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1 Numerical formulation for the Navier-Stokes equations

1.1 Weak form

The Navier-Stokes equations with capillarity (see §3 in the manuscipt)

∂ρ

∂t
+∇ · (ρu) = 0, (S1a)

∂ρu

∂t
+∇ · (ρu⊗ u) = ∇ · T, (S1b)

∂E

∂t
+∇ · (Eu) = ∇ · (T · u)−∇ · qf . (S1c)

with constitutive relations

T =−
(
p0 −

λ

2
|∇ρ|2 − ρ∇ · (λ∇ρ)

)
I+

− λ∇ρ⊗∇ρ+ η(∇u+ (∇u)T )− η̃(∇ · u)I, (S2)

qf =λρ∇ρ∇ · u− k∇θ, (S3)

have been solved numerically to obtain the results presented in the manuscript. They are discretised
by adopting the finite element method and are then implemented numerically using the library
deal.II [6], which provides support for automatic grid refinement, that has been exploited in this
work. By defining an auxiliary variable g = ∇2ρ, the system of Eqs. (S1) can be rewritten as

∂U

∂t
+∇ · F(U,∇U, g) = 0, (S4)

g = ∇2ρ, (S5)

with

U =

 ρ
ρu
E

 , F =

 ρu
ρu⊗ u−T

Eu− T · u+ qf

 . (S6)

Using the following notation to shortly indicate the integral of the product of two functions over the
simulation domain,

(f, g)Ωf
=

∫
Ωf

fg dx, (S7)

it’s possible to rewrite Eq. (S4) in weak form:(
∂U

∂t
,Φ

)
Ωf

− (F,∇Φ)Ωf
+ (F · n̂,Φ)∂Ωf

= 0, (S8)

having chosen appropriate test functions Φ with the required regularity. Discretizing Eq. (S8) in
time using the Crank-Nicolson method, and having in mind the prescribed boundary conditions
(Eq. (6.1) in the manuscript),

u = 0 , qf · n̂ = 0 ,
∂ρ

∂n
= 0 on ∂Ωf , (S9)
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we can drop the boundary term (F · n̂,Φ)∂Ωf
= 0 in Eq. (S8) and obtain

(Un+1,Φ)Ωf
− (Un,Φ)Ωf

− ∆t

2

[
(Fn+1,∇Φ)Ωf

+ (Fn,∇Φ)Ωf

]
= 0, (S10)

where Fn = F(Un,∇Un, gn). Adopting the Newton-Raphson iteration scheme, with residual

Ψn+1 = (Un+1,Φ)Ωf
− (Un,Φ)Ωf

− ∆t

2

[
(Fn+1,∇Φ)Ωf

+ (Fn,∇Φ)Ωf

]
, (S11)

and linearizing it around the k-th iteration and solving for

Ψk+1
n+1 ≈ Ψk

n+1 +
∂Ψ

∂U

∣∣∣∣k
n+1

(Uk+1
n+1 −Uk

n+1) = 0, (S12)

we get the system of linear equations to be solved:

(
δUk

n+1,Φ
)
Ωf

− ∆t

2

(
∂F

∂U

∣∣∣∣k
n+1

δUk
n+1,∇Φ

)
Ωf

= (S13)

−
(
Uk

n+1,Φ
)
Ωf

+ (Un,Φ)Ωf
+

∆t

2

[(
Fk

n+1,∇Φ
)
Ωf

+ (Fn,∇Φ)Ωf

]
, (S14)

where we denoted δUk
n+1 = Uk+1

n+1 −Uk
n+1.

The spatial discretization adopted in this work considers the simulation domain Ωf as composed
of Ncells non-overlapping cells Ωh

f which are sufficient to cover the whole domain, Ωf = ∪NcellsΩh
f .

On each cell, the test functions Φ take the form of appropriate shape functions. In particular, in
the present work, piecewise linear shape functions are adopted, and we assume that it is possible
to represent the solution U(x, t) as a linear combination of the shape functions through the nodal
values Ũi(t), such that

U(x, t) =

nnodes∑
i

Ũi(t)Φi(x), (S15)

and Eq. (S13) reads(Φi,Φj)Ωh
f
− ∆t

2

(
∂F

∂U

∣∣∣∣k
n+1

Φi,∇Φj

)
Ωh

f

δŨk
n+1, i = (S16)

−
(
Uk

n+1,Φj

)
Ωh

f

+ (Un,Φj)Ωh
f
+

∆t

2

[(
Fk

n+1,∇Φj

)
Ωh

f

+ (Fn,∇Φj)Ωh
f

]
.

(S17)

1.2 Unstructured grid treatment and refinement

As mentioned in the previous section and in the manuscript (see § 5), we exploited automatic grid
refinement capabilities offered by the deal.II library. The diffuse interface model outlined in the
paper is a phase field model that requires very high resolution in the interfacial region, which is of
the order of new nanometers at the ambient temperature for a liquid-vapour system. This makes
the simulation of a microbubble a very complicated and computationally demanding multiscale
problem. In our numerical implementation, a cell is refined or coarsen based on the Kelly error
estimator (Ainsworth and Oden 2011; Kelly et al. 1983), which approximates the error per cell
by integration of the jump of the gradient of the solution across the faces of each cell, and it is
based on the analysis of the generalized Poisson equation −∇ · (a(x)∇u) = 0, with either Dirichlet
or Neumann boundary conditions. At each timestep of the numerical scheme introduced in the
previous sections, the error per cell is computed, and a certain amount of cells with higher/lower
error are refined/coarsen. This procedure is not applied to the whole solution vector, since numerical
experiments have shown that the best convergence and stability of the solution is achieved when the
whole mesh is refined according to the density field only.

The unstructured computational grid is adaptevely refined during the simulations, starting from
an initial maximum resolution at the liquid/vapour interface of ∆ = ∆r = ∆z = L/215 and an
initial minimum resolution in the external liquid of ∆ = L/26 (being L = 20R0 the radial domain
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Figure 1: Initial condition of the fluid simulation with grid wireframe, where the three resolution
levels are clearly visible.

Figure 2: Left panel: Density field. Center panel: instantaneous grid (minimum grid spacing
∆ = L/215). Right panel: refined instantaneous grid (minimum grid spacing ∆ = L/216). Snapshot
taken during the collapse phase.

extension), see Figure 1. To appropriately resolve the dynamics of the bubble, and accurately follow
the pressure/shock wave at the wall, a portion of the domain Ωf, res = [0, L/2]× [0, Hres] is forced
to maintain a minimum grid resolution of ∆ = L/211. The time step ∆t ranges between 10−5 and
10−3 (dimensionless units), depending on the collapse phase and initial overpressure β. An example
of how the grid is capable of adapting and follow the liquid/vapour interface and the shock wave
dynamics is apparent in Figure 2, where the effect of refining the adaptive grid is also shown. Shock
capturing was not required since the grid resolution is sufficient to resolve the shock front directly.

1.3 Convergence study

To ensure that the results obtained are grid independent, we ran additional tests doubling the
maximum resolution allowed during the simulation (i.e., decreasing the minimum grid spacing from
∆ = L/215 to ∆ = L/216). Figure 3 compares the bubble volume evolution, the maximum stress
recorded at the wall during time, and the pressure profiles at the wall for the two grids. Figure 4
provides a comparison of two snapshots of density and temperature fields across the collapse time
t/Tw

c = 1. Finally, Figure 2 above directly compares the coarse and fine adaptive grids.
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Figure 3: Top Left: Volume vs time comparison for the two cases at different maximum resolution.
Top Right: Maximum stress at the wall vs time, for the two cases at different maximum resolution.
Bottom: Pressure fields at the wall vs radial distance from the axis of symmetry. Comparison
between the two simulations at different maximum resolution. Left: β = 42.8, s = 1.2. Right:
β = 58, s = 1.2.

2 Numerical formulation for dynamic elastoplasticity

2.1 Weak form

The linearized momentum equation for an elastoplastic solid is (see §4 in the manuscipt)

ρ
S

∂2r

∂t2
= ∇ · σ, (S18)

to be solved in the cylindrical domain Ωs = [0, L/2]× [0, 2π]× [−Hs, 0], with boundary conditions

σn̂ = σêz = Tzzêz, at z = 0. (S19)

Using the following notation to shortly indicate the integral of the product of two functions over
the simulation domain,

(f, g)Ωs
=

∫
Ωs

fg dx, (S20)

denoting with a the acceleration a = ∂2r/∂t2, and choosing appropriate test functions ϕ to satisfy
the BC, the weak form of equation (S18) is

ρ
S
(a,ϕ)Ωs

+ (σ,∇ϕ)Ωs
− (Tzzêz,ϕ)∂Ωs

= 0. (S21)

To solve it numerically, we need to adopt appropriate temporal and spatial discretizations, and to
treat nonlinearities arising due to plasticity.

Equation (S21) is solved within a time interval t ∈ [0, tf ], which is uniformly subdivided in N
timesteps [tn, tn+1] such that tn+1 = tn +∆t, with ∆t = tf/N . The time step adopted allows the
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Figure 4: Top: Density comparison. Left panel, t/Tw
c < 1 - coarse grid, ∆min = L/215, left side and

fine grid, ∆min = L/216, right side of the left panel. Right panel, t/Tw
c > 1 - coarse grid, left side

and fine grid, right side of the right panel. Bottom: Corresponding temperature comparison.

resolution of the fastest timescale in the system The temporal scheme adopted in this work is an
implicit Newmark β-method [1, 3]. Displacement, velocity and acceleration fields are computed as
follows:

rn+1 = rn +∆tvn +

(
1

2
− β

)
∆t2an + β∆t2an+1 = r̂n+1 + β∆t2an+1, (S22)

vn+1 = vn + (1− γ)∆tan + γ∆tan+1 = v̂n+1 + γ∆tan+1, (S23)

where β and γ are constant parameters that can be tuned in order to obtain different behaviours
out of the scheme, such as energy conservation or dissipation at high frequencies [5]. In this work,
we chose to select β = 0.49 and γ = 0.9 Thus, the time derivative in (S18) can be expressed as

an+1 =
∂2r

∂t2

∣∣∣∣
n+1

≈ rn+1 − r̂n+1

β∆t2
. (S24)

Since the problem in (S21) is nonlinear due to plasticity effects, an iterative procedure is needed.
We decided to adopt a Newton-Raphson iteration scheme, with residual

Ψn+1 = ρ
S
(an+1,ϕ)Ωs

+ (σn+1,∇ϕ)Ωs
−
(
Tn+1
zz êz,ϕ

)
∂Ωs

=
ρ

S

β∆t2
(rn+1 − r̂n+1,ϕ)Ωs

+ (σn+1,∇ϕ)Ωs
−
(
Tn+1
zz êz,ϕ

)
∂Ωs

, (S25)

and then linearize it around the k-th iteration and solve for the subsequent equation to be equal to
zero,

Ψk+1
n+1 ≈ Ψk

n+1 +
∂Ψ

∂r

∣∣∣∣k
n+1

(rk+1
n+1 − rkn+1) = 0, (S26)

i.e. find the incremental solution δrkn+1 = rk+1
n+1 − rkn+1 that satisfies

∂Ψ

∂r

∣∣∣∣k
n+1

δrkn+1 = −Ψk
n+1. (S27)
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Writing down (S27) explicitly results in

(
δrkn+1,ϕ

)
Ωs

+
β∆t2

ρ
S

(
∂σ

∂r

∣∣∣∣k
n+1

δrkn+1,∇ϕ

)
Ωs

=

−
[(
rkn+1 − r̂n+1,ϕ

)
Ωs

+
β∆t2

ρ
S

(
σk

n+1,∇ϕ
)
Ωs

− β∆t2

ρ
S

(
Tn+1
zz êz,ϕ

)
∂Ωs

]
, (S28)

where one should notice that r̂n+1 and Tn+1
zz êz are known at each timestep. The source of nonlin-

earity in (S28) is the integral involving the stress tensor, which carries information about plasticity
occurring in the material.

The spatial discretization adopted in this work considers the simulation domain Ωs as composed
of Ncells non-overlapping cells Ωh

s which are sufficient to cover the whole domain, Ωs = ∪NcellsΩh
s .

The computational domain is composed of uniformly spaced cells arranged in a 2048×2048 structured
grid, with spacing ∆ = L/2/2048 (L = 20R0), this being sufficient to accurately resolve the solid
dynamics. To prevent spurious reflections at the boundary of the computational domain, Rayleigh
damping layers are introduced. In these layers, which occupy a region at the boundaries r = R
and z = −Hs of Ωs, the equations are modified by adding the artificial term −αṙ to the right-hand
side. The thickness and damping coefficient of these layers were adjusted to ensure that waves are
dissipated before they can reflect back into the physically relevant region. On each cell, the test
functions ϕ take the form of appropriate shape functions. In the present work, piecewise linear
shape functions are adopted, and we assume that it is possible to represent the solution r(x, t) as a
linear combination of the shape functions through the nodal values r̃i(t), such that

r(x, t) =

nnodes∑
i

r̃i(t)ϕi(x), (S29)

∇r(x, t) =

nnodes∑
i

r̃i(t)∇ϕi(x). (S30)

Substituting (S29) in (S28) gives the following,(ϕi,ϕj

)
Ωh

s

+
β∆t2

ρ
S

(
∂σ

∂ϵ

∣∣∣∣k
n+1

∇ϕi,∇ϕj

)
Ωh

s

 δr̃kn+1, i =

−
[(
uk
n+1 − r̂n+1,ϕj

)
Ωh

s

+
β∆t2

ρ
S

(
σk

n+1,∇ϕj

)
Ωh

s

− β∆t2

ρ
S

(
Tn+1
zz êz,ϕj

)
∂Ωh

s

]
, (S31)

that can now be solved to find δr̃kn+1. In (S31), the elastoplastic consistent tangent tensor appears,

Cepk
n+1 =

∂σ

∂ϵ

∣∣∣∣k
n+1

, (S32)

which is the algorithmic counterpart of the elastoplastic tensor.
Solving the problem (S31) provides the incremental displacement δr̃kn+1, that can be used to

update the global solution vectors of displacement, acceleration and velocity,

rk+1
n+1 = rkn+1 + δr̃kn+1, (S33)

ak+1
n+1 =

1

β∆t2
(rk+1

n+1 − r̂n+1), (S34)

vk+1
n+1 = v̂n+1 + γ∆tak+1

n+1. (S35)

The above procedure is then repeated each iteration, until the residual computed at the m-th
iteration is lower than a certain prescribed value,∥∥Ψm

n+1

∥∥ ≤ ϵ
∥∥Ψ1

n+1

∥∥ , (S36)

where ϵ is a sufficiently small specified tolerance. Once the convergence criterion (S36) is satisfied,
the corresponding displacement is accepted as the solution at the new timestep tn+1.

rn+1 = rmn+1
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All solution vectors are then updated and a new initial guess is made to solve the problem at the
subsequent timestep. Usually, the initial guess for displacement is taken as the converged value of
the displacement vector,

r1n+1 = rn,

and the initial guesses for velocity and acceleration follow from (S35) and (S34).
Within a single Newton-Raphson iteration, that occurs only in the case of local plasticity acti-

vating in the material due to local exceeding of the yield criterion, the return mapping algorithm [2,
4] is employed, which is an elastic-predictor/plastic-corrector algorithm that iteratively calculates
the local plastic flow and updates the plasticity variables and the value of the elastoplastic tangent
operator Eq. (S32), that is used in the system of discretised Eqs. (S31).
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