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Abstract
The streamer discharges and electric breakdown in insulating liquid like transformer oil are
undesirable for power equipment. However, the physical processes of streamer propagation and
branching events in dense liquid dielectrics are notwell understood. In this paper, we develop an
improved fluidmodel to investigate the interactions of cellulose particles with streamer propagation
and branching behaviors.We elaborately select the number of cellulose particles (single ormultiple
particles), their size and locations to elucidate the influencingmechanisms. The simulation results
show thatwhen the heads of streamer contact with the surface of the cellulose particle, the local electric
field increases sharply, hence the rise of ionization rate and velocity. The scattering electricfield lines
guide the streamer head away from the surface, thereby causing branching to occur. The interactions
between the two split streamers allow one head to continuously propagate, while the other dies out
due to insufficient ionization rate.When the particle is too small or too far away to the streamer
channel, it has no pronounced impact on the streamer propagation.While placing the particle very
close to or on the route of discharge channel will cause the streamer to creep on the cellulose particle
and to branchmore.

1. Introduction

Transformer oil is a kind of excellent liquid dielectrics for great electric breakdown strength, heat-conducting,
and self-healing properties [1]. It has beenwidely used in various power equipment, such as power transformers
[2], pulsed power devices [3], high voltage reactors [4]. In these high voltage devices, insulating oil usually plays
such a function in combinationwith insulating paper to formoil-paper immersed insulation system [5]. The
electrical behaviours subjected to high electricfield and the possible breakdownphenomena have been of great
practical interest [3].

The events leading to breakdown in oil immersed insulation are usually denoted as streamers, including all
types of discharge channels, like slow bushy or tree type and fastfilamentary type [6, 7]. Streamers initiate where
the local electrical field is strongest and rapidly penetrate into non-ionized regions due to the electric field
enhancement in the front of streamer heads [8]. They usually take place prior to a total breakdownwhich is
undesirable under growing requirements for safe operation of high voltage equipment ofmodern power system
[9]. Hence, the phenomenon of streamers and themechanisms behind have attracted intensive attentions from
both scientific communities and industrial fields [10].

Branching phenomenon, as one of themost obvious features during streamer propagation, is observed in
most streamer discharges, whichmay be due to local instability [11, 12], infinitesimal perturbation [13], electric
field uniformity [14], additives [15], etc. Phenomenologically, streamers in gaseous atmosphere and dense liquid
dielectric share similar structures, such asfilamentary channels andmulti-branches [16]. Streamer branching in
gas is usually regarded as the result of Laplacian instability [11, 17] that occurs at the leading edge of a streamer,
e.g. uncertainty of photo-ionization [18] and randomly scattered seed electrons [19]. However, the physical
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processes during streamer initiation and propagation in dense liquid dielectrics aremuch less understood than
in gaseousmediums [20]. This is because that the chemical composition of liquids is oftenmore complex and
until nowwe lack of experimentallymicroscopic parameters, e.g. electron drifting velocity.

Impact ionization, a keymechanism interpreting physical processes of streamers in gases, is not the
predominatingmechanisms responsible for the streamer initiation due to high rates of scattering and lowmean
free paths in dense liquidwith high purity [21, 22].While Zener ionization [23], usually describing the tunneling
of electrons from the valence band to the conduction band in solids, is a frequently used theory in quantitatively
elucidating the charged particles generation in dense liquid dielectric [21, 24]. However, we should remind that
the electric parameters of liquidmolecules used in themodels, e.g. electron/ionmobilities, ionization potential
of liquidmolecules [24, 25], are obtained by simplified derivations, but not on a strong physical basis. The
investigations byAljure et al [26, 27] indicate that the Zener ionizationmodel using the parameters from [24]
may causemisestimation of the conduction currents after validatingwith the experimental current-voltage
characteristics. For positive streamer discharge, themeasured conduction current is wellmatched the Zener
molecular ionizationmodel under high electricfield.However, they find that negative currents aremuch
underestimatedwith Zener ionizationmechanism, therefore they introduce impact ionization as an additional
charge generationmechanismof negative streamers inmineral oil. In thismanner, it is suggested Zener
molecular ionization is dominant for positive polarity, while impact ionization prevails for negative streamers by
Zener ionization providing initial seed of electrons.

It is worth noting thatmany experimental results highlight the complexity of breakdownphenomena in
liquids [12, 21, 28]. Intensive studies propose that the variations of streamer properties significantly depend on
the transition of propagationmodes which are characterized by the travelling velocity [15]. For streamers of
moderate velocity in non-polar liquids (e.g.∼1 to 3 km s−1, i.e. the 2ndmode streamers), the development of a
gaseousfilament is a key procedure to explain propagation.While for those faster 3rdmode streamers
(>10 km s−1), Zener ionization, requiring higher localfields,may tentatively explain the propagation
transitions [15].

Very recently,Madshaven et al [29] propose that radiation from the streamer head in dielectric liquid can
cause photoionization, although the photoionizationmaywork locally in space. Therefore, the physical
mechanismof streamer propagation and branching in dense liquidmay differ from that in gas and ismore
complicated butwith insufficient knowledge to explain.

Streamer branching in liquid dielectricsmay originate from impurities [30] existing in the vicinity of a
streamer channel. It has been demonstrated that impuritiesmay come from the conductive and insulation
materials, e.g. the debris of insulating paper [1]. Impurities are regarded responsible formajor discharge-related
faults [31]. Previous investigation results [32–34] point out that streamer discharges are influenced by impurities
and inhomogeneities within the oil throughmodifying the local electric field or disturbing the propagation path.
Experimental observations show that the velocity and advancing direction of the streamers in air vary after
interactingwith the liquid droplets [32, 33] or liquid surface [35]. It is found that dielectric or conducting
particles could guide the advancing direction of streamers [34]. In transformer oil, the correlation between
impurities and branching indicates that advancing velocity and number of branches aremutually determined.
For instance, it has been observed that streamers with low speed havemore branches, and vice versa [36].
However, experimental recognition of branching is of difficulty in counting the number andmeasuring the
length of branches, therefore it is very hard to achieve a comprehensive understanding of the streamer progress
at the current experimental level.

Simulation of the branching behavior is also a very challenging task [28, 37]. Until recently, studies on the
simulation of the branching behavior of both positive and negative streamers in gases have been reported
[13, 37]. However, for liquidmedium like transformer oil, very few computational investigations have addressed
the branching behaviors. Aka-Ngnui [38] and Fowler [39]proposed fractal theorymodels to reproduce the
branching progress, but thesemethods are based on amathematical probabilitymodel instead of a physical
manner. Jouya et al [24] developed a streamer branchingmodel in transformer oil considering the charge carrier
density fluctuations. They pointed out that branching is dependent on streamer head stability and
inhomogeneity scale.

Physically, externalmicroscopic impurities [40], originating fromdielectric debris (mainly from cellulose
particles of oil-paper insulation system), metal particles, gas bubbles etc, are also important sources triggering
the branching in transformer oil. However, up to now, the influences of solid dielectric impurities like tiny
cellulose particles on streamer branching are rarely discussed and less understood.

In this paper, we develop an improved fluidmodel to investigate branching behaviors of the fast propagation
streamer (3rdmode) based on our previous work [41, 42]. Themain improvements of this work are that we
incorporate solid dielectric impurities (i.e. cellulose particles in our cases) in themodel and investigate the
interactions of particles with streamer propagation and branching behaviors. The crucial parameters
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characterizing the discharge behaviors such as temporal-spatial evolutions of electric field, ionization rate and
space charges are presented under varying conditions.

Specifically, this paper is organized as follows.Hydrodynamicmodel of charged particles is given in section 2
to describe physical processes of streamer discharges.We present the explicit simulation results of influences of
cellulose particles on streamer propagation and branching in section 3, including circumstances with single
impurity,multiple impurities, the size and their locations. Summaries andConclusions are drawn accordingly
in section 4.

2.Description of physicalmodels

Weemploy a 2D fluidmodel in localfield approximation to depict the generation, drift and recombination
processes of charged particles, which are believed to play key roles in explaining dischargemechanisms in liquid
dielectrics. Three continuity equations of carrier (1)–(3) and Poisson’s equation (4) are coupled to account for
themovement, generation and loss of electrons, positive and negative ions. The basic governing equations in
transformer oil are given as
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where e is electronic charge (1.6×10–19 C), εl the oil relative permittivity (2.2),jl the electric potential.El
denotes the local electric field in transformer oil. ρp, ρe, and ρn are the densities of the positive ions, negative ions
and electrons, whileμp,μn, andμe are themobilities of corresponding particles.Rpn andRpe are the
recombination coefficients for ion-ion and ion-electron; τa is the time constant of electron attachment.

On the generation source of charged particles, we employ a direct ionization of oilmolecules by the action of
the high electric field to interpret themechanismof positive streamers. Thismechanism is also known as Zener
breakdownwhich has been originally responsible for the breakdown in solid dielectrics [21, 23], as it is given as
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where h is Planck constant, a themolecular separation distance,m the effective electronmass, n0 the density of
ionizablemolecule. IP(|El|) is the liquid-phase ionization potential as a function of the local electric field [43].
Other parameters used in themodel can refer to our previous work [41, 42]. It should be added here that
parameters used in (5) are derived frompublications [24, 25] and they are not fully known and physically reliable
based on the current knowledge.

For solid dielectric impurities, the dusts of tiny cellulose paper are considered. Note that in this
circumstance, governing functions are required tomodify. The conductivity of cellulose particles is reportedly
less than 10–13Ω−1·m−1, that is three orders lower than the conductivity of transformer oil (over 10–10

Ω−1·m−1). Therefore, the effect of conductivity on themovement of charged particles inside the cellulose
particles in the nanosecond time scale is negligibly small. Herewe set the conductivity of cellulose paper
impurities as zero (σ=0), whichmeans that there is no space charge inside the impurities. The governing
equationswithin solid dielectric impurities can be given as,

j-  = 0 6s· ( ) ( )

j= -E 7s s ( )

whereEs andjs are the local electricfield and electric potential within the solid dielectric impurities, respectively.
As in the solid dielectric only displacement current exists, the surface charges on the solid-liquid interface is
governed by
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where ρs and εs are the surface charge density and the relative permittivity of the solid dielectric impurities (4.4
for cellulose paper), respectively.
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The geometry of the point-plane is shown infigure 1. The curvature radius of the pointed electrode is 40μm
and the gap spacing is 1mm.We simplify the cellulose surface as an ideal sphere for fastermodeling and
computation although the surface of cellulose particle is rough and the shapewill not be perfect spherical [44].
According tofigure 1, boundaries are divided into five groups: B1 (Electrode), B2 (Ground), B3 (Impurity), B4
(Symmetry Axis), and B5 (Outer Boundaries). The boundaries for the carrier continuity equations on the B1 and
B2 is out-flow,whichmeans there only exists convection flux on the electrode (as the diffusion flux is zero). B5 is
set noflux boundaries, indicating that there is no charged particle passing through.On the surface of impurity,
the boundary conditions of B3 are given as [45],

Figure 1.Point-plane electrode geometry used in simulation immersed in transformer oil.

Figure 2.Pulsed voltage applied to the pointed electrode, with an amplitude of 30 kV and rise time of 50 ns.
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where jp=ρpμpE, jn=ρnμnE and je=ρeμeE are the flux vector of positive ions, negative ions and electrons,
respectively.

In this paper, the presentedmodel and analysis of results concentrate on the streamer initiation and
interactions of streamer head on the interface of liquid-solid dielectrics, hence the plasma inside the discharge
channels are not highlighted.We neglect the gaseous nature of streamers in themodelling due to the fact that the
most intense electron generation is occurred at the streamer head, and ignoring the vaporization of transformer
oil behind the streamer headwill not influence themaximumelectric field at the streamer head.However, it is
worth amention that ignoring the vaporization of transformer oilmay cause some errors in the extension and
velocity of the streamer [46].

For Poisson equation (4), B1 andB2 are set potential boundaries: a pulsed voltage with an amplitude of 30 kV
and rise time of 50 ns for B1, as shown infigure 2; 0 for B2. The boundary condition applied to B5 is zero charge
condition for norm electric field along the boundaries is zero (−n·E=0).

3. Results and discussion

3.1. Single cellulose particle
Weplace a cellulose particle of 50μm in diameter centered on the symmetric axis, 125μmaway from the tip of
anode electrode. The typical temporal-spatial evolution of streamer propagation interactionwith a cellulose
impurity is shown infigure 3.When the streamer head propagates forward and approaches themicro-impurity
at 41.6 ns, themaximum electric field increases dramatically from about 3.0×108 Vm−1 to over
6.85×108 Vm−1 (see Panel 3b). This is caused by an abrupt change of permittivity between oil (εl=2.2) and
cellulose particle (εs=4.4), which is subject to the boundary continuity of the electric displacementD on the
impurity surface, i.e., εlEl=εsEs. The electric field then decreases substantially when the streamer creeps along
the surface of the cellulose particle (compare Panels 3c and 3d). After a short propagation, the streamer travels
away from the dielectric surface but the field decreases continuously.

We calculate the velocity of streamer by estimating the propagating distance per time step. The fast increase
of electric field accelerates the propagation of streamer. The propagating velocity, roughly 44.8 km s−1 shortly
after the streamer head leaves away from the tip (Panel 3a), dramatically rises to 84.1 km s−1 before approaching
the cellulose particle (Panel 3b). After contactingwith the cellulose particle, the streamer adheres to the cellulose
particle and creeps along the interface. However, the cellulose particle is, in fact, a barrier against the streamer
head propagation, so that the velocity of the streamer slows down to 49.1 km s−1 along the interface (Panels 3c to
3d) and gradually decreases to 24.9 km s−1 before detaching from the dielectric particle (Panel 3e). As the
streamer leaves the particle surface, the speed drops further to 9.1 km s−1 (Panel 3f).

Quantitatively, we draw the distribution of the electric field along the symmetric axis and along the arc of
spherical surface of cellulose as shown infigure 4. The peak of electric fieldmarks the location of the streamer
head at 41.2 nswhere z=72μm (see Panel 4a). Nevertheless, when the streamer head reaches the interface and
propagates along the cellulose particle at 41.6 ns, the electric field on the symmetric axis does not show a similar
ionization front as the typical streamermodeling in pure liquid and gases [47, 48]; it forms twofield peaks. The
locations of two peaks correspond to the upper edge and the lower edge of the streamer channel on the surface,
and the distance between two edges determines thewidth of thin plasma layer (∼5μm). Note that the field on the
lower edge (on the interface) is highly strong as 3.5×108V·m−1.

However, the electric field along the symmetric axis drops fast at 41.8 ns as the streamer head starts to creep
along the cellulose surface andmoves apart from the axis. Consequently, a substantially rise (up to 6.2×108

V·m−1) in the field along the arc of the spherical surface is observed (see Panel 4b) at the same time. During the
propagation, some of the positive ions are dispersed and attached to the surface cellulose particle, which reduce
the density of space charge and hence the field at 42.0 ns.When the streamer head leaves the surface, the electric
field clearly decreases to 2.5×108V·m−1.

Space charges, as a result of charge separation, play a dominate role in the formation of positive streamers in
liquid by enhancing thefield in front of the streamer head and hence guiding the further ionization.We plot the
density distribution of space charge infigure 5 to explain a series of changes inmaximumelectric field, inwhich
the time instants correspond to the situations offigure 3. Themaximum space charge density appears at the
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Figure 3.Electric field evolution of the streamer propagating and interactingwith a cellulose particle of 50μmin diameter (dotted half
circle). Themaximumelectric field,Emax, is located by peak function imbedded in post-processing unit of COMSOLMultiphyics.

Figure 4.Electric field at different instants of time (a) along the symmetric axis and (b) along the arc of the cellulose particle surface.
Note that the streamer reaches the cellulose particle at around 41.6 ns and travels away at around 43 ns. In panel (a), the gap between
the upper and lower edges determines the width of thin plasma layer with very lowfieldwhen the streamer just contacts the cellulose
surface and propagates aside.

Figure 5. Space charge density evolution. The time instants are corresponding to that in figure 3.
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streamer head on the symmetric axis as 1.59×103 C·m−3 at 41.2 ns. The value climbs to 6.23×104C·m−3 at
the very beginningwhen the streamer head touches the particle surface at 41.6 ns. The zoomed frame of Panel 5b
verifies that very high density of positive space charge forms in the thin layer along the local (narrow) surface and
the diameters of the streamer (and the thickness of space charge layer) decrease after contacting the cellulose
particle. However, the spherical particle disperses the charged particles on the surface area, hence reducing the
space charge density from41.8 ns to 42.0 ns as shown in Panels 5c and 5d. Although the streamer head has left
the cellulose particle after 42.5 ns and themaximum space charge density reduces from2.90×104C·m−3 to
2.44×104C·m−3, themaximum space charge density still appears on the particle surface as the result of surface
charge accumulation (see Panels 5e and 5f).

As described above in section 2, the generation and propagation of streamer aremainly driven by the direct
ionization of oilmolecules, i.e. Zener breakdown, inwhich the ionization rate (GI) of the oilmolecules is a
function of electric field. Different fromnephograms of the electric field and space charge presented above, the
ionization rate of the oilmolecules is a direct indicator to show the trajectory of the streamer head sinceGI has a
nonlinear relationwith E as given by equation (5), andmay bemore sensitive to a slight change ofEwhen the
electric field exceeds certain threshold.

We plot the temporal-spatial evolution ofGI and electric field lines (E-lines) infigure 6 to describe a
complete process of streamer propagating and interactingwith the cellulose particle. Especially note that the
evolution ofGI with time can be analogous to stroboscopic images by a train of short exposures of ICCD camera
in experimental observations [33]. In this way, the advancing route of the propagating streamer heads and the
process that a parent branch splits into two daughter branches are clearly recorded.

Strong ionization occurs along the surface between t=41.5 ns and 42.5 ns due to the electricfield
enhancement on the interface. Before 42.5 ns,most of the electricfield lines point into the cellulose particle (see
Panel 6b), and positively charged particles are accumulated in a small region, forming a thin channel above the
interface. The electric field lines start to scatter outwards of cellulose at 42.5 ns (Panel 6c), indicating an
electrostatic force to drag the streamer head away from the surface and thereby into the oil bulk. Therefore, a
streamer head can be split into two parts: one part is still adhesive to the cellulose surface (see 1 in Panel 6c) and
the othermoves into the bulk oil (see 2 in Panel 6c).

Figure 6.Temporal-spatial evolution of the ionization rate of oilmolecules when a streamer head interacts with the cellulose particle.
Note that the time steps between two consecutive heads from41.4 to 42.5 ns is 0.1 ns and from42.5 to 45.0 ns is set 0.5 ns, as the
velocity of the streamer decreases significantly when propagating in the oil bulk. The blue lines in the each zoomed-in frame are
electric field lines, indicating an electrostatic force to determine the advancing direction of the streamer head.
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However, whenmultiple streamer heads are formed in the vicinity, the transportation route of electrons
become complex and the interactions between two streamer heads are of importance in determining the
branching behaviors. According to Panel 6c, when the streamer head 2 propagates forward into the oil, the
electrons generated at the streamer head go back alongE-lines to the anode. A portion of these fastmoving
electronswill neutralize positive ionswithin the streamer head 1, hence a decrease of the space charge density at
the streamer head 1. Therefore, the electric field at the streamer head 1 decreases dramatically and the streamer
dies out due to the lack of sufficient electric field to sustain the ionization and propagation (see Panel 6d).
Streamer head 2 in the oil bulk can sustain a continuous ionization and propagates.

3.2.Multiple cellulose particles
Amore practical situation is that a propagating streamer encounters withmultiple impurities suspended in oil.
In order to reveal the influences ofmultiple particles on streamer propagating and branching in oil, we have
performedmodelling incorporating three cellulose particles (axial symmetry). If all the scale of particles is
relative large compared to the diameter of steamer, the branches will take toomuch time creeping on the surface
of the particle. In this situation, the branching progress will be difficult to study or even do not happen in our
simulation time scale (∼70 ns). Therefore, to concentrate on the physicalmechanism of branching, we select the
diameters of three cellulose particles as 25μm, 16μmand 12μmrespectively. The cellulose particle with the
diameter of 25μm is centered on the z axis at (0, 0.975)with a distance of 125μmfrom the anode tip. The
cellulose particles with the diameter of 25μmand 12μmare centered at (0.035, 0.960) and (0.045, 0.935)
respectively (all the coordinates are consistent withfigure 1).

Figure 7 incorporates the evolution of ionization rateGI with time and the electric field distribution at t=49
ns under the condition of three cellulose particles on the route of streamer propagation. According to Panel 7a,
the streamer reaches the surface of the cellulose particle I at 43.6 ns and split into two new streamers (considering
the symmetric axis).We nameBranch 1, Branch 2 andBranch 3 to identify their inherited relations that a parent
branch splits into two daughter branches (e.g. Branch 2.2 is divided into branches 3.1 and 3.2). Temporally,
Branch 1 splits at t2=44.4 nswhen hitting the cellulose particle II and Branch 2.2 splits at t3=46.4 ns on the
surface of particle III. The distribution of electricfield at t=49 ns (seefigure 7(b)) is a complement tofigure 7(a)
indicating branching characteristics and possible quenching of the daughter branches, e.g. Branch 3.1.

Figure 7. Streamer branchingwithmultiple cellulose particles with the diameters of 25μm, 16μmand 12μmrespectively. (a)
Evolution of ionization rateGI, in which t1, t2 and t3 are themoments that streamers touch the cellulose particles and begin to branch;
(b) electric field distribution at t=49 nswith themarks of branches.
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Weextract the localmaximum electric field at the streamer heads of branches and calculate the
instantaneous propagation velocity of the branches, as illustrated infigure 8. It can be seen thatwhen the heads
of streamer contact with the surface of the cellulose particle, the local electric field increases sharply, hence the
rise of ionization rate. Quantitatively, when the streamer heads touch the cellulose particles, themaximum
electric field at the streamer head are 3.58×108V·m−1, 3.49×108V·m−1, and 3.32×108V·m−1 respectively
at t1, t2 and t3. It is worth amention, however, that themaximumelectric fieldwith time is decreasing in general.
This is not only because the branches substantially disperse the charged particles on the cellulose surface and on

Figure 9. Influence of cellulose particles size on streamer propagation. Note that nephogramof electric field distribution t=44.2 ns is
employed to illustrate the streamer propagation characteristic, and the colour scales between three images have been adjusted for
optimal visual quality.

Figure 8.Evolution of electric field in the heads of branches (a) and streamer velocity (b)during the streamer branching. t1, t2 and t3
are consistent with the cases infigure 7.
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their propagating routes at different directions (in space), but also due to the branches deviating from the
symmetric axis where themaximumLaplacian field locates.

Our previous simulation results of ideal transformer oil (without consideration of impurities like cellulose
particles) [42] show that the velocity of streamer ismainly determined by the local electricfield in front of the
streamer head.However, it is surprisingly found fromfigure 8 that the peaks of the electric field and velocity do
not occur synchronously when streamer interacting with the cellulose surface. The electric field is locally
enhanced on the dielectric surface but streamer head is forced to change the propagating direction in the
presence of the cellulose particle. Although the ionization of oilmolecules along the cellulose surface is strong,
themassive charged particles require some time accumulating to formnewheads. A decrease of the propagating
velocity is thereby observed. Therefore, the local electric field is not the only decisive factor influencing the
propagating velocity of streamer in presence of barrier dielectrics.

When the streamer heads leave the cellulose particle, not all the branches canmaintain self-sustaining
development to approach the cathode electrode. In fact,most of the branches tend to extinguish and commonly
only one of the branches could continue to propagate further (see Branch 2.1, 3.1 and 3.2 infigure 7). The
interaction ofmultiple streamer branches taking homogenously positive charges uniforms the local electric
field, but the electric field ahead of Branch 3.2 is slightly enhanced. This can be verified by the fact that the electric
field at the head of Branch 3.2 increases from2.4×108V·m−1 to 2.5×108V·m−1 during 48 to 50 ns (see
figure 8(b)), while other branches have a decaying electric field and ceased propagation.

3.3. Particle size and location
It can be speculated, from above simulation results, that the size and suspending location of cellulose particles
play a very significant role in the propagation and branching of streamer in transformer oil. The industrial

Figure 10.Electric field distribution at t=44.2 ns in presence of a single cellulose particle at different locations. Similar asfigure 9, the
colour scales of electricfield distribution between images has no direct physicalmeaning.
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community commonly divides the particle in the transformer oil into three classes by size in diameter d: d>4
μm, d>6μmand d>14μm (IEC 60970: 2007 [49]). In this part, the influences of the particle size and location
on the streamer propagation are investigated. Three kinds of cellulose particles of varying diameters, d=5μm,
7.5μm, 15μmare selected in the simulation. The centre of each particle is set on the symmetric axis, 125μm
away from the pointed anode electrode.

The influence of three kinds of cellulose particles on streamer propagation electric field distributions are
shown infigure 9. In our simulation, the diameters of streamers in transformer oil are estimated around 40μm.
When d is below 5μm, the particle is too small to have any pronounced impact on the streamer propagation.
The streamer envelopes the cellulose particle and continues to elongate along the symmetric axis with a slightly
decreased diameter.When the diameter of the cellulose particle grows to 7.5μm, it will take longer time for
streamer to creep along the particle surface than the case of 5μm, but the streamer channel will havemore
likelihood to expand. After the streamer passes the particle under both situations, the streamer channel does not
branch andwill restore to original width (e.g. when t>45 ns). However, when the diameter of cellulose particle
is 15μmthat the particle size is comparable to the streamer diameter, the electric field on the dielectric surface
sharesmore horizontal component leading the streamer channel to travel outwards. Branching occurs and the
discharge channel splits into two streamer heads.

On the particle location, we set each cellulose particle of 10μm in diametermoving on the horizontal line
that is 125μmaway from the point electrode.We adjust the direct distance from the centre of the cellulose
particle to the symmetric axis, l=40μm, 35μm, 25μm, 15μm, to investigate that how far a cellulose particle
sits can influence a streamer. The electric field distribution at t=44.2 ns in presence of a single cellulose particle
at different locations is shown infigure 10.

When l is no less than 35μm, the advancing direction of streamer is not influenced by the cellulose particle,
while the propagating velocity increases when the particle sits closer (compare the cases l=40μmand 35μm,
the later streamermoves further), due to the local enhancement of electric field related to the cellulose particle
with high permittivity.When l is less than 25μmthat the particle is very close to the advancing route of the
streamer, the branching probability increases. The distinction is that themain channel of the streamer in the case
of l=25μmstill propagates along the symmetric axis, while a protrusion on the side of the streamer grows,
which finally develops into a tiny branch.When the particle is on the route of discharge channel (l=15μm),
streamer entirely creeps on the cellulose particle and the velocity of streamer decreases dramatically. In this case,
more than four branches are observed and themain advancing direction is deviated from the symmetric axis
(considering the axial symmetry).

4. Summary and conclusion

In this work, we investigate the influence ofmicroscopic dielectric impurities, i.e. cellulose particles, on the
streamer propagation and branching in transformer oil bymodelling approach. The number of cellulose
particles (single and three particles), their size and locations are key variables elucidating the influencing
mechanisms.

The streamer interacting processes with a cellulose particle with diameter of 50μmshow that themaximum
electric field increases dramatically to 6.85×108 V m−1 when the streamer channel approaches the particle
surface. At the same time, the instant propagating velocity rises to 84.1 km s−1 and themaximum space charge
density climbs to 6.23×104 C·m−3. However, the spherical particle acts as a barrier and disperses the charged
particles on the surface area, hence reducing the propagating velocity and the space charge density later. The
distribution of the electric field along the symmetric axis of spherical surface of cellulose quantitatively show that
a thin plasma layer (∼5μm) propagates along the surface and the electric field clearly decreases to 2.5×108

V·m−1 when the streamer head leaves the surface. The ionization rate (GI) of the oilmolecules indicates that the
interactions between the two heads allow one head to continuously propagate, while the other dies out due to
insufficient ionization rate.

When encounteredwithmultiple cellulose particles, a streamerwill experience several times of branching
events. Themaximum electric field and velocity of the streamer heads do not occur synchronously when
streamer interacting with the cellulose surfaces. The electricfield is locally enhanced on the dielectric surface but
streamer head is forced to change the propagating direction in the presence of the cellulose particle, hence a
decrease of the propagating velocity. The simulation results indicate thatmost of the branches tend to extinguish
and commonly only one branch could competitively survive to propagate further.

Ourmodelling results show that the size and suspending location of cellulose particles can substantially
affect the propagation and branching of streamer in transformer oil.When the particle is too small, it will have
no pronounced impact on the streamer propagation. However, when the particle size is comparable to the
streamer diameter, the electric field on the dielectric surface sharesmore horizontal component causing the
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branching. Placing the particle very close to or on the route of discharge channel will cause that the streamer
creeps on the cellulose particle and the velocity of streamer decreases dramatically, thenmore branches are
observed.

It is worth pointing out that the presentedmodel and results analysis concentrate on the streamer initiation
and interactions of streamer head on the interface of liquid-solid dielectrics, the streamer plasma inside the
discharge channels are not highlighted in this study.However, themulti-phase interactions (liquid-gas-solid)
are of great physical significance but havemany difficulties so far. One ofmain problems is that transformer oil is
comprised of numerous individualmolecular species, while the classic transportation parameters of liquid
molecules like electronmobility, ion recombination rate, andmolecular ionization energy are notwell known.
Incorporating interdisciplinary knowledge, for instance quantum chemistry, like density functional theory,may
provide solutions tomore accurate estimation of field-dependent ionization potential [43]. Besides, the
vaporization process caused by Joule heating inside the streamer channelmay also influence the propagation
and branching of streamer. Thus for amore proper approximation, the phase transitions during the streamer
propagation should be included in the near future.
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