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Abstract. We derive a mixed-dimensional 3D-1D formulation of the electrostatic
equation in two domains with different dielectric constants to compute, with an af-
fordable computational cost, the electric field and potential in the relevant case of thin
inclusions in a larger 3D domain. The numerical solution is obtained by Mixed Finite
Elements for the 3D problem and Finite Elements on the 1D domain. We analyze some
test cases with simple geometries to validate the proposed approach against analytical
solutions, and perform comparisons with the fully resolved 3D problem. We treat the
case where ramifications are present in the one-dimensional domain and show some
results on the geometry of an electrical treeing, a ramified structure that propagates in
insulators causing their failure.

1. Introduction. The aim of this work is to obtain a geometrically reduced formulation of the
electrostatic equation on two coupled domains representing materials with different electrical prop-
erties, more specifically, a thin fracture inside a wide three-dimensional domain. In particular, we
are interested in modelling the electric field and potential inside the electrical treeing [4, 12], which
is a self-propagating defect, characterized by long and thin branches [36, 34], causing the deterio-
ration of insulating components of electrical cables. The defect is filled with gas, with a dielectric
constant close to 1, while the external material is typically a solid insulator with higher dielectric
constant.

The inclusion of thin and ramified domains within wide three-dimensional volumes is a chal-
lenge common to many fields, such as the modeling of fluid flow in fractured porous media [27],
microvascular blood flow [18] and drug delivery through microcirculation [13], besides defect
propagation inside dielectric materials. The discretization of problems on such domains involves
high computational complexity, due to difficulties in mesh generation and a large number of de-
grees of freedom. One common approach to reduce this complexity consists in the approxima-
tion of the intricate inner domain as a one-dimensional domain, thereby reducing it to its skele-
ton [16, 31, 14]. This approximation allows to overcome the difficulty of generating a fine three-
dimensional mesh on the inner thin domain and to consider a coarser mesh on the external domain
as well. Notaro et al. [30] proposed a mixed Finite Element Method (FEM) for the solution of cou-
pled problems in 3D and 1D domains, extending the idea of D’ Angelo [15] for three-dimensional
problems involving line sources. The presence of a line source still represents a challenge due
to the singularity of the solution, as discussed in [22], where a singularity removal method is pro-
posed. For a more accurate numerical solution around the 1D domain on coarser meshes, Extended
Finite Elements (XFEM) can be applied, as done in Bfezina and Exner [9], Gracie and Craig [24]
and [25] for 3D problems with 1D source, and coupled mixed-dimensional coupled problems.

In this work we will reduce the treeing domain to a one-dimensional graph, adapt the full
model introduced by Villa ef al. [39] to a mixed-dimensional framework and numerically solve it
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with the Finite Element Methods. The reduction of this problem presents some criticalities related
to the profile of the electric potential in the gas domain, with a non-negligible dependence on the
radial coordinate, and the presence of a jump in the normal component of the electric field across
the interface between the two materials. We propose a dual-primal formulation of the problem,
modelling the evolution of both electric field and potential in the solid 3D domain and only the
potential in the 1D domain, where the electric field can be computed a posteriori, keeping into
account also its components non-tangential to the 1D domain. To account for the dependence of
the potential in the gas on the radial coordinate we rely on the knowledge of the potential profile
associated with a constant, given charge distribution.

Let us review the structure of the paper. In Section 2 we present the model equation and
describe the equidimensional domains in the simple case where the inner one does not present
branches. We then derive the mixed-dimensional formulation in Section 3 and establish its well-
posedness in Section 4. We extend the model to also account for branches and bifurcations in
Section 5 and introduce the numerical methods for the solution of the complete problem in Sec-
tion 6. Finally, we present three test cases in Section 7: the validation of the proposed reduction
is on a simple geometry with a single one-dimensional line as inner domain, the application of the
model to a short line immersed in a cylindrical 3D domain, and finally to the intricate structure of
an electrical treeing.

2. The 3D problem. To model the evolution of the electric field E and potential ® on two domains
filled with materials with different permittivities we consider the electrostatic equation [26]. The
problem is defined on a three-dimensional domain €2, such as the one represented in Figure 1,
composed of a subdomain €24, assumed cylindrical, typically filled with gas, surrounded by a solid
insulator §2,. We call A the centerline of €2, defined as 0, = {x : dist(x,A) < R}. This inner
domain represents a branch of the electrical treeing, which will be thoroughly treated in the next
sections. We suppose that in €2, there is null electric charge, while in the gas the charge density
is given by a function ¢ : €2, — R. Let us introduce the coefficient € : {2 — R, modeling the
dielectric constants taking values €, and ¢, in the two domains:

€5, In g,
€ =
€g, 1€,
and consider as unknowns of our problem the displacement field D = ¢E and the potential $. We

call Dy, ®, and D, ®, their restrictions to €2, and €, respectively. Then, the system of equations
we will consider is the following:

V-D,=2L inQ,

€o
V-D,=0, in€,, (2.1)
D=—-eV®, inQ.

We complete the problem with Neumann and Dirichlet boundary conditions on portions €2, and
00y of the boundary 952, such that 9Qp N Iy = () and ONp U 00 = 00

(2.2)

D -n=v, ondQy,
O = P, on 0)p,
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Figure 1. Domain (2, given by a cylinder corresponding to the gas subdomain €2, surrounded by a
generic volume (), representing the dielectric domain.

where v : 0Qp — Rand ® : 9Qy — R are the known Neumann and Dirichlet terms,
respectively. The Neumann condition sets the value of the normal component of the displacement
field D on the boundary 02y, while the Dirichlet condition fixes the value of the potential ¢ on
the boundary 0€)p.

Finally, we impose interface conditions on the surface > = {x : dist(x,A) = R} separating
the two domains. In particular, we consider a simplification of the system proposed in [40] where
the displacement field presents a jump in the normal component, proportional to the total surface
charge gr and the potential is continuous:

0

{Ds ‘n,+D, ny=——q, on3, (2.3a)
€
o, = D, on %. (2.3b)

For the sake of simplicity, we start by considering two coaxial cylindrical domains (2, and €2, as
in Figure 1. We introduce a parametrization on the centerline A of (2, so that we can define the
coordinate s € [0, S] along it. In the following, we will assume that, if one endpoint of A belongs
to the external boundary Of) and the other one is internal to the solid domain (2, the first one
coincides with the point of coordinate s = 0 and the second with s = S. For every point x; € A,
having coordinate s € [0, S], we define the transversal section of (2, orthogonal to the centerline,
asD(s) ={xeQy : |x—x5 < Rand (x —x,) L A}. In particular, we will denote the basis
of the cylinder €2, immersed in the solid domain by D(S), while the one belonging to the external
boundary of €2 by D(0). Moreover, we call I' = (J,.(y 5y OD(s) the lateral surface of €1, so that
the separating interface between the two domains in Figure 1 is X = T" U D(.5).

If we assume that the inner cylinder is very thin, i.e. its radius in much smaller than its length,
we can approximate the coupled problem described above as a mixed-dimensional one, where
(1, is collapsed on its one-dimensional centerline A and €2 is identified with the whole three-
dimensional domain ). Another simplification we introduce is the assumption that the charge ¢ is
constant over sections of 2, orthogonal to the axis of the cylinder, more precisely:

Assumption 1. The gas domain is a cylinder with radius R and length L, with R < L.



Assumption 2. The total charge q in §) is constant over sections D(s) orthogonal to its centerline
A Vs e A

In order to perform this dimensional reduction we start by separating the problems on the two
domains, considering as unknowns the restrictions of the electric field and potentials on () and
2,. At this stage the boundaries becomes the unions of the external boundaries of each domain
and the separating surface:

00, = (Q,NIN)UY;

o, = (,NON) UL
The interface conditions on X. become boundary conditions for the two problems in this framework.
We can separate the problems on the two domains, coupled by the interface conditions (2.3a)-

(2.3b), and express the problem in the gas domain in primal form:
Find D, : Q, - R? &, : Q, - R, o, : Q, = Rsuch that

(D, +¢,VO, =0, infl, (24 i
V-D, =0, in €, (2.4b) ;v:- (;gwg) - 21% 8;&3
o, = d,, on X, (2.4¢) . gVCD .S;l =D, n,—g, on E, (2'5C)
D, - n, = -D,-n,+g, onk, (2.4d) <Ii] :g(i) ) S | on 352 D (Z.Sd)
o, = B, on 9€); p, (2.4e) ng) ' ng; U on (9ng | (2.53)
| D, n=uy, on 90 n, (246 7 N A
where [ = g, g= —éqr, b, = <I>|BQ&D, o, = (I)‘aﬂg,p’ Vs = V}aQ&N and v, = —V|8ngN_

In the followiong, we will perform the dimensionality reduction by integrating the first equation (2.5a)
by parts, where the Neumann boundary conditions naturally appear, following the approach of Cer-
roni et al. [14]. This implies that the electric field in the gas domain is not directly computed as an
unknown of our problem, but only as a postprocessing.

3. Model reduction. In this section we will derive the reduced mixed-dimensional model for the
electric field and potential on two domains, modeled as coaxial cylinders, taking into account
the interface conditions that prescribe continuity of the potentials and a jump discontinuity on
the normal component of the displacement fields across I'. This kind of geometrical reduction is
typical of coupled problems describing flow models, with very similar sets of equations as (2.1).
However, these models generally involve continuity of the scalar unknwon at the interface, as in
equation (2.3b), but do not present a jump of the normal component of the vectorial unknown,
unlike what we have in equation (2.3a) [25] [28]. As we will see in Section 3.2, another difference
with respect to these works consists in the definition of the 1D variable, which is usually modeled
as a constant, whereas in our case we are considering a splitting of ®, that allows us to model its
radial variation.

3.1. ASSUMPTION ON THE POTENTIAL. We start by performing the reduction to one dimension
of 2, and adapt the formulation of the problem in primal form in the gas domain (equations (2.5a)-
(2.5e)). Therefore, we want to end up with an unknown electric potential which is only dependent
on the coordinate s. However, the hypothesis of a constant potential on each section D(s), made
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in the 1D reduction of problems in porous media, such as [14] [25] [28], is restrictive because,
together with potential continuity at the interface, it would imply that the electric field has only
one component, tangent to A. Moreover, the right-hand-side of equation (2.5a) represents the
volume charge concentration, which was be assumed to be constant on sections (Assumption 2),
and produces a non-negligible transversal electric field. As a consequence, the electric potential
must be non-constant on sections.
The potential produced by a constant concentration of charge on each section can be analytically
computed, thanks to Gauss theorem. We integrate the divergence of the electric field and charge
concentration over a cylinder W C €, of radius » < R and height h, considering & much smaller
than the total length of A:

/ vV E)=[ L 3.1)

w w €o

Thanks to Assumptions 1 and 2, and since, under the hypothesis of radially symmetric domain, the
potential generated by uniform charge distribution has radial symmetry with respect to the center
of the cylinder, the electric field line are orthogonal to the lateral surface S of WW. Then, the left
hand side of equation (3.1) can be rewritten as:

/ V- (E,) = / E, n, = —27rr/ E,(r,s) - nyds.
w S s1

Then, equation (3.1) is equivalent to

—27rr/ egVOy(r,s) - nyds = 7rr2/ ﬁs)ds, Vr € (0, R], Vs1,s9 € A,

s1 s1 €o

and therefore 90
8_:(r’s) =— a(s) r, Vr e (0,R], Vs € A. (3.2)

2€0€g

We finally integrate with respect to r and obtain the analytic expression of the potential in the gas
domain:

2

D,y (r,5) — y(0,5) = — /0 45) gy =~ ) g0 B Vse A (33)

2e0€g 2e0€q 2 depegy

Observe that the difference of potential on the left-hand side is continuous in the variable » and
tends to vanish as r becomes smaller:

lim (@, (r,s) — ®,4(0,s)) = 0.

r—0

Let us now define the following functions:

Oyt A =R, Dy(s)=Dy(0,s), Vs € A, (3.4a)

O, A SR, D(s)=— as)  ygen, (3.4b)
deoey

¢ : [0,R]— R, o&(r) =r? Vr € [0, R). (3.4¢)



Here, @, and ¢ are known terms in the expression of ®, and take into account the radial effect of a
constant charge distribution on sections, while the dependence on the longitudinal coordinate s is
taken into account by the additive term ®,, which is constant over sections:

D, (s,7) = Dp(s) + P.(s)p(r), Vre|0,R(s)], Vs €A, (3.5)

By substituting this splitting of the potential in the interface conditions (2.5b)- (2.5¢), we can now
rewrite continuity of the potential and jump of the electric field on the lateral surface I" as follows:

O, — Dy
(I)r = T N

o(R)
D, n;=g+¢VP, -n, =g+ ¢,V(Pp(s) + Pr(s)p(r)) - n, =g+ ¢,2,¢'(R), onT,

and, combining them, we obtain a Robin interface condition:

onT, (3.6)

(I)s - (I)A
¢(R)
Observe that condition (3.6) implies that @, on I' can only depend on the coordinate s, which

means that the trace @, of ¢, on I' can be approximated as a constant on the boundary of each
section D by its integral mean.

D, n,=g+¢ ¢'(R), onT. (3.7)

A 1
D, (s) i= ——— d,. 3.8
=TGN Jooe 9

Moreover, since (2 is thin (Assumption 1), if necessary we will extend ®, inside €2, as a constant.

3.2. REDUCTION OF THE EQUATION IN THE GAS. If we substitute equation (3.5) in equation (2.5a),
we obtain:

€, O 0o 0 0P
voeve) = 20 (15 )+ g () -
o (100 P de 0%, 0P,
I\ r or or? ds Os 9 0s2
(109, 0%, D,  de, 09,
= (; or "o T a2 ) s s

= (3.9)

Since the only dependence of @, on r is due to ¢, its partial derivatives with respect to this coordi-
nate are simply:
0P, do 0*® d*¢
—:(br—:2 ¢7’7 —g :é’r'_:2®7"
or dr " or? dr?
The dependence on s, instead is due to @, and ¢, and the corresponding partial derivatives are
given by:

0B, 0Dy 0B, 00, d*D, &P,
ds  Os + 0s 2 0s2  ds? + ds?

We can substitute these expression into equation (3.9) and obtain:

¢. (3.10)
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d*® d*®, d dd d®,
V.(egV@g):eg(Axcme A2 >+ﬁ(—A+2

T ds ds " ds

7o 752 ) , Vr < R, Vs €A,

(3.11)

which implies

POy 2D, de, [Py ,dD a(s)
49, =+ 2=+ =——~%, Wr<R, VseA
Eg( T2 T d32)+ds(ds T ds) o Ve

Note that this equation is not pointwise satisfied, since the left-hand side depends on r but the
right-hand side does not, as a consequence of Assumption 2, neglecting the radial profile of the
charge concentration ¢; in fact this equation is only satisfied in mean, over sections D(s), Vs € A.
Thus, we start by integrating equation (2.5a), combined with equation (3.11) over a section D:

| Veeove,) -
D(s)

L o (0 0 0 ()

Since the first integrand is constant over sections, while the second one depends on , this equation
becomes:

/D LV alo)ve) =
= D6 [es) (40,06 + T 0)) + 220 2220 +

d*®, / g deg,  dD, / 9
+ €,(8)—— (s r°4+ —(s)—I(s re = (3.12)
()@ [ RO [

— 1R? {eg(s) (4<I>T(s) + d;;{A (s)> + %(s)%(s)} -

4l (eg(s)d sy + @(s)d@(s))  WscA.

2 ds? ds ds

The continuity condition (3.6) allows us to replace @, in the first term with the difference be-
tween ®, and @, on the interface, where ®; is equivalent to its integral mean @4, according to
equation (3.8):

71 a9 (10,0 + S220) ) + G0 200

=7R? |€,(s) (4@5 —2a(5) + dzq)A@)) + %(3)%(3)] :

R2 ds?




We integrate now also the right-hand side of equation (2.5a) over a section, recalling that the source
term is given by the total charge f = %‘j) onD(s),Vs € A:

/ f= @m(s)‘ = ®WR2, Vs € A.
D(s) €0

€0

d
Moreover, subsituting Ts EQE + — and 59% —

~ s ds ds ds ~ s + ds ds
in equation (3.12), we obtain the final formulation of the one-dimensional equation in the gas
domain:

dqu) Pdy  de, dDy d( dc1>,,> 20, de, dD,

_Wde% (€g<8)%(3))+4ﬂeg(s) (@A(s) — ﬁ)s(s)> = w32®+%m% (Egdir

€0

), Vs € A.

4 d dd,
Finally, since we are considering R — 0, we can drop the higher order term %d— (egd—) on
s s

the right-hand side of the equation and get:

—WRQC% (eg(s)%(s)) + drey (s) <<I>A(3) - és(s)) L A T

€0
The one-dimensional domain coincides with the centerline A of {2, and the boundary conditions
on it must be imposed only on the two endpoints s = 0 and s = S. The interface conditions on
I" were incorporated through the previous calculations into the governing equation and resulted in
a coupling reaction term. We are only left to reduce to one dimension the Dirichlet condition on
D(0) and the interface conditions on D()S).
On D(0) we can rewrite the boundary condition introducing the splitting of ¢, from equa-
tion (3.5):
o, = = ®,(0) + @,(0)p(r) = @A (0) + @,.(0)r*, r € [0,R].

9 }D(O)
We can integrate over D(0) and obtain

4

q(0).

O, = TR*®,(0) — 27
/D(o) I A(0) 16€0€,4

If we denote by &)g the integral of ®, over D(0):

B, i / B,
D(0)

we can write the boundary condition on s = ( as follows:

. 4
DA(0) = &, — 27

q(0).

16€0€,

Observe that 4 (0) — Cfg, as R — 0. Then, the Dirichlet boundary condition on s = ( can be
approximated as:



D4 (0) = B, (3.14)

Let us now construct a Neumann boundary condition at s = S by integrating the jump condition
given by equation (2.5¢) on D(S):

Ds~s:/ g—l—/ €V, 8= |D(S)|g(S)—i—/ VP, - s.
D(S) D(S) D(S)

D(S)

We can substitute D, with —e,V®,, and V&, - s with its expression (3.10), and the previous
equation becomes:

0P, @@ g AP o
—/D(S) €55 = IP(5)19(S) + D(S)leg(5)—=(5) + €4(5) ——=(5) /D(S) o(r)

dd, TR d®,

= nR(S) + TR, (8) T2 (8) + Te (8) 21 (S)

Thanks to Assumption 1 of thin gas domain, we can approximate the potential ®, as a constant on

R d®,
the whole section, as in equation (3.8) and neglect the higher order term 7TTeg(S ) e (S):
s

dd, B ddp

Collecting (3.13), (3.14) and (3.15), we obtain the 1D version of problem (2.5a)- (2.5d):

_68

( d dd -
—mR*— (Eg_A> + dme, (‘I)A — CI)8> = WR227 on A,
ds €0

D, (0) = Oy, (3.16)

3.3. REDUCTION OF THE PROBLEM IN THE DIELECTRIC. Consider now the problem (2.4a)-
(2.4f) in the dielectric domain 2, in dual form, with the Robin interface condition (3.7). Since
in the previous section we have reduced the gas domain to a one-dimensional line, in the final
formulation of the problem obtained in this section we will extend the dielectric domain 2 to the
whole domain 2. Let us now define the functional spaces to which D, and ®, belong as H (div; ()
and W, := L*(Q,), respectively. Notice that, however, V&, = —e;'D, € L?*(£2,) and therefore
d, € H'(Q,). We substitute equation (2.4a) into equation (2.4b) and multiply it by a test function
belonging to the same space of @, w, € H'(£),), and integrate by parts over {),:

Oz/V-Dswsz—/ DS~VwS+/ wst-n+/ w,D - n+
Qs Qs 8QS,D aﬂs,N

+ / wsDy - Ny +/ wsDy - s, Yw, € H' ().
r D(S)



Imposing the Neumann boundary condition on 0€2; x and Assumption 4, we obtain the following
expression:

— [ Ds-Vuw,+ / wsDy - ng = —/ WV, Vw, € Hy 50 5 (8), (3.17)
Q. r 80, n e

where Hj () = {w € H'(Q,) : w = 0on 99, p}. Now we can apply the Robin
condition (3.7) and obtain:

B ®,— Dy _
/Fwst'ns_/Fws (g+€g ¢(R) ¢(R))
_ ¢'(R) 5. _ (b’(R)(I) 318
/Ag/ap“’s+ (R /apws L d®) A/GD“’S' G-18)

Assume that the electric potential ®, and the test functions w, € Hj 5, , (€2) on 0D(s), s € A,
can be written as the sum of their integral mean over 0D(s), which is constant on 9D(s) and
approximately equal to the respective mean over D(s), and a non-constant fluctuation around it:

D, = P, + P Wy = Wy + Wy, onT,

and make the following assumption, similar to the one made by Cerroni et al. [14], on the fluctua-
tions:

Assumption 3. The fluctuations of functions in W around their integral mean on 9D(s) have zero
mean for all s € A, and so does the product of the fluctuations of two different functions in W, i.e.

Yo=0+0,w=w+we W, /ﬁ}%O and /171[)%0.

As a consequence, we can rewrite the integrals over 9D in equation (3.18) as:

[ o= [ oot [ am [ a=lonla,

oD oD oD oD

/(I)Swsz/ wsés+/ wsés+@5/ <i>s+ci>s/ w%/ Wy ® = |OD)i,Ps.
oD oD oD oD oD oD

We can substitute these integrals in (3.18) and back into equation (3.17) and obtain the following
weak equation:

and

—/ e, -V, + [ 2 E g op) (@S —<I>A) - —/guvsw)\, Vw, € Hlpo. ().
Q. A (R) A e
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Substituting now ¢ and its derivative with their analytical expressions and |0D| = 27 R, we obtain
the final weak formulation of the primal problem in the dielectric domain:

/ e.D, - Vu, + 4re, / i, (@)~ &,) =27 R / gibs,  Vw, € Hlpo (). (3.19)
Q A A ’

In order to go back to the strong problem and to the dual mixed formulation, we can integrate back
by parts (3.19) and obtain:

/ (—V -Dyws + 4mey (Pp — &Ds)wsé,\> = / 2m Rgs0,, Yw, = W, + W, € H&BQS 5 (82).
Q Q :

In particular, this holds for w, = w;.
We have obtained a strong equation in the whole domain, with a line source term on A:

VD, — 4me (O — D,)00 = —27Rgd,,  in .

If we simplify the coefficients of this equation and substitute D, - n;, = —¢,V®,, we retrieve the
strong dual mixed formulation of the problem in the dielectric domain with a line source concen-
trated on A and a coupling term with the 1D problem (3.16):

Es_le —FV@S = O? in Q’

VD, — dmey(®p — $.)0s = —2nRgdx, inQ, (3.20)
q)s - CI)37 on aQD?

D, n=uv on 0f) .

4. Reduced 3D-1D coupled problem. The final mixed-dimensional dual-primal coupled problem is
the following:

e,'D, + Vo, =0, in Q, (4.1a)
VD, — 4wy (By — &,)0) = —2wRgdy, in Q, (4.1b)
d [ dd, . q
—WRZE (Ggg> +47T€g ((I)A—(I)s> :7TR25 on A, (41C)
D4 (0) = D, (4.1d)
dd, dd,
59_3_<S) = —g(9) s%(S% (4.1e)
b, =, on 0€)p, (4.1f)
(D -n =y, on 0Qy. (4.1g)

Note that, despite the differences in the derivation, similar coupling terms between problems in
mixed-dimensional domains can also be found in the context of fluid flow, [30] [23].

We can observe that not only is a coupling between the problems in the two domains present in
the equations (4.1b) and (4.1c), but also it appears at the tip of the one-dimensional reduced domain
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as a Neumann condition, similar to the jump interface condition (2.3a). However, the value of the
coefficient 4me, makes the coupling term in equation (4.1c¢) predominant in the evolution of ®,
and the coupling at the tip of A negligible. Moreover, since the area D(.S) is small, according to
Assumption 1, we can assume that the flux exchange between the gas and the dielectric domain
happens mostly through the lateral surface I of €2, and the contribution across D(.S) is negligible:

Assumption 4. The flux of the electric field across D(S) is negligible, i.e. fD( 9) Vo, -s=~0.
This way we obtain an alternative boundary condition for the 1D problem, which is simply:

dd 1
S(8) = ——9(5). (4.2)

ds g

Remark 1. Alternatively, we could also choose to substitute the coupling term in equations (4.1b)
and (4.1¢) by the known quantity ®,.¢(R), as in (3.6). In this case, we would not be allowed
to rely on Assumption 4 without actually decoupling the two problems, and we would need keep
condition (4.1e) as it is, introducing a weak coupling at the tip of the 1D domain. Moreover, in
this case we would not be imposing the condition (3.6) of continuity of the potentials across the
interface ' between the two original domains, and should take it into account as one additional
equation.

Remark 2. Under the Assumptions 1, 2, 3, the effect of a uniform volume charge distribution in a
cylinder and of a line charge distribution on its centerline are equivalent outside of (). Indeed, the
flux of the displacement field D, on a cylindrical surface OV surrounding (), remains the same in
the two cases. We can compute it by applying the Gauss theorem to the original 3D-3D problem,
taking into account Assumption 2 of constant charge over sections of (1,;:

Ds-n=/ 2=/3|B|, (4.3)
oW w €0 A €0

where B denotes a transversal section of WW. If we do the same on the reduced 3D-1D problem, we

obtain:
Ds-n:/ 25A2/1|B|,
oW w €o A €0

which is equivalent to equation (4.3).

4.1. WELL-POSEDNESS OF THE DUAL-PRIMAL PROBLEM. In this section we will prove that the
coupled 3D-1D problem (4.1a)- (4.1g) admits a unique weak solution.
A similar problem, in primal form, was proven to be well-posed by D’angelo and Quarteroni [17]
on weighted Sobolev spaces. As we will see in the following section, we do not need to define a
continuous trace operator and, consequently, to work with such spaces.
The well-posedness of a similar problem in mixed dimensions was also studied by Bfezina and
Exner [9], where however the one-dimensional equation is not expressed in primal form, as we
have in equation (4.1c). Mixed-dimensional problems in dual-primal form can be found in [19]
and [1], but defined on subdomains of codimension 1.

We start by gathering the weak formulation of problem (4.1a)-(4.1g), imposing the Neumann
boundary condition on 02y with the Lagrange multiplier £ = —D . Let us define the
following spaces:

s’ D‘BQN
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H'2(008) = {9] 40, : ¢ € H(Q}:

Wy =H'(A) = {¢ e L*(A) : % € LQ(A)};

W, = LQ(Q);

Ve ={ve H(div;Q) : v-nec L*(00Q)},

where V is a subspace of H(div;Q) = {v € L3(Q2) : V-v € L?(Q)} that takes into account the
boundary conditions on 0€2y. Note that we have required extra regularity on the trace of v - n on
the boundary.

On these spaces we consider the norms [|A[| g1/2(90,) = inf{[|¢llm1@) = ¢ € H'(Q), qb}aﬂN =},

[llwg = 1012y 19llw, = 0l (@) and [IVIIT, = IV - VIIZa) + IVIZ2) + IV - 0L o0

If we integrate by parts equations (4.1a)-(4.1c), substitute the boundary conditions (4.1d)-(4.1g)
and exploit Assumption 3, as in the derivation of equation (3.19), we obtain the following problem:

Find ((Dy, &), @5, @a) € (Vi x H/2(0Qy)) x Wy x Wy such that:

ADg,v) + B(v, (®,,€)) = — < &y, v-n >5q,, Vv eV, (4.4a)
B(V7 (¢a )‘)) + CAS(®A’ QB) - Css((i)sa Qg) =< G7§5 >pA — < V7¢ >8QN7 v¢ € WSaV)‘ S Hl/Z(aQN)y (44b)
AA(q)Aa 77b> + CAA((I)Aa 1/)) - CAS((i)Sa ¢) =< F7¢ >A, quz) € W[Q? (440)

where we have defined the following operators:

A Vi x Vs — R, A(u,v)zes_l/u-v;
Q

B : V,x (W, x H/2(0Qx)) — R, B(u,(¢,)\)):—/q§v-u+/ AV - n;
Q 0N

CAA : Wi x Wa — R, can (Y, 19) = 4me, / P1¢g;
A
CAs : WA X Ws — R? CA,s(w7 ¢) = 47T€g / ID(ZA?;
A
Css - Ws X Ws — Ra css(¢17¢2) = 47T€g / legg?;
A
dy d
AA : WA X WA — R, AA(¢,¢) = 7TR2/€g—w—¢;
A ds ds
G - A —R, G=2 R
2¢4
F AR, F=axr2-L.
460
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We assume that g € L%(A), ¢ € L*(A), ®, € H V2(0Qp), v € H Y2(00y), ¢, € L=(N),
€s € L>*(Q)and €5 > €, > 1.
If we sum equation (4.4c) and equation (4.4a), we obtain the following equivalent problem:

Find ((Dy, ®4), (®,,€)) € (Vs x Wa) x (Ws x HY/?(9Qy))) such that:

a((Ds, @p), (v, 1)) + b1 (v, 1), (D, §)) = = < By, v -1 >p0, + < F,9h >y,
V(V,¢) eV, x WA,
by (Ds, @4) (6, ) — cus (B, §) =< G, >p — < 1,6 >o0,,
V(p,\) € Wy x HY2(0Qy).

4.5)

where we define a norm over the product spaces V, x W, and W, x HY2(0Qy) respectively as:

| (v, 0) vasiws = 3/ IVIR, + 211,
1 &:6) lhwex 200 = /1911

and the operators @ : (Vi x Wx) x (Vo x Wa) = R, by« (Vi x Wy) x (W, x HY?(00y)) — R
and by : (V, x Wy) x (W, x H/?(9Qy)) — R respectively as follows:

a((vi,¥1), (v, ¥2)) = As(vi, va) + Aa (1, ¥2) + can (1, 12),
bi (v, ), (9,8) = B(v,(9,€)) — cas(¥, 9),
ba (v, 1), (¢,€)) = B(v, (4,§)) + cas(¥, ¢).

We can prove that this saddle point problem admits a unique solution, relying on the results by
Nicolaides [29], Bernardi et al. [7], Brezzi and Fortin [11].

In order to show this result, we need to prove that the integral mean of a function in L?(Q)
belongs to L?(A), and we do it in a similar way as Cerroni et al. [14].

Lemma 1. If ¢ € L*(Q)), then b€ L?*(A) and 3k > 0 such that the following inequality holds:
||<Z5||%2(A) < ko720

W + ”€HH1/2(QQN

Proof. By definition of the L2-space, ¢ € L*(A) <= | N ¢*ds < co. Then, we consider

. 1 2

2ds = . 4.6
[ s /<m<ﬂp@® “0
(w1 )0 =mim
D(s)| Joes) ~D(s)? Jp)

the right-hand side of equation (4.6) can be rewritten as follows:

[ Gotor f,#) = Lt

14
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Observe that the double integral over A x D(s) is equivalent to the integral of ¢ over ), and, as
we assume |D(s)| = mR?, Vs € A, then, we have

~ 1
P*ds < —— [0) < 00,
/1; ’D(S)‘Q H HLQ(Q)
since ¢* > 0 and Q, C Q.
R R 1
We have proved that ¢ € L*(A) and [|¢]|72 ) < kl[8]72q), with k = R O

We also need to prove some results on the operators involved in the problem that will allow us to
show the well-posedness of (4.1a)-(4.1g).

Lemma 2. G and F belong to L*(\) and the right-hand sides of the equations (4.5) are continu-
ous.

Proof. A straightforward consequence of the assumption g, ¢ € L?(A) is that also G and F' belong
to L?(A).
For the continuity, we start by applying the triangular inequality and Cauchy-Schwarz inequality:
| <G o>a—<vd>a0, | S| <G o>x|+]<v,6 >0, | <
<Gl lIdll2y + Wl a-1200m 9l @200y, Vo € W

By Lemma 1,

’ 1G22
| < G, >n+ < v, >pq, | < max {TQ()’ [Vl -1r2000) ¢ 1910 <

G ez
< { L ) 160 Ty, ¥(6.9) € W, x (002

Finally, by triangular inequality and Cauchy-Schwarz inequality,

‘— < (i)s,V ‘N >p0, + < F,@D >A| < HCI) HL2(aQD HV . n||L2(aQD) + HF||L2(A)H1/JHL2(A) <

v, + 1zl 2y < max {195 220, 11228y § 1V, 9 llv
v( aw>€‘/:9XWA-

< 1®allz2000) IV

]

Lemma 3. The bilinear form a is positive definite, i.e.

a((uhd]l) ; (u2’¢2)) > 07 v(ulawl)’ (UZ,@Z)Q) € VSa

continuous and coercive on the kernel of by and of bs,

ker(by) = ker(be) = ker(b) = {(u,y)) e Ve x Wy : V-u=0,u-n=00n00y}. (4.7)

15



Proof. For the continuity, by triangular and Cauchy-Schwarz inequality,

o (i) s )l = |6 [+ [ w2, T2 aney i <
Q A

< (min(e.)) ™ [ z2(oy [0zl 22(0) + 7R max(eg) [¥a] i@ [l m @+

+ 47 m/?X(Gg) 91| L2y 1P 22 (a)

Moreover, exploiting the definitions of the norms in V and W, and on their product space:

la ((ug,¢1), (w2, 02))| < Ky (JJwil|r2yllvel 2@ + 1l m ol ) <

< K| (a, ) [[vexw, || (02, ¥2) [lvexwy V(u,v) € Vi x Wy,
with K7 > 0.
Moreover, by definition of the norms in V; and W, and on their product space and recalling that
u € ker(b) i v, = [|lullz2(), Vu € ker(b), we conclude

that a is coercive on ker(b):

o (0. 0), (0 0) = el [ 1o+ [ wRQmm<eg>(%)2+ / 4mAm<eg>wzz

> el po oy 0l 22 + TRV [ a) + Al Z2 )
2 Ko ([ (w9) lvoxws), Y (w,9) € ker(b),

(4.8)

with Ky > 0.
Finally, a is also positive definite, as a consequence of equation (4.8):

a (), (W) > el llalliz) + w7 min(eg) [ V3 () + 47 min(eg) [ 72(a) = 0,
V(u,¢) € Vi x Wh.
O
Lemma 4. The operators b, and by are continuous.

Proof. By triangular and Cauchy-Schwarz inequality,

|b1<<u,¢>,<¢,f>>|='—/Qw-w meu-n—/AmB\ <

< |Pllz2@ IV - ullze) + €l 200, 0 - 0l 22y + 1922 1]l 222
4.9)

and the same holds for b,:
b (0,00, (0.)] = |- [ 67 u+ mf“'“/ﬁw' <

< @l @IV - ullz2@) + €l 2oy [0 nll2@) + 9] 2@ 19l 20
(4.10)
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By exploiting the definition of the norms in V;, W, and W, and Lemma 1, we can show that b is
continuous:

b (21,). (90D < ollw. v, + €] o - Wl

< K3H (ll, ¢) VSXWAH (¢7£) ’ Wsx HY/2(00N) 1=1,2,
with K5 > 0. [

W

Lemma 5. The bilinear forms b;, i = 1,2, satisfy the inf — sup condition:

3K; > 0 such that sup bi (v, ¥), (¢, 1))
(Vvd”)evsXWA || (V7¢) ||Vs><WA

V#£0, 1 #£0

> Kill (¢, M

Wax H1/2(0Qy)>

Y(p,\) € Wy x HY2(00y), i =1,2. (4.11)
Proof. As in [3], we first prove that 3C; > 0 such that

bi ((V7 W ) (¢7 A))

sup > Cillollw,, Vo,€ Wi 4.12)
(v,9) € Vs x Wy ” (Va ¢) Vs x Wy
v#£0, P #£0
and then that 3C'5 > 0 such that

bz' v, s ,)\
sp PO O o e Ve B0y, @13

(v,) € Vs x Wy H (V7 w) Vs x Wy

v#0,9#0

Finally, according to Theorem 3.1 of [20], (4.12) and (4.13) are necessary and sufficient conditions
for (4.11).
Let (¢, \) € W, x H/2(0Qy) and z € H'(£2) be the solution to

—Az=¢, in{}
z =0, on 0f)p,
Vz:n=0, ondQy, i=1,2.
Fixed v € V, such that v = Vz,then —V - v = ¢, V- n = 0 on 0Qy.
Moreover, ||V z2q) < ||2]|22(0) < Cl|@||12(a) for some C' > 0, by continuity of the solution to the

Laplace problem.
Let w € H'(A) be the solution to

w(0) =0, 4.14)

Fixed @/;Z e Wy, © = 1,2, such that 722)2 = w and zﬂl = —w, the continuous dependence of the
solution to problem (4.14) implies |[v;||g1(a) < Cil|@||2(a), for some C; > 0,7 = 1,2. Asa
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191|220

consequence, by Lemma 1, [[1)1 || g1 (a) = [|91]|w, < i=12.

Then, TR?
o b)) ((v4:) . 0)
P - ~ =
L R RN ] CRA T
v#0
% #0

- — 1~ : ( /¢v v+/dQNAv n—/wfi;;ﬁl> >

(||v||2. 13, )

( /¢ —/wzd%), WA € W x HY2(00x), i = 1.2
4.15)

We can integrate the last term by parts and apply boundary conditions of problem (4.14):

2

U dy) oo dY dy)
- [ 05 ( )—(¢<>ds<>¢<> o) =%
L2(A)
If we substitute the equation above in equation (4.16), we obtain (4.12):
bi \Z ) J)\ 1 d i
ap L OA) o, +| 22 ) 2 Cullol
wwetw, 0Dl = Clollw, o,
v#0
Y #0

Y(p,\) € Wy x HY2(0Qy), i =1,2.
Letnow v € H~Y/2(00y) and t € H'(£2) be the solution to

—At=0, in{Q
t=0, on 0f)p,
Vit-n=v, ondly.

Fixed v € V; suchthat v = —Vi¢,then V- v =0, —v - n = v on 00 .

Moreover, [[V||z2) < ||t a1 < Col|v||g-1/2(90,) for some C' > 0, by continuity of the solution

to the Poisson problem, and consequently || V|3, = H\7||L2 +HV||H 200y S < (1+C?) |3 e o0y
Then, we can repeat the same steps as before and apply the Poincaré inequality to ||| 1 (o) and
Riesz representation theorem to < A\, v >pq,:
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2

>

2.

- <NV >aqy +
sp (), (6 2) b <(V ¢i> (9, M) _ % e
v v, s B S B 7, 1/2
( ,wv)i\gs s V) [vesw, | (Vﬂ/h) VaxWa (O”V”z—l/?(am) + ||¢z‘||124/A>
W#0
1 di) ’
> g 1/2 H)\H?{l/?(aQN) + dsZ > CQH)\HHUQ(BQN)?
dy; L2(A)
ClA I 200y + (14 C2)
L2(N)
Y(p,\) € Wy x HYV?(0Qy), i =1,

(4.16)
This proves (4.13), which, together with (4.12), implies (4.11). ]
Lemma 6. The operator cg is positive semi-definite and symmetric.
Proof. Symmetry is straightforward, since it is defined as the integral of a product.

Consider now ¢ € Wi:
cur(000) = tme, [ 6= dme 0l 20, ¥(0.0) € Wy x Wi
A
Thus, ¢, is positive semi-definite.
[

Theorem 1. There exists a unique solution (D, @) , (P, €)) € (Vi x Wa) x Wy x H'?(0Qy)
to problem (4.5).

Proof. Since the right-hand side of the equation is continuous in L2, a, by, b, and c,, are continu-
ous, a is coercive on ker b and positive semi-definite, b; and b, satisfy the inf — sup condition (4.11)
and c is positive semi-definite and symmetric, the problem admits a unique solution (see [10]). [

5. 3D-1D problem on bifurcations. In the previous sections we have derived the one-dimensional
formulation of the electrostatic problem on a cylindrical gas domain, geometrically reduced to a
straight line. In the case of electrical treeing, the defect has a much more complicated structure,
possibly forked in some points. We can assume that each branch is very thin, as in Assumption 1,
and extend Assumptions 2, 3 and 4 to each of them. As before, each branch is thus representable
as a straight cylinder and reducible to a segment. The whole domain can thus be approximated as
a one-dimensional graph where the problem on each segment is described by the system of equa-
tions (3.16). In this case we need to impose additional conditions at the graph nodes, accounting
for 3D volumes at the intersection on branches and deriving reduced conditions.

Let us start by integrating the governing equation (2.5a) of the 3D problem in the gas, in primal
form, over these subdomains, that we will denote by 7, and apply the divergence theorem:
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Figure 2. Junction among three cylinders €24, €2, and {25. The boundary of the junction volume 7
is the union of the bases of the three cylinders and the lateral surface of the 3D domain.

/J (-9 (e = | ave,m

The boundary of the junction 7 is given by the union of the bases of three cylinders 2;, 1 = 1,2, 3,
representing the branches connected by it, and a small portion of lateral surface that we denote by
S:0T = (TJNQ)U(TNQ) U(TNQ3)US, as in Figure 2. We call n; the unit vector with
direction parallel to the axis of each cylinder €2;, pointing outwards from 7. If n; has the same
direction as s along the centerline A; of €2;, we say that A; becomes an incoming edge for the graph,
with respect to the considered intersection node, otherwise it is an outgoing edge. In the reduction
to 1D, the volume 7 is collapsed into a point connected to more than two edges, called bifurcation
node. For each bifurcation node v;, j = 1,. .. , Myir, where Ny is the number of bifurcations, we
denote by é’j* and & the sets of its incoming and outgoing edges, respectively. In the example
represented by Figure 2, the vectors n;, © = 1, 2, 3, are orthogonal to the bases of cylinders forming
the surface of 7, with the same direction and s in 2, and {23 and opposite direction to s in {2;. We
obtain:

EQE, 222,3

If we substitute the potential ®, with the splitting introduced in equation (3.5), we obtain:

/ 0P, / dd, +/ dCID,,gZ§
= €,—— €Eqa—TD.
TN, 88 TN, g dS TN, g dS

Assuming that the branches can be approximated by cylinders, then the bases are circles of radius
R; and the integral becomes:

dd dd, dd
/ eg—A—i-/j —0 AWRQ—I— €g

€ =€

- € V@ N = / € VCI) ‘n;, =
/\;ﬂﬁi J g TN I I _/ a(bg
TN

2

Ay 7y AP

rrdr—szegd 5 i€~

ds
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Let us denote by ®, ; and @, ; the corresponding unknowns on each branch €2;, a; = WRfeg and

b 7TR4 dq)r,i

i = 4y € )
27" (s

dd x4 dd - ddy 3 / /
’ by — = by — Z by = - Vo, - n.
ap s + 01 — as s o — a3 oy 3 Jf Seg g

1 = 1,2, 3. Then, equation (2.5a), integrated over [/, becomes:

The quantities b;, dependent on R}, [ 7 f, proportional to R?, are negligible, compared to a;.
Moreover, according to the splitting (3.5) of @, the normal component V&, - n is only dependent
on R?. If we integrate it on S, whose area is of order R?, the term — [ ¢,V®, - n is of order R}
and, thus, negligible. Then, the condition on the junctions in the case of an arbitrary number of
edges becomes:

d®y ; dPr; .
Zai?:ZGiW’ ]:17--‘,-/\/i)if'
iegf i€€;
The final problem reads as follows:
(¢,'D, +V®, =0, in €2,
VD, —dme, Y (Pri— P)oa; = —27 Y Rigidns, in
icE icE
d d(I) i 2 7 .
—WR?E (69 d? ) + 4meg <(I>A,,~ — <I>S> = waz—o, onA;, i=1,..., N,
(I)A,i:(i)g, OIIND,
. (5.1)
ddy ; 2
= g, on Ny,
ds €g
ddy ddy .
Zai dg’ = Zai d;\’ ; on My, 7 =1,..., N,
iegf €€}
o, = D, on 0{2p,
(D, -n=v, on 0y,

where we have denoted by N, the number of edges of the one-dimensional graph, Ny the set of
nodes of A where Neumann conditions are imposed, Np the set of Dirichlet nodes of A and Ny
the number of bifurcation nodes.

6. Numerical methods. We present a discretization based on Finite Element Methods (FEM)
for the numerical solution of problem (5.1). We employ independent meshes for the one and
three-dimensional domains, consisting of segments and tetrahedra, respectively. In particular, in
presence of bifurcations, the one-dimensional domain can be seen as a quantum graph, i.e. a
graph endowed with an implicit metric structure an a differential operator defined on its edges
and vertices (see [6] for details). Arioli and Benzi [2] proposed an extension of FEM on such
domains, where a partition of each edge is obtained by the addition of further nodes, thus creating
a structure called extended graph. The three-dimensional domain (2, instead, is partitioned in a
tetrahedral conforming mesh on which we apply mixed FEM [8].
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The weak formulation for the complete problem (5.1) reads as follows:

Find (D, ®,, ®a, Ay, Ap) € Vi x W, x Wy x H™Y2(02y) x R such that:

(A(Ds,v) + B(v, ®,) = Fp(v), Vv eV,
B<Dsa¢)+c<¢A_<i>saq§)+l()\N7V) :g(é)a v¢€ W57

A

Ar(®o, ) + e(Ph = s, ) + d(Ap, ¥) = F(9), Vo € Wy,

1(én, D) = Fu(én), Vén € H2(00y),
d(ép, ®a) = Fpa(ép), Vép €R
where we have defined
[: V, x HY2(0Qy) — R, l(v,v) = / vV - n;
0N
d : Ws xR — R, d(v,v) = v(0)y;
Fp Vs — R, ]:D(V):—/ O,V - m;
a0
g : W, — R, G(¢) =< G, ¢ >;
F Wy — R, F) =< F,¢ >
Fn H_l/z(GQN) — R, Fn(v) :/ Vi,
0N
Fpa : R — R, Fpa(v) = &)gy,

while A, B, ¢, A, F, GG and all the aforementioned spaces were introduced in Section 4.

Here we have imposed the Neumann boundary conditions on the 3D domain and Dirichlet ones on
the 1D by means of Lagrange multipliers Ay and Ap. Notice that the conditions at the bifurcations
are natural for the primal formulation of the 1D problem.

6.1. DISCRETE WEAK FORMULATION. For the discretization of the one-dimensional problem on
A (see [5]) we start by introducing a set of n. + 1 equispaced points x5, =0,1,...,n¢, on each
edge e, partitioning it into 7. intervals of length k., and associate to each internal point zf, j =
1,...,n. — 1 the standard hat basis function ¢)S. We also introduce the functions ¢,, v € N,
such that ¢, = 1 on the vertex v, ¢, = 0 on all the other nodes on the neighboring edges of v
and is piecewise linear on each segment of the mesh. This set of functions forms a basis for the
discrete space of piece-wise polynomial functions of order 1 on the neighboring segments to each
bifurcation node.

Then, we define the FEM space on A as the direct sum of spaces spanned by all the sets of
basis functions %, e € £ and ¢,, v € N:

Wik = (EB Wh) @ span{gy fven,

ec&

- ePl, j=0,1,...,n — 1} denotes the finite-dimensional

cx

where W§ , = {w e Wy w’[x
’ 3V +1

space of piecewise linear functions on the edge e.
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Finally, let us denote by {@z}i}fi:“}(WA*k) the set of all the basis functions of W} j, whose linear

combinations characterize all the elements in this finite-dimensional space:

dim(Wj )

v = Z v, Yu € WA,k-
i=1
In particular, it holds for our discrete approximation of the unknown ®,, whose expansion coeffi-
cients we denote by ®4 . € R, with ny = dim(WW, x).
For the three-dimensional problem we employ the standard Raviart-Thomas dual mixed FEM
spaces of lowest order on a tetrahedral mesh 7, = {7} made of ny elements, discussed in [3]. The
considered finite-dimensional subspaces of V;, W, and H~1/2(9€)y) are, respectively:

Vin={veV,:v|, eRT"(T)VT € To},
Wop=1{0€W, : ¢|, e PAT)VT € T},
Hh_l/2:{’/€Ws : V}F.GPO(Fj)aj:L"'vnF}?

where {I';}", is the partition of 92y induced by the 3D mesh 7,, RT" is the Raviart-Thomas
(RT) of lowest degree [32] and PV the space of polynomials of order 0. Then, dim(V; ) = nr,
dim(W; ) = ny and dim(H,_ 1/ 2) = nr, where nr, ny and nr are the number of faces, elements
of 3D mesh 7}, and elements of the partition {I';}7L, of the boundary, respectively.

Let {v;}:f,, {¢:}:2, and {v;}.X, be the bases of the spaces V; ,, W, and Hh_l/Q, respectively, and
denote by Dy ,, @, , and Ay 4, the vectors of expansion coefficients of the discrete approximations
of Dy, ®, and A\ with respect to these bases. Then, the discrete weak formulation with Lagrange
multipliers of the mixed-dimensional problem (5.1) is the following:

Find (Ds,hy (I)s,h; CI)AJC, AN,h; /\D) € R x R" x R™ x R™ x R such that:

(A(Dgp, vi) + B(vi, ®51) = Fp(va), Vv, € R",
B(Dgn, dn) + cas(®ak, dn) — Cos(®ap, @n) + 1 Ann, vi) = G(n), Yy € R™,

QAN Pk i) + can(®as, Ur) — cas(®on, Y1) + dAp, i) = F(3hr), Vb € R™,
l(vnn,Dsp) = Fn(wnn), Yy, € R™,
L d(vD, Pak) = Fpa(vp), Yvp € R

and the corresponding linear system is given by:

A, BT 0 LT 07 [D.a Fp
B C, CE 0 0 b, G
0 Crs Apn 0 LT |®px| =| F (6.1)
L 0 0 0 0] Ava Fy
0O 0 Lp 0 0 AD Fpa

where the the blocks of the system matrix are defined as follows:
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[As]i,j :A(Vi,Vj)7 Z,j = 1,...,TLT, /@V u;, Z,] = ].,...,’TLT,
[CAs]z CAs(wmgbj) 27] = 17"'7”/\7 [Css]z —Css sz,gb]) 27] = 1a-">nTa

1=1,...,nr, )
Ly =), 70 Lol = =d(p.).  i=1...m,
— Ly 1T

[Api; = —Ax(Wi, ¥5) — ean(Vi,5), 4,5 =1,...,n4.

This system is symmetric and the blocks on the first row arise from the standard mixed FEM dis-
cretization of the 3D problem (2.4a)- (2.4f) in the dielectric domain, while the coupling terms be-
C SS C/Y\—’S
Chs AA] '
6.2. NUMERICAL SOLVER. We solve the discrete linear system (6.1) iteratively with GMRES [33],
and tackle the issue of possible bad conditioning of the matrix and presence of zero blocks on the
diagonal using a suitable a preconditioner P.

We exploit a preconditioner discussed in Benzi et al. [5] for saddle-point problems of type

tween the two domains, given by the operators cp,, css and cy s appear inside the block [

M, MT
My M
where M, is positive definite, M5 has maximum column rank and M3 is negative semi-definite:
b [M 0 -
10 —(Ms— MMM
If we apply this to our problem, where
Cls C{S 0 O
C Ay 0 LT
_ _ T o As A D
M1 = AS, MQ = [B, O, L, 0] and M3 = 0 0 0 0 5
0 Lp 0 O
we obtain:
A, 0 0 17"
P=|0 - —ET ,
0 —FE O

where the blocks X and E' are defined as:

Css — BA7'BT Cf, —BA;'LT
z= Chs Ap 0 .,  E=[0 Lp 0].
—LA;'BT 0 —LAJ'LT

Since the inverse of a diagonal block matrix is a diagonal block matrix with diagonal blocks given
by the inverse of the original diagonal blocks, we need to invert the bottom-right block of the

24



resulting matrix, which is again possibly ill-conditioned and saddle-point. Therefore, we adopt the
same strategy, thus obtaining the following block-diagonal preconditioner in the end:

A7 0 0
P=|0 -x! 0
0 0 —EXIET

A deep investigation of the properties of this final preconditioner is still an ongoing work. How-
ever, as we will see in the next section, the number of iterations needed by the GMRES solver is
moderate and allows the solution of the presented coupled problem in reasonable time.

7. Results. We conclude this work by presenting some tests on a simple three-dimensional cylin-
drical domain, coupled with different one-dimensional geometries approximating thin inclusions.
In particular, in Section 7.1 we analyze a straight line going from the center of the top basis of
the cylinder to the center of the bottom basis, a simple geometry that allows us to compare the
numerical solution to the reduced 1D-3D problem (4.1a)- (4.1g) to that of the original 3D-3D
problem (2.1). Knowing the exact solution, we can validate the model as the radius of €2, tends to
0 and evaluate the dependence of the accuracy on the size of the elements in the one-dimensional
mesh. Then, in Section 7.2 we observe the effect of an immersed tip inside the 3D domain and in
Section 7.3 we move to the solution of a very complex electrical treeing. In all the tests the domain
() consists of a cylinder whose bases are parallel to the x, y plane and centered in (0.5,0.5,0) and
(0.5,0.5,1), respectively, with radius R; = 1. For all these tests we have considered the same
dielectric constant in both domains: €, = ¢, = 1.

7.1. TC1: CYLINDER AND STRAIGHT LINE. We start with a simple geometry, represented in
Figure 3, consisting of the cylinder introduced above, discretized with a finer mesh close to the
centerline, and a line with endpoints in the centers of the bases. In particular, we consider elements
with maximum radius 1072 in the proximity of A and 10! in the rest of the domain. The one-
dimensional domain is, instead, partitioned into 100 segments. We suppose that this geometry
is the mixed-dimensional approximation of two three-dimensional domains where the innermost
one, representing the gas, is a cylinder of given radius R. Thus, we consider the following exact
solution, adapted from [21] on €2, and (2,:

@?@ﬁ):[l—kg<i>]R,inQ&

R
x 1r? 1 .
(I)g (T,S) = §§ + éR, m Qg,
D% (r,s) = Er, in Q,,
r
D (r,s) = %r, in Qg,

Notice that all the quantities only depend on the radial coordinate r and the electric fields only have
non-zero radial component, the continuity condition of the potential on the interface is satisfied and

the jump of the normal component of the electric field is zero. Moreover, if we decompose the gas

1
potential ®¢* as in equation (3.5), we obtain &, = ®, = ~— on A.

From this exact solution we can compute the boundary conditions and forcing terms of our specific
problem, obtaining:
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Figure 3. TC1 - Discretizations of the three-dimensional (blue) and one-dimensional (purple)
domains.

D, +V®d, =0, in Q,
V-D, —4n(dy — D,)0y = 0, in €,
et (@) . (@A - ci)s> = 2rR, onA,
ds \ ds (7.1)
D) (0) = Dy (1) = %R,
O, = o, on 0€2p,
kDS-n:R, on 0f) .

Here the Neumann boundary 0€)y coincides with the two bases of the cylinder and the Dirichlet
boundary 0€), with its lateral surface.
In Figures 4-5 we can observe the computed potential and electric field in the three-dimensional
dielectric domain. The radial decrease of the potential on the top basis, expected as a consequence
of the charge distribution along the axis of the cylinder, is shown in Figure 4, is also observed in
Figure 5a, with the expected value on the boundary. The major difficulty in the approximation is
represented by the electric field, which presents a singularity on the centerline A, with magnitude
going to infinity. Indeed, we can observe in Figure 4 that the arrows representing its direction and
magnitude, become much larger closer to the center, and in Figure 5b its magnitude shows a rapid
increase there.
These results are comparable to the numerical solution of the equidimensional original three-
dimensional problem resolved by a fine grid and present qualitatively similar radial trend for the
potential and direction and intensity of the electric field. For this comparison we have fixed the
radius of the inner cylinder as R = 1072. We can observe in Figure 6 that the region where the
potential has the highest values in the 3D problem is wider because it coincides with the original
gas-filled cylinder, while for the mixed-dimensional solution it is concentrated along the line A.
Finally, knowing the exact solution, we can compute the error committed in the approximation
of the electric potential in the dielectric domain, in terms of the L? norm on (2, computed as
error = ||® — ®.,||12(q). We want to investigate the dependence of this error on the radius R of
the initial equi-dimensional coupled problem. As R decreases, tending to zero, the starting three-
dimensional cylindrical gas domain €, tends to collapse on the centerline A and we would expect
the solution given by the mixed-dimensional problem to approximate better and better the exact
solution to the original problem.
Figure 7 shows the plot of the L? error on the coarse mesh discussed above. We can see that the
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Figure 4. TC1 - Computed potential ® (right half) and electric field D (left half) in the dielectric
domain, osbserved from the top basis of the domain 2.
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Figure 5. TC1 - Computed potential ®, and electric field Dy in the 3D dielectric domain on a
longitudinal section of (2. The magnitude of D, is expressed in logarithmic scale and the arrows
are tangential to the field streamlines.
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Figure 6. TC1 - Computed potential ®, and electric field Dy in the 3D dielectric domain on a
longitudinal section of 2. Comparison between the result on the original equi-dimensional 3D
problem and on the mixed-dimensional 1D-3D domain.
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Model validation
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Figure 7. TC1 - L? error on the numerical approximation of the potential ® in the dielectric domain
when the radius R of the original 3D gas domain 2, decreases from 1072 to 107°.

Figure 8. TC2 - Discretizations of the three-dimensional (blue) and one-dimensional (purple)
domains.

error decreases with R, and a linear dependence is observed. This plot provides us with a validation
for the proposed geometrical reduction of the model.

7.2. TC2: CYLINDER AND IMMERSED STRAIGHT LINE. As second test case we observe the
solution to the problem on a mixed-dimensional domain made of a cylinder and a straight line
having one end on the bottom basis and the other one inside the three-dimensional volume. On
the immersed end of the 1D domain we imposed a null-flux condition for the potential ®,, and we
consider the same sources and boundary data as in problem (7.1).

We can observe in Figure 9a that the potential still has a radial decrease from the charged line
towards the lateral surface of the cylinder and the region where it is most intense is very close the
charged line. This is due to both the geometry of the one-dimensional domain and to the boundary
effect related to the Dirichlet condition on the bottom basis, as discussed in the previous section.
Figure 9b represents the streamlines of the electric field and its magnitude. The magnitude presents
a steep increase near the one-dimensional domain, reflecting the singularity produced by a charged
line, while the streamlines have the same radial direction as in Figure 5b close to the bottom,
but tend to describe hyperbolas with smaller and smaller amplitude closer to the tip, as we would
expect the electric field generated by a finite charged line to be. In this Figure we can also notice the
importance of a sufficient mesh refinement also in the region above the one-dimensional domain,
in order to capture this behavior.
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(a) Electric potential (b) Electric field

Figure 9. TC2 - Computed potential ¢, and electric field D in the 3D dielectric domain on a
longitudinal section of 2. The magnitude of Dy is expressed in logarithmic scale and the arrows
are tangential to the field streamlines.

7.3. TC3: ELECTRICAL TREEING. The final test we present is made on a ramified domain repre-
senting the reduction to a one-dimensional graph of a typical electrical treeing, immersed a cylin-
drical domain (see Figure 10). The discretization is based on a coarse three-dimensional grid,
refined in a co-axial cylinder enclosing the treeing. For the one-dimensional discretization, we
simply take as mesh segments the edges of the graph. This realistic geometry was experimentally
obtained from an existing defect in an electric cable: the 3D electrical treeing was detected via
X-ray computed tomography [34, 35, 36] and the 1D structure was extracted as its skeleton. It is
made of 12544 segments and is coupled with a tetrahedral grid on the cylinder composed of 50859
elements.

In Figure 11a, representing a longitudinal section of the cylinder, we can observe that the
potential is more intense closer to regions of the cylinder with high concentration of 1D edges,
as expected. The electric field on the same section is displayed in Figure 11b, where the highest
magnitude is observed in proximity of the ramification and the direction is radial with respect to
segments, and curved exiting the tips, in agreement with Test Case 2.

The numerical solution on these grids was computed by a C++ parallel implementation of the
solver presented in Section 6. The implementation is based on the Morgana complex modelling
code [38] and relies on the Trilinos library [37]. The computational time requested for the parallel
solution on six cores of a laptop with 16 GiB RAM, Intel(R) Core(TM) i5-9600K CPU, was ap-
proximately 5 minutes and 40 seconds, with 266 GMRES iterations with a tolerance 1071° on the
residual. A speedup could be obtained by employing a more ad hoc preconditioner, reducing the
number of iterations of the solver. This is a noteworthy result, considering that such an extended
defect could hardly be discretized in three-dimensions, due to its geometrical complexity, while
thanks to the mixed-dimensional reduction we were able to solve the problem in reasonable time.

8. Conclusions. Starting from the coupled three-dimensional electrostatic problem in two do-
mains with different dielectric constants, we have deduced a reduced mixed-dimensional model
describing the evolution of electric field and potential on a one-dimensional domain embedded in
a large three-dimensional one. This problem is relevant because, together with the drift and diffu-
sion of charged particles in the dielectric domain, and the chemical reactions, it models the partial
discharges occurring inside insulating components of electric cables, and leading to the formation
of electrical trees and their eventual deterioration. We have proven the well-posedness of the re-
sulting continuous problem and solved it numerically with Finite Elements.

We managed to conserve in the reduced problem some tricky properties of the electric field, such
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Figure 10. TC3 - Discretizations of the three-dimensional (blue) and one-dimensional (purple)
domains.
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Figure 11. TC3 - Computed potential ®; and electric field D in the 3D dielectric domain on a
longitudinal section of (2. The magnitude of Dy is expressed in logarithmic scale and the arrows
are tangential to the field streamlines.

as the jump of its normal component across the interface between the two domains, and to incor-
porate in a natural way the interface conditions in the coupling terms. Moreover, we only required
a reasonable assumption on the concentration of charge on each section of the gas domain and
derived the corresponding profile of an electric potential produced by it. This way, we are not
forced to approximate the potential as constant on sections, and consequently lose information on
its profile and disregard the continuity condition on the interface.

We have validated the reduced model by comparing the approximated and exact solution on a sim-
ple geometry as the radius of the original three-dimensional gas domain decreases (Section 7.1)
and then qualitatively observed the solution on more complex geometries, such as an actual elec-
trical treeing. The geometrical reduction proves crucial in more realistic cases: it allowed us to
simulate this on a standard laptop in about half and hour, while the three-dimensional mesh of the
defect could hardly be created.

In order to further reduce computing time future work could address the improvement of the pre-
conditioner proposed in Section 6.2, since a more tailored one would make the GMRES require
less iterations before convergence. Future work also includes the possibility to explore the Ex-
tended Finite Element Methods (XFEM) to better fit the singularity of the three-dimensional fields
around the lines and a coupling with time-dependent evolution of the charge densities in the gas,
requiring a model reduction as well.
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