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Abstract

The dynamic response of a metallic disk to the impact of a liquid droplet is
studied. In order to address the parameters that influence such a phenomenon, two
solid materials are chosen for the disk, namely, martensitic stainless steel and Ti-
6Al-4V. The impact velocity is varied from 10 to 40 m/s. The substrate is thin
allowing the deformation of the disk during the impact; the thicknesses of 2.5, 5.0
and 10.0 mm are selected. Two droplet sizes of 0.5 and 1 mm in diameter are
selected to investigate any dependence of the stress levels on the drop size. The
pressure in the fluid region and the stress distribution in the solid part are obtained
simultaneously by solving the coupled equations of motion. A 2-D axisymmetric
model is utilized as the computational domain for fluid and solid parts. The
deformation and spreading of the droplet upon impacting the solid surface are
captured by Volume of Fluid (VOF) method. The pressure and stress distribution
are investigated radially along the solid-fluid interface and axially along the
center axis over time. The disk deflection at its center is monitored and compared

for several cases.
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1 Introduction

The liquid drop impact on an elastic solid is an interdisciplinary phenomenon as it involves both
fluid dynamics and solid mechanics. Predicting the solid response to the droplet impact is of high
importance in engineering applications and it requires capturing the flow features in the liquid
accurately. Once the fluid variables and solid characteristics are resolved, then the solid elastic
deformation caused by the liquid impact can be determined. In this chapter the analytical and
numerical works reported in literature are presented. Next, a general overview of the problem of
interest is reported herein.

1.1 Literature review

In 1927, Honegger [1] shed light on the mechanisms of solid erosion due to droplet impacts with
series of experiments. He argued that no erosion is observed prior to the formation of roughness
on the surface. After the incubation stage, the erosion rate grows rapidly as the droplets penetrate
to the unevenness on the surface due to high pressure of the impact. In case of droplet impact on
the rotating blades of a compressor with a very high relative velocity high transient stresses are
generated in the material. Since the impingements are consecutive, fatigue causes the material to
spall off from the blade surface. After this period, a layer of liquid forms on the surface and fills
the gaps in the solid. As a result, the impinged droplets do not impact the solid directly and the
destruction of the surface is reduced.

Upon impact of liquid droplets onto a solid, elastic deformation occurs in the layers of the
substrate close to its surface. Cyclic pressure pulses created by impingements of liquid droplets
onto the surface develop and propagate cracks causing cratering and the material loss via ductile
rupture according to Bargmann [2]. The craters change the surface topography; hence, the
hydrodynamic loading on the surface varies during frequent impingements of the droplets as the
impact angle changes. Consequently, the material behavior alters in response to the repetitive
impact loading and the work hardening on the surface. Bargmann [2] stated that liquid
impingement erosion is dependent on space and time; hence, it can be expressed as a stochastic
process. In this regard, the diameter distribution of the droplets, the, impact velocity, the
frequency of impingements and the location of drop impacts are needed to solve the fluid-solid
problem simultaneously. Once the space and time variation of the pressure field in the liquid and
the stress field in solid are obtained, the damage can be predicted by carrying out the fatigue
analysis on the solid as explained in reference [3].

The first liquid-solid model was proposed by Honegger [4] in 1927 where a liquid jet impacts a
solid wall creating a constant pressure known as the water hammer pressure. After him, Cook [5]
and Engel [6] reported the 1-D steady state solution for the water hammer pressure. Blowers [7]
proposed another pressure model to obtain the stress field in the rigid solids, however, uncoupled
to the pressure field in the liquid. In addition to analytical methods, numerical simulations have
been used to model droplet impact on solid substrates at high velocities. For instance, Adler and
Mihora [8] utilized Finite Element Method to study water droplet impact onto solid at a high
velocity. Moreover, several detailed analyses were done to simulate high speed impact of
droplets on solids such as Haller et al. [9] and Huang et al. [10].

In general, solving the liquid-solid problem can be divided into two main categories: one-way
coupling and two-way coupling of liquid and solid equations. In the first approach, the pressure
field in the liquid is solved via analytical or numerical tools and then used as a boundary
condition on the solid to obtain the stress field, e.g. the work reported by Shih [11]. The main
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drawback of this method is that it underestimates the maximum stress magnitude and is not able
to capture its location. It should be mentioned that the peak transient stress is much higher than
its steady state value and is responsible for the solid erosion according to Chen et al. [12]. This
approach was improved later by researchers like Kim et al. [13] and Lee et al. [14] by replacing
the pressure distribution on the solid surface with point loads. Although more accurate, their
approach does not reflect the dynamic pressure variation of the liquid on the stress in the solid
since the fluid and solid equations were segregated in their model.

On the other hand, in the two-way coupling approach, the space and time variation of the stress
in the solid is directly coupled with spatial pressure history in the liquid droplet. This method
allows predicting the transient stress produced by the pressure imposed on the liquid-solid
interface. In 2008, a fully coupled Fluid-Solid Interaction model in one dimension was reported
by Li et al. [15] via linear and nonlinear methods for rigid and elastic solids. The 1-D numerical
model developed by Li et al. [15] was further extended to 2-D axisymmetric model by Zhou et
al. [16] since the shock wave propagation cannot be described precisely in one dimension. They
utilized the elastodynamic equation to solve the solid displacement and cell marking method to
separate the gas, liquid, and solid phases in the computational domain. They assumed that the
droplet impacts are independent of previous impacts and the drop sizes do not affect the
influence zone. They used Soderberg’s fatigue model [17] to carry out the erosion analysis for
repetitive impacts on steam turbine blades and find the blade life time. They concluded that the
inner arc of the turbine blade experiences more erosion than its back arc since the impact speed
is higher in that region.

1.2 Overview

The liquid droplet impact on solids was addressed in several experimental studies in the past.
Furthermore, theoretical and numerical tools were used extensively to model the fluid dynamics
of the impact. Other methods were proposed to calculate the stress in the solid material separate
from the liquid by applying the pressure force on the solid surface (one-way coupling). It has
been shown in the previous works that using one-way coupling approach results in
underestimation of transient stress in the solid. Hence, two-way coupling of the liquid-solid
equations is essential in finding the accurate stress distribution in solid over time. 1-D and 2-D
axisymmetric analyses with full coupling of liquid-solid impact have been completed for the
duration of 100 ns after the impact. The 2-D axisymmetric model resolves the contact edges of
the droplet and captures the shock wave front better than 1-D model. In general, the 2-D model
provides more information about the maximum stresses and the locations where they appear in
the solid compared to the 1-D model. It should be remembered that a 3-D model to simulate
droplet-solid interaction is still missing in the open literature. It has been discussed that the
maximum transient stress is much larger than its steady state value, and hence more important
for the liquid-solid problem. To address this issue the pressure history in the liquid drop needs to
be obtained accurately both in loading and unloading stages. Formation of lateral jets and
droplets breakup were not considered in the model of Li et al. [15] since they only focused on
the acoustic stage of the impact where the drop deformation is negligible. However, it is shown
that the loading step where maximum compressive stress appears in the material is followed by
an unloading stage when tensile stress is observed in the solid. Although the tensile stress has
lower magnitude that the compressive stress it can cause severe damage to the blade via fatigue
if the impact frequency is high. In this study both loading and unloading stages are modeled by
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capturing the droplet deformation and breakup during the impact. The methodology is
implemented first followed by results section. The last part concludes the results obtained in this
work.

2 Methodology

In this chapter the governing equations are presented in detail followed by the computational
domain used for modeling. Finally, the initial and boundary conditions needed to solve the
equations are outlined.

2.1 Governing equations
Navier-Stokes equations are solved for incompressible and Newtonian fluid as follow,

V-V, =0 in & Eq. 2-1
v, .

hW+pf(VVf)\/f=V-0'f+pfg In Q¢ Eq. 2-2

V; is the fluid velocity vector, ps is the fluid density and o is the stress tensor defined as,

o ==pil+p (W, +WV,T) Eq. 2-3

where ps is the fluid pressure and v is the fluid kinematic viscosity.

Volume of fluid (VOF) method is employed to capture the droplet interface with gas. In VOF, a
scalar field is defined for volume fraction of liquid phase and its value depends on the fraction of
the cell volume occupied by this phase indicated by ¢, ,

a, =0 Gas phase
O<a, <1 Gas-liquid Interface Eq. 2-4
a =1 Liquid phase

The values between zero and one denote the interface between gas and liquid phases. Since the
volume fraction represents the volume occupied by the liquid, it should be advected by the flow

field at each time step. The following equation governs the liquid advection of ¢, ,
%w.(\/fa,):o Eq. 2-5
Following the advection, the interface is reconstructed using the Piecewise Linear Interface
Calculation (PLIC) proposed by Youngs [18]. In PLIC method, the interface is defined at each
computational cell by a slope and an intercept. The slope of the interface is calculated based on
the volume fractions of neighboring cells.

The fluid flow in all the simulations is assumed to be laminar; hence, no turbulence model is
employed in the solver.

The structural equation for a elastic and deformabale solid is as follow,

oV :
yoR 6ts +p (VW NV, =V o, +p.g inQ Eq. 2-6



Where ps is the solid density, Vs is the solid velocity which is equal to V, = a;S and Us is the

solid displacement. o5 is Cauchy stress tensor described below,

o, :%F(ls(trs)l +2u.S)F' Eq. 2-7
Where J is determinant of F and F is the deformation gradient tensor defined as,
F=1+VU, Eqg. 2-8
S is obtained from St. Venant-Kirchhoff law,
S:%(FTF—I) Eq. 2-9
Js and us are Lamé coefficients defined below,

E
M, = M Eq 2-10

v.E

A = ; Eq. 2-11

Qv -2v,)
where vs and E are Poisson ratio and Young’s modulus, respectively.

The coupling between fluid and solid is enabled with stress and velocity constraints at the
interface, 7'o= Qs NQ; . The force balance and no slip condition on the interface 7, imply,
on=on onlpy Eq. 2-12
V.=V, onlp Eq. 2-13
where n is the unit normal vector to the interface, 5. The detailed methodology can be found in
reference [19].

2.2 Computational domain

The impact of a spherical liquid droplet onto a solid disk is modeled. The fluid and solid
equations are solved over 2-D axisymmetric domains schematically shown below,

y,
X v N
l g Zr]:: ‘} fluid 2.4r
axis of—»i_/ |
VY 7z, s 7200
| fluid L
N 8r 7

Figure 2-1: schematic presentation for 2-D axisymmetric model of droplet impact (not to scale).



The solid domain is placed between two fluid domains to allow the disk deformation. The x-axis
is taken as the axis of symmetry and the droplet is patched around this axis at a distance 2r above
the substrate. The disk thickness, th, varies for different cases. the heights of first and second
fluid regions are 4 and 1 times the drop radius, respectively. The radius of both domains is set to
8 times the drop radius. The gravity force is exerted in positive x direction. The mesh is
uniformly distributed in both domains with a grid size of 25 microns. The time step is adaptive
and defined based on CFL condition,
ALV,

AX

The open source code OpenFoam is used as the computational solver. The fluid and solid parts
are solved with interFoam and stressedFoam, respectively.

CFL =

2.3 Initial and boundary conditions

At the beginning of each computation the droplet is patched in the fluid domain with the desired
size and velocity. The computation for the rest of the cells starts with zero for all other variables.
Outflow boundary condition is applied to all fluid edges that are not in contact with the solid.
No-slip condition is imposed on the interfaces between fluid and solid. The solid is free to move
except at its right edge (at y=8r) which is fixed to a wall.

3 Results and discussions

In this section the properties for the fluids and solids that are used for simulation are tabulated. A
test matrix is then created to study the effect of various parameters on fluid-solid interaction. The
equivalent stress is utilized for presenting the results which is defined based on von Mises
criterion,

lof —\/1[(0' —0,,) +(oy,—05,) +(oy—0 )2+6(02 +o; +62)] Eq. 3-1

Eq. — 2 11 22 11 33 22 33 12 23 13 '

Where ojj is the component of the stress tensor defined in equation 3-7. For convenience the
equivalent stress will be presented simply by o in the figures. It should be mentioned that the
magnitude of the von Mises should be lower than the yield strength of the material for
engineering applications. Finally, the results for all the cases are presented and discussed in
details.

3.1 Material properties

The fluid domain is occupied with air and water droplet. The properties of air and water at
ambient temperature are summarized in Table 3-1. For the solid substrate two materials with
different elasticity are chosen, namely, martensitic stainless steel and Ti-6Al-4V. Table 3-2
summarizes the properties for materials.

Fluid properties Air Water
Density (kg/m°) 1 1000
Kinematic viscosity (m?/s) 1.48e-05 1e-06
Surface tension (N/m) - 0.07

Table 3-1: Fluid properties.



Solid properties Stainless Steel Ti-6Al-4V
Density (kg/m°) 7850 4430
Poisson ratio 0.3 0.342
Young’s modulus (GPa) 200 113

Table 3-2: Solid properties.

3.2 Test cases

Several cases were chosen to address the influence of various parameters on drop-substrate
interaction. The impact velocity varies between 10-40 m/s and the droplet sizes of 0.5 and 1 mm
are selected to investigate any dependence on the drop size. The thicknesses of the solid substrate
are 2.5, 5.0 and 10.0 mm. The solid materials are martensitic stainless steel and Ti-6Al-4V,
herein referred to as SS and Ti, respectively. Hence, various test cases are created by
combination of the abovementioned variables and summarized in Table 3-3.

Solid Impact velocity, | Dropsize, | Thickness
material V (m/s) D (mm) th, (mm)
SS 10 0.5 2.5
Ti 20 1.0 5.0

40 10.0

Table 3-3: Test cases.

3.3 Results

Figure 3-1 illustrates the profile of the liquid droplet as it impacts the solid substrate. The
substrate material is stainless steel, impact velocity is 10 m/s, droplet diameter is 0.5 mm and the
substrate thickness is 10 mm. the x and y denote axis of symmetry and the interface,
respectively. The droplet has a spherical shape right after impact. At early stage of the impact,
the droplet deformation occurs fast and after that it gradually spreads over the surface. The
spreading continues until the drop forms a thin sheet and completely wets the surface.
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Figure 3-1: Droplet profile evolution upon impact (SS, V=10m/s, D=0.5 mm, th=10 mm).

The radial variation of the fluid pressure and the solid stress on the interface are illustrated in
Figure 3-2 and Figure 3-3, respectively. The pressure pulse generated in the liquid 5 ps after
impact has a Gaussian distribution and becomes flattened at later times as the droplet spreads
over the interface. At 10 and 20 ps the maximum pressure occurs at the droplet edge rather than
the center. After 40 us the pressure again shows a bell-shaped distribution and its magnitude
decreases until it becomes almost zero after 100 ps. It should be mentioned that the influence
radius of the pressure increases over time with a maximum of 0.5 mm for this case which is the
same as the initial drop diameter. The solid stress, on the other hand, shows a completely
different behavior compared to the pressure distribution. At early stage of the impact, the stress
magnitude is lower than the pressure magnitude and is concentrated around the center axis. As
the droplet spreads over the surface, the stress oscillations grow in magnitude and reach up to
0.46 Mpa after 40 ps. The peak transient stress is shifted radially outward and zone of influence
on the interface is constantly expanding over time. The stress waves propagate early after impact
beneath the interface in the solid and travel radially outward. The stress magnitude is low in the
beginning, however, it becomes significant after 40 ps and again it becomes very small after 100
M.

The maximum values of equivalent stress in the solid and the maximum pressure in the fluid are
plotted over time along the solid-fluid interface and center axis in Figure 3-4 and Figure 3-5,
respectively. The pressure acting on the interface builds up a few micro-seconds after the impact
and reaches its peak value, 0.2 Mpa, after 6 ps. The pressure degrades gradually after this time
and approaches zero as the droplet spreads over the surface. The solid response follows the
pressure pattern at early stage of impact although with lower values. However, the solid stress
increases again and large oscillations are observed which grow in amplitude and reach a
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maximum of 0.9 Mpa at 104 ps. the stress amplitude diminishes after this time. The pressure
waves generated by the pressure pulse on the interface provoke stress waves in the solid disk.
These stress waves travel at both radial and axial directions with the sound speed of the solid.
The interaction of the solid waves at certain points leads to appearance of high stresses in solid.
The magnitude of the peak transient stress is of importance as it may reach the critical stress of
the material and cause severe damage in the solid. The pressure at the center axis of the droplet
has similar pattern to the pressure distribution along the interface, i.e., reaching the peak value of
0.2 Mpa and then diminish gradually. The stress behavior on the other hand, is completely
different. The solid stress reaches its maximum at 11 ps which is 5 ps after the pressure peak.
The stress magnitude in the center axis of solid reaches up to 71.6 Mpa which is much higher
than the peak transient stress below the interface which is 0.9 Mpa. After this peak, the transient
stress decreases gradually and approaches a steady state value of 0.1 Mpa. This amplitude
difference which is about three orders in magnitude indicates the importance of capturing the
peak transient stress rather than its steady state value.

0.2
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Figure 3-2: Pressure distribution in the liquid along the interface (SS, V=10m/s, D=0.5 mm, th=10 mm).
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Figure 3-3: Stress in the solid along the interface (SS, V=10m/s, D=0.5 mm, th=10 mm).
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Figure 3-4: Peak transient stress in the solid and maximum pressure in the liquid along the interface (SS,
V=10m/s, D=0.5 mm, th=10 mm).
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Figure 3-5: Peak transient stress in the solid and maximum pressure in the liquid along the axis (SS,
V=10m/s, D=0.5 mm, th=10 mm). Note: vertical axis is shown in logarithmic view.

So far different aspects of the drop impact phenomenon were described for the same case. In the
following parts each variable is tackled independently and the rest of the variables are kept
constant. The results are divided into sub-sections to address each parameter separately.

3.3.1 Effect of impact velocity

The impact of a 0.5-mm drop is modeled for velocities of 10, 20 and 40 m/s. The thickness of the
substrate is 10 mm. The maximum pressure in the liquid region along the solid-fluid interface,
I, is plotted in Figure 3-6. The behavior of the pressure distribution for these three impact
velocities is similar, however, with minor differences. The peak pressure appears sooner as the
impact velocity is increased, this time is 3 and 2 ps for impact velocities of 20 and 40 m/s,
respectively. The value of the peak transient stress is increased to 0.8 and 2.4 for impact
velocities of 20 and 40 m/s, respectively. The pressure for the highest impact velocity, i.e. 40
m/s, does not show a gradual decrease and rather oscillates a few times before approaching zero,
although the amplitudes are much smaller than the maximum value (is it due to the solid
response?). The solid response to the excitations exerted by the pressure force on the solid-fluid
interface is illustrated in Figure 3-7. It can be seen that the peak transient stress is oscillatory for
all the cases. The maximum amplitude of the oscillations first increases and then diminishes after
certain time. The maximum stress has higher magnitude for higher impact velocity; however,
there is no consistent pattern in the fluctuations. Figure 3-8 illustrates the maximum pressure in
the liquid region along the center axis. The peak pressure along the axis increases significantly
from 0.2 MPa for impact velocity of 10 m/s to 0.8 and 2.7 MPa for impact velocities of 20 and
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40 ml/s, respectively. The time when peak transient pressure appears decreases as the impact
velocity is increased. Moreover, the influence time is shorter for higher impact velocities, i.e., the
pressure becomes zero faster as the impact velocity increases. The behavior of the peak transient
stress along the center axis is shown in Figure 3-9 which is very similar to the maximum
pressure. However, the stress magnitude is much higher than the pressure. The peak stress
reaches a maximum of 71, 276 and 1320 MPa for impact velocities of 10, 20 and 40 m/s,
respectively. The yield strength of martensitic stainless steel is around 1400 Mpa, hence, the
impact velocity of 40 m/s is very close to the critical impact velocity. The high compressive
stress magnitude can deform the substrate since the solid disk is fixed at its edge. The
displacement of the solid disk at its center axis is obtained and used to monitor the substrate
deformation. The maximum deformation of the substrate at its center, 0, is plotted over time for
the three velocities illustrated in Figure 3-10. It can be seen that the deflection is very small for
impact velocity of 10 m/s and increases enormously as the impact velocity increases. The
frequency of the oscillations is low and the amplitude diminishes over time. For the highest
impact velocity, i.e. 40 m/s, the maximum deflection reaches up to 30 nm which is still
considered small. It would be interesting to express the deformation in terms of strain and add
strain rates as well.
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Figure 3-6: Maximum pressure in the liquid along the interface (SS, D=0.5 mm, th=10 mm).
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3.3.2 Effect of substrate thickness

The thicknesses of 2.5, 5.0 and 10.0 mm are selected to study the dependence of the stress
distribution on the disk thickness. The impact velocity for all three cases is 10 m/s, the drop
diameter is 0.5 mm and the solid material is stainless steel. The maximum pressure along the
interface is very similar for the three substrates in magnitude up to about 30 ps. The pressure
gradually approaches zero after this time for the 10-mm and 5-mm substrates. On the other hand,
the pressure starts to fluctuate on the 2.5-mm substrate and again shoots up. The fluctuations
continue until about 70 ps and diminish after that. The stress magnitude along the interface is
higher for the thinner substrate early after impact although the pressure values are very similar.
This indicates that the stress level is increased when the substrate thickness is lower. However,
this difference is only observed until 50 and 70 ps for the 10-mm and 5-mm substrates and after
these times the stress magnitudes are approximately the same. The peak stress magnitude for 10-
mm and 5-mm substrates reaches its maximum value, i.e. 71 and 117 Mpa respectively, and
drops quickly. For the 2.5-mm substrate the maximum stress is 149 Mpa and fluctuates for a
period of time before convergence to zero. The oscillations of the disk center are small until 100
ps and grow in amplitude after this time up to 0.37 microns. The maximum deflection is
considerably higher for the 2.5-mm substrate compared to two other substrates.

0.25
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0 ‘
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Figure 3-11: Maximum pressure in the liquid along the interface (SS, V=10m/s, D=0.5 mm).
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Figure 3-12: Peak transient stress in the solid along the interface (SS, V=10m/s, D=0.5 mm). Note: vertical
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Figure 3-13: Maximum pressure in the liquid along the axis (SS, V=10m/s, D=0.5 mm).
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Figure 3-14: Peak transient stress in the solid along the axis (SS, V=10m/s, D=0.5 mm).
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Figure 3-15: Maximum deflection of the solid disk at the center axis over time (SS, V=10m/s, D=0.5 mm).
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3.3.3 Effect of droplet size

To investigate the effect of droplet diameter on the stress and pressure levels, two drop sizes of
0.5 and 1 mm are compared against each other. The substrate thickness is 10 mm and the impact
velocity is 10 m/s. The pressure for both diameters has the same magnitude with a time lag for
1-mm droplet. The transient stress below the interface behaves differently although the pressure
magnitude was almost equal for two drop diameters. The peak stress generated by the impact of
1-mm droplet has higher values compared to 0.5-mm drop until about 50 ps. After this time, the
stress fluctuations for the case of 0.5-mm droplet grow in amplitude and shoot up to 0.9 Mpa. On
the other hand, the pressure shows similar behaviors along the axis for both cases and the time
lag is still visible. The maximum pressure along the axis is increased from 0.19 to 0.22 Mpa for
larger droplet and the maximum stress is increased from 71 to 135 Mpa. The deflection caused
by 0.5-mm droplet diminishes faster than 1-mm drop. In general, the amplitude of oscillations is
larger for 1-mm droplet compared to 0.5-mm drop.
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Figure 3-16: Maximum pressure in the liquid along the interface (SS, V=10m/s, th=10 mm).
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Figure 3-17: Peak transient stress in the solid along the interface (SS, V=10 m/s, th=10 mm).
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Figure 3-18: Maximum pressure in the liquid along the axis (SS, V=10m/s, th=10 mm).
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3.3.4 Effect of solid elasticity

Two materials are chosen for the simulations; martensitic stainless steel and Ti-6Al-4V. Ti-6Al-
4V has similar Poisson ratio compared to stainless steel, however, its Young’s modulus is about
half of that for stainless steel. Substrate thickness of 10 mm and impact velocities of 10 and 20
m/s are used for both cases. The results reveal that the pressure distribution along the interface is
almost the same and very similar along the axis except for Ti is slightly higher. The stress
magnitude has approximately the same value both on the interface and axis with a time delay for
Ti. The maximum deflection shoots up early after impact for Ti plate and becomes small. The
oscillations for the second time grow in amplitude and gradually degrade over time. the
fluctuations become large again after 150 ps. The frequency of oscillations is very similar for
both materials; however, the amplitudes of fluctuations for Ti are higher than that of SS.
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Figure 3-21: Maximum pressure in the liquid along the interface (V=10m/s, D=0.5 mm, th=10 mm).

21



0.9

0.8 \/1n

0.7

[
]
|
0.6 .'
Maxcro_5 L '.'
(Mpa) ] .
]
I
|
'l
[
I
U

UL}
0.4 U 3

0.3 ik ' ||n
” nii !
0.2 oy

]
]
Fio\
\
0.1 N\ :‘: \ ’ / /,
' \W)(V"lv” \l /)
O LAY \ P ",
0 50 100 150 200

/]

Figure 3-22: Peak transient stress in the solid along the interface (V=10m/s, D=0.5 mm, th=10 mm).
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Figure 3-23: Maximum pressure in the liquid along the axis (V=10m/s, D=0.5 mm, th=10 mm).
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Figure 3-24: Peak transient stress in the solid along the axis (V=10m/s, D=0.5 mm, th=10 mm).
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Figure 3-25: Maximum deflection of the solid disk at the center axis over time (V=10m/s, D=0.5 mm, th=10
mm).
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3.3.5 Tensile stress

In order to illustrate the appearance of tensile stress in the solid, the impact velocity of 40 m/s,
stainless steel substrate with the thickness of 2.5 mm and droplet diameter of 0.5 mm are
selected. The negative values for xx-stress component (c13) correspond to the compressive
stresses in the solid. The compressive stress is highest below the solid surface (x=0.0006 m) and
sharply reduces to zero along the axis. The magnitude of the compressive stress diminishes
rapidly after 10 ps and becomes almost zero at 60 ps. This time designates the end of loading
stage for the impact and after this time tensile stress appears in the solid. The positive values of
o11 confirm the appearance of tensile stress in the solid as earlier reported by Zhang et al [16].
The maximum magnitude of the tensile stress in this case is 0.13 Mpa (is it the same stress
distribution in all directions?) which is very small compared to the magnitude of compressive
stress with a maximum of 1220 Mpa at 5 ps. Although small in magnitude, the tensile stress can
become of importance if the impacts are repetitive and fatigue type of failure is expected.
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Figure 3-26: xx-stress component in the solid along the axis (SS, V=40m/s, D=0.5 mm, th=2.5 mm).

4 Concluding remarks

4.1 Conclusions

The impact of a liquid droplet onto an elastic solid disk was studied in this work. The important
parameters affecting fluid-solid interaction were identified and tackled separately. The droplet
curvature and deformation was captured by VOF method at each time step. The coupled fluid
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and solid equations were solved together in order to obtain the liquid pressure and solid stress
simultaneously. The results revealed that the pressure force acting on the interface has a
Gaussian shape early after impact and flattens over time. This change in pressure is concurrent
with the droplet deformation and spreading over the surface. The solid response to the pressure
history is consistent to the pressure distribution at early stage of impact. However, at later times,
large oscillations are observed in the stress magnitude. There was no particular pattern seen in
the frequency of oscillations and the amplitude of fluctuations varied over time. The solid stress
showed wave-like behavior which propagated upon droplet impact and transmitted along the
interface. The stress magnitude captured on the interface was much lower than transient stress
along the center axis. The highest stress magnitude was observed right below the interface in the
solid and the disk bottom experienced the lowest stress. The peak transient stress appeared
shortly after impact and diminished less than 100 ps depending on the impact conditions. This
so-called loading stage during which the stress is compressive was then followed by an
unloading stage when tensile stresses were observed in the solid. The magnitude of the tensile
stress was very low compared to the compressive stress. The excitation force deflected the
substrate and this deflection was calculated as a function of time. It can be concluded that the
peak transient stress and substrate deflection increase by increasing the impact velocity or initial
droplet diameter. On the other hand, increasing the disk thickness results in the reduction of the
maximum stress magnitude and deflection. From stress point of view, both SS and Ti disks
behave similarly; however, the deflections are larger for Ti substrate.

4.2 Comparison with previous works

The peak transient stresses obtained from the simulations are compared to the previous results in
the literature shown in Figure 4-1. In both studies the substrate material is martensitic stainless
steel and three impact velocities are selected for comparison. The work of Li et al. [15] was
based on a 2-D axisymmetric model focusing on acoustic stage of impact, normally less than 100
ns. They reported that the peak stress magnitude is independent of the droplet diameter. The
substrate thickness effect was not discussed in their study. The droplet size for these simulations
is 0.5 mm and the substrate thickness is 10 mm. In general the peak transient stresses predicted
by present work are much higher than that of Li et al. [15]. The essential difference between two
works lays on the fluid governing equation. Li et al. [15] solved the wave equation for
incompressible and compressible liquid and assumed the drop deformation is negligible. On the
other hand, full Navier-Stokes equations are solved for incompressible fluid in the present work.
To the best of author’s knowledge, no experimental results were reported on this issue and
analytical solutions are limited to generalized cases of liquid column impact. Hence, the
validation of any numerical study on this subject is not achievable to date.
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