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Article history: An analysis of a modified pressure-correction formulation for fast simulations of fully
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weighted pressure gradient, the pressure equation is reduced to a constant-coefficient
Poisson equation, for which efficient linear solvers can be used. While the gain in speed-
up is well documented, the error introduced by the temporal extrapolation of the pressure
gradient requires further investigations. In this paper it is shown that the modified pressure

f,fﬂ;ﬁ'constam_coefﬁdem pressure equation can lead to unphysical pressure oscillations and large errors. By appropriately
equation combining the extrapolated pressure gradient with a matching volume fraction gradient
Projection method grid convergence at high density ratios could be recovered. The cases of a one-dimensional
Pressure jump front and a sphere translating at uniform velocity were first considered, allowing to
‘G/(l_?:/l decouple the pressure equation from the momentum equation. Subsequently, the case of

a rising bubble in an upflow is analysed for which the full set of governing equations is
solved. The pressure jump extrapolation error has been found dependent on the density
ratio and the CFL number. Ultimately, the gain in the computational time, made possible
by the use of fast Poisson solvers, should be weighted by the additional computational
time the reduction of the aforementioned error may require.

© 2019 Elsevier Inc. All rights reserved.

DNS Two-phase flows

1. Introduction

Immersed boundary (IB) methods for the tracking/capturing of fluid interfaces are widely used and among the most
successful methods for the solution of the Navier-Stokes equations for finite Reynolds numbers [1]. The simple discretisation
of the governing equations in a structured fixed-in-time grid and the computational efficiency derived from it represent neat
advantages compared to body-fitted grid methods.

The common base ground of IB methods for fully resolved two-phase flows is the definition of a single set of governing
equations, valid for the whole field, referred to as ‘one-fluid’ approach [1]. Rather than solving for two separate single-
phase flow domains, the Navier-Stokes equations are modified by adding localised interface terms and differences in the
material properties are accounted for. These two steps introduce important challenges to the discretisation of the governing
equations, where one has to handle jumps in the fundamental variables (e.g. pressure) as well as the approximation of
8-functions on a finite-size computational grid (e.g. surface tension discretisation).
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The standard projection method [2], applied to the Navier-Stokes equations, leads to the following semi-discrete form of
the pressure equation:

V-(le>=LV~u*, (1)
0 a At

where p is the pressure, o is the density, u* an intermediate non-solenoidal field, At the discrete time interval and o a
coefficient that depends on the particular time integration scheme. The presence of discontinuous coefficients, in this case
given by 1/p, deteriorates the convergence of standard multigrid-based Poisson solvers [3] and the limitations are more
severe the larger the density ratio. This has been a topic of research in the past years and several improvements have been
suggested, some of which are summarised in [4]. These methods mainly focus on better interpolation operators for the
transfer of data from fine to coarse grids (coarsening operators) and vice-versa (prolongation operators) in the presence of
discontinuities. While this is certainly a viable option, an alternative, yet efficient strategy originally developed by Dong and
Shen [5], and subsequently applied by Dodd and Ferrante [6], will be pursued. The idea is to split the density weighted
pressure gradient into two contributions, one having a constant density weight and the other having a variable density
weight. The latter is then approximated by extrapolation of the pressure gradient from previous time levels. This leads to
the following modified pressure equation:

2w [(1-2) vl 4 v (o™
e [(1-8)e] o (i)

where pg is a constant and Vp is an approximation of Vp. In particular, in [6] a standard second order extrapolation in
time is employed to evaluate Vp:

Vp=2Vp"—vp" I, 3)

with n and n — 1 the current and previous time level, respectively. Extrapolation (3) delivers a second order accurate Vp for
smooth pressure fields. However, the pressure may present discontinuities at the two-phase interface, as for example the
pressure jump given by surface tension. An accurate discretisation of Vp appears then to be essential. Depending on the
governing parameters and on the adopted discretisation methods, extrapolation (3) may lead to large numerical errors, the
importance of which appears to have not been rigorously investigated so far.

The main goal of this work is to analyse the implication brought about by (3) and to quantify the error which arises
from it. The result of this analysis will provide new insights into the numerical stability and accuracy of Eq. (2). This will
constitute a guideline for the choice of the grid size and time step of the simulation. As it will become clear from this paper,
Eq. (2), in the presence of jumps, can lead to unphysical oscillations of the pressure field for a moving two-phase interface. A
discretisation of (3) based on the Ghost-Fluid-Method (GFM) [7], also employed in [8-10], will be shown able to mimic the
essential numerical properties inherent of the unmodified pressure-correction formulation, delivering a substantially more
accurate solution than that obtainable by a standard discretisation of (3).

The problem will be tackled by analysing a simplified one-dimensional model that retains all the relevant features of the
full problem, showing the inconsistencies brought about by (3) and providing a general solution that can be easily embedded
into the framework of standard multiphase solvers. Even though the considerations are derived from a Volume-of-Fluid
(VOF) [11] standpoint, the results are general and applicable to other methods based on the ‘one-fluid’ approach, among
which the Level-Set (LS) method [12], the Front-Tracking method [13] and combinations of these [14].

The paper is structured as follows: first, the mathematical model is described in Section 2. Following, the fractional step
method for the unmodified, as well as for the modified pressure equation is detailed in Section 3. A one-dimensional test
problem, characterised by a moving front at constant velocity, is then built and solved exactly in Subsection 3.2. This ana-
lytical solution is used as a reference for the validation of the discrete counterpart of the problem given by the unmodified
pressure equation (1) and the modified pressure equation (2) in Sec. 3.2.2 and Sec. 3.2.4, respectively. The source of incon-
sistency in the original formulation used in [6] is investigated and an improved method, based on the GFM method [10]
will be analysed in Sec. 3.2.5.

Next, the modified pressure-correction algorithm is tested first for a translating sphere at imposed flow (Sec. 4.1), where
grid convergence is investigated for two different density ratios equal to 10 and 1000. Subsequently, the full set of governing
equations is examined. In particular, the dependence of the pressure extrapolation error on the CFL number and on the
density ratio is analysed for the case of a rising bubble in an upflow (Sec. 4.2).

The main findings and achievements are collected in Sec. 5.

2. Mathematical model
The incompressible Navier-Stokes equations for two immiscible fluids read [1]:

at
V.-u=0, (5)

au
p[——l—V-(uu)] =—Vp+V-Q2uD)+ cknd(n), (4)
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where u is the velocity, p is the density, i is the dynamic viscosity, o is the surface tension coefficient, k is the curvature,
n is the normal vector to the interface, D is the deformation tensor and § is the Dirac function which localises the surface
tension at the interface [15]. The spatial distribution of the two phases is defined by a marker function f, equal to 1 in the
gas phase and equal to 0 in the liquid phase. Function f, being the volume fraction field in the VOF method, is transported
by the underlying velocity field as follows:

af

E+u-Vf=0. (6)

Density and dynamic viscosity are then derived from the marker function as:
p=p(—f)+pgf,
w=w—=f)+pugf,

where pj, pg and w, pug are the density and the dynamic viscosity of the liquid phase and the gas phase, respectively. In
turn, expressions (7) couple f to the Navier-Stokes equations.

(7)

3. Numerical algorithm
3.1. Modified pressure-correction formulation

The temporal and spatial discretisation of Eqs. (4), (5) and (6) is described in details in [16]. For completeness, here the
steps of the projection method [2] for two-phase flows are reported, which will be used for the derivations carried out
in the following sections. The main concepts that will be presented in this work are independent of the particular time
marching scheme adopted for the momentum equation (4). Without loss of generality, the Euler forward scheme will be
used to illustrate the numerical properties of the algorithm.

At the beginning of each time level n, Eq. (6) is solved by employing a piece-wise linear reconstruction of the inter-
face and a geometric evaluation of the volume fraction fluxes [17], delivering f at time level n + 1. Density and dynamic
viscosity are then updated through (7), and the surface tension term at time level n + 1 is computed. The latter requires
the computation of curvature, for which the Generalised Height Function (GHF) method is used [18,16]. At this point, a
non-solenoidal vector field u* can be evaluated from:

ut —u"
At

n+1
=V = (%kgf) , (8)

where C is the discrete convection operator u -V, V is the discrete diffusion operator #V . (2,uf“rl V) and G the discrete
gradient operator V. The surface tension term is mapped onto the Eulerian grid through the volume fraction gradient [18].
The continuity constraint (5) results in the discrete Poisson equation

1 n+1) _ u_*
(o) =2(%).

where D is the discrete divergence operator V-. The velocity at the new time level is then obtained using the following
relation

1
un+1 —uf — At <ngn+l>’ (10)

delivering a numerically divergence-free velocity field.

Eq. (9) involves the solution of a Poisson equation with discontinuous coefficients. This has been shown to lead to
performance problems for standard Poisson solvers [4]. A modified constant-coefficient Poisson equation can be derived
instead [5,6], which allows for the use of fast Poisson solvers. The density weighted pressure gradient is split into two
contributions:

1 n+1 1 n+1 1 1 A
p,,,HVp ~EVP + T o vp, (11)
where pp is a constant. Using the same notation as in [6], the pressure gradient Vp represents an approximation of Vp"t+1,
As already noted in [6], a first order approximation of the pressure gradient leads to large errors. For this reason, throughout
the rest of this paper, only the second order extrapolation (3) will be considered. Substituting (11) into (9) and multiplying
by po the modified constant-coefficient Poisson equation is found:

oo =o[(1- 2 )a3] +o (). 2
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Finally, the corresponding velocity correction can be found by substituting (11) into (10), obtaining a numerical divergence-
free velocity:

1 11 .
u! :u*—At[—Qp”+1 +< - - —) gp]- (13)
Po P po

Summarising, the modifications to implement in the projection method for the solution of the Navier-Stokes equations,
involving only a constant-coefficient pressure equation, are the use of (12) instead of (9) and the use of (13) instead of (10).
The Poisson matrix of (12) reduces to a standard constant-coefficients matrix, for which several efficient solvers, iterative
and direct, are available from single-phase flow studies. However, given the presence of pressure discontinuities particular
care should be taken in the extrapolation of Gp, in order to avoid large numerical errors. This will be the subject of interest
of the following sections, where the modified pressure-correction formulation will be analysed and subsequently tested for
kinematic and dynamic test cases.

3.2. One-dimensional analysis of a moving front

In order to illustrate the implications brought about by (11), a one-dimensional model which retains all the relevant
features of the full problem (4)-(7) will be built and analysed. First, in Sec. 3.2.1, the latter problem will be solved analyt-
ically. Subsequently, in Sec. 3.2.2 and Sec. 3.2.4 the unmodified pressure-correction formulation (8)-(10) and the modified
pressure-correction formulation (8), (12), (13) will be used to obtain a numerical solution of the same problem. The result
of the analysis will show how, by appropriately combining the pressure gradient with the volume fraction gradient, the
exact solution for this problem can be recovered (Sec. 3.2.5).

3.2.1. Exact solution
Consider the following problem:

ou 1 dp df

(-4 14
ot ,0( dx+dx>’ (14)
du

— =0 15
dx (15)

for x € (0, L), subject to the initial condition u(x,0) = U and to the boundary conditions u(x =0,t) =u(x=1L,t) =U;
(dp/dx) |x=0,t = (dp/dx) |x=L,c = 0. The indicator function f is defined as:

0, ifx<xs

16
1, ifx>xs (16)

fx,t) = [
where x; is the position of a moving interface at velocity u. The second term in the right-hand-side of (14) is a one-
dimensional equivalent of the surface tension term, which is, effectively, a §-function at the interface. Eq. (15) imposes
u(x,t) = U, hence from Eq. (14) it follows that the pressure gradient has to equal the volume fraction gradient. Further-
more, bearing in mind the boundary conditions, the analytical solution is found:

p(x,t) = f(x,t) + po, (17)

with po an arbitrary reference pressure.
In Sec. 3.2.2 and Sec. 3.2.4 problem (14)-(15) will be solved numerically by employing the unmodified and the modified
pressure-correction formulation, respectively.

3.2.2. Numerical solution: unmodified pressure-correction formulation

Problem (14)-(15) is discretised on a uniform and staggered grid of spacing Ax (Fig. 1). Let N be the number of cells. The
positions of the collocated points are indicated by whole integers and defined as x.; = (i — 1/2) Ax for i =1, ..., N. Given
a position xc;, the positions of its neighbouring staggered points are indicated by half-integers and defined as x;j+1/2 =
Xc,i £ Ax/2. The discretisation of the operators G and D is as such that the two operators are each other adjoint [19]:

qi+1 —(qi .
Git12(qQ) = % i=0,..,N
(18)
Wi — Wij_
Dz-(w)=%x’”2, i=1,.,N

with g and w two generic discrete quantities defined on the collocated nodes and on the staggered nodes, respectively.
In particular, the velocity field will be defined at the staggered grid locations while the pressure and volume fraction field
will be defined at the collocated grid locations. Homogeneous Neumann boundary conditions are applied at the boundaries.
Furthermore, the indicator function f is advected exactly by solving analytically Eq. (6).
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Fig. 1. Sketcth of a one-dimensional stencil. The interface is located between nodes i — 1/2 and i at time level n+ 1.

Consider an interface located between nodes i — 1/2 and i at time level n + 1, as depicted in Fig. 1. The position of the
front x; is advected analytically and so is the corresponding density field through Eq. (7). From (8), u* is evaluated:

U+ 250, s=i—1/2
- +p2+1 Gsf / (19)
U, otherwise
where U is a constant velocity. The unmodified pressure equation (9) yields:
D;j <—1 gp"“) N Giiapp S j=i-1
pn+1 plpj-]]p AX
Pi < n]+1 gp"“) = —%gi—uzfnﬂ, j=i (20)
p P12 8%
1
D;j <p”+1 gp"“> =0. otherwise
It is straightforward to verify that the following expression is the solution to system (20):
p’.“’] _ Do, if x; <xg 21
: po+Af, ifxp>xf

where Af is the difference between the value of f on the right side and on the left side of the front. Finally, velocity
correction (10) results in

ur — At 1 s —j—1/2
u™ = s 7 it Gsp . / (22)
U, otherwise
Substituting (19) and (21) into (22) yields:
u™tl=u, Vs (23)

which satisfies the continuity constraint (15). Hence, the unmodified pressure-correction formulation is able to recover the
exact solution (17). Note that, in order to arrive at solution (21), (23), it was assumed to employ the same operator G for
the discretisation of the pressure gradient and the indicator function gradient. When this condition is verified, an exact
numerical balance of the terms in the RHS of (14) can be achieved [20].

In the next subsection the numerical stability of the modified pressure equation will be investigated. Subsequently, in
Sec. 3.2.4 problem (14)-(15) will be solved numerically by employing the modified pressure-correction formulation.

3.2.3. Stability analysis of the modified pressure equation

As a preliminary step in deriving a discrete solution of system (14)-(15) by applying the modified pressure equation (12),
the numerical stability of the latter will be analysed. A formal Fourier stability analysis is not applicable to Eq. (12) given
the presence of the discontinuous coefficients po/0"*!. However, if one considers the following simplified equation: only
the first term on the right-hand side of (12) is relevant for stability since it explicitly contains the variable p; the density
o™ is assumed to be constant with values p = p; or p = pg; then the amplification factor can be found as follows. First,
by defining the constant n =1 — pg/p, Eq. (12) is rewritten as

ﬁanrl _ n£ (2pn _ pnfl) =0, (24)

with £ = DG the discrete Laplacian. Secondly, by placing p” = £"p° in Eq. (24), the characteristic equation can be easily
found:

§ =205 +1=0. (22)
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—e—po/pg=1 .3

10° —A—/)O/pg=1 .32 | 10°
—E—po/pg=1.35
10%T 1yl pg=1.37 | 1041
L2 L2
10%F 10%F

0 0.5 1 1.5 2 2.5 3 3.5 0 0.5 1 1.5 2 2.5 3 3.5
time time

Fig. 2. L, norm of the pressure error as a function of time for problem (14)-(15) using the modified pressure-correction formulation. A number of values
of po/pg around the theoretical stability boundary have been simulated, as indicated in the legend. The left figure refers to p;/0g = 10, the right figure
refers to p;/pg = 1000.

The roots of the stability polynomial (25) are & =n + /0% —n, & =n — /n? —n, hence (24) is stable if the following
conditions are verified:

|77ﬂ:\/772—77’§1<:>—%§n§1, (26)

which results in the stability restriction

4
0<po= gpgv (27)

with pg being the smallest density value. Inequality (27) has been numerically tested for the problem defined in Sec. 3.2.1.
In particular, a front moving at velocity U =1 has been considered and simulated for two density ratios p;/pg = 10, 1000
at CFL=0.05. Fig. 2 shows the L, norm of the pressure error as a function of time for values of pg/pg around the boundary
po/pg =4/3. In spite of the simplifying assumptions made in the stability analysis, restriction (27) well predicts the stability
boundary independently of the density ratio. Note that, large errors are found also for the stable simulations at high density
ratios. The source of this numerical error will be explained in detail in Sec. 3.2.4. Furthermore, in Sec. 3.2.5 an improved
pressure-correction formulation, able to recover the exact solution for this problem, will be presented.

Finally, next to the stability condition (27) the truncation error of extrapolation (3) can be considered for the choice of
po. In particular, assuming smoothness, the Taylor expansion of p"*! around time level n and n — 1 yields the truncation
error

1 1 a2
r=(--—)v|-2L
P po at?
For a given At and density field, error (28) increases as o9 — 0. Bearing in mind stability restriction (27), oo is set equal to
pg. This is also the choice in the works [6,16] and will be adopted throughout the rest of this paper.

In the following section the one-dimensional problem (14)-(15) will be solved numerically by employing the modified
pressure-correction formulation.

n

At? + O(At3):| : (28)

3.2.4. Numerical solution: modified pressure-correction formulation

Differently from the derivation carried out in Sec. 3.2.2, the position of the interface at different time levels has to be
considered in order to take into account the terms introduced by (3). Consider the situation depicted in Fig. 3. An interface
moves through the computational grid, occupying the positions indicated by the dashed lines, at time levels n — 1, n and
n+ 1. First, a non-solenoidal velocity is evaluated as in (19). Subsequently, the modified Poisson equation (12) yields:

[ £o N 00 o
D;j (gpn+1) =1Dj <] _ n+l) (ZQp” —gp" 1) + ?gi+]/2fﬂ+1’ j=i
- p I pifipAx
[ Po N 0 .
Dj(gp™") =D; (l - n—+l) (269" = Gp") | = h—Gip S, =it (29)
- p 4 Py pAX
D; (Gp"") =D; <1 - p':?rl> (2gp" —gp" M |. otherwise
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Fig. 4. Pressure field for problem (14)-(15) using the modified pressure-correction formulation at different time levels: t = 0 (black line with circles);
t = 0.125 (black line with triangles); t = 0.25 (black line with squares). The corresponding exact solution is represented by the dashed blue lines. The
reference pressure pg is set to 0. (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)

The pressure at the previous time levels p"~! and p" is assumed to be exact, so that Gp"! =G f"! and Gp" =G f™
Eq. (29) leads then to

. n—1
Dj(Gp™") = - (1 - ,fjﬂ ) gl_l/:f ; j=i-1
Pi_1/2 X
g, n g.i n—1 g n+1 ] )
D;(Gp™) =2 (1 _ ”/)Jrol ) HrXZf n <1 B rﬁo] ) i 1/A2f 4 rﬁo] 1+1/Azf ’ =i
Pit1/2 X Pi_1)2 X Pit1/2 X (30)
. n . n+1
Di(Gp™) = —2 <1 _ :3:3] ) gHXZf 3 1:0+o] gz+1/Azf 7 j=it
i+1/2 X Pit1y2 X
Dj(gp"H) =0. otherwise

Following the same procedure used to solve system (20), the pressure field is derived:

Do, j=1,..,i—1
p .
pnﬂ _ Af (7‘% — )+P07 J=1 (31)
! AfZE+ po, j=i+1
Di+1- j=i+2,..,N

Note that, in Eqgs. (31), po has been placed equal to pg as discussed in the stability analysis carried out in Sec. 3.2.3. From
(31) it can be deduced that, while the pressure difference p;;1 — p; across the interface equals the exact jump A f, the
pressure value behind the front shows an unphysical negative oscillation, which tends to —A f as pg/p0 — 0. It is worth
stressing that (31) is the solution of only the particular case depicted in Fig. 3. In fact, there are several configurations of
the interface positions, on the computational grid, for which p assumes different values of those given by (31) including
the exact solution. However, the case worked out above will always occur for a moving interface, independently of the CFL
number and of the initial conditions. In other words, at some point in the time evolution, numerical wiggles in the pressure
field will appear.

In Fig. 4 the evolution of the pressure profile is shown. A front moving from left to right at velocity U =1 in a domain
of length 1 is considered. The density ratio is o;/0g = 100 and the CFL number is 0.05. Starting from the exact solution at
t =0, the pressure develops wiggles behind the front, as predicted from the above analysis.
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1.2

16
0.8
0.6

p
0.4r

0 0.2 0.4 0.6 0.8 1
X

Fig. 5. Pressure field for problem (14)-(15) using the improved pressure-correction formulation at different time levels: t = 0 (black line with circles);
t =0.125 (black line with triangles); t = 0.25 (black line with squares). The corresponding exact solution is represented by the dashed blue lines. The
reference pressure pg is set to 0.

In the next section an improved pressure-correction formulation based on the Ghost-Fluid-Method, also employed in
[10], will be illustrated and tested for the same one-dimensional problem (14), (15).

3.2.5. An improved pressure-correction formulation

The origin of the unphysical pressure oscillations shown in Sec. 3.2.4 can be traced back to a poor approximation of
the pressure jump condition when computing Vp from (3). In order to accurately evaluate the pressure gradient at the
interface, the latter must be combined with the volume fraction gradient in the following way:

Gp—okGf. (32)

By doing so, an exact balance between the pressure and surface tension can be achieved, provided k = const [20,21]. Relation
(32) has to be then applied to every instance of the pressure gradient in the governing equations, including to Gp. The
surface tension is thus explicitly accounted for in the computation of the pressure gradient, as in the Ghost-Fluid-Method
(GFM) [7-10], rather than a source term in the RHS of the momentum equation. Ultimately, this is a salient feature to
design a more accurate pressure-correction formulation that makes use of a constant-coefficient Poisson equation through
temporal extrapolation of the pressure gradient.

Based on the above reasoning, first Eq. (8) is evaluated not accounting, at this stage, for the contribution of the surface
tension [22]:

o =u" - At(C" - VHu". (33)

Then, using (32), Eq. (12) is rewritten as:
D[gp™! - (kg )] =D [(1 - %) (95 - a/kg\f)] +D (m%) , (34)

where cr/kg\f represents the term (okG f) extrapolated from previous time levels according to the same time extrapolation
used for Gp. Note that (g p —okG f) constitutes an approximation of the smooth part of the extrapolated pressure gradi-

ent. This contribution can be consistently extrapolated using Eq. (3), which assumes smoothness. Finally, a divergence-free
velocity field is constructed by substituting (32) into (13):

n+l _ ox 1 n+1 _ n+1 r 1 N
Wt —a = | o (09 - ko) + (g - o) (60 - 7kT) | (35)

For the case of the one-dimensional moving front analysed in Sec. 3.2.1, the smooth part of the pressure gradient is
zero since the pressure is constant on both sides of the interface. This condition is numerically satisfied by the combined
gradient (32), so that the RHS of (34) is identically zero. Moreover, noting that for this particular problem ok is constant
and equal to 1, Eq. (34) is equivalent to Eq. (9). The improved pressure-correction formulation is then able to deliver the
exact solution (17). This has been numerically verified for the same case of a moving front at constant velocity U simulated
in Sec. 3.2.4. The results of this test are shown in Fig. 5. Clearly, the exact solution is obtained.

The discontinuity in the viscosity field introduces an additional jump in pressure [1,22], which can be incorporated into
(32) in a similar way to what has been done for the surface tension. In this paper w is smoothed over three computational
cells around the interface [18,10], thus regularising its contribution to the pressure gradient. Finally, it is worth noting that
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the density weighted pressure gradient is continuous across the two-phase interface, provided the acceleration is continuous
[10].

In the next section the accuracy of the modified and of the improved pressure-correction formulations will be tested for
a set of three-dimensional test cases, both for an imposed flow (Sec. 4.1) as well as for the case of a rising bubble in an
upflow (Sec. 4.2).

4. Three-dimensional results

In this section a number of three-dimensional test cases will be analysed in order to investigate the accuracy of the
modified pressure-correction formulation (8), (12), (13) with respect to the that of the improved pressure-correction formu-
lation (33), (34), (35). First a translating sphere will be considered. Pressure equations (12) and (34) will be solved for, while
imposing a uniform velocity field. Differently from the one-dimensional problem (14)-(15), higher dimensional problems are
characterised by a non-constant curvature. This is true, numerically, also for the case of a sphere due to the errors in the
computation of k. In particular, here the curvature is computed by using the GHF method [18,16] having accuracy O(Ax?).
As a result, the pressure gradient does not balance the surface tension exactly. The latter observation can be concisely
illustrated by recasting the relation (32) as follows:

Gp—okGf =G (p—okf)+ofGk. (36)

The second term in the RHS of expression (36) will be, in general, different from zero since k # const. Hence, even in the
case in which p = okf an exact balance will not be recovered. This aspect will be examined in Sec. 4.1. Subsequently, the
full set of governing equations will be analysed for the case of a rising bubble in an upflow (Sec. 4.2).

For the rest of the paper the pressure obtained by using the modified pressure-correction formulation will be indicated
by p™? while the pressure obtained by the improved pressure-correction formulation will be indicated by p*.

4.1. Translating sphere

In this section a kinematic test case, representing a three-dimensional analogue of the problem (14)-(15), is investigated.
A sphere translates within a periodic cubic domain of length 1 at constant velocity U =1 along the x-axis. Based on the
exact trajectory of the centre of the sphere, the volume fraction field is re-initialised each time step with a local grid
refinement procedure, as described in [23]. Hence, with assigned u and f, pressure is the only variable being solved for.

Two density ratios r = p;/pg are investigated, namely rio = 10 and rigop = 1000, with pg and p; the density inside and
outside the sphere, respectively. The radius of the sphere R is equal to 0.25 and the surface tension coefficient o is equal
to 1. The exact pressure jump okey is then equal to 8, where keyx is the exact curvature. The reference solution used to
estimate the pressure field error is defined as pref = okexf. This definition is independent of the initialisation procedure
employed for f, highlighting only the part of the error due to the different pressure-correction formulations. The total
simulation time T is such that the sphere completes one cycle through the domain.

A grid refinement study is conducted on 4 grid resolutions, starting from the coarse grid g; of 16> computational points
and subsequently doubling the resolution along each direction up to 128> computational points for grid g4. The CFL number
is set to 0.08 for all simulated grids. The influence of the CFL number will be investigated later in this section and presented
in Fig. 9. A qualitative result is shown in Fig. 6 for grid g3 at t = T /5, after the sphere has moved from the centre of the
domain towards the boundary x = 1. In the left figures p™¢ is shown, while in the right figures p* is shown. The top
figures refer to density ratio rio, the bottom figures refer to density ratio riggg. Pressure p™°? shows spurious oscillations,
which largely increase with the density ratio. On the contrary, p* adheres closely to the reference solution for both density
ratios.

In Fig. 7 the pressure profiles along the centre line aligned with the x-axis are shown for the investigated grid res-
olutions, at t = T. Convergence to the reference solution is qualitatively observed for p* (right figures) both for rig (top
figure) and rigoo (bottom figure). The wiggles present in the p™ profiles have amplitude increasing with the density ratio
independently of the grid size.

The error in the pressure field is quantitatively measured by the L, norm

N
1
L= szi _pi,ref|27 (37)
i

with N the total number of grid points. Error (37) is shown in Fig. 8. The blue lines are the results for p*, while the red lines
are the results for p™4. The circles refer to r1g and the triangles refer to riggo. Pressure p* shows second order convergence
toward the finer grid resolutions. The improved pressure-correction formulation makes use of the smooth pressure gradient
(32) thus, the error related to the pressure extrapolation is expected to closely match the truncation error (28). The latter is
found to be negligible with respect to the spatial truncation error of the pressure equation (34). For this particular test case,
in fact, all the derivatives in the term between brackets of (28) are zero when evaluated at each side of the interface since
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Fig. 6. Pressure profile in a mid-plane for grid g3 at t = T/5: p™ (left-column figures); p* (right-column figures). The top figures refer to rig, the bottom
figures refer to r1poo-

p is constant. This is well represented by the L, norm of the error of p*, which results to be approximately independent
of the density ratio. In contrast, p™¢ shows close to first order convergence for r19 and fails to converge for riggo with an
error about two orders of magnitude higher than that at the lower density ratio.

As argued in Sec. 3.2, the inconsistency in the discretisation of Eq. (12) does not vanish with decreasing CFL numbers.
This was tested for grid g3 starting from CFL= 0.32, and halving the time-step until CFL=0.04. Fig. 9 shows the pressure
profiles along x for p™d (left figure) and for p* (right figure). The former shows spurious oscillations of approximately
constant amplitude and increasing frequency, while p* closely matches the reference solution for all simulated CFL. This
supports the findings of Sec. 3.2 and shows that by employing the improved pressure-correction formulation an essentially
wiggle-free solution can be achieved.

In the next section, the case of a rising bubble in an initially uniform flow will be investigated.

4.2. 3D buoyant bubble in a uniform upflow

In this section the modified pressure-correction formulation and the improved pressure-correction formulation will be
tested for the case of a rising bubble in a uniform upflow. The full set of governing equations is solved. A second order
Adams-Bashforth (AB2) scheme [24] is used for the temporal discretisation of the momentum equation and central finite
differences are employed for the discretisation of the spatial derivatives.

The results presented in Sec. 4.1 are strictly valid for a uniform velocity field. For a non-trivial u, as that of a rising
bubble, the second term in the RHS of Eq. (12) introduces additional contributions to p, which are carried over from
Eq. (8). Furthermore, while in the translating cases examined in the previous sections f was imposed, here Eq. (6) is
numerically solved for introducing yet another source of error. It becomes then of interest to quantify the importance of
the pressure extrapolation error for such a more complex problem. To this aim, a set of test cases has been carried out for
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Fig. 7. Pressure profile in the centre line aligned with the x-axis for grid g; (green line), g, (dark yellow line), g3 (blue line), g4 (red line) at t = T: p™od

(left-column figures); p* (right-column figures). The reference solution on the finest grid is shown by the dashed black line. The top figures refer to ryg,
the bottom figures refer to rggo.
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Fig. 8. [, norm (37) at t =T obtained by the improved pressure-correction formulation (blue lines) and by the modified pressure-correction formulation
(red lines). The lines with dots refer to rig, while the lines with triangles refer to rjppo. The dash-dotted line indicates second order convergence.
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Fig. 9. Pressure profile in the centre line along the x-axis for CFL=0.32 (green line), CFL=0.16 (dark yellow line), CFL=0.08 (blue line), CFL=0.04 (red line)
and for the reference solution (black dashed line) at t = T: p™4 (left figure); p* (right figure). The density ratio is equal to 1000.
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Fig. 10. Lo, norm (38) scaled by the pressure jump okey as a function of the CFL number for rio (red line with circles), rigp (blue line with triangles) and
r1000 (black line with crosses). The dash-dotted line indicates ULTZ =5.1072. The left figure shows the error obtained for p™, the right figure shows the
error obtained for p*.

different density ratios: rig = 10, 100 = 102, r1ggo = 10°. The numerical error is analysed as a function of the CFL number by
considering a fixed grid resolution equal to 64> grid points. The parameters of the simulations are as follows: wi/pmg =10,
Eo = pgd?/o = 10 (Eétvés number) and Mo = gu?/(po?) = 6.7-10~% (Morton number), with d the bubble diameter. Apart
from the varying density ratio, these parameters are the same as those used in [25] and also tested in [17], thus constituting
a well established test case.

An initial uniform velocity field and periodic boundary conditions along the direction of gravity, have been prescribed.
A sufficiently large CFL is realised such that the pressure jump extrapolation error becomes a relevant source of error. The
latter is, in fact, negligible in the initial slow motion of a rising bubble, as observed in preliminary tests. Moreover, an
additional source term has been introduced in the momentum equation in order to balance the weight of the mixture [26].
This test case should be therefore regarded as a prototype of developed flow conditions.

Extrapolation (3) may lead to unphysical oscillations of the pressure field when surface tension is present, as seen in
Sec. 4.1. A measure of the wiggles intensity can be deduced by the Lo, norm

Loo = max|p; — Pref,il- (38)

In this subsection py.s is the pressure field obtained by the unmodified pressure-correction formulation. Fig. 10 shows the
norm (38) scaled by the exact pressure jump okey as a function of the CFL number, for density ratios rio (red line with
circles), r1po (blue line with triangles) and riggo (black line with crosses). Here key is defined as the exact curvature of a
spherical bubble occupying the same volume as the actual bubble. By a preliminary inspection of the results, the pressure
profiles for which ;To;( <5 10~2 were found not to show unphysical oscillations. This wiggle-free region is indicated by
the lower part in the plots of Fig. 10 delimited by the dash-dotted horizontal line. The errors for p* (right figure) are about
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Fig. 11. L, norm of the pressure field as a function of the CFL number for r = 100. The blue line is the error for p* and the red line is the error for p™°d,
The dashed line indicates second order convergence.
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Fig. 12. Contour level f =0.5 at the final time level for CFL=0.0125.

an order of magnitude smaller than those for p™d (left figure). At a given density ratio an oscillation-free pressure field
requires a value of CFL about 8 times smaller for p™°¢ than that required by p*.

In Fig. 11 the convergence of the error with the CFL number is analysed by looking at the norm (37) for a fixed density
ratio equal to 100. A varying CFL is realised by halving the value of the initial velocity field. Close to second order conver-
gence is observed for both p™°4 and p*. Similar results were found for r = 10, 1000. A derivation of the scaling of pressure
jump extrapolation error is provided in Appendix A.

The effect of the accumulation of the temporal truncation error is furthermore analysed. A longer simulation time,
corresponding to about 30 cycles of the bubble throughout the domain, is considered. The parameters of the simulations
are the same as those defined at the beginning of Sec. 4.2. The density ratio has been fixed to 100. Starting from CFL=0.2,
the time-step is halved until CFL= 0.0125 is reached. As an illustration, the final bubble shape for the smallest CLF is
reported in Fig. 12. The pressure profiles on the centre line aligned with the direction of gravity (x-direction) are shown in
Fig. 13 for p™°d (left figure) and for p* (right figure). Both pressure p™°¢ and p* show large oscillations at the largest CFL.
However, the latter closely adhere to the reference pressure profile from CFL=0.05 and smaller values. On the contrary,
the former shows significant deviation from the reference solution also for the smallest simulated CFL. This is confirmed
by the L, norm of the error in the pressure field shown in Fig. 14. Close to first order convergence is recovered by p*.
This is attributed to the fact that the temporal truncation error of pressure also depends on the temporal accuracy of the
term D(@*)/At [2]. The latter is by construction an order of accuracy lower than the temporal accuracy of the velocity
field. Thus, it brings about a contribution O(At) in contrast to O(At?) of (28). Pressure p™¢ shows a convergence rate of
approximately 1.4, indicating that the contribution of the pressure extrapolation error to the total error is still comparable
with the lower order temporal accuracy related to the term D(u*)/At.

Having analysed the accuracy of pressure, the attention is now turned to velocity. Numerically, the effect of the pressure
gradient on the velocity field appears in the final step of the projection method. Taking into account the surface tension
contribution, the correction to the velocity field (10) in the unmodified pressure-correction formulation reads:

1 n+1
(5 @p - akgf>) : (39)

Analogously, the correction to the velocity field (13) in the modified pressure-correction formulation is



14 P. Cifani / Journal of Computational Physics 398 (2019) 108904

04 8 0.4t ]
03} ’ ] 0.3
Po2 | ] Po2
01| ] 0.1
0 f 0
0 02 04 06 08 1 0 02 04 06 0.8 1
X X

Fig. 13. Pressure profile along x of p™°? (left figure) and of p* (right figure) for different At corresponding to the following CFL numbers: CFL= 0.2 (grey
line), CFL= 0.1 (green line), CFL= 0.05 (dark-yellow line), CFL= 0.025 (blue line) and CFL= 0.0125 (red line). The pressure field obtained by using the
unmodified pressure-correction formulation at CFL=0.0125 is reported by the black dashed line.
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Fig. 14. L, norm of the pressure field error as a function of At at the final time for p* (blue lines with triangles) and for p™°? (red lines with triangles).
The dashed line indicates first order convergence.
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and the correction to the velocity field (35) in the improved pressure-correction formulation is

)(gﬁ—a/kg\f). (41)

Corrections (39) and (41) only contain an approximation of the smooth pressure gradient. This is the result of having
combined the pressure gradient with the volume fraction gradient, as in (32). In contrast, correction (40) contains a mixed
contribution from the jump at time level n + 1 and the extrapolated pressure gradient. The modified pressure-correction
formulation will then lead to larger errors in the velocity field than those related to the improved pressure-correction
formulation. This is qualitatively shown in Fig. 15. The velocity profiles along x at the final time are reported for different
At. The profile at the smallest At tends to overlap with the reference solution. Nevertheless, the velocity field obtained
from p* shows a significantly more accurate prediction for the larger At.

Finally, Fig. 16 shows the L, norm of the error of the velocity field obtained from p* (blue line with triangles) and
from p™? (red line with triangles). Second order accuracy is achieved by the improved pressure-correction formulation,
as expected from theory. The modified pressure-correction formulation presents larger errors at the larger At analysed.
However, no significant difference is observed from a At corresponding to CFL= 0.05 and lower values. This is consistent
with the fact that the pressure gradient corrections (39)-(41) appear in the momentum equation multiplied by a factor At.
Hence, the difference between the two pressure-correction formulations will decrease faster in the velocity field than in the
pressure field as At is reduced.
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Fig. 15. Velocity profile along x obtained from the modified pressure-correction formulation (left figure) and from the improved pressure-correction for-
mulation (right figure), for different At corresponding to the following CFL numbers: CFL= 0.2 (grey line), CFL= 0.1 (green line), CFL= 0.05 (dark-yellow
line), CFL= 0.025 (blue line) and CFL=0.0125 (red line). The velocity profile obtained by employing the unmodified pressure-correction formulation at
CFL=0.0125 is reported by the black dashed line.
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Fig. 16. L, norm of the velocity field error at the final time as a function of At for the improved pressure-correction formulation (blue lines with triangles)
and for the modified pressure-correction formulation (red lines with triangles). The dashed line indicates second order convergence.

5. Conclusions

A thorough analysis of the modified pressure-correction formulation, originally developed by [5], was carried out. By
means of a temporal extrapolation of the pressure gradient, the pressure equation can be reduced to a constant-coefficient
Poisson equation, for which efficient linear solvers can be used. While the gain in speed-up is well documented, the accuracy
of such method has been largely overlooked. The goal of this paper is to provide a detailed quantification of the pressure
extrapolation error. This analysis will constitute a point of reference when designing fast Poisson solvers for fully resolved
two-phase flows. As it becomes clear from this work, the extrapolation in time of the pressure gradient can lead to unphys-
ical oscillations, which severely deteriorate the numerical solution of the problem. While an improved pressure-correction
formulation is able to significantly reduce the pressure oscillations, the error brought about by the temporal extrapolation
of pressure is, in general, non-negligible. The convergence study presented here will thus serve as a guideline for the choice
of grid size and time step.

The origin of the numerical pressure oscillations was found to be the result of a straightforward application of extrapola-
tion (3) to the pressure field in the presence of a discontinuity, namely the surface tension jump. A grid convergent pressure
field could be achieved by combining the extrapolated pressure gradient with a corresponding volume fraction gradient, as
expressed by (32). In the case of constant curvature, the latter procedure delivers an exact balance between pressure and
surface tension. Furthermore, in the general case of non-constant curvature, relation (32) constitutes an approximation of
the smooth part of the pressure gradient, which can be accurately approximated by extrapolation (3) where smoothness
is assumed. The resulting formulation, embedded in the steps of the projection method (33), (34), (35), allows to greatly
reduce the error values in the pressure field up to an order of magnitude lower than those obtained by the modified
pressure-correction formulation (8), (12), (13).

The analysis of the one-dimensional prototype problem (Sec. 3.2) was carried out with the twofold aim of showing the
origin of spurious pressure oscillations and of detailing the property a numerical scheme should have in order to mimic the
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physics of a moving front. The source of numerical inconsistency has been traced back to a poor extrapolation of the jump
condition in the pressure field from previous time levels (Sec. 3.2.4), which leads to the appearance of pressure wiggles
regardless of the grid size and of the time step of the simulation. The improved pressure-correction formulation, illustrated
in Sec. 3.2.5, allowed to recover the exact solution for this problem.

A translating sphere was then simulated in Sec. 4.1, for a density ratio of 10 and 1000. Second order accuracy and
an essentially wiggle-free pressure field is achievable by using the improved pressure-correction formulation, while the
modified pressure-correction formulation led to large pressure oscillations and failed to converge upon grid refinement. This
confirmed the findings obtained in the simplified one-dimensional problem analysed in Sec. 3.2.

In Sec. 4.2 the full problem, comprising of the Navier-Stokes equations, was analysed for a rising bubble in an upflow. Nu-
merical tests on the L, norm showed that pressure p*, obtained by the improved pressure-correction formulation, is about
an order of magnitude more accurate for all the simulated density ratios. At a given density ratio an oscillation-free pressure
field requires a value of CFL about 8 times smaller for the pressure obtained by the modified pressure-equation formulation
p™4 than that required for the pressure obtained by the improved pressure-equation formulation p*. An approximately
quadratic dependence of the pressure jump extrapolation error on the CFL number was found.

The accumulation of the temporal truncation error was then analysed, for the same case of a rising bubble, at density
ratio equal to 100. Both p™? and p* showed spurious oscillations for the larger time steps considered. However, a signifi-
cantly smaller error was observed for p* at the smaller and intermediate values of the time step where an oscillation-free
pressure field could be recovered. For a given At, the effect of the pressure extrapolation error on the velocity field was
found to be smaller than that on the pressure field. This is consistent with the higher temporal accuracy of u compared
to p.

Besides its mere kinematic role to enforce continuity, pressure is also a fundamental quantity for the computation of
fluid-dynamic forces, as for example in fluid-structure interaction problems [27,28]. Furthermore, DNS databases are anal-
ysed as a source from which to extract physical insights for deriving averaged equation models [1]. An accurate computation
of pressure becomes then crucial.

As a final remark, the use of the modified pressure-correction formulation is only worthwhile when the additional
computational time the reduction of the pressure extrapolation error may require is lower than the gain in computational
time provided by fast Poisson solvers.
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Appendix A

In order to show the influence of the CFL number on the pressure jump extrapolation error, the one-dimensional moving
front detailed in Sec. 3.2 is considered. Substitution of the analytical solution (17) into the semi-discrete modified pressure
equation (2) yields:

82 n+1 P aA 9 u*
f—zz— P AR R PNL IR (A1)
ax ax p ) ox ax a At

where, according to extrapolation (3), f =2f"— f"=1 Note, here pg = pg as discussed in Sec. 3.2.3. Differentiation of Eq. (6)
with respect to time leads to

32 a2 32

Of_ gt et (A2)
ot? atox 0x2
where is the last step Eq. (6) has been used once more. While in the derivations carried out in Sec. 3.2 the advection
of f was assumed to be exact, here the error due to the time marching of f is analysed by introducing a discretisation

scheme for the temporal derivative. In particular, an Euler forward scheme is employed. Under this assumption, Eq. (A.2) is
discretised as

fn+l _ an + fnfl ) 32f"71
2 =U 2
At ax

: (A3)
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from which f can be obtained:

N 82fn71
f=M1—wan?———. (A4)
0x2
Substitution of (A.4) into (A.1) yields
3 (19! a1 1\a3fr1t 3 *
9 (Laf =—uar? —|(—-- i (). (A.5)
ax \p x x| \pg p/) 33 ax \aAt
Analogously, Eq. (1) reduces to:
9 19 n+1 9 *
O (TN _ 9w (A6)
ax \p 0x ox \ At

The first term in the RHS of (A.5) can be further reduced by considering the case of a liquid cell (p = p;) close to a moving
interface. In a neighbouring gas cell the quantity between square brackets, indicated by [-], is zero since p = pg. Hence, a
finite difference approximation of 9[-]/0x will be approximately equal to [-]/Ax. Similarly, derivatives 97 f/3x9, across the
interface, will be approximated by finite differences of order 1/Ax9. Finally, by first multiplying Egs. (A.5), (A.6) by the mesh
size squared and subsequently subtracting Eq. (A.5) from Eq. (A.G), an estimate of the pressure jump extrapolation error is
found:

E, =0 [(l - l) CFLZ} . (A7)
Pg Pl

Despite the simplifying assumptions used to derive relation (A.7), error E, appears to well predict the scaling of the pres-
sure error numerically analysed in Fig. 11.
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