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Abstract
Zinc oxide varistors are primary components of arresters, which are widely used to protect
electrical equipment from internal and external overvoltages without interrupting power supply.
Under power frequency voltage, the leakage current which flows through ZnO blocks causes
power loss and heating of varistors. It is necessary to determine an effective method to increase
the lifetime of arresters by improving the heat dissipation. The proper exploration of material with
better heat dissipation is required for efficient design of varistors. In this work, varistor block of
different compositions such as Sample 1(ZnO+Bi2O3+Y2O3+Sb2O3) and Sample
2(ZnO+SrO+Y2O3+Sb2O3) are prepared. Further the experimental results are considered in
COMSOL for the analysis of temperature raise during continuous application of Power frequency
voltage for 5 hours. The temperature is increased upto 76.2°C for Sample 1 and 55.7°C for Sample
2 which is lower than Sample 1 due to reduction in grain size and formation of ZnSrO2 phase.
Keywords: Leakage current, Power frequency voltage, Surge arrester and Thermal conductivity.

1. Introduction
Surge arresters are frequently being used on power transmission and distribution systems for
protection of equipment against external (lightning) and internal (switching) origin [1,2]. Previously Silicon
Carbide (SiC) had been used as a varistor element in the surge arrester but now Zinc Oxide (ZnO) based
arrester is widely used as it has better characteristics than SiC. The varistor block consists of ZnO in high
proportions (90 to 95%) with lesser amount of other additives (5 to 10%) like bismuth oxide, alumina,
antimony tri-oxide, cobalt oxide, and zirconium [3]. Bismuth Oxide (Bi2O3) is the main additive used in the
ZnO varistor fabrication for imparting nonlinear property. Most of the research works are carried out by
changing the additives and their proportions which have synergistic effect on the characteristics of arrester.
Better characteristics can be influenced by changing the ZnO grain size, grain boundaries and homogeneity
of the varistor [4-7]. These grain boundaries are formed due to the additive oxides added during the
fabrication process. The change in the microstructure will provide better protection against overvoltages
and aids in insulation co-ordination [8].
Either continuous application of power frequency voltage or impulse voltage causes high-risk of
overheating. When ZnO arrester is connected with the power system during normal condition, leakage
current will flow through the arrester. As voltage is applied continuously, leakage current that causes power
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loss goes up and the level of heat generation in the ZnO arrester block increases sharply [9-11]. This process
continues leading to temperature rise or thermal instability of the arrester and the associated catastrophic
effects [12,13]. In order to minimize the number of breakdown and to increase the reliability, surge arrester
condition should be monitored and initial fault detection should be done prior to the on-site installation.
Thus, in order to improve the thermal stability of arresters, it is of great significance to study the electric
and thermal characteristics of surge arresters under power frequency overvoltages. Finite Element Method
(FEM) based COMSOL Multiphysics commercial software can be used to analyze the electrical and
thermal behavior of arresters [14]. Finite Element Method (FEM) is an effective numerical technique to
determine the approximate solution of partial differential equations [15]. ZnO varistor model is developed
with different compositions of additives through COMSOL Multiphysics.
In this paper, arresters with different additives, subjected to continuous application of power
frequency voltage are investigated and the temperature distribution appearing on the ZnO arrester blocks is
observed using COMSOL Multiphysics. The coupled electro-thermal numerical model provides the
predictive capability for actual temperature rise in the arrester. Thus the life of surge arrester could be
elongated and the catastrophic consequences of failure could be avoided.

2. Experimental work
The samples are prepared as a mixture of Sample 1 (95% ZnO + 5% of other metal oxide additives
such as Bi2O3, Y2O3 and Sb2O3) and Sample 2 (95% ZnO + 5% of other metal oxide additives such as SrO,
Y2O3, and Sb2O3). The microstructural analysis of the prepared samples is carried out by Scanning Electron
Microscope (SEM). Further to determine the thermal conductivity and nonlinear characteristics of samples,
experimental work is carried out.

2.1 Sample preparation
The varistor samples are prepared by adding the base ZnO material with doping elements (Bi2O3,
Y2O3, Sb2O3 and SrO) and is grained to powder size. The powder is pulverized and mixed with ethanol by
using ball mill and calcined at 600 °C for 2 hours. The mixture is then dried and placed in the mould at a
pressure of 340 kg/cm2 for the preparation of disc-shaped blocks of 30mm diameter and 2mm thickness.
The pressed disks are then sintered in an electric furnace under a constant temperature of 1250 °C for 2
hours. After the sintering process, the metal oxide powder is air-cooled to room temperature. The varistor
samples made with different compositions are shown in Table 1.
Table 1. Different composition of the prepared sample.
S. No

Material

1
2
3
4
5

ZnO
Bi2O3
SrO
Y2O3
Sb2O3

Sample 1
(wt%)
95
3
1
1

Sample 2
(wt%)
95
3
1
1
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2.2 Microstructure Analysis
The microstructure of the samples is observed by scanning electron microscope as shown in Figure
1. From the images, it is found that size of the grain varies between Sample 1 and Sample 2.

A

B

Figure 1. Microstructural appearance of the varistor (A) Sample 1 and (B) Sample 2.

The average grain size was determined using (1)
d 

1.56  L
M N

(1)

Where, d is the average grain size of ZnO, L is the random line length on the micrograph, M is the
magnification, and N is the number of grains intercepted by the line on the micrograph. The average grain
size of Sample 1 and Sample 2 are determined to be 2µm and 0.6µm respectively. This decrease in grain
size is due to the addition of SrO in Sample 2 which inhibits the grain growth of ZnO.

2.3 Thermal Conductivity
The thermal diffusivity and specific heat capacity test is done for the prepared samples as per the
standard ASTM E 1530 using UNITHERM model 2022 and NETZSCH STA 449 F3 Jupiter. The above
tests are considered to determine the thermal conductivity of samples by using equation (2)

K   C p

(2)

Where, α is thermal diffusivity (cm2/s), ρ is density of the material (g/cm3) and Cp is specific heat capacity
(J/g.K) of the varistor block. Thermal Parameters at various temperatures for the prepared samples are given
in Table 2.
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Table 2. Thermal Parameters of the prepared samples
Temperature
Cp(J/g.K)
α (cm2/s)
ρ(g/cm3)

303K
S1
S2
0.54 0.65
0.12 0.17
5.5
5.6

323K
S1
S2
0.55 0.66
0.11 0.15
5.5
5.6

343K
S1
S2
0.56 0.67
0.1
0.14
5.5
5.6

363K
S1
S2
0.57
0.68
0.09
0.13
5.5
5.6

From thermal analysis, it is found that the thermal conductivity of Sample 1is lower than Sample
2. This is because during the operation of arresters, thermal energy can alter the Bi2O3 phase and the spinel
phases, resulting in degradation of microstructure.

2.4 V-I Characteristics
The power loss caused by the leakage current is dependent on the applied voltage, temperature, and
V–I characteristics of the arrester. The V–I characteristics of ZnO varistors is temperature dependent under
applied voltages. To get the V-I characteristics of the varistors, an experiment is accompanied in prebreakdown region and breakdown region as per IEC 60273 and IEC 60099-4.
The V-I characteristics curve is obtained using the expression (3)

I  kV



(3)

Where, I is the current corresponding to the voltage V respectively. The V-I characteristics of the prepared
varistors in the Pre-breakdown region and breakdown region are shown in Figure 2.
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Figure 2. V-I Characteristics curve.
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3. Simulation of Zinc Oxide surge arrester
ZnO Arrester model is developed with different additives through COMSOL Multiphysics. The
heat flow of an arrester is investigated by electromagnetic heating solver which helps to investigate the
variation of temperature in a rigid solid along axial and radial directions. Surge arrester Model A (sample
1, polymer housing, and electrodes) and Model B (sample 2, polymer housing, and electrodes) are
developed to simulate the thermal distribution under power frequency voltage applied continuously for 5
hours. The initial temperature is set to 20 °C.

3.1 Material Properties
Material property of each components need to be assigned in finite element method. The copper
material is assigned for electrode terminals. The fabricated Sample 1 (ZnO+Bi2O3+Y2O3+Sb2O3) and
Sample 2 (ZnO+SrO+ Y2O3+Sb2O3) are assigned for 31 stacked varistor blocks and the housing is assigned
to be made up of polymer sheds. The properties needed for computing the governing equation of electrothermal model is given in Table 3.
Table 3. Parameters of surge arrester
Polymer

Sample1

Sample 2

Copper

Properties
ρ(kg/m3)

2400

5500

5600

8960

1050

Cp1(T)

Cp2(T)

385

0.9

K1(T)

K2(T)

400

1*e-14

I-V Curve1

I-V Curve2

1

3

700

900

1

Cp(J/g.K)
K(W/(cm.K)
σ (S/m)
εr

Specific heat apacity (Cp1(T) and Cp2(T)) and V-I characteristics curve (I-V curve 1&2) obtained from
Table 2 and Figure 2 are used while computing the rise in temperature.

3.2 Arrester Model
The 2-D geometry of a surge arrester is shown in Figure 3. The ZnO arrester with polymeric
housing for a system of 138 kV and a nominal voltage of 120 kV is considered for simulation in COMSOL
Multiphysics. Power frequency voltage is applied continuously for 5 hours at the top electrode of arrester
which results in temperature rise due to the Joule law of heating.
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Figure 3. 2D model of Surge Arrester

3.3 Boundary Conditions
For simulating the thermal behavior of surge arrester, the boundary conditions are defined with
MCOV (Maximum Continuous Operating Voltage) of 96 kV. The voltage V(t) generated is given by (4),
𝑉(𝑡) = 96000 ∗ sin(2 ∗ п ∗ 50 ∗ 𝑡)

(4)

Figure 4. Input MCOV voltage
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The following boundary conditions are assigned for the simulation,
Electrode 1- V (t)
Electrode 2- Ground
Specified heat flux with normal n, insulated boundary without heat flux, and the specified heat flux on the
boundary are given in (5), (6) and (7)

n  q  n  (k  T )
nq  0
n  q  h (Ts  T )

(5)
(6)
(7)

Where, TS is the surface temperature, T∞ is far-field temperature, q is the conductive flux vector (W/m2), n
is the normal vector of the boundary, and h is a heat transfer coefficient (W/m2. °C).

4. Simulation results
The simulation is done by assigning different compositions of Samples (Sample 1 & Sample 2).
Afterwards, the voltage V(t) is applied at the top terminal of the arrester model. The simulation results
reveal that the varistors column acquires an accretion of temperature after continuous application of power
frequency voltage.

4.1 Thermal Distribution of Model A
Model A arresters with material composition of Sample 1 is simulated to study the temperature
distribution as shown in Figure 5.

Figure 5. Temperature rise of Model A
The above figure shows the temperature distribution along the length of arresters with maximum
value of temperature attained on ZnO surface. The perceived thermal distribution reveals that with the
continuous application of power frequency voltage, temperature across the varistor increases by means of
conduction. It is also perceived that the instantaneous increase in temperature is 76.2 °C from the base
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temperature value of 20 °C. When the applied voltage increases continuously, the heat created by the
leakage current is larger than the emitted heat, leading to an exponentially increasing of arrester
temperature.

4.2 Thermal Distribution of Model B
Similarly, Model B arrester with material composition of Sample 2 is simulated using COMSOL
to study the temperature distribution as shown in Figure 6. It is observed that the maximum temperature
rises up to 55.7 °C. Due to the addition of SrO filler, the temperature rise in the varistor reduces to a larger
extent in comparison to Model A.

Figure 6. Temperature rise of Model B
The average grain size of Sample 2decreases sharply with the addition of SrO. The relation between average
grain size and activation energy is given by

G n  KTe

(

Q
)
RT

(8)

Where, G is the average grain size, n is the kinetic growth exponent value, K is constant, Q is the
apparent activation energy, R is gas constant, and T is the temperature. As the grain size reduces, the
activation energy increases resulting in an improved electrical conductivity. Hence, Model B exhibits better
heat dissipation as its surge energy absorption capability is higher than Model A.

5. Conclusion
This paper focuses on improvement of thermal properties in ZnO varistor with various
formulations. The samples are prepared and tested as per their respective standards. The experimental
results reveal that the thermal energy of Sample 2 restricts the ZnSrO2 phase change and this causes higher
thermal conductivity. In addition, Sample 2 varistors obtain higher non-linearity compared which is due to
increase in the activation energy when the size gets reduced. The simulation of modelled arrester shows
that reduction of temperature in Model B arrester is because of higher density, electrical and thermal
conductivity. The results prove that sample 2 is more application-oriented and renders great hope for further
advancement in the related field.
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