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the electric potential, a simple version of the level-set based immersed interface method
(IIM) is developed. This version avoids the local coordinate transform in the original IIM in

fg:ggf ‘method literature, reducing the complexity of the algorithm significantly. The IIM achieves second-
Immersed interface method order accuracy for both the electric potential and its gradient. A level-set extrapolation
Electrohydrodynamics procedure is presented to calculate the electric surface force. Numerical simulations on
Leaky dielectric model drop deformation, breakup and coalescence in both 2D and 3D are presented.
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Drop coalescence

1. Introduction

Applying an external electric field to manipulate suspended drops and bubbles has been an important means in numer-
ous industrial processes, for example, ink-jet printing [5,34], oil extraction from oil-water emulsions [16], electrospraying
[13], microfluidic devices [45] etc. Electrohydrodynamics (EHD) studies the fluid dynamics subjected to electric fields. It has
gained a lot of research attention. Several numerical methods have been proposed for simulating the electrohydrodynamics,
based on interface tracking methods, including the front-tracking method [6,22,20,14,35], the volume-of-fluid method [31],
the level-set method [10,50,51], and hybrid volume-of-fluid-level-set method [52,21], etc.

In the numerical simulation of EHD, a key issue is to solve the Poisson equation for the electric potential with interface
jump conditions (see eq. (13)). In the literature, several methods were used/developed to solve the potential Poisson equa-
tion, including the boundary integral method (BIM) [6,22,14], the weighted harmonic averaging method (WHAM) [52,51,31,
21], the immersed interface method (IIM) [20,35], and the ghost fluid method (GFM) [10,50]. The BIM is accurate, however,
it is based on the front tracking method. The front-tracking method explicitly tracks the interface using Lagrangian markers,
and it may be difficult to deal with interfacial topological changes and 3D simulations. The WHAM is simple, however, it is
only first-order accurate. Since the electric potential needs to be differentiated in calculating the surface electric force, the
first-order accuracy may not be enough as pointed out in [20]. It was reported that the WHAM had zeroth-order accuracy
for the gradient of the electric potential. To improve the accuracy, the authors in [20] developed a simplified version of
the second-order accurate IIM. This version of IIM avoids the local coordinate transform in the original IIM [26,27,30,15] in
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constructing the finite difference scheme at the irregular grid points (i.e. grid points just adjacent to the interface), reducing
the complexity of IIM significantly. In [20], however, the interface is explicitly tracked using the Lagrangian markers. It was
shown in [20] that the IIM also achieved second-order accuracy for the potential gradient. This [IM was used in [35] for
simulating EHD under the assumption of axisymmetric geometry. The GFM also pays special attention at the irregular grid
points, however, it ignores the jump of the tangential flux [19]. Note that a finite volume method was proposed in [18] for
solving more general elliptic equations with interface jump conditions. It was shown there that the finite volume method
achieves second-order accuracy for the solution and first-order accuracy for the solution gradient.

There are several methods for solving the Navier-Stokes (N-S)/Stokes equations with singular surface forces in EHD simu-
lations. The BIM was used in [6,22,14] for the Stokes equations. The BIM is not suitable for the nonlinear N-S equations, and
it is based on the front-tracking method. Regardless of EHD simulation, level-set based IIM were used in [54,56] for solving
the Stokes equations for the surfactant problem under the assumption that the viscosities of two phases are matched. The
continuum surface force method (CSFM) [52,51,31,21], the GFM [10,50], and the IIM [35] were used for the N-S equations.
The CSFM utilizes a discrete Dirac § function to recast the N-S equations for two-phase flows as “one-fluid” formulation.
Then the projection methods [9,12] can be used to solve the resultant N-S equations. The CSFM has been popular in com-
puting two-phase flow problems due to its simplicity, e.g., [39,11,47,40,52,51,55,20,57], just list a few. The conventional
wisdom is that the CSFM is first-order convergent. Note that second-order convergent methods for solving N-S equations
with singular forces were proposed in literature regardless of EHD simulation. In [29,48] the IIM was used for solving
the Poisson equations resulting from the projection method. In [8,25,35], the velocity is decomposed into a non-smooth
“Stokes” part and a smooth regular part, and the IIM is used for the “Stokes” part to achieve second-order accuracy. These
[IM-type N-S solvers need to derive jump conditions for the velocity and pressure, which can be complicated when the
viscosities/densities of two-phases are unmatched. They were presented in 2D or axisymmetric 3D.

The level-set method [37,36] has become an invaluable tool for computing interface problems. The advantages of the
level-set method include relatively easy implementation in 3D and the capability of handling interfacial topological changes.
The purpose of this work is to present an efficient level-set method for simulating EHD in both 2D and 3D. In particular
we develop a new level-set based IIM for solving the potential Poisson interface problem. Correspondingly level-set based
techniques are proposed for calculating the surface electric force. The CSFM are used for solving the N-S equations with
singular forces.

The paper is organized as follows. The mathematical formulation of the problem is stated in Section 2. The numerical
methods are described in Section 3. Numerical tests of the methods and simulations on droplet dynamics under electric
fields in both 2D and 3D are given in Section 4. Some concluding remarks are given in Section 5.

2. Mathematical formulation
2.1. Governing equations

We consider that an external electric field is applied to a system of two immiscible fluids, as illustrated in Fig. 1. The
Navier-Stokes equations governing the fluid motion including the electric force read following:

ou : +
o §+(u~V)u =V-.-T+V-M, in QF, M

V.u=0, in QF, (2)

where u is the velocity field, p the pressure, T= —pl + u(Vu+ Vu!) the traditional deformation tensor, M the Maxwell
electric stress tensor (described below). The far field velocity condition is u|yg = Uxo.

The leaky dielectric model [32,42] is used for the electric equations. The dynamic currents are small so the related
magnetic effect can be ignored. Thus the electric field density E is irrotational, i.e., V x E=0 in Q*. E can be rewritten
as E=—V4, here v is the electric potential. The volume charge density g, can be expressed as q, = V - (€E) with the
permittivity €. The charge conservation equation is

Dqy
Dt

+V-(0E) =0, in QF, (3)

where o is the electric conductivity, % = % +u -V is the material derivative.

It is known that the relaxation time scale for the charge decay is t® = €/o (see, e.g., [32,42,52]). The viscous time scale
of the fluid motion is tV = pR?/u, where R is the characteristic length scale. We assume that the two fluids are leaky
dielectric so that the volume charges reach steady state in a much shorter time than the fluid, i.e., t¢® <« t'. The volume
charges accumulate on the interface almost instantly. Then eq. (3) is simplified to a Poisson equation for the potential v :

V.-(oVy)=0, in QF (4)

with the boundary conditions
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Fig. 1. A configuration of the electric two-phase flow: ¢ is the level-set function representing the interface I'. The normal of the interface n = % points
into the bulk fluid. Piecewise constant quantities o, €, i, p represent respectively the electric conductivity, the permittivity, the fluid viscosity, and the
density.

a9
wi=o, [o%] o, (5)

where notation [-] represents a jump across the interface, which is defined as the limit from Q% side minus the limit from
Q~ side.

The electric force acts only on the interface T'. A force balance on the interface among the viscous force, the electric
force and the surface tension force leads to the following interface jump condition:

[Tn] + [Mn] = y«n, (6)

where y is the surface tension, k = V - n the mean curvature, M =€ (EE — %(E . E)I) the Maxwell stress tensor.

The jump condition (6) can be regarded as singular surface forces and naturally included into the momentum equation
via the level-set function ¢ and the Dirac § function. Consequently, we have a unified momentum equation on the whole
domain Q= QT UQ~ UT as follows.

Y (2;_:1 + (u- V)u) =V.T+ (—y«n+[Mn])s(¢)|Ve|, in Q. -

The velocity u is continuous across the interface. The interface moves with the fluid velocity leading to the level-set
convection equation:
a¢

o tusVe=0. (8)

In practice the level-set function is re-initialized to be a signed distance function by solving the following Hamilton-Jacobi
equation [47] as

%9 + S(¢0)(IVe| —1)=0
T 0 o 9)

¢ (X, 0) = ¢o(x),

where T is a pseudo-time, ¢ is the level-set function obtained from solving Eq. (8), and S(-) is the sign function as follows:

1, if x>0,
S(x)=1 0, if x=0, (10)
-1, if x<0.

2.2. Dimensionless equations

The physical variables are scaled by the corresponding characteristic quantities. We still use the same notations for the
same variables after the non-dimensionalization. Specifically we define

X | Yo pR 1% M
==, t:= t, =—, =, =—,
TR prR3 Py P e BT

_ 7 . € _ 9 ._E
Yy i=—, 6.—6—+, o:=—, E:=—.
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Here R and yp are initial radius and the characteristic surface tension of the droplet, respectively. Eg is the characteristic
magnitude of the electric field intensity.

For simplicity, we assume in this work that the viscosities and densities of two fluids are matched so that p = u =1
after the non-dimensionalization.

The Navier-Stokes equations becomes

ou
at

where F = (—y«n+ Cag[Mn])§(¢)|V¢| represents the singular surface force: the first term corresponds to the surface ten-
sion force and the second term the surface electric force. M =€ (EE — %(E . E)I). Here € = ¢~ /€™ is the ratio of permittivity.
The Ohnesorge number Oh = ™ /,/yop TR indicates the ratio of viscous force to surface tension force. The electric capillary
number Cag = Re+E(2) /vo reflects the strength of the external electric field.

The dimensionless continuity equation is

4+ U-V)u=—-Vp+ OhAu+F, in Q, (11)

V.u=0, in Q. (12)
The Poisson equation for the dimensionless electric potential v is
Ay =0, in QF, (13)
together with the interface jump conditions
oy
=0, o— =0, 14
wi=o. a5 ] (14)

where 0 =0~ /o™ is the ratio of conductivity.
3. Numerical methods

In this section, we describe the numerical methods for solving the involved equations. We describe the method in
2D. Roughly speaking, the extension to 3D is simply adding one more dimension due to the level-set representation of
the interface. Lay down a uniform mesh with grid length h on the computational domain = [a, b] x [c, d], with grid
points X;j = (a+ih, b+ jmT,i=0,1,--- ,M,j=0,1,---, N. Time marches uniformly with time step At, with time instants
t" =nAt.

3.1. Continuum surface force method for the Navier-Stokes equations

We assume that the viscosity ratio and density ratio are 1. One can use the method in [55] for general two-phase flows.
The § function is regularized as

1

6@%%®:{E

TX H
(1 + cos( & ), if |x] < e, (15)
0, otherwise,
with €9 = 1.5h.
The projection method (e.g., [12]) is used for Navier-Stokes equations (11) and (12). It consists of the following three
steps in marching from time t" to t"t1,
First an intermediate velocity u* is solved as

ut —u"
At

with Dirichlet boundary condition u*|3o = u,,. Next we project the intermediate velocity u* into the divergence free space
by first solving the following Poisson equation for an auxiliary function ¥ :

1

3 1 Oh
+ 5 (- V)" — (- Vyw" ! Vp'TE = ZS(Au 4 Au') + e (16)

V. u* d
M= ™ )
and then updating the velocity by
"t =uf — AtVy. (18)
Lastly, the pressure gradient is updated by
VpTtI = Vp'TI 4 Vy. (19)

In the above, standard centered difference schemes are used for the spatial derivatives discretization, except that the third-
order WENO scheme [44] is used for the nonlinear convection terms ((u- V)w)" and ((u- V)u)"~1.
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3.2. Level-set based immersed interface method for the elliptic interface equation

The electric Potential equation (13) with jump condition (14) is solved by using a level-set based immersed interface
method. Here we consider more general elliptic interface problem:

V.(BVu)=f, in Q-T, (20)

with jump conditions

[ul=v, [Bup]l=w, on T. (21)

Assume that the diffusion coefficient 8 is piecewise constant in €. Without the loss of generality we assume that
B=pB7in QF, and =1, in Q. Note that [8] = 8* — 1. In reality the jump conditions are physically meaningful only at
the interface I". However, in the level-set technology the interface quantities are often implicitly defined at the grid points
in a small neighborhood of the interface. Therefore we assume that the jumps v, w are given as smooth functions defined
in a small neighborhood of the interface I', similar as in [56].

The elliptic equation (20) can be rewritten as

F+
- in QF,

Au=f=1 gt (22)
f*, in Q.

Similar as in [30,58,20], we make the following choices which make the resulting linear system (i.e. eq. (38)) more
diagonally dominant. If [8] < 0, then we rewrite the flux jump condition [Bu,]=w as

w

1
+ q=" 23
tn gt = g (23)

Otherwise, we rewrite is as

_ Bt w
u; + —[upl=—. (24)
ST T RN V)
Though (23) and (24) are equivalent mathematically, numerical evidences indicate that the above choices can lead to
significantly faster convergence of the iterative method for solving the discretized linear system.

3.2.1. Modified centered difference scheme
We first divide the grid points into two groups. If

max{®ij, Pit1,j, Pi-1,j, i,j+1, i, j—1} > 0, and min{e;j, i1 j, di-1,j, ¢, j+1, ¢i,j—1} <0,

then x;; is irregular. Otherwise, it is regular.
If x;; is regular, then standard centered difference scheme is used to discretize (22):

Uit j FUio1,j Ui Ui 1 — AU
h2

Next let x;; be an irregular grid point. We need to modify the centered difference scheme due to the jump discontinuity
of u across the interface. If the local truncation error of the modified centered difference scheme at all the irregular grid
points is O (h), the whole finite difference method is still uniformly accurate to O (h?) [7].

In the construction of the modified finite difference scheme at irregular grid points, we borrow the idea from [20,24].
The implementation details are different, since we use the level-set representation of the interface.

Let Xy # X;j be any grid point involved in the centered difference scheme at x;j, and Xy, and x;; are on different side of
the interface, more precisely, S(¢y)S (¢ij) <0. Here S is the modified sign function given by

= fij + 0(h?). (25)

if x>0,

if x<0. (26)

ﬁm:{l1

For easy presentation, we denote X = Xy, u = u(Xy). Assume that the solution is smoothly extended from x;; side of the
interface to the other side. Denote the extended solution at X as ii. Then we have

u—ujj =@ —ujj) + (u—1. (27)

The first term on the right hand side of (27) fits the standard centered scheme (25) for the extended smooth function.
We need to find an approximation of the second term to O (h3). The approximation will determine the correction term in
the modified difference scheme.
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First we find the projection point X* of X on interface along the normal direction, i.e., X* = X+ an. Here « is determined
by solving the following quadratic equation as in [30,56]:

2
o
dX) +a|Vo(x)| + TH(X)THe(qﬁ(X))n(X) =0, (28)
where He is the Hessian matrix.
Applying Taylor expansion to u and u at x*, we have
o?

~ C 3

u— i = =5(gij)([u] - ellun] + —-[um]) + 0 (). (29)

In the above, the jumps [u], [uy], [unn] are evaluated at the projection point x*. Unknown [u,] is taken as an augmented
variable, which will be solved together with the u. Unknown [uy,] can be expressed as follows.

Recall the surface gradient operator Vs = (I — nn’)V and the decomposition formula Vszu =Au— ng‘; — Kg—;’l [53]. We
have from (22)

Au=Viu+Kup +ug = f. (30)
Thus

[Unn] = [f1— VZTul = K [un]. (31)
Consequently, the modified centered difference scheme at irregular x;; is following:

Uit j +Uio1,j + Ui Ui jo1 — AU

2 = fij + Cij + O (h), (32)
where the correction term C;; = qu, and
Ik
1 - o? o?
=25 S() ([u] + 5 (151 = V21u1) - arfun] - 7K[un1) : (33)

Standard centered difference schemes are used for the discretization of the normal n and the curvature «.

3.2.2. Onesided extrapolation for u,f at the projection points

The jump relation (23) or (24) is used to get equations for the augmented variable [u,] at the projection points. u; or
u, at the projection points are expressed in terms of u by using onesided extrapolation, as described below.

Suppose that we want to express u, at a projection point X* = (x*, y*) in terms of u at the grid points. If x;, <x* < Xj;41,
and yj, <y* < ¥j,+1, then the extrapolation stencil is chosen as in the following pseudo code:

Do i=ip—4,ip+4
Do j=jo—4.jo+4
If ¢;; < 0, then x;; is selected.
End Do
End Do

Denote the selected grid points as x;(i =1, ..., mg). We construct a cubic polynomial P3(X) =cg+c1x+c2y + c3x? + C4Xy +
5y + cex3 + c7x2y + cgxy? + cgy3, such that

P3(x;) =u(x;), i=1,...,mp. (34)
Rewrite (34) in matrix form as

Ac=bh, (35)
where ¢ = (co, ..., c9)T. The least square solution of (35) satisfies

ATAc=ATb, (36)

which is solved by using a standard SVD decomposition of A.
Once Ps3 is determined, u, (x*) = (VP3-n)(x*), here n(x*) is calculated by standard cubic interpolation since n is smooth
across the interface. The onesided extrapolation for u;' is similar.

Remark. If there are not enough grid points in the stencil for the cubic extrapolation (for example, when two drops are in
near contact), we simply use the linear extrapolation.
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3.2.3. Solving the resultant linear system

The resultant linear system consists of the standard centered difference equations (25) at the regular grid points, the
modified centered difference equations (32) at the irregular grid points, and equation (23) or (24) discretized by the
onesided extrapolation for u; (or u;) at the projection points.

Let U, ¥ be the solution vector formed by u;; and the augmented variable [u;], respectively. Then we have the matrix
form of the discrete linear system:

{AU—i—ELIJ:F, (37)

BU + AY = Go.

In the above, AU corresponds to the standard centered difference scheme, —EW represents the terms involving [u;,] in
the correction term Cjj, F consists of the right hand side of (22) and the other known terms in Cj;. If [8] <0, then BU
represents the one-sided extrapolation for u; at the projection point, A = 1/[8]. Otherwise, BU represents the one-sided
extrapolation for u;, at the projection point, A = g /[B]. Go corresponds to the vector of w/[B] at the projection points.

We might use the BICGSTAB method [41] to solve the non-symmetric linear system (37). However, the convergence
would be slow due to the large size of the system. In order to utilize the fast Poisson solver such as FFT [1], the iterative
method is only applied to a small linear system for W. To proceed, we eliminate U in the system (37) and get

(BAT'E—AI)W=B(A"'F) — Go. (38)

The BICGSTAB method is applied to solve (38), in which FFT is used to calculate A~'F and A~1EW,
Once we get W, FFT is used to solve equation AU = F — EW to get the solution U. Note that in practice, we do not need
to form the matrices such as A, B, E explicitly, since only the matrix-vector product is needed in the BICGSTAB iteration.

3.3. Calculating the electric force [Mn]

Once the electric potential v is available, standard centered difference scheme is used to calculate the electric field
density E = —V1 at the regular grid points. At the irregular grid points we need to add a correction term to the centered
difference scheme due to the jump discontinuity of . Let X;; be an irregular grid point. As before we imagine that v is
smoothly extended from the x;; side of the interface to the other side, and denote the extended smooth solution as . Then
we write

Virtj = Victj _ Vit — Visj " Vierj = Vicy Vi = Yio1,j
2h B 2h 2h 2h '

(39)

In the above, the second term on the right hand side is the standard centered difference approximation to %(xij) with
truncation error O (h?). Thus we have

oy Yit1,j — Vi-1,j Vit —Vis1,j . Yie1j— Vi-1j 5
W ;i) = L SR B deat : : 1) L om?).
ax (Xij) oh + o + o + 0(h%)

(40)

The term in the above parenthesis is the correction term which can be calculated by using (29), leading to a truncation
error of O (h?). The calculation of %(x,-j) is similar.

The normal Maxwell tensor Mn is directly calculated at all grid points in a small neighborhood of the interface.

We calculate the jump [Mn] using the PDE based extrapolation (or extension) technique as follows. Denote Mn =
(M1, M2)T. The following first-order PDE is solved to extrapolate Mn from Q~ side to Q% side:

M

o +S@+hn-VM;=0,i=1,2 (41)

where initially I\~/Ii =M;,i=1,2.
Likewise, another PDE is solved to extrapolate Mn from Q7 side to Q~ side:

aM; - .
¥—5(¢—h)n-VM,~=O,1=1,2 (42)
where initially M; = M;,i = 1,2. Note that several efficient high-order PDE based level-set extrapolation methods were

proposed in [3,4]. Since we do not differentiate the electric force, the first-order extrapolation is enough, as indicated in the
numerical experiments.

Then [Mn] = (M — M1, My — M2)"n. Here [Mn] is a grid function calculated in a small neighborhood of the interface,
only the part in the support of the discrete § function serves for the electric force.
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3.4. The global algorithm for the EHD

Given ¢, u, p and far field boundary conditions for ¥ and u at time t", the global algorithm for the evolution to time
t"*1 consists of the following steps:

e Step 1. Solve Poisson equations (13) with jump condition (14) using the immersed interface method to get the electric
potential .

e Step 2. Calculate the electric field E, the Maxwell tensor M, and the electric force [Mn]; Calculate the surface tension
force —y«n.

e Step 3. Solve the Navier-Stokes equations (11) and (12) to get the velocity field u.

e Step 4. Solve the level-set convection equation (8) and the reinitialization equation (9) to update the level-set function ¢.

In the Step 4, the level-set equations can be solved by using either the Eulerian method (e.g., [53,33,59]) or the semi-
Lagrangian method (e.g., [46,23,43,59]). Here we implement the Eulerian method. Moreover, the local level-set technique
[38,53] is used, i.e. the level-set equations are solved in small tubes around the interface.

4. Numerical results

We first present examples for checking the accuracy of the level-set based immersed interface method, estimating the
convergence rate of the global method for the EHD. Then we perform simulations on drop deformation, breakup and coa-
lescence in both 2D and 3D. In the simulations we assume that the far-field boundary conditions for the electric potential
is Dirichlet on the top and bottom sides: {» =y (or ¥ =z in 3D), and homogeneous Neumann boundary condition on the
other sides. The velocity field vanishes in the far-field (i.e. us, = 0). Consequently the flow motion is driven by the applied
electric field.

4.1. Accuracy check for the immersed interface method

We consider the elliptic equation (22) with jump conditions (21). We fix 8~ =1 and vary g*. The error for the solution
is measured by |lu — up|l«. And the error for the gradient of solution is measured by [lux — (Up)xlloc + Uy — (Up)y oo, Where
the numerical gradient is calculated by using the modified centered difference scheme in Sect. 3.3. In BICGSTAB iterations,
the termination criterion is that the L, norm of the residual vector is not bigger than h?. The initial guess for [uy] is O.

Example 1. The computational domain is Q = (—2,2)%. The interface I' is represented by the level-set function ¢ =

v/ (x/1.5)2 + y2 — 1. The exactly solution is

+_ ; +

. { u™ = cosxcos y, in Q_, (43)

u~ =sinxsiny, in Q.
The jump functions v, w are given as:

ut —u=, if |o(x, y)| <6h

V= { 0, otherwise, ()

_ [ Brvut —pmvun) - 5 if [(x, ) <6h,

W= Vgl _ (45)

0, otherwise,

Neumann boundary conditions are imposed on two horizontal sides. Dirichlet boundary conditions are imposed on two
vertical sides.
Results for different 87 are given in Tables 1 and 2. Second-order accuracy is achieved for both the solution and gradient.

Example 2. Same setting as in Example 1 except that a flower interface is chosen, see Fig. 2. The level-set function is

¢p=r—1.0—(y>+5x*y —10x2y3)/(5r°), r = y/x2 + y2. The mesh refinement results for different values of g are given in
Tables 3 and 4. When 8 = 0.001, the order of accuracy is poor for coarse grid, but it is improved as mesh is refined. For the
other cases, second-order accuracy for both the solution and gradient is observed.

Example 3. The computational domain is € =[—2, 2]%. An ellipsoidal interface is chosen for which the level-set function is
¢ =+/(x/0.8)2 + y2 + (z/0.5)2 — 1. The exactly solution is

+_ : +
u:{u = COSXCOS Y COS Z, in QF, (46)

u~ =sinxsinysinz, in Q.

The right hand side f and the jump functions are given exactly. Dirichlet boundary conditions are imposed on 9$2. Mesh
refinement results for different values of 8 are shown in Tables 5 and 6. Again second-order accuracy is achieved for both
the solution and gradient.
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Table 1
Errors for the solution and gradient together with the convergence rates.
h Bt =0.001 Bt =0.1
Solution error Rate Gradient error Rate Solution error Rate Gradient error Rate
1/32 2.35x 1072 6.57 x 1072 6.91x 1074 1.51 x 1073
1/64 1.15 x 1072 1.03 3.30 x 102 1.00 1.53 x 107* 217 3.85x 1074 1.97
1/128 3.06 x 1073 191 8.79 x 1073 191 3.58 x 10~ 210 8.91x 107> 211
1/256 737 x 1074 2.06 212x1073 2.05 8.44 x 1076 2.08 2.09 x 107> 2.09
1/512 1.86 x 107 1.99 5.33 x 1074 1.99 2.14x 1076 1.98 5.52 x 1076 1.92
Table 2
Errors for the solution and gradient together with the convergence rates.
h Bt =10 B+ =1000
Solution error Rate Gradient error Rate Solution error Rate Gradient error Rate
1/32 1.32x 107 3.37 x 1074 133 x 107 3.84 x 1074
1/64 2.88 x 107 219 9.33x 107 1.85 3.06 x 107> 213 1.00 x 1074 1.94
1/128 6.76 x 1076 2.09 2.09 x 1073 216 7.09 x 1076 211 224 x 107 216
1/256 1.66 x 107 2.02 4.87 x 1076 210 1.69 x 1076 2.07 5.17 x 1076 211
1/512 4.41 x 1077 1.91 1.34 x 1076 1.86 4.66 x 1077 1.85 1.45 x 1076 1.83
2 T T T T T T T
15 b
s J
0.5 4
of 1
0.5 b
BRS 4
151 1
-2 -1.5 -1 -0.5 0 0.5 1 15 2
Fig. 2. The flower interface.
Table 3
Errors for the solution and gradient together with the convergence rates.
h B+ =0.001 gt =0.1
Solution error Rate Gradient error Rate Solution error Rate Gradient error Rate
1/32 1.54 x 1073 3.48 x 1073 5.59 x 1074 2.03 x 1073
1/64 1.99 x 1073 —0.37 5.60 x 1073 —0.69 9.40 x 10~ 257 433 x107* 223
1/128 1.32x 1073 0.60 3.71 x 1073 0.60 2,72 x 1073 1.79 9.04 x 1073 2.26
1/256 5.43 x 1074 128 1.54 x 1073 127 7.07 x 1076 1.94 2.09 x 1072 211
1/512 1.53 x 1074 1.83 435x1074 1.82 1.85 x 1076 1.94 5.37 x 1076 1.96

4.2. A mesh refinement study for the global method

The computational domain is Q = [—4, 4]%. Initially the drop is a unit circle centered at the origin. The physical pa-
rameters are chosen as 0 =4,€ =3.5,Cag =1, Oh = 1. Since the exact solutions for the physical variables are unknown,
we estimate the convergence rate rq for a physical quantity g based on the computational results using three grid lengths
according to the following formula:



10 J.-J. Xu et al. / Journal of Computational Physics 400 (2020) 108956

Table 4
Errors for the solution and gradient together with the convergence rates.
h Bt =10 Bt =1000
Solution error Rate Gradient error Rate Solution error Rate Gradient error Rate
1/32 1.58 x 10~ 2.00 x 1073 1.80 x 10~ 213 x 1073
1/64 3.25x 107 228 473 x 1074 2.08 3.60 x 1075 233 492 x 1074 211
1/128 6.79 x 106 226 7.34 x 107 2.69 7.48 x 1076 227 7.76 x 107> 267
1/256 1.89 x 1076 1.85 1.50 x 107> 2.30 2.04 x 1076 1.88 1.59 x 107> 229
1/512 4.26 x 1077 215 3.48 x 1076 210 4.71 x 1077 211 3.64 x 1076 212
Table 5
Errors for the solution and gradient together with the convergence rates.
h Bt =0.001 gt =0.1
Solution error Rate Gradient error Rate Solution error Rate Gradient error Rate
1/8 9.20x 1073 4.03 x 102 7.71 x 1073 3.43 x 1072
1/16 2.10x 1073 213 9.67 x 1073 2.06 1.35 x 1073 2.51 6.63 x 1073 237
1/32 6.64 x 1074 1.66 2.75 x 1073 1.81 2.13x 1074 267 9.60 x 104 2.79
1/64 2.04x 1074 1.70 8.90 x 1074 1.63 2.81x107° 2.92 1.78 x 1074 243
Table 6
Errors for the solution and gradient together with the convergence rates.
h gt =10 B+ =1000
Solution error Rate Gradient error Rate Solution error Rate Gradient error Rate
1/8 2.85x 1073 2.45 x 1072 3.28 x 103 2.90 x 1072
1/16 5.78 x 1074 2.30 4.63 %1073 240 6.62 x 1074 231 5.42 x 1073 242
1/32 9.94 x 107 2.54 6.81 x 1074 2.76 1.12 x 107* 2.57 8.09 x 1074 2.74
1/64 1.69 x 107> 2.56 9.71 x 10~ 2.81 1.83 x 107> 261 114 x 107 2.83
Table 7
Estimated convergence rate for u and v at t =1.
h luan — unlleo Ty [lvan — villoo ry
0.04 1.36 x 1072 1.87 x 1072
0.02 3.30 x 1073 2.04 6.73 x 1073 147
0.01 8.11x 1074 2.02 230 x 1073 155
lgan — q2nlloo
rg =logy ————. (47)
lg2n — gnlleo

To test the convergence for the velocity components u and v, we use four grid lengths and run to time t = 1. The results are
shown in Table 7. Typically the continuum surface force method leads to first-order convergence for the velocity, however,
the results in here are better than that. Similar results were reported in [20].

Next we perform a numerical convergence study for our global numerical method by choosing the deformation factor
D(t) as the analyzing target. We take three grid lengths and run to time t =5 for each case. Fig. 3 shows the curves of D(t)
and the estimated convergence rate. Numerical convergence for D(t) is observed, and the estimated convergence rate r(t)
is higher than 1. The oscillation of r(t) indicates that r(t) may be time dependent.

4.3. Simulations in 2D

We present simulations on drop deformation (including a comparison with the small deformation theory), breakup and
coalescence in 2D.

4.3.1. Drop deformation

For a moderate electric capillary number Cag, a drop can evolve into prolate or oblate shape in the steady state or remain
spherical shape. For large Cag, the drop may break up into several small drops [49,32,22]. The 2D asymptotic analysis in
[17] gives a small deformation expression to first-order as follows:

L—B  f4(o,€)
L+B 3(1+0)2

where L and B are the end-to-end lengths of the drop measured along the y-axis and the x-axis, respectively. fy(o, €)=
0240 +1—3€ is a discriminating function. f; > 0, <0, or = 0 correspond to prolate, oblate, or circular shapes, respectively.

D

Cag, (48)



J.-J. Xu et al. / Journal of Computational Physics 400 (2020) 108956 11

0.45 25

04

0.35 S

0.25 -7 b
_ o -
f= -7
=] g -7
02 ~ - R
~
’ -
-
-
-~
0.15 -7 H
d -
/ ~
~
~
-
01 Pid ]
~
S
A
e
~
0.05 - R
X < L ]
< 1.6
<
<
~
~
0 I I I I I I I I I 15 I I I I I I I I I
05 1 15 2 25 3 35 4 45 5 0.5 1 15 2 25 3 35 4 45 5
t t

Fig. 3. Left: deformation factor as function of time for three grid lengths. h = 0.02 (solid line), 0.04 (dotted line) and 0.08 (dashed line); Right: the estimated
convergence rate.
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Fig. 4. Comparison between the small deformation theory and numerical simulations. Solid line: theoretical predication; dotted line: numerical prediction
with mesh size 128 x 128; dashed line: numerical prediction with mesh size 256 x 256. In all cases Oh =1,€ =3.5. At =h/4.

In simulations, the drop is a unit circle centered at the origin. € = [—4,4]>. A comparison between the numerical
calculation and the theoretical predication (48) is shown in Fig. 4. The numerical results agree well with the theoretical
predications for small deformation, validating our numerical method in 2D. The discrepancy gets larger as Cag becomes
larger because the theory is only valid for small deformation.

Under an electric field, a circulatory flow is generated to balance the electric stress in the steady state. For the oblate
drop, the circulatory flow pattern inside the first quadrant is clockwise, while for the prolate one it can be either clockwise
(if o < €) or counterclockwise (if o > €) (see, e.g., [20]). These flow patterns are observed in Fig. 5.

4.3.2. Drop breakup

Various drop breakup modes in EHD were studied in [22] under the assumptions of the axisymmetric geometry and
Stokes creeping flow. Also assuming the axisymmetric geometry, the drop pinch-off mode was studied in [35], where the
inertia effect was considered in [35]. Simulations in there were terminated right before the breakup.

We present an example of drop pinch-off in 2D. The parameter regime for the breakup can be different from that in
[22,35] due to different spatial dimensions. The electric parameters are taken as Oh =1, Cag =0.17,0 = 0.1, € = 2. Initially
the drop is a unit circle centered the origin. The simulation result is shown in Fig. 6. Under the electric field, the drop
deforms into an oblate shape. Then the middle of the drop becomes thin, a neck region forms and the drop become a dumb
bell. As the neck gets thinner and longer, the drop eventually breaks up into three daughter drops with the smallest in the
middle.
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shape and counterclockwise flow for o =4.75. The other parameters: € = 3.5, Oh

0.02, At =hy/8.

Fig. 6. Drop morphologies together with the velocity fields at different times. h
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t=0.2 t=0.8 t=1.0

2

Fig. 7. Drop morphologies together with velocity fields at different times. h = 0.02, At = h/4.

4.3.3. Drop pair interaction

Drop pair interactions under electric fields were studied in [6] under the assumptions of Stokes creeping flow and
axisymmetric geometry. In [6] the simulation was terminated just before the contact of two drops.

We consider that two drops of unit circle are aligned along y-axis and centered at (0, +1.4) respectively. The com-
putational domain is = (—2,2) x (—4,4). The electric parameters are taken as Cag = Oh =1,0 = 4.75,€ = 3.5. Drop
morphologies together with the velocity fields are shown in Fig. 7. In the process, two drops are deformed into prolate
shape, approach to each other and merge into a large single drop. After the mergence, the kinked middle part of the drop
swells until a lump forms. Then the drop is compressed in x-direction and stretches along y-direction, and drop shape
becomes prolate.

This simulation together with the previous simulation of drop pinch-off demonstrates the capability of the level-set
method in handling topological changes in 2D.

4.4. 3D simulations
In this section, we present fully 3D simulations on drop deformation, breakup and coalescence.
4.4.1. Comparison with small deformation theory
Asymptotic analysis in [49] gave the following first-order approximation to small drop deformation:
_L-B
~L+B

where L and B are the major and minor axis from end-to-end of the deformed drop, respectively, with the major axis
aligned with the applied electric field. And

=kiCag, (49)

9 o2
ki= ——" _f,
=16 gror’
o2+30+1-1e
fa= =

The above first-order approximation was extended to second-order in [2] as follows:

D =kiCag + koCa?, (50)
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[~

Fig. 8. Initial drop shape and the steady drop shapes for varied o: o =2.6869 (top right), o = 1.5 (bottom left), o = 4.5 (bottom right). Cag = 0.4, Oh =
1,€=3.5h=1/16, At =h/4.

where

(1390 — 154)02 fg +92(0% + 20 — (0 + 2)€)
- 802 +0)3

Note that the viscosity ratio also plays a role in the deformation theory in [49,2]. In this work the viscosity ratio is assumed
to be 1 for simplicity.

In simulations, the computational domain is €2 = (—4, 4)3. Initially the drop is a unit sphere centered at the origin. A
drop can evolve into a steady oblate shape (if fg < 0) or spherical shape (if f; =0) or prolate shape (if f3 < 0) as shown in
Fig. 8.

A comparison with the above 3D small deformation theory for the oblate case is given in Fig. 9. It shows that the
numerical predication agrees well with the theory.

k2 k1.

4.4.2. Drop breakup

The computational domain is € = (-2, 2)3. Initially the drop is a unit sphere centered at the origin. The parameters are
Oh=1,Cag =0.3925,0 =0.1, € = 2. Similar to 2D simulations, the drop is compressed in z direction by the electric force,
and consequently stretches in all horizontal directions. The middle of the drop keeps thinning until the drop pinches off.
The snapshots of the droplet deformation are shown in Fig. 10. The results are similar to the axisymmetric simulations in
[22,35].

In this simulation, we used a simple volume correction procedure to remedy the volume loss due to the numerical
diffusion and/or the lack of resolution. The volume correction procedure was proposed in [28]. The idea is to expand slightly
the zero level-set in its outward normal direction in each time step. Let VO, V" " be the initial volume, the volume and
the surface area t", respectively. Let ¢" be the level-set function obtained by solving the level-set equations, then we set

Vo _yn
¢":=¢" — €4, here €=—r (51)
The corrected level-set function ¢" is used in solving the N-S equations and the electric equations. The volume and the sur-
face area are calculated by using the standard level-set techniques via the smoothed Heaviside function and the regularized
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Fig. 9. A comparison with the small deformation theory. Solid line: second-order prediction; dotted-line: first-order prediction; circular points: numerical
prediction. 0 =1.5,€ =3.5,0h=1,h=1/16, At =h/4.
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Fig. 10. Drop morphologies at different times. h =1/16, At =h/4.

8 function, see, e.g., [53]. The correction parameter €4 is plotted as a function of time in Fig. 11. Its magnitude is less than
1.2 x 10~* during the numerical evolution process.

4.4.3. Multiple drop interaction
Lastly we show a simulation on multiple drop interactions. The computational domain is 2 = (-2, 2) x (=2, 2) x (-6, 6).

Initially three equally spaced unit spherical drops are aligned along z-axis and centered at (0, 0, 0), (0, 0, +3), respectively.
The parameters are chosen as 0 =4.75,€ = 3.5, Cag = 2.0, Oh = 1. The dynamic process of drop motion is shown in Fig. 12.
Under the electric field, three drops are elongated in z-direction and become prolate. Drops approach and merge into a large
drop. The merged drop keeps stretching. The calculation is terminated when the drop reaches the boundary.



16 J.-J. Xu et al. / Journal of Computational Physics 400 (2020) 108956

x107® .

-
n

time

Fig. 11. The volume correction parameter as a function of time.
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Fig. 12. Drop morphologies at different times. h =1/16, At =h/4.

This example together the example of drop pinch-off show the capability of the level-set method in handling topological
changes in 3D.

5. Conclusion

A level-set method has been presented for simulating the electrohydrodynamics using the leaky dielectric model. The
electric potential Poisson equation is solved using a new version of the level-set based immersed interface method (IIM).
The IIM avoids the local coordinate transform in literature and simplifies the algorithm significantly. Numerical examples in-
dicate that the IIM achieves second-order accuracy in maximum norm for both the solution and its gradient for a wide range
of diffusion coefficient ratios. The surface electric force is calculated using a level-set based extrapolation procedure, and the
Navier-Stokes equations with singular surface forces is solved using the continuum surface force method. Numerical simula-
tions on drop deformation, pinch-off and coalescence, are presented in both 2D and 3D. In particular, numerical simulations
agree well with the small deformation theories. Simulations on the drop pinch-off and coalescence have demonstrated the
capability of the level-set method in handling the interfacial topological changes.

In the future, we will extend the current method by including surfactant, and study the effect of surfactant on the
electrohydrodynamics.
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