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Abstract—The formation of a vapor microbubble has previ-
ously been suggested to be the initial mechanism in the process
of dielectric failure of dielectric liquids. The bubble is generated
by a rapid, highly localized heating of a volume close to a highly
stressed electrode, caused by electric currents in the liquid at
high voltages. In this paper, a numerical model is presented to
investigate the dynamics of a single microbubble in a point-plane
geometry in cyclohexane. A condition for the formation of a
vapor bubble is discussed. Thereafter, a Computational Fluid
Dynamics (CFD) model of two-phase flow with phase transition
is used to study the dynamics of the bubble from generation to
collapse, under a highly divergent electrostatic field in a subcooled
liquid. The amount of subcooling in the simulations is 5 K, and
it is found that convergence gets significantly weaker as the
amount of subcooling increases. The bubble expansion is also
simulated considering the electrohydrodynamic (EHD) processes
in the liquid and vapor phases. Finally, it is shown how the
electrostatic forces on the dielectric will cause a bubble to detach
from the electrode.

Index Terms—Dielectric failure, streamer initiation, bubble
dynamics, electrohydrodynamics, computational fluid dynamics

I. INTRODUCTION

D IELECTRIC liquids are commonly used as electrical in-
sulating material in high-voltage devices, such as power

transformers. If the liquid fails to maintain the applied voltage
between two electrodes, a process hereafter referred to as
breakdown, the device will normally be damaged or destroyed.
Therefore, the understanding of the process leading to break-
down in dielectric liquids is crucial for the design of robust
high-voltage systems. During dielectric failure, the dielectric
is subjected to both Coulomb and polarization forces [8]. As
opposed to dielectric failure in solids, which are not free to
flow, these forces will cause a violent, strongly rotational kind
of motion in liquid dielectrics [7]. In the literature, there is a
large number of empirical studies of prebreakdown phenomena
in the point-plane geometry, where a needlepoint electrode
is places over a grounded plane. This geometry is depicted
in Fig. 1. In these experiments, the tip radius is typically a
few micrometers and the distance between the needlepoint
and the grounded plane is typically a few millimeters [4], [1],
[9]. From these experiments, we know that the prebreakdown
process taking place when a large negative potential is applied
to the needlepoint is characterized by a series of events. The
process starts with a small current pulse with a duration of a
few nanoseconds and an order of a microampere that occurs
when the applied voltage is increased to a threshold voltage
[2], [1]. The current pulse is caused by an electron avalanche in
the liquid phase [2]. The resulting drift of charge carriers under
high electric field causes a rapid, highly localized heating of
the liquid close to the needle [3]. The injected energy, which

Fig. 1. In the point-plane geometry, a needlepoint electrode is placed over a
grounded plane.

is typically a few nanojoules [1], can in some cases result
in the formation of a vapor microbubble. After formation,
the bubble expands until it reaches a maximum volume, after
which it starts to implode and ultimately collapse [2]. The
maximum radius of the bubble is typically a few micrometers
and the lifetime of the bubble is typically a microsecond [1].
It has been suggested that ”bush like” streamers in liquids
grow initially from single bubbles [2]. The aim of this study
is to take the first step towards a numerical model that can
simulate this complicated process, by developing a numerical
model that can be used for simulation of a single vapor bubble
in a highly divergent electric field. The simulations presented
here were performed for the dielectric liquid cyclohexane.
Cyclohexane is well suited for this type of simulation work
since there are experimental results [2], [1], [4] that can be
used for comparison. The numerical model presented here
was implemented and evaluated using the commercial software
COMSOL Multiphysics, which is based on the Finite Element
Method (FEM).

When creating a numerical model, this process can be
broken down into several subproblems. The bubble formation
mechanism is discussed in Section III-C. The electrohydro-
dynamic (EHD) processes are studied using a multiphysics
approach based on Computational Fluid Dynamics (CFD). A
model for single-phase EHD flow is presented in Section III-A
and a model for two-phase EHD flow is presented in Section
III-E. In the later model, the liquid-vapor interface is tracked
using the Volume of Fluid (VOF) method. The temperature
and distribution of charge immediately after the current pulse
is estimated with the Electro-Thermal Model (ETM), which
was recently developed at the Royal Institute of Technology
[3], and used as the initial condition when simulating the
bubble dynamics. When the bubble starts to implode due to
condensation at the liquid-vapor interface, the pressure drops
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rapidly in the liquid phase. It is found that the large pressure
gradient related to large amounts of subcooling makes the
simulation numerically challenging. In this paper, the amount
of subcooling has therefore been restricted to 5 K. The results
from the bubble expansion and implosion phases are presented
in section IV-B. In the experiment performed by Lesaint et
al [4], it is observed that a bubble formed at the needle tip
ultimately detaches from the needlepoint electrode. This can be
predicted using the model presented in this paper. A simulation
of the detachment of a noncondensible bubble is presented in
Section IV-C.

II. ELECTRO-THERMAL MODEL

The ETM is based on the same idea as the model presented
by Hwang [10]; the charge density ρ = ρe + ρp + ρn where
ρe, ρp and ρn is the charge density due to electrons, positive
ions and negative ions respectively, is found by solving the
three continuity equations

∂ρe
∂t
−∇ · ρeµe

~E = −G(| ~E|)− ρe
τa
− ρpρeRpe

q
(1)

∂ρp
∂t

+∇ · ρpµp
~E = G(| ~E|) +

ρpρeRpe

q
+
ρpρnRpn

q
(2)

∂ρn
∂t
−∇ · ρnµn

~E =
ρe
τa
− ρpρnRpn

q
(3)

where µe, µp and µn are the mobilities of the electrons,
positive ions and negative ions. q is the magnitude of electronic
charge. τa is the electron attachment time constant to neutral
molecules. Rpn and Rpe are the ion-ion and ion-electron re-
combination rates respectively [10]. The production of charge
G, depends on the electric field strength, and will not be
discussed in further detail in this paper. The electric field ~E
is found by Gauss’s law

∇ · εrε0 ~E = ρ (4)

where εrε0 is the permittivity. This electrostatic approximation
is commonly used in simulations of dielectric failure [10] and
numerically, it is often treated by solving Poisson’s equation.
The current density is found as

~J = (ρpµp − ρnµn − ρeµe) ~E (5)

It is worth noting that by taking the sum of the continuity
equations (1), (2) and (3), we arrive at the total continuity
equation

∂ρ

∂t
+∇ · ~J = 0 (6)

which confirms that charge is conserved in this model since the
source term on the right-hand side adds to zero. Most material
parameters are dependent on temperature, T , which is found
by solving the heat equation

∂T

∂t
=

1

ρmc
(kT∇2T + ~E · ~J) (7)

where ρm is the mass density, c is the specific heat and kT is
the thermal conductivity. The Joule heating, ~E · ~J , appears as
a heat source in the heat equation.

III. SIMULATION MODEL

A. Velocity field

The velocity of the material is denoted ~u and is found
by solving Navier-Stokes equations. In the bubble dynamics
experiments performed by Jomni et al, the velocity of the
bubble interface has never exceeded 0.1c∞, where c∞ is the
speed of sound in the liquid [1]. For single phase EHD flows
in the point-plane geometry, the estimated liquid velocities are
also small [14] compared to the speed of sound in the material.
Therefore, compressibility effects are negligible and the flow
can be considered to be incompressible [11] in both single-
phase and two-phase simulations. Navier-Stokes equations for
incompressible single-phase flow are given by

ρm
D~u

Dt
= −∇p+ µ∇2~u+ ~f (8)

where p is the pressure, µ is the dynamic viscosity, ~f is the
volume force (which will be discussed in Section III-F), and

D

Dt
=

∂

∂t
+ ~u · ∇ (9)

is the material derivative [11]. The second term in the material
derivative is referred to as the convective term and it accounts
for the movement of the liquid. In addition, when there is no
phase transition, the incompressibility condition can be stated
as [11]

∇ · ~u = 0 (10)

In order to generalize the ETM to a fluid in motion, the time
derivatives needs to be replaced by material derivatives, that
is

∂

∂t
→ D

Dt
(11)

for all equations in Section II.

B. Electrohydrodynamic transportation of charge

Consider the left-hand side of the continuity equation for
negative ions (3), which has been modified to take into account
the movement of the liquid according to (11),

∂ρn
∂t

+ ~u · ∇ρn −∇ · ρnµn
~E = (12)

∂ρn
∂t

+ ~u · ∇ρn − ~E · ∇ρnµn −
µn

εrε0
ρnρ

where the divergence of the negative ion current density has
been expanded according to the product rule

∇ · ρnµn
~E = ~E · ∇ρnµn + ρnµn∇ · ~E (13)

The last term in Eqn. (12) is found by applying Gauss’s law (4)
to Eqn (13). This procedure can be repeated for the continuity
equations for electrons and positive ions. The last three terms
in Eqn. (12) describe three charge relaxation mechanisms;
convection, migration and Coulomb repulsion [23].
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C. Bubble formation and initial conditions

Experiments of prebreakdown phenomena are typically per-
formed at room temperature [1], which means that the average
temperature of the dielectric will be significantly smaller than
the temperature of saturation, Tsat. When the liquid temper-
ature is smaller than the temperature of saturation, then the
liquid is said to be subcooled and this temperature difference
is referred to as the amount of subcooling. Similarly, if the
liquid temperature exceeds the temperature of saturation, then
the liquid is said to be superheated. The formation of a single
vapor bubble close to a solid boundary due to a heat pulse,
that has been caused by a current pulse, has previously been
studied by Asai in the development of thermal microejectors
[6]. When a pure liquid is subjected to a heat pulse that rapidly
raises the temperature of the liquid, a vapor bubble can be
be formed spontaneously. This process is stochastic and takes
place when the liquid temperature is quickly raised well above
the temperature of saturation [6]. Experiments have found
that the formation of the vapor bubble follows the current
pulse by a few nanoseconds [2]. Therefore, the two-phase
flow simulations presented in this paper implements the bubble
formation as an initial condition; a spherical vapor bubble,
hereafter referred to as a bubble seed, is assumed to exist at the
initial time. The initial bubble is assumed to be spherical, since
the effects of surface tension tends to minimize the interface
area [12]. It is assumed that the fluids are initially at rest.
The initial temperature distribution and density of charge is
calculated by the ETM in [3]. In the simulations presented
here, it is assumed that the production of charge, G, is zero.

D. Computational domain and boundary conditions

The geometry of the simulations presented in this paper
is the point-plane geometry, which is depicted in Fig. 1.
The tip radius is 1 µm and the gap distance is 0.5 mm.
The computational domain is bounded by three boundaries;
the needle boundary, the grounded plane boundary and a
curved line connecting the two first boundaries. The two
first boundaries are referred to as solid boundaries and the
third boundary is referred to as the connecting boundary. The
electrostatic boundary condition along the solid boundaries is
constant potential (zero at the grounded plane, and the applied
voltage at the needlepoint electrode). The electrostatic con-
dition along the connecting boundary is zero surface charge.
Since mechanical process of interest occurs close to the needle,
an additional, spherical boundary is introduced. The radius of
this sphere is significantly larger than the radius of the bubble
and the Navier-Stokes equations are only solved in the domain
bounded by the sphere and the needle. The fluid dynamics
condition on the spherical boundary is constant pressure and
therefore, fluid is allowed to flow through the outer boundary.
The hydrostatic pressure is set to one atmosphere. As for the
needle boundary there are two possible options; slip or no slip
conditions. Neither condition allows fluid to flow through the
boundary. The no slip condition is normally used for interfaces
between a fluid and a solid wall [11] and it ensures that the
liquid does not slip along the needle by setting ~u = 0 at
the boundary. As one might expect, the slip condition does

not restrict the fluid at the boundary to move tangent to the
boundary. The effect of these two conditions on the bubble
expansion phase is compared in Section IV-B. The boundary
condition for the heat equation is given by the zero heat flux
condition at the needle boundary. The fact that this condition
is suitable for simulating a metal surface subjected to pulse
heating during a very short time period (microseconds) can be
confirmed by a comparative study; the computational domain
for the heat equation can be expanded to include the needle.
If the material parameters for a metal (e.g. copper) is used in
this subdomain when solving the heat equation, this can be
compared with the solution with the no heat flux condition.
A more accurate model could implement this improvement
instead of using the zero heat flux condition. The boundary
condition for the outer boundary will not notably effect the
bubble dynamics since the computational domain is very
large and the simulation time is very short. Therefore, either
constant temperature or no heat flux conditions are suitable
for the outer boundary.

E. Two-phase flow with phase transition

The liquid-vapor interface is tracked using the VOF method.
The equations governing the interface dynamics of a two-phase
flow can be described by the Cahn-Hilliard equation [13]. This
equation can be modified to allow for the change of phase [5]

∂φ

∂t
+ ~u · ∇φ− ṁδ

(
Vf,V
ρv

+
Vf,L
ρL

)
= ∇ · γλ

ε2
∇ψ (14)

where φ is the dimensionless phase field variable such that
−1 ≤ φ ≤ 1, λ is the mixing energy density (N) and ε is
a stability parameter (m) that is used to scale the thickness
of the interface. The vapor volume fraction variable Vf,V ∈
[0, 1] equals 1 in the vapor phase and 0 in the liquid phase.
Similarly, the liquid volume fraction variable Vf,L ∈ [0, 1]
equals 1 in the liquid phase and 0 in the vapor phase. Both
volume fraction variables can be calculated from the phase
field variable φ. The mobility, γ, determines the time scale
of the Cahn-Hilliard diffusion and must be large enough to
retain a constant interfacial thickness but small enough such
that the convective terms are not overly damped. The mobility
is implemented as γ = χε2 where χ is a stability parameter
(mskg−1). A rule of thumb is to take ε equal to 0.5h0, where
h0 is the maximum size of a mesh element in the region where
the interface passes, and to take χ close to unity [13]. The
interface delta function, δ, is a smoothed representation of the
interface between the two phases, defined as

δ = 3Vf (1− Vf )|∇φ| (15)

where the volume fraction Vf is given by

Vf =
1 + φ

2
(16)

The incompressibility condition is modified to account for
phase transition [5]

∇ · ~u = ṁδ(
1

ρv
− 1

ρL
) (17)

It can be noted that the flow is no longer divergence-free even
though the flow is still incompressible. This can be understood
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intuitively for the bubble expansion phase where the liquid
needs to ”diverge” in order to make room for the expanding
bubble. The rate of vaporization, ṁ, is estimated as

ṁ = CρL
T − Tsat
Tsat

(18)

where the stabilization parameter C (m/s) should be chosen
large enough to keep the interface at saturation temperature,
but small enough not to cause numerical instability. In order to
account for the vaporization, a heat sink Qs = −ṁLδ where L
is the latent heat of vaporization, is added to the heat equation
(7). With this modification and the addition of the convective
term in Eqn. (11), the heat equation is thus stated as

∂T

∂t
+ ~u · ∇T =

1

ρmc
(kT∇2T + ~E · ~J +Qs) (19)

The material parameters can be evaluated as convex combina-
tions using the volume fractions. As an example, the relative
permittivity of the dielectric is evaluated as

εr = εLr + (εVr − εLr )Vf,v (20)

where εLr is the relative permittivity of the liquid phase and
εVr is the relative permittivity of the vapor phase.

F. Volume forces
The volume force in a dielectric can be expressed as

~f = ρ ~E − |
~E|2

2
∇εrε0 +

1

2
∇
(
| ~E|2ρm

∂εrε0
∂ρm

)
+ ρm~g (21)

where the first and last terms are the Coulomb and gravi-
tational forces respectively. The second term is the dielec-
trophoretic term which arises due to polarization of the di-
electric [7]. The third term is the electrostrictive term, taking
into account the elastic deformation of a dielectric under an
electrostatic field [8] and can be neglected since the flow is
assumed to be incompressible.

G. Material parameters
The density of the liquid phase, ρL, is approximately 790

kgm−3 [18]. The density of the vapor phase, ρV , is estimated
from the ideal gas law

ρV =
m

V
=
nM

V
= M

p

RT
(22)

where R = 8.314 JK−1mol−1 [12]. Cyclohexane is given
by the molecular formula C6H12. The molar mass M can
therefore be estimated as 6·12.01uNA+12·1.008uNA ≈ 84.2
g/mol [22]. The dynamic viscosity of the vapor phase, µV , is
estimated to be the same as for steam, which is approximately
4 · 10−5 Pa·s [16]. The saturation temperature, Tsat, and
critical temperature, Tc, are 353 K and 554 K respectively [1].
The thermal conductivity of the liquid and vapor phases are
denoted by κL and κV and are estimated by 0.12 Wm−1K−1

[19] and 0.024 Wm−1K−1 respectively [20]. The latent heat
of vaporization is 3.6 · 105 Jkg−1 [17]. The liquid viscosity,
µL, is taken as a function of temperature [15]

µL = (10−3 Pa · s) · exp

(
−6.2946 +

2340.16

80.1952 + T/(1 K)

)
(23)

Fig. 2. Velocity magnitude (m/s) and white streamlines 25 ns after a charge
injection.

The surface tension σ is 25.5 mNm−1 [1]. The relative
permittivity of the vapor phase, εVr is estimated as 1 and the
permittivity of the liquid phase εLr is approximately 2 [21].

IV. RESULTS

A. Single-phase flow

In this section, a single-phase flow problem with no bubble
formation is considered to demonstrate some characteristic
properties of the EHD motion occuring in the point-plane
geometry. To start the analysis, consider a liquid initially
at rest. A high voltage is applied to the gap between the
electrodes and consequently, the dielectric is subjected to a
strong and highly divergent electric field. Let there be some
initial free charge in the liquid. The inital charge is given by
the ETM and will be mainly negative since the potential on
the needle is negative. The liquid closest to the needle will be
subjected to a very large volume force, which is dominated
by the Coulomb force. The process can now be studied by
solving the ETM modified according to Eqn. (11) coupled
with the CFD model with the volume force ~f = ρ ~E. Since
the liquid is initially at rest, the convective term is initially
zero, but it grows in magnitude as the liquid is accelerated
by the Coulomb force. The Coulomb repulsion term will
cause the charge to ”spread out” due to the repulsive force
between negative charges. The migration term will initially be
very large, but decreases as the charge is relaxed. In some
cases, there might therefore exist a critical time, t?, for which
convection becomes a more important charge transportation
mechanism than migration.

The velocity magnitude in the liquid after 25 ns is depicted
in Fig. 2. Since the geometry is axisymmetric, only a cross
section of the three-dimensional domain is required for com-
putation and visualization. At the top left of this domain is the
needle boundary, where the liquid velocity is zero due to the no
slip condition. The maximum velocity magnitude at this time
is 2.1 m/s. From looking at the streamlines, which are tangent
to the velocity field, it is clear that the flow is rotational. In
fact, this follows from the fact that the flow is incompressible;
liquid is transported away from the needlepoint along the axis
of symmetry and since the flow is incompressible and there
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is no inflow at the top of the computational domain, liquid
leaving the needle tip will ultimately travel back towards the
needle in a rotational fashion. This rotation can be seen as
closed streamlines in Fig. 2.

B. Bubble expansion and implosion

In a liquid subcooled by 5 K, the expansion and implosion
of a vapor bubble is simulated. The initial bubble seed,
which is introduced in Section III-C, is visualized in the
volume fraction plot in Fig. 3(a). The color scale is chosen
such that the liquid phase is white, and the vapor phase is
red. The radius of the initial bubble seed is 0.5 µm. In a
circular region close to the bubble, the mesh is approximately
uniform with a maximum length h0 = 18 nm of the mesh
elements. The stability parameter C was chosen to be 1 m/s.
In order to find a convergent solution, the required values
for the stability parameters ε and χ were 100 nm and 250
mskg−1 respectively. Although these values are small enough
for the liquid-vapor interface to be relatively thin, and to
prevent too much diffusion in the phase field variable, they
are significantly larger than the values from the rule of thumb
mentioned in Section III-E.

The bubble expands to a maximum volume, after which it
starts to implode due to condensation. The maximum volume
of the bubble is strongly dependent on the initial temperature
distribution given by the ETM. In this simulation, the initial
temperature is T = Tsat− 5 K everywhere except for a small
region close to the needle tip where the temperature smoothly
increases to 490 K. This maximum temperature is well above
the temperature of saturation, which means that the liquid is
strongly superheated and the spontaneous formation of a vapor
microbubble is expected. The maximum volume of the bubble
is seen in Fig. 3(b) and the radius-time dynamics is shown in
Fig. 4. The bubble radius is estimated by r̃, which is given by

r̃ =

√
2

π

∫
Ω

Vf,V dS (24)

The surface integral in equation (24) is taken over the com-
putational domain Ω. Due to axial symmetry, this integral is
equal to half the cross section area of the bubble. It is clear
in Fig. 4 that the bubble expansion is much faster than the
bubble implosion. This can be explained by the fact that the
amount of superheating, which is driving the vaporization, is
much larger than the amount of subcooling, which is driving
the condensation. The time of the expansion phase, i.e. the
time it takes for the bubble to reach maximum volume, is
approximately 2 µs. It can be noted that the velocity field
generated by the bubble expansion has a nonzero divergence,
as described by equation (17). An example of the velocity field
during the bubble expansion can be seen in Fig. 5.

In Fig. 7(a), the relative pressure (i.e. the pressure minus the
ambient pressure) is plotted during the onset of condensation.
The pressure distribution looks like expected for a bubble close
to thermodynamic equilibrium; the bubble is approximately
spherical and the pressure inside the bubble is relatively
uniform. In addition, there is a pressure jump between the
bubble and the surrounding liquid [12]. Although convergence

has been strong for the simulations presented so far, the con-
vergence gets significantly weaker if the amount of subcooling
is increased. It has been found that the pressure gradient
increases significantly during the onset of condensation if the
amount of subcooling is increased. The pressure drop in the
liquid phase due to bubble implosion in the simulation with 5
K subcooling is approximately 2500 Pa. When the amount of
subcooling is increases to 25 K, the pressure drop increases
to 62 000 Pa. Simulations with large gradients are often
challenging, and in spite of several attempts, no convergent
solution of the implosion phase could be found when the
amount of subcooling was increased to 25 K. The convergence
issue occurs at the onset of condensation, where ṁ is negative
over parts of the interface. At this time, some disturbances can
be seen in the pressure field, according to Fig. 7(b). Three
modifications to the discretization were tested in the search
for a convergent solution. Firstly, the time step was reduced
to 10−11 s while not changing the mesh. Secondly, the mesh
size, h0, was reduced while not changing ε and the time step.
The simulation was run with up to 500 000 elements. Lastly,
an adaptive mesh refinement technique, that during the course
of the simulation changes mesh such that a region of extra
fine mesh follows the bubble interface during the expansion
was tested. No convergent solution was found during these
tests. This is an indicator that the convergence issues for
increased subcooling are neither dependent on the temporal
nor the spatial discretization.

The bubble was also simulated in a saturated liquid. In this
simulation, the C stabilization parameter was chosen to 5. The
simulation is presented in Fig. 6. Due to the larger stabilization
parameter, the expansion in that simulation is faster and the
mass flux, ṁ, is larger. The slip condition was used for the
needle boundary in this simulation whereas the slip condition
was used in the simulation presented in Fig. 3 and 4. As can
be seen in Fig. 6, the bubble tends to ”curve” as in Fig. 6
when the expansion is very rapid and the no slip condition is
used. This can be explained by the velocity difference between
the expanding liquid-vapor interface and the fluid close to the
needle, which is slower due to the no slip condition. Since
the velocity field is continous, the velocity gradient in this
region is large and transverse to the radial expansion of the
bubble. Therefore, fluid with high velocity tends to curve
around the slower fluid. As noted earlier, a spherical bubble
has a smaller internal energy than a nonspherical bubble due
to surface tension. The surface tension will therefore act to
make the bubble more spherical, but when the expansion is
very fast, the effects of the boundary conditions becomes as
important as the effects of surface tension, which is why the
bubble deviates from the spherical shape. It is worth noting
that when the no slip condition is used, the shape of the bubble
is strongly dependent on the shape and position of the bubble
seed.

C. Bubble detachment

In order to analyze the detachment of a single bubble, the
EHD motion of a noncondensible bubble is simulated. The
bubble seed has an initial radius of 1 µm and is placed
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(a)

(b)

Fig. 3. Volume fraction plot of initial bubble seed (a) and maximum size of
bubble (b).

Fig. 4. Relation between bubble size and time.

Fig. 5. Volume fraction plot with velocity field plot during the bubble
expansion phase. The plotted vector field is proportional to the velocity field.

Fig. 6. Volume fraction plot where the bubble curves due to the no slip
condition.

attached to the needlepoint electrode, which can be seen in
the top left figure in Fig. 8. Due to the proportionality to
the squared electric field strength in the expression for the
dielectrophoretic term in Eqn. (21), this polarization force,
which is acting on the interface of bubble, will result in a net
force on the bubble, accelerating it in the direction of decaying
electric field strength. Due to the large electric field strength,
this force can be very large. The size of this force depends
on the interface thickness, which determines the maximum
magnitude of ∇εr. The interface thickness scales with the
stabilization parameter ε. In this simulation, the value of ε
is taken to be 5h0 = 45 nm and the maximum magnitude
of the dielectrophoretic force is approximately 1013 Nm−3.
Depending on the injected charge, the Coulomb force might be
of a similar order of magnitude. For the initial condition used
in this simulation, the maximum magnitude of the Coulomb
force is approximately 1012 Nm−3. The net Coulomb and
dielectrophoretic forces both act on the bubble in the direction
away from the needle. Since these forces are significantly
larger than the gravitational force acting on the bubble in the
opposite direction due to the difference in density between
the vapor and liquid phases, the bubble will detach and be
accelerated away from the needle along the axis of symmetry,
which can be seen in Fig. 8. The process depicted in Fig. 8
takes approximately 0.5 µs.
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(a)

(b)

Fig. 7. Relative pressure (Pa) during the onset of condensation when the
amount of subcooling is (a) 5 K and (b) 25 K. When the amount of subcooling
is 25 K, some disturbances can be seen in the pressure; the region of low
pressure under the bubble is disturbed by very small regions of very large
pressure. This is often an indicator that the simulation will not converge. The
length scales of the two figures differ.

Fig. 8. Volume fraction plot at different times during the detachment of a
noncondensible bubble.

V. DISCUSSION

During the last decades, the process leading to breakdown in
dielectric liquids has been understood mainly through experi-
ments. There is a large number of experimental observations in
the literature that a numerical model should be able to predict.
The aim of this study is to take the first step towards creating
such a numerical model. Once a model of the prebreakdown
process has been developed, it could be used to predict the
importance of different material parameters such as density,
viscosity and permittivity for the breakdown strength of a
material. This could be used for optimization of electrical
insulating liquids, e.g. transformer oil, used in high voltage
applications. In particular, numerical models are useful since
they allow new materials to be studied while less resources
are spent on costly experiments.

In the paper presented by Jomni et al [1], the maximum
volume and lifetime of a bubble were predicted with good
agreement by using the Rayleigh-Plesset equation. There has
also been attempts to model the single phase EHD flow
analytically by a self-similar solution, but this method requires
coarse assumptions such as constant electric field [23]. The
advantage of using CFD methods rather than analytical meth-
ods, is the detailed description of the velocity field. A detailed
model of the charge transport mechanisms is crucial for the
understanding of streamer initiation. Consequently, a model
for simulating a streamer growing from a single vapor bubble,
as suggested by Denat [2], requires detailed information about
the dielectric velocity which can be found using a CFD model.

For a spherical vapor bubble in a uniform field, the electric
field strength will be larger inside the bubbble than in the
surrounding liquid due to the difference in permittivity be-
tween the two phases [24]. In addition, the dielectric strength
of the vapor phase (assumed to be approximately that of air) is
smaller than the dielectric strength of cyclohexane. Therefore,
a partial discharge can occur in the bubble due to the large
voltage between the north and south interface of the bubble.
A model of partial discharge events in a dielectric-bounded
cavity has been presented by Illias et al [25]. A model of
prebreakdown phenomena in dielectric liquids should be able
to predict how this process is affected by the deformation and
movement of the bubble interface, which could be studied with
a CFD model.

In this paper, a numerical model for simulating the dynamics
of a single vapor microbubble is suggested. It is found that this
model can be used when the amount of subcooling is small,
typically only a few Kelvin, and that convergence issues occur
when the amount of subcooling is increased. This convergence
issue appears to be independent of the temporal and the spatial
discretization. The convergence issue could be caused by a
limitation in the method described in Section III-E. To the
authors knowledge, no simulations using similar techniques
have been performed with a larger amount of subcooling
than a few Kelvin. As an example, Forster and Smith have
published a simulation of a single vapor bubble in a subcooled
liquid using the ALE moving mesh method [26], but in that
simulation the amount of subcooling is only 5 K. In future
work, it would be of interest to investigate how the ALE
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moving mesh method performs under greater amounts of
subcooling. Another possible reason behind the convergence
issue is that FEM can not deliver a stable solution to the
equations in Section III when the mass flux is too large. In
order to develop a numerical model that can predict the bubble
dynamics observed by Jomni et al, a method for simulating
the dynamics of a vapor bubble in a highly subcooled liquid is
required and this will require some advances in CFD methods
for multiphase flow.

VI. CONCLUSION

A simulation model based on the VOF method is suggested
for simulations of the dynamics of microbubbles during the
initial stages of breakdown in cyclohexane. The expansion and
implosion phases of a vapor microbubble in a 5 K subcooled
liquid are simulated. The detachment of a noncondensible
bubble due to polarization forces is also simulated. It is found
that the stability parameters required for the expansion and
implosion simulation are significantly larger than previously
suggested values. Finally, it is found that the model can be
used for simulations close to saturation temperature, but when
the amount of subcooling increases, the model fails to produce
convergent solutions. This convergence issue appears to be
a limitation in the method rather than being caused by the
discretization.
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