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Abstract

The improvement of tractive performance on ice is one of the most challenging aspect in the nowadays
tire industry. For this reason, a model which can predict the friction coefficient on ice can be useful in
the winter-tire design. However, the highly multiphysics nature of the interaction between rubber and
ice [1-4], as well as the magnitude of the dimensions involved make the development of a numerical
model a quite complex issue. In this work, a first step for the prediction of the friction coefficient on ice
is proposed using the finite element method. The subject of this analysis is the transient phase of the
sliding interaction between a rubber block and an ice surface. The User Define Friction module of LS-
DYNA has allowed to implement the suitable friction law for contacts with ice, widely used in the literature
[3, 5], which follows a microscopic approach and it is based on a viscous formulation. Considering again
the dimensions involved and the duration of the transient phase, it is impossible to directly validate the
model through experimental detection [3]. However, in the subsequent steady-state phase, which
involves higher amounts of water and longer time, the experimental measurements are easier. To
compare the results, in the literature an indirect procedure was used in order to provide a qualitative
validation, using the strict link between the transient phase and the steady-state one. The final
comparison between the LS-DYNA results and the literature results has shown a good correlation level.

1 Introduction

The rubber-ice frictional behaviour is characterized by a series of physical contact phenomena [1].
During the sliding-contact between the rubber and the ice, the frictional heat leads to the melting of the
ice. The amount of the water created during the ice melting involves that, among the others friction
mechanisms, a viscous formulation has to be adopted to describe the interaction between the two
objects [1, 3, 6, 7]. The hydrodynamic effects have also to be considered for a realistic representation
of the contact phenomena. In this work, the problem was analysed during the first “transient-phase” of
the rubber-ice interaction. During this phase, which endures about 10 ms, the micro-mechanical
properties of the rubber are fundamental for the determination of the friction coefficient. For this reason,
in this work a microscopic approach was used [3]. Figure 1 shows the different length scale for the two
approaches considering the same tire contact patch.
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Figure 1: on the left the whole tyre, on the centre the macroscopic approach for the contact patch from
[4], on the right the microscopic one from [2]
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The friction coefficient between the rubber and the ice is non-stationary during the transient phase.
This is mainly due to a succession of different hydrodynamic phenomena.

The values assumed by the friction coefficient during this phase significantly affect also the frictional
behaviour in the subsequent phase, as shown in figure 2.
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Figure 2: on the left, the transient-phase of the friction coefficient obtained with the LS-DYNA model,
on the right experimental measurement of the steady-state phase [3]

In the work of Kessel et al. [5] an analytical solution of the old thermodynamic model was proposed.
Wies et al. [3], developed the complete viscous formulation with the addition of the hydrodynamic effects,
using the finite element method for the characterization of the micro-mechanical properties of the rubber.
In the present work the existing friction condition of a rough rubber block sliding on a smooth ice surface
was simulated, following the procedure proposed in [3, 5]. Both the thermodynamic and the
hydrodynamic phenomena, as well as the phase change of the ice were considered by directly applying
the friction law developed in [3] to a classical thermo-structural simulation, in which the test conditions
were replicated. In order to evaluate the friction coefficient, the fluid-structure interaction between the
water and the rubber surface has to be considered. However, the dimension of the liquid layer
(nanometres) makes impossible to perform a standard CFD analysis, therefore a specific subroutine for
the friction coefficient was developed. As discussed in [3], a classical experimental validation procedure
is not applicable because, considering the duration of the transient-phase, there is not any existing
experimental facility able to measure the ratio between the normal load and the reaction force in such
short time period.

Wiese et al. [3], indeed, have proposed an indirect qualitative procedure which is made up by studying
the effect of different transient-phase conditions on the subsequent steady-state phase. The comparison
between the friction coefficient obtained with the FE simulation developed in the present work and the
one proposed in the literature, showed good correlation as discussed in 8§5The numerical model
developed in this work, is the first step of the ambitious goal of a complete simulation of a full tire model
rolling on an icy road.

2 Theoretical formulation

The theoretical formulation implemented in the subroutine comes from [3, 5]. In these works, a viscous
formulation for the friction coefficient estimation was developed. A thermodynamic model with smooth
surfaces was first considered, the roughness and the related hydrodynamic effects were also included.
This section contains a little brief about how this formulation was obtained and an explanation of the
considered hydrodynamic effects.

2.1 Thermodynamic formulation

The model initially was made up of a smooth rubber block sliding on an ice surface with a y-velocity v.
At the same time the rubber block is also loaded in z-direction with a nominal pressure p,,,,, as shown
in figure 3. A certain amount of water h, = h(t = 0) is present at the interface between these two objects
since the beginning of the contact between the rubber and the ice. This is due to a molecular interaction
phenomenon, called pre-melting [1, 3]. The amount of this initial water layer is quantified experimentally
in the literature [1, 3].
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Figure 3: a graphical description of the model

Under these conditions, the thermodynamic balance can be written as in equation (1):
v? dh(t) Q)
Nwater m = Pice Lice Tdr ’ x{Tice(o,tFTm} + Aice " 0;Tice (2, t)lz=0

where the frictional energy generated by viscous the shear stress (left-hand side of the equation) is
divided in two terms. The two terms are the necessary amount of energy for the melting of the ice and
the heat conducted through the ice itself. In particular, the first term on the right-hand side of the equation
appears when the temperature of the surface of the ice corresponds to the melting temperature. This
condition is represented by the X(Tice (0.=Tm} term. This term is equal to 1 when the melting temperature

of the ice is reached at z =0 and it is equal to O when the temperature is lower than the melting
temperature at the same height. From the equation (1), it is simple to obtain the equation for the
evaluation of the height of the liquid layer, equation (2):

2)

dh(t) 1 v?
dt = ice Li Nwater h(t) — Aice * 07 Tice (2, t)lz=0 .x{Tice(o,tFTm} , fort>0
ice Lice

The solution of the equation (2) allows to obtain the friction coefficient. Considering the normal load
applied on the rubber block (equation 3) and the reaction (shear) load (equation 4) the Coulomb’s friction
law described by the equation (5) can be written as in the equation (6).

and that, respectively,

E; = Prom * Anom (3
- : v_. (4)
Fshear (t) = Tshear (t) Anomrlwater m Anom
M(t) — FsheFar (t) (5)
Nwater UV (6)
t)=k —
O = om B

From the equation (6) is evident as the higher the height of liquid layer, the lower the friction coefficient.
2.2 Thermo-hydrodynamic formulation

As shown in [3], when the rubber block is considered to be rough, additional terms and parameters are
added to the equation (2), obtaining the equation (7):

dh(t) 1 . v? I
dt E Nwater @ — dice * 9;Tice (2, t)|z:0 ’ x{Tice(o,t)<Tm} @)
8 Pnom

- hasp(£)* + X ) t>0
3 Nwater (Dasp)? asp (1) (Hs(t)<Hy}» fOT

In equation (7) four parameters (Dqsy,Hy,H, (t), k) were introduced. One additional term h,g, (t) was also
introduced for modelling the roughness of the rubber and the related hydrodynamic effects. The
roughness is modelled as a series of asperities and cavities. Asperities are modelled, as shown in the
side section view of the figure 4, as cylinders, following the procedure shown in [3]. The average value
of the diameter of these cylinders is indicated by the term (D,,,). The role of the cavities is to offer an
amount of available space for storing the “squeezed-out” water which comes from the liquid layer. With
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the variable Hy, the average height of the free rubber surface is indicated. Its value is obtained following
the experimental procedure indicated in [3]. The average height depends on the micro-mechanical
properties of the rubber compound and on the applied normal load.

H, H,

‘ FREE VOLUME | FREE VOLUME

Figure 4: side view of the modelling of the roughness of the rubber block surface

H¢(t) represents the average of the “squeezed-out” water height at time ¢, evaluated by the equation
(8) developed in [3]:
pnom (8)

3 Nwater (Dasp)2

Moreover, when the presence of the roughness is admitted, it is necessary to distinguish between the
real contact area (sum of all the lower surfaces of the cylinders) and the nominal contact area. For this
reason, the relative contact area k, is defined by the equation (9), as indicated in [3]:

o = Areal ©)

Anom

t
0

The hydrodynamic contribution to the height of the liquid layer is described by the term shown in the
equation (10), obtained in [3]:
dhasp(t) - _ 8 Prnom
dt 3 Nwater (Dasp)z
The hydrodynamic effects are the “squeeze-out” effect and the subsequent “saturation” effect. Both of
them are described in the following.

(10)

hasp(£)?, t>0

2.2.1 Squeeze-out effect

When the asperities of the rubber block transmit the load to the water, a certain amount of the liquid
leaves the interface layer, filling the cavities in the rough rubber surface, as shown in figure 5. This
phenomenon is called “squeeze-out” effect. The contribution of the squeeze-out effect to the definition
of the height of the liquid layer is shown by the equation (10). During the “squeeze-out” effect, a positive
behaviour in term of friction coefficient is done by a decreasing trend of h(t), therefore this term has a
negative sign
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Figure 5: water behaviour during the "squeeze-out" effect

2.2.2 Saturation effect

The water is an incompressible fluid, therefore, when all the cavities are completely filled by the water,
no more squeeze-out effect is possible. At this point the saturation effect occurs. A graphical
representation of the saturation phenomenon is shown in figure 6. During this phase, the height of the
liquid layer increases its value considerably because, on one side the fluid cannot find other ways to
escape from the pressure of the asperities and on the other side other amount of water is added from
the continuously melting process of the ice. This is the worst condition in term of tractive performance
of the tyre. This effect can be considered as a “microscopical aquaplaning” effect.

l pnam

SATURATION SATURATION
Hs(t) = Hy Hg(t) = H,

Figure 6: pattern representation of the saturation effect

From a mathematical point of view, the saturation phenomenon means that H,(t) becomes equal to H,
and then, the X )<n,) Parameter, becomes equal to 0. When the cavities are empty or just partially
filled by the water, the Xyt <n,; Parameter is equal to 1.

3 Numerical solution

The constitutive model was mathematically represented by the equation (7). This is an ordinary
differential equation where some terms are not stationary during the time. For this reason, the best way
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to find a solution is using a numerical method. Moreover, this is useful for the implementation of the
equation in a subroutine. The numerical solution of the equation was developed by splitting the equation
(7) in three equations which contain only the active terms.

3.1 Equation set
The equation (7) was divided in three equations (11, 12, 13) dividing the problem along the time in three
different phases:

dh(t) _ 8 Pnom 3 (11)
= - h t)°, fort>0
dt 3 Nwater <Dasp)2 aSp( ) f

dh(t) 1 2 8 nom
— = (k Nwater % - Aice ' azTice (Z' t)|z:0) - = hasp(t)sﬂ fOT' t>0 (12)

at Pice Lice 3 Nwater (Dasp>2
dh(t) _ 1 v? . 13
“at Pice Lice (k Nwater % - Aice azTice (Zr t)|z=0) , fOT t>0 ( )

The equation (11) considers the squeeze-out phase, when the temperature on the ice surface is lower
than the melting temperature and the cavities are not completely filled by the water. The equation (12)
considers the subsequent phase in which the melting temperature of the ice is reached but the cavities
are not yet filled. The equation (13) considers the “saturation” effect. A graphical representation of the
solution of this equation set is shown in figure 7.
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Figure 7: height of the liquid layer as a function of the time, solution obtained from the numerical
solution of the equation (7). The three different phases of the phenomenon are shown

3.2 Discretization of the equation set

For the implementation of the equations into a script an explicit method was chosen [9]. Starting from
the differential derivative form of the height of the liquid layer it is possible to write the incremental ratio
as shown in equation (14)

dh(t) Ris1 — h (14)

— hl —
— = fO— L = f) + &)
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Where the term &(t) is the discretization error, dt is the chosen time step and f(t) is the mathematical
expression of the derivative. In the first discretization stage the infinitesimal dh(t) is written as a finite
difference between the value of h(t) at the time ¢ + dt (called h;,,) and the previous value at the time t
(called hj). With these assumptions it is possible to write the equation (15).

hivq = hj +dt (f(t) + &(t)) (15)

Neglecting the discretization error, the value of the parameter, calculated in the next time-step, which
represents the solution of the problem is a known entity. This procedure was applied for the solution of
the three phases of the equation (7).

3.2.1 Discretization of the squeeze-out phase

The phase 1 is the squeeze-out effect and it is modelled with the equation (11). To find the numerical
solution of this equation, the terms are associated to the terms in the equation (15) as follow:
* hjyy =h(t+dt)

o R =h(t)

o f(t) = ——>— Pnom_ p(4y3

3 Nwater (Dasp)z
Hence, neglecting the discretization error, the solution can be written as in equation (16):

h(t + dt) = h(t) — dt (L Prom_ h(t)3)
3 Nwater (Dasp>2

(16)

The only time-dependent parameter is h(t). For sake of ease, the equation (16) can be in a more
compact shape joining together the constant values as shown in the equation (17):
h(t + dt) = h(t) — dt (K3 h()?) a7

where
8 Pnom (18)

3 Nwater (Dasp>2

K3_

For the first step of the simulation the solution is (equation 19):
hy = hy —dt (K5 hg) (19)

Where h, is a known value experimentally evaluated as discussed in [3].
3.2.2 Discretization of the squeeze-out and melting phase

The solution of the phase 2 is the most complex as described in section 2. The derivative function for
this phase is given by the equation (20):

1 UZ 8 pnom (20)
(t)=7<k —— — Aice " 0;Tice (2, 1) =)—7 h()?
f ice Lice Mhwater h(t) e e =0 3 Nwater <Dasp)2
Solving the heat equation as shown in [5] the equation (20) can be written as the equation (21):
(21)

1 v? T —To 8 Dnom
O (g )
f Pice Lice Mhwater h(t) e vt at 3 Nwater (Dasp>2

To simplify the derivative expression two terms K; (equation 22) and K,(equation 23) are introduced.

h(t)3

(22)
K, = (k v?)
! Pice Lice water
K = 1 ( . T — TO> (23)
g Pice Lice vt a

K, is made up of constant terms, whereas K, can be considered as an effective constant value. This
condition is true when the solution of the heat equation is obtained considering that the temperature of
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the ice will not overcome the melting temperature T,,. Therefore, the equation (21) can be rewritten as
the equation (24):

K K (24)
t) =—=——=—K; h(t)?
Consequently, the numerical solution of the equation (12) is (equation 25):
(25)

K, K
h(t +dt) = h(t) +dt <@ - 7 - K; h(t)3)

The computation of the equation (23) starts when the melting temperature is reached in the thermo-
mechanical simulation. Therefore, the first step of the simulation obtained with the equation (21) is
(equation 26):

K K

hOm \/T—m

Where h,,, = h(t,,) is the last value obtained by using the equation (16), at the time t,, when the ice
starts to melt.

(26)

hl = hom + dt( - K3 hgm>

3.2.3 Discretization of the saturation phase

In the last phase the saturation phenomenon is simulated. The expression of the derivative, in this case
is (equation 27)

1 v? (27)
f(t) = L. k nwater m — Aice " 0, Tice (z, t)lz=0
ice Lice

Solving the heat equation the equation (27) can be written as the equation (28):

3 " v? s T =Ty (28)
f(t) - < nwaterm — ice ﬁ)

Using the parameters K; and K, defined above the equation (28) can be written as the equation (29):
£ = Ky K, (29)

ice Lice

Therefore, the numerical solution of the equation (13) is (equation 30):

K, K
h(t + de) = h(e) + dt (h(t) - \/_9 (30)

At this point it is necessary to understand when the saturation effectively occurs. To do this, the
numerical solution of the equation (8) was also obtained. In particular, the first step to find the numerical
solution was to come-back to a differential equation from an integral formulation as shown in the
equation (31):

dHS(t) — 8 Prnom
dt 3nwater <Dasp>2

(1)

h(t)3

The equation (31) is very similar to the equation used for the phase 1. The derivative function is (equation
32):

8 Prnom (32)
t) = h(t)3
f( ) 3 Nwater <Dasp)2
Applying the explicit method of Euler, the solution of the equation (32) is (equation 33):
(33)

8 pnom
H,(t + dt) = Hg(t) + dt < h(t)3
s s 3 nwater (Dasp)z

In the equation (33) there i is also the constant K;. Therefore, the equation (33) can be written in a more
compact way (equation 34):
H,(t +dt) = He(t) + dt (K5 - h(t)?) (34)
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The calculation for the solution of the equation (34) was made in parallel with the calculation for the
solution of the equation (30) because the equation (34) needs the value at the current time-step of A(t).
The initial condition for the equation (34) is (equation 35):

H,(0)=0 (35)

The meaning of the equation (35) is that at the beginning of the simulation, the squeeze-out effect is not
present. Therefore, during the first step of the simulation, the value of the average height of the
squeezed-out water is given by the equation (36):

H,, = dt (K3 - h3) (36)

4 LS-DYNA model

The complete LS-DYNA model is made up of two sections which work in parallel [10]. The relationship
between these two parts of the model is showed in figure 8.

output e -

I Time dependent values of temperature,l
ﬁ | pressure, velocity |
- o mm mm s e o s oEm o= -’

LS-DYNA Thermo-
Mechanical Analysis

LS-DYNA (UDF)
subroutine with the

implemented formula

Figure 8: schematic representation of the whole LS-DYNA model, with the loop between the LS-DYNA
thermo-mechanical simulation and the customized subroutine for the calculation of the frictional
coefficient

Both the two sections of the model are necessary for the calculation of the friction coefficient. The
thermo-mechanical section provides all the physical parameters necessary to the algorithm in the
subroutine. The subroutine gives as output the value of the friction coefficient at the current timestep
which directly affects all the physical parameters of contact. Therefore, the material model and all the
physical parameters chosen were the same suggested by Wiese et al. [3]. In the finite element model,
the thermo-mechanical analysis is made up of two consecutive phases:

e The pre-load phase, which is performed using the LS-DYNA option called
*CONTROL_DYNAMIC RELAXATION [14]. In this phase, the rubber block is loaded by a
nominal pressure, then a boundary condition is assigned when the equilibrium is reached. The
assigned boundary condition leads the sliding velocity of the rubber block to the desired value.
The thermal contribute is neglected during this phase. Consequently, a constant value of the
friction coefficient is assumed. For this reason, the subroutine calculation is meaningless
because it is switched off in the pre-load phase.

e The transient phase which is the main part of the whole simulation.In this phase, the thermo-
mechanical simulation and the User Define Subroutine start to work in parallel using the initial
condition given by the previous pre-load phase.

The division of the model in two sections is necessary to start the simulation with the same conditions
of the test showed in [3] and consequently to compare the resultant friction coefficient. The value of the
velocity applied to the rubber block at the beginning of the simulation made in [3] was constant. This
condition cannot be imposed as it is in the LS-DYNA simulation because it could create instability due
to the high ramp of the velocity applied to the rubber block at the first instant of the simulation. To
overcome this problem, a pre-load phase was defined to apply a smooth velocity ramp to the rubber
block. Consequently, high peaks of acceleration were avoided.
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4.1 Geometry, elements and materials

From a geometrical point of view, the model was defined to reply the physical test conditions described
by Wiese et al. in [3]. In particular, the model was made up of two objects:
e The rubber block, with a nominal contact area of 1 mm?

e The ice block with a longitudinal length (y-direction) sufficient to allow the sliding process at the
velocity and for the duration defined in the experimental test.

The figure 9 shows the geometry of the model. The direction of the normal pressure applied on the
rubber block is the same of the gravity force (—z axis). The direction of the sliding velocity is along the
y axis.

Figure 9: geometry of the LS-DYNA model in its initial condition. The rubber block is in blue whereas
the ice block is in red

The LS-DYNA thermo-mechanical analysis needs two different material models for the simulation: a
material model for the mechanical part and a material model for the thermal part. To this aim, the material
models used in the simulation were:
e The LS-DYNA Mooney-Rivlin material, *MAT_MOONEY-RIVLIN_RUBBER, for the rubber
block. The same parameters provided by Wiese et al. [3] for the compound B were used.

e The LS-DYNA rigid material, *MAT_RIGID, for the ice. The deformation of this part was
considered negligible in these load conditions.

e The LS-DYNA thermal isotropic material, *MAT_THERMAL_ISOTROPIC, for both ice and
rubber. This is the simplest thermal material model available in LS-DYNA. It was chosen
considering the thermal parameters available for the rubber and for the ice [8].

Different choices were also made in the element formulation for the ice block and for the rubber block,
in order to improve the accuracy of the results and to reduce the calculation time. In particular:

e For the rubber block, a tetrahedral formulation with one point of integration was adopted. This
choice was made considering the high level of deformation under the sliding condition. The idea
was to take advantage of the numerical limits of this kind of elements. It is well known as the
tetrahedrons are more rigid than the other elements [10]. This condition was used to overcome
numerical problems which frequently occur during the sliding simulation.

e For the ice block, the hexahedral elements with a fully-integrated formulation was used.

5 Results and discussions

The trend of the friction coefficient shown in Figure 10 put in evidence the three different phases:
* Phase 1: it is mainly governed by the squeeze-out effect
+ Phase 2: it starts with a singularity point when the melting temperature is reached. The increase
of temperature produces additional water leading to an increasing value of the height of the
liquid layer h(t)
+ Phase 3: it is governed by the saturation effect
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Figure 10: trend of the friction coefficient obtained with the numerical model as a function of the sliding
of the rubber block. In the top part of the figure it is possible to appreciate the deformation of the
rubber block at the beginning of the different phases.

The comparison between the numerical results obtained with LS-DYNA and the results proposed in
literature [3] shows that (Figure 11):

* agood level of agreement is obtained in particular when the pressure applied on the rubber
block is low (Figure 11a)

the differences related to the melting-time, in particular when the pressure is high, are due to
the uncertainness about the thermal parameters of the rubber material (Figure 11b)
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Figure 11: comparison between the numerical results obtained with LS-DYNA and the results
proposed in literature

The absolute value of the friction coefficient was in good agreement with the paper result [3] in particular
when the nominal pressure is 1 bar. The time at which the melting temperature was reached is also very
similar (about 2.5 ms). At this time, the peak of the friction coefficient obtained with the LS-DYNA
simulation was 0.51 whereas in the paper it was about 0.55.

The general trend of the curves is also very similar. The uncertainness on the material parameters led

to a short anticipation on the time at which the melting temperature is reached. This means that, the
absolute value of the friction coefficient will be lower.
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Some more differences were obtained when the higher nominal pressure (5 bar) was applied. The
melting temperature was reached with a delay of 1 ms respect to the results obtained by Wiese et al.
[3]. This delay affects also the absolute maximum value of the friction coefficient obtained in the LS-
DYNA simulation, which is higher than the one obtained in [3]. This difference was due to the squeeze-
out phase which had a longer duration. The reasons of these differences are mainly due to the
uncertainty about the correct value of the thermal parameters of the ice and of the rubber. Moreover,
the material model adopted in the simulation does not take into account the viscoelastic effects of the
deformation of the rubber. The uncertainness on the material parameters influenced the timing of the
simulation in a similar way for the nominal pressure of 1 bar. The effect of the time-delay, with a different
melting time lead to a different saturation time, therefore the absolute value of the friction coefficient had
a certain level of discrepancy.

6 Summary

In this work, the transient phase of the rubber-ice sliding contact was studied from a microscopic point
of view. This allowed to catch the dynamic behaviour of the friction coefficient during this phase, due to
the melting of the ice and the related hydrodynamic phenomena. The dimension involved does not allow
the direct simulation of the thin water layer. A customized subroutine was developed with the viscous
formulation of friction developed in [3].A simulation in which the viscous effects were taken into account
was performed with the subroutine. The validation of the model was carried out comparing the LS-DYNA
results and results present in the literature [3]. because the duration of the simulation and the magnitude
of the others parameters are prohibitive to be measured with a laboratory tests, A good correlation level
was obtained even if some melting-delay was obtained for the simulation with higher nominal pressure
(5 bar).
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