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ARTICLE INFO ABSTRACT

Dataset link: https:// The stability of most surface-tension-driven interfacial flow simulations is governed by the
zenodo.org/records/13215768 capillary time-step constraint. This concerns particularly small-scale flows and, more generally,
Keywords: highly-resolved liquid-gas simulations with moderate inertia. To date, the majority of interfacial-
Multiphase flows flow simulations are performed using an explicit surface-tension treatment, which restrains the
Surface tension performance of such simulations. Recently, an implicit treatment of surface tension able to breach
Capillary time-step constraint the capillary time-step constraint using the volume-of-fluid (VOF) method was proposed, based
Coupled algorithm on a fully-coupled pressure-based finite-volume algorithm. To this end, the interface-advection
Volume-of-fluid method equation is incorporated implicitly into the linear flow solver, resulting in a tight coupling between
THINC method all implicit solution variables (colour function, pressure, velocity). However, this algorithm is

limited to uniform density and viscosity fields. Here, we present a fully-coupled algorithm for
interfacial flows with implicit surface tension applicable to interfacial flows with large density
and viscosity ratios. This is achieved by solving the continuity and momentum equations in
conservative form, whereby the density is treated implicitly with respect to the colour function,
and the advection term of the interface-advection equation is discretised using the THINC/QQ
algebraic VOF scheme, yielding a consistent discretisation of the advective terms. This new
algorithm is tested by considering representative surface-tension-dominated interfacial flows,
including the Laplace equilibrium of a stationary droplet and the three-dimensional Rayleigh-
Plateau instability of a liquid filament. The presented results demonstrate that interfacial flows
with large density and viscosity ratios can be simulated and energy conservation is ensured,
even with a time step larger than the capillary time-step constraint, provided that other time-
step restrictions are satisfied.

1. Introduction

The maximum stable numerical time step At which is possible for the simulation of surface-tension-driven interfacial flow sim-
ulations is determined by various stability criteria, each one being driven by a physical phenomenon and associated with a scaling
with respect to the mesh spacing Ax. For an incompressible flow, the time-step constraint associated with inertia is determined from
the well-known Courant-Friedrichs-Lewy (CFL) condition [1],

* Corresponding author.
E-mail address: fabian.denner@polymtl.ca (F. Denner).

https://doi.org/10.1016/j.jcp.2024.113520

Received 23 February 2024; Received in revised form 18 October 2024; Accepted 20 October 2024

Available online 22 October 2024

0021-9991/© 2024 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).


http://www.ScienceDirect.com/
http://www.elsevier.com/locate/jcp
https://zenodo.org/records/13215768
https://zenodo.org/records/13215768
mailto:fabian.denner@polymtl.ca
https://doi.org/10.1016/j.jcp.2024.113520
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcp.2024.113520&domain=pdf
https://doi.org/10.1016/j.jcp.2024.113520
http://creativecommons.org/licenses/by/4.0/

R. Janodet, B. van Wachem and F. Denner Journal of Computational Physics 520 (2025) 113520

Aty = SEEAX Ay, )

|u|max
where u is the fluid velocity vector and CFL is the CFL number, the time-step constraint associated with diffusion (mechanical,
thermal, chemical) is determined by the Fourier number Fo [2],

Fo Ax?

Aty = x Ax?, ®)

where a is the relevant diffusivity, and the time-step constraint associated with surface tension is determined, as originally formulated
by Brackbill et al. [3], by the so-called capillary time-step constraint,

+
At = MAx3 o« A2, 3)
¢ 4no

where p, and pg are the densities of the two interacting fluids A and B, respectively, and o is the surface tension coefficient. This
criterion is in fact a CFL condition associated with the phase velocity ¢, of the smallest unambiguously resolved capillary waves:
At,; x Ax/c,. Denner and van Wachem [4] revisited the capillary time-step constraint using both numerical and signal-processing
approaches, and found a slightly less restrictive formulation,

+
At, = ,/%Ax@ o AxY2, )

compared to the original formulation given in Eq. (3). Although the diffusion time-step constraint shows the strongest scaling with
respect to the mesh spacing, contemporary numerical algorithms for incompressible flows solve diffusion terms implicitly, thereby
eliminating the diffusion time-step constraint. Consequently, the capillary time-step constraint is generally the dominant time-step
constraint for interfacial flows at small scales [4-6].

Since Brackbill’s hypothesis that an implicit discretisation of surface tension should allow breaching or removing the capillary
time-step constraint, the community has worked towards this goal. The first studies that presented numerical methods that are able
to breach the capillary time-step constraint include the boundary integral method with an implicit surface tension treatment for
two-dimensional irrotational incompressible flows of Hou et al. [7] and the works of Bansch [8], Hysing [9] and Raessi et al. [10]
on a semi-implicit surface tension formulation, which includes the interface location at the new time instance implicitly. With the
latter, stable results for time steps larger than the capillary time-step constraint were obtained, but the solution is not stable for
arbitrarily large time steps. As demonstrated by Denner et al. [11], the method of Hysing [9] and Raessi et al. [10] is equivalent to
the addition of a surface viscosity that attenuates fast capillary waves. Sussman and Ohta [12] proposed a method that works in a
similar manner as the scheme of Hysing [9], by adding surface damping acting as a low-pass filter [6]. Zheng et al. [13] proposed an
implicit Lagrangian method that is not bound by the capillary time-step constraint and which, in contrast to the majority of methods
addressing the capillary time-step constraint that express surface tension as a volumetric source term [8-10,14], retains a sharp
representation of the interface.

Recently, Denner et al. [14] proposed a fully-coupled algorithm with an implicit treatment of surface tension that is able to
breach, without numerical artifacts, the capillary time-step constraint. This was achieved by employing a Newton linearisation of the
surface-tension source term with the continuum surface force (CSF) approach [3], and expressing the implicit interface curvature and
colour-function gradients with respect to the implicit colour function. This methodology provides a tight coupling between all implicit
solution variables (colour function, pressure, velocity), by applying an algebraic volume-of-fluid (VOF) method for the discretisation of
the interface-advection equation and solving the discretised interface-advection equation together with the discretised continuity and
momentum equations simultaneously as an implicitly coupled system of equations. However, although the study of Denner et al. [14]
demonstrates that the capillary time-step constraint can be breached by treating surface tension implicitly, their algorithm is only
able to simulate interfacial flows with unit density and viscosity ratios, and the interface advection is discretised by the compressive
interface-capturing scheme for arbitrary meshes (CICSAM) [15], which is known to require very small CFL numbers to retain a sharp
interface [16].

In this study, a fully-coupled algorithm for interfacial flows with implicit surface tension is presented that is able to simulate
interfacial flows with realistic density and viscosity ratios, and breach the capillary time-step constraint. In order to enable this
algorithm for flows with realistic density and viscosity ratios, the continuity and momentum equations are discretised in conservative
form, with a consistent discretisation of the advective terms in all governing equations and where density is treated implicitly with
respect to the colour function in the transient terms. Moreover, in order to mitigate the CFL time-step constraint associated with the
interface transport, the THINC/QQ scheme [17,18] is applied to discretise the advection term of the interface-advection equation, as
it generally can handle larger time steps than the CICSAM scheme, while retaining a sharp fluid interface. To test and scrutinize this
new algorithm, two- and three-dimensional interfacial flows with surface tension and large density ratios are considered, ranging
from the two-dimensional Laplace equilibrium to a three-dimensional Rayleigh-Plateau instability.

The governing equations are introduced in Section 2 and the proposed numerical framework is presented in Section 3. Section 4
briefly revisits the less stringent time-step constraint associated with surface tension encountered with the proposed algorithm. The
results of four representative test cases are presented and discussed in Section 5 and the article is concluded in Section 6.
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2. Governing equations

The governing equations describing immiscible interfacial flows with surface tension in the one-fluid formulation are the continuity
equation,

9p

+V. =0, 5
o (pw) G))
where u is the velocity vector and p is the density, and the momentum equations,

0

%+V-(pu®u)=—Vp+V-r+Sa, (6)

where p is the pressure, 7 is the viscous stress tensor, and S; is the volumetric source term representing surface tension. Since the aim
of this work is to simulate incompressible interfacial flows with large density ratios, the conservative forms of both the continuity
and momentum equations are considered [19]. For an isotropic Newtonian fluid, the viscous stress tensor 7 is defined as

r=;4(Vu+VuT), @)
with y the dynamic viscosity. The surface-tension source term S acts at the fluid interface between two immiscible liquids and is
defined as [20]

S, = okngds, ®

where ¢ is the constant surface-tension coefficient, « is the interface curvature, ng is the interface normal vector, and ég is the Dirac
delta function associated with the interface.

A volume-of-fluid (VOF) method [21] is employed to model the transport and interaction of two immiscible fluids. The indicator
function H, used here to distinguish two immiscible fluid phases, is defined at position x as

1if x is in fluid A

H(x)= e . 9)
0if x is in fluid B

where fluids A and B may represent any immiscible combination of fluids, and advected with the flow,

DH o0H oH
=L = tu.VH=22 4V (Hu)- HV-u=0. 1
D1 o +u-V o +V-(Hu) V-u=0 (10)

Since the sharp Heaviside function H cannot be convected numerically on a grid, the colour function y, defined as the control-volume
average of H as

w:%/HdV, a1
14

is convected instead. By integrating Eq. (10) over the control volume V' with boundary oV, Eq. (10) becomes the advection equation
for the colour function

/(;—V;dV+/(Hu)~dA—/(HV-u)dV:O. (12)
14 v 14

The fluid properties are defined over the entire computational domain based on the individual properties of the two fluids, denoted
with subscripts A and B, respectively, and the colour function y as
p(x) = pg +w(x)(pp — pp) 13)
u(x) = pg +y(X) (Hp — Hp), a4

such that p and p are consistent with the interface position.
3. Coupled numerical framework

The proposed fully-coupled algorithm for interfacial flows solves the discretised and linearised governing equations presented
in Section 2 simultaneously and implicitly coupled in a single system of linear equations, A - ¢ = b. To this end, the governing
equations are discretised using a second-order finite-volume method with a collocated variable arrangement [22], whereby the
interface advection is discretised using the THINC/QQ scheme [17,18] and the volume flux through the mesh faces is computed
using a momentum-weighted interpolation (MWI) [23] and treated implicitly.

3.1. Implicit surface-tension source term

With the colour function y, the volumetric source term representing surface tension, Eq. (8), is described by the CSF model [3],
defined for cell P as
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Se.p=0kpVyp, (15)

where the surface tension coefficient o is assumed to be constant. The gradient of the colour function y is discretised using the Gauss
theorem, given for a cell P as

1 _
Vyp =~ A waanf, (16)
L

where ] denotes a linear interpolation, f denotes the faces adjacent to cell P, and n s and A are the outward pointing unit normal
vector and the area of face f, respectively. In order to treat the source term S; implicitly, a Newton linearisation is applied to the
colour function gradients and the interface curvature, such that [14]

(n+l) O (n) —(n+1) (n+1) —(n) (n) —(n)
S, » NV—P<KP Zy/f ngA;+ip Zl”f ngA;—kp wa anf>, 17
f f S

where n is the nonlinear iteration counter, with superscript (n) denoting deferred quantities and superscript (n + 1) denoting an
implicitly solved quantity.

Following Denner et al. [14], an implicit formulation of the height-function (HF) method [24] is applied to compute the interface
curvature. Using the HF method and assuming the z-component of the interface normal vector is dominant, the interface curvature
is given as

2 2
—hy, (1 + hy) —hyy (14 R2) + 2Ry,
K= , (18)
3/2 >3]
(n2+n2+ 1)

where A, . 1, ) denotes the first and second partial derivatives of the liquid heights computed along the z-direction. By permuting
the indices, the curvature can be computed in the same way for cases in which either the x- or y-component of the interface normal
vector is the dominant component. Applying a Newton linearisation to Eq. (18), the implicit interface curvature is given as

(n) (n)
) _ w1 ( (n+1) (n)) <‘3MP ) 3 . [ <0DP )
K =Wy — % —y —_— - =K D —_— , (19)
P P DY’,) NEZS(P) [ N N < a‘l/N 2P P aWN

which is applied on a stencil with 3 X3 X N, cells, where N, is an odd number between 5 and 9. A detailed derivation of this implicit
height-function method can be found in the work of Denner et al. [14].

3.2. Discretisation of convective terms

In the proposed finite-volume framework, all advective terms take the form

(@) _ 7(n) (n+1)
Z Ff - Z ¢f Ff ’ (20)
S S
where q.’)(") is the deferred face-based transported quantity ¢ (y, p, pu) at nonlinear iteration »n, and F (D s the implicitly solved

volume flux, calculated using the momentum-weighted interpolation (MWI) presented in Section 3.2.1. Thus, there are three advective
fluxes P}"S) to compute, which should be all consistent [25,26]:

« Colour function: 7’ = N}”)F}"H) with IT/;") constructed using the THINC/QQ scheme [17,18], described in Section 3.2.2.

+ Density: 7‘}” ) = “;")F () =pa 7‘("/) + pBF(l v) , which depends on the flux of the colour function for consistency, p f =p f)(y/(")),

as further discussed 1 in S Sectlon 3 2.3.
+ Momentum: T’(" W = (pu) ) ; F (n+1) N(;')N(f”)Fj(,"H) 7:‘(” § (") , which depends on the density flux for consistency, as described in
Section 3.2.3.

It should be noted that, contrary to Denner et al. [14] where we applied a Newton linearisation to the convective terms, here we
apply a Picard linearisation with the volume flux F; being treated implicitly. This Picard linearisation is chosen because the fluxes
of the THINC/QQ scheme cannot be written implicitly and, to ensure the consistent transport of mass, momentum, and the fluid
interface, this Picard linearisation is applied to all convective terms.

3.2.1. Calculation of the volume flux F (nt1)

The volume flux F, =9 ,A through cell face f is defined based on an advecting velocity 9, =u, - n, that is discretised using a
momentum-weighted interpolation (MWI) [23,27]. As previously demonstrated [14,22,28], in the class of fully-coupled algorithms
considered in this study, the volume flux can play a major role in implicitly coupling the governing equations.

Contrary to previously presented fully-coupled algorithms for interfacial flows [4,14,29-32] that include (partially) deferred
volume fluxes, the proposed algorithm only contains fully implicit velocity and pressure terms, and the surface tension terms are
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made implicit using a Newton linearisation. Including the linearised surface-tension source term as presented in Section 3.1, the
implicit advecting velocity is defined by the MWI as [14]

(n+1) _ _(n+1) «(n) (n+1) (n+1)
D gt 4 Po Pp Py | VPp +VPQ ‘n
s A Ax 2 ) () I
Pp o
. B II/(”H)_W;)"H) ,5(") Vl[/(n+l) Vw(ﬂ+1)
tdo|gn2 "2 L | TP (n__Q ‘n
10 Ax P ) () !
pP pQ
n _  (n) (1) (n) (n)
+ d.o| 7Y A K(n+1)V"’P 4D Yo n (21)
I Ax 2 1P (n) 0 ) !
pp pQ
@y _ . (n) «(n) (n) (n)
Cgelzm¥e Ve Pl Ve o Yo n
"l ) Ax 2 17 o !
Pp o

L(1—AD)
P o (t=A1) _ =(1=A1)
+dy A7 ('91' u nf)
where coefficient d + represents the weighting factor of the MWI correction, as derived by Bartholomew et al. [23], and the face
density j is defined by a harmonic average.

1 1 1

OO (n) "
Py 20p 2pp

(22)

The primary motivation for including the pressure in the computation of the fluxes is to couple pressure and velocity for the
employed collocated variable arrangement. To this end, the discretised pressure terms together constitute a low-pass filter on the
pressure field that prevents pressure-velocity decoupling [23],

po—pp Vpp+Vpy %
- o«

Ax 2 ox3| .’ (23)

f

where the overbar denotes a linear interpolation of cell-centred values. In order to ensure a balance between surface tension and
pressure, the source term representing surface tension must be incorporated in the momentum-weighted interpolation in the same
fashion as the pressure [23,30],

Vpr =V =

_ = _ VYo—V¥p kpVwp +koVyg
ok Vy,; —ok,;Vy =0k, Ax —-c ) .
Since we wish to treat both the interface curvature and the colour function gradient implicitly with respect to the colour function,

we further linearise the surface tension terms with a Newton linearisation,

(24

O.K(HH)VW(HH) ~ GK("H)VW(") + GK(")VW("H) _ GK(")VW("), (25)

similar to Eq. (17). The density weighting applied to both the pressure and surface tension terms in Eq. (21) reduces the errors
associated with a discontinuous change in density [23].

The volume flux FU"*V = 19(;+')A ¢ is part of all governing equations and, thus, ensures the strong link between these equations,
and prevents pressure-velocity decoupling as a consequence of the applied collocated variable arrangement.
3.2.2. Calculation of the colour function 1/7;." )

The THINC/QQ interface-capturing scheme, a state-of-the-art version of the original THINC scheme of Xiao et al. [33,34], was
first introduced by Xie and Xiao [17], and recently revisited by Chen et al. [18]. It relies on the use of a smoothed phase indicator
H to reconstruct the colour function y at face f. This indicator is defined using a trigonometric function, and reconstructed within
each cell P as

Fp(X) = 3 [1+ tanh(Bp(Pp(X) + dp)] 26)

where fip is a local steepness parameter, computed in the present study from a user-defined scaling factor §,, which is typically set
to 6 [18], and the local cell size Asp = {/ Vp:

By

Bp

Thus, the smooth phase indicator H relates to the sharp indicator H as



R. Janodet, B. van Wachem and F. Denner Journal of Computational Physics 520 (2025) 113520

lim H=H, (28)

p—0

X are the local cell-wise coordinates, which can be defined for a Cartesian cell P of dimensions (Axp,Ayp,Azp) as

2(x—xp)
Ax
X P
x=|vl= 26— yp) , (29)

Ayp
z 2z=zp)
Azp

with Xp = (xp, yp, zp) the coordinates of the cell centre. Hence, —1 < X,Y, Z <1 and X, = (0,0,0) corresponds to the centre of the
computational cell. The quadratic interface polynomial P, which contains the local geometric information of the interface (normal
vector, curvature), is defined as

Pp(X) = Cyo0,pX* + Cono.pY> + Cong,pZ* + C110,pXY + Cio1p X Z + Co11.pY Z + C10.p X + Cor0.pY + Coo1.p Z (30)

and dp is the local surface constant, which sets the position of the interface within a cell P containing the interface, computed by
enforcing volume conservation for each cell as

Vi / Hp(X)dV = yp. (31)
P
|4

The quadratic polynomial coefficients C in Eq. (30) embed the local geometric information of the cell-wise parabolic interface,
as described in detail by Xie and Xiao [17] and Chen et al. [18]. They are computed in local coordinates for each cell P, from the
colour-function gradient normalised in global coordinates, as

CZ()O,P = ICXX,P/Z = (Hxx,P (AXP/Z)Z) /2
Cooo,p =Kyyp/2= (Hyy,P (AYP/2)2> /2
Cooz,p =Kzz,p/2= (sz,P (AZP/2)2> /2

Ciio,p =Kxy,p=Hyy p/2 (AYP/2)2 +Hyy p/2 (AXP/2)2

Coi.p =Kyzp=Hy, p/2 (AZ)D/Z)2 +Hyp/2 (AYP/2)2 2
Cionp =Kxzp =Hy p/2(82p/2)" + H,, p/2 (Axp/2)°
Cioo.p = Nx.p (Axp/2)
Coto.p = Ny.p (Ayp/2)
Coor,p =N,.p (82p/2),
where N = (N, N, y» N) is the unit normal vector in global coordinates (x, y, z),
v
= ﬁ, (33)

H = VN is the Hessian tensor in global coordinates (x, y, z), and K is the curvature tensor in local coordinates (X,Y, Z). In order to
increase the accuracy of the computation of N, 5 steps of Laplace smoothing are performed on the colour function before (and only
for) the present normalised gradient computation.

The THINC-based procedures are divided into two main steps: (i) algebraic reconstruction of the smooth phase indicator H p(X)
for each cell, i.e. computation of P and d, and (ii) calculation of the flux to advect the colour function yp using H p(X). Contrary
to the other THINC schemes, the THINC/QQ procedure uses both a quadratic surface representation defined by Eq. (30), as well as
a Gauss-quadrature integration of H p(X) for the calculation of the surface constant d as defined by Eq. (31) and for the advection
flux.

The local surface constant dp is computed by enforcing volume conservation as indicated by Eq. (31), which features the volume
integral of the hyperbolic tangent profile Hp(X). Since no analytical solution exists to perform the multidimensional integration,
a fully multidimensional Gaussian quadrature is employed to approximate the integral, as proposed by Xie and Xiao [17], which
greatly simplifies the numerical procedure. Let us define X, and w, (¢ = 1, ..., Q) the quadrature-point local coordinates and associated
weights, respectively. In this work, the quadrature points and weights of Xie and Xiao [17] for hexahedral grids (Q = 16 points) are
used. Eq. (31) is then given as

—

qu,, ap (X, p)) qup(_ 1+tanh(ﬂP(PP(Xq’P)+dp)))>=qlp, (34)
g=1

l\)
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. X 0o . . .
where the weights are defined so that Zq:] @, p =1 [17]. Using the identity

tanh (BpPp (X, p)) +tanh (Bpdp)
h(BpPp (X dp) = ' : ’
tan (ﬂp P ( q,P)+ﬁp p) 1+ tanh (B Pp (Xq,P))'tanh(ﬂde) o

Eq. (34) can be rewritten as

(36)

iw ) tanh(ﬂPPP(Xq,P))+tanh(ﬂPdP) :2< P—l)
Pt 4. 1+tanh(ﬂPPP (Xq,p))~tanh(ﬂpdp) 2

Provided the quadratic function P(X) is already known using Eq. (30), dp is the only remaining unknown to solve. Following Xie
and Xiao [17], A, p =tanh (8pPp (X, p)), Dp =tanh (fpdp), and Qp =2 (yp — 1/2), which allows to write Eq. (36) as

Agp+Dp
=0, 37
Z ©eriy 4, D, 27 (7)

which is a rational equation for the modified surface constant Dp € [—1, 1]. A Newton-Raphson algorithm is employed to find Dp,
as described by Kumar et al. [35].
Once the reconstruction of A p(X) has been performed for all interface cells (i.e. cells with 1078 < wp<l1l-— 107%), the associated

flux can be computed to advect the colour function using Eq. (12). As mentioned above, this flux involves the quantity 17/}"), which
is computed in the THINC/QQ framework using Gauss-quadrature integration over the cell face f as [17]

_my_ 1 (n) (n)
ll/f _A_f/HPupwdA Z qHPupw q) (38)
Ar

where H ;,"lpw is the reconstructed smooth phase indicator at nonlinear iteration » in the upwind cell associated with face f, defined

as

r(n) -c o)

a0 - Ii[P 1f19f >0 39)
Parv =\ Ay i 97 <.

For the Gauss-quadrature integration, G = 9 Gauss-Legendre points are used in total on the cell-face surface. With the colour function
at cell face f defined by Eq. (38), the colour function flux follows as P}‘”) = 1/7;,") F}"“).

3.2.3. Calculation of density and momentum fluxes
Following Arrufat et al. [26], the density flux is formulated consistently with the colour-function flux as

r(”) = pa F(w) + g F“ Y=y w(")F(”“) + g (1 _ 17/}")) F}"“). (40)
Rearranging this equation gives
(r) _ ~(n) (n+1) _ ~(n) p(n+1)
Ff _[pB+lI/f (pA_pB)]Ff _pf Ff ’ (41)
where the face density at the nonlinear iteration » is

/7(f) =pg+ y/(")Ap (42)
and Ap = p, — pg. The momentum flux follows, in a similar manner, based on the density flux as
(pw) _ ~<n)~(n) (n+1) (/7)"‘(")
F pyu F ) =F Fou (43)

The only quantity that remains to be calculated is the face velocity . To this end, we employ a Favre averaging together with
total variation diminishing (TVD) differencing, following the work of Kuhn et al. [36], such that the velocity at face f is defined as

(n)
~n) _ (PW 1vp
o 2 S IVD

= R (44)
Pr1VvD
where the TVD quantities ¢ are calculated using the Minmod flux limiter 5}“’;/[1“0 J [37,38] as
(n) (n) (ﬂ) (n) (n)
Pravp =Py &5 Minmod [/’ ~ Py ] (45)
(n) _ (n) (ﬂu) (n) (n)
o)y = (W + 0 [ow = u]. “6)

The subscripts U and D denote the upwind and downwind cells, respectively.
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3.3. Discretisation of transient terms

A second-order backward Euler time-integration scheme for variable time steps is employed to discretise the transient terms, given
for the general fluid variable Q as [39]

1 1 (n+1) 1 1 (t—A1) At (t—AT)
L4y ~ +—)Q —(—+—)Q +—=L g Vp. 47
/ At Ar/ P At AP )P AtPAT P s (47)

where At is the current time step, At° denotes the previous time step and A7 = At + Ar°. The transient term of the advection equation
of the colour function, Eq. (12), is readily discretised by Eq. (47) with Q = . Using the cell-based density computed from the cell-
based colour function as pp = pg + Apyp, where Ap = p, — pg, the implicit cell-based density is obtained by performing a Newton
linearisation as

0 1
ARy A (w}"”) l//f,")) a; oy + (t//ﬁ,"+ = (")) Ap. (48)
The transient term of the continuity equation is then discretised using Eq. (47) with Qi’f“) = p(li'“) given by Eq. (48), Q(IL_A') p(li Ar),

and Qg—m) = pg_AT). The implicit momentum is defined as a product of density and velocity, linearised with a Newton linearisation,

(pu)("“) _p(n+1)u(n) +p(n)u(n+1) p(lf) (I;l) (49)

Rearranging the terms of this equation and inserting the density definition used for the discretisation of the transient term of the
continuity equation yields

(n+1) (n) (n+l) (n+1) _ (n) (n)
(pw)p, "=ppu, T+ (WP ) Apup, (50)
The transient term of the momentum equations is then discretised using Eq. (47) with Q(;'“) = (pu)(lfJ'l) given by Eq. (50), Q(li_A') =
(pu)(li—Ax)’ and Q(' Ar) _ (pu)(’_AT).

3.4. Discretised equation system and solution procedure

Applying the discretisation defined in Sections 3.1-3.3, the discretised continuity equation, Eq. (5), for mesh cell P is given as

[<L+ 1 )[p(:) (W;"H) (")>Ap] (1 41 )p(;’—m)Jr At p(; Ar)] VP+Z?}p)=Ov (51)
f

At At At Ar° At°Ar

the discretised momentum equations, Eq. (6), follows as

1 1 (n) (n+1) (n+1) _ (n) (n) 1 1 (—Ar) At (1—AT)
—+ — ) [ + ( ) Apu ] (— + —) u + u ] v
[( INRN YA Vp ’ IR A arar "W P

a D _ gt ) (52)
(pu) _ (n+1) [ P ot (n+1)
+;f’f Zp anf+;;4f otV g ATV,

and the discretised advection equation for the colour function, Eq. (12), is given as
1 1 (n+1) ( 1 1 ) (t—A1) At (t AT)] () (n) (n+1)
—+— ) —+ — +— Ve+ ) F F =0, 53
[( NN AL INRN AL NI A Z “Ve ; f >3)

where [J ; denotes a linear interpolation of the cell-centred values to face f. This discretised set of governing equations is solved
simultaneously for the pressure p, the velocity vector u = (u v w)T and the colour function y in a single linear equation system,
A - ¢ =b, given for a three-dimensional mesh with N cells as

p u v w 78 P
"tcont‘ Acont Acont ‘Acont Acont ¢ bcont.
u
X-mom. X-mom. X-mom. X-mom. Ax -mom. ¢ bX-mOm.
? ‘ o w v 1¢°[=]b (54)
y-mom. y-mom. y-mom. y-mom. y-mom. y-mom. |-
)4 u v w 74 ¢w b
Z-mom. Z-mom. Z-mom. Z-mom. Z-mom. Z-mom.
P u v w Al[/ ¢W b
VOF VOF VOF VOF VOF VOF

The coefficient submatrices of size N X N for each governing equation “eq.” with regard to each solution variable y € {p,u,v, w,y}
are denoted as Aé‘q‘, where “eq. = cont.” refers to the continuity equation, Eq. (51), eq. = {x-mom., y-mom., z-mom. } refers to the
three momentum equations with respect to each spatial dimension, Eq. (52), and “eq. = VOF” refers to the advection equation of the
VOF colour function, Eq. (53). ¢¥ are the solution subvectors of length N for each solution variable y and all contributions from
previous time-levels and contributions that are deferred are contained in the right-hand side subvectors b, , each of length N.

The linear system of discretised governing equations, Eq. (54), is solved iteratively using the Block-Jacobi pre-conditioner and
the BiCGSTAB solver of the software library PETSc [40,41]. To account for the nonlinearity of the governing equations, an inexact
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Fig. 1. Flow chart of the solution procedure of the discretised and linearised fully-coupled system of governing equations, .A - ¢ = b. Superscript (n + 1) denotes
implicitly solved variables, superscript (n) denotes deferred variables, and superscripts (r — At) and (f — A7) denote quantities of previous time-levels.

Newton method [42] is applied, whereby the deferred terms are updated iteratively until the nonlinear system of equations has
converged to a predefined conservation criteria, as illustrated in Fig. 1. The nonlinear iterative process is considered to be converged
when the maximum L, error norm of the quantities ¢ € {p, pu, pv, pw, v} satisfies

m;)ix (L2(¢)) < €nonlinear> (55)

where €, p1inear 18 typically set to 1070, and L,(¢) is calculated as

1 ZP (4)5?“) - ¢(;)>2

N, 2\
L — <<¢$+1)> )

As previously reported by Denner et al. [14], since the implicit volume flux F +1) is based on implicit contributions of all solution
variables y € {p,u,v,w,y} and contained in the advection terms of all governing equations, it introduces a tight implicit coupling
between the governing equations, which was found to be essential for breaching the capillary time-step constraint. In the proposed
algorithm, this implicit coupling between the governing equations is further strengthened by treating the density of the current time-
level implicit with respect to the colour function in the transient terms of the continuity and momentum equations. Furthermore, to
facilitate the robust solution of interfacial flows with large density ratios, the continuity and momentum equations are discretised in
conservative form, contrary to the prevailing standard for incompressible flows, and a Favre averaging is applied in the momentum
advection term.

Ly(9)= (56)

4. Upper capillary stability limit

Although the capillary time-step constraint has been shown to be breachable using interface-capturing methods, Denner et al. [14]
observed that, even beyond the capillary time-step constraint, the time step that yields a stable solution remains limited. Following
the work of Galusinski and Vigneaux [5], the maximum possible time step using the class of fully-coupled algorithms considered in
this study has the form [14]
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Table 1
Dimensionless physical and numerical parameters for the
Laplace equilibrium case.

palps  Ha/up  La D/Ax  At/A,
1000 1 120 256 0.5, 2,8, 16

a7y + 4/ (ay7)? + 4ay 72

At, = 5 , (57)

where 7, and 7, are the visco-capillary and capillary time scales, respectively, and a,, are two case-dependent constants. The
capillary time-step constraint At,, Eq. (4), is recovered for a; =1/(16x) and a, = 0.

By defining p = p, + pg and jI = u, + pp, and with the wavelength of the shortest unambiguously resolved capillary waves given
as A, =2Ax [3,4], the reference time scales are

Ay
Tve =~ (58)

Z5
7, =1 —=, (59)
c

which yield the mesh Ohnesorge number [14]

. .
Ohy ==K
T y\/PoA,
The upper capillary stability limit can, therefore, be separated into two regimes: (i) the inviscid regime for Oh,, < 1 where Az, « 7,
and (ii) the viscous regime for Oh,, >> 1 where Af, « 7. In order to determine the case-dependent constants a; and a,, the results
of Denner et al. [14] suggest that only two results obtained for Oh,, <1 and Oh,, > 1, respectively, are sufficient.

(60)

5. Test cases and validation

The proposed fully-coupled algorithm is validated and scrutinized using four representative test cases in which surface tension
plays the dominant role and for which the time step is usually limited by the capillary time-step constraint: the Laplace equilibrium
of a stationary droplet (Section 5.1), a standing capillary wave (Section 5.2), an oscillating droplet (Section 5.3), and the Rayleigh-
Plateau instability (Section 5.4). The analysis of these results focuses in particular on the force balancing of the discretised governing
equations, the conservation of energy, and the maximum stable time step that can be applied in these simulations.

5.1. Laplace equilibrium of a stationary droplet

The common first step to validate a surface tension framework is to demonstrate its balanced-force or well-balanced property [6,
43-45] by simulating a static droplet (or bubble) and show that the exact Laplace balance Ap = ok can be achieved, provided the
interface shape has reached a numerical equilibrium. Given that the spherical interface should satisfy the Laplace balance and be
in mechanical equilibrium, the two-phase flow should be quiescent. This is the case when the spurious currents, which are the only
source of a non-zero velocity u, introduced by the initial numerical disequilibrium, are dissipated by viscosity. Hence, the relevant
time scale to consider is the viscous dissipation time scale 7,, given for a droplet of diameter D as 7, = p A D?/1,. The relevant
dimensionless parameter to parameterize this case is the Laplace number La = pyoD/ ”12\' It is well-known that the exact Laplace
equilibrium can be retrieved in segregated-VOF/explicit-CSF frameworks [43], and more recently with the coupled-VOF/implicit-
CSF framework of Denner et al. [14] for time steps larger than the capillary time-step constraint for a uniform density ratio. In this
work, we consider a large density ratio of p, /pg = 1000 for both a two-dimensional (2D) and three-dimensional (3D) droplet. The
dimensionless parameters of the problem considered are summarised in Table 1.

The evolution of the maximum capillary number Ca_,, = u4 |u|,, /o of the spurious currents as a function of the dimensionless
time t* =1t/ 7, is shown in Fig. 2 (a) for the 2D case and in Fig. 2 (b) for the 3D case. In both cases, the initial spurious currents
are dissipated exponentially by viscosity, until a numerical equilibrium is reached at t* =~ 0.2. For * > 0.2, the magnitude of the
spurious currents remains negligible and is defined by the tolerance to which the nonlinear system of governing equations is solved
(or machine precision).

The pressure field and spurious currents are illustrated in Fig. 3, at two time instants representing the beginning and the end of
the 2D simulation with the largest applied time step, At/At, = 16. The droplet has a radius of R = 0.4 m and the surface tension
coefficient is o = 1 N.m~!, such that the pressure jump follows as Ap = ¢/R = 2.5 Pa, which is correctly predicted by the simulation,
see Fig. 3.

The upper capillary stability limit, discussed in Section 4, for this case is displayed in Fig. 4. In the limit of Oh,, < 1, a time step
smaller than 1.5A¢ has to be applied to obtain a stable solution, which is significantly more restrictive than for the same case with unit
density ratio for which a maximum time step of 15A7; could be used in this regime [14]. In the large-Oh, , regime, the upper capillary
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Fig. 2. Maximum capillary number over time for the Laplace equilibrium case with density ratio p, /pg = 1000 in (a) 2D and (b) 3D.
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Fig. 3. Pressure field and spurious currents at (a) * =1/7, =0.01 and (b) t* =t/7, =1 in 2D for At/At, =16.
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Fig. 4. Approximated upper capillary stability limit as a function of the mesh Ohnesorge number, Oh, ,, for the Laplace equilibrium case with density ratio p, / py = 1000.

stability limit Az, is also one order of magnitude smaller than in the case with unit density ratio considered by Denner et al. [14].
Nonetheless, the proposed fully-coupled algorithm is capable to breach the capillary time-step constraint even for interfacial flows
with realistic gas-liquid density ratios and still retain the force balance between pressure and surface tension.
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Table 2
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Dimensionless physical and numerical parameters for the case of the vis-
cous damping of a capillary wave.

palps  HMaluy  La=pio/p*  A/Ax At/At,
1000 1000 300 25,50,100,200 05,2, 8
Table 3

L, error norm, see Eq. (61), for each resolution and for each prescribed time
step relative to the capillary time-step constraint. The corresponding order of
convergence is given in parentheses.

L, (At/At, =2)

L, (At/At, =8)

A/Ax  L,(At/At, =0.5)
25 5.02x1073
50 2.73x 1073 (0.88)

100 1.76 x 1073 (0.63)
200 1.17 x 1073 (0.59)

6.00x 1073

3.15x 1073 (0.93)
2.29x 1073 (0.46)
1.35x 1073 (0.76)

2.96x 1072

4.67x 1073 (2.66)
2.42x 1073 (0.95)
1.43 x 1073 (0.76)

5.2. Capillary wave

We consider the oscillation and decay of a capillary wave. Two immiscible viscous fluids with large density and viscosity ratios
are initially at rest and separated by an interface with surface tension, perturbed by a small-amplitude sinusoidal capillary wave,
in a two-dimensional [0; 4] X [0;34] domain [46,47]. This domain is periodic in the x-direction and has slip walls at its top and
bottom boundaries. The initial wave amplitude is A, = 4/100, with A =2z the length of the capillary wave, which gradually decays
due to viscous dissipation. The calculations are performed on Cartesian meshes with a mesh resolution of 1/Ax = {25,50, 100,200},
using different time steps At/At; ={0.5,2,8}, and run until wyt = 25, which corresponds to approximately 4 oscillations and where
@y = \/ok3/(ps + pp) is the undamped angular frequency of the capillary wave. The considered density and viscosity ratios are
pa/pg = 1000 and p, /up = 1000, such that the kinematic viscosity v = u/p is v4 = vz. The physical and numerical parameters of
this case are summarised in Table 2. The results obtained with the proposed fully-coupled algorithm are compared to the analytical
solution of the temporal evolution of the wave amplitude proposed by Prosperetti [48]. This analytical solution is valid for capillary
waves with small amplitude (A < 4) and for interacting fluids with equal kinematic viscosity v.

The temporal evolution of the wave amplitude over time is shown in Figs. 5 (a), (c), and (e). The results obtained with the
proposed fully-coupled algorithm are in excellent agreement with the analytical solution of Prosperetti [48], especially for 1/Ax > 50,
irrespective of the applied time step. The corresponding instantaneous relative amplitude error |A(f) — A, (1)|/ Ay shown in Figs. 5 (b),
(d), and (e) suggest that time-step independence is reached with 200 points per wavelength. In order to better illustrate the present
test case and confirm the robustness of the solver, the pressure and vertical velocity fields are provided in Fig. 6, at time instant
wyt = 2.5 (right before the wave reaches its minimum amplitude), for 4/Ax = 100 and the largest applied time step, At/At, =8.

To further quantify the differences between analytical solutions and numerical results, the L, error norm is computed relative to
the initial amplitude A, as previously considered by Popinet [43], defined as

Tend
L / [A0) - Ap)] dr,

b= 20
0 end
r

(61)

where 7,4 is the end time of the simulation, A is the wave amplitude obtained with the proposed numerical framework and A, is the
wave amplitude obtained with the analytical solution of Prosperetti [48]. The values of the L, error norm are gathered in Table 3.
The L, error norms for all cases decrease with increasing mesh resolution and decreasing time step and, in general, the L, error
norms are small (< 1072) for all considered cases, with the expectation of the wave on the coarsest mesh simulated with the largest
time step. The rate of convergence is between 1/2 and 1 for all time steps, which is low compared to the second-order convergence
observed with a unit density ratio on Cartesian meshes [43]. However, the density ratio of p,/pg = 1000 is less common in the
literature and existing results with explicit surface tension [49,50] also reported a low convergence rate (order 1 or less) for this case.
The limiting factor regarding the order of accuracy of this test case is the interface transport and the computation of the interface
curvature. The interface transport with the employed schemes is at best second order accurate, which means that the computation
of the mean curvature of the interface is at best zeroth order accurate [51]. This suggests that, for a sufficiently high spatial and
temporal resolution, the order of convergence of the amplitude error should be zero, meaning that the amplitude error is constant
and does not reduce with further mesh refinement.

The upper capillary stability limit for this capillary wave case is plotted in Fig. 7. Similar to the Laplace equilibrium discussed in
the previous section, the stability limit is more restrictive for the density ratio of p, /pg = 1000 considered here than for the density
ratio p, /pg = 1 considered by Denner et al. [14]. Nevertheless, especially cases in which viscosity dominates, either because the
dynamic viscosity is large or the capillary wave is short, benefit from a drastically increased applicable time step.
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(b) Relative amplitude error A\/Az = 50
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Fig. 5. Left: Temporal evolution of the dimensionless wave amplitude A/A, over non-dimensional time * = wyt for A/Ax € {50,100,200}. Right: Instantaneous
relative amplitude error |A — Ay |/ A, for /Ax € {50,100,200}, where A, is the amplitude of the analytical solution of Prosperetti [48].

5.3. Oscillating droplet

The case of an oscillating droplet, which has been previously presented in [52,53], considers the oscillations of a dense two-
dimensional viscous droplet, in which the effects of the surface tension are examined. The initially elliptical droplet is situated in a
unit square domain, with initial major axis a = 0.15 m and minor axis b = 0.1 m. The physical properties and dimensionless parameters
of the problem are summarised in Tables 4 and 5, respectively. The simulations are run until /7, = 1.5, where 7, = pAD(zJ /Ha
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Pressure [Pa]
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Fig. 6. Pressure field (a) and vertical velocity field (b) at r* = oyt =2.5 for A/Ax =100 and At/Ar, =38.
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Fig. 7. Approximated upper capillary stability limit as a function of the mesh Ohnesorge number, Oh,, for the capillary wave case with density ratio p, /py = 1000.

Table 4
Physical parameters for the oscillating droplet test.

pa (kgm™)  pp (kgm™)  py kgm s pp kgmls™) o (NmT') Ry = \ab (m)

1000 1 7.5% 1072 75%1072 0.1 0.1224744871
Table 5
Dimensionless parameters for the oscillating droplet
test.

palps Halws  La=p,oRo/uy  Ro/Ax
1000 1 2177 78

is the viscous time scale, to ensure that both spurious currents and physical interface oscillations are dissipated completely. The
time step applied in these simulations is calculated as the minimum between the CFL and capillary time-step constraints: At =
min (Afcp, ZA1, ), where = Ar/Al, is the factor by which the capillary time-step constraint Az, is breached. Three different time
steps are considered for this test case, with £ € {2,5,10}, and the maximum CFL number is 0.05.
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Pressure [Pa]
I 1.0154

I -0.0079

Fig. 8. Pressure field of the 2D oscillating droplet at * =/7, =0.015 with £ = 10.

Over time, the oscillations of the droplet induced by surface tension are damped by viscous stresses. Using the theoretical work
of Rush and Nadim [54] and Lamb [55], the evolution of the dimensionless total energy (i.e. potential and kinetic) of the 2D droplet
for oscillation mode # is given as

E*(,):m:exp(_M>:exp<_w>, ©2)
Ey VPaoRy VLia

The initial total energy, E,, which corresponds to the initial potential energy associated with surface tension, is calculated as E, =
0(Cettipse — Ceircle)> Where Cyipg is the circumference of the ellipse and Cy is the circumference of the circle with the same area.

Following the work of Lamb [55], the analytical expression for the oscillation frequency of the n-th mode is given as

w0, = nn—1)(n+ 13)6, 63)
(pa + PBIR)

where R = \/E is the equilibrium radius of the droplet. As previously considered by Raessi and Pitsch [52] and Vaudor et al. [53],
the dominant second mode (n = 2) is studied here. To illustrate the test case, the pressure field during the second oscillation of the
droplet, at t* =1/7, = 0.015, with the largest prescribed time step, X = 10, is shown in Fig. 8.

The temporal evolution of the dimensionless kinetic energy of the droplet E, = Ey;,/E, for all simulations is shown in Fig. 9 (a).
A zoomed view is provided in Fig. 9 (b) over the range ¢* € [0,0.2], corresponding to the interval in which all but one millionth of the
initial droplet energy E, dissipates. The temporal evolution of the effective time step of the simulations is displayed in Fig. 10, which
confirms the representative choice of the reduced interval +* € [0,0.2], used for the calculations of errors following below. Despite a
strong CFL constraint, the largest part of the simulations is conducted with a time step larger than the capillary time-step constraint,
as observed in Fig. 10. At the end of all simulations the kinetic energy is, as expected, fully dissipated, see Fig. 9 (a). The theoretical
decay rate is accurately reproduced for all time steps in the range * =7/7, <0.1, as seen in Fig. 9 (b). Fig. 10 indicates that r* = 0.1
corresponds approximately to the time after which the time step reaches its maximum value At = ZAt,. A more significant difference
in the quality of the results (oscillation frequency and kinetic energy decay) depending on the time step is observed for t* > 0.1.

The errors of the oscillation frequency w, and kinetic energy E,;, are computed over the range ¢* € [0,0.2] as

e(wn) _ Wy cale — @Pp Lamb _ (2ﬂ/7:1,calc) — Wy Lamb . (64)

wn,Lamb wn,Lamb

and

N,

1 & ( Edineater ™ Einan ’
in,calc, in,th,
€(Exin) = Lo(Eyin) = Z (#) (65)

Npeaks p=1 kin,th,p

with 7}, ... the average period calculated over the first 14 oscillations (corresponding to the range * € [0,0.2]) for each simulation,

Npeaks = 28 (corresponding to r* € [0,0.2]), and Ef(“in’calc and El:‘m’lh are the dimensionless energy obtained from the simulations and

from theory, respectively. The error of the final radius is also computed at the end of each simulation, 7.4 = 1.5¢* as

|Rcalc(tend) - R0| _ | Vacale(end) Oeate(Tend) — \/El
Ry \/E ’

e(R) = (66)
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(a) t* € [0, 1.5] (b) t* € 10,0.2]

[=] 100 (=3
E —— At = min(Atcpr, 2At,) E —— At = min(Atcrr, 2At,)
£ L N T T At = min(Atcpr, 5At,) £ IS At = min(Atcrr, 5At,)
Lﬁ 1074 At = min(Atcgr, 10AL,) T -------- At = min(Atcpr, 10At,)
E —— Theoretical decay rate E —— Theoretical decay rate
* 4 * 4
106 4 ST R
] =
o0 o0
o —
< <
= =
¢ 1077 °
£ ! £ 1077
o h <
g g
2 2
5 5107
Z 1071 i 2
121 i )
e i £
= 10718 T T A\ T T T = 107° T T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 0.00 0.05 0.10 0.15 0.20
Dimensionless viscous time t* = t /7, Dimensionless viscous time t* = t/7,

Fig. 9. Temporal evolution of the dimensionless kinetic energy of the 2D oscillating droplet over time for (a) the entire simulation and (b) a zoomed interval.

10
— At = min(Atcrr, 2At,)
91 - At = min(Atgrr, 5At,)
g4 At = min(Atcpr, 10At,)

=== Capillary timestep constraint

At/At,

1073 1072 107 10°
Dimensionless viscous time t* = t/7,,

Fig. 10. Temporal evolution of the applied time step, normalised by the capillary time-step constraint, for each run (X = 2,5, 10) of the 2D oscillating droplet. The
dotted vertical black line corresponds to ¢* = 0.2, which is the upper bound of the zoomed interval in Fig. 9 (b).

where a,. and b, are calculated by summing up the colour function row-wise and column-wise on the employed Cartesian mesh,
respectively. The error values and associated convergence rate are gathered in Table 6 for all considered time steps. The kinetic-energy
and oscillation-frequency errors are also plotted in Fig. 11. The geometric error in final radius is small for all considered time steps,
which shows that a circle faithfully representing the expected theoretical circle of radius R, is obtained at the end of the simulations.
The very low convergence rate of the radius further indicates that the final radius of the simulation does not depend strongly on the
applied time step. Fig. 11 shows that the oscillation frequency is less affected than the kinetic energy by an increase in time step.
Both errors are, nonetheless, small for X =2 and X =5, while X = 10 is not sufficient to faithfully capture the physics, as confirmed
by Fig. 9 (a). It should be noted that the errors in oscillation frequency for £ =2 and X =5 (approx. 3%) are smaller than those
obtained by [53] with an explicit surface tension treatment at the same resolution, but over a shorter time interval (approx. 4.5%),
demonstrating the good temporal accuracy of the proposed fully-coupled algorithm. It should be noted that the formal order of
convergence of a finite-difference scheme can, in general, only be achieved if all relevant physical processes are adequately resolved.
Here, however, the surface-tension-driven interface motion is not adequately resolved in time, since the capillary time-step constraint
is breached. The formal second-order accuracy of the employed temporal discretisation can, thus, not be expected to be achieved.

The performance of the simulations is quantified by the wall clock time (WCT) and the reduced computational time (RCT),
calculated as [56]

WCT X N gres

RCT = >
NAr X Ncells

(67)
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Table 6
Errors e and corresponding convergence rate of the simulation of the oscillating droplet with different
time steps. A negative convergence rate indicates a decrease in accuracy as the time step increases.

L=At/AL,  eR) OR) (B OEq) Trelsl €@, 0,)
2 9.92x10* - 0038 - 11297 400263 -
5 868x 107 015 0074  —073 11386  +0.0339 028
10 130107 -0.58 0.195  —140 11595  +0.0513 —0.60
(a) Kinetic energy peaks (b) Oscillation frequency
e 6<Ekin) —— e(wn)
---- Firstorder ---- First order

101 101

L, kinetic energy error
Relative frequency error

-2 . 1072 +—= T
10° 10 100 10!
At/At, At/At,

Fig. 11. Temporal convergence of the oscillating droplet test: (a) the error in kinetic energy, defined by Eq. (65), and (b) the error in oscillation frequency, defined
by Eq. (64).

Table 7

Computational performance of the simulations of the oscillat-
ing droplet test for different time steps, quantified by the wall
clock time (WCT) and the reduced computational time (RCT),
see Eq. (67).

S WCTI[s] News Na  News RCT[ms]

2 3370 24 8180 4096 2.41
5 1790 24 3677 4096 2.85
10 1410 24 2207 4096 3.74

where N, is the number of processing cores, N,, refers to the number of time steps, N is the number of mesh cells, and
presented in Table 7. The WCT of the cases with ¥ =2 and X =5 show that a speed up of factor 1.9 in total simulation time is
obtained when multiplying the maximum allowed time step by 2.5. This speed up is however not maintained when increasing the
maximum time step further to £ = 10, which is explained by the on average slower convergence of the nonlinear procedure within
each time step for X = 10. This is confirmed by the RCT values, showing a substantial increase in average reduced time spent for each
time step for £ = 10. Hence, there exists an optimal case-dependent value for X that maximises the performance, while still providing
a sufficient resolution of the dominant transient flow features. For the present test case, X =5 seems to be a good compromise.

5.4. 3D Rayleigh-Plateau instability

The Rayleigh-Plateau instability is studied to demonstrate the capability of the proposed numerical framework with the implicit
surface tension framework to predict surface-tension-driven flows in three dimensions that feature a significant deformation of the
liquid-gas interface. To this end, a cylindrical filament of radius r, is initialised in a cubic domain with a small longitudinal pertur-
bation imposed at the interface,

r(z) =rg+ erycos(kz) =ry+ Aycos(kz), (68)

where € = 0.03, ry = 0.2, and k = z. Following Popinet [43], in order to compare the results to linear theory, the velocity field is
initialised as u = V¢, with the potential

Agc

o= _mJo(ikr) cos(kz), ©
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Table 8
Dimensionless parameters for the Rayleigh-Plateau instability.

Pl Py Hal Mg La:ﬂAm‘o//‘,Z\ §=kry ro/Ax
832 56 238 0.628 20

Axial Velocity [m/s]
| 2.36e-04 '

Axial Velocity [m/s] Axial Velocity [m/s]
' 2.36e-04 ' 2.36e-04

I -2.36e-04 I -2.36e-04 I -2.36e-04

(@) t/T, =0 (b)t/T, =6 (©)1/T, =9

/'/_ 5
X e o
v #
Bxial Velocity [m/s] = Axial Velocity [m/s] Axial Velocity [m/s]
' 2.36e-04 ' 2.36e-04 ' 2.36e-04
I -2.36e-04 I -2.36e-04 I -2.36e-04
(d)t/T, =108 e t/T, =11 HT, =112

Fig. 12. Interface contours of the Rayleigh-Plateau instability of a cylindrical filament for different time instances for £ = 2, coloured by the axial velocity.

where c is the inviscid growth rate obtained from linear stability analysis [57]

2
¢ LGS) 2
— ) =—=&1-¢&), 70
(C()) 10(6)5( &) (70)

with cg = o‘/(pAré) and & = kr the dimensionless wavenumber. To include viscous effects, Weber reformulated the growth-rate
equation as [58,59]:

1
43 ke = 2egei (1= &), (71)

which allows to validate cases with low to moderate Laplace numbers. Following previous studies [43,60], the Laplace number
considered here is La = 238.

A quarter of the filament is simulated in a [0; 0.5] X [0; 0.5] X [0; 1] domain with symmetric boundary conditions, using an equidistant
Cartesian mesh with 50 x 50 x 100 cells, which corresponds to 20 cells per initial filament radius. The same dimensional parameters as
previously considered by Popinet [43] are adopted for this test case, summarised in Table 8. The characteristic time scale T, = 1/c,,
of the Rayleigh-Plateau instability is defined by the growth rate c,. The time step applied in the simulations is calculated as the
minimum between the CFL and capillary time-step constraints: Af = min (Afcg,ZAt,), where ¥ = Ar/At, is the factor by which
the capillary time-step constraint Az, is breached. Two different time steps are considered for this test case, with £ € {2,8}, and
the maximum CFL number is 0.04. The interface contours illustrating the development of the Rayleigh-Plateau instability and the
induced interface deformation are shown for £ =2 in Fig. 12.

Following Popinet [43], the relative deformation of the interface, calculated based on both the maximum and minimum radii, is
compared to Weber’s viscous linear theory [58,59] in Fig. 13. The results are in excellent agreement for both considered time steps,
demonstrating the ability of the proposed coupled solver to faithfully reproduce capillary effects in three dimensions with significant
interface deformation. The non-dimensional breakup time predicted with both time steps is #,/T, = 11.5, which is slightly earlier
than a breakup time of ¢, /T, = 12.1 reported by Popinet [43] with explicit surface tension. We attribute this difference to the coarser
mesh resolution used here compared to the work of Popinet [43], which means the neck of the filament reaches a radius that cannot
be resolved and, consequently, succumbs to numerical breakup at an earlier time ¢, /T,. Following Denner et al. [61], the evolution
of the dimensionless minimum radius r;, /r, as a function of the dimensionless time to pinch-off = = (¢, — ) /T, is plotted in Fig. 14.
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(b) Minimum radius
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Fig. 13. Relative deformation of the liquid filament over dimensionless time /7, based on (a) the maximum radius (r,

max

Dimensionless time ¢ /7,

—ry)/(ery) and (b) the minimum radius

(rg — rmin)/(€ry), compared to Weber’s viscous linear theory, defined in Eq. (71). The dotted line in (b) indicates the theoretical relative deformation from breakup

(i.e. when r;, =0).
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= 0.03047/0Oh
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Fig. 14. Evolution of the dimensionless minimum radius r,, /r, with respect to the dimensionless time to breakup 7 = (t, —)/T,.. The dash-dotted line Ax/r, indicates

the spatial resolution limit.

Early on in the evolution of the Rayleigh-Plateau instability, the minimum radius follows the inertial scaling r;, ~ (to — 1?3 [62],
whereas shortly before pinch-off the minimum radius faithfully reproduces the theoretical inertial-viscous solution defined as [63]

Pmin _ 0.03047
ro Oh ’

(72)

where Oh = 1/4/La is the Ohnesorge number. The temporal evolution of the applied time step is shown in Fig. 15. The calculations
are conducted with a time step larger than the capillary time-step up to #/T, =8, at which point the CFL constraint becomes the
dominant time-step constraint. Hence, the majority of the simulations is carried out with a time step larger than the capillary time-step

constraint.

6. Conclusions

The performance of computer simulations of surface-tension-driven phenomena is often limited, in many cases severely, by the
capillary time-step constraint [3,6]. Mitigating or eliminating this constraint, therefore, promises significant performance gains,
for applications including microfluidic interfacial flows, quasi-stationary evaporation, dynamic contact line problems, and spray

atomization.
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Fig. 15. Temporal evolution of the applied time step, normalised by the capillary time-step constraint, for both simulations, € {2,8}, of the Rayleigh-Plateau
instability.

In this article, a fully-coupled pressure-based algorithm for interfacial flows with implicit surface tension treatment has been
derived, implemented and validated. In the present work, the THINC/QQ scheme [17,18] has been used to discretise the advection
term of the colour function transport equation, instead of the CICSAM scheme [15] considered previously in similar algorithms
[14,301, with the aim of alleviating the stringent CFL number constraint of CFL < 0.01 associated with the CICSAM scheme. However,
even with the THINC/QQ scheme, which is able to retain a sharp interface for CFL numbers of (9(0.1), stable results could only be
obtained for a maximum CFL number of 0.05 in the current study.

In conclusion, the proposed algorithm allows simulating realistic gas-liquid flows with time steps larger than the capillary time-
step constraint, as long as other time-step constraints are satisfied. Nevertheless, areas of further improvement remain to maximise
the potential of the proposed numerical approach. In order to handle complex topology changes, the implicit height-function method
requires an implicit alternative to increase its robustness in the case of under-resolved interfaces. In addition, further improvements
with respect to the robustness of the interface advection scheme should enable simulations with larger CFL numbers, bearing the
potential to greatly improve the performance of the proposed algorithm.
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