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Abstract

The quality of the insulation in a HV cable is largely determined in the ex-
trusion process and more needs to be understood about the behavior of polymer
melt within the extrusion die. This master thesis aims to increase the knowledge
of how to properly simulate the polymer flow pattern and thermal build up within
the extrusion die. The main part of the work is to recreate a simulation model
made in 1998 by ABB, and improve the model based on literature recommenda-
tions. The model is implemented in Ansys Fluent Material Processing with the
same boundary conditions as presented in the legacy report, with very similar
results. Realistic wall slip conditions, material properties and thermal boundary
condition for the conductor are then added separately. The largest improve-
ments come from including wall slip, since undesired local e [edts highlighted as
important in the legacy report are drastically lowered in the more realistic case.
Changing the material properties and thermal condition appears to mostly a[edt
the viscosity and for the latter case of course also the thermal buildup close to
the conductor. Further, there were several aspects that could not be simulated
in the study, but due to their potential importance they are still analyzed.
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Populéarvetenskaplig sammanfattning

Hogspanningskablar spelar en nyckelroll i omstéllningen till ett mer elektrifierat samhélle.
En kabel bestar av flera lager, bland annat ett elektriskt isolerande lager som tillverkas
genom extrudering. | extruderingsprocessen sa smalts termoplast och appliceras sedan
pa en ledare. Omkring det isolerande lagret finns halvledande lager, som maste tillverkas
samtidigt i extrudern som det isolerande lagret, vilket forsvarar processen. Det finns
manga problem som kan uppsta i tillverkningen av de isolerande lagrena, da dessa ar
mycket kéansliga aven for sma defekter. Idag testar man sig fram och &r beroende av er-
farenhet for att 16sa de problem som uppstar i fabriken, vilket ar bade dyrt och ine [eKtivt.
Genom att utnyttja simuleringar for att forsta vad som verkligen hander sa skulle man
spara bade tid och pengar.

Att simulera flytande polymer ar annorlunda mot vanliga simuleringar inom strémn-
ingslara, bland annat da polymererna ar icke-Newtonska och har mycket hog viskositet.
For att skapa en digital tvilling kravs att man vet vilka e[elter och fenomen som &r
forsumbara och inte nar det kommer till polymerflode. Det &r ocksa viktigt att veta
vilka flodesbilder som ar férknippade med en kabel av bra och dalig kvalitet, for att fa en
simuleringsmodell som e [eKtivt kan modellera dessa beteenden.

Den har rapporten &r en forstudie for att skapa en digital tvilling av extruderingspro-
cessen for det elektriskt isolerande lagret, och ar gjord i samband med NKT. Malet med
rapporten ar att identifiera hur en palitlig modell ska byggas och vilka e [eKter som maste
inga for att fa verklighetstrogna resultat. | ett forsta steg ska en intern rapport fran 1999
aterskapas, dar extruderingsprocessen for isoleringslagret simulerades. Nar Gverensstam-
mande resultat uppnats sa forbattras modellen genom att tilldita materialet att glida
langsmed vaggarna, applicera en forbattrad viskositetslag och genom att lata ledaren ha
en mer realistisk temperatur. Andra férbattringar undersoks ocksa.

Som resultat lyckas modellen i den har rapporten visa liknande beteenden som simulerin-
gen fran 1999, bade nar det kommer till generella och lokala fenomen. Resultaten visar pa
vissa e [eRter som kan orsaka defekter i det extruderade materialet, bland annat da stora
forandringar i hastighet och stress forekommer. Simuleringarna visar aven att friktion
inom polymerfluiden far temperaturen att stiga kraftigt, vilket ar viktigt att kanna till
da materialet kan paverkas av de hoga temperaturerna.

Néar simuleringarna ska jamforas med uppmétta varden for tjocklek pa kabeln, sa visar
det sig dock att den verkliga kabeln &r tjockare an den simulerade. Det héar tyder pa att
simuleringarna ar for forenklade, troligtvis eftersom de har varit fullt viskdsa. Polymerer
ar aven elastiska, vilket ar en av orsakerna att de svéller efter att de har lamnat extrudern.
Det rekommenderas darfor att framtida projekt ska ta hansyn till den elastiska e [eHten
av polymerer for att uppna verklighetstrogna resultat.

Av de forbattringar som implementeras sa erhalls det mest betydande resultatet fran att
tillata fluiden att glida mot vaggarna. Sarskilt e [eRter néra vaggar far stor férandring. |
den originala simuleringen ar hastigheten vid vaggen noll, vilket inte ar helt realistiskt.
Ska e[eKter nara vaggar undersokas maste man darfor lata materialet glida realistiskt
mot vaggen. Andra forbattringar, som att forbattra viskositetslagen och temperaturen
pa ledaren hade endast mycket forutsagbara resultat, och valdigt lite av de andra e [eRter
som undersoktes paverkades av att gora de forbattringarna.



En palitlig modell bor aven inkludera temperaturgradienter i vaggarna, en stérre simuler-
ingsregion och vara 3D istéllet for 2D, &en om man har symmetri. Dessa e [eKter kunde
dock inte simuleras i denna rapport da stora delar av geometrin inte var kand.

Slutsatsen i den har rapporten ar att forbattringar behdver goras for att modellen in-
spirerad av simuleringen fran 1999 ska bli mer palitlig. Framforallt visas glidning mot
vaggen vara en viktig forbattring att implementera. Men &ven e [eldter som inte kunde
simuleras, sasom viskoelasticitet, forbattrade termiska egenskaper for vaggarna och en
storre simuleringsregion framfors som viktiga e [elter att ta med i projektet for den digi-
tala tvillingen.
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1 Introduction

As the world is working to decrease carbon emissions and pollution, there is an increasing
demand for electricity. To allow for transportation of electric energy over long distances,
for instance between countries or to o [sHore wind farms, large cables that can withstand
a high voltage are needed to minimize losses. The manufacturing of high-voltage cables is
a challenging and intricate process. All cables need to have an insulating layer to prevent
electricity from traveling from the conductor to the surroundings [1]. A popular choice of
insulating material for submarine cables is XLPE, which today is used both in AC and
DC cables.

The XLPE layer is extruded onto the cable in a process that requires much precision,
as even small defects can severely impact the product quality. To accurately simulate
the extrusion process is becoming increasingly important, as the technology of cables
is advancing. To avoid a costly dependency of learning through trial and error, it is
important to have accurate simulation models at hand. Such models could explain why
unexpected behavior and defects occur in the extrusion of cables of new designs, and help
gain insight in the process.

There are several studies that model the behavior of polymer melt within and after the
cross head, in order to determine the quality of the produced cable. A. V. Bondarenko et
al. produced a recent study where the residence time of particles were analyzed in a cross
head [2]. Another new study conducted by T. Saparov et al explored how a small design
choice of the crosshead could severely aledt the homogeneity of the flow, something that
is important to produce a quality cable [3].

Cable extrusion through the HTX 35/75 crosshead was modeled by ABB Corporate Re-
search in 1998 which remains as an internal legacy report. The aim of the project was to
predict the electric properties of the extruded cables by coupling CFD calculations with
knowledge of electric field phenomenons. The flow and the thermal build up was analyzed
in Ansys Polyflow. The study found large variations in temperature, viscosity, shear stress
and shear rate at certain points in the crosshead which could cause instabilities.

How to perform a reliable simulation of the XLPE extrusion process are in many cases
diLerent compared to normal CFD simulations, and many of the conducted studies are
performed in 2D over a limited simulation region, neglecting wall slip, viscoelastic e [edts
and using simplified material properties and boundary conditions. There is a need for
increased knowledge within the company on how the triple XLPE extrusion process should
be reliably simulated.

1.1 Aim

This master thesis aims to improve the understanding of how to simulate the polymer
flow in the crosshead for the XLPE triple extrusion line. The work is a pre-study for the
development of a digital twin of a modern extrusion head. The digital twin should be able
to predict defects in the cable caused in the extrusion process and accurately model the
flow and temperature buildup in the crosshead. This report will recap the knowledge from
the legacy report by recreating the simulation performed in the report. Improvements to
the model will then be made after reviewing literature on polymer simulations. The e [edt
of the improvements will be discussed to determine the importance of including them



in a reliable simulation. For improvements that can’t be simulated in this report, their
importance will still be discussed as this report aims to give recommendations to a future
project. The work is done in collaboration with NKT.

1.2 Limitations

The work is done with a Ansys Fluent Premium license, which limits the simulations
to a fully viscous simulation. In other words, no viscoelastic e[edts can be included.
Viscoelasticity will still be mentioned in the report due to the potential large e [edt on die
swell.

It is not possible to increase the simulation region to include larger parts of the inlets and
the adapter, since the geometry of these parts are unknown. Similarly, the thickness of
the die walls and the exact placement of heaters are not mentioned in the legacy report.
Therefore, no temperature gradient in the walls can be modeled.

Further, no information on the legacy simulation apart from what is stated in the report
can be found. Thus, certain parts of the setup might be di [erent.



2 Theoretical background

Simulating polymer melt is in many cases di[erent from normal CFD simulations. The
diLerknce stems from the non-Newtonian, highly viscous and viscoelastic behavior of
the polymer. This chapter presents important theory on the rheology of polymers and
necessary background of polymer extrusion.

2.1 Background to cables and single screw extrusion

It is important to have an overview of how a cable is structured. The di[erent layers of a
modern 525 kV DC XLPE cable are illustrated in figure 1. The cable in the figure is an
illustration of one of NKTs current HVDC underwater cables. In the center of the cable
is the conductor, made of either copper or aluminium. The semiconductor layers and the
XLPE are coextruded onto the conductor [4] in a triple extrusion process. The XLPE
works as an insulator, while the purpose of the semiconductor is to make the surface of
the polymer layer smooth. Without the semiconductor layer, the rough surface of the
cable would cause large local electrical stresses in the insulation. The next layer is the
lead sheath, which protects the inner parts of the cable against water. To protect against
corrosion, another polymer layer called the jacket is extruded onto the sheath. The outer
parts of the cable consists of armoring wires for mechanical properties and an outer serving
to protect the the cable from scratches during installment and transportation [1].

Armoring

XLPE Tape Jacket (PE) ‘

Conductor ‘ ‘

|

|

Semiconductor ‘

Lead sheath | . ‘
Bedding Outer serving

Figure 1. Dilerknt layers of modern 525 kV DC cable produced by NKT [4].

Polymer is extruded onto the conductor for the insulating layer, the semiconductor layers
and later also for the PE jacket. A schematic of a single screw extrusion process is
shown in figure 2. Material in the form of polymer pellets is inserted into the hopper
and transported to the screw. As the material travels with the screw, it is heated up and
melted. After the screw, the polymer melt reaches the adapter, where it is directed to
the die. Finally, the material reaches the die where it is extruded onto the cable, which
moves with a fixed speed. After the polymer exits the die, it begins to swell, which is
often referred to as die swell. The process is controlled by changing the rotational speed
of the screw and the temperature of each heater [5]. For the semiconducting layers and
the XLPE, three layers of material are extruded simultaneously onto the cable. The layers



come in contact with each other in the die. The triple extrusion is normally performed
vertically or while the cable is rotating to achieve a perfectly round product [1].

Material

Hopper

Adapter

!

Heater
Cross head

Screw Die

Figure 2: Illustration of the single screw extrusion process.

2.2 CFD basics

To simulate polymer flow and the extrusion process, a specialized program must be used
that supports non-Newtonian flow and free surfaces to model the die swell. Ansys Polyflow
has long been used to model extrusion processes, and was used in the legacy report. Today,
Ansys provides a modern workspace largely based on the Polyflow models, called Ansys
Fluent Material Processing. The new workspace is constructed for users to simulate
manufacturing applications, such as extrusion. In this report, Ansys Fluent Material
Processing 2024 R2 is used in the simulations.

2.2.1 Relevant properties of fluids

An important concept in fluid mechanics is shear stress and the shear rate in the context
of fluids. A fluid can be thought of as consisting of dilerkent shearing surfaces, which
slide over each other with dilerknt velocities. The shear stress is the stress component
tangential to the shearing surfaces. A typical example of a velocity gradient in fluids is
a simple shear flow that is in contact with a no-slip wall, see figure 3. The shear rate for
a simple shear flow is defined by v = %L)f For a general fluid, the formula for the shear
rate depends on the rate of deformation tensor D:

7= /2tr(D)? )

where the rate of deformation tensor depends on the gradient of the velocity according to
1

D= z((rv)I +rv) 2

where rv is the velocity gradient [6]. The total stress in a liquid is given by the total
stress tensor , which is related to the rate of deformation. In 2D, is given by



— (Uxx 7'xy) (3)
Tyx Oyy
where oy and oy, denotes the normal stress components, and 7y = 7yx denotes the shear

stress components. The total stress tensor can be divided into the extra-stress tensor and
a hydrostatic part:

= pI+T 4)

where p is the hydrostatic pressure, I is the identity matrix, and T is the extra-stress
tensor [7]. For a Newtonian fluid, the extra-stress tensor relates to the rate of deformation
tensor by

T = 23D (%)

where 7 represents the viscosity of the fluid [6].

2.2.2 Governing equations used in CFD simulations

For non-isothermal generalized Newtonian flow, Ansys solves three governing equations:
The incompressibility equation, the momentum equation and the energy equation. To
solve the governing equations, Ansys uses control volumes and applies the conservation
laws on each volume. The equation is then discretized to allow for numerical solving. The
incompressibility equation is derived from the continuity equation, which describes the
conservation of mass and is given by

0]

ST (V) =S5 (®)
where p is the density of the fluid, v is the velocity and S, is mass added to the system.
For an incompressible fluid, the density is constant in time. Assuming no net mass is

added or removed from the system, the continuity equation simplifies to

r v=20 @)

v(y)

X

Figure 3: Velocity distribution for a fluid between a moving and a stationary wall with
no-slip conditions. The wall is located at y = 0.



which is the incompressibility equation. The momentum equation that Ansys solves is
given by

rp+r T+f:p(%+v r‘v) (8)

where p is the pressure and f is the external forces. It is in the calculation of the extra-
stress tensor that the non-Newtonian properties of the melt come into play, which will be
further described in section 2.3.1. The energy equation is used as a governing equation
for non-isothermal flows:

pcp<aa—€+v rT>= r q+r+ :D 9

where q is the heat flux, ¢, is the specific heat capacity, r is heat generated externally
and T is the temperature. Viscous heating is represented in the term : D, and can be
included or excluded by the user in Ansys Fluent Material Processing. Viscous dissipation
will be discussed in section 2.3.4.

In viscoelastic models, which is discussed in section 2.3.3, the extra-stress tensor is also
used as a governing equation [6]. To simulate viscoelasticity in Ansys Fluent Material
Processing, an Enterprise license is needed.

2.3 Characteristics of molten polymer

Polymer melt is a highly viscous fluid with non linear properties. A background to non-
Newtonian fluids and the important rheology of the polymer melt is discussed in this
section.

2.3.1 Background to non-Newtonian flow

The behavior of the viscosity dictates if a fluid classifies as Newtonian or non-Newtonian.
The viscosity of a Newtonian fluid might depend on temperature, but is independent of
the shear rate. For non-Newtonian fluids, the relation between the rate of deformation
tensor and shear stress (extra-stress tensor) is non-linear and might have memory. A
subclass of non-Newtonian fluids is the generalized Newtonian fluids, where the viscosity
depends on the shear rate, but not the the shear rate history. In analogy with Newtonian
fluids, the equation for shear stress for a generalized Newtonian fluid is written as

T = 2n(y)D (10)

where the viscosity now depends on the shear rate. If the shear stress increases more than
linearly with the shear rate, the non-Newtonian fluid is called shear thickening or dilatant.
Otherwise, it is said to be shear thinning or pseudoplastic, see figure 4. Polymers exhibit
shear thinning behavior over a certain shear rate, and Newtonian behavior as the shear
rate approaches zero [8]. The viscosity of the materials in this report will also depend on
the temperature. The total viscosity will therefore be expressed as



Dilatant

Newtonian

Pseudoplastic

Shear stress T

Shear rate y

Figure 4: Relation between shear stress and shear rate for dilatant and pseudoplastic fluid
compared to a Newtonian fluid.

w(y, T) = n()H(T) (11)

where n(v) describes the relation between viscosity and shear rate and H (7' represents
the temperature dependence.

2.3.2 Viscosity laws of molten polymer

There are several laws that are commonly used to model viscosity of molten polymer. For
the shear rate dependence, the most simple law is the power law, given by

n(y) = ky" * (12)

where k is the average viscosity of the fluid and n is the power-law index [6]. For values
of n < 1, the power law models a fluid with shear thinning behavior. For n = 1, the fluid
is Newtonian, and for larger n, the fluid exhibit shear thickening behavior.

For low shear rates, the molten polymer deviates from the usual shear thinning behavior,
in a so-called Newtonian plateau. The power law models the polymer behavior in the
shear thinning region well, but approaches infinity at low shear rates. For a more correct
behavior at low shear rates, the Bird-Carreau model can instead be used, since the law
takes into account the Newtonian Plateau [8]. The Bird-Carreau law is given by

() = oL+ (M) 7 (13)

where 7 is the zero shear viscosity, A is the time constant and n is the power law index
[6]. Depending on the shear rate, a Bird-Carreau fluid will either behave similar to a
Newtonian fluid or to a power law fluid.

To model the temperature dependence, the Arrhenius law is often used. The law relates
viscosity to temperature by



E, 1 1
H(T) =exp {E (T T Toﬂ (14)
where FEj, is the activation energy, R is the gas constant, T; is the temperature shift and
T is the reference temperature. 7y, = 273.15K is assumed in Ansys fluent. Another law
that is commonly used in simulations is the Arrhenius Approximate law. By taking the
natural logarithm of both sides of the equation and performing a first order Taylor series
expansion in the neighborhood of 7", the Arrhenius approximate law can be derived:

In(ir () = 2 (% %)
o
RT?

Taylor expansioi In(H(T)) =0+ ( ) (T T )

H(T) =exp ( R%Z T T ))

Defining the constant «,

_ Fa
= 7 (15)
the final expression for the Arrhenius approximate law is
HIT)=e¢ T To) (16)

where the constant o denotes the first order coe [cieht for the Taylor expansion [6].

2.3.3 Viscoelasticity

A viscoelastic fluid has both elastic and viscous behavior, which can be compared to the
generalized Newtonian fluids, which are fully viscous. In viscoelastic fluids, a non-linearity
is introduced in the extra-stress tensor, which now has two parts:

T = Tl + T2 (17)

where T, is a viscoelastic component and T, is the purely viscous extra stress, given in
eq. (10). There are several models to compute the viscoelastic component T;. One of the
most simple is the upper-convected Maxwell model, given by

-
T, + ATy =2n()D (18)

-
where T, is the upper convected time derivative of T; and A is the relaxation time [6].
The relaxation time refers to the time it takes for a polymer that has been subject to
stress to return to its original state. The upper convected time derivative is defined as:



r DT,

T, = i T, rv rvl T (19)

There are several important constants useful for characterizing viscoelastic flow. One of
them is the Weissenberg number, W4, given by

Wi=— (20)
where % is a characteristic velocity gradient. The Weissenberg number indicates the
importance of the elastic e [edts, and is the ratio of the elastic forces to the viscous forces
[9]. The Deborah number is another useful number that indicates the instabilities in the
flow, and is given by

De = A (21)
tchar

where t.har IS @ characteristic time of the flow, such as the residence time of a particle
[10].

The size of elastic e[edts in relation to inertial ones are given by the ratio between the
Deborah number and the Reynolds number [11]:

De
El=— 22
7 (22)
Re is given by
= PUL 23)
n

where p is the density, U is a characteristic velocity, L a characteristic length and 7 is the
viscosity.

2.3.4 Viscous dissipation

In polymer melt, heat is generated inside the fluid through viscous dissipation. Viscous
heating is an important feature of polymer melts and is caused by friction between the
shearing surfaces in the liquid. The heating e[edt in combination with the low thermal
conductivity of polymer, can cause the melt to have uneven temperatures, and therefore
an uneven viscosity [12]. If the Brinkman number is close to or larger than one, viscous
heating should be included in calculations. The Brinkman number is given by

2

Br = :U‘i[ (24)

where v, is the characteristic velocity, ~ is the thermal conductivity and 7' is the dilert
ence in temperature in the system [13].



2.4 Boundary conditions for simulating polymer flow

To perform reliable fluid dynamic simulations, it is important to choose boundary condi-
tions with care. This section will discuss wall slip and thermal boundary conditions, and
how to decide which ones to implement in a simulation of polymer melt.

2.4.1 Wall slip

When a fluid moves along a wall it might experience no slip, partial slip or full slip. For a
fluid with no slip, the fluid velocity at the wall is the same as the wall. Partial slip means
the fluid has a velocity relative to the wall and for a full slip boundary, the wall does not
aledt the velocity of the fluid. There are dilerknt laws used to model wall slip. One of
them is the Navier’s slip law, given by

w — Fslip (Vs Vwall) (25)

where , is the shear stress at the wall, Fyi, denotes the slip coe [cieht and v and vyan
are the tangential velocity of the fluid and wall respectively. Fgji, = 0 % is equivalent
to a full slip boundary condition, while Fgi, ¥ 1 implies a no-slip condition [14]. For
polymer melts, Navier’s slip law is accurate at modeling the slip after a certain critical
stress. Before the threshold stress, the behavior at the wall resembles more that of a no-
slip boundary condition [15]. Ansys Fluent Material Processing allows the user to model
the wall slip dilerently for shear stresses above and below a certain critical shear stress,

¢, using the threshold law:

(26)

— Fslip;l(Vw Vwa11)7 J wj <j cj

v c Fslip;Z(Vs Vwall Fs‘ll-;,l)7 J wj J Cj

where Fyjip;n and Fgjip., are the two slip coe Lciehts for each region [14]. Note that if a

no-slip condition is desired for the first region, one can let Fgjip.1 be very large. The value

of . depends on the fluid material and the material of the wall. HDPE melts usually
begin to slip around j j = 100 kPa [15].

2.4.2 Thermal boundary conditions

There are three ways for heat to dissipate: Through conduction, convection and radia-
tion. Thermal dissipation within a material, or through a stationary contact between two
di Lerknt materials, is called heat conduction. The heat conduction is given by

¢=r T 27)

where ¢ is the heat flux, « is the heat conductivity and 7' is the temperature di Lerkence
between the two points. When a fluid in motion comes in contact with a body, heat is
transferred through heat convection. Heat convection is also present within a fluid with a
velocity gradient. The heat transferred from an object to a fluid through heat convection
is given by

¢=nT Tf) (28)

10



where h is the heat transfer coe [cieht, 7" is the temperature of the object and T% is
the temperature of the fluid. Thermal radiation is present in all bodies with a higher
temperature than 0 K and is relevant when a body is much warmer than its environment.
The emitted heat flux by a surface is given by

E = eoTy (29)

where € 2 [0, 1] is the emissivity of the body, o is the Stefan-Boltzmann constant and 75
is the temperature of the surface [16].

The walls of a die can be heated externally, cooled by convection to the ambient and either
heated or cooled through convection with the fluid. Depending on which e[edt is most
prevalent, the crosshead boundary can be modeled to have a constant temperature, to be
fully insulated (adiabatic walls) or to have an internal temperature gradient. To determine
if the temperature gradient within the wall is negligible or not, the Biot number should
be calculated. The Biot number refers to the ratio of the conduction within the wall and
the convection to the ambient. In steady-state, the two e [edts are equal, implying

"Lm T =hAT T (30)

where T3 is the inner temperature of the wall, 75 is the outer surface temperature and 74
is the ambient temperature. x denotes the heat conductivity of the material, and h the
heat transfer coe [cieht. A and L is the area and length of the wall, which is assumed to
be planar. Eq. (30) can be rearranged:

(1)

The Biot number is defined as

Bi="~ (32)

A very small Biot number (Bi 1) implies the thermal gradient in the wall can be
neglected and an insulated wall boundary condition is a good approximation. For Bi 1,
the thermal gradient is non-negligible, and walls should preferably be modeled with a
thermal gradient, or approximated as having constant temperature [16].

The thermal boundary condition will have a large eledt on the temperature gradient
within the fluid. The thermal boundary condition of the walls will el[edt 7 in the
Brinkman number given in eq. (24) and thereby aledt the importance of the viscous
dissipation in the simulation scenario. If there is a gradient allowed within the wall, T
within the simulated region will be larger, and the viscous heating will be less pronounced.

11



3 Important properties in cable extrusion simulation

It is important to have an understanding of what e[edts the derived quantities in the
simulation model will have on the finished product. There are certain common problems
that arise in the extrusion process that can be seen in CFD simulations. This chapter dis-
cusses underlying mechanisms that determine cable quality and how a simulation should
be performed to properly model these e [edts.

3.1 Die swell

Die swell refers to the expansion of polymer melt as the fluid exits the die. The property
is very important, as it largely aledts the end result. Two factors aledt the die swell
significantly in extrusion: Velocity rearrangement and stress relaxation. The former is
mostly a viscous e [edt, while the latter is a result of the elastic properties of the melt
[14]. Velocity rearrangement refers to the change in direction for the velocity of particles
as they exit the die.

The stress relaxation refers to the loss of stress in a fluid over a constant geometry. The
die swell from stress relaxation is an elastic response of the polymers returning to their
original shape when the stress on them decreases as they exit the crosshead. Depending
on how much stress relaxation has occurred, the response will be somewhere between an
elastic response and a fully viscous response. The amount of stress relaxation will depend
on the relaxation time of the polymer. The stress at time ¢ is given by

Sl

Tt = To€ (33)
where 79 is the initial stress and X is the relaxation time. The larger the stress at the die
exit, and the larger the relaxation time, the more elastic the response will be. The swell
will also depend on the amount of stored energy the polymers have dissipated along the
die, which directly correlates with the residence time of the molecules [17].

Several parameters have been found to aledt the die swell. The general geometry of
the die can aledt the die swell: A longer die will decrease the extrudate swell [17], as
will a large aspect ratio between the diameter of the die to the extrudate [18]. A large
temperature has been found to increase the stress, causing the die swell to be smaller
[19][17]. However, the eledt is only significant if the length of the die is short, and
the shear stress is above the critical stress. The increasing temperature also causes the
viscosity to decrease, further lowering the die swell. Pressure drop in the die is another
known quantity that greatly a[edts the end product’s thickness, since the pressure relates
to the shear stress. The larger the pressure drop, the larger the extrudate swell [17].

3.2 The general flow pattern

The flow pattern inside the extruder is important, as many negative e [edts in the extrusion
process are caused by uneven residence times and recirculation zones, also called secondary
flow. In Newtonian simulations, the Reynolds number is calculated to review if the flow
is turbulent or laminar. Polymer melts have a low Reynolds number due to the large
viscosity of the melts, but might still experience secondary flow. There are several e [edts
that can cause cause polymer flow to destabilize and create vortices. Large shear stresses
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in the end of the die and sharp corners in the geometry are two important causes of
secondary flow. Recirculation zones can also be caused by large acceleration of fluids
and detachment of the fluid from a solid boundary. Secondary flow is unwanted and can
cause many problems. If particles are stuck in vortices, their residence time will increase,
potentially causing them to thermally degrade. The end product will then have small
specks, something that is detrimental to the XLPE insulation quality. Recirculation zones
can also cause the output flow to be uneven, as dilerknt amount of material is trapped
in the vortices at di [erknt times, causing ""chaotic extrudate defects™ [20].

Defects in terms of voids, protrusions, trees and cracks can all be created in the extrusion
process. All extruded parts of a cable are sensitive to small defects, but the XLPE layer
is especially volatile. It is crucial the boundary between the semiconductor layer and the
insulation layer is perfectly smooth as even small defects can severely impact the electric
strength of the insulator. If such defects occur, the risk of breakthroughs increases, which
means a current will go through the insulating layer to the surroundings. Defects caused
by semiconductor material mixing with the insulation layer is especially detrimental [21].
Protrusions can be caused by low temperatures too close to the polymer melting point in
the cross head [22]. Recirculation zones in the cross head where the two materials meet
can of course also cause mixing of the materials.

Other problems that can occur in the extrusion process include deformed cables, rough
outer surfaces and polymer thickness variation. Apart from by gravity, deformations in the
cable shape can be caused by bad distribution of mass in the crosshead and temperature
gradients [22].

3.3 Inclusion of wall slip

There are several boundary conditions that are normally negligible in CFD simulations,
but are important for simulating polymer melt. An important boundary condition to
take into account is wall slip, since the standard condition of no slip is not accurate in
extrusion problems [23]. A partial slip condition is known to decrease the extrudate swell,
but only if slip is large and the polymer starts slipping far away from the die exit [17].
Since a partial slip boundary condition would increase the velocity at walls, it follows the
velocity in the middle of the die must decrease to maintain a constant mass flow. The
maximum velocity should therefore be lowered when wall slip is introduced. Further, the
decrease of the velocity gradient also lowers the viscous heating in the die [24], which
should decrease the maximum temperature in a die.

Mild slippage of polymer at the walls can cause instabilities in the extrudate, which can
result in a produced cable with a rough surface and small deformations, often referred to
as "sharkskin™. At larger stresses, the slippage becomes larger and the sharkskin e [edt
is more severe [25]. For XLPE extrusion, it is as mentioned before, very important to
ensure smooth surfaces for the extruded layers to retain electrical strength. Especially
linear polymers and HDPE have a tendency to develop sharkskin. It is theorized that the
reason for the development of sharkskin is the large tensile deformation at the die exit
caused by the change in fluid velocity when the boundary changes from no slip walls to a
free surface [26].
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3.4 Simulation region and geometry in cable simulation

The extrusion process is often simulated as a 2D axisymmetric model over the cross head.
However it seems the simulated region might be insu Ccieht to produce accurate results.
Dahang Tang et al. examined how di[erknt dimensions of a cuboid die aledt the swell
of the extrudate, and compared it to the results from a 2D case [18]. The study showed
that the swell in 2D simulations deviate strongly from 3D simulations for all tested aspect
ratios, indicating 3D simulations should be used in studies on extrudate swell. A similar
study over the extrusion head for cable production was made by M. V. Kozitsyna and
N. M. Trufanova, where six dil[erent models of the same cable head were used [27]. The
study compared the results for 2D and 3D simulations, and explored the e [edt of modeling
the full die, with an adapter, compared to modeling only the inlet pipes. It was found
that there were considerable dilerknces between the case with and without adapter, and
also that the 2D simulation yielded very dilerent results from the 3D simulation. The
authors therefore highlight the importance of including the adapter in the simulations to
accurately model the real process.
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4  Implementation of model

To create a reliable simulation, the simulation of the HTX 35/75 crosshead from the legacy
report will be recreated. The results will be compared to the legacy report to validate
the model and after that, new studies will be made on the model. In this chapter, the
problem formulation given in the legacy report is presented, along with the setups of the
simulations performed in this report.

4.1 Problem formulation

The legacy report provides information about the geometry, material parameters and
boundary conditions. The parameters used in the legacy report are introduced in this
section. The implementation of and eventual changes to the set up will be discussed in
section 4.2.

4.1.1 Geometry

The extrusion head is modeled as a 2D axisymmetric geometry. The geometry of the
extrusion head is given in the legacy report as a sketch and is shown in figure 5. The
sketch shows the die head and the three inlets, as well as the extrudate, that can be seen
to swell in the sketch. The border closest to the axis of symmetry is in contact with
the conductor, which is moving. Tip 1 and tip 2 are shown in figure 5. When tip 1
is mentioned, it is the point where inlet 1 meets the conductor that is referred to. To
recreate the geometry, four measurements are given as well as a scale in the original figure.
The given measurements are the position of tip 1 and 2, the position of the extrudate
exit relative to the die orifice, and the thickness of the conductor with tape. Additional
measurements have to be derived from the sketch using the scale.

Inlet 3

& Inlet2

Free surface Die orifice i Inlet 1
\ M « e

<— Outlet Conductor :
¥

Axis of symmetry

Figure 5: 2D axisymmetric sketch of the HTX 35/75 crosshead that is used in the simu-
lations.

4.1.2 Material parameters

The semiconductor material is inserted through inlet 1 and inlet 3, while the insulating
material flows through inlet 2. The semiconducting material used in the simulations is an
HDPE material, which follows the power law given in eqg. (12). The insulation material
used is an LDPE material, which follows the Bird-Carreau law, given in eq. (13). The
temperature dependence of both materials follow the Arrhenius approximate law given in
eq. (16). Both materials have the same parameters for the Arrhenius approximate law.
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Material parameters were estimated by fitting in house measurements. Additional known
material data includes the density, heat conductivity and specific heat of the material.

4.1.3 Boundary conditions in the legacy report

The legacy report determines the set of boundary conditions presented in this section to be
most similar to reality. For the three inlets, the flow is assumed to be fully developed, and
the temperature is assumed to be constant. Parameters are shown in table 1. The walls
are assumed to be adiabatic, which means they are perfectly insulated. The conductor
is assumed to be room temperature (25 C), and is moving with a constant velocity. All
walls and the conductor are assumed to have no slip.

In the legacy report, additional boundary conditions are implemented, such as walls with
heat conductivity and a pre-heated conductor. It should be noted that the Biot number is
approximately Bi = 1.2, and that a thermal gradient should be included in the walls. Due
to di Cculties to model the scenario adequately close to reality, fully insulated walls were
implemented anyways. The di[Lerknce in maximum temperature in the crosshead between
the thermal boundary conditions was approximately 4.5 degrees, and viscous heating was
not as prevalent in the case with heat conductivity in the walls.

Table 1. Boundary conditions for the three inlets. The inflow is assumed to be fully
developed and the temperature is assumed constant.

Inlet number Material Inflow [m3/s] | Temperature [ C]
1 Semiconductor | 3.10 10 © 129
2 Insulator 100.1 10 °© 129.5
3 Semiconductor | 10.14 10 ° 129

4.1.4 Validation parameters and legacy report results

In the legacy report, velocity, pressure, temperature, layer thickness, shear rate, viscosity,
deformation and peroxide consumption are computed. The legacy report validates the
results with measured values for the thickness of the three polymer layers, and with the
pressure drop over the whole cross head for the diLerent layers. The results are presented
and discussed is section 5.1.

4.2 Implementation in Ansys Fluent Material Processing

In this section, the method of implementation in Ansys Fluent Material Processing is
presented. When possible, the laws and values used in the legacy report are implemented.
When the legacy report misses certain information, assumptions and interpretations are
made.

4.2.1 Implementation of the geometry in Ansys SpaceClaim

The geometry of the cross head and extrudate is implemented in Ansys SpaceClaim as
two surface objects. The implemented geometry can be seen in figure 6a. A sketch and
four measurements were given in the legacy report and were used in the implementation
of the geometry. The measurements are presented in section 4.1.1. To complete the rest
of the geometry, a sketch was drawn on top of a screenshot of the result from the report.
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In figure 6b the sketch is shown above the screenshot of a result from the legacy report.
It was not possible to adhere to both the measurements and the sketch completely if it is
assumed given placements for tip 1 and tip 2 is measured from inlet 2. It was prioritized
to make the die as similar as possible to the legacy report and the start of inlet 2 will
be at negative coordinates. To get the thickness of Tip 2 as close to the geometry in the
legacy report as possible, the 75, shear rate component for a temperature-independent
viscosity is compared to the results from the report. The shear component peaks sharply
at Tip 2, with an amplitude very sensitive to small changes in the thickness of Tip 2.
The thickness of Tip 2 was therefore varied until adequate results for the value for 75,
were achieved for a temperature-independent viscosity. To use the measurements for the
temperature independent viscosity law was chosen since it is a more simple scenario and
a case that wont be studied in this report.

(a) Picture of the created 2D geometry in SpaceClaim.

(b) The figure shows the created geometry with a picture of a result from
legacy report behind it, to visualize the similarities between the geometry
from the legacy report and this report.

Figure 6: The implemented 2D geometry in SpaceClaim. The geometry is axisymmetric
around the y-axis and placed 6.6 mm away from it

4.2.2 Setup

Ansys Material Processing requires a temperature-dependent viscosity to be put on a
di Lerknt form than that given in the legacy report. To model both the Arrhenius law
and the Arrhenius approximate law, the activation energy needs to be stated, instead
of the first-order coe Lcieht of the Taylor expansion for the approximate law, «. The
activation energy is found by inserting the known material properties from the Arrhenius
approximate law into equation 15.
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To get the same results as the legacy report, the boundary conditions in section 4.1.3
are used. Conditions not specified in the report include the free surface boundary. It is
assumed the extrudate is in contact with air at room temperature (25 C) and that the
heat transfer coe [cieht is » = 9 W/m?K.

The simulation is performed as a steady simulation with a temperature computed oper-
ating mode. Thermal e [edts, viscous dissipation and gravity are included, while inertia
e [edts are excluded. The extrudate deformation method is set to Spines.

4.2.3 Extraction of data

Results will be extracted on the same form as they were presented in the legacy report.
That means contours for velocity, layer distribution, pressure, temperature, shear rate
and viscosity will be presented. To examine the existence of recirculation patterns, arrow
plots for the velocity where the semiconductor layers first meet the insulation layer will be
presented. The velocity at the end of tip 2 is studied more closely in a plot of the velocity
magnitude 0.1 mm above the conductor. The thickness of each layer is determined and
compared to the legacy report data as well as two measurements. In the computation
of the thickness of each layer, the point between the layers with 50% of each material
is assumed to be where the layer ends. To determine the pressure drop in the cross
head, the di[erknce between the average pressure over the inlet and atmospheric pressure
is calculated. To further study the behavior close to the tip, plots for the shear and
deformation tensor and temperature in the vicinity are studied. For all plots shown, the
corresponding values from the legacy report will be presented.

4.2.4 Implementation of mesh and convergence study

The mesh is created independently of the legacy report in the Ansys mesh tool. On the
extrudate, the mesh consists of rectangle elements, with a bias for finer elements close
to the conductor and free surface. The mesh on the die consists of both quadrilateral
and triangular elements. Refinements at the sharpest corners on the die are made using
a sphere of influence for the element size. Additionally, ten inflation layers are created
along the die walls.

To ensure the mesh is su Lciehtly fine, a mesh sensitivity study was performed. Several
values where analyzed, but most changed very little for each refinement. However, the
thickness of the inner semiconductor layer at the extrudate exit appeared to be dependent
on the mesh to a significant extent since a result with two decimal points was desired.
Interestingly, the outer semiconductor layer thickness did not vary for any of the studied
meshes. Several refinements were made to the mesh. For each refinement, the maximum
element size was lowered by 30%, and the number of inflation layers and the number of
division were increased by 30%. The refinement corresponded to an approximate doubling
in number of elements. The inner layer thickness for each refinement can be seen in figure
7. For the final simulations, a mesh with 67 000 elements was used.
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Figure 7: Mesh sensitivity study over the thickness of the inner semiconductor layer at
the exit of the simulation region for diLerent refinements for the mesh.

To ensure the solution has converged on the outlet, the velocity magnitude before and at
the exit is examined in figure 8. The speed is studied at three lines before the exit, with
15 mm apart. It appears that the flow has converged and that the outlet is long enough,
since the behavior of line a resembles that of the exit well, and the distance between line

a and b is much shorter than the distance between b and c.

a
b
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0.0682 | \\ e |
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\\‘:
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Figure 8: Convergence study of the velocity magnitude of the flow on the outlet. Line a
corresponds to a value 15 mm away from the exit, b is located 30 mm away and c is 45

mm away.
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4.3 Further studies and improvements of the model

Several flow characteristics that are not mentioned in the legacy report are also presented
in the results, and improvements are made to the model. In the end, all changes will be
included at the same time to reflect on the diLerknce between the legacy report conditions
and the conditions for a more realistic case.

4.3.1 Dilerent viscosity law for semiconductor material

The first improvement to be made is to change the viscosity law of the semiconductor
material from the power law to the Bird-Carreau law. The zero shear viscosity is kept
along with the power law index. To fit the power law for larger shear rates, the time
constant is set to one. The behavior of the new and old viscosity laws for di Lerent shear
rates are shown in figure 9.

Power-law
Bird-Carreau law

1 kghm's)]
/

[s7]

Figure 9: Power law and corresponding Bird-Carreau law for the semiconductor layer for
di Lerknt shear rates. Both axes use a logarithmic scale. Values on axes are not shown.

4.3.2 Implementing wall slip

In the second part of the modeling of the extrusion cross head, the no-slip boundary
condition of the walls is changed to a partial slip condition following the threshold law
given in eq. (26). Two tests are performed, one where the critical stress is varied, and
one where the slip coe [cieht varies. The constants used in the two tests are presented in
table 2. The HDPE used in the semiconductor layer in the legacy report is stated to have
a critical stress of o, = 120 kPa.

Table 2: Coe Lcieht values for the threshold wall slip law for the two simulations.

Test Oc Fslip
1 100 kPa | 5 10°5 — 1 107 kg/(mZ s)
2 | 60 - 140 kPa 5 10° kg/(m? s)

To determine the impact of wall slip, the maximum values of the temperature, the velocity
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and pressure in the simulation region are studied to see if any trend can be noticed when
wall slip is increased. Local e [edts are also analyzed.

4.3.3 Adiabatic conductor

The thermal boundary condition of a conductor forced to room temperature is unrealistic
for two reasons. First, it assumes the molten polymer does not aledt the temperature of
the conductor over the simulated region, even though the conductor consists of copper,
which is a material with large thermal conductivity. Second, in cable manufacturing, the
conductor is normally pre-heated and not at room temperature. Therefore, a quick study
will be conducted where the conductor boundary is adiabatic. The e [edts on especially
the thermal distribution within the die and the viscosity will be analyzed.
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5 Simulation results

5.1 Validation and comparison of results to legacy report

In this section, the results from the simulation performed in this report are compared to
the results from the legacy report. The potential reasons for any di [erknces are discussed.
Only the results that are examined in the legacy report will be examined here. Note that
the colors in the contours have dilerknt scale in Ansys Fluent Material Processing and
the 1999 version of Ansys Polyflow used in the legacy report. Values might be exactly
the same but the contours will still look di Cerknt.

The velocity of the fluid is generally very similar to the legacy report. The contours for
the fluid’s speed over the geometry for the simulation and the legacy report are shown in
figure 10. It can be seen the velocity is largest in the insulation material at the end of the
die. The largest velocity is very similar between the legacy report and the simulations,
and is about twice the size of the conductor velocity.
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(a) Velocity magnitude plot from simulations [m/s].
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(b) Velocity magnitude plot from legacy report [m/s].

Figure 10: Velocity contour from simulations and from legacy report, showing the mag-
nitude of the velocity vector. Note that the color scales are di[erent.

Vector plots for the velocity at the area where the insulation layer and the semiconductor
layers meet are shown in figure 11. The plots show there are no recirculation zones that
would make the semiconducting and insulating layer mix and cause defects. The same is
true in the legacy report.
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(a) Velocity arrow plot where the outer layer
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(c) Velocity arrow plot where the inner layer
semiconductor meets the insulator [m/s]. Sim-
ulation result.
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(b) Velocity arrow plot where the outer
layer semiconductor meets the insulator [m/s].
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(d) Velocity arrow plot where the inner
layer semiconductor meets the insulator [m/s].
Legacy report result.

Figure 11: Velocity arrow plot where the semiconductor layers meet the insulation layer.

The magnitude of the velocity 0.1 mm above the conductor is shown in figure 12. The
velocity of the polymer increases until it reaches the conductor velocity. At the position
where tip 2 ends, there is a peak in the graph where the speed reaches 0.0692 m/s, which
is very similar to the results in the legacy report.
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Figure 12: Magnitude of velocity 0.1 mm above the conductor.

The thickness of the three layers over the die and extrudate are shown in figure 13. The
measured thicknesses are similar to the report and within the measurement error range
for some values, see table 3. The outer semiconductor layer and the insulation layer di [erk
only by 0.1%. For the inner semiconductor layer however, the result is notably di[erent
from the legacy report, and also only within the error range of measurement A. The legacy
report does not mention the amount of elements on the extrudate mesh. From the mesh
sensitivity study in section 4.2.4, it is clear that the inner layer thickness is very dependent
on the mesh. For comparison, the outer layer thickness gave consistent values over three
decimal points for all mesh refinements. The deviation in the result might therefore be
due to dilerences in the extrudate mesh.

Figure 13: Contour of the semiconductor (red) and insulation (blue) layer thickness.

Table 3: Thickness for semiconductor and insulation layers, given as the dilerknce from
the simulation results. Results from the study, the legacy report and measurements
in Eskilstuna 1999-07-09 (referred to as Measurement A) and in Eskilstuna 1999-07-13
(referred to as Measurement B).

Layer Legacy report [%] | Measured A [%] | Measured B [%]
Inner semi +5.9 +2.0 5.8 +12.7 6.9
Insulation -0.1 +1.0 0.7 +1.0 6.5
Outer semi +0.1 +2.0 20 3.0 20
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The pressure drop in the legacy report is similar to the drop in this study, see table 4.
The drop for the inner semiconductor layer and insulation layer is equal rounding up to
the closest integer. For the outer semiconductor, the di[erence in pressure drop is larger,
10 MPa in the legacy report vs 11.8 MPa in this study. The pressure is largely dependent
on the geometry, since it correlates inversely with area. Since the inlet is both small
and placed far away from the symmetry axis, the area of the outer semiconductor layer
is especially volatile to small changes in the 2D axi-symmetric geometry. There are no
dimensions available for the outer semiconductor layer to double check the implemented
geometry. Imperfections in the geometry are likely responsible for the dilerknce. There
are measurements from Eskilstuna to compare against for the pressure drop over the whole
crosshead. The channels in the real cross head are longer, making the measured values
significantly larger. According to the simulations, it appears about 24% of the pressure
drop of the inner semiconductor layer, 11% of the insulation layer and 25% of the outer
semiconductor layer occurs in the simulated parts of the cross head.

Table 4: Pressure drop over the three layers, from inlet to the die orifice.

Layer Calculated pressure drop [MPa] | Legacy report values [MPa]
Inner semi 8.5 9
Insulation 2.6 3
Outer semi 11.8 10

The temperature distribution contour is shown in figure 14b. The highest temperatures
can be found at the walls, which is a result of viscous heating. It is especially at tip 2 and
where the upper wall of the die where the insulation and semiconductor material have
met that experience the highest temperatures. The highest temperature in the legacy
report is 144.4 C, while in the simulations it is 142.4 C.
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Figure 14: Contour of the temperature in the geometry. Note that the color scale between
the two contours are di[erent.

The local shear rate is shown in figure 15 and the contour over the viscosity is shown
in figure 16. Comparing the two figures, it can be seen that a large viscosity correlates
with a low shear rate, and vice versa. This is what is expected from a pseudo-plastic
material. The viscosity is largest in the vicinity of the conductor and at the end of the
extrudate. The high viscosity close to the conductor is caused by the cold temperatures
in the vicinity in accordance with the Arrhenius law. To see the general flow pattern
well, the axes are clipped at 10% s * and 107 kg/(m s) respectively. However, there are
larger values for both quantities in the simulated region. The viscosity reaches values
of n = 4.9 10 kg/(m s) on the extrudate edges, while the deformation plot reaches a
maximum value of D = 4850 s 1.
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(b) Shear rate contour [s 1]. Legacy report result.

Figure 15: Contour over local shear rate in cross head and extrudate. Note that the color
scale between the two contours are di Lerknt.
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Figure 16: Contour over viscosity in cross head and extrudate, result from simulation
[Pa s].

The legacy report also studies the shear rate and the deformation tensor along the con-
ductor in the vicinity of tip 2, since the shearing rate and thereby the viscosity is far from
uniform at that point.
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Figure 17: Contour over local shear rate in vicinity of tip 2. Note that the color scale
between the two contours are di [erent.
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Figure 18: Contour over viscosity in vicinity of tip 2. Note that the color scale between
the two contours are di [erent.

The wall shear stress along the conductor, which is given by the T}, component of the
extra stress tensor, is presented in figure 19b. The peak is located at the same position
as tip 2 and reaches a value of 0.85 MPa. In the legacy report, the peak reaches a value
slightly below 0.9 MPa.
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(a) Simulation result. (b) Legacy report result.

Figure 19: Shear stress along the conductor.

The legacy report also presents results for the deformation tensor along the cable in the
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vicinity of tip 2. The results in this report is very similar, see figure 20.
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Figure 20: Components for the deformation tensor along the cable. Dy, corresponds to
D'11, Dyy to D"12 and Dy to D'22. The legacy report also present values of 2jD'12j and

gmp.

The dramatic local values can cause quality issues. As mentioned in section 3.2, large
shear stresses are a common reason why vortices and recirculation patterns occur in
polymer melt simulations, which can have negative consequences. The large deformation
peak will cause the shear rate to spike locally, which in turn should increase the viscous
dissipation. The large viscous heating could cause temperature rise which would increase
risk of scorching.

To conclude the validation and comparison to the legacy report, it can be seen that results
are very similar. Exceptions include the inner layer thickness and potentially the pressure
drop over the outer inlet. The two latter exceptions can be explained by small di [erences
in the geometry between the two reports. However, the inner layer thickness should not
be dependent on the geometry, only on the incoming flow. The di Lerence might be caused
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by the mesh sensitivity. It is determined that the model is good enough to be trusted to
simulate the behavior in an XLPE extrusion cross head as accurately as ABB managed
to simulate it in 1998. The model is therefore ready to be used in further studies.

5.2 Further studies on the flow

In this section, more results on the model are presented that were not mentioned in the
legacy report, but that are still of importance.

5.2.1 Residence time

As discussed in section 3.2, the residence time is an important property. A low residence
time is generally desired to avoid thermal degrading. The residence time at the legacy
report conditions are presented in figure 21. Note that a no-slip condition is used, which
means the residence time at the walls will be very large. In general, it can be seen that
the residence time appears comparably large over the lower layer semiconductor and also
at the roof of the die. Where the semiconductor layer meets the insulator, the residence
time is large as well. In general, it is clear that the residence times for the semiconductor
layers are larger than for the insulator layer, which can be explained since the velocity at
the semiconductor inlets are much lower than the velocity at the insulator layer.

1.50e+01
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6.00e+00

3.00e+00

0.00e+00
Figure 21: Contour of residence time for the polymer within the die [s].

5.2.2 Estimation of viscoelastic e [edts

To determine the importance of viscoelastic e[edts, the Weissenberg number and the
Deborah number are determined. The characteristic residence time is in the range of
Tres = 3 s for the insulator material and 7,.s = 10 s for the semiconductor. The char-
acteristic velocity gradient can be assumed to be % 10 1. The relaxation time of the
insulator and the semiconductor are unfortunately both unknown, but can be estimated
to be within the range of A = 0.01 1 s. The Reynolds number is given in the legacy
report. The resulting approximate values for the constants are found in table 5.

First, we notice the Weissenberg number, which describes the ratio of elastic forces to
viscous ones, could potentially be very large. Regardless, the elastic forces appear to be
significant in the simulated region, and should be included in a simulation. Potentially, the
lack of viscoelastic e [edts in this report and the legacy report could explain the reason why
the extrudate swell is significantly lower in the simulations than for the measurements.
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Table 5: Approximate values for the Weissenberg, Deborah and Reynolds number.

Constant Value
Wi 0.1 10
De 001 1
Re 10 4
El 10> 10*

Further, the Deborah number could be fairly large, but below the critical Deborah number,
which should fall somewhere between De 2 [1,25]. Especially since El is large, De,
should be in the upper range of the spectrum. There should therefore not be any large
instabilities in the crosshead caused by viscoelastic e [edts. However, since EI is large, the
elastic instabilities will be more important than inertial ones. This is expected since we
already have assumed the inertial e [edts can be neglected.

5.3 Improvements to the model

The e [edt of the improvements made following the guidelines from literature are presented
in this section. The Bird-Carreau law is used instead of the power-law to model the
viscosity of the semiconductor in section 5.3.1 to see the changes in the results. Wall slip
is introduced in section 5.3.2, using the threshold law for di [erknt values of the constants.
The conductor is modeled as adiabatic in section 5.3.3. To improve the model further, the
thermal boundary conditions should take into account the die walls, and the simulation
region should be expanded to include the adapter. Unfortunately, no sketch was available
for the die walls and the adapter. To make a 3D simulation was also not possible with
the provided equipment and time frame.

5.3.1 Using the Bird-Carreau law for the semiconductor material

As mentioned in section 2.3.2, the power law is not accurate for low shear rates. In figure
15 it can be seen the lowest shear rates are at the edges of the extrudate and at the lower
part of the cross head, which is where the semiconductor material is. As can be seen in
figure 16, the viscosity at the lowest shear rates is very large.

Using the Bird-Carreau law instead of the Power law for the semiconductor material
greatly aledts the computed viscosity at the regions with low shear rate. The largest
value of the viscosity for the earlier simulations was n = 4.9 10 kg/(ms). When
the Bird-Carreau law is used, the viscosity instead only reaches a maximum value of
n = 8.2 107 kg/(ms). The viscosity in the simulated region is shown in figure 22. The
viscosity of the outer semiconductor layer is very similar to that of the insulating layer,
and in the range of » = 10° kg/(m s). Due to the temperature dependence, the viscosity
in vicinity of the conductor will still be very large.
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Figure 22: Viscosity contour when the Bird-Carreau law is used for the semiconductor
material [Pa s].

A plot of the viscosity along the conductor using the power law and the Bird-Carreau
law for the semiconductor material is shown in figure 23. The viscosity after the die exit,
which is located at = 0.118 m, changes with a factor of about 10* when the viscosity

law is switched. Before the die exit, the viscosity is lower as well, although the di Lerknce
is less pronounced.
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Figure 23: Viscosity along the conductor when Bird-Carreau law and power law is used.

To use the correct viscosity law is important to get a representative view of the flow pat-
tern. However, most studied quantities did not change when the more accurate viscosity
law was used. The largest dilerknce is seen in the extrudate swell. Using the Bird-
Carreau law for the semiconductor material, the diameter for the cable has decreased
from 47.94 mm to 47.86 mm. It is only the insulating layer that has changed notably.
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5.3.2 Including wall slip in the model

The HDPE used in this report will begin to slip around 7, = 120 kPa. To examine where
in the simulated region wall slip occurs, one can look at the contours for the tensile stress
tensor, shown in figure 24. Note that all three components of the stress tensor give a
contribution to the shear stress at the die walls, since parts of the walls are not horizontal
or vertical. Figure 24b shows the T}, component, which exceeds 120 kPa at the horizontal
walls of the die, implying that slip will occur there. At the upper part of the die and the
inner inlet, the stress is tensile, while at the inner part, it is compressive. The vertical part
of the outer inlet also show an exceptionally large shear stress. The other two components
of the stress tensor shown in figure 24a and 24c are very large at the semiconductor inlets,
implying that slip should occur at the tilted inlets as well. At large parts of the insulator
inlet the stress appears low enough for all components so that no slip should occur.
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Figure 24: Stress components at simulated region.
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Several values are aledted when wall slip is introduced. The values for the maximum
velocity, pressure and temperature in the simulated region are lower for simulations where
more slip occurs. There are two constants that a [edt the slip, the critical shear stress and
the slip coe [cieht. Values for the temperature, velocity and pressure for di[erent values
of the critical shear stress for Fyi, =5 10° kg/(m? s) are shown in figure 25. Similarly,
the e [edt of the slip coe [cieht for . = 100 kPa is shown in figure 26. The results would
suggest it is not very important to know the exact value of the slip coe [cieht or critical
stress to get representative results for the maximum velocity and temperature in the die,
depending of course on the requirements for the study. For the pressure, however, the
di Lerknce in the maximum value is larger. How large the dilerknce is might depend on
the geometry.
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(a) Tinax for dilerknt values of Fgjip. (D) vmax for dilerent values of Fyip.
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(€) Pmax for dilerent values of Fyip.

Figure 25: Maximum value for temperature, velocity and pressure for di [erent values of
Fiip, with the critical shear stress 7. = 100 kPa.
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Figure 26: Maximum value for temperature, velocity and pressure for di [erent values of
the critical shear stress 7, with the slip coe Lcieht Fy;, =5 10° kg/(m? s).

Wall slip is known to a[edt the extrudate swell. While a small trend is seen in the results,
there is no significant di Lerence in layer thickness from the no slip case to the most realistic
case. The thickness of the extrudate is 0.04 mm larger for the no slip condition, compared
to when the critical stress is 7. = 60 kPa, which is the case with most slip studied in this
section. Wall slip would therefore be negligible if only extrudate swell is studied.

In the studied case, the semiconductor material has a critical shear stress of 7. = 120 kPa
and a slip coe Lcieht in the range of 5 10° — 1 107 kg/(m? s). The value with most slip
would be Fgip =5 10° kg/(m?s). The realistic wall slip condition is compared to the
no slip case in table 6. The dilerence for the maximum velocity, maximum temperature
and cable radius is very small. The maximum pressure however, changes from 12 MPa to
8.22 MPa, which is a decrease of 30%. Both semiconductor inlets have a major di[erknce
in pressure drop. The average pressure over each inlet is shown in table 6. The value of
the shear rate, viscosity and temperature along the radial direction in the latter part of
the die is shown in the appendix.

Table 6: Maximum value in the simulated region for velocity, pressure, temperature and
extrudate swell for no slip and partial slip.

7. [kPa] | Fyiip [kg/(M? 8)] | Umax [M/S] | Pmax [MPa] | Tmax [ C] | Cable radius [mm]
- 1 (No slip) 0.129 12 142.5 23.97
120 5 10° 0.124 8.22 140.2 23.94
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Locally, the slip condition can have a more significant e [edt. In section 5.1, results for the
velocity along the conductor is shown in figure 12b. In figure 27 the velocity 0.1 mm from
the conductor is shown for the realistic wall slip condition. The velocity at the narrowing
at tip 2 has increased from 0.0687 m/s to 0.0700 m/s after introducing wall slip, even
though the velocity in general has decreased. The change is not surprising given that the
velocity is not forced to be zero at the wall, causing velocities large relative to the ones
before in the vicinity of the boundary. After a certain time, the velocity 0.1 mm from the
conductor becomes the conductor velocity 0.0683 m/s.

0.071
0.0705 n
0.07 ‘
0.0695 ‘

0.069 |

Velocity [m/s]

i =,
0.0685 N

0.068

0.0675

0.06 0.08 01 012 0.14 0.16 0.18 0.2 0.22
Position [m]

Figure 27: Velocity 0.1 mm from conductor for partial wall slip with slip coe [cieht
Fqip =5 10° kg/(m?s).

The shear stress in vicinity of the conductor is very di[erknt in the simulation with partial
slip. The shear stress along the conductor for the no slip case is shown in figure 19b. Along
the conductor, the shear stress is very low for the partial slip case, so to compare the two
scenarios, the shear stress in the vicinity of tip 2 for the no slip condition is shown in
figure 28a and for the partial slip condition is shown in figure 28b. It is clear the shear
stress is significantly lower in the vicinity of tip 2 in the simulation with partial slip.
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Figure 28: The shear stress in the vicinity of tip 2, with the boundary conditions no slip
and partial slip. The color scale is the same for both figures.

The deformation along the conductor also changes when wall slip is introduced. The
peak at the end of tip 2 is now lower for all deformation components, see figure 29
The Dyx component for the case of no slip and partial slip are shown in figure 29a the
D,y component in figure 29b and the Dy, component in figure 29c. A lower value for
the deformation component peaks indicate a lower shear rate, and therefore less viscous
heating.
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Figure 29: The deformation tensor components in the vicinity of tip 2, with the boundary
conditions no slip and partial slip.

The residence time of the polymer in the die is changed slightly when wall slip is introduced
as well, which can be seen in figure 30. The residence time close to the top wall has been
significantly lowered, which is to be expected. However, the residence time at the middle
of inlet 1 and the semiconductor layer close to the conductor, where slip is also present,
has rather increased than decreased, although no drastic e [edt can be seen. The increased
residence time is most likely an caused by the lower velocity a further from the wall.
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Figure 30: Residence time within die when wall slip is added, zoomed in [s].

To conclude, adding wall slip to the simulation results in a lower velocity, pressure, tem-
perature and swell. The e[edt is not significant when it comes to the general results, with
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the exception for the pressure drop in the narrow inlets. The exact values of the slip coef-
ficient and critical shear stress are also not crucial to get adequate results. However, local
results might show significant dilerences for simulations with and without partial wall
slip, such as the shear stress in vicinity of tip 2. Therefore, wall slip should be included
if such localized studies are made.

5.3.3 Using an adiabatic conductor

When the conductor boundary condition is set to adiabatic, the thermal e[edts in the
vicinity of the conductor are changed. As expected, the temperature close to the conductor
increases when the adiabatic boundary condition is used. The contour of the temperature
over the simulated region is shown in figure 31. The temperature close to the conductor
has increased from room temperature to about 135 C. It can be seen in the figure that
there are viscous dissipation e [edts close to the conductor.

141

138

135

132

Figure 31: Temperature distribution in simulated region when adiabatic conductor walls
are assumed [ C].

129

The shear rate close to the conductor has now increased, which can be seen in figure 32.
Of course, the larger shear rates will indicate a lower viscosity. After the die exit, the
shear rate will still be low and the viscosity large since e [edts from the free surface are
more important at that region.
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Figure 32: Shear rate at the end region of the die for an adiabatic conductor [s 1].

The larger shear rate indicate a lower viscosity, see figure 33. The viscosity close to the
conductor is now in the same range as the viscosity of the insulating material.
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Figure 33: Viscosity at the end region of the die for an adiabatic conductor [Pa s].

The results indicate there are more temperature gradients, but less gradients in the flow
pattern when an adiabatic boundary condition for the conductor is introduced. The e [edts
are significant and should be taken into account. However, no other of the earlier studied
e [edts were notably aledted by the conductor thermal boundary condition.
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6 Conclusion

This report has modeled the XLPE extrusion process in the HTX 35/75 crosshead. The
results from the 1998 legacy report were successfully recreated with large agreement in the
results. Large gradients in temperature, velocity and viscosity were seen in the crosshead,
and at tip 2, local values were exceptionally large. By including wall slip, the extreme
behaviors at tip 2 became di Lerent for the shear stress and velocity. The results indicate
that the model in the legacy report can’t be trusted to accurately simulate local values,
and could possibly predict inaccurate reasons to why quality issues arise. Further, the
viscosity for the semiconductor material seen in the extrudate was unrealistic. When the
viscosity law is calculated using a more accurate model, the behavior for the low shear
rates in the extrudate was similar to the viscosity at other parts in the die. However
no other studied quantity changed notably when a more realistic viscosity law was used.
Similarly, when an adiabatic conductor was used, only local e [edts changed.

6.1 Final recommendations

The aim of this report is to present recommendations to future projects. One important
recommendation is to use viscoelastic e[edts in the simulation, since the Weissenberg
number is moderate to large. The large number indicates the elastic e[edts are more
important than the viscous ones, and might be a reason to why the computed cable
diameter in this report and in the legacy report are much lower than the measured values.
The fairly low Deborah number however, indicates there are no instabilities caused by
viscoelastic e [edts.

For both materials, it is recommended to use the Bird-Carreau law over the power law if
values of the shear rate goes below the critical value where the behavior changes to get an
accurate picture of the viscosity in the crosshead. Alternatively, another law that models
the Newtonian plateau could be used, such as the Carreau-Yasuda model. However, if
only the general behavior within the die is studied or something that clearly is not a [edted
by the viscosity of the outer layers after the fluids meet, the power law can be used for
the semiconductor material.

Wall slip should be included if localized studies are made. A larger e[edt is seen by
including wall slip compared to not including it, than the dilerknce between slightly
di Lerkent slip coe [ciehts and critical stresses. If the material parameters are not known,
it is therefore recommended to use general polymer parameters rather than neglecting
wall slip altogether.

Other recommendations based on literature and earlier studies include improving the
simulation region to include the adapter and also perform the simulation in 3D. Such a
model should better indicate the die swell.

It is important to note that the simulation performed in this report models a fairly small
cable, compared to the large HV cables that are being developed. What is an important
e[edt in the modeled crosshead might be less important in a larger one, or vice versa.
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7 Future work

There are several e [edts that could not be studied in this report, but that are important
according to earlier studies. To explore the importance of the e [edts, future studies should
be made. Applying the correct thermal conditions is such an improvement, where the
thermal gradient within the die walls should be modeled. The importance of of modeling
the gradient in the wall will depend on the Biot number and is unique to each scenario,
but the thermal gradients within the die will probably be very di[erknt depending on the
boundary condition.

To make a 3D simulation instead of a 2D axi-symmetric simulation could have large e [edts
on the extrudate swell. Including larger parts of the inlets and the adapter could also
have a significant e [edt on the die swell. A future study should look into the e [edt of the
simulation region.

Further, viscoelasticity must be included in a model of a crosshead according to the
findings in this study. A future study could implement the upper-convected Maxwell
model for viscoelasticity and analyze the eledt on the die swell. Alternatively, a more
advanced model could be used.

This study only used one geometry. To further explore the importance of the studied
e [edts, other geometries should be studied. Especially crossheads producing larger cables
should be studied.
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8 Appendix

The shear rate, temperature and viscosity show large gradients in the die after the three
materials meet. The gradients can be studied along line A shown in figure 34. For the
improvements implemented in this report, including wall slip is the only one that a[edts
the results notably. The largest di[erence is seen for the temperature along line A, which
is shown in figure 35. The temperature for the no slip case is larger than for the partial
slip scenario for the upper half of the die, with the dilerence becoming the largest at
the semiconductor layer. The shear rate spikes at the intersections of the semiconductor
and insulating layers, shown in figure 36. At these points, the viscosity, which is shown
in figure 37, reaches a local minima. The temperature also reaches local maxima at the
shear rate spikes. The change in shear rate and viscosity along line A for partial slip and

no slip is negligible.

Figure 34: Outline of simulation region. Line A is shown in red.
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Figure 35: Graph of temperature along line A, for no slip and partial slip conditions.
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Figure 36: Graph of shear rate along line A, for no slip and partial slip conditions.

107

Mo slip
Wall slip
|
108 |I
|
|
|
7 |
w
o 10° \
I".l

~
| / N
\\
104} | 3

e )
\\\\‘_y'f,-"
10° : ,

0.006 0.008

0.01 0.012 0.014 0016 0.018 002 0022 0024
Position [m]

Figure 37: Graph of viscosity along line A, for no slip and partial slip conditions.
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