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Abstract: Hazardous for the transmission
lines is not only the static ice load, but also
the aerodynamic instability of iced cables.
It can lead to large amplitude oscillations
at low frequencies and also twisting due to
asymmetrical iced cables may increase the
fatigue rate. In extreme events atmospheric
icing can cause severe damages on towers
and power lines resulting in extensive elec-
tricity breakdown. Therefore the shape and
the density of the ice forming on the cable
are of major interest in investigating the risk
of failure. This is the first part of a simula-
tion scheme going to be developed in order so
investigate whole hazard scenarios for trans-
mission lines under a variety of meteorolog-
ical condition and conductor bundle charac-
teristics. The simulation scheme is manly
inspired by the aerospace engineering, since
significant attention has been paid to ice ac-
cumulation in aircraft design.
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1 Introduction

Atmospheric icing occurs when freezing rain-
drops, super cooled cloud droplets or snow
flakes hit a surface. In combination with
wind, this phenomenon can causes signifi-
cant damage to electric power transmission
networks. The damages occur as a large
number of singly failed structures as well as
by major winter storm events [12] [I8]. Due
to oscillations with large amplitude at low
frequencies and also twisting due to asym-
metrical iced cables may increase the fa-
tigue rate. In extreme events atmospheric
icing can cause severe damages on towers
and power lines [2] 8, [0, 16]. Therefore
the shape and the density of the ice form-
ing on the cable are of major interest in in-
vestigating the risk of failure. Modern soci-

eties are increasingly vulnerable to blackouts
with the growing demand of energy and in-
creasing capacity utilisation. The devastat-
ing power of winter storms arise in 1998 in
Canada and to a much smaller extent in 2005
in Germany. Leaving many people without
electricity for weeks and causing significant
monetary damages [7], [T}, 20].

The simulation of atmospheric icing re-
quires both, a computation of the mass flux
of icing particles as well as a determina-
tion of the ice growing conditions. The last
is obviously governed by the heat balance
on the ice surface. It influences accretion
mass and furthermore the evolving ice den-
sity strongly. From an engineering point of
view there are three major types of ice, lead-
ing to significant loads on structures. Two
of them, glaze ice and wet snow, are dedi-
cated to wet growing regime, where the heat
balance on the ice surface is very important.
Based on the mass flux of icing particles it
defines the evolution of the ice shape and
density. In case of rime ice, which forms in
dry growing conditions, the heat transfer in
the system can be neglected. Because the
latent heat of the droplets released in the
freezing process is dissipated without chang-
ing the state of the ice and the surface con-
ditions from dry to wet. The present work
is focusing on the mass flux of icing particles
and the evolution of the ice front and there-
fore on the formation of rime ice. Based on
flow field calculation the trajectories of the
impinging precipitation droplets are deter-
mined. Their characteristics have a major
influence on the shape and to a smaller ex-
tent on the density of ice evolution. Already
existing numerical cable icing models are re-
stricted to a single cable due to the assump-
tions made regarding the flow field calcula-
tion [6l @) 13} 5] 16, 19). Therefore a simu-
lation scheme is presented allowing for par-
ticle motion based on the stream occurring



around conductor bundles. The calculation
of the 2D flow field is based on the incom-
pressible and isothermal Navier-Stokes equa-
tion in conjunction with the k-e-turbulence
model. The fluid domain is discretized in
a combination of a mapped boundary layer
mesh in vicinity of the bodies in the stream
and with a free mesh consisting of triangles
in the remaining domain. In order to de-
scribe the droplet motion in the fluid the
Lagrangian approach is used, meaning that
individual particle trajectories are modelled.
It is used even though it is not providing in-
formation about the particle density in the
flow field. Presuming, there will be a low
particle concentration in the flow any effect
of the particles on the fluid flow is neglected.
Hence, decoupling of the fluid dynamic cal-
culation and the droplet motion description
by the Lagrangian method is justified.

2  Fluid Dynamics

The 2D flow field around a conductor bun-
dle is calculated with the incompressible and
isothermal Navier-Stokes equation, which is
solved by Reynolds-Average-Navier-Stokes
(RANS) solver [4]. In the scope of feasi-
ble wind velocities assuming a constant fluid
density is reasonable, as well as neglecting
the heat emission of the cables in the flow
calculation. Therefore the incompressible
and isothermal Navier-Stokes is applicable.
Hence, the conservation of mass becomes

Vu=0 (1)

where u is the velocity vector. Emanate
from considering a Newton fluid and to-
gether with the Stokes assumption the stress
tensor becomes

7 =n(Vu+ (Vu)T) (2)

where 7 is the dynamic viscosity. The
conservation of momentum is than
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with the fluid density p, the pressure p
and the force vector F' acting on the body.
The conservation of energy is expressed in
terms of temperature, which is in our case
constant in the whole fluid domain.

The closure problem of the RANS equa-
tions is solved by a k-e-turbulence model
modelling the turbulent viscosity. It intro-
duces the turbulent kinetic energy k£ and the
dissipation rate of turbulence € as indepen-
dent variables. The turbulent viscosity is
than determined by

2
nr = pCuk? (4)

The turbulent kinetic energy k is derived
by the Reynold stresses, which are expressed
by
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where u["*] is the average velocity field.
The equation is than defined as
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The used set of model constants is
Cu=0.09, 0, =10,Cq =144, Cr =1.92
and o, = 1.3, which are based on experi-
ments published in [21].

An assumption made by this turbulence
model is the equilibrium of turbulence in
boundary layers and therefore the forma-
tion and dissipation of turbulences are equal.
Since this is not always true, the spatial
extension of recirculation zones is usually
underestimated [5]. Another limitation of
the model is the stagnation point anomaly,
which is due to an overestimation of k in the
stagnation flow regions. It causes a weak
representation of the pressure distribution
on the windward surfaces and especially be-
hind the first corner [B]. The underesti-
mation of the recirculation zone keeps the
model on the save side. Because the impact
of the bundle arrangement on particle flux
and therefore on the accretion process of the
cable in the wake will always be underes-
timated. The second assumption leading to
imprecise pressure field has no impact on the
ice formation itself, but it is a back draw in
terms of galloping investigation and load es-
timations on the transmission line structure.
But this problem can be addressed in sep-
arated CFD calculations focusing on these
issues.

(6)
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Figure 1: Schema of the model layout

2.1 Boundary Conditions

In order to reduce the influence of the model
boundary the model is divided in a far and
a near field. The near field is main fluid do-
main, enclosing the conductor bundle. Here
the actual investigation takes place. It is sur-
rounded by the far field, which gives the nec-
essary distance between the model bound-
aries and the near field to eliminate any in-
terference on the flow in the near field. The
distance is greater than 50 times the max-
imum expected characteristic length of an
iced conductor bundle in the stream.

The boundary condition at the inlet
gives the ambient velocity u, normal to the
boundary.

Uy = Ug (7)

In addition constrains for k£ and e are
needed, which is done by means of the turbu-
lence intensity I and the turbulence length
scale Lp. The first describes the grade of
turbulence and the second the eddy size
which is not resolved in the model [3]. Giv-
ing the following equations
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The outlet boundary sets the vis-
cous stresses to be vanished in conjunc-
tion with Dirichlet Boundary condition
for the pressure

n(Vu+ (Vu)T)-n=0 (10)
p="po (11)

and

n-Vk=0 (12)
n-Ve=0 (13)

for k and e.

In conjunction with the turbulence
model the boundary conditions at walls are
described via logarithmic wall functions [3].
It assumes a flow parallel to the wall in layer
up to d,, from the wall. The velocity parallel
to the wall v is achieved by

“_ Ly, <5w> +ot (14)
Ur K I*

with the friction velocity

=
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and the viscous length scale
* Ui
I* = 16
s (16)
where the Karméan constant « = 0.42

and the universal constant for smooth walls
C* =5.5. The layer dimension d, can be
expressed in viscous dimension leading to

5 = 6, /1" (17)

where ;) = 100 is set within the valid
rang. The interrelationship between 4. and
O 18 be expressed by

pC;ILMk'l/Qéw
n

For k£ and € is than assumed that the
production and dissipation of turbulences is
equal in the computation offset of the wall.

oh = (18)

n-Vk=0 (19)
02/4k3/2
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This set of equations is applied on the
ice and cable surfaces. The upper and lower
boundary of the far field is modelled as slid-
ing walls. Therefore the equation[I4]is mod-
ified by

M — lln <5w> _|_C+ (21)

Us K *
with the wall velocity

Uy = Ug (22)



2.2 Mesh

The fluid domain is discretized in a com-
bination of a mapped boundary layer mesh
in vicinity of the bodies in the stream and
with a free mesh consisting of triangles in
the remaining domain. First the near field
is meshed with a fine triangular mesh upon
which a boundary layer mesh is added at
the ice and cable surfaces. The far field is
meshed with a very coarse triangular mesh
to avoid any effects of the model boundary
on the near field.

2.3 Solver

The stationary segregated solver is applied
to calculate the fluid domain in combination
with the linear system solver PARDISO [3].
The velocity components and the pressure
are solved in the first group and the turbu-
lent kinetic engergy and the turbulent dissi-
pation rate are solved in the second group.
THe final error estimate for both groups is
smaller than 0.001. The standard settings
are used except for the damping, which is
set to be 0.1, and for the scaling type is
set to automatic. As streamline diffusion
method for both the turbulence model and
the Navier-Stokes equation Galerkin Least-
Square is used.

3 Particle Tracing

The Lagrangian approach is used to calcu-
late the particle motion in the flow. It is
used even though no information about the
particle density in the flow field are provid-
ing. In contrast to that, the Eulerian ap-
proach describes the particles as a contin-
uum, where the distribution of the particles
is included by a particle density function.
The advantage of the first method is that it
can represent the intersection of droplet tra-
jectories in the wake of bodies in the stream
[22]. Tt is presumed, there will be a low par-
ticle concentration in the flow. Based on
this assumption any effect of the particles on
the fluid flow is neglected. Therefore decou-
pling of the fluid dynamic calculation and
the droplet motion description by the La-
grangian method is justified. The particle
motion is described by [3]

F :ﬂrf,p(ﬂ — 1,)?(1.84(Re,,) 031

(23)
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where 7, is the droplet radius, @ the fluid
velocity, %, droplet velocity and Re, the
droplet Reynolds number

Rep _ (|U — up|2rpp) (24)

The solver rewrites this second order or-
dinary differential equation (ODE) into a
pair of coupled first order ODE. In each di-
rection has one equation for the velocity and
one for the location. This system is then
solved by a pair of four and five order Runge-
Kutta methods [3, 4]. In order to simulate
the behaviour of natural precipitation it is
not necessary to apply the whole droplet
spectra. It is sufficient to model only the
particle motion of a droplet with the medium
volume diameter (MDV) and a predefined
spacing [I7]. It is presumed that the tra-
jectories of those of particles provide suffi-
cient information of the behaviour of whole
droplet spectra.

Surface: Velocity Field [m/s]
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Figure 2: Droplet trajectories impinging on a
cable with a wind velocity of 0.5m/s and a
medium volume diameter of 34um

4 Ice Accretion Process

Once the end points of the particle trajec-
tories are given the investigation of the ice
evolution can start. First the end points of
the trajectories are aligned with the fine dis-
cretized ice or cable surface. Those impact
points are considered in the following pro-
cedure. Among the active points continues
surfaces are defined and at each point the
impact velocity and impact angle are de-
fined. In order to leave the ice evolution
unrestricted by the algorithm ice and ca-
ble sections are treated as one. Upon which



the new ice layer is formed along the sec-
tions with particle impact. The collection
efficiency is the ratio of the flux density of
those droplets sticking to the object to the
flux density of all droplets hitting the ob-
ject [I7]. The difference arises from particles
bouncing back from the surface. It is given
by
Ap cos(w)
A
where « is the impact angle. Aq is the
initial trajectory spacing in the undisturbed
flow and A; is the trajectory spacing when
the particle impinging on the surface. The
developing ice density in kilogram per cubic
meter can be determined by empirical equa-
tions [I]

p= (25)

pi = 110 - RO R <10 (26)
R

pi:m-log 10 < R <60 (27)

pi = 917 R > 60 (28)

where R is the Macklin’s Parameter [I4].

MDYV - ug
2-Ts
where M DV is the medium volume di-
ameter, us the impact speed and T the sur-
face temperature. In conjunction with the
liquid water content (LCW) in the air the
accretion density ratio is achieved

R= (29)

_LCw
Pi

X (30)
Than new coordinates offset of the new
ice front is expressed in

e =1ug- X B lint (31)

where t;,; is the time interval of ice evo-
lution with unchanged flow field. These
points are establishing the new ice front sec-
tion. Finally the whole new surface is assem-
bled from specific sections of new ice sections
and the remaining ice and cable sections.

5 Domain Tracking

Not a trivial task is the domain assign-
ment during the model assembling. It is
nether known in advance where and in which
shape the ice is formed nor if it is grown
or shrinken with respect to the former time
step.  Therefore the domain numbering

needs to be automatised to ensure contin-
ues calculation process. It is done by as-
sembling different domain types successively.
First the FluidDomainis analyzed in order
to create the investigation space. Then the
CableDomain and IceDomain are added in
an individual analyze step. The subdomain
and boundary indices are tracked by self im-
plemented function. The output matrixes
are track_domainsused to assign the settings
and boundary conditions of the fluid, cable
and ice domain in the application modes.

% Investigation Space

[Fluid,stl,ctl]=geomcsg({gl,g2},
;ns7’{:g1,:g27}’
JSf7’{)g1+g2)}’
‘out’,{’g’,’stx’,’ctx’});

% Inserting Cable Geometry

[Fluid,st2,ct2]=geomcsg({Fluid,Cabel},
'ns’ ,{’Fluid’,’Cabel’},
’sf’,’Fluid-Cabel’,
‘out’,{’g’,’stx’,’ctx’});

% Inserting Ice Geometry

[Fluid,st3,ct3]=geomcsg({Fluid,Ice},
'ns’,{’Fluid’,’Ice’},
’sf’,’Fluid-Ice’,
‘out’,{’g’,’stx’,’ctx’});

% Track Domains

[Fluid_st,Cable_st,Ice_st]= ...
track_domains(stl,st2,st3);

[Fluid_ct,Cable_ct,Ice_ctl= ...
track_domains(ctl,ct2,ct3);

This structure is not only beneficial in-
case of an unchanged space of investigation
enclosing changing objected under investi-
gation. But also in the scope of sensitiv-
ity analysis and optimisation problems. If
a sensitivity analysis or an optimisation al-
gorithm is not only applied on of physical
model parameters, but also number or posi-
tion of objects or rather domains is done.

6 Discussion

The fluid dynamic calculation faces still
problems to reach convergence due to rough
and fragmented surface of the ice deposit.
But the author is confident to approxi-
mate the ice surface sufficiently smooth in
further steps to represent the surface ade-
quately. However, the presented simulation



scheme allows for automatic domain assign-
ment where the number and shape of the
bodies under investigation are not known in
advance. The model provides the structure
to simulate rime ice accretion on conductor
bundles can incorporate the physical aspects
of glaze and wet snow accretion in the on go-
ing research. Before reliable results can be
achieved the model needs to be verified by
comparison with experimental data. Con-
sequently conclusions on the rime ice devel-
opment of bundled conductors are expected,
based on the assumption of dry growing con-
ditions. The application of conductor bun-
dles, which usually have cables with a diam-
eter of 2 to 4 cm and a spacing of 40 cm,
rise the question how the cable in the weak
is affected by the up stream cable. Beside
qualitative statements form meteorological
reports, to the author’s knowledge there are
no publications on the effect on ice evolu-
tion on cylinders in a tandem arrangement.
Especially when the icing enlarges the cross
section dimensions, an impact on the cable
in the weak is expected. Since the ratio of
the cable spacing to the characteristic length
of the iced cross-section can decrease from
about 10 to 5 or less. This would anticipate
a chance in the icing particle flux on the ca-
ble in the weak.

Surface: Velocity Field [m/s]
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Figure 3: Particle trajectories with a wind
velocity of 5m/s and a medium volume
diameter of 34um

The figure (3] is showing the shielding ef-
fect of the up stream cable on the cable in
the weak and figure [4] shows the droplets im-
pinging on the up stream cable.
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Figure 4: Particle trajectories at the up stream
cable with a wind velocity of 5m/s and a
medium volume diameter of 34um
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