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Dc Electrical Breakdown of Liquid Nitrogen under Simulated Quench State
in Pool Cooled High T: Superconducting Power Apparatus

Pt. 1. Analytical Study of Bubble Behavior
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and Koji TAKANQ***
(Received December 22, 1997)

Abstract : The present paper consists of two parts. In the Part 1 thermal bubble behavior in liquid
nitrogen under dc non-uniform fields that will take part in electrical breakdown in high T¢ supercon-
ducting power apparatus at quenching conditions is dealt with theoretically. The results show that
electrical gradient force affects severely bubble motion and causes bubble coalescence in the gap and
that Maxwell stress acting on the bubble surface changes the manner by which the bubble is released
from a groove between fins on an electrode. The change in the bubble motion and boiling phenomena
by non-uniform electric field will result in different breakdown behavior from that in a uniform field
gap, and the choice of desired fin shape will minimize bubble effects on the breakdown voltage with

finned electrode.

Keywords : Electrical breakdown, Superconducting coil, Fault current limiter, Quench, Boiling,

Bubble, Liquid nitrogen, Gradient force

1. Introduction

Recent advances in high T¢ superconductors have,
during the past few years, stimulated increasing inter-
est on high Tc superconducting (s.c.) power apparatus.
The most economical coolant will be liquid nitrogen,
which has been claimed long ago to be an excellent
insulating fluid. At the quenching state of pool boil-
ing nitrogen cooled s.c. power apparatus such as coils
and fault current limiters, high electric field and
thermal bubbles appear simultaneously in liquid nitro-
gen around a hot spot region and cause electrical
breakdown there. With respect to this problem,
Hara et al. have already studied bubble behavior and
breakdown characteristics with a wuniform field
gap"~® and found breakdown is categorized into three
mechanisms : 1) with a fast rising voltage in the order
of 10kV/us, no bubble deformation occurs until break-
down, and then the breakdown appears in the compos-
ite insulation system of undeformed bubbles and sur-
rounding liquid, ; 2) with a medium ramp voltage of
the order of 10kV/ms, a large suspended bubble is
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elongated in which a spark is triggered ; and 3) with
slower ramp voltage in the order of 0.1kV/ms, boiling
turns from nucleate boiling to film boiling at an
earlier stage and a bubble fixed on a heater surface
grows and bridges the gap before breakdown. More-
over, effects of non-uniform electric field on such a
bubble motion were studied by them. Okubo et al.
reported a relationship between transient breakdown
voltage and boiling activity under approximately real
s.c. coil operations and discussed the volume effect on
the breakdown voltage®.

In the present report, bubble behavior and break-
down mechanism with dc non-uniform field gaps in
liquid nitrogen are described systematically including
a part of results obtained in the previous studies for a
limited short gap™®.

The studied gap is a cylinder-to-plane gap, and
cylinder surface is grooved circularly or longitudi-
nally to find the fin effect on bubble-triggered break-
down mechanism. A heater is mounted in the cylin-
der to simulate a hot spot by quench of supercon-
ductor. Bubble behavior is studied both analytically
and experimentally and measured breakdown charac-
teristics are discussed on the basis of the bubble
behavior. The results show that electric field affects
not only the motion of suspended bubble but also the
mechanism of bubble generation, such as the number
of active boiling nuclei, bubble diameter, and release
of bubble into the gap space from the groove, and that
breakdown voltage characteristics depend on the



-24~ M. HARA, Z. C. WANG, S. MATSUURA and K. TAKANO

bubble behavior.

The results obtained are reported by dividing them
into two parts: the Part 1 is the analytical study of
bubble behavior and the Part 2% the experimental
study on bubble behavior and bubble-triggered break-
down characteristics.

2. Electrode System and Electric Field

In pool cooling s.c. coils, fins on the wire surface are
often made to improve the heat transfer from the wire
to the surrounding liquid. Non-uniform electric
fields will be formed between coil turns or coil layers
when the quench occurs in them. In the present
work, the non-uniform field was simulated by using a
plane-to-cylinder electrode system as shown in Fig.
1(a). On the cylinder surface, circular or longitudinal
triangular fins as shown in Fig. 1(b) were made to
find the effect of fin orientation on bubble behavior.

Each electrode system was denoted as CS, CC or CL
system and the coordinates were given as (z, ¥) in the
gap space and (R, ) on the cylinder as shown in Figs.
1(a) and (c). To know the combined effect of electri-
cal gradient and gravitational forces on bubble
motion, four arrangements of electrode system, as
shown in Fig. 1(c), were studied and were denoted as
I, II, IIl, and IV. For example, a gap with smooth
cylinder and arrangement III was denoted as the
electrode system CS-IIL.

Fin pitch and height are 0.5mm and 0.25 v3 mm,
respectively. Considering practical large s.c. coils
and fault current limiters, cylinder diameter is taken
as 10mm and gap length is changed within 0.5-40mm
in the theoretical study.

The electric field in the studied gap can be divided
into two components for the field calculation: a
macroscopic non-uniform field produced by the
smooth electrode and a microscopic non-uniform field
due to the fin. The former component E was given
by a plane-to-cylinder gap and calculated according to
equations (1) and (2).
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276 | (VDP— R +2)*+
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where &, is the dielectric permittivity of liquid nitro-

HV plane electrod

Suspended bubble : Dimension: mm

Smooth Cylinder with Cylinder with
Cylinder Circular Fin Longitudinal Fin
(CS) (CC) (CL)

(b)

(n) () (IV)
C : Grounded cylinder P : High voltage plane
G —»= :Direction of gravitational force

()

Fig. 1 Studied electrodes
(a) Electrode system and coordinates for analysis
of bubble motion,
(b) Surface condition of cylindrical electrode,
(c) Arrangement of electrode system.

gen and

_ 2reVa
In{(D—R+/D*—R?)/(R—D+vD*+R?)}.

N
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The magnitude of the microscopic non-uniform
field was obtained as the product of an external
electric field E and a field enhancement factor £ to
account for the effect of the fins. The value of £ was
calculated numerically by the finite element method
for a hatched cell in a parallel plane gap, as shown in
Fig. 2(a), where one of planes has triangular fins.
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The calculated £ along the line through the top or
bottom of the groove is illustrated in Fig. 2(b).
Clearly, the field enhancement factor increases drasti-
cally near the fin tip, but decreases down to zero upon
reaching the groove bottom between fins.

3. Assumptions and Forces Acting on
Bubbles

Bubble behavior is analyzed in two categories:
bubbles suspended in the gap and those trapped in the
groove between fins. The applied voltage V. is dc
and is varied within a range of zero to breakdown
voltage which was estimated according to an empiri-
cal formula for liquid nitrogen or the streamer theory
for nitrogen gas as will be described later.

3.1 Assumptions for the analysis
For simplicity of the analysis, the following are

Groove bottom

Plane
0.25
0 (o]
(1.3,0)
Calculation region
Dimension : mm
(a)
3
y=0.25mm
(along AB)
- = =y=0mm
(along DC)
2 -
X
1k
=
~
N\
\
N\
~
0 1 I 1 1 1 )
0 02 04 06 08 1 12 14
X (mm)
(b)

Fig. 2 Fin shape and field enhancement factor near a fin
(a) Fin shape and notation for field calculation
region,

(b) Field enhancement factor.

assumed :

1) liquid motion by the electrostriction and volume
force, such as Coulomb force on charge contained in
liquid, are negligible ;

2) the shape of suspended bubble is spherical, and its
radius « is relatively small compared to the gap
length ¢ ;

3) force acting on a suspended bubble consists of
gradient force, drag force and buoyancy, and the net
charge on the bubble is negligibly small ;

4) a bubble is released from the cylinder surface
with zero initial velocity ;

5) bubbles collide elastically with the electrode;
and

6) coefficient of friction between bubble and elec-
trode is zero when the bubble slips along the electrode
surface.

3.2 Forces acting on the bubbles

Before the analysis of bubble behavior, the forces
acting on the bubble are summarized here. The force
consists of drag force Fy, buoyancy Fj, and electrical
gradient force Fy for a suspended bubble, and Max-
well stress P., surface tension Ps, hydraulic pressure
Ps and gas pressure Py on the surface of trapped
bubble in the groove, as shown in Fig. 3. The prop-
erties of saturated nitrogen at 1 atm. required for
numerical calculation of forces are given in Table 1.

(1) Drag force

As the viscosity of the gas in the bubble is neglect-
ed, the drag force in the stationary liquid nitrogen is
given by

: Gradient force
F4: Drag force
R : Maxwell stress
Fs : Surface tension
Py : Hydraulic pressure
Py : Gas pressure

Suspended_Bubble :
pg Trauped Bubble :gB Buoyancy

Fin

Plane electrode Cylindrical electrode with fins

Fig. 3 Fin shape and forces acting on bubbles.

Table 1 Properties of saturated nitrogen at 1 atm.

eo/es—1] p(uPas)
587x107 217

odkg/m®) | pylkg/md) e/ eo
824.2 4.98 1.4318
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Fo=—4npaV, (3)

where 7 is the dynamic viscosity of liquid nitrogen
and V the bubble velocity.
(2) Buoyancy

Fr= g na*(pi—00) G, 4)

where p; is the density of liquid nitrogen, ey the gas
density inside the bubble, and G the gravitational
acceleration.

(3) Gradient force

As well known, the gradient force on the spherical
gas bubble is given by

ngmgf‘z(jﬂ%’;’)w;{ 6)
where &, is the dielectric permittivity of gas inside the
bubble, and E the external electric field at the bubble
center.

In order to find the outline of gradient force, the
direction and magnitude of gradient force on the unit
bubble volume in the smooth cylinder-to-plane gap
with ¢=0.8mm and R=5mm are calculated numeri-
cally. Calculation results are illustrated in Figs. 4
and 5 in which v, is bubble volume. From the obser-
vation of these figures, the following are recognized.

1) With smooth cylinder, the gradient force is
maximum on the cylinder at the shortest gap and
becomes extremely small near the plane electrode.

Cylindrical
electrode

<t € € €
< € € €«

!
\4
A\
v

A
\4
YooY oy v

Va=1v 0=0.8mm R=5mm
-~ 10" N/m’

Fig. 4 Distribution of gradient force in a smooth
cylinder-to-plane gap.

2) The gradient force can become much larger than
the buoyancy at the breakdown voltage of the studied
liquid gap, about 23kV.

3) The stagnation line on which the gradient force
balances with buoyancy can appear before break-
down, and its position and shape depend on the orien-
tation of electrode system with respect to the gravita-
tional force.

4) Direction of gradient force changes with the
position and bubbles are impelled into the region of
lower electric field.

With the finned cylinder, the calculated gradient
force is illustrated in Figs. 6 and 7, and the following
are recognized.

1) The y component of gradient force directs to the
plane electrode near the fin tip, while it turns towards

— — -Va=4kV
—-- 7KV

- x=0.4mm

107

108} Va=20kV
7 1o S - Ty
tosf = ~< N
/' 5kv

- -
gl S~ b

~

,Fg /vy, (N/m3)

-E N
b
/
/
1

ay

103 ~ ~

102

; ) I 1
100 2 4 6 8 10

-y (mm)

(b)

Fig. 5 Macroscopic gradient force as a function of y for
x=04mm in Fig. 1(a) and ¢=0.8mm
(a) For vs. ¥,
(b) Foy vs. y.
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the groove bottom in the space between fins, as shown
in Fig. 6.

2) The gradient force near the fin tip reaches 10°
times larger than buoyancy but remarkably drops in
the groove bottom, as seen in Fig. 7. This means
that the bubbles near the cylinder surface are either
blown away from the fin tip or trapped in the groove
easily. Therefore, no suspended bubbles will exist
around the fin tip in the shortest gap region.

(4) Maxwell stress

Maxwell stress is perpendicular to the bubble sur-
face and acts on the bubble radially inward. If Eg.
(=Ex=E) and E,, (=D/ey) are, respectively, the
tangential and normal components of electric field at
a given point on the bubble inside surface, the corre-
sponding Maxwell stresses at the point are given by

o 2
Pepzw%ﬂ?‘ )
and
pa=Di(1-1) o
N2 \e&g &)

where E,; and E,; are electric fields at the inside and
outside of bubble surface, respectively.

In order to calculate Maxwell stress on the surface
of a bubble trapped in the groove, the bubble shape
should be determined in advance. However, it
depends on the stress. Then the stress at the surface
point on the CD in Fig. 2(a) is calculated because the
electric field at the point C in Fig. 3 is always perpen-
dicular to the bubble surface and Eqn.(7) is valid.

The calculated results for the circular finned cylin-
der are shown in Fig. 8. The Maxwell stress drops
drastically with the x when the applied voltage is

Fox<0_ 7
" ng>0

0.5mm

Fig. 6 Theoretically estimated boundary with respect to
the direction of gradient force near the fin.

large enough to trap the bubble into the groove. This
means that the shape of trapped bubble is almost
independent of the applied voltage when the applied
voltage increases beyond a critical value. That is,
the bubble is released from the groove below the
critical external electric field ; but above it the sur-
face of trapped bubble will exist near the x, giving a
large drop in P., as can be seen in Fig. 8(a). The P,
corresponding to the critical electric field will be
discussed in section 3.2 of the Part 2.

The stress at the position C in Fig. 3 decreases by
one order or more with increasing value of ¢, from 0
to 45°, as shown in Fig. 8(b).

10°
108k — — -Va=5kV
--=-= 10KV ot
----- 20KV IO
—~qn7k -
%10 — v, - .’_/ P
= . R4
< . .’
PIRTY S - - 7
\x10 - ad
ue e P
v = .
105F — -
104
y=0.25mm
3 L L
1055 0.6 0.7 0.8
x (mm)
(a)
107
"‘—.--‘
108 IR b
.’ A
r"— -'- - * \\\
g s = L
?105- .- 7 \ \‘|
g - _ - \ '\|
4 P \'l|
* 104k Z X
> A
\ \]
LLm E \'\ .
— B/vb \.\
10%F  _ _ _va=5kV v
—-—-- 10KV \
102 ----- 20kV
1 1 1
10%5 05 1 15
x (mm)

Fig. 7 Microscopic gradient force as a function of x in
Fig. 2(a)
(a) Microscopic gradient force along the line of
AB in Fig. 2(a),
(b) Microscopic gradient force along the line of
DC in Fig. 2(a).
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(5) Surface tension and others
Pressure by surface tension is given as

1,1
PG:U(TlJr*VZ) (8)
where 7 and 7 are the principal radii of the curvature
at a specific point on the bubble surface and o the
surface tension.

Ps, Ps and Py will be discussed in section 4.2 of Part
1 and in section 3.2 of Part 2 in this work, but is of
little concern here.

104
103 ~TTTT T - -
—— ., - \\
102 — - — NN
~ ~ \.\\
101 - \\\\
= W
£ 100t )
< 0 '
< W\
10 ____. Va=20kV Y
—emee 10KV 1
102 .
—— 5kV \
10 I
-4 1 —
10 0 0.5 1 1.5
X {mm)
(a)
10
— = - Va=5kV
. _— 10kV
L 20KV
r— . \‘\\
. \‘ “~
E 10%:. - N BTSN
~ \‘ N
~ ~.
10} e ~-
- .
~
~
-~
\-
109
1 N
5 30 60 %0
6 (deg.)

(b)

Fig. 8 Maxwell stress acting at the point C on surface of
bubble trapped in the groove shown in Fig. 3
(a) Pe vs. x,
(b) P. vs. 6.

4. Behavior of Suspended Bubble

4.1 Fundamental Equations of Bubble
Motion
A suspended bubble affected by gradient force Fy,
drag force Fu, and buoyancy Fs stated above will
move according to the following equation ; since the
convection of liquid nitrogen was neglected,

Meff%/ = 27ra3-——€’2(§f_; ;‘) VE>—4manV

3
+2 (0-00)G, ©)

where M.; is the effective mass of the bubble in
motion and given by'®

Meff:%ﬂas<{)g +%m>. (10)

4.2 Bubble Motion in Smooth Cylinder-to-
Plane Gap

In order to calculate bubble trajectory, velocity, and
traveling time, the bubble radius, gap length, and
applied voltage should be given as a premise. The
bubble radius was taken as 0.04-0.32mm on the basis
of our preliminary experiments and the maximum
applicable voltage in the presence of thermal bubbles
for the studied gap lengths of 0.5-40mm is considered
to be in the range of liquid breakdown voltage Vis to
gaseous one Ves. They were estimated according to
empirical formula of breakdown voltage against the
gap length for liquid nitrogen'® and the streamer
theory for nitrogen gas'?. The results are shown in
Table 2.

Effect of applied voltage Calculated bubble tra-
jectories in the CS-II electrode of g=2mm are illus-
trated for four voltages in Fig. 9. In this case, the
bubbles were started from #==12°, £20°, =40° and
+60°.

At lower applied voltages, all bubbles are directed
upward ; but with increasing applied voltage, a part
of the bubbles leaving from #>0 starts to move
downward and then goes back to the cylinder along
the stagnation line. That is, there are minor loop
trajectories which start from and return to the cylin-
der. At higher voltages, some of trajectories touch

Table 2 Estimated values of applicable voltage.

Fcap length (mm)| 0.5 08| 2 20 40
Ves (kV) 74| 11 2 | 126 | 175
Ve (V) | 167 | 243] 50 | 319 | 5%
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the plane electrode and then overshoot when they
arrive at the stagnation line.

From examination of calculated bubble trajec-
tories, bubble behavior is categorized into four groups
depending on the spatial region in the gap as shown in
Fig. 10:

A : bubble rises without collision on the plane elec-
trode,

B: bubble rises with collision on the plane elec-
trode,

C: bubble goes down and moves along the stagna-

Cylindrical
i electrode
i

X (mm)

(d)

Fig. 9 Calculated bubble trajectories with the CS-II elec-
trode system and ¢=2mm
(a) Va=0kV, (b) 6kV, (c) 14kV, (d) 50kV.

S\

. rising without collision on the plane electrode

. rising with collision on the plane electrode

. going down and leading the stagnation line

. rising and reach the stagnation line or
cylindrical electrode

oOOm>»

Fig. 10 Classification of bubble motion and its area.

tion line, and

D : bubble rises and then reaches the stagnation line
or cylindrical electrode.

The angles 6z and 6c which are the boundaries
among the regions B, C, and D depend on the applied
voltage as shown in Fig. 11. In the figure, the s on
the left and right hands of the minimum in each curve
are Oy and Oc, respectively. As recognized from a
curve for g=2mm, when 6;=0 and 6. >80°, the stag-
nation line, i.e., the boundary between the C and D, is
away from the shortest gap region even if the applied
voltage is about 409% of the estimated breakdown
voltage (50kV) in liquid nitrogen. The minimum
point on the curve reveals the voltage V. and angle 6
at the onset of the minor loop trajectory and below it
only the region A appears.

Effect of gap length Gap-length dependence of 8s
and 6 is given also in Fig. 11. The V, and @ at the
onset of the minor loop trajectory increase approxi-
mately linearly with the gap length of 0 to 5mm at the
least. It is concluded from Fig. 11 that the minor
loop will not appear in longer gaps such as g=20 and
40mm since no minimum point appears in the curve.
Therefore, no stagnation line appears in long gaps
until the breakdown and then no bubble coalescence
occurs.

Setting the applied voltage equal to the gaseous
breakdown voltage Vs and changing gap length
under a constant diameter of cylindrical electrode, the
trajectory was calculated as shown in Fig. 12. This
figure suggests that the characteristic regions dis-
appear in order from the bottom region D to the upper
region B with increasing gap length and only the
region A remains with a long gap.

Effect of electrode size Fig. 13 shows the time

70
=4
50 Oomm
0
_. 40
3
> 30
20
4mm
10 M
1 ] i 1

0 10 20 30 40 50 60 70 80

8 (dig.)

Fig. 11 Applied voltage satisfying Fgy = F5.



-30 M. HARA, Z. C. WANG, S. MATSUURA and K. TAKANO

dependence of traveling speed and time for a bubble
released from 6=20" with the gaps of ¢=0.8mm and
2mm and the same average electric field strength in
the gap. Since the bubble velocity is high from the
cylindrical electrode to the stagnation line but low
along the stagnation line, the bubbles will coalesce
near the stagnation line, if the bubbles are supplied
continuously from the cylinder.

When one considers two similar electrode systems
of 1 and 2 having gap length of g; and g-=Ag; while
keeping average electric field constant as the case
shown in Fig. 13, the gradient forces in the two gaps
are related as Foi(x,y)=AFq(Ax,Ay). If the buoy-
ancy term is negligible as compared with the other
force terms in the motion equation of bubble, the
relationship of Vi(x,y)= Va(Ax,Ay)/A is valid for the
bubble velocity. Therefore, the traveling time on a
minor loop trajectory starting from a given ¢ in the
electrode system 2 is A* times longer than that in the
system 1. The calculated results of the trajectory
show that their patterns are very similar, as expect-
ed; but in larger system, the overshoot becomes
weaker and the traveling time to the stagnation line is
slightly larger than A* times that in the smaller one, as
seen in Fig. 13. The cause of this disagreement

30
0 10 20 30
x (mm) (

(© (d)

Fig. 12 Effect of gap length on bubble trajectories under
Va= Vs with ¢=0.08mm
(a) g:O.Smm, VGR:7.4kV, (b) g:2mm, VGB=24
kV,
(¢) g=20mm, Ve=126kV, (d) g=40mm, V=175
kV,

0‘ 1 I | 1 J
0O 10 20,630 40 50
X (mm)

within the above traveling times is due to the fact that
the buoyancy term was considered in numerical calcu-
lation but neglected in the above discussions.

Effect of bubble radius The calculated trajec-
tories for two bubble radius are illustrated in Fig. 14.
The larger bubble shows more violent movement than
the smaller one. This bubble size effect on the
motion can be inferred from the equation of motion of
the bubble. Combining Eqns.(3), (4), (5), and (9) and
dividing the both sides of the equation by 27a®, we
obtain

2( 1 AV _eles—e)ope_ 27
3<‘Og+ 2‘01) dt ~ 2eiteg VE a |4
+ o006, an

1000 0.35
goo |- 0.3
0.25
_. 600 |-
]
£
E Va=15kV 02 5
g 400 I g=0.8mm g
> R=5mm 0.15
° 6=20°
5 200 |-
] 0.1
N 0.05
-200 ' 0
0 -1
1000 0.35
800 | t]os3
-dy/dt -10.25
_. 600 |
9
E 0.2
5 40 | D
% Va=37.5kV L1015 ~
5 200 |
] -0.1
or - 0.05
-200 L L

Fig. 13 Traveling time and velocity of bubble started
from 6=20° with ¢=0.08mm as a function of
bubble position.

(a) ¢=0.08mm, R=5mm, V,=15kV,
(b) g=2mm, R=12.5mm, V,=37.5kV.
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It is now obvious that increasing the bubble radius
in Eqn.(11) results in the reduction of effective drag
force or increasing of inertia effect.

Effect of electrode arrangement The resultant
force acting on the bubble changes also with the
electrode arrangement against the direction of gravi-
tational force. Then the bubble trajectory, velocity,
and traveling time are calculated for the CS-III and [V
with 0.8mm in gap length shown in Figs. 15 and 16.
As compared with those for the CS-II in Figs. 9 and
13(a), the following arrangement effects are recog-
nized.

1) With the CS-III and IV, the y component of
velocity is directed always to the outside of gap, in
contrast with that of the CS-II case where its direction
changes on the way of travel to the outside from the
shortest gap region if the applied voltage is so high
that the stagnation line is formed.

2) There is no minor loop trajectory in the CS-III
and IV.

3) With the CS-II, the bubble velocity can become
very low near the stagnation line which appears near
y=—7mm in Fig. 13(a). As stated previously, this
slow velocity results in the bubble coalescence along
it, if the bubbles are supplied from the cylinder contin-
uously. On the other hand, a high ¥ component of the
velocity is maintained in the CS-III and IV, even if the
x component is zero, and then a low velocity as in the
CS-1I electrode system does not appear. Therefore,
the bubble coalescence will not occur in these gaps.

4) The time for bubble residence in the gap space
with the CS-II is one order longer than those with the
CS-1II and IV.

Effect of surface roughness of electrode Fin on
the cylinder shown in Fig. 2(a) enhances electric field
in a limited region near it. Then the trajectory of the

Fig. 14 Effect of bubble size on bubble trajectories under
Va=50kV with ¢=2mm
(a) @=0.0dmm, (b) ¢=0.16mm.

suspended bubble is very similar to that in the case of
smooth cylinder. Moreover, the bubble generated at
the bottom of the groove between fins tends to be
trapped in the groove since it experiences a gradient
force towards the groove bottom. Therefore, the
bubble behavior will be affected by surface roughness
through the generation process of suspended bubble.
This will be described in the next section.

4.3 Behavior of Trapped Bubble in the
Groove
The Ps and P. depend on the & and the electrode
arrangement. Relationship between Ps and P.
around the CC electrode is illustrated in Fig. 17 ; and
the estimated distribution of Ps and P. around the
cylinder with ¢=0.8mm is given in Fig. 18, where P,
is the value at the point C in Fig. 3, Ps=phG and &

y (mm)

(iVa=15kV
100 0.02
800+
@ qo.015
E so-
B
3
5 400 0.01 g
>
©
200~
0.005
o
-20 0

Fig. 15 Bubble trajectories, traveling time and velocity as
a function of bubble position with the CS-III
electrode system, ¢g=0.8mm and ¢=0.08mm
(a) Bubble trajectories,

(b) Traveling time and velocity.
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was put as zero at §=0. Clearly, the P. is dominant
for the behavior of trapped bubble in the groove in

80 4 6 O 2 4 6
y (mm) y (mm)
(iVa=5kV (ii)Va=15kV
(a)
100G 0.015
soc-
»
E 6o ‘ 0.01
E Va=15kV )
B g=0.8mm _
Z 400 a=0.08mm z
i 0 =200
k<]
>
© 200 0.005
oF
-20 o
1 2 3 4 5 6 7 8

y (mm)
(b)

Fig. 16 Bubble trajectories, traveling time and valocity as
a function of bubble positions with the CS-IV
electrode system, ¢=0.8mm and ¢=0.08mm
(a) Bubble trajectories,

(b) Traveling time and velocity.

e .

Trapped
bubble

T,>T,: Gas temperature

(a) (b)

Fig. 17 Relationship between Maxwell stress (P.) and
hydraulic pressure (Ps) with the CC electrode
(a) State of trapped bubble in the groove of CC
electrode,
(b) Pressures acting on the surface of trapped
bubble.

any electrode arrangement. It is noted from this
figure that a local minimum in P.+ Ps will appear at
lower applied voltages only at the CC-IV electrode
and will cause the growth of bubble into the gap there.
These figures also suggest that the gas around small
g in the groove flows to a large # region and is
released from the groove there as shown in the conce-
ptual diagram, Fig. 19.

With the CL electrode, bubble behavior depends on

800
— Pyl
R— X))

Pe(15 kV)

—=—— Pg(IV)

Fig. 18 Distribution of P. and Ps around the CC electrode
with different arrangements with ¢=0.8mm.

HV Plane electrode
Cylindrical electrode with fins

Released bupble
from grogue i

Trapped bubble
in_groove
10

Dimension: mm

Fig. 19 Estimated conceptual diagram of bubble behavior
under high applied voltage with the CC-I electrode
system.
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the 4, representing the groove position on the cylin-
der, since the P. at the representative point C of a
groove shown in Fig. 3 changes with the groove
position, 4.

5. Conclusion

Bubble behavior in liquid nitrogen with a cylinder-
to-plane gap of 0.5-40mm in length was studied analyt-
ically under dc applied voltage. Surface roughness of
triangular fins on the cylinder of 10mm in diameter
was considered in the analysis. The calculation
results of forces acting on a bubble suspended in liquid
nitrogen or trapped in groove shows that the electri-
cal forces become predominant as compared with
buoyancy, drag force, and non-electrical pressures,
even if the applied voltage is much lower than the
breakdown voltage of non-uniform field gaps in liquid
nitrogen. Bubble trajectory depends on the gap
arrangement and gap length. Especially in horizon-
tally arranged electrode system with shorter gap
length, the electric field can produce the stagnation
region where the electrical gradient force on a
suspended bubble balances with the buoyancy and
results in the formation of coalesced large bubble.
However, in larger gaps the stagnation phenomena of
bubbles are estimated not to appear till the break-
down.

With the finned cylinder, pronounced gradient force
near the fin tip suppresses the stable growth of bubble
there. Moreover, the trapped bubble in a groove
between fins tends to flow towards the region of the
lower electric field. These suggest that the effect of
thermally induced bubble on the breakdown voltage
can be minimized if the fins are formed to guide
electrically the bubble in the groove from the high
external electric field to the lower one.

In this paper, the bubble deformation by electric
field has not been dealt with. It had been reported by
Garton et al.'® and its effect on the breakdown volt-

age will discussed in the Part 2. It is predicted from
the above analysis, at least, that deformed bubble in
the shortest gap region causes a reduction in break-
down voltage ; but the coalesced bubble hardly causes
reduction in breakdown voltage, because it occurs at
the place away from the highest field region.
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