed back rdsvdahe die inlet due to the axially
converging geometry of the gap. Sustaining the itimmd$ shown in Figure 30 would require a
stable balance of forces on the liquid and thesidie of the meniscus inside the die. Introducing
estimates for the capillary and viscous pressureefoon the liquid side, and for the dynamic

pressure on the air side this balance would require

o U, Uvzv
—tnH=p, N 94
h h ar 2 ®4)

Rescaling into a non-dimensional representation

T 4q=p Ush 95
U,h o p (95)

makes evident that the equality stated in (94) amedold, as the rhs, which can be rewritten as

Pair pUWL (Ej <1
p n \L

is well below unity due to the small density angexd ratios. Hence, the die can be assumed as
completely occupied by the liquid, which allows farpure single-phase consideration of the
flow inside.

Figure 31 shows the computational domain usedh®rsingle phase simulations, indicating the
individual boundaries. The flow was assumed asdgteamd axisymmetric. The wall boundary
conditions strictly follow the analytical model. éardingly, no-slip conditions were imposed at
the inner and the outer radial boundary of the dopwvehile for the temperature a constant value
boundary condition was set at the moving wall, andadiabatic boundary condition was set at

the outer radial wall. As can be seen from Figute tBe computational domain is extended
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upstream ofz=0 by a short cylindrical section. The attachmethis short cylinder of 10%
length of the die allows for some axial developmathe Couette-type flow in order to provide
flow conditions atz=0, which are well comparable with the inlet cormmfis of the computations
with the lubrication theory based analytical modehiform ambient pressur@=p, and
reference temperaturé=T,, were prescribed at the inlet and the outlet of cbenputational
domain, respectively. Although the temperatureds gonstant at the exit, imposing a constant
temperature does not have any significant effedhertemperature field inside the domain, as it
will be seen in the discussion of the results. Tigensitivity can be attributed to the negligibly
small effect of heat conduction in the axial direetand to the only outgoing flow at the die exit.

The non-Newtonian rheological behavior as describgdEq. (87), wherey =du/ar (due to
dv/0z<<ou/adr), was implemented with User Defined Functions (UDFs3 well as the

additional temperature dependency given by Eqg.. (BB total size of the computational mesh

was about 40000 cells for all considered cases.

z=0

die
inlet

outlet

wire

Figure 31: Computational domain and boundary conditons of the numerical CFD model
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3.2.5.2 Assessment of analytically predicted momemt and heat transfer

The shear thinning non-isothermal case 3, assumiggometry associated with the parameter
Ngeo=1.8 as die shape, was selected as validation Jdse.case particularly challenges the
analytical model due to the coupling of the flowldi with the temperature field through the
dependence of the viscosity of both the shear eaté temperature. Both dependencies
expectedly lead to the most pronounced reductiotheflocal viscosity below the reference

value, which basically might increase the localueal of the reduced Reynolds number

2
— L(hY) . . o .
Re= A (Ij , jeopardizing the assumption of the lubricatioadtty to neglect all convective

Ul
transports. On the other hand, it has to be ndtatithis decrease in the local viscosity, which
can result into a reduction by a factor 10 withpesg to the reference value, mainly occurs in the
highly sheared region near the exit of the die. Buéhe small gap heightiig<L) met in this
region, the local reduced Reynolds number doestafédy not exceed unity there.

In Figure 32 the analytically obtained zeroth-orgexdictions for the flow field are assessed by
comparing the radial profiles of the velocity ates¢éed streamwise positions, analogously to
Figure 24. The agreement is very good at all shpesitions, which indicates that the inertia
terms remain negligibly small despite the subsshecrease of the local viscosity due to shear
thinning and increase in temperature. The goodeageat observed for the velocity profiles is
also reflected by the accordance of the streamwasi@ations of the wall shear stress shown in
Figure 33.

Some considerable disagreement appears in théhzanaer predictions for the temperature near
the entrance and in the middle region of the dseseen from the temperature profiles in Figure
34. As compared to the balance of momentum, wHezeatlvective transport scales with the
reduced Reynolds numbetr the advective transport in the energy balancdescaith the
reduced Peéclet number=&Pr which is for the considered parameter settimgFig 5 times
higher thane. Thus, the neglect of the advective transporhednergy balance has evidently a
more pronounced effect in the region of the rewefs®ev. As indicated by the good agreement

of the velocity profiles shown in Figure 32, theast field is predicted very well, so that a

71



significantly different predicted generation of aasis heat can be ruled out as most relevant
reason for the observed discrepancy in temperafilnedisagreement of the temperature profiles
between the analytical and numerical solution rtheeefore rather to be attributed to the way,
how the generated viscous heat is distributed ensite domain. The zeroth-order solution
provides radial heat conduction as the only avildteat transfer mechanism. This limitation
evidently leads to markedly increased temperatewvel$ near the adiabatic outer wall. As seen
from Figure 35, generally higher predicted tempers also lead to an increased heat flux into
the wire as compared to the numerical solution.

The analytical zeroth-order has been further exathfor its accuracy in predicting the total drag
force on the wire considering very different geomestas determined by the parameigs=1.8,

10, and 20. The obtained results are summariz&@aliate 7 showing only small discrepancies to
the numerical results of CFD. Based on this assessithe zeroth-order model appears as a
reliable and computationally efficient approach flmveloping flow optimized die geometries.
This will be demonstrated in the next section pgttihe focus the on the possible reduction in
the drag force exerted on the wire which can beeaeld by a variation of the converging

geometry of the die for different rheological flenehavior.
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— Analytical result

0.8t — Numerical result (CFD)
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Figure 32: Predicted velocity profiles compared agast CFD results at different streamwise
positions for Case 3,ng,=1.8: (a)ZL=0, (b)ZL=0.5, (c)zL=1
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Figure 33: Predicted wall shear stress compared agest CFD; Case 3ng,=1.8

Table 7: Drag forces obtained from the analytical ad numerical (CFD) computation

Sheal o
_ o Shear thinning Shear
Newtonian thinning ) ) )
_ non-isothermal thickening
(Case 1) isothermal
(Case 3) (Case 4)
(Case 2)
FoIN] Analytical 1.0501 0.350: 0.234¢ 10.81
Ngeo=1.8 ? Numerica 1.060¢ 0.355: 0.242¢ 10.84:
Relative error [% 1.0C 1.41 3.2t 0.3¢
Fo IN] Analytical 0.543: 0.2721 0.179( 3.983¢
Ngeo=10 ? Numerica 0.564¢ 0.278: 0.191¢ 4.049¢
Relative error [% 3.82 2.22 6.53 1.6
Fo IN] Analytical 0.487¢ 0.262( 0.172( 3.162¢
Ngeo=20 ? Numerica 0.5021 0.269: 0.185¢ 3.158c¢
Relative error [% 2.92 2.71 7.2 0.1z
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— Analytical result

0.8 " Numerical result (CFD)
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Figure 34: Predicted temperature profiles comparedigainst CFD results at different streamwise
positions for Case 3ng,=1.8: (a)ZL=0, (b)z/L=0.5, (c)z/L=1
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— Analytical result

1 0_1 —— Mumerical result (CFD)
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Figure 35: Analytically predicted wall heat flux atthe wire compared against CFD results; Case 3,

Ngeo=1.8
3.2.6 Model application to generic die shapes

The targeted reduction of the total drag forceaisdal on the evaluation of influence of the shape
of the die by varying the geometry parameter figge=0.3 tong,=50. The four different fluids
specified in Table 4 were considered again in ondercover the effect of the rheological
behavior as well. Figure 36 gives an overview @& tbsults of this evaluation. The increase in
the geometry parametery, leads evidently to a monotonous decrease of tlag dorce
regardless of the rheological behavior. As foritifeience of the shear rate and temperature on
the viscosity, the total drag force clearly reffetite tendency which has already been indicated
by streamwise variation of the wall shear stresstlfie caseng,=1.8 shown in Figure 25. It
always reaches the highest level for the sheakehiog case, whereas it is always lowest for the
case 3 associated with shear thinning and addititmaning at increased temperature. It
becomes further evident that the beyond the valg=10 the total drag force shows no
significant reduction any more for all types ofifls. This implies that assuminge,=10 or
higher provides a shape of the die which meetdatgeted low drag force very well. Since this
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result applies to all considered fluids, thereasneed for any further modification of the shape
dependent of the different rheological propertiess still important to note that the obtained
total drag forces vary over orders of magnitudetherdifferent types of fluid, as indicated by the
logarithmic scale of the ordinates in Figure 36eTdashed ordinate to the right shows the
corresponding values for tensile stresses on tine ag given by Eqg. (91). The horizontal line
represents the yield strength of copper, which thasvalue of about 70 N/nmfmThe tensile
stress reaches and exceeds this value for theotabear thickening and Newtonian behavior of
the fluid, as well as for the case of shear thignincase of small values nfe. In general shear
thickening and Newtonian behavior of the fluid dat escribe the realistic enamel behavior,
which is usually shear thinningNonetheless, even though the stresses may rerabow Ithe
yield strength limit, they can still be relevantedto the phenomenon termed “low stress
elongation”. It is known that stresses well belowe tyield strength, can still cause
microstructural changes of the wire material, mgkih possibly unusable for winding

afterwards.

2 4
10 ' 10
—=—Newtonian (Case 1)
—©—Shear thinning isothermal (Case 2)
1 ——Shear thinning non-isothermal (Case 3)
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Figure 36: Variation of total drag force and correponding tensile stress dependent of the

parameter nye, for different fluids
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3.3 First-order solution

The first-order solution represents basically a&dinperturbation of the zeroth-order solution,
which accounts for the advective transport of mainenand heat. The perturbed solutions shall
particularly provide more accuracy when considestrgngly converging geometries associated
with a rapid axial decrease in gap height. Accoypfor the convective transport of heat shall
also improve the predictions for the temperatueddfi especially for the Prandtl numbers
exceeding unity. The first-order extension is agblonly to Newtonian fluids with constant
dynamic viscosity, though. For non-Newtonian flutde perturbation of the non-linearly shear
rate dependent viscosity would lead to an unfeasibmplex mathematical formulation, which
impedes the analytical solution of the problem.

Recalling the non-dimensional form of the governegyations (52)-(55), including the series
expansions given by Egs. (62)-(66), and equatihgeains of the ordeg' and &7, yields the
following first-order balance equations for momentand heat:

by 2 gy S |2 00 1O p O (96)
0z or 0z r or or

apl =0, (97)

or

10100 |2 g% M |y -l 0 0To (98)

r or or or or 0z or
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The first-order conservation equation of mass reads

ry
V= J. ru, df =congt. (99)
T

Assuming no-slip boundary conditions implies zeertgrbation for the velocity at both the
radially inner moving and outer fixed walls. Assagnia constant wall temperature at the radially
inner boundary implies zero perturbation for thaperature as well. Analogously, the adiabatic
boundary condition at the radially outer boundanplies a zero gradient for the first-order

temperature solution. Based on these assumptiensdial boundary conditions read:

r=r,: u, =0, T, =0, (100)

* _ * . * aT1* — O
o’ (101)

The prescription of fixed ambient pressure at thietiand the outlet of the die requires imposing

zero pressure perturbations at these axial bowsglari

(102)

In contrast to the zeroth-order solution, accountor the advective transport of momentum and

heat into the axial direction the first-order samuat would basically require axial boundary

y . . . 0ug 0Ty
conditions for velocity as well as the temperatioreompute the axial denvanveg% and 3 g
z z

in Egs. (96) and (98), respectively. Such a setngot needed here, as both expressions can be
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simply obtained by evaluating the axial derivatioéshe analytical zeroth-order solutions tgr
andT, , given by Egs. (84) and (86), respectively.
The first-order solution for the axial velocity abtained by integrating Eq. (96) in the radial

direction and reads

= a1 ),

whereA(z 1) denotes a sum of integrals given as

A(z*,r*):]rl ]2u0r—*dr +]v0u0dF : (104)
o d

w

rW w

It can be seen that the zeroth-order solutionHerradial velocity component is required in the
second integral in Eqg. (104). This component is moied from the zeroth-order continuity

equation as

1 o
| =2rdr (105)
rJ oz

w

The first-order pressure variation is computed blgssituting Eq. (103) into the integral mass
balance given by Eqg. (99) and integrating the olethiexpression over the axial direction. The

first-order temperature is obtained by integratitg (98) over the radial direction and it reads
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T :_ZEC]D(L*J*)W* +]Mdr* +|ni[2EcD(z* is)-E(z }d)} ,

1
e 0 g T Mw (106)
where the integrals denoted byz ,r') andE(z ') read
", (ouy ou; "o . 0Ty "o . 0T
D(z*,r*): r|—2=|dr ,and E(i I ):J.? Uy —2dr +I*r*v0—98r (107)
s or or . 0z ) or

respectively.

3.3.1 Test cases

The results presented in the following were obthifte the same die geometries and operating
conditions as defined in section 3.2.3 for the cotapon of the zeroth-order solution.
Accordingly, the diameter of the wire was seti{g0.15 mm, the velocity of the wire was set to
Uw=22.27 m/s, the length of the die was25 mm, the gap height at the exit was5 um and

the difference in gap height between the die ialed exit was assumed=2.5 mm. Since the
first-order expansion shall help to make the amed{/solution applicable to a wider range of gap
geometries, the results obtained for three verjediht die shapes shall be discussed. The
considered geometries are associated with the deoatieparametemge=0.5, Nge,=1.8, and
Ngeo=10, which implies that the inner contour of the daries from a purely convex to a purely
concave shape. The first-order solution considely dlewtonian fluid, whose viscosity and
thermal conductivity were assumed &s0.25 Pas, andi=0.5 W/mK, respectively. For the
considered operating conditions and charactefistigth scales this implies a Reynolds number
Re .=2230. The specific heat capacity was varied,a=2 J/kgK,c, =10 J/kgK, anat, =20 J/kgK

in order to assess the capability of the propossttdrder extension to capture the convective
transport of heat. The selected values of the Bpdwat capacity translate into Prandtl numbers
Pr=1, Pr=5, and Pr=10, respectively. The corresppgnealues of the Eckert number read
Ec=0.72, Ec=0.14, and Ec=0.07, respectively. THaced Reynolds number defined in Eq. (53),
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which is used as expansion parameter in the sexjgansion for the momentumés= 8.91x10".

The reduced Péclet number, which is used as exgpaparameter in the series expansion for the
internal energy balance (60), varies with the sete®randtl numbers a5 = 8.91x10, &7 =
4.45x10%, ander= 8.91x10", respectively.

The possible gain in accuracy provided by the -frsler extension is further evaluated by
comparing the predictions of the analytical modgiast 2D CFD results, which were obtained

for the three considered die geometries usingdheesCFD setup as described in section 3.2.5.1.

3.3.2 Assessment of the analytically predicted mom&im and heat transfer

Figures 37 (a) and (b) depict the axial velocitgtéashs for the die geometry associated with
Ngeo=1.8 obtained from the extended lubrication thesmiution (zeroth- + first-order solution)
and numerical CFD solution, respectively, providegyualitative comparison of the predicted
structure of the flow field. The predicted velodi$ptachs show very good agreement and exhibit
typical features of the converging Couette typavflsuch as the partitioning of the flow field
into two sub-regions with forward and reverse muti@spectively. The same flow structure was
already predicted by the zeroth-order solutioneendrom Figure 23. The reason for this good
agreement between the CFD results and both arellg@atutions (zeroth-order, zeroth- + first-
order) is that this particular structure of thewflessentially follows from continuity, which is
enforced, and, hence captured, by the analyticaitisos at all orders. Figure 38 shows the
predictions for the velocity isotachs obtained frdm extended lubrication theory solution for
the die geometries withye, =0.5 andnge, =10. It can be seen that regardless of the geaaketr
outline the basic subdivided structure of the fléid remains unchanged. The contour
associated with zero axial velocity, which separ&te sub-regions, always resembles the shape
of the outer gap contour.

Despite the fairly accurate description of the basiucture of the flow field already provided by
the zeroth-order solution, notable quantitativéedénces occur in the predicted velocity profiles
at axial positions, where the cross-sectional arest rapidly changes as indicated by high axial

gradients of the outer contodry /dz . This is illustrated in Figure 39 showing radiabfiles of
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axial velocity at four selected cross-sectionsdibrconsidered die geometries. The inclusion of
the advective transport in the first-order extensievidently eliminates very well the
shortcomings of the zeroth-order solution indicatgdts deviations from the CFD results at the
positions with the steepest decrease in crossosecti

The observed improvements for the velocity profées also reflected in the axial variation of
the pressure displayed in Figure 40. The first-ooberection brings again the analytical solution
very close to the CFD results in the in the axralse sections, where the radial outer contour
converges fastest. The observed discrepancy ofptessure profiles between the analytical
predictions and numerical results in the close jpndy of the die inlet is the result of the domain
extension used in the CFD computations in ordemeich the inflow conditions with the
velocity boundary conditions in the analytical smns. Simulating the flow in such somewhat
extended domain leads to a non-zero pressure gobgigonz/L=0 for all considered geometries.
Its value is still vanishingly small, though.
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Figure 37: Axial velocity isotachs comparisonr(g,=1.8): a) zeroth- + first-order solution, b) CFD
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Figure 39: Radial profiles of axial velocity at sedcted cross sections: zeroth-order (solid line),

zeroth- + first-order (dashed line), numerical CFD(dots)
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Figure 40: Axial pressure variation: a)Nge,=0.5, b)Nger=1.8, C)Ngec=10
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As compared to the balance of momentum the balahcgernal energy involves a source term
on rhs of the formulation due to the productionvidcous heat. The spatial variation of the

viscous dissipation obtained from zeroth- + fireder solution written as

* 2 * *
disc,OHzECP [augj +£ 6_u06u1

" 108
or or ar] (108)

Is displayed in logarithmic scale downstreanz/aF0.5 in Figure 41. As expected, the viscous
heat is mainly generated in the highly shearedoregiear the moving lower radial boundary
with an increasing tendency towards the exit dudéoconverging geometry. Due to the neglect
of convective heat transfer in the zeroth-ordeutsoh the generated viscous heat can only be
transferred by conduction in the radial directiés. already addressed in the evaluation of the
zeroth-order results in the previous section 322.this limitation leads to a significant
discrepancy in the prediction of the temperaturee &ffect of this limitation can be qualitatively
seen in the contours of temperature shown in Fig@revhere the zeroth-order solution exhibits
markedly increased temperature levels near théatitaouter wall. On the other hand, including
the convective transport significantly reduces éxéension of the high-temperature region as
indicated in Figure 42 by the highlighted contoimelfor T'=1.3. In the extended lubrication
theory solution, as well as in the CFD results, rigion associated with >1.3 occupies only a
limited zone near the exit, while it extends acrtss entire radially outer part of the flow
domain in the zeroth-order solution.

A more quantitative insight into the possible gainaccuracy of the predicted heat transfer
provided by the first-order extension is obtained domparing the temperature profiles at
different axial positions, analogously to the poeM assessment of the velocity predictions.
Figures 43-45 show the temperature profiles for diféerent geometries obtained for the
considered Prandtl numbers Pr=1, Pr=5, and Pr=d€pectively. It has to be noted that the

zeroth-order solution does not vary with the Prandimber, due to the setting EcPrcenst.
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This implies that the viscous source term on treeahEq. (69) does effectively not change for

different Prandtl numbers, so that the zeroth-ostéution becomes independent of Pr.

0.5 0.6 0.7 0.8 0.9 1
Z/L

Figure 41: Viscous dissipation (zeroth- + first-orér solution) : @) Nge,=0.5, b)Nger=1.8, C)NGer,=10
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Figure 42: Contours of nondimensional temperature for geometryng,=1.8 with Pr=5; black
contour line denotes isothernT'=1.3
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In the case of unity value of Prandtl number thkitemns generally agree very well for all

considered die geometries due to the relativelyllstoatribution of the convective heat transfer

in the internal energy balance. At the cross sest@ssociated with a strong contraction of the
radially outer contour the first-order extensioill Somewhat improves the predictions to a
similar extent as observed in the predictions ef ¥klocities. For the higher Prandtl numbers
significant differences appear near the radiallyepwall. These discrepancies, which have
already been addressed above in the discussidredémperature contours, become evident for
all geometries. The zeroth-order generally predassiderably higher temperatures in the
region adjacent to the outer adiabatic wall of ¢fag. The apparently stronger deviations for
increasing Prandtl number can be attributed tofdlce that the advective transport in the non-
dimensional integral energy balance scales withréloeiced Péclet number, such that its total
neglect becomes more influential as the Prandtlbaingets higher. Including the first-order

extension produces evidently always considerablyefotemperatures near the adiabatic outer
wall, so that the predicted profiles come much ela® the CFD results for the two higher

Prandtl numbers. For Pr=10 the temperature profiféke extended solution fall even below the

CFD solution. For Pr=10 and higher the increasingiygh expansion parameter

2
& =Re. (%) Pr leads evidently to an overshooting reductioreimperature, when including

only the linear first-order perturbation in the issr expansion (65). Applying the series
expansion solution to such high Prandtl numberslavoequire including the non-linear higher-
order terms.

While the analytical solutions, especially the zkforder approximations, increasingly deviate
from the CFD solutions as the Prandtl number iseiased, no such pronounced tendency can be
observed for the effect of the geometry. The diz@neies between the individual solutions

generally tend to increase /&g, becomes higher.
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Figure 43: Radial temperature profiles at selectedross sections for Pr=1: zeroth-order (solid line),
zeroth- + first-order (dashed line), numerical CFD(dots)
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Figure 44: Radial temperature profiles at selectedross sections for Pr=5: zeroth-order (solid line),
zeroth- + first-order (dashed line), numerical CFD(dots)
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line), zeroth- + first-order (dashed line), numerial CFD (dots)
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A very detailed insight into the redistribution of the dtlg generated viscous heat is given
Figure 46, illustratingexemplarily the results for the case 0f=1.8 with Pr=5. The radi:
variations of the firsbrder convective distributions are shown | together with the locall
generated viscous heat,isc. o+: computed according to Eq. (10&) four selected axial cro
sections. Both the radial and the axial convecteren exhibit positive peaks near the mov
inner wall. This effectively reduces the increas¢éeimperature caused by viscous heating, w
maximum is always located at ttnner radial boundary of the domakrom this maximum the
locally generated viscous h rapidly decreases to almost zero in the rest ofdiv@ain as
indicated by the steep radial decrease ored curves.
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Figure 46: Radial vaiation of advective transport terms in horizontal and vertical direction and
the localviscous heat production forng,=1.8 with Pr=5
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Including the convective transport of heat in tehghe first-order expansion necessarily affects
the global energy balance applied to the whole fitmmain as well. This global balance of
internal energy is also of relevance for satisfyting conservation of energy, which is, unlike the
conservation of mass, not explicitly enforced ie #imalytical solution. The global balance of

internal energy over the whole flow domain inside tie can be written as

*

H. 1—H£:0:F;7+QN. (109)

Z=
Therein,P, represents total amount of viscous heat obtaised a

11y

P =Ec Prjjr}} §jf or dz . (110)
or

Considering dynamically and thermally steady stateditions the produced viscous heat has to
completely exit the domain. It can be partly cortdd into the wire and partly convectively lost
through the die inlet and outlet, as stated inkd@kance (109). The non-dimensional conductive

heat flow into the wire is computed as

¢ Az (111)

The convective heat flows at the die inletQ) and outlet{ =1) are obtained as

Iy

HY: oy = Re{%)z Pr[u (T )7 df (112)

*

T
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respectively. It is noted that the total convectiveat flow at the inlet is always negative,
H’ »-0<0, due to the strong reverse flow in the radialiger region near the adiabatic wall of the
die.

The individual contributions to the energy balamaseobtained for the considered variation of
Prandtl numbers and die geometries are listedaritibles 8-10. It can be seen that already the
zeroth-order solution predicts considerably weé tbtal amount of the produced viscous heat
P, for all considered cases. On the other hand, fgignt differences appear in the distribution
of the outgoing heat flow. Considering an adiabatidial outer boundary the total neglect of
advective transport implies that the total generatif viscous heat must be fully balanced by the
conductive heat loss into the moving wire in theoteorder solution, such thﬁ’bf =-Qu.In

the case of Pr=1 the contribution of the advectreasport appears to be fairly small, as seen
from the relatively small convective heat lossesdmted by the extended analytical and CFD
solutions. For Pr=5, the contribution of the aduectransport is evidently more pronounced,
and it relatively increases with increasing valfi@ga,. The convective loss through the die inlet
runs up in the case 0f,=10 to approximately 25% of the total productiorvisicous heat. The
convective loss through the die outlet has a nidgjiggmall contribution in all considered cases
due to the very small exit gap height. The extendedlytical solution (zeroth- + first-order)
somewhat overpredicts the convective heat lossugtrahe inlet as compared to the CFD
solution for Pr=10. In turn, the conductive heaslonto the wire is somewhat underpredicted.
Aside from this small deviation the extended anedjt solution appears to describe the
redistribution of heat in the global internal enebglance very well.

Summing up the individual contributions accordigthe global balance (109) it can also be
seen that the global conservation of energy isliedfin both the zeroth- and first-order solution

for all considered cases.
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Table 8: Energy balance for different die geometrig; Pr=1

Nge=0.< Nge=1.8 Nge=1C

o" |o™1"| cFD | 0" [0™1"| CFD | 0" [ 0™1% | CFD

1.6451| 1.6494| 1.6502| 0.926| 0.928| 0.929 0.36740.3714| 0.3725

1.6451| 1.6296| 1.6303| 0.926 | 0.911G 0.9123| 0.3674| 0.353 | 0.3539

0.0194| 0.0194 0.0161| 0.0163 0.0178| 0.0179

0.0004| 0.0005 0.0003| 0.0004 0.0006| 0.0007

Table 9: Energy balance for different die geometrig; Pr=5

Nge=0.£ Nge=1.€ Nge—1C

o" [ 0™1"| CcFD | 0" [0™21" | CFD | 0" | 0™1% | CFD

1.6451| 1.6494 1.6502 0.926 0.928 0.929 0.3674 @.3MA3725

1.6451] 1.5508 1.550f 0.926 0.8462 0.84%b3674| 0.2798 0.2795

0.097 | 0.097 0.0804 0.0816 0.0888| 0.0896

0.0019| 0.0025 0.0014 0.0019 0.0028| 0.0034

Table 1Q Energy balance for different die geometries; Pr=Q

Nge=0.€ Nge=1.€ Nge—1C

0" |0™1"| CcFD | 0" |0™1" | CFD | 0" | 0™1% | CFD

1.6451| 1.6494 1.650Pp 0.926 0.928 0.929 0.3674 @.30.3725

1.6451] 1.4321 1.4515 0.926 0.7565 0.762Z23674| 0.1758 0.186[

0.2110| 0.1937 0.1681 0.1631 0.1885| 0.1791

0.006 | 0.005 0.0044 0.0037 0.0071| 0.0067
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3.4 Scope of the analytical model

Based on the discussion of the analytical resuitsthe validation against CFD data the scope

and the limits of the zeroth-order solution, whessentially represents the full lubrication theory

approximation, and of the first order extension barsummarized as follows:

Zeroth-order solution

predicts the velocity field very well despite thigeetively increased values of the local
reduced Reynolds number above unity
captures very well the effect of different rheolmdiproperties in terms of shear thinning
or shear thickening on the flow and temperaturedieside the die.
predicts reliably well the axial variation of thelvshear stress and the and the resulting
drag force on the wire
captures sufficiently accurately the effect of gemmetry of the die on the resulting total
drag forces for all considered rheologies
describes fairly accurately the local productiovistous heat
exhibits major shortcomings in the predicted hemtdfer as the Prandtl number exceeds
unity. This particularly means that
the increase in temperature caused by viscous ngeais significantly
overpredicted
the conductive heat transfer into the moving wérpriedicted too high
the convective heat loss with the reverse flow @ tnlet is completely

disregarded in the global internal energy balance.

First-order extension

accounting for the advective transport in the moaomm@n balance improves the
zeroth-order predictions for the velocity at thesitions inside the die with the steepest

decrease in cross section
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- the inclusion of the convective heat transport atifely leads to a smaller increase in
temperature caused by viscous heating, bringingptedicted temperature profiles much
closer to the CFD data

- describes the individual contributions to the globalance of internal energy very
accurately

- is restricted to Newtonian fluids with constant dgmc viscosity. A shear rate dependent

viscosity would lead to a first-order formulatiomhich cannot be solved analytically.

Summing up, it can be stated that the zeroth-osdéution can be applied as a reliable and
computationally efficient tool when considering tihe@w field evolving inside the die for fluids
with different rheological behavior in the largeriesly converging gap geometries, ranging from
purely convex to purely concave. For an accuratrggion of the local heat transfer it is
necessary to extend the model using the preseinseaifder perturbation in order to account for

all relevant heat transfer mechanisms.
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4. APPLICATION TO REAL ENAMELING DIE GEOMETRIES

A highly controlled deposition of a defined liguehamel layer on the wire surface is a
prerequisite for the production of high quality magwires. Realizing this deposition based on
the principle of die coating poses two particullaaltenges:

First, the fresh coating must not be overheatethéndrying and curing zones, which the wire
passes immediately after each deposition step. lirhits the residence time of the wire in the
respective heated regions, implying that, the thirthe wire, the higher the production velocity
(= wire velocity). In the practical application,ighrelationship is determined by the operating
parameter ¥xd” representing the product of the production velpg¢given in m/min) and the
wire diameter (given in mm). Due to the tendencpush this parameter as high as possible for
productivity reason the thin wires are inherentipjsct to the highest flow induced shear forces.
Secondly, for the sake of a most efficient coapngcess and low costs for diluent solution the
manufacturers of enameled wire tend to deposighdsit possible amount of solid mass per each
pass through the dies. This ambition fosters tmeige trend using fresh enamel solutions with
the highest possible content of solid mass beiniglgnaonstituted by large polymers, which are
less volatile during the drying and curing procédsing such highly concentrated fresh enamel
solutions implies a strongly increased dynamic aggly, which further adds to the total drag
force on the wire.

In summary, both challenges have in common, they #xpectedly bring about significantly
increased mechanical loads especially on the tlieswEven though this increase may not yet
be high enough for wire breakage, it may still Iéac so called “low stress elongation” (LSE)
of the material, which makes the wire unusablduddher application like winding on spools.
Table 11 lists the horizontal wire enameling maekipresently produced by the company MAG,
including the ranges of possible wire diameterfyaiges, and enamel solid contents they cover.
The machine processing the thinnest wires is etliglassociated with the most stringent upper
limit in solid content. Accordingly, it was repoddy magnet wire producers that the range of
wire diameters processed on the machine Mozart B&as generally the most critical one,

where both wire deformation and even wire breakagst likely appear even when applying
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initial basecoat.

Table 11: Horizontal machines, some of their key ggating conditions and proposed ranges of solid

content for the enamels

Machine model | Mozart Zero H3| Mozart Zero H4 Mozart ZeroH5 MozZAgro H6

Wire material Copper Copper Copper Copper
Wire diameter 0.15-0.35 mm 0.20-0.50 mm 0.30-0.80 mm 0.50-1.20 mm

Production | 1510 487 m/min| 1135-416 m/imih  733-236 m/imin  416-Afmin
velocity
Enamel solid
up to 32% up to 36% up to 40% up to 45%
content

Reliable drag force calculations require first df @ very accurate description of the die

geometry. Wire enameling dies basically consisd sfainless steel body, into which the die core
is embedded. While the geometry of the steel bediré same for all wire diameters, the inner
radial geometry of the die core is varied in ortdeprovide the targeted gap height between the
moving wire and the inner surface of the die. Rega the material the die cores are made from
there are currently two types available on the miarkhe most widely used type of dies cores is
made of hard metal. The other type is made of diimand is used rather scarcely due to the

markedly higher price of the material.
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4.1 Present die designs

4.1.1 Hard metal dies

As stated in the previous section the wire enargdiiles usually consist of two main parts, the
steel body and the core of the die. The first Edslly produced in a standard geometry being
the same for the whole range of die exit diamef&he. die core is responsible for removing the
excess enamel deposited on the wire surface inptheeding dip coating process and for

ensuring the desired thickness of the fresh coatirthe exit of the die. Therefore, the core part
of the die has to be made from a material which lbanprocessed with high geometrical

accuracy, and also provides high durability durthg operation. Hard metal can meet these
requirements reasonably well. It is therefore wideded as core material, in particular tungsten
carbide.

N

Figure 47: Outer design of the die body

Figure 48: Meridional section; inner design
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Figure 47 shows the outer design of the die bodyiewFigure 48 shows a meridional cut
through both the stainless steel body and the atoifee die exit. The radially outer contour of the

die is shown in Figure 49, including a more dethileew of the exit section made of hard metal.

Figure 49: Hard metal die geometry

The die cores are produced for a specific wire dt@m The pre-fabricated hard metal dies have
in general a core with a conically shaped exit holee desired short cylindrical shape of the exit
section, which essentially determines the resultiegosition height of fresh enamel, is realized
in a further manufacturing step. In this final stlp cylindrical exit geometry is obtained by
pulling a bore with a defined diametay,e = d through the converging exit section of the pre-
fabricated die. As seen from Figure 50 the resgliength of the cylindrical exit section,
generally termed calibration region, depends ofttbee diameter and the cone angl®f the
exit hole of the pre-fabricated die. The increaséiameter due to the successive deposition of
enamel in each pass through the dies has to behethteith a corresponding increase in exit
diameter of the died being successively passed by the wire as welk iftarease is generally

realized in diameter steps ofim.
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Figure 50: Die exit section

4.1.2 Diamond dies

The dies with diamond cores also cover a wide ragére diameters, so that they are basically
applicable to all types of wire enameling machingsually the dies covering smaller wire
diameters have cores made of natural diamond, wioitethe larger diameters synthetic
polycrystalline diamond is mainly used. The ragialuter contour of the die with a diamond
core is shown in Figure 51. It can be seen thatrthm geometrical outline of the die is similar
to the one with a tungsten carbide core. The dasignly differs in the detailed geometry of the

exit section made of diamond, shown in the zoofigure 51.
L

sintered
embedding

diamond

core L core

Figure 51: Diamond die
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The complex production procedure of diamond diesisrs highest possible accuracy regarding
the diameter and the shape of the calibration regi&ince diamond can practically not be
deformed it is no longer possible to use a borntdize the cylindrical calibration section as in
the case of hard metal cores.

The production process is divided into multiplepsteFirst, it is necessary to conduct an optical
inspection for the selection of diamonds which swéable for this kind of application. They
must not have any imperfections in their internalcure, because during further manufacturing
steps (especially drilling) any imperfection carusm breakage of the diamond making it
unusable. After selecting appropriate diamonds authany relevant imperfections the top and
the bottom surfaces of each diamond are flatteneidhvbecome the inlet and the outlet cross
sections of the final geometry. After that the diemis are embedded in a sinter shell which
finally holds the diamond core inside the die bodlge realization of the accurate diameter of
the calibration section is again a multiple stageess:

A conical hole is initially drilled into the diamdnusing a special laser drilling technique. The
surface of the obtained conical hole is then furdmoothened with ultrasonic shaping, where an
ultrasound probe gradually removes the step-likeghoess elements produced by the laser
drilling, making the surface optically smooth. Irfimal polishing step the targeted diameter of
the cylindrical calibration section is producediwsiery high geometrical accuracy. In this step a
thin wire covered with diamond paste is pulled tlglo the die, grinding a small amount of
excess material from the surface. This procesga@neven up to three days in order to ensure
perfect surface quality.

The outstanding hardness of the diamond matergatier with the sophisticated production of
the calibration section brings about least posdielations of the real geometry from the target
geometry. Imperfections in the real geometry, sasha slightly oval instead of a cylindrical
shape of the calibration section, inevitably leaa faulty deposition, which, when accumulating
in successive deposition steps, possibly lead lid sontact between the moving wire and the
die, resulting in a breakage of the wire. Apartnirthe highly accurate geometry diamond is
further extremely resistant to weir, so that it a&sist against a long term change of the

geometry during the operation.
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4.2 Computational analysis

The computational analysis of the flow evolvingidesreal enameling dies with a piecewise
linear contraction of the radially outer contoursaanducted analogously to the analysis of the
flow inside dies with different generic shapes preged in the previous section. The present
computations consider real-life geometries of hatal and diamond dies, assuming for both
types the same operating conditions.

The computations in particular investigate the flsid evolving inside the wire enameling dies
for the most critical cases, where wire breakagguently occurs, as it is reported from the
magnet wire producers. Since the focus of this stigation is on the prediction of the
hydrodynamical drag force exerted on the wire apoasible reason for deformation and
breakage of the wire, the computational result$ &l be presented in dimensional form. As
already stated above, the production paramet® = product of wire velocity and diameter) is
generally pushed as high as possible for produgtréason, which implies that the small wire
diameters are associated with very high productielocities. The most critical cases will
therefore be met in the enameling of the thin wirElse present computations consider in
particular the diameted,=0.25 mm, which is well representative for the tiuime processing
covered by the machine Mozart ZERO H3. The highststar rates appearing during the
complete multi-pass coating process will not beeolr=d in the passage of the first die due the
relatively large gap heights. The largest sheasrate rather expected in some of the successive
passes, where the already solidified coating optlegious deposition steps effectively leads to a
thicker wire entering the next die and, hence, Enagap heights. For that reason the wire
diameter actually chosen for computation exceeds \thlue of the bare wire diameter
dwo = 0.25 mm, taking into account amount of enamelaaly deposited on the wire surface. As
it can be seen from Table 11 the enamel which ieently applied to the considered thin wire
diameter range contains between 25% and 32% sadisk rfraction of polymer. It has been
reported that using hard metal dies, exceedinguher limit of this range would lead to
permanent deformation or even breakage of the Wine. present computations attempt to gain

more insight into this problem assuming two baseeoamels with 25% and 45%, respectively.
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Especially the latter concentration, which markegigeeds the currently permissible range shall
reveal to which extent the increase in viscosity tinally contribute to wire deformation and
breakage due to an increased drag force.

A reliable description of the flow field inside tlge requires first of all a realistic descriptioh

the rheological behavior of the considered wirenaesla. The shear rate dependent behavior of
the fluid was described using series of measuresriemtdifferent enamel solid contents. The
obtained flow behavior was implemented into thdwital formulation using a Carreau-Yasuda
model, whose model parameters were fitted to thesomed data. The extension of the Carreau-
Yasuda model towards the second Newtonian plateald cnot be based on experimental
measurements, as the respective range of extremgilyshear rates cannot be reached using
conventional measuring techniques for measuringogisy. The level of the second Newtonian
plateau, which is indicated in the flow curves shaw Figure 52 (a) and (b) as dashed line had

therefore to be arbitrarily chosen.

O Measured data O Measured data
0.0155 — Carreau-Yasuda model 0.25 — Carreau-Yasuda model
0.21
) )
L 0015/ o015
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017
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Figure 52: Shear rate dependent viscosity; (a) Tebec 533-25 (b) Terebec 533-45

The parameters used for fitting the Carreau-Yasuddel to the measurements are given in
Table 12.
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Table 12: Model parameters for Carreau-Yasuda model

Terebec 533-25 Terebec 533-45
n [Pas] 0.0155 0.25
i [Pas] 0.0145 0.0167
K1[s] 0.00014! 1.74 x 1C°
Mz [-] 1.4 0.2

4.2.1 Results for hard metal dies

Accounting for an already solid coating of heiglgt0.01 mm which has been deposited in the
passes before, the computations consider a wimraede d,, = dyo +2hs=0.27 mm. The wire
velocity and die exit gap height were setkg=11.5 m/s, anth.=8.2um, respectively.

Figure 53 shows the contours of the axial veloaibych were computationally obtained for the
two considered wire enamels. The difference indsalbntent does evidently not affect the
structure of the flow field inside the die, which characterized by strong backflow in the
radially outer part of the domain, carrying the &ss enamel towards the die inlet, and forward
flow in the radial inner region of the domain, wla¢he enamel is entrained by the motion of the
wire.
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Figure 53: Velocity contours inside hard metal die(a) Terebec 533-25, (b) Terebec 533-45

A more quantitative insight into a possible effent the different considered polymer
concentrations shall be given by the velocity pesfiobtained at selected cross-sections of the
domain. The positions of the cross sections weosea similarly to the discussion of the results
for the generic die shapes located at the die (@& mm), the middlez=12.5 mm) of the die,
and die outletZ=25 mm), respectively. Figure 54 shows the velopityfiles as obtained at these
three positions. At the inlet and the middle cresstion the velocity profiles for the case of the
fluid with 45% solid content are evidently a bit radulky. This difference can be attributed to
the fact that the enamel with 45% solid contentilgidha considerably more pronounced shear
thinning behavior than the one with 25% solid cahtes seen from the flow curves in Figure 53.
In the last cross section at the die outlet veyogitofiles practically collapse so that the
volumetric flow rate at the exit is the same. Tiniplies that the amount of the deposited fresh

enamel on the surface of the wire is not affectgethbe amount of solid content in this case.
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Figure 54 Velocity profiles at different cross setions, hard metal die; (a)z=0 mm, (b)z=12.5 mm,
(c) =25 mm
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Figures 55 and 56 show the streamwise variatiah@fpressure and wall shear stress along the
wire for the considered enamels. All profiles ewitly exhibit a sharp peak at the same axial
position very close to the exit. The observed magieis of both pressure and wall shear stress
are always higher for Terebec 533-45, which caatbéuted to the higher apparent viscosity of
this enamel.
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—~ Terebec 533-45
— Terebec 533-25
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0 0.005 0.01 0015 002 0.025
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Figure 55: Streamwise variation of pressure alonge wire for two considered enamels; hard metal
die
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Figure 56: Streamwise variation of wall shear stresalong the wire for two considered enamels;

hard metal die
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Figure 57: Subsections inside the die; hard metaliel

The axial integration of the wall shear stress gltre surface of the wire between the inlet and
the outlet gives the total drag force which is the case with 25% solid content enamel
F4=0.0293 N andr4=0.2285 N for the case with 45% solid content erlaftee local generation
of drag force is analyzed in more detail by evahgathe individual contributions from six
subsections of the domain as specified in FigureTh# individual subsections are evidently
distinguished by the different inclination angle®f the piecewise linear radially outer contour.
The contributions to the total drag force comingnireach individual subsection are given in
Table 13.

Table 13: Local distribution of drag force generaton, hard metal dies; Terebec 533-25 and Terebec

533-45

Subsection 1 2 3 4 5 6 by
Fq[N] 0.019: | 0.001¢ | 0.000¢ | 0.002: | 0.007: | 0.000¢ | 0.031¢

Terebec

533-25 | contrib. [%)] 60.1¢ 4.3¢ 2.8¢ 6.4 23.0¢ 3.07 10C
Fq[N] 0.111 | 0.0051¢| 0.020¢ | 0.024° | 0.0622: | 0.0044¢ | 0.228*

Terebec

533-45 | contrib. [%)] 48.6( 2.27 9.1: 10.81 27.2% 1.9¢ 10C

Two subsections contribute evidently most to thaltdrag force exerted on the wire regardless
of the applied solid content in the used enamesulosection 1 the major part of the drag force is

generated, even though the cross section availablibe flow is highest in this section, which
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leads to the lowest shear rates. The relativeljhdsg contribution of this subsection is simply

due its axial length which makes up almost 80%haf total length of the die. The second

significant contribution to the drag force comeasnirsubsection 5. In this region the wall shear
stress is increased to a sharp peak as seen inreFagu Even though the axial length of this

subsection is relatively small, the peak in thealoshear stress still leads to a significant
contribution. The results of the present analysithe local drag force generation suggest that a
possible shape optimization should be focused ervdhniation of these two subsections in order
to obtain a significant drag force reduction.

4.2.2 Results for diamond dies

The computations consider the same operating dgonditas in the case of hard metal dies,
assuming agaid,=0.27 mm,U,=11.5 m/s, andh=8.2 um for the wire diameter, velocity, and
exit gap height, respectively. The total lengthief die is somewhat shorter than that of the hard
metal die. This is due to a short diverging sectainthe die exit which results from the
production process of the diamond core. Under timsidered contact conditions the radial outer

surface of this diverging exit section remains utt@ee as schematically shown in Figure 58.

\ o K

e
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Figure 58: Detail of the diamond core with divergim exit section
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This section has therefore no relevant effect enflibw field upstream and the finally obtained

enamel deposition, so that it can be excluded ftben computational domain leading to a
somewhat shorter axial lengtk24.2 mm.

Analogously to the hard metal die case the soligmer content of the enamels was 25% and
45%. The velocity contours shown in Figure 59 padeva qualitative insight into the structure of
the velocity field evolving inside the diamond doe the two considered enamels. Similar to the
case of the hard metal dies the structure of the fleld exhibits also no notable difference for

the considered enamels. Both cases show agairypiealt structure of the Couette-type flow

inside converging gaps, featuring a strong reviéosetowards the inlet for continuity reason.
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Figure 59: Velocity contours inside diamond die: (aTerebec 533-25, (b) Terebec 533-45

A more quantitative insight into the velocity fielsl obtained again by comparing the velocity
profiles at three different cross-sections locatethe inlet, the middle, and the outlet of the die
with the axial positionsz=0 mm, z=12.1 mm, andz=24.2 mm, respectively, as shown in
Figure 60. Similar to the results for the hard rhdias the enamel with the higher solid content
shows somewhat more bulky profiles at the two @astr positions due to the more pronounced

shear thinning, while the profiles collapse atel# cross-section.
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Figure 60: Velocity profiles at different cross setions, diamond die; (a)z=0 mm, (b)z=12.1 mm,
(c) z=24.2 mm
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Streamwise variations of pressure and wall she@sstare shown in Figures 61 and 62
respectively. They both exhibit a peak at closthtodie exit as already observed in the case of
hard metal dies. It can be seen that the peak yalidoth pressure and wall shear stress are

higher in the case of diamond dies as comparduetbard metal dies.
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Figure 61: Streamwise variation of pressure alonghe wire for two considered enamels; diamond

die
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Figure 62: Streamwise variation of wall shear stresalong the wire for two considered enamels;

diamond die
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Even though the observed peak of the wall sheassis higher in the case of diamond dies, the
integral values of the drag force computed~g=0.0319 N for the case with 25% solid content
andF4=0.1951 N for the case with 45% solid content amer as compared to the drag forces
computed for hard metal dies. The reason for thdahat the peak shear stress region extends
along a very short part of the wire, so that itslaet significantly contribute to the total drag
force.

Similar to the hard metal dies the diamond dies @s® subdivided into individual axial
subsections based on the inclination angle of theewvise linear outer contour to analyze the
local generation of drag force. The positions of thdividual subsections, which are again
distinguished by the different inclination anglesof the radially outer contour, are shown in
Figure 63. The contribution of each individual sedi®on to the total drag force is listed in
Table 14.
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Figure 63: Subsections inside the die; diamond die
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Table 14: Local distribution of drag force generaton, diamond dies; Terebec 533-25 and Terebec

533-45
Subsection 1 2 3 4 5 6 )
FaN] 0.0174 | 0.00054 0.00234 0.00242.00625| 0.00034 0.0293
Terebec _
533-25 CO“E;?““"“ 5043 | 1.84 7.99 8.25|  21.32 1.17 100
0
FaN] 0.1044 | 0.0098 | 0.005| 0.0123 0.0553 | 0.0082] 0.1950
Terebec _
533-45 CO”E;*}‘J“O“ 5355 | 5.03 2.56 6.29| 28.3% 4.22 100
0

As already observed in the results for the hardahd#es, the major contributions in the case of
diamond dies come also from the relatively longadbsection at the inlet 1, and the most
downstream converging subsection 5 immediatelyreefloe cylindrical exit section 6. A good
starting point for a possible drag force reductibrough optimization of the geometry could

therefore lie in a modification of subsections &l &n

4.3. Experimental validation of predicted drag fore

Since there exists basically no experimental datthe flow induced drag forces occurring in the
presently considered generalized Couette flow, ds wlecided to perform own measurements
under real operating conditions using a specialgighed experimental device. The acquired
data should provide additional validation of thegant analytical model, along with the already

obtained numerical data from CFD simulations.

4.3.1 Experimental facility

An experimental device was specially designed tasuee the drag force exerted on the wire
when being pulled through the coating die. As sdterally shown in Figure 64, the
measurement principle is based on Newton’s thivd (@ctio=reactio). Following this principle

the drag force exerted on the wire is obtainedreutliy by measuring the equivalent counter
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force which holds the die in place. The countecéois measured using a ring force transducer
placed between the die carrier and the suppors 3étup allows for a measurement of the drag

force without perturbing the coating process.

die carrier

wire

ring force
transducer

Figure 64: Measurement device operating principle

The ring force transducer is basically a piezotele@nnular pressure sensor. It is illustrated in

Figure 65.

Figure 65: Ring force transducer

Based on the analytical computations the expectaghitudes of the hydrodynamically induced
drag forces are relatively low. Therefore, a semawering the range of relatively small forces

up to 10 N was chosen. The accuracy of this meagaevice is 1% of the maximum measured
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value, which corresponds to 0.1 N. A meridionalssrsection through the finally realized

measuring device is displayed in Figure 66.

Ventilation hole and inlet

Mechanical stop for thermocouple

(distance plates)

Die carrier

Enamel feeder Enamel die

Protective barrier L
Pressure spring

Ring force transducer

Back flow of Emergency with cannulation
excess enamel back flow of
Enamel from tank excess enamel

Figure 66: Meridional cross section through the mesuring device

It can be seen that the die carrier is not rigmipnected with the ring force transducer, but with
a spring in between. This spring elastic, hencepressible, connection protects the transducer
from a possible mechanical overload during measentésndue to some unforeseen forces. The
opening above the ring force transducer allowsafenonitoring of the enamel temperature, if
necessary, using a thermocouple. Due to its relgtigmall dimensions the device can be

mounted at any die within the die set arrangement.

4.3.2 Measured drag forces compared against compuianal results

The measurements were performed on a real productechine using an arrangement of ten
diamond dies, where only basecoat enamel with 4808d sontent was successively deposited
on a wire with a bare wire diametdy,=0.25 mm. Two devices for measuring the drag force

were mounted at the first and the last pass. Tsegass was chosen, because there it is easy to
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determine the gap height at the die exit, sincesti'eno enamel deposited yet on the surface of
the oncoming wire. The oncoming solid depositiolghtahead of the last pass was determined
assuming a uniform enamel deposition per each gaggaking into account the accumulated
losses of solid content appearing during the drynd curing steps. The measurements were
started after stringing in the wire into the maehiThe velocity of the wire was gradually
increased towards the final production velodity=690 m/min, as it is generally done for the
considered wire diameter to provide the requiresidence time in the oven during the heat up.
The velocity of the wire was further increased a@d 200 m/min, which represents almost twice
the production velocity typically used for the peesed wire diameted,=0.25 mm. This
substantial increase of the wire velocity far abbymcal setting in production did still not lead
to any breakage of the wire.

Figure 67 shows the drag force which was measurttedast die of the die set arrangement for
the different wire velocities. The correspondingdictions of the analytical model are included
for validation as well. The computational prediosolie evidently always well within the
uncertainty range of the measurements. The measutento not clearly exhibit the same
essentially linear dependence of the wire veloagyseen in the analytical results. In the present
flow configuration non-linearity mainly resides ihe non-Newtonian stress-strain dependence.
However, due to the extremely high shear ratedltin effectively behaves as Newtonian near
the wire, so that the experimentally observed dmnarom linearity should be rather attributed

to an inaccuracy in the measurements.
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Figure 67: Comparison between computations and meagements

4.4 Discussion of possible reasons for deformati@md breakage of the wire

The computational analysis of the flow inside tldhmetal and diamond dies yielded very
similar drag forces for both types. Using thesegdmaices and the cross section of the bare wire
with the diameted, o, EQ. (91) yields for the enamel with 25% solid @t mechanical tensile
stressesdyie=0.65 N/mmi, and cyi=0.6 N/mnf for the hard metal and diamond dies,
respectively. For the enamel with solid content4&% the tensile stress is increased to
Gwire=4.65 N/mnf in the case of hard metal dies, andgi@.=4 N/mnf in the case of diamond
dies. For all considered cases the computed testséisses remain evidently well below the limit
of plastic deformation of pure coppeg=70 N/mnf.

Even though the drag force generated inside aesidigl is apparently too small for producing
any significant plastic deformation of the wire, i# still possible that the drag force is
accumulated in the successively passed dies tdlyfimaach a critically high level for
deformation. Additionally, the observed fairly Idewels of drag forces may still be sufficient to
cause a so called low stress elongation (LSE), evleemicrostructural change of the wire
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material is induced by the stresses considerabkerdahan the yield stress limit of plastic
deformation. This phenomenon is even more relevemn the stressed wire enters the oven for
drying and curing due to its exposure to highlywated temperatures.

Despite the possible relevance of the flow indudea force for an undesired change in the
microstructure of the material and even plasticodeftion the resulting tensile stresses will
most unlikely exceed the ultimate tensile stressopiperayrs=200 N/mnf even in a worst-case
scenario. Thus, the flow induced drag force canekeluded as a possible reason for wire
breakage. The fact that the tests with diamond digés10t lead to any wire breakage, even when
strongly exceeding typical production velocitiesggested to look for other possible reasons for
the reported wire breakage in the case of hardIrdets. Since the calibration section made of
hard metal can be manufactured with considerabletageometrical accuracy than those made
of diamond, the expectedly stronger deviations fittve perfect target geometry appeared as
most likely alternative reason for wire breakagee Effect of such geometrical imperfections on
the coating was therefore investigated in more ildeds will be shown in the following
subsection.

4.4.1 Die imperfections

Deviations from the target geometry may have déffiéreasons. They can be introduced during
the production process, or, they may be causethdyvear of the die occurring during a longer
period of application. A faulty die geometry in@abty leads to a faulty deposition of enamel on
the wire surface, which can further accumulate, wie wire passes through a sequence of dies.
The computational model developed in the presemk was used to investigate the influence of
a faulty die geometry on the deposition. The componns considered three different scenarios
which are representative for an imperfect geométhe respective cross sections are shown in
Figure 68.
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Figure 68: Considered die imperfections

Case A represents a symmetric deviation from thfepidy round die shape, resulting in an oval
shape of the die exit cross section. Case B repies® asymmetric deviation, where the lower
part of the exit cross-section is concentric with wire, while the upper part has an oval shape.
In Case C the exit cross-section has the same symaroeal shape as in Case A, but the position
of the wire is eccentric. The effective gap heigtttdifferent circumferential positions are shown
for the individual cases in Table 15. The considegeometrical imperfections only affect the
cylindrical calibration section at the die exit.elaccentric position of the wire assumed asnl

in Case C axially extends through the whole domaime perfect reference geometry, from
which the imperfect cases deviate, is associatéu an axisymmetric exit gap heighg=8.2 um.

The diameter and velocity of the wire are assumedd&0.27 mm andU,=11.5 m/s,

respectively.

Table 15: Gap heighth, at selected circumferential positions of the exitross section

he [um] o=0° =90 ©=18C
Case A 8.2 10.2 8.2
Case B 9.42 8.198 8.98
Case C 9.2 10.3 7.2
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Figure 69: Influence of the geometry on enamel depdion, the deposition height of the perfect
reference geometry denoted by the dashed line
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Figure 69 shows the circumferential variation oé theposition height as predicted for the
different cases. As one might expect, the obtawethtions of the deposition height follow
clearly the circumferential variations of the eydp height due to the imperfect geometries. Case
C turns out as the most critical scenario, as #posdition height exceeds here most significantly
the target value. It has to be emphasized thatathiés in the deposition height can accumulate,
when the wire is passed through successive dietdaalso imperfect geometries in the
calibration section. This may finally lead to aidotontact between the coating, which has
already been deposited and solidified in previoies ghsses, and the surface of the die, as
schematically shown in Figure 70. Such a solid @onbetween the thin wire and the die at the

typically high production velocity will inevitabliead to wire breakage.

coating

~.___h_:[_,.\
I

i .
' next die
wire

Figure 70: Example of a possible solid contact bewen the die and wire

The present analysis helps to explain, why the Wwimeakage mainly occurs when using hard
metal dies. The geometries of the calibration sactf these dies can be manufactured with
markedly lower accuracy than it is achieved witangbnd dies, so that the imperfections in the
geometry are the most likely reason for wire brgakdn order to rule out this shortcoming as
much as possible the proposed new die designsssisdun chapter 5 considered therefore only
dies with diamond cores, because only these candmifactured with the required geometrical
accuracy as needed for future application withhierrtincreased solid content and production

velocities.
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5. NEW DIE DESIGNS

5.1 Motivation and reasoning

Even though the flow induced drag forces turnedtolie too small for breakage of the wire, a
reduction in total drag force is still beneficial the light of the expected advances in the
operating conditions. The availability of enamelidigs, which generate lowest possible drag
forces, gives room to substantially increased pcbdo velocities and solid mass contents
without the hazard of an undesirable permanentgalioon of the wire in the heated zone of the
oven. Finally, some of the suggested modificatiohthe geometry may simplify the production

process of the die, which would lower their pritae relatively high price is especially an issue
for the diamond dies, due to the expensive majdsiglalso due to the sophisticated multi-step

manufacturing.

5.2 Proposed designs and computational analysis

Three different modifications of the currently ussbign of the dies with a diamond core were
proposed. The modifications are based on the asadygshe computed flow field revealing the
local generation of drag force as well as inputsnfrthe manufacturer of the dies. The latter
ensured that the proposed designs can be pragtiesllized at acceptable, or better, reduced
production costs as compared to the current dedige. current and the proposed designs
together with their salient geometrical modificasoare listed in Table 16. Following the
analysis of the local drag force generation in¢heent die design (see Table 14) the focus of
the modifications was put on the subsections 15amkfter discussions with the die producer, it
was seen that a modification of the geometry osation 5 was not possible without extensive
investment into the development of specializedgaequired for its production. It was therefore
decided to keep the inner contour of the diamoré aachanged, and modifying only the axial
position of the core and the geometry of subsectioAs seen from the sketch in Figure 72 the

core of the design AK1 is axially shifted towartie wery end of the die, so that the axial ends of
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the steel body and the diamond core are in plahis Modification was not proposed for drag
force reduction reason but rather for reductioproduction costs.

Table 16: Proposed geometry variations

Design| Description

AKO | Currently used die geome

AK1 | Calibration region shifted towards €

BKO | Reduction in the inlet section len

BZ0 | Reduction in the inlet section length and changenficonical to cylindrical inle
geometry

In the design BKO shown in Figure 73 the conicdétirsection (= subsection 1) is strongly

reduced in length. The diameter of the idgt is still left unchanged leading to an increase in
the cone-angle of the axial contraction. The de8ig® shown in Figure 74 features the same
reduced axial length of the inlet subsection 1h&sdesign BKO, but its shape is changed from
conical to cylindrical. This modification was agamainly motivated by savings in production

costs, as cylindrical holes can be produced at nawér costs than conical ones.
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Figure 73: Geometry BKO
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Figure 74. Geometry BZ0
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The effect of the geometry modifications on thenflield inside the die and the resulting drag
force was computationally investigated using thalyical model. The calculations were carried
out for the basecoat with 45% solid content usiggira the experimentally based Carreau-
Yasuda flow curve shown in Figure 53 (b). Analodgpus the computations already performed
for the currently applied die geometry the wire ndeder and velocity were assumed as
dw=0.27 mm, andJ,=11.5 m/s, respectively. The exit gap height wasoske.=8.2 um.

The computationally obtained non-dimensional axaiations of the pressure and shear stress
along the wire are shown in Figures 75 and 76,esgely, where the reference scales only
differ in the axial length scale. The peak in the pressure near the exit does riydeot vary
significantly, which is due to the fact that theogeetry of die core at the exit was not modified.
However a notable increase in pressure can bedsbear the inlet section of the die due to the
reduction in the length of subsection 1, and, npwomouncedly, due to a change from a conical
to a cylindrical shape.

0 0.2 0.4 0.6 0.8 1
Z/L

Figure 75: Axial variation of pressure along the wie
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Figure 77: Velocity profiles at the die inlet
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The tendencies observed for the pressure are edsoin the axial variations of the wall shear
stress. The shortening and the change from comecalylindrical shape of the inlet section
(subsection 1) leads to an increase in shear streke inlet region, while the peak near the exit
essentially remains the same. Table 17 shows thedmg forces and the relative contributions
of the individual subsections resulting from theahxariation of the shear stress along the wire.
The shortening of subsection 1 brings about 25%atash in drag force for the design BKO and
a little bit less for BZ0. The constantly narrovgap height associated with the cylindrical shape
apparently increases the general magnitude of siezss as compared to the conical gap of
BKO, which translates into a higher generation raigdforce in subsection 1 observed for BZ0. A
further concern was related to a possible incrégagbe intensity of the backflow, which may
arise with the shortening of the inlet section dhd reduction of the annular cross section
between the wire and the die near the inlet inctee BZ0. The resulting higher kinetic energy
of the backflow would expectedly enfavour a verstfiareakup of the ejected liquid lamella into
small droplets leading to undesirable effects tikess contamination. Using the velocity profiles
obtained at the inlet cross-secti@i€0), as shown in Figure 77, the rates of the ejekieetic

energy can be computed as

. g u2
Ein =2 HF[ pu 7rdr. (113)

w

As seen from the last column in Table 17, the dcdt¢he ejected energy is not significantly
increased for the shortened die with the conicapstof the inlet section (BKO), while it is even
decreased for the cylindrical inlet section (BZDhese results suggest that both the shortened

geometries will not lead to a more rapid fragmeaatadf the continuous liquid backflow.

133



Table 17: Local generation of drag force and ratesf kinetic energy ejected at the die inlet

. . Fd Ekin X:I.O6
Design Subsection
[N] W]
1 2 3 4 5 6 )

AKO 53.55% | 5.03% 2.56% 6.29% 28.35% 4.22% 100P% 6.047
0.1044 | 0.00981 | 0.0049¢ | 0.0123 | 0.05531| 0.00823 | 0.1951 '

AKL 52.18% 7.58% 2.43% 6.08% 27.62% 4.11% 1000 6.326
0.1046 | 0.0151¢ | 0.00487 | 0.0122 | 0.05335| 0.00824 | 0.2004 '

BKO 41.61% | 6.23% 3.14% 7.87% 35.8% 5.34% 100% 6.711
0.063 | 0.00944 | 0.00476¢| 0.0119 | 0.0542 | 0.00808 | 0.1515 '

BZ0 44.65% | 6.63% 3.03% 7.36% 33.38% 4.95% 100P% £ 736
0.0736 | 0.0109 0.005 0.0121 | 0.05501 | 0.00816 | 0.1648 '

The present analysis outlines possible gains ferrttagnet wire coating process yielded by
relatively simple modifications of the die geometAs seen from Table 17 the modifications
affecting both the length and angle of subsectideatl to the most significant reduction in the
hydrodynamically induced drag force of up to 25%s&d on the computed magnitudes of the
kinetic energies ejected with the backflow at the idlet, possible negative effects like cross
contamination due to the intensified backflow turroait as very unlikely. Aside from the drag

force reduction, the proposed shortening and sfioalion of the geometry of the subsection 1

leads to a reduction in the manufacturing costhefdies, reducing their total price.
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6. SUMMARY AND CONCLUSIONS

The flow evolving inside wire enameling dies apglia the production of electrically insulated
magnet wires was computationally investigated. @halysis should help to identify possible
flow related reasons for the appearance of wiraldrang due to plastic deformation, or in
extreme cases even wire breakage, as frequenttytegppby magnet wire producers. For the
mathematical description of the generalized Coudltev typically met in this coating
application an analytical model was developed basethe lubrication theory approximation of
the Navier-Stokes equations. The developed modek daso account for non-Newtonian
behavior of the working fluid and heat transfer jahhallows investigating the effect of different
rheological properties in terms of shear thinningleear thickening on the flow and temperature
fields as well. The computational analysis was igppio a wide range of generic converging die
geometries following a generalized cosine-type shap well as real die geometries currently
used in the production.

Due to the lack of experimental data on the floeldfiinside the considered narrow gaps, a
detailed validation of the analytical predictionadhto rely mainly on a comparison against
numerical results obtained from CFD. The analyiycaredicted flow field showed generally
very good agreement with the numerical data. Someatons appeared mainly at axial
positions associated with a strong contractionh& &nnular cross-section. More significant
discrepancies were observed in the predictionetdémperature field for larger Prandtl numbers.
These observed deficits clearly illustrate the tsnmof the lubrication theory due to the total
neglect of advective transport, especially whenliagpo strongly converging die geometries
and fluids with high Prandtl number. The lubricatibheory based model was therefore extended
by first-order perturbations accounting for the extive transfer in both the momentum and
energy equations for the case of a Newtonian flumiéh comprehensive comparison against CFD
results the proposed first-order extension was ot yield a significant gain in accuracy.
Especially the convective redistribution of viscdusat, which is increasingly important for
higher Prandtl numbers, was shown to be capturediderably well by the extended model.

Less pronounced improvements were observed foprigagicted velocity field, which is already
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described reasonably well by the zeroth-order (@xtended) base model. The total neglect of
the advective (inertia) terms appears to be laisairfor the solution of the momentum transfer.
Aside from a more accurate prediction of the la@alation of the velocity and, particularly, the
temperature, the proposed first-order extension ass proven to describe better the global
balances of momentum and heat as compared to tbih-zeder base model.

A special device was designed for measuring the tbg force on the wire when being passed
through an enameling die under real production itmms. In the view of the very limited access
of standard flow measuring techniques to the camsilflow configuration these measurements
provided at least some experimental validation datathis certainly only global, but still
important, output quantity. The comparison of theasured total drag forces against the results
obtained from the zeroth-order model for a real ggemetry and real shear-thinning enamels
showed very good agreement.

The computed, and experimentally validated, levéldrag force were, even for the very viscous
enamels with high solid content, always much loten the yield strength of copper, so that
they could lead at most to some plastic deformawbnthe wire due to effect of force
accumulation along the die set, but certainly rothe observed wire breakage. Since wire
breakage never occurred in the test runs with dimhaies, geometrical deviations from the
perfect target shape, which are inherently largetHe hard metal dies due to the manufacturing
process, could be identified as most probable redtare reason for wire breakage. Using the
present analytical model the detrimental effecs@ie typical geometrical imperfections could
be demonstrated. The predicted faulty, in particalan-uniform circumferential deposition of
enamel may further accumulate in the successivepdsses leading finally to solid contact
between the fast moving wire surface and the droeo.

The analytical predictions of the flow field insideal dies provide also a valuable insight into
the local generation of drag force, which allowentifying the most critical regions of drag
force production, as a useful starting point foe ttevelopment of flow optimized die shapes.
Possible improvements of the die design were pegasid computationally analyzed using the
present analytical model. The proposed modificatigielded a reduction in total drag force up

to about 25%. More significant reductions coulddohieved assuming generic cosine-type die
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shapes with a very steep axial contraction closthéoexit. The technical realization of these
geometries is however limited due to the specifiopprties of the applied materials and
requirements of the manufacturing process.

Enameling dies producing lowest possible total dmage on the wire remain desirable in the
view of ongoing and future trends in the magneewiroduction. Low flow induced drag forces

give room for increasing the production velocity thfe wire, resulting in an increased

productivity of the machine. They further allow fiie application of enamels with high polymer
content, reducing the costs of the expensive sghanwell as for solid content constituted by
longer polymer molecules, reducing the polymerlstass during the drying and curing process.
Finally a modified die design associated with seratlimensions or simpler geometries can
translate into lower production costs as well. Thenprehensive and reliable description of the
flow and temperature fields provided by the prdsedeveloped analytical model delivers

important input to reach these goals.
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