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Abstract A new current controlled switch is introduced in
this paper and its conceptual design approach is described.
The device works based on the motion of a liquid conduct-
ing medium and uses the built in electromagnetic quantities
instead of external feedback signals to control the desired
quantities. At first, the proposed electromagnetic structure of
the device and the design criteria are introduced. After that
the resulted Lorentz force on the moving conducting medium
is calculated using FEM software and the motion equations
of this conducting medium are solved using a numerical
method. Accordingly the design criteria, which are converted
to a set of mathematical and physical constraints, can be
checked in each time step and the structure or quantities can
be modified where needed. Finally some modifications are
applied to the design and the switch operation is simulated
for some different operating points.

Keywords Current controlled switch - Arcless
commutation - Liquid metal motion

1 Introduction

Power systems and equipment naturally operate at multiple

voltage and current levels. In addition to the many important
systematical necessities, it is almost known as an unassailable
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rule that the voltage and the current of all equipment shall be
maintained within an acceptable range. Accordingly, many
control systems have been deigned to keep the system quan-
tities in the desirable limit. Most of these control systems,
through evaluation of a set of feedback signals, change some
parameters in the electromagnetic devices to reach the
appropriate system behavior. These signals are usually driven
from the converted built-in quantities of the electromagnetic
devices, like voltage and current (in accordance with mag-
netic flux density and magnetic flux intensity). Examples
of such systems can be seen in some of FACTS devices
(e.g., current and voltage controlled reactors); on load tap
changers (OLTC), motor starters, etc. In some of these sys-
tems it is feasible to directly use the built-in parameters
as feedback and abstain from converting the parameters.
Through this simplifying idea [1], the designer may combine
or even eliminate some parts of the above mentioned system.
This technique may decrease the production costs and also
facilitate the operation, especially when the equipment is dis-
tributed extensively in the system. Considering to the
widespread nature of the power systems and industrial plants,
in such cases, it is almost impossible to use the conventional
measuring devices and control circuits which indeed require
more precise maintenance and take much space. Up to now,
due to the aforesaid difficulties, it was ignored to apply the
complicated control systems on the down-stream side or less
important equipment of the system (e.g., using OLTC on the
distribution transformers). Most of these missed control sys-
tems can be realized via soft switching of current from one
part of the circuit to another part in proper time and appro-
priate way.

In this paper, the conceptual design of an arcless cur-
rent/voltage controlled switch is introduced. The switch oper-
ates via movement of liquid metal. Liquid metal movement
has already been used in some applications and researches.
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The most recent and similar one uses the fast movement of
the liquid metal for gradual change of resistance and current
limitation [2]. In the mentioned application, the most impor-
tant concern is to limit the fault current as fast as possible
without any arc. In the present research the movement of the
liquid metal is not so fast because it should be controlled
and settled at specific contacts when the required condition
is fulfilled. For this purpose a special structure is proposed
and a FEM solver is used for calculation of the electromag-
netic quantities and Lorentz force. The normal and abnormal
voltage and currents of the circuit are assumed as excitations
of the system. Then movement equations of the liquid metal
are solved using a numerical method and the design criteria
are checked in various steps. The structure or design para-
meters are changed where needed. Finally to demonstrate
the described principal, performance of the designed switch
is simulated for a hypothetical operating point. The worked
example shows that the switch can be made with dimensions
of a few centimeters and can operate in the range of 40-50 A
of current without occurrence of undesirable phenomenon.
The proposed technique can be used as a basic idea to design
a new and simple OLTC for low voltage transformers. The
design method introduced in this paper has several advan-
tages compared to the conventional designs of switches, such
as no need to external triggering system, much more compact
sizes, no degradation of the contact system, e.g., due to the
arcing and no drive mechanism.

2 Problem description

Regardless of the type and application of the equipment, this
paper is intended to present a design method for arcless com-
mutation of current between contacts with known equivalent
Thevenin impedances and voltages. The switch operates dur-
ing transition from normal condition to abnormal condition
(in our case unacceptable voltages and currents are assumed
as abnormal conditions). The current commutates between
two contacts, via the movement of a movable conducting
medium under the effect of Lorentz force resulted from the
interaction of the flowing current and a magnetic field which
is also proportional to the flowing current. Figure 1 illustrates
the basic scheme of the device operation and its equivalent
circuit.

The parameters of the equivalent circuit shown in Fig. 1
are defined as:

e The nominal RMS value of Sinusoidal Steady State
currents which flow through contact A or B during equi-
librium (normal) condition are denoted by /4 and I
respectively.
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Fig. 1 a Basic schematics of the working principle of the device.
b Equivalent circuit of the device

e The nominal RMS value of Sinusoidal Steady State volt-
ages of contacts A and B during equilibrium (normal)
condition are denoted by Vs and Vp respectively.

e All of the mentioned quantities during abnormal condi-
tions (unacceptable currents and voltages), which shall
lead to change over between contacts, are denoted by the
same primed designation (e.g., I, I}; etc.).

e Z and Zp represent the equivalent Thevenin impedances
of the sources behind contacts A and B respectively.

e Rac and Rpc represent the equivalent variable resis-
tances between the common contact C and contacts A
and B respectively. During the current commutation one
of these resistances gradually increases while the other
one decreases.

e Rap is the variable resistance between contacts A and
B. When the system is in normal operation, this resis-
tance is very large (almost infinity). During the current
commutation and while Rac and Rpc are undergoing the
prescribed variations, this resistance gradually decreases
and reaches to its minimum value and after that (when
the current completely is commutated) it increases and
so contacts A and B are disconnected again.
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The device has to be designed based on the following criteria:

1. The movable conducting medium must be remained sta-
tionary when the system quantities are in equilibrium
(normal) conditions. In other words, when the system
operates at acceptable voltage and current, the current
shall not commutate.

2. The movable conducting medium should be ready to
move when the system quantities are out of the normal
condition. From the physical point of view, it means that
the resulted net force on the movable conducting medium
tends to be increased in a direction which will bring the
system to another equilibrium condition.

3. The movable conducting medium must start to move
once the system quantities reach to predetermined abnor-
mal values (threshold values of voltage and current).

4. During the commutating phase, thermal stressing must
be avoided in the tail of movable conducting medium. In
other words, the voltage drop on this part of circuit must
be limited to a specified Vimax (like the boiling voltage for
conventional separating contacts [3]).

5. During the commutating phase, the difference between
the applied voltages on the separating contacts should not
exceed a minimum level V2* (dependent on the contacts
material [4]).

6. When the current completely commutates and the system
reaches to a new equilibrium condition, the net exerted
force and the speed of the movable conducting medium
must be zero.

7. The voltage appears across insulation parts should not
exceed their respective breakdown voltages.

3 Design and analysis of the device structure

The criteria 1, 2, 3 and 6 of the preceding chapter imply that,
at each moment, there should be a set of motive and repellent
forces which can interact and provide the desired conditions.
As it was stated, the Lorentz force is the only motive force
in the device. This force is proportional to the vector product
of current density and a magnetic field density which itself
is also proportional to the flowing current. Accordingly, for
the first step of evaluation and design, the motive force can
be estimated as:

Fmotive = I<Devicel2 (1)

where Kpevice s a constant which depends on the geometry of
the system (i.e., the position of the liquid metal droplet) and
the contact angle. The later is defined based on the magnitude
and direction of surface tension vectors. In the present design,
to facilitate the control of the motion, the magnetic circuit of
the device is designed in such a way that Kpeyice almost does
not change during the motion, though its small variations are

also taken into account. Considering to the specified normal
(equilibrium) currents and using the estimated Kpeyice, the
amount of needed repellent forces at equilibrium conditions
can be determined. The gravitation force is used as repellent
force. According to clauses 1 and 6 of the design criteria, the
movable conducting medium shall be remained stationary at
different normal operating points (normal voltages and cur-
rents). Since the amplitude of the normal currents differs at
two contact positions, the effective component of the gravita-
tion force (which is along the direction of motion), should be
changed at these two contacts. In other word the direction of
motion shall make different angles with horizontal line. An
acceptable estimation for calculation of the desired slopes
is that, at equilibrium states, the ratio of motive forces shall
be equal to the ratio of repellent forces at different slopes
of motion. Figure 2 illustrates the general structure of the
device. Considering to the structure of the device, a liquid
metal (LM) is selected as moving conducting medium. As it
can be seen, contacts A and B are separated via a solid insu-
lation material. In order to prevent any arc during contact
separation, at first the liquid metal moves to a high resistance
area which gradually decrease the current flowing through the
first contact. Then, before complete separation from the first
contact, the liquid metal reaches to another high resistance
area which is connected to the second contact. As a result of
the movement, the current flowing through the second contact
will gradually increase. The amount of these high resistances
and their length should be evaluated through numerous com-
promises between different technical constraints.

3.1 Liquid metal dynamics

Movement of liquid metal has been used in some engineer-
ing applications and its characteristics are well recognized
[5—7] but due to the type of applications, existing researches
mostly deal with the steady flow characteristics of the liquid
metals. In the present study, the applicable results of [8] are
considered in the design of device structure. The physical and
fluid flow data are extracted from [9] and due to the similarity
of application the governing equation of motion dynamics is
extracted from [10].

Under simplifying assumption, the motion of liquid metal
droplet can be approximated as a solid particle with the
same mass. This simplifying assumption has been used in
[2] which deals with approximately same volume of liquid
metal but with higher speed and flowing current. Neverthe-
less, the experimental results of the mentioned research were
in good correlation with the theoretical assumptions. In the
present study the mesh elements are built with dimensions of
0.1 mm and number of calculation passes is set equal to ten.
The present research is intended to use the movement of the
liquid metal in a more stable condition with the speeds in the
order of 0.1 (m/s) which is well enough to cause very thin
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Fig. 2 Structure of the device. a
a General perspective, b cross
section of the device, ¢ detail
view of the contact system
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boundary layer during motion of liquid metal. So the motion
dynamics of the liquid metal particle can be formulated as:
d?s ds

d_t2 + ad_t = Fiotive — Frepellem - Fp 2)
Here, S is the position of the LM droplet, F,, represents the
force produced due to pressure difference of air columns over
and under the LM droplet and « is the loss factor, which is
considered to take the velocity dependent breaking force into
account. The liquid metal flow in the vicinity of the capillary
walls is considered to be similar to the flow around a body
of the length [ that is drawn through a liquid. Thus a laminar
layer, the so called Prandtl layer of the thickness D occurs
near the capillary walls:

mim

6nl
PLMV

D =

3

where p; \; is the density of LM, nis the dynamic viscosity
and v is the velocity of the LM droplet. The length / of the
body corresponds to the height of the LM droplet in the capil-
lary. In our device the velocity of LM droplet is in the range of
centimeter per second, p; \; = 13,534 %,n = 0.001556r1;—gs
is the dynamic viscosity of Mercury and / =7 mm is the equiv-
alent diameter of the LM droplet. Accordingly the resulting
Prandtl layer is in the sub-millimeter range, which is much
smaller than LM droplet dimensions. Hence the droplet is
affected by a friction force Firict
nAv ds

Ftict = T = aa “4)
where A represents the contact surface between the LM
droplet and the capillary walls. As it can be seen, this fac-
tor is depended on the velocity of the LM droplet. There-
fore, in order to find the exact position and velocity of the
LM droplet, the Egs. (2) and (4) have to be solved simul-
taneously. For the configuration considered here, this loss
factor is of about 0.0003. To verify the designed structure,
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the motion profile has to be checked for the condition stipu-
lated in the design criteria. For this purpose, the start point is
considered the moment at which the currents flowing through
contact A reaches to/, . We assume that this sinusoidal cur-
rent has an arbitrary phase angle ¢. Then using the FEM
solver, the magnetic flux and current density vectors and the
resulted forces components in the three Cartesian directions
(Fy, Fy and F;) are calculated. Using these force compo-
nents, the effective components of the motive and repellent
forces can easily be calculated considering to the slope of
motion. The motion starts when the right hand side of Eq. (2)
becomes positive. To fulfill clause 6 of the design criteria, the
net exerted force and speed shall be vanished, when the LM
droplet reaches to the second equilibrium state (e.g., con-
tact B). At this stage some design parameters (e.g., magnetic
circuit, contact area, etc.) have been modified in order to
meet the clauses 3 and 6 of the design criteria simultane-
ously. Since the motive and repellent forces values depend
on the position and contact angle of the LM droplet, the
right hand side of Eq. (2) is not constant. Thus the motion
is broken to small time steps in which the second order dif-
ferential equation of (2) can be solved with constant coef-
ficients. At the end of each time step the calculated speed
s

T r—
tial conditions of the differential equation (2) is assumed as
the initial conditions of the differential equation (2) which
has to be solved for the next time step and position. Mean-
while, as explained earlier, the calculated speed has to be
approximately checked with presupposed « to avoid inaccu-
rate results. The time step is selected considering to the fact
that the Lorentz force oscillates at a frequency which is twice
the frequency of the flowing current. The sampling frequency
(i.e., is the number of time steps per second) is much greater
than twice the highest frequency of motive force variations.
To assure about the successful operation of the switch, the
contact angle and wettability of the LM on the solid surfaces
should be evaluated. In [11], a comprehensive study has been

( ‘Zl—i | tent) and acceleration ( ) is assumed as the ini-
—nt, .
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a

Fig. 3 a Contact angle of a droplet, b droplet under the influence of
external force F'

conducted on the same materials used in relatively similar
dimensions. The technique has been demonstrated using the
mercury—graphite system at room temperature and the
contact angle was determined to be 152.5 & 2° which shows
the low wettability of the LM on the used substrate. In fact
since the LM droplet has to be in contact with four adjacent
walls with different materials, the analytic modeling of the
contact angles is very complicated. It should be considered
that the contact angle oscillation is occurred due to the peri-
odic change of the interface profile between the droplet and
substrate and by the failure of Young’s equation due to the
change of orientations of surface and interface tensions [12].
Moreover the free surfaces of the LM droplet face with some
instabilities due to the electromagnetic fields at relatively
high frequencies [13]. Fortunately, in the proposed system
the frequency is low and this effect can be neglected. The
minimum force needed to slide the LM droplet on a solid
surface can be estimated by taking the surface tensions and
contact angle as shown in Fig. 3 [14].

For this purpose, the droplet is characterized by two para-
meters: the droplet radius and the initial contact angle
described by Young’s equation:

YLy €080 + yg1. = Vsy (5)

where ¥y, Ygy and yg; are surface tensions at liquid/vapor,
solid/vapor and liquid/solid interface, respectively. The force
balance in Fig. 3b, expressed as Eq. (6), shows that the resis-
tance against moving is ruled by two material parameters J
and 6 and one design parameter R.

F=yyxJx2R xCos(w/2—-10) (6)

The J parameter may be considered as a “sliding criteria”,
determined by the contact-angle hysteresis, advancing (Gagy)
andreceding (6rec) angles. Note that Eq. (6) also indicates that
the force required to move a droplet, increases linearly with
the droplet size. If the external force applied to the droplet is
larger than the maximum resistance by the contact-angle hys-
teresis, the droplet moves. Based on experiments, it can be
assumed that § = 152.50, J=0.06 and y;y, = 0.484 N/m at
room temperature. Accordingly the horizontal force required

Jfa/m~21
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Fig. 4 Geometry and current density distribution for the worst condi-
tion during current commutation

to actuate a droplet of 3.3 mm radius is estimated at about
F =90 uN. In the subsequent chapters, it will be demon-
strated (Fig. Sc, e) that the net force exerted on the LM droplet
is well greater than four times of the calculated force. This
shows that the LM droplet can slide on its four-side walls and
the assumption of motion modeling is not far from reality.

3.2 Thermal overstressing

To check the fulfillment of the design criteria number 4, the
equivalent circuit of the device (Fig. 1b) is considered. The
most difficult condition for thermal overstressing is when
the thin tail of the liquid metal is separating from the end of
the first contact. Considering to the Prandtl layer thickness
and the speed of the motion, the worst geometry which may
be occurred is simulated by the FEM solver (see Fig. 4).
The resistance matrix which describes the equivalent circuit
of Fig. 1 is depended on the position of LM droplet, the
geometry and the contact angle. The elements of this matrix
are determined by applying some special cases of voltage
and currents in the FEM software and neglecting the self
resistances of contacts(Raa = Rgg = Rcc = 0).

As illustrated in Fig. 4, the worst case occurs when the LM
droplet is separating from the high resistance region of con-
tact A (made from resistive material) and is connected to the
inferior part of contact B. Using the calculated resistances and
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considering to the presupposed values of equivalent Thevenin ~ realistic results, it is assumed that the active power flowing
voltages behind contacts, the equivalent circuit of Fig. 1bis  through contact C is constant during current commutation
solved. In our study, to have more operational model and  and the circuit is solved using non-linear iterative methods
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used in conventional power system load flow study. The cal-
culated voltages and currents are used as excitations of the
FEM software and the heat loss in the LM tail is calculated.
Within the range of operating currents, assuming adiabatic
system and considering to the maximum transition time (min-
imum possible speed) of the LM tail, it is observed that no
considerable temperature rise can be occurred in the LM.
This matter is well described in the worked example. It is
demonstrated that even with too much greater resistances
and losses than the ones calculated, the temperature rise of
the LM droplet would not reach to the critical point.

3.3 Arcless current commutation

To fulfill clause number 5 of the design criteria, again worst
condition illustrated in Fig. 4 must be studied from current
commutation point of view. The aim of the high resistance
region of contact A is to gradually reduce the currents of
contact A while the current of contact B is increasing. But
to reach the correct liquid metal motion, the reduction of the
current of contact A can not be unlimited. Because the speed
and transition times have to be within acceptable limits which
is compatible with the device application. Too much current
reduction may cause low motive forces and subsequent fail-
ure of motion. Therefore there is always a minimum current
at the time of contact commutation which will produce a volt-
age Vseparation between the LM droplet and the contact left
behind. The governing equation in this condition is:

dia
Vrhay = LAE + Vseparation + Ve @)

Here V denotes the voltage of contact C (which is approxi-
mately equal to Vg), La denotes the equivalent total induc-
tance behind contact A. Determination of the exact value of
% is relatively difficult. But it can be approximated con-
sidering the system frequency and minimum transition time
(maximum possible speed). During the current commutation
and while the LM is separating from the first contact, no
considerable Transient Recovery Voltage (TRV) is applied
across the gap since the LM droplet has already been con-
nected to the second contact. Using Eq. (7) the maximum
possible value of Vseparation 18 calculated. This voltage should
not exceed a minimum level V2 [4]:

VSeparation< r?;; (8)
3.4 Forces during current commutation

To optimize the flow of the droplet [8] and to prevent unde-
sirable discontinuity of the LM, the ratio of the height of
the LM droplet to its width (the distance between the con-
tacts) is gradually increased [2]. But during current commu-
tation, due to the changes of the current density magnitude

and direction in the tail of LM droplet, the ratios of Lorentz
force components (FY, Fy and F;) differ from those in nor-
mal motion of the LM droplet. At this critical moment, the
differences between the applied local forces must be limited
in order to avoid the deformation of the LM droplet and the
possible subsequent fragmentation of the droplet. To have
an acceptable insight, the geometry of the LM is divided to
small cubical elements. Then, the exact value and the direc-
tion of Lorentz force components are calculated for each
small element. The resulted forces matrix is analyzed and
accordingly the weak neighbor elements are identified. A
discontinuity may be occurred if the existing forces differ-
ences prevail over the surface tension of the LM. This time
consuming calculations can be limited to critical area of con-
cern. Another important technical point is the magnitude of
the force component which is perpendicular to the surface
of the fixed contacts (in the present coordinate system that
is Fy). This force does not affect the motion directly but can
affect the current commutation between the LM droplet and
fixed contacts. This force component is checked during the
motion and was reduced via the change of the device struc-
ture. To have a relatively uniform Lorentz force all over the
LM droplet volume, the magnetic field and current density
distribution must be kept uniform.

4 Simulation results and discussion

To demonstrate the described principal, the operation of the
designed structure was simulated with the following assump-
tions:

Va=220V, Iy =364A
Vi=215V, I} =46A
Vg =228 V, Ig =43.8A
Za=121Q,Z5=133Q

The simulation results of the liquid metal behavior during
current commutation from contact A to the contact B are
shown in Fig. 5.

Figure 5a shows the position of liquid metal droplet versus
time. As it can be seen the liquid metal droplet reaches the
final position (which is spaced 26.2 mm apart from the start
point) within 0.485 s. Figure 5b shows the instantaneous and
average value of the liquid metal speed versus time. Consid-
ering to the frequency of change of instantaneous net force
exerted on the liquid metal droplet (100 Hz), 0.0025 s time
step intervals are selected for motion simulation. This fig-
ure illustrates that the speed of liquid metal droplet reaches
zero at t = 0.485 s (when the liquid metal droplet reaches
to the predetermined final position). Figure 5c shows the
instantaneous and average value of the net force exerted
on the liquid metal versus time. It is illustrated that the net
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average force exerted on the liquid metal droplet reaches zero
att = 0.485 s. Figures 5d and e restate the same concepts by
illustration of speed and the net force exerted on the LM ver-
sus its position. It can be seen that both of the mentioned
quantities reach zero when the droplet reaches its final posi-
tion (which is spaced 26.2 mm from the start point).

As it can be seen, the design criteria have been fulfilled in

the device. To meet these requirements, some of the device
parameters have been changed during various steps of the
design. Some of the most important challenges were as fol-
lows:

1.

Speed of the LM droplet (m/s)

In the preliminary designed structure, the speed of the
LM droplet didn’t vanish when it reached the final posi-
tion (contact B), though the net force exerted on it was
zero. To solve this problem, the applied motive force
(Lorentz force) has been decreased in the high resistance
region while this force is higher than a threshold level
to hold the LM droplet at the position of contact B (to
have equilibrium condition). Accordingly, the thickness
of the high resistance area was decreased. As a result the
resistance of this region increased to reduce the cur-
rent density and Lorentz force just before entering the
final position (contact B). This force reduction, in effect,
reduces the average velocity of the liquid metal droplet
before entering the region of contact B. Figure 6 shows
the calculated speed profiles before and after the modifi-
cation. This change has also facilitated the current com-
mutation.

Performance of the designed structure shall be inde-
pendent of the moment that the current commutation is
started (phase angle of the sinusoidal current). The sub-
ject was studied by changing the current phase angle ¢
between 0° and 90° which may cause maximum pos-
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Fig. 6 Speed profiles before and after the modification (with and with-
out change of high resistance region)
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sible difference in the current amplitude at the moment
of current commutation. No considerable change was
observed in the total transition time, final equilibrium
position (i.e., v = Fyer = 0) and thermal effects. But as it
was expressed in Eq. (7), the magnitude of the Vseparation
is certainly dependent on this phase angle. The maxi-
mum possible value of this voltage was calculated and it
was checked as stated in inequality (8). Usually the min-
imum arcing voltages (V") of high resistance materials
are high enough and the real concern is the arcing voltage
of the LM. For the assumed operating points the com-
mutation voltage is in the range of 1.5-2.5 V which is
smaller than the minimum arcing voltage of the LM.
The LM volume was divided to small cubical elements
with dimensions of 0.001 cubic millimeters. The analy-
sis of the forces matrix of the spatial elements shows
that these forces do not exceed 0.68 1N for two adjacent
elements. This force is much less than the needed force
to separate two LM particle with the aforesaid volume.
Therefore no discontinuity would occur between the tail
and the rest of the body. In the preliminary designed
structure, at the commutation geometry, the force com-
ponent which is perpendicular to the surface of the fixed
contacts (i.e., F'y) was rather large. To reduce this force
component, the width of the magnetic core was extended
(from 6 to 8 mm) to produce more uniform magnetic field
in the motion path. It is notable that extra extension of
the magnetic core may change the current density dis-
tribution in the fixed contacts which subsequently will
change the current density distribution at the interface of
the LM droplet and copper contacts. From the equiva-
lent circuit point of view, this means change of contact
resistance between LM and fixed contacts. Although this
resistance is much lower than the bulk resistance of the
LM and external circuit [2] but if the mentioned effect
can not be reduced enough this assumption will not be
valid anymore.

To study the possible thermal stress, at first the heat loss
of the system was calculated by the FEM solver. To study
the worst condition and to have a safe side design, the
commutation geometry of the system was selected. It was
assumed that an equivalent amount of heat loss power of
all parts of the device was generated by the liquid metal
(i.e., less than 0.4 W). Then assuming adiabatic system
the total time needed for the liquid metal to reach to the
boiling temperature was calculated (i.e., 198 s) and it
was observed that this time is much larger than the time
needed for commutation (i.e., about 0.4 s). In the normal
condition, the case is much better since the heat loss
power is much less. However to approximate the liquid
metal temperature rise, the thermal conduction of the
elements was ignored and the steady state temperature
rise of the liquid metal was calculated considering to
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the heat convection of the liquid metal. According to
Newton’s law of cooling the temperature rise of the LM
droplet can be calculated with the following equation
[15]:

q = };(Tbody —Tx) )

where ¢ is the total heat power generated in the LM
divided by the free surface area of the LM droplet, his
the average heat transfer coefficient of the body (i.e., lig-
uid metal droplet). Thody and T are the temperatures of
the hot body and the coolant fluid, respectively (in our
case the LM is surrounded by air). The heat transfer coef-
ficient of the LM £, is in the range of 3-5x 10°> W/K m?
[9]. It was observed that even with the most stringent
assumptions for calculation; the temperature rise of the
liquid metal would not exceed 1 K. It must be noted that
the contribution of the thermal conduction would result
in even less temperature rises.

5. The stability of the LM in the second equilibrium condi-
tion (contact B) was studied through a sensitivity analy-
sis of the LM movement with respect to some transient
currents with different amplitudes and durations. In the
designed structure, the equilibrium condition of the LM
is specified in a manner that it has a 12mm dead band
area which let the LM to be kept in contact B during
6 mm movement upward or downward. In other words,
the current will flow through contact B if the liquid metal
position (S) lies in the following interval (S = 26.2mm
is the normal equilibrium condition):

20.2mm (S (32.2 mm (10)

Using the method described for Liquid Metal Dynam-
ics Simulation, the maximum movements of the LM
droplet due to various transient conditions were calcu-
lated. Figure 7 shows the dynamic position of the LM
droplet, during an abrupt 20% reduction in current ampli-
tude for four cycles. As it can be seen the LM droplet
bounces back to its initial position.

The maximum deviation of the LM droplet during dif-
ferent current transients is shown in Fig. 8. In this fig-
ure the number of cycles which transient occurs, N, is
used as a parameter and upper and lower limits of the
movement corresponding to two directions are shown to
illustrate the sustainable transients. It was observed that
if the maximum duration of the transient is limited to
one cycle (i.e., 0.02 s), the LM droplet will keep its con-
tact with contact B if the transient current amplitude lies
within the range of 0.08 to 2.2 times of the normal cur-
rent. In an extremely critical condition, if the duration
of the transient is equal to 200 ms, the LM droplet will
keep its contact with contact B if the transient current

loweer limit of the contact B
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o
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Fig. 7 Position of the LM droplet and the current flowing through the
switch during an abrupt 20% reduction in current amplitude for four
cycles
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Fig. 8 Movement of the LM droplet versus the ratio of the transient
current amplitude to normal current of contact B

amplitude lies within the range of 0.87 to 1.14 times of
the normal current.

5 Conclusions

This paper presents a novel method for arcless current com-
mutation using liquid metals. The working principle of the
proposed device is based on the motion of a liquid con-
ducting medium under influence of built-in electromagnetic
forces. The phenomena relating to the current commutation
have been investigated and the relevant theoretical constraints
have been derived. To validate the design, the governing
equations are solved to analyze the motion of the liquid metal

@ Springer
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and to study the failure possibility due to the undesired effects
like thermal overstressing and arcing during contact separa-
tion. To consider the possible deformation of the liquid metal
during its motion and its resulted influence on the current
density distribution, in each time step, a finite elements sim-
ulation has been carried out. The simulation results indicate
that using appropriate geometries, it is possible to design
the structure of the device in such a way that all necessary
operating criteria are fulfilled. Although the proposed design
method needs in depth precision to fulfill all criteria but the
switch takes advantage of the controllable arcless operation
without external triggering, with relatively small size. More-
over due to use of liquid metal movement in the switch, some
other problems of conventional switches like surface degra-
dation of contacts and mal-operation of mechanical mecha-
nisms can be avoided.
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