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Abstract ii

ABSTRACT

In gapless metal oxide surge arresters (MOSA) leakage current flows through the valve
elements continuously and generates a certain amount of heat. The temperature of the valve
elements is determined by the thermal performance of the arrester in its environment. The
steady state thermal behavior of MOSA is important because it affects its ageing and also
its capacity to dissipate energies associated with overvoltages and surges. Since it is
impractical to measure the variation of temperature along an actual arrester column, it is
important to develop a simulation technique to enable studies of thermal capacity under
different system and environmental conditions. This thesis describes a modelling technique
to simulate the thermal behavior of MOSA based on finite difference method. Application
of the suggested model yields the axial and radial variation of arrester temperature. The
accuracy of the modelling technique is demonstrated experimentally. Electric model for
simulating V-I characteristics and power generation in valve elements at leakage current

region is also described.

A procedure to arrive at a thermal equivalent test section (TETS) is presented. The
thermal equivalence between the test section and the actual MOSA is demonstrated by

conducting tests on an actual MOSA and the test section.

The proposed model can be used to determine the thermal capability and stability of
MOSA under different operating conditions i.e. different applied voltages and different
magnitudes and durations of temporary overvoltages (TOV). It can also be applied to
evaluate the thermal behavior of MOSA under different kinds of overvoltages provided the

power generated in the valve elements is available.
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SYMBOLS, DEFINITION, UNITS AND TYPICAL VALUES OF

PARAMETERS
English Symbols
Symbol Definition Unit Typical value

A Surface area, cross—sectional area m?

ag Solar azimuth

Cp Specific heat of valve element (J=w s) kg OC 500

Cpa Specific heat of air J/kg OC 1006

Cp1 Specific heat of arrester housing Jkg OC 1080
Specific heat of nylon 6 (nylatron) Jkg °C 1673
Specific heat of plexiglass J/kg OC 1422
Specific heat of glass wool J/kg °C 700

Cp2 Specific heat of electrode (aluminum) J/kg °C 896
Brass 385
Electrode in [5] 461

D Diameter of arrester m

d Thickness of arrester housing sheds m

E Electric field V/m

Fio Radiation shape factor from element to arrester housing

Fi i Radiation shape factor from small element cylinder i to
small housing cylinder ii

G, Grashof number ( = p2 B g AT £ /u?)

f Ratio of sky radiation to direct solar radiation

g Gravitational acceleration m/s? 9.8

h Convective heat transfer coefficient W/m?0C

h;, Enclosed convection heat transfer coefficient

between element and arrester housing W/m29C
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hj

htop

Convective heat transfer coefficient
between vertical cylinder surface and ambient

Convective heat transfer coefficient
between horizontal surface and ambient

Solar hour angle

Solar constant

Direct solar radiation energy flux
Current

Angle between the sun’s rays and the normal
to the surface

Index in axial direction

Index of shed

Index in radial direction

Thermal conductivity of valve element
Thermal conductivity of arrester housing
Thermal conductivity of nylon 6 (nylatron)
Thermal conductivity of plexiglass
Thermal conductivity of glass wool
Thermal conductivity of polystyrene
Thermal conductivity of metal electrode (aluminum)
Thermal conductivity of air

Length of MOSA

Length of valve element

Length of arrester housing

Length of bottom electrode

Length of inside metal electrode at bottom
Length of top electrode

Length of inside metal electrode at top
Length of extended shed surface

Length of supporter

W/m?2°C

W/m?0C
degrees
W/m?
W/m?

A

degree

W/m C
W/m °C
W/m °C
W/m 0C
W/m °C
W/m 0C
W/m °C
W/m °C

m

m

1353

23
1.03
0.25
0.15
0.038
0.06
204
0.026



Symbols, Definition, Units and Typical Values of Parameters

1y
my
myxng

N
10§

Latitude (50 degrees in Winnipeg) degree

Number of element segments in radial direction: =r./Ar
=M+1]

Number of shed segments in radial direction: =1g/Ar;
The number of nets of valve element

Number of element segments in axial direction: =/./Az
=N+1

Ny, Nyav, Nyg, Ny ¢ Nusselt number (=hi/k)

nf

nn
nmy

Np
nny

ng
Pr
Qcond
QCOJ]\«'
Qrad
Q”

di

sun
(sky

rad

Telt

Number of arrester housing sheds

Number of arrester housing segments in radial direction
=nn+1

Number of arrester housing segments in axial direction
=ny+1

Number of segments of arrester supporter in axial direction

Prandtl number ( = 1 cp/k = v/or)

Heat conduction W
Heat convection W
Heat radiation W
Heat transfer rate per unit area (Heat flux ) W/m?
Power input to valve elements per unit volume W/m3
Power input to valve element per unit volume

at node (i,j=1,2...m;) W/m?
Heat input per unit area due to radiation of sun W/m?
Heat input per unit area due to radiation of sky W/m?

Heat input per unit area due to solar/sky radiation
(= Qsun + sky ) W/m2
Rayleigh number (=G, Pr =B g AT L3/v o)

Reynolds number

Cylindrical coordinates m
Radius of valve element m
Radius of inside electrode m
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Tel2 Radius of outside electrode m
1 Radius at node (i,j) m
Tpi Inside radius of arrester housing
Ip2 Outside radius of arrester housing m
Tp3 Radius of arrester housing shed m
T=T(r,z,t): Temperature of valve element 0c
Tamb  Ambient temperature e
T;;=T;": Element temperature at node (i,j) at n™ time step o%C
TT=TT(r,z,t): Temperature of arrester housing oc
TT=TTj": Housing temperature at node (i,j) at n™ time step 0c
TTT=TTT1(t)=TTT(r,2,t): Temperature of top electrode 0c
TTT=TTT(t)=TTT(r,z,t): Temperature of bottom electrode 0c
TFy; Temperature of I'" shed of housing at node J

at n™ time step oc
TS=TS(z,t): Temperature of support structure (porcelain) e
TS;=TS;": Temperature of support structure at n'™ time step e
t Time s or hour
v Kinematic viscosity of air (W/pa;y) m?2 /s 15.7 x10-6
v Applied voltage \Y%
Vel Volume of top electrode m3
Veo Velocity of air m/s
Vi Volume m>
z(1) z coordinate of I™ shed m

Greek Symbols

o Thermal diffusivity of valve element(=k/pc; ) m2/s
oA Thermal diffusivity of arrester housing m%/s
Olair Thermal diffusivity of air m2/s 22.1x10°6
Cle Thermal diffusivity of electrode m?%/s
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Ol Solar altitude angle rad
Clsun Absorptivity of the arrester surface for solar radiation
arrester housing surface: Olgy,= 0.95
B Coefficient of cubical expansion (= 1/(Taun+273) /K
Os Declination angle degrees
Ar,Az Small increment of valve element in radial and axial directions m

Ary, Azy Small increment of arrester housing in radial and

axial directions m
AT Temperature difference between MOSA surface and air °C
At Time step s
€ Radiation emissivity of valve element surface 0.9
€el Radiation emissivity of electrode surface (aluminum) 0.95
€p Radiation emissivity of arrester housing surface 0.95
1l Absolute viscosity kg/ms 1.85
p Density of valve element kg/m3 5500
Pair Density of air kg/m3 1.18
P1 Density of arrester housing kg/m3 2400
P1 Density of nylon 6 kg/m? 1148
Density of plexiglass kg/m3 1184
Density of glass wool kg/m? 24
Density of polystyren kg/m? 32
P2 Density of electrode (aluminum) kg/m3 2736
Brass 8522
Electrode in [5] 7800
pCp Volumetric heat capacity Jm30C
o Stefan-Boltzmann constant W/m?K* 5.67x1073

Tatm Atmospheric transmittance
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Chapter 1 1

Chapter 1

INTRODUCTION

Since their introduction for use in the electronics industry by the Matsushita Electric
Industry Co. of Osaka, Japan, in 1968, gapless metal oxide surge arresters (MOSA) have
developed rapidly and are now used as protective devices in power systems. Their popularity
is due to their excellent performance and the many advantages they offer over the

conventional gapped silicon carbide arresters.
1.1 V-I Characteristics of MOSA

The exploitation of the highly nonlinear voltage—current characteristics of valve
elements has resulted in the elimination of series gaps in the arrester. Typical V-1
characteristics [1] of a valve element are shown in Fig. 1.1, which has been divided into two
distinct regions: a low current region and a high current region. In the low current region
(leakage currentregion) for applied ac or dc voltages, the resistive component of the current
depends on the granular layer and thus is influenced by the manufacturer’s selection of
materials and productions. Hence, there is considerable variation of the VI characteristics
in this region for elements from different production lots and, in particular, for different
manufacturers. At higher temperature the electron energy increases. Consequently the
electrons can cross the barriers more easily. Therefore, the resistive current component

exhibits a high temperature dependence as expressed by Eq. 1.1.
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Figure 1.1 V-I characteristics of a typical valve element
W
I =1y(E)e KT

(1.1

where, W, is the activation energy for conduction, which is equal to 0.6-0.8 eV, K is

Boltzmann’s constant which has the value of 0.86 x10~4eV/ OK, and T is the valve element

temperature in K.

In the high current region, the V-I characteristics, which are no longer ohmic and

temperature dependent, are described by the relation:

I=CVe, o= o V)

(1.2)

where o(V) is a measure of the element nonlinearity (=30).
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1.2 Thermal Stability of MOSA

Thermal stability is one of the dominant problems in the application of MOSA. Since
MOSA has no series gaps, the resistive leakage current flows through the valve elements
continuously, and generates a certain amount of heat. The generated heat is transferred to
the environment by means of conduction, convection and radiation. If the heat generation
exceeds the heatloss from the valve elements, the excess energy stored in the elements leads
to an increase inits temperature. Conversely, if the heat loss exceeds the heat generation, the
temperature of the elements decreases. Typical heat loss and heat generation curves of a
valve element[2,3] are shown in Fig. 1.2. To attain thermal stability, the heat generation
must be balanced with the heat loss from the valve element. Under normal operating
conditions, the temperature of valve element is maintained at an operating temperature at
the first intersection point of the heat loss—input curves, i.e. point A in Fig. 1.2. If the applied
voltage or initial element temperature exceeds a certain level, the heat loss and gain curves
may not intersect as shown in Fig. 1.3. Consequently, there will be no thermal equilibrium
and the temperature of the valve elements will increase boundlessly to infinity. Thermal

runaway and arrester failure result.

On the other hand, when a MOSA absorbs energies associated with various transient
overvoltages, the valve element’s temperature rises abruptly. If the temperature rise is less
than a certain critical temperature, i.e. point B in Fig. 1.2, the second intersection point
of heat loss—input curves, the heat loss exceeds the heat generation and thermal equilibrium
will be restored, but if the temperature rise exceeds the critical temperature, the amount of
heat generation becomes greater than the heat loss and the MOS A can not return to the former
thermally stable condition from the temporary high temperature state, resulting in thermal

run away.
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One of the important problems in the application of MOSA is therefore particularly
related to thermal stability and capability of MOSA, which depends on the arrester

construction, ambient conditions, material characteristics and applied voltages.

1.3 Thermal Models of MOSA

As described above, the steady state thermal behaviour of MOSA is important because
it affects its ageing and also its capacity to dissipate energies associated with overvoltages
and surges. However, it is very difficult and indeed impractical to conduct thermal stability
tests directly on a MOSA unit. Only a few measurements on actual high voltage arresters
have been reported[4-7]. Therefore, in order to find steady state thermal condition and
energy absorption capability, an appropriate method is to build an electro—thermal model
of MOSA. The thermal characteristics of a MOSA can be evaluated by conducting tests on
a thermal equivalent test section (TETS) whose parameters are adjusted to match the thermal
properties of the MOSA which it represents. Several test sections have been described in
literature [4,5,8]. Recently, mathematical models have been developed to simulate thermal

properties of MOSA {2,3,10,11].

1.3.1 Thermally Equivalent Test Sections (TETS)

Two test sections as shown in Fig. 1.4 were first constructed[4] in 1981. In the test
section of Fig. 1.4 (a), the periphery of the valve element is covered with a certain heat
insulating material. In another test section, Fig. 1.4 (b), cooling metal fins are provided at
both ends of the valve element in order to increase heat dissipation capability. The test was
carried out with applied ac voltage from 2.9kV to 3.8k V which is equal to the voltage applied
to the single element in an actual system. Equivalency between a MOSA and the two test
sections was not established. As presented in [4], the heat dissipation rate of a typical MOSA

is between that of these two test sections and closer to the one shown in Fig. 1.4 (a).



Chapter 1 6

L \ . THERMAL o \ o

/INSULATOH d

i COOLING :d——

\ \\\ METAL FIN &]
» ~—~Zn0 element
\\\\ \&\ y ZnOelement/k b‘ \ L,
[E- o e

HE P +~ THERMO
THERMO COUPLE COUPLE

|

I

THERMAL
INSULATOR

{a} (b)

Figure 1.4 Construction of test specimen

Switching impulse current generator

ol o
il_l : /N £ O

‘J N } Porcelain
- —-—] housing
Thermal —— %
insulator [ Zn0 element

A
= Constant temperature oven

Figure 1.5 Construction of small model unit

Fig. 1.5 shows another small model unit used to examine thermal capability and stability
of a MOSA[8]. In this test section two valve elements were sandwiched between epoxy resin
insulators to suppress thermal dissipation in the axial direction of the column. This assembly
was contained in a porcelain housing. The test results were obtained by changing the ac

voltage applied to the elements to check on the occurrence of thermal runaway. The
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experimentresults in [8] show that the heat dissipation capability of an 84kV porcelain type
MOSA is about one half of that of the test section. Again the authors of [8], as in [4], have

not established thermal equivalence between the test section and an actual arrester.

Lead wire
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5 — i 13}
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“Ozg:e;';ool (G!nss wool
$ tightly
packed) packed)
—— U -~ U
-V -V
—W -~ W
{¢} Prorated model “*C" ¢!) Prorated model D"

Figure 1.6 Structure of four types of test sections

Nishiwaki et al [5] demonstrated thermal runaway phenomenon experimentally on an
84kV porcelain—type MOSA and established the temperature when such thermal runaway
occurred. Then four test sections were fabricated as shown in Fig. 1.6. These test sections
of MOSA were designed for obtaining a test section which possesses thermal runaway
temperature limits and heat dissipation time constants approximately identical to those of
the 84kV porcelain—type MOSA. For test sections ¢ and d in Fig. 1.6, the valve elements
were still sealed in porcelain housing but their surroundings were packed with glass wool,

In this case the test section d was found to be thermally equivalent to the 84kV MOSA.
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None of the above authors have discussed the design procedures used to construct the
test sections. It can be seen that the main problem lies in the establishment of thermal
equivalence between a test section and an actual surge arrester. This has been done, with
partial success, by conducting tests on both actual and test sections. The design of the test
section was then presumably altered until thermal equivalence was established. This is a
cumbersome and impractical procedure. A better method is to use a mathematical technique

in designing the test section.

1.3.2 Mathematical Models

Ruar

Tg REH TH

Ryao

We ~—Cg CH st CI'D T

Cg, Cut thermal capacities of the valve element and adjacent housing respectively
Reu: thermal resistance from element to housing

Ryuao thermal resistance from housing to ambient,
radiation and natural convection components

Ruar thermal resistance from housing to ambient,
forced convection component only

Tg, Ty valve element and housing temperature respectively

Ta: ambient temperature
WE: electrical power input to valve element
W heat input due to solar radiation

Figure 1.7 Equivalent electrical circuit
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The thermal properties of MOSA were first represented as a simple electric analog
model as shown in Fig. 1.7, [2], by Lat in 1983, where the valve elements, air space and
porcelain housing are reduced to simple electrical equivalents based on representing heat
flow as current and temperature as voltage. This model consists of two capacitors to
represent the thermal capacities of the valve elements and the porcelain housing and a few
resistors to represent heat transfer between the elements and the housing, and between the

housing and the ambient surroundings by conduction, convection and radiation.

Later, Lat used the same thermal model and validated it for a distribution type arrester

[3].

As Lathimself points out, his model neglects axial heat flow among valve elements and
the model parameters are derived on the basis of radial heat loss only. This assumption results

in the theoretically predicted temperature being higher than the measured value.

Similar to Lat’s model, an electric equivalent circuit was derived in 1987, [10], to
calculate the performance of MOSA. Axial heat flow within the arrester column is accounted
for in this model by cascading several identical analog circuit segments to form a ladder
network. The analog circuits are connected by resistances of the valve elements which
determine the axial conductive heat flow. In this model, power generation in the valve
elements is treated as a constant current source, and the use of the model is restricted to a
configuration of stacked valve elements without housing. Two years later, the same

technique was used to calculate thermal properties of MOSA with a porcelain housing {11].

In [6], a model similar to the one developed by Lat is used to predict the

temperature—time profile of valve elements in near thermal runaway conditions.

Taking into account the temperature variation of the volt-ampere characteristics, the
authors in [7] implemented a thermal model of MOSA to simulate the arrester thermal

performance under polluted conditions. The simulation uses an equivalent electrical
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network to represent the thermal performance and an over simplified model of surface

pollution,

In all the electric analog models, reviewed above, it is necessary to find the precise
values of the parameters (i.e. values of the capacitors and resistances). The model parameters
were determined analytically from the physical dimensions of a particular arrester unit or
derived by experimental measurements on an actual unit. Usually only empirically derived
equations for calculating parameters can be found in literature. Experimental methods to
determine the parameters of an electro—thermal model similar to the one of Lat is described
in [12].

From the above it can be noted that all the mathematical models use similar equivalent

electrical circuits to represent the thermal properties of MOSA. All the above models are

based on the following simplifications and assumptions:

(1) Lumped components of thermal resistance and heat capacity are used although these
properties are in reality distributed parameters.
(2) Some thermal parameters are linearized. Actually, the heat transfer modes of

radiation and convection are highly nonlinear.
(3) Axial heat loss from metal electrodes is neglected.

(4) The models do not recognize the change of heat transfer mode in different parts of
the arrester, i.e. coefficient of convective heat transfer depends on the configuration and

position of the heated surface.

(5) The models do not allow temperature change in the radial direction of valve
elements. The axial variation of temperature can be calculated, but the accuracy depends

on the number of analog ladder circuits used to represent the variation in this direction.

Recently a finite difference based thermal analysis has been reported in [13], but the
method is applied only to an arrester test section. Once again absence of axial heat transfer

is assumed. Therefore the author considered only radial heat transfer and simplified heat
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transfer modes. However, temperature measurements in an actual arrester [7,8] indicate that
a temperature variation does exist along an arrester column and axial heat transfer takes
place. More heat is dissipated in the axial direction of a short arrester. Therefore, such

an assumption introduces inaccuracies and limits the use of the model.

Because of a lot of limitations in all above models, a more elaborate model is needed
to enable simulated studies of thermal capacity of MOSA under different systems and

environmental conditions.

1.4 Proposed Thermal Equivalent Models

In this thesis an accurate modelling technique is suggested to simulate the thermal
behaviour of MOSA based finite difference method. Another contribution is a procedure
suggested for arriving at a thermal equivalent test section based on the known configuration

and data about an actual arrester.
1.4.1 Mathematical Model

In this study the thermal properties of MOSA are first identified. Partial differential
equations (PDE) and their boundary conditions of MOSA are then derived and solved
numerically using finite difference method (FDM). This derivation overcomes the
drawbacks of the previous models. Finally, a computer program is developed to simulate

thermal behaviour of MOSA. The proposed model has many advantages over other models.

(1) Accurate heat transfer modes of conduction, convection and radiation are applied
in this model. Fin theory is used to account for external heat transfer from the sheds of the

arrester housing.

(2) The proposed model yields the temporal variation of valve element, electrode and

housing temperature distribution in both the axial and radial directions.
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(3) The model can be used to simulate thermal behaviors of MOSA under steady state

and transient conditions.

(4) The model can be applied to find the time variation of temperature along the length

of an energized stack of valve elements and to locate the hottest point in the arrester column.
(5) The suggested modelling technique can be applied to any configuration of MOSA.

The accuracy of the proposed model is demonstrated by comparison of simulated and

experimental results; The experiments are conducted on an actual 84kV arrester.

1.4.2 Thermally Equivalent Test Section (TETS)

The developed mathematical model is used to analyze both the MOSA and the test
section and to arrive at a design of TETS. Such an approach is preferred to an experimental

one [4,8,5] as the later is cumbersome.

A thermal equivalent test section of a 84kV MOSA are derived. A procedure for
arriving at a TETS is discussed. Thermal stability, capability and arrester ageing tests can

now be conducted directly on the TETS.

Either the mathematical model or the TETS may be used to choose suitable arresters for
a particular application and to achieve optimal design of MOSA with regard to protection

levels, energy absorption capabilities and lifetime.
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Chapter 2

HEAT TRANSFER MODES

Whenever two systems are not in thermal equilibrium due to a temperature difference

between them, energy is transferred from the hotter system to colder system in an attempt
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Figure. 2.1 Heat flow paths in a typical MOSA
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to achieve equilibrium. There are three modes of heat transfer: conduction, convection and
radiation. In the case of MOSA as shown in Fig. 2.1, all three modes occur simultaneously.
Electric energy heats the valve elements, and is transferred by conduction, convection and
radiation to the arrester housing and electrodes. The energy then is convected and radiated
to the ambient. When heat generation equals to the heat loss, the system reaches thermal
equilibrium, The thermal model of MOSA is derived in accordance with the following

thermal mechanisms and laws of conduction, convection and radiation {27-46].
2.1 Conduction

Heat conduction is an energy transfer due to interaction between molecules at different
temperatures. It occurs in solids, liquids and gases but is of more consequence in solids. The

fundamental law of conduction is due to Fourier:

Q"= 1 @.1)

where Q” is the heat transfer rate per unit area normal to the n direction, k is the thermal

conductivity and aT/an is the temperature gradient in the n direction.

Heat transfer rate per unit length by conduction from the exterior surface of an inner

cylinder to the interior surface of an outer cylinder is

(-T)  wm) (22

Ah

where T and T, are the temperatures of the exterior surface of inner cylinder and the interior

surface of outer cylinder respectively.
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In the case of MOSA heat transfer due to conduction from the valve elements to housin g

may be neglected because it is very small compared to the convection and radiation terms.

2.2 Convection

Convective heat transfer occurs between a solid surface and its adjacent fluid due to the
motion of the fluid. The convective heat transfer in MOSA happens between air and valve
element, arrester housing and electrode interfaces. The fundamental law of convection is

expressed by Eq. 2.3, generally known as Newton’s law of cooling.

Q" =h-AT 2.3)

where AT is the temperature difference between solid surface and fluid.

The convection heat transfer coefficient, h, is a complex and variable quantity
depending on the geometry of surface, fluid flow, fluid properties and different
environmental conditions, which is mostly obtained by experiments. The following

empirical expressions of convection coefficient are employed for application in Chapter 3.

2.2.1 Free Convection

Free convection occurs only in gravitational fields, which depends largely on the
geometry of the surface and the physical properties of the fluid. The coefficient, h, is
incorporated in the Nusselt number, N, which is related to the Rayleigh number, R,, Grashof

number, Gy, and Prandtl number, P,.
(1) Horizontal heated upward-facing surface [27]

On a horizontal heated upward facing surface (top electrode of MOSA), the convective

coefficient, hyep, is expressed by

htop = Nyav kair /L* (2.4)
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where

0.34(R )4 (2.6x10% <R, < 107)

NUHV - 25
0.15(R,)/3 (107 <R, <3x1010) 25

and

= chzir'cpa'ﬁ ‘8 AT-L? _ ﬂgATL*S
[.tkm‘r VCQyir

R.=G.P, (2.6)

L #=D/4

(2) Vertical cylindrical surface [28]

The convective coefficient on an external vertical cylindrical surface (exterior surface

of MOSA) is given by

hy = Ny Kair // (2.7)
where,
0.9EN,,p
o = —— for R, > 10° 2.8
“ = Tn(1 +0.90) oF (2:8)
N - 1.8//D
e for R, <103 (2.9)
Inl1+ 7} 18
ZCAR
3
. ATD?4
Rg,zﬁg_ , C=0.386 (2.10)

Vi aairl

R, is calculated from Eq. 2.6 with L* =/, and the coefficients involved in Eq. 2.8 are

obtained from
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2.8
=% 21/D
"+ = &1
4
NL = NI, = —B—C;(Ra)l/’* (2.12)

(3) Enclosed convection [29]

For heat transfer by convection in the enclosed volume between two coaxial cylinders

(inside surfaces of MOSA ), the convective coefficient is denoted by hj,.
hin = Nyg Kair / (2.13)
Nue=0.55 (R4 (2.14)
R, is still calculated from Eq. 2.6 with L™ =/,

2.2.2 Forced Convection

Heat transfer by wind induced forced convection from an exterior surface of MOSA

must be taken into consideration to accurately depict field conditions.

(1) Horizontal heated upward-facing surface[27]

k

Puop = 0.592 g"" (R,)°S ( Re < 300,000) (2.15)

hf"!’ = 00362%1 (Rgg - (Recri!)o'g + IS,Z(REC,.‘;{)O'S) (2.16)
( Re >300,000)

where, R, = QaiV=D Reerit = 300,000 2.17)

ﬂ ?
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(2) Vertical cylindrical surface [30]

k ir n'
hi = ; B(R,) (2.18)

where, the dimensionless numbers n” and B can be found in Table 2.1,

Table 2.1 Constants n’ and B in Eq. 2.18

R. n’ B
1-4 0.330 0.891
4-40 0.385 0.821
40-4000 0.466 0.615
4000-40,00 0.618 0.174
40,000-250,000 0.805 0.0239

2.3 Radiation

Thermal radiation is a process of heat transfer from one body to another due to
electromagnetic waves. The calculation of thermal radiation is based on the

Stefan—-Boltzmann law.
2.3.1 Grey Bodies in Large Surroundings
The heat transfer rate, Qyy, from the large surroundings to a grey body is described by

Qi =¢€1-0-Ar- (T =T1% (2.19)

where, T; and Ty are the temperature of surroundings and grey bodies. & is the emissivity

of the grey body surface, and Ay is the surface area of grey body.
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2.3.2 Two Coaxial Cylinders:

Heat transfer rate, Qq, , from surface 1, exterior surface of inner cylinder, to surface

2, interior surface of outer cylinder, is

o- (T4 -Ty*
0y =20 =T2) (2.20)
Ra
' 1——81 I 1—82
R, = + +
Al AP A @221

where Fyp is geometric radiation shape factor; A, A, are the surface areas of surface 1
and surface 2 respectively; € and e; are the emissivities of surface 1 and surface 2

respectively.
2.3.3 Computation of Radiation Shape Factors [31]

Knowledge of the radiation shape factor, Fy», is required to calculate radiation heat
transfer from the valve element to the arrester housing and electrodes. Because the elements
and the housing are divided into small cylinders in the numerical calculations of Chapter 3,
the radiant energy of one small cylinder is transferred to other neighboring cylinders. It has
been found by calculation that more than 98% of the radiant energy from one small
cylindrical surface on the valve element is transferred to the other 3 closest adjacent interior
cylindrical surfaces of the arrester housing. This is due to the small air gap between the valve
element and housing. The radiation shape factors, F;_;;, involved in the calculation of Chapter

3 are evaluated as follows.
(1) Two concentric cylinders of equal length, one contained within the other

For two concentric cylinders as shown in Fig. 2.2, the radiation shape factor, F,_,, from
the curved interior surface of the outer cylinder, b, to the curved exterior surface of inner

cylinder, a, is




Chapter 2

20

|

|
aj b

|

|

>
L=

Figure 2.2 Two concentric cylinders

r 1 L?-R*+ 2
Fpog=—91-—=] cos! ———
=T R x| TR

1 ; (L2 R+ 72
o \/(L2+R2+12)2—2:'R2005‘1}( — 12)
2L RLZ+ R

+(L?-R2+ 1% sin—lé;%(ﬁz +R? 12))

Radiation shape factor, F, 4, is therefore calculated by

F b—>a'Ab

Aq

Fa—-)bz

(2.22)

(2.23)

where, A, =2 RL, A,=2xnrL’, Ris the radius of outer cylinder, r is the radius of inner

cylinder, and L’ is the length of cylinder.

Radiation shape factor, F,_. and F,_y, between curved interior surface of outer cylinder,

a, and bottom and top annulus contained between a and b is:
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I
Fose=Fysq= 5 U= Fasp) (2.24)

Above shape factors may be used in the temperature calculation of test sections.
(2) Two concentric cylinders of unequal length, one contained within the other:

Fig. 2.3 shows the configuration of 6 segments of the two cylinders.

Figure, 2.3 Configuration of 6 segments of two cylinders

Radiation shape factor, Fy_s from exterior surface of middle inner cylinder 2 to interior

surface of middle outer cylinder 5 is:
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F ——n 'A
Fyss = i{é—j— = F14 = F35¢ (225)
P PR | cos] Az2—RZ+ 42
32 "R i s A2 +R%2_;2
1 HAZ? - R% + 12
— Az2 + RZ +12)2 _2pR2 cog™]
2Az (‘/( g ) RAZ+RE_ 13
(2.26)
+(AZ2—R*+ %) sin"-f%-g-(Az2 +R2—r2)) =Fps1 = Fgs3

Radiation shape factor, F_3, from exterior surface of top inner cylinder 1 to top annulus

7 contained between 1 and interior surface of top outer cylinder 4 is

1
Fio7=Fy,.3= -2—(1 —Fys5) (2.27)
and
FimA
Fa1 =127 Fg3 (2.28)
A7

Radiation shape factor, Fy_4 from surface 2 to surface 4 is
1
Fosy=Fr 6= 3 (Fos415+6 — Fp3) (2.29)
where, Ar=A;=A3=2n1Az Ajs=As5=As=2n R Az, and A7 =Ag =7 (R2—12).
2.4 Energy Input Due to Solar/Sky Radiation [30, 32]

Radiation from the sun and sky may provide a significant power input to the arrester

surface in the field:
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Urad = Qsun + Jsky ( W/m? )

2.4.1 Energy Input Due to the Sun
Energy input due to the sun is given by

Jsun = Olgyn Ib cos 1’

(1) Calculation of I,

The radiation flux density, Iy, can be described by

Iy = Iy %atm

The atmospheric transmittance, Ty, , is given by

%atm =ag+ay e—k cosec{a,)

where the constants, ag, a; and k’ are a function of altitude as shown in Table 2.2, and o is

calculated by Eg. 2.34.

(2.30)

(2.3

(2.32)

(2.33)

sin{ o ) = sin(L) sin () + cos(L) cos (&) cos(hy) (2.34)
Table 2.2 23km haze model
Altitude above
sea level(km) 0 0.5 1.0 1.5 2.0 2.5
ao 0.1283 0.1742 0.2195 (0.2582 0.2915 0.320
a (.7559 0.7214 0.6848 0.6532 (0.6265 0.602
kK’ 0.3872 0.3426 0.3139 0.2910 0.2745 0.268

Altitude above sea level in Winnipeg is 200-500 m, and ag, a; and k’ can be obtained

by interpolation from Table 2.2.
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In Eq. 2.34, the declination angle, 8, , is given by Eq. 2.35, and solar hour angle, hg,

can be found from Fig. 2.4, i.e., hy = 45% at 3 o’clock.

2 !
d;=23.45 sin(360 —S;TN) (2.35)

where N’ is the data or the day of the year. For example, N’=1 on Jan. 1; N’=32 on Feb. I;

N’ =210 for the month of August.

Figure. 2.4 Calculation of solar hour angle

(2) Calculation of i’

The angle between the sun’s rays and the normal to the surface, i’, imay be different at

various parts of arrester surface.

On the horizontal surface of the top electrode, i’ can be calculated by Eqgs. 2.36-2.37.

cos 1’ = sin a, (2.36)
4= cos & sin A 237)
COS O

On a vertical surface facing to east or west, i’ is calculated by

cos i’ =cos{ ag— ay ) COS O (2.38)
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where, a,, = 90° for the eastward facing surface, and a,, = —90% for the westward facing

surface.

On a vertical surface facing south or north, i’ is calculated by
cos i = cos(L ) sin (85 ) + sin (L) cos (8; ) cos (hs ) (3.39)

A mean value of i’ is calculated for application in the mathematical model of Chapter

3 because the model assumes no circumferential variation of arrester temperature.
2.4.2 Energy Received From the Sky

The energy absorbed by the arrester surface during the daytime is evaluated by
Usky = Olsun fT (3.40)

where the ratio of sky radiation to direct solar radiation, f, may be calculated by interpolation

from Table 2.3.

Table 2.3 f changes with i’

i’ 00 100 200 300 | 409 500 600 | 709 80° 900

f 0.16 [ 0.17 | 0.18 | 0.19 | 022 | 026 | 032 | 0.44 | 0.71 | 1.33

Knowledge of heat transfer modes described in this chapter is important for the

derivation of thermal model of MOSA in the following chapter.
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Chapfter 3

MATHEMATICAL MODEL

In this chapter, mathematical models to simulate thermal behaviour of complete arrester
as well as test sections are presented. At first the partial differential equations governing
thermal behaviour of MOSA and the associated boundary conditions are derived. Then they
are solved by using the finite difference technique. Electrical model to represent power
density input to valve elements is also described. Finally, flow chart of the developed
computer program to calculate temperature distribution under both steady state and transient

conditions of MOSA is presented.

Itis assumed that there is no circumferential variation of temperature in the MOSA |, and
therefore the temperature depends only on the radial, r, and axial, z, coordinates as shown
in Fig. 3.1. Fig. 3.2 shows the cross section of MOSA to be simulated. The figure shows
some modelling detail such as sheds and coordinates of boundary surfaces. The initial
temperature distribution of MOSA is assumed to be equal to ambient. Based on the
fundamental principles of heat transfer described in Chapter 2 and energy conservation,

mathematical model of MOSA is derived as follows.
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Figure 3.2 Cross section of MOSA to be simulated
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3.1 Partial Differential Equations Governing Thermal Behaviour;

Boundary Conditions [33-38]

Partial differential equations(PDE), along with associated boundary conditions of

MOSA, are established in this section.
3.1.1 Metal Oxide Valve Elements

The governing heat equation for conduction in cylindrical coordinates is

8 9T 9T q oT
ot ror 82k aor @D

The valve element surface is exposed to enclosed convection, radiation and conduction
heat transfer to the interior surface of arrester housing, and therefore the boundary

conditions are derived as in Eq. 3.2,

o([r].- [

aT
—k2nr, 6—] =1, = hin(zﬂre)'([T]r =r,— [TT]’ = fpl) + R:q
) Mka;r([T]rv —[TT]r,,l) (3.2)
In ,pcl
o l-eg, 1 l-¢g,
where Ra= £,27r + Floag 20071 + £p2mry1Azg (3.3)

Conduction from valve element surface to housing across the air layer is very small and

can be neglected.

Along the line of symmetry,

%.71 =0 3.4
roqr=
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At the contacted surface with the electrodes,

[T}Fz; =T1T [T]z:“z; =TTT) (3.5)

Calculation of the enclosed convective heat transfer coefficient, hj,, and the geometric

radiation shape factor, Fi_;, of two concentric cylinders is described in Chapter 2.
3.1.2 Arrester Housing

In the arrester housing the PDE is

*TT TT 8*TT  §IT
5+ t—— =
ar ror dz a0t

(3.6)

The interior surface of the housing is also exposed to conduction, enclosed convection
and radiation heat transfer and the boundary conditions can be derived as in Eq. 3.7. The
exterior surface of the housing is subject to free or forced convection and radiation in its
surroundings, and its boundary condition is derived as in Eq. 3.8. Radiation energy, Qyad,

input to the exterior surface of housing from the sun and the sky may be taken into account

in the field.
20k {|TT),, - [TT).,
~ k12711 EZT- _ = ([ ],.’1 7] )
ar fr=r .2l
e
N i
+ hm(zﬂf}ﬂ)‘([ﬁ]r = rpl - [T]r = )'e) + ([ :I;;, [ ] ) (3.7)
_kl %TIZ r=rp = /11([”], =Fm T Twnb) + 68P([TY4])},2 - Tgmb) + Graa (38)

Calculation of convective heat transfer coefficient, hy, and solar/sky radiation energy

Input, qra4, to the housing surface have been discussed in Chapter 2.
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At the contacted surface with the electrodes,

[TTl=o=TTT; [Tl=1p=TTT, (3.9)

3.1.3 Electrodes

Electrodes are subject to free or forced convection, radiation to surroundings and heat
conduction from valve elements and housing. The electrodes are also subject to enclosed
convection as well as radiation and conduction on the interior surfaces. Electrodes may be

modelled as short or long.
Case 1: short electrodes

Egs. 3.10-3.12 are derived by assuming that the metal electrode temperature is

independent of coordinate because of its excellent thermal conductivity.

Top electrode:

aT r BTT
—-hAi'(HTZ—Tamb) “SeﬂAIGJIZ_T‘gmb)_kAz _6? z=f]+l(. _kAZ dz Z=[F

- TT4 =, ) ¥
o ) ) S L,
n.—._..
Fenl

oTTT:

+ Grad (A1+A3) = 0200 Ver (3.10)

R;=1—831+ 1 +1—sp
EerAy  FropAg &pAs
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Bottom electrode:

p aT | oTT
— AT = Tapp) —Eo0A1( I—Yﬁmb)—kAz —3; =1, — kA, ? .
kA 975 0( - [774]}:,},1)
Biid IF VI PR hr'nAtl'(TTTl _[TT]r:rpl) - Py
a
2tk i)\ TTT —TT],-,, OTTT
- ( ol l) +(rad A1 = 0262V (3.11)
In o of
aTTT _ oTTT, -0 3.12)
at [—> 00 ar [=>00

where, A; = Contact area between metal electrode and ambient.

A, = Contact area between electrode and valve element.

A’'; = Contact area between electrode and housing.

A3 = Contact area between electrode and porcelain supporter of MOSA.
Ay = Electrode interior surface area.

As = Interior surface area of housing related to heat transfer to electrode interior surface.
Case 2: long electrodes

Heat conduction in a longer metal electrode should be considered in the calculation of
temperature distribution of MOSA. In this case, the governing heat equation for conduction
are expressed as in Eqs. 3.13-3.14, and the associated boundary conditions of electrodes are

established as in Eqgs. 3.15-3.20.
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PTTT, LTy | TTT, _ 3TTT,

art ror 822 Q)dt

&*TTT, LOTTTy | &TTTy _ 9TTT,
ar? ror 972 aydt

At the outside vertical surface,

oTTT:
—ky pw 2 e m([TTT), - ., ~Tomb)
N GE‘DZ([ 2]?'e12 - Tﬁmb) + Grad
aTTT
—ky . 1 s = k1.([m1]r = rp— Tamb)

+ U£P2([] T1 l]rcm - Tf?mb) * Grad

At the outside horizontal surface,

oTTTy
az Z= lp + 12

—k

= i ([TTT2) =, 4~ T

+ 08}')2([] 17 2]z=ll+le+[2 - Tgmb) T Grad

At the contacted surface with the support structure,

[TTT1); = 1, = [T1],=y,

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.20)
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At the inside surfaces,

oTTT:
— kg2 | S = hin@ran)([TTT2), -, (77, -,

F=Fa

] _ W o TT‘4 I )
Zarkmr([mzj,-m [77},,) +U([ 2] “ [ ] (3.18)
in7ty o

+

oTTT

F="rem

—ko2mron

= h,-n(Zn’I‘eﬂ)'([ml]r =F [TT]’ = ’pl)

i) o )
+2,71:ka,,([77;:1j;;n [TT]m) +a([ 1];2, [ ] (3.18)
Fell ’

: 1-¢ 1 1-¢
R, = €+ + u
Eor2oren  F1op2mrpy1 €5 2mrp1Azg

3.2 Finite Difference Equations [39-42]

To solve numerically, using the method of finite differences, the partial differential
equations are approximated with finite difference expressions at each node, and are

transformed to a set of algebraic equations which can easily be solved digitally.
3.2.1. Valve Element and Arrester Housing Interior

(1) Valve element

In the valve element interior nodes (i=2,3, ...... N; j=2,3, ....M) (except r=0), heat

conduction is the only mode of heat transfer.

By Taylor’s series, finite difference approximations for partial derivatives are
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T _ Thm=2T0+Thy  &PT  Thy;—2TH+Thy, 321
at Ar? 3> Az? (321)
a7 _ Tipm Ty o _ Ty -1 (3.22)
or 2Ar ot At '
Substituting Egs. 3.21-3.22 in Eq. 3.1, we obtain
Tﬁ]ﬂ —T?'. e =k T?+1J_2T?J+T:'1—1J " Tﬁm “2ﬁii+Ti{i—l
A O A2 A2
oL BTy | (3.23)

ti 2Ar

where, n and n+1 denote the n™ and (n+1)™ step of calculation.

(2) Arrester housing

Similarly, at interior nodes in the housing (1=2,3, ...... ny; j=2, 3, ....nn), the FDE is

T - W et =k TT?+1J—ZTT?J+TT?_1J+ﬂ“?’,,-H—ZTT?ﬁTT?J-_I
Ar vt =a A7 A2

K (Tl =TT

. e (3.24)
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3.2.2  Axis of Symmetry (r=0)

Along centrally located nodes at =0, the finite difference representation of Eq.3.11s

obtained as

T -1y T 1 aT a°T T 9T
VYRR A et AL A S AL

4 TLy— 2T+ Thy 4( 1 Tﬁ;)
- AZZ + AJ’Z

+g; (3.25)

3.2.3 Valve Element Surface

The surface nodal equations are found by applying the principle of conservation of
energy at the surface. The nodal equations must account for conduction to the cylindrical

surface from within the valve element as well as heat loss due to convection and radiation.

Atany node (i, j) heat flow into it due to conduction from the neighborin gnodesis given

by

Tiv1;-Ti; Tiy;—Ti; Tij1-Ti
:k—-——_.A +k.______‘A +k—"‘——A
Qcond Az 1 ~ i e 5
(IT;; - T,‘J)'Z’IIAZ (3.26)
+ Kair For
In -
where, — A; =”('}'2‘(’}'—%];)2) Ay = Zar(i'j”%)ﬁz

and heat loss due to convection and radiation is given by
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Qconv = hin'A?»'(TTf,l - Tij) (3-27)

oS (TT;1 + 273)‘t —(T;;+273)*

Orad = Ra,ii (3.28)

i
where,

. l-¢g, 1 1-¢
As=2mr.Az, Ryi= * i y
3 - a,ii ExAs  FiiiAs Ep-z:m};lAZI

Fi_j; is the radiation shape factor from a small valve element cylindrical surface i to the

adjacent small arrester housing cylindrical surface, ii (ii=1 to 3), which can be calculated by

Eqgs. 2.25 -2.28.

Thus, the finite difference equation at node (i, j) is

v+ ..
T'Q'CP'VI = Qeond + Ocony + Qraa + iV (3.29)

where, V;=A-Az
3.2.4 Interior Surface of Arrester Housing

Egs. 3.29-3.33 are similar representations for the interior surface of arrester housing.

mev:kl-—ﬁ—"i-m thpe T

A21 AZ} TR Al‘l

(Ti,m] - TTI,])Z:’TAZ 1
InZ

I

+ kair'
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Ocony = hiiJ'A3'(Ti,:nl - TT!J)

(3.31)
Tiigm, + 27304 — (TT;; + 273)*
Qrad =0 Z ( = )Rr ( W ) and (332)
i a,if
T - TT;,
T'Qi'cpl‘vl = Qcond + Qeonv + Orad (3.33)
A\’ Ar
where, A =x rj+—éi —r? . Aa=2m rj+% Az) ,
Ag = 2JL’F‘_,.'AZI N V; = A;-AZ;

3.2.5 Exterior Surface of Housing

The exterior surface of arrester housing is modelled as a cylinder, and the finite

difference expressions can be obtained.

At node (i,j), heat flow into it due to conduction from within the housing is expressed

by

TTiv1;~TT;; T, 1;-TT;; A TT. -
Qcond =k1‘_;+1'J_—4"A1 + k- el - Al +k iyl W Ay
Azi AZl 4
(3.34)
whete, A =alif—;=Z51 Ay =2m0- = A
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Heat loss from it due to convection is expressed by

Oeonv = 1 Az (T gy — TTEJ') (3.35)

where, Az =21z
Heat loss and input due to radiation is expressed by
Qraa = 08 As| Tanp+ 273)* ~ (T T3+ 2794 + A3 g (3.36)

Thus, the finite difference equation is expressed as

Ty -1}
—T‘Ql'cpl'vl = Qcond + Qeonv + Crad (3.37)

where, V;=A1-Az

3.2.6 Exterior Surface of Arrester Housing and Sheds

Numerical calculations have shown that the exterior surface of an arrester housing may
not be simplified as a cylinder on account of heat transfer modes. There may be a significant
temperature drop between the base and tip of shed at high temperature of MOSA and this
affects heat transfer. Therefore, fin theory is applied to derive the following equations for
accurately calculating heat transfer from the extended surface of arrester housin g. The sheds

are modelled as radial fins of rectangular profile as shown in Fig. 3.3.
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Figure 3.3 Shed representation

(1) shed interior

It is assumed that the shed temperature changes only in the radial direction because it

is thin.

Heat conduction:

(3.38)
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Heat convection and radiation:
Qconv = 2 A3 (Tamp ~ TFY)
Orad = 208 Ax| (T + 273)* — (TF 1+ 273)* |+ Grurs
where, As;=2n 1j Ary,

The PDE is

TR —TFy;
_T 0 I'Cpl’vl = Qond + Qeony + Orad

where, V;=Asd

(2) shed tip temperature (Vertical portion)

The PDE is

TF?LI +1 _TFIm +1
3 ]
2 A 01Cp1°V1 = Ocond + Oeonv + Orad

where

TF],mz _TFI,mﬁl .
Al'l

Qc(md = kl' AI

anv = hlAZ’(Tamb ~TF, i,mﬁl) + 2h'fdi?a'('J—rﬂmb -TF I,ng“l'l)

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)
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Orad = 08y [(Tamp + 273) — (TF 1,01 + 273)-(A2 + 243) + Grag(An + A3)

(3.45)
A}‘1
and Ay =27(rp3 —T)-d Ay =27(rp3d
Ar
Az =at| rp3® — (3 —71)2 Vi=ArAz
(3) shed base: z=z(I)
At the shed base conduction is the only heat transfer mode.
1T —TF1 TFyy—TFp,
Qeond = ki _iZ}—i—_Al +ky- T A3
TT i1 0m, —TF 1 TTi 3y, —TFp (3.46)
+ky- ot —-Ay +ki- — —-A .
1 Az, 2 1 Az 2
TFHRY—TF 4
-—’A——'Qrcper = Qcond (3.47)
t
where, Ar Ar
A1 =27(rp2 —Tl)-AZ 1 A =at| rpp*— (Fp2 —Tl)z

A .
A3 = 2m(ryy + %}Azl V) = AyAz
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(4) Other cylindrical external surface to which sheds are attached: z= z(I)

ITiun =TT pn TTiv1n, =TT pn Tty = TTipn
=k ————L A k- — —L. Ay + k- . —L.A

Qcond = ki A i+ ky Az, 2 +ki Az, 2

(3.48)

Qconv = h1-Ag(Tamp — TTi,nnl) (3.49)

Orat = 08y A | (Tumo + 273)* = (TTs i, + 273 + ra Ay (3.50)

H?+}1 _TTI, n
- gAt L 01:Cp1V1 = Ocond + Ceonv + Orad (3.51)

where,  Aq = 2m-1,5Az; and the value of A;, A,, A;z and V; is the same as above.

3.2.7 Electrode Temperature

(1) Short electrode ( case 1 of 3.1.3) :

Heat input and loss from the top electrode is due to conduction, convection and radiation

in accordance with Egs. 3.52-3.55.

Heat transfer to the top electrode due to conduction from valve element is:

. Tp;—TTT, Tu1—TTT: Tam —TIT
Oeondl = Zk._ﬂxz_.A1+k._”_’IE__2.A2+k._’E””T_%.A3 (3.52)

=
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2
. A‘

and heat conduction from housing is:

= j]n~“TTT2 11111_1112 ]jn nn _]]]2
= >k — DAy vk —E T A 4 oy Liddoie, A
Qcond2 j=§2 1 An, 4 +k » 5 i Az, 6
(3.53)
Ar Ai‘l
where, As=x (r‘,,l+——-—21)2—1rp12 Ag=m rpg?‘—(rpz——z )2

Ag =g 2-rrAr

The electrode is subjected to free convection on the interior surface and free or forced

convection on its exterior surface.

Oconv = (T — m2)'(hlop'A7 + hy-Ag) + hin(TTi,i - mZ)A;K (3.54)

where, A7 = afr.p)* Ag =2mroply

Ag = 2mronly

Heat transfer due to radiation:




Qconv = h(Tamp — TTT1) 27yl + hin(TT; 1 —TTT1)-Ag (3.60)
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Qrat = 08er| Tans + 273~ (ITT + 273 | 47 + A¢)
TTi1 +273) — (TTT, + 273)*
+o T ) {ITT, ) + Quad (A7 + Ag) (3.55)
R,
where,
RL,:l—s‘;’l 1 . 1—gp
EerAy  F1 Ay €p12mrpilen
The finite difference representation for the top electrode is
m1+1 —TTT
2 Af 2 02:¢p2V1= Ocondl + Qcond2 + Cconv + Orad (3.56)
where V;=A70+ J‘L’(I‘eu)zl‘z
Similarly, Eqs. 3.57-3.62 represent conditions at the bottom electrode.
—  Ty;—TIT Ty1-TIT Ty —TTT
Qmmﬂ=Zk-—2"—l-A1+k-—2i——1-A2+k-l‘——i-A3 (3.57)
iz Az Az Az
—, 1T, —TIT, 1T, —-TTT; TTy pn, ~TTTy
= k- —2 A +hpe—2 LA +hp—l  C A
Qcond2 Fzz 1 Az, 4 +k Az 5tk A7, 6
(3.58)
TSH: - ml . 2
Oeonds = ky- T 77 P2) (3.5%
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Orad = O at| Tams + 273)* = (17T + 273)1 | Qatry ey

TT;1+273)* —(TTTy +273)*
+0 ( i1 ) '( 1 ) +qmd'(23ﬂ})2'11) (3.61)
Rq
TTTH - TTT,
Ar 02:p2:V1 = Qeond1 + Qeond2 + Qconds + Crony + Orad (3.62)

(2) Long electrode ( case 2 of section 3.1.3) :

Similar to the derivation of the above finite difference equations in section 3.2.1-3.2.5,

electrode nodal temperature in both radial and axial directions can be calculated.

—Electrode interior:

TTTS (i, ) - TTTy(, j)
At -92. C])Z

TITyi +1,)) = 2TTTo(i, ) + TTT1(i - 1, ) L ITTo0,j+ 1) = 2TTT50, ) + TTToG, j - 1)

=k AZ* Ar?

LR TTTh6,j+ 1) -TTTy(,j— 1)

63
Fi 2Ar (3.63)

Interior temperature of bottom electrode, TTT(i,j), has the same expression as Eq. 3.63.

~Electrode interior surface:

On the interior surface of electrodes, heat transfer to the node (1,J) by conduction, Qgong,

convection, Qcony, and radiation, Q,,4, have the same form as the Eqs. 3.26-3.28. Therefore,
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the FDE is

TTTH(, ')n+1 —-TTTy(i,
: Ar L Q2 Cp2 Vi=0cona + Oeony + Orad (3.64)

where, Vi= 0o = (roy — %)Z)AZ

Interior surface temperature of bottom electrode, TTT 1(i,j), has the same expression as

Eq. 3.64.

~Electrode exterior surface:

The finite difference equations on the exterior vertical surface of electrodes have the

same form as the Eqs. 3.34-3.37 which apply to the exterior surface of the arrester housing.

On the horizontal surface of the top electrode:

Qcond = k?.'

TTTH( + 1,)) —TTTo(, j) TTTH(— 1, ) - TTT5(, )
A Al 4 ko A Ag
r '

TTTaG,j— 1) ~TTTy(,j)

+k
2 Az

4s (3.65)

where, Ay =2m(rj+ ézi.)-AZ Ap = 27(r; —‘éz‘r')'AZ

Ar 2 Ar
@=mm+EA—m—2ﬁ

Oconv = hmp'A3‘(Tamb - mg(t',j)) (3.66)
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Qrad = UEeI'A3'[(Taf?zb + 273)4 - (m2(i, ') + 273)4] + AS'Qrad (367)

Thus, the FDE is expressed as

TTTy(i, )" — TTTy(, j)
At

‘02 Cpy Vi=Qcond + Qeonv + Oraa (3.68)

where, V;=A3- —AZ—Z

3.2.8 Support Structure (Porcelain)

For the support structure, only axial temperature variation is allowed because radial
temperature variation of the support is not significant and has little influence to the arrester
heat transfer. In this case, Eqs. 3.69-3.72 hold. Temperature at the support bottom does not

change with time and is specified to be ambient.

Ocona = k=04, P, (3.69)

Oconv = h1-Az(Tamp—TSi) (3.70)

Orat = 08y Ax| (Tanp + 273)" — (TS, + 273)!] (3.71)

E};;—Tﬁ 01:Cp1°V1 = Ocond + Qconv + Qrad (3.72)
where, A= n‘(rpz)2 Ay = 2mrphzy Vi=AyAzy

TSI= amb



Chapter 3 49

3.3 Choice of Time Step: At

To maintain stability and convergence of the numerical solution, the time step , At, has

to be chosen suitably.

From Eq. 3.23 (section 3.2.1), we have

i+l _

kAt [T,‘_u + Ti+1‘]' + T,'J_l + T,'Jq_l + 1 T,'Jq.i ‘TiJ—l + (Q'Cp 2 2 )T' ] + At
B

oy Az? Ar? ¥ 24r kAt A2 A2 0-Cp 7

For fZ‘;——A—ZZ—z——§> 0 , we obtain
5 :
ec,
Y (3.73)
Naz*taz

From Eq. 3.24 (section 3.2.1), we have

+1 _
T2l =

kiAt [TTi1j+TTiy  TTijq +TTijg 1 TTijg — T4 O1cp1 2 2
7 + 2 + + v el LY
Ql'Cp] AZI A7 1 I 2Ar1 kl At AZl Ar 1

erepr 2 2 A <8101
kl At AZl A]1 kl(Kz?-{-m)
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From Eq. 3.25 (section 3.2.2) ,

— kAL | Tigj+ Ty N AT; j+1 Y 2
i 0-cy Az2 AR2

Qcp 2 4 0 Af < Q¢

2 4
"‘(F*zrf)

AL AZ A2

kAt A2 A2

Tfj +—A—tq
0Cp

(3.75)

Thus, stability restricts the size of time step for a given space value of Az and Ar. The

time step is chosen smaller than that described in Egs. 3.73-3.75 to get a stable solution.

3.4 Mathematical Simulation of Test Section

g I'n2

A: THERMAL INSULATING
MATERIAL

B: HOUSING
C: AIR
D: VALVE ELEMENT

Figure 3.4 Configuration of a test section
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Fig. 3.4 shows a single element test section. Because both ends of the valve element

are thermally insulated by suitable insulating material to suppress axial heat follow, the axial

heat transfer from the valve element may be negligible. In this model, only radial heat

transfer is considered. Finite difference equations can be easily derived as follows based on

the same principle described in the above sections.

3.4.1 Valve Element and Housing Interior

ol e T4, = 2T + T k (T -TL)
J J J+l ;A 7
——t .9. =k +— 376
At QCp Ar? Fi 2As (3.76)
TT}:H _TT}I o J+1 ZTT” + TT" L kl ar: 1 TT?_I)
At Qrept ! A}2 ri 2Ar
(3.77)
3.4.2 Axis of Symmetry (r=0)
ntl _n 2 T -T%
.u.g.cp=k.lim 6T+1 or +q =kLi—l +gq
At o\ 0% 1 ar Ar? (3.78)
3.4.3 Valve Element Surface
~T; (IT;-T7-2nl
Qeond = k Ai - Aj + Kair ]n.{'{,—] : (3.79)

Fe.
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Oconv = hiw A(TT _T}) (3.80)

(ITy +273) —(T; + 273)*

Orad = R, (3.81)
Ar
where, A;= 291:(1}-?)-[3 A =2mr.l,
EE‘A} F1_2-A SP'ZJZI'[) lle
Radiation shape factor Fi_p can be calculated by Egs. 2.22 -2.24.
1+1 i
u'@'c Vi=Qcona+ Qeony + Orad+q-Vi
At P (3.82)
where, Vi= n(r:,-z —(r ~-é]2—.)2)'le
3.4.4 Interior Surface of the Housing
TT:.1-TT; (T, —TT3)- 27!
OQeond = ki _L—J' A1+ Kai < ;-J < (3.83)
A 1 lnf
Qcony = hin'A'(Tm] ‘TT]) (3.84)
T, + 273)* — (TT; + 273)*
Orad =0 ( ”y ) '( J ) (3.85)

R,
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Ty - TT;, _
T'Ql'cpl'vl = Ocond + Qconv + Orad (3.86)
where, A;= 2,71:(1‘]- +é]2i)-le A =2mr,

Ar
Vi= ar(rjz —{(rj- > 1)2)'19

3.4.5 Exterior Surface of the Housing

Ocond = kr- jﬁ‘ﬁ# Ag (3.87)
Ocony = A (T gy — TT]) (3.88)
Qrad = 08 A (T + 273~ (IT; + 273)¢] (3.89)
mﬂl _ TTJ
T'Ql'cpl'vl = Qcond + Qconv + Orad (3.90)
where, A= M(i}—éjz;l—)-le A = 2mrl,
A?‘l

Vi=alrf- (rj——z—-)zl-lc
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3.5 Electric Model

Power density, g;, input into the valve elements at node (i,j=1,2,.....my) at every time
step is calculated as follows. Nonlinear voltage distribution along the valve element column

due to temperature difference is taken into account in this electric model.

The resistive component of valve element leakage current has a strong temperature
dependence; its value at a fixed ac or dc stress increases with temperature according to

the following formula.

W,
Jy =Jy(E)e KT ( Afm?) (3.9

Therefore, the power input, g, to the valve elements is a function of both applied field,
E, and the temperature , T.

W,
q=MEJr=mEJyE) kT (W/m3) (3.92)

Jr [ A/cm?2)

Figure 3.5 Relationship between J and E [4]
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At t=0 (first time step), the power input to node (i,j) is calculated from Eq. 3.91 and
Eq.3.92 with E=V/ . * and T=Ti;=Tamp. Jo(E) is found from the known relation of Io(E)

with E (Fig. 3.5) for the valve element under consideration.

On the next time step, the power input to the node (1,J) in a valve element is calculated

as follows.

The mean temperature of all the valve elements in the arrester is found from

| mm
Toean = — %: TJ'J (3.93)

where the summation is taken over all the nodes in all the valve elements comprising the

arrester,

Jris calculated from Eq. 3.91 using the mean valve element temperature from Eq. 3.93

and the mean value of Jo(E) used in the previous step.

Next, the mean value of temperature, T()yeqn, for a slice of the valve elements along
the nodes in a radial direction is found for a fixed axial location, i.e. i=constant, j=1,2.......m4

( see Fig. 3.6).

m

T(mean = _EIjT,;,- (3.94)
J:

1
iy

Using the above value of T()yean , Jo(Ei) at the present time step is found at node

(1,j=1,2,..m1) from Eq. 3.95.

* 'V is the applied voltage, and /. is the length of valve element.
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Z
Iy
n
A 1
N
i | Az (the ithe slice)
le
y 0 rB 4. T
J M my

Figure 3.6 Cross section of valve elements

7.
JoE) = ——— (3.95)

e_ K 'T(i)mcan

where E; is the electric field at the i! slice of the valve elements,

The value of E; for every slice along the valve element column is found using the
functional relationship between Jo(E) and E. The value of E; is valid only at the axial location
considered in the valve element, and is varies in the axial direction due to axial temperature

variation. The value of E; does not vary in the radial direction.
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Thus, the nonlinear voltage distribution along the arrester column due to temperature

difference is taken into account and the voltage drop across a slice of a valve element is

V(@) =E (i) Az (Fig. 3.6) (3.96)

The resistance of this portion of the valve element is

. V(i)
R() = ———— (3.97)
J, ,—'.71’(1'9)2
and the power input to valve element at node (1,j=1,2,..m;) is given by
qi =N E@) Jr (3.98)

The iteration proceeds as described above.

3.6 Flow Chart

Based on the mathematical model of MOSA discussed above, a computer program is
developed to calculate the temperature distribution of MOSA under both transient and
steady state conditions. The flow chart is shown in Fig. 5.7, and FORTRAN program (see

appendix A) has been developed.
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/ead and print the relevant parameter/

'

calculate radiation shape factors Fi_;
between ZnO elements and arrester housing

;

set initial nodal temperature of MOSA

l

calculate heat input due to radiation of sun and sky

l

calculate heat generature g at T=T,,

I

calculate time step At

#1

s
l
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#1
A
IC=0 <
set print interval: INT: = any integral
- t=t+At, I(C=IC+1
calculate convection coefficients (hj,, hy, hiop)
Y
calculate heat generation: g=f [r,2,T(r,z,) |
consider sheds of arrester housing?
calculate electrode calculate electrode
temperature, and nodal temperature, and nodal
temperatures of element, temperature of element,
arrester housing, shede arrester housing
N IC>INT?
A
* Y
#2
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l

calculate heat loss Q(t)

Y

print nodal temperature

steady state?

T(r,z,t)-T4mp<0.017

Figure 3.7 Flow chart of computer program for simulating
the thermal properties of MOSA
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Chapter 4

EXPERIMENTAL VERIFICATION OF

MATHEMATICAL MODEL

The mathematical method proposed in Chapter 3 is applied to derive the temporal
variation of temperature in an arrester column and the simulated data is compared with the
experimental results which are available in literature[4]. The good agreement between the
simulated and experimental results demonstrates the accuracy of the modelling technique.
The accuracy of the model is also demonstrated by comparison of simulated data with

experimental results obtained by conducting tests on an actual 84kV MOSA.

4.1 Comparison With Experimental Results in Literature [4]

Fig. 4.1 shows a sketch of the assembly of MOSA elements which is identical to the
one used in [4 | by Tominaga el al. The experimental results for this configuration are
available in [4]. The voltage applied to the arrester column was 9.7kV as in [4]. The temporal
variation of temperature was calculated at 3 points on the central axis of the arrester column
and 1 point on each electrode. Fig. 4.2 shows the results. The experimental results,
reproduced from [4], are shown in Fig. 4.3. Fig. 4.4 shows the axial temperature variation
fromz=0toz=4.8cmforr=0,0.9 and 1.5 cm at 4.45 hours after application of voltage.

Corresponding experimental data from [4] is also shown in Fig. 4.4.
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4.8cm

! “,r‘ J
ot

+— 3cm —>

Figure 4.1 Stacked valve elements reproduced from [4]

Current (mA)

Time (hours)

Figure 42  Temperature and resistive leakage current
change with time (Simulated results)
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Figure 4.3

T
8

75
70

€5

€0

55

40
.0

80t (V=9.7kv)

™~ (¥7)
current [ma)

Lo
—

o3
ok
ok
oL
ok
')

time (h)

Temperature and leakage current change with time

(Measured results)

0
O
Stmulated: =0
e .. OO
—m — =15
Mecasured: __ . ___

1 2 3 4 5
7 axis (cm)
Figure 44 Temperature distribution of valve elements

(4.4 hours after voltage application)
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From above comparison (Figs. 4.2-4.4) it can be seen that the simulated and

experimental results agree well.

From the simulation results (Fig. 4.4) , we can also note that the temperature variation
in the radial direction in the elements is not significant, but the temperature variation along

the valve element column is significant and can not be neglected.

4.2 Comparison With Experimental Results Conducted on a MOSA

Laboratory experiments were also conducted on a MOSA to verify the accuracy of the
modelling technique proposed in Chapter 3. A good agreement is also obtained between

experimental and simulated results.

4.2.1 Description of Surge Arrester Subjected to Test

Experiments were conducted to find the temporal variation of temperature distribution
in a MOSA rated 84kV. The temperature along the valve element column was measured
by thermocouples inserted through small holes in the porcelain housing. Along the valve
element column, a total of three measuring spots were provided. Figs. 4.5-4.6 show the
structure of the MOSA subjected to test and the positions of the three available measuring

spots.
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Figure. 4.5 84kV porcelain—type MOSA subjected to test
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Figure 4.6 Configurations of MOSA shown in Fig. 4.5
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4.2.2 Experimental Set Up

The testequipments setup for the measurement of valve element temperature and power
generation due to resistive leakage current is shown in Figs. 4.7-4.8. A capacitive divider
and a 100X (2.4pF, 10 M) probe were used to measure the arrester voltage. The voltage
ratio of the divider was calibrated by an electrostatic voltmeter. The total current flowing
through the MOSA was measured with 1 ohm resistor inserted in series with arrester.
Integration (Eq. 4.1) of the product of the voltage and current was carried out using the *data
6000 analyzer” (Fig. 4.9) for calculating the total power input to the valve elements. Fig.
4.9 shows the Data 6000 analyzer. Thermal controller (1mV/°C) was used to find the valve

element temperature measured by J type thermal couples.

Figure. 4.7 Test set up
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PT.

-

Voltage probe
MOSA £P

—_ &

-

Figure. 4.8 Schematic diagram of the test circuit

DATA
6000

[ 3 | --x--;ﬁ- e
LA IR T TN T 1% 1 3R [ 3\

FrAme 901 82 N5 ¢ v e wn dmta wEENE

Figure. 4.9 Data 6000 analyzer
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T

1{ .
P=c J v-idt (W) @.1)

0

The tests were conducted atroom temperature which ranged from 18°C to 23°C. A fixed
voltage was applied to the MOSA from a 138 kV (4kVA) voltage transformer; the voltage
application was interrupted at suitable intervals to measure the element temperature.
Measurements of the temperature decay in valve elements were carried out with volta ge off

after attainment of steady state conditions.

Fig. 4.10 shows the total current flowing through the MOSA when 75kV (rm.s.)

voltage is applied.

e wehe e e Tt Ry S

i
]
~L
!

i
ommremes s e o EE .: - e cee
i

!
2
H
!

Applied voltage: Vyms=75kV
Total current:

Thax=1.25mA
_ Lims=0.78mA

Resistive current;
7 Ir(em.s.)=0.1mA

Total power:
P=7.8W

Total current

Figure 4.10 Voltage and leakage current of MOSA
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4.2.3 Comparison of Experimental and Simulated Results

In order to carry out the simulation the power generated in the valve elements, g;, has
to be known. This is a complex function of applied electric stress, valve element temperature
and past history as discussed in section 3.5 of Chapter 3. The procedures for calculating
power input to valve element at every time step described in section 3.5 can be followed if
Jo(E) — E curve is known. In the present work to simulate the MOSA shown in Fig. 4.1,
the relationship between total power input to the valve elements , P(t), and time, t, was found
experimentally with the aid of “data 6000 analyzer”. Linearity was assumed and the valve
element power input density was found from P(t)/V;, (=q;), where V; is the total volume of
all the valve elements. In the simulation, the total number of nodes in the valve elements is

145 (29x5).

(1)  75kV Voltage Application

Alternating voltage of magnitude 75kV (r.m.s.) was applied to the MOSA and was
disconnected after 12 hours when the steady state was obtained. During the test the ambient
temperature ranged from 20°C to 23°C. The measured and simulated temporal variation of
temperature distribution along the valve element column is shown in Fig, 4.11. The numbers
1,2 and 3 in Fig. 4.11 refer to the thermocouple locations identified in Fig. 4.6. Fig. 4.12
shows the simulated axial temperature variation at 1, 3 and 9 hours after the voltage
application.

Table 4.1 shows the relative difference between the simulated and experimental results.
It can be seen that the mean error in the simulation at location 1, 2 and 3 were 3.6%,1.5%
and 2.3% respectively. The maximum error at same locations were 7.1%, 2.1% and 6.4%

respectively. The simulated and experimental results agree well.

From the above results, it can be seen that the temperature of the valve elements reaches
their steady state and thermal equilibrium is attained when the heat loss from the element

is balanced with the heat input to it after 12 hours voltage application.
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Figure 4.11 Temperature — time relationship at 4 locations in
arrester energized at 75kV (Tamp = 20-23°C)
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Figure 4.12 Axial temperature variation in valve element stack
z=0 is stack bottom
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Table 4.1 Relative difference between the simulated and measured results

with arrester energized at 75kV

curve 1 * curve 2 * curve 3 *
Time T @0 Err T O Err T (©C) Err
(Hours) | Simulated | Measured | (%) | Simulated | Measured Simulated | Measured | (%)
1 23.035 24 4.0 |25.822 26 0.7 [27.564 27 2.1
2 24.497 25 2.0 |28.558 28 2.0 |30.169 29 4.0
3 25.803 27 4.4 130.765 30 2.6 [32.364 32 1.1
4 26.686 28 4.5 |32.073 32 0.2 |33.688 33 2.1
5 27.401 28 2.1 ]33.006 33 0.0 [34.640 34.5 0.4
6 28.002 28.5 1.8 133.727 335 0.7 135.373 35.5 0.4
7 28.507 29 1.7 134292 34 0.9 |35.945 36 0.2
8 28.914 29 0.3 |34.704 34 2.1 [36.357 37 1.7
9 29.246 29 0.9 [35.009 34.5 1.5 |[36.655 37 0.9
10 129.499 29.5 0.0 [35.203 35 0.6 |[36.837 37.5 1.8
12 129.805 29.5 1.0 |35.318 35 0.9 136910 37.5 1.6
13 {26.733 26 2.8 |29.381 29 1.3 |30.897 33 6.4
14 (25.467 24 6.1 |26.817 26 3.1 |28.171 29 2.9
15 [24.633 23 7.1 125.351 25 1.4 126.523 27 1.8
16 |24.020 23 44 (24410 24 1.7 125407 26 2.3
17 |23.536 22.5 4.6 |23.746 23 3.2 [24.587 25 1.7

* see Fig. 4.11
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(2) Temporary Overvoltage Application

A temporary overvoltage (TOV) of magnitude 105kV (1.4X75kV) (r.m.s.) was applied
to the MOSA for 90 seconds after attainment of steady state conditions at 75kV. After the
90 second period the voltage was returned to the former value of 75kV, In this test ambient
temperature ranged from 18°C to 21°C. The measured and simulated temporal variation of
temperature distribution along the valve element column is shown in Fig. 4.13. The numbers
1,2 and 3 in Fig. 4.13 refer to the thermocouple locations identified in Fig. 4.6. Table 4.2
shows the relative difference between the simulated and experimental results. The maximum
and mean errors in this case were 5.9% and 2.1% at location 1, 9.4% and 2.3% at location
2, and 4.9% and 1.5% atlocation 3 respectively. Once again the simulated results agree

well with the experimental results.

Temperature (°C)
40

38

——— Measured

P . U VU Simulated

344

324

301

284

264

24

221

204

184

16

0Tl T 2T E T AT E T E T T E TS T 12 13 1415 18 17" 18
Time (hours)

Figure 4.13 Temperature — time relationship at three locations
under TOV application to arrester (Tamp =18-210C)
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Table 4.2 Relative difference between the simulated and experimental results

with arrester subjected to TOV

curve 1 * curve 2 * curve 3 *
Time T 0 Err T €0 Err T (C) Err

(Hours) | Simulated | Measured | (%) | Simulated | Measured Simulated | Measured
1 21.185 20 5.9 22736 23 1.2 [24.831 24 3.5
2 22,198 22 0.1 ]25.065 25 0.3 |27.398 27 1.5
3 22.892 23 0.5 126.537 26.5 0.2 ]29.107 29 0.4
4 23.354 24 1.5 127.384 27 1.4 ]30.094 30 0.3
5 23.704 24 1.2 |27.935 28 0.2 130.732 31 0.9
6 23.969 24 0.1 |28.293 29 2.3 |31.138 31.5 1.2
7 24.162 24 0.7 28.502 29 1.7 |31.366 32 2.0
7.08 [29.170 28 4.2 |34.447 38 9.4 |(37.284 37 0.1
1.5 27.245 28 2.7 [34.953 36 2.9 |38.786 39 0.5
7.83 127.248 27.5 0.9 |33.754 34 0.7 |[38.808 39 0.5
8.9 26.820 27 0.6 |32.144 33 2.7 |37.655 37 1.8
9.9 26.298 25.5 3.1 130.794 31.5 3.3 (35.805 36 0.5
10.9 |25.765 25 3.1 {29.620 31 44 [34.160 35 24
119 |[25.285 25 1.1 [29.601 30 1.3 |32.804 34.5 4.9

* see Fig.

4.13
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After application of the TOV, the transient temperature rise was such that thermal

runaway did not occur under application of the 75kV to the arrester.

(3) Measured and Simulated Results With Arrester Energized at 100kV

Heating and cooling curves of metal oxide valve elements stressed by 100kV (r.m.s.)
are shown in Fig. 4.14. In this case, the applied voltage exceeds a critical level and thermal
runaway will result. The measurement was terminated after 1 hour voltage application. Fig.
4.15 shows the temperature variation at z=37, 45, and 87cm on the external surface of the

porcelain housing,

1 /. Hottest —— Measured

120 A e Simulated

Temperature (degrees)

Time (hours)

Figure 4.14  Temperature variation with time
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Measured

---- Simulated

10’1'2'3’&'5'6'7'3‘9'1'0’11
Time (hours)

Figure 4.15 Temperature — time relationship on the external
surface of porcelain housing

From the above comparison (Figs. 4.11-4.15), good agreement between the

experimental and simulated results is apparent.

4.3 Sources of Errors

Errors exist in both simulation and experiment.
4.3.1 Errors Indicated in the Measurements of Valve Element Temperature
(1) The voltage was not continuously applied to the valve elements. The valve element
temperature was measured after the applied ac voltage was temporarily disconnected.

(2) Temperature in valve elements could be only obtained at 3 points.

(3) Only the total power input, P(t), to the valve elements could be measured; the power

input per unit volume is calculated by
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q()=P(t)/V; (W/m3)

(4) Other sources of possible errors due to environmental conditions existed, i.e. external

air movement, the change of ambient temperature, etc.
4.3.2 Errors in the Simulation

(1) As described above, only total power input to valve elements can be measured, A
uniform power input to the valve elements is assumed in the simulation to calculate the
temperature distribution of the 84kV MOSA. In reality power generation in each element

is different.

(2) The part of the arrester housing surface exposed to sun light receives more energy due
to radiation, thus resulting in a non—uniform temperature distribution along circumference

of the MOSA and destroying symmetry.

(3) Heat transfer coefficients, i.e. the temperature~dependent non linear behavior of the
convective and radiative components, are found in literature, but they may subject to change

for a particular application.

(4) Nonlinear voltage distribution along arrester column due to capacitance to ground is not

considered.

(5) Finite difference method for solving the partial differential equations introduces some

unavoidable errors.

Despite possible errors as discussed above, the data presented in Figs. 4.11-4.15
indicates that a maximum error between measured and simulated values is less then 10%,
ranging from 0 to 9.4%. This demonstrates the relativcly high degree of accuracy of the

proposed modelling technique.
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Chapter 5

THERMAL EQUIVALENT

TEST SECTIONS

The thermal characteristics of a MOSA may be evaluated by using suitable test sections
whose parameters are physically adjusted to match the thermal characteristics of the MOSA.
In this chapter, thermal equivalent test sections (TETS) of an actual MOSA will be derived;
a procedure to obtain a TETS of a MOSA will be presented.

It is difficult to design a TETS using an experimental approach [4,5,8] because such
a method relies on trial and error. In the present study, the developed mathematical model
was used to find the thermal properties of both the MOSA and the test sections, The heat
dissipation capability (cooling curve) of the test section is made to be identical to that of the
MOSA by adjusting the test section parameters such as thickness of the housing and air gap
width between the valve element and the housing. Once the cooling curves of the test section
and the MOSA reach equivalence, heating curves will be identical to that of the MOSA if

a suitable voltage is applied.
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5.1 Structure of Test Sections

Three single element test sections are shown in Figs. 5.1-5.3. A structure of a three
element test section is shown in Fig. 5.4. Both ends of the element are covered with a
suitable heat insulating material (polystyrene) to suppress axial thermal leakage. The
element is contained in a plexiglass or nylatron (nylon 6) housing. In Fig. 5.2, the
surroundings of the element are packed with glass wool. These simple test sections are used

to model the actual 84kV MOSA shown in Fig. 4.5.

—— POLYSTYRENE

ELECTRODE

PLEXIGLASS VALVE ELEMENT

Figure. 5.1 Single element test section #1
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VvV
—— POLYSTYRENE
GLASS WOOL
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™~ ELECTRODE
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i
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Figure 5.2 Single element test section #2

14KV
#20 AWG H.V.LEAD
7 —— POLYSTYRENE
— METAL ELECTRODE

NYLATRON (NYLON 6)

/—" METAL ELECTRODE, THERMAL COUPLE

Z
| T |
73mm

108mm >

_ Figure. 5.3 Single element test section #3
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[~ POLYSTYRENE
METAL ELECTRODE

NYLATRON (NYLON 6)

— METAL ELECTRODE, THERMAL COUPLE

=
e
v 73mm
108mm
Figure 5.4 Three element test section

5.2 Simulated Results

Temporal variation of temperature distribution of the MOSA shown in Fig. 4.5 was
obtained by simulation in Chapter 4. From the simulation results, the steady state maximum
temperature and the steady state mean temperature in the arrester column, for 75kV applied

voltage, are Ty, (43°C) and T, (37°C) respectively (see solid curves in Fig. 5.5-5.8).

In the simulation of a test section, a suitable voltage was applied to it untl the
temperature reached Ty, in approximately the same time as it took in the case of the actual
arrester. The cooling curve was then obtained. The thickness of the housing and air gap width
between the valve element and the housing were changed so that the cooling curve of the
test section matched that of the MOSA at the location of the occurrence of the maximum
temperature. The dimensions of the TETS in Fig. 5.1 were arrived at in this manner. A
simnilar procedure was followed to derive the parameters of the TETS with the valve element
heated to the steady state mean temperature, Tj, of the MOSA column. It was found that no
change in parameters was necessary in order to obtain a match of the cooling curve. The

TETS parameters were the same in both cases. Fig. 5.5 shows the simulated results.
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Temperature (°C)
50

I R L I |
Time (hours)

Figure 5.5 Heating and cooling curves of valve element in Fig. 5.1
(Simulated)

In Fig. 5.5 the dotted curves show the heating and cooling curves of the TETS, and
the solid curves show the heating and cooling curves of the MOSA. The upper solid curve
(labelled hottest) is the heating and cooling curve of the MOSA valve element, whose
temperature (at 75kV applied voltage to MOSA) is the maximum, i.e. 43°C. The upper
dotted curve (labelled hottest) is the heating and cooling curve of the TETS which was
subjected to a suitable voltage so that it reached the same maximum temperature (43°C) in
exactly the same time. The lower solid curve (labelled mean) is the mean heating and cooling
curve of the MOSA valve elements (at 75kV applied voltage to MOSA). The lower dotted
curve (labelled mean) is the heating and cooling curve of the TETS which was subjected to
a suitable voltage so that it reached the steady state mean temperature (37°C) in exactly the
same time. It can be seen that this TETS have the same heat dissipation rate as that of the
MOSA. The relative difference of the simulated results between the MOSA and the TETS

is less then 4.8% as shown in Table 5.1,
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Table 5.1 Comparison of cooling curves shown in Fig. 5.5

Mean temperature Hottest spot temperature
(simulated) (°C) (simulated) (YC)
Time |Single element Complete Err (%) |Single element | Complete Err (%)
(Hours) |  model arrester model arrester
13 31.997 31.081 3.0 35.366 33.809 4.6
15 26.638 26.320 1.2 28.109 26.815 4.8
16 25.204 25.196 0.3 26.195 25.325 34
18 23.565 23.802 1.0 24.027 23.636 1.7

The simulation results of Fig. 5.5 could not be verified experimentally because the
plexiglass tube of outside diameter, 112mm, and inside diameter, 80mm, was not
commercially available. A plexiglass tube of outside diameter, 89mm, and inside, diameter,
77mm, was available in the high voltage laboratory, and therefore a test section shown in
Fig. 5.2 was fabricated. Fig. 5.6 shows the simulated results. In this case, the heating and
cooling curves of the test section do not match those of the MOSA. Finally, "nylon 6” tube
of outside diameter 108mm and inside diameter 73mm was found to be commercially
available. These diameters are very close to the design values of the plexiglass tube (Fig,
5.1) and the thermal properties of the “nylon 6” are also close to those of the plexiglass.
Consequently the test section shown in Fig. 5.3 was fabricated and the simulated results are
shown in Fig. 5.7. It can be seen that this test section has the same heat dissipation rate as
that of the MOSA and the heating and cooling curves match those of the MOSA. The relative
difference of the simulated results between the MOSA and the TETS is less then 4.7% as
shown in Table 5.2. Thus, this TETS can be used to examine the thermal properties of the
MOSA. A three element TETS with same "nylon 6” tube is shown in Fig. 5.4 and the
simulated results are shown in Fig. 5.8. The simulated results show that the heating and

cooling curve of the three element TETS is also match that of the MOSA.
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Figure 5.6 Heating and cooling curves of valve element in Fig. 5.2

(Simulated)
Temperature (°C)
5
i - - - - test section
45 -—: MOSA
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273786 T8 T T2 % " 18" 18 " 20
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Figure 5.7 Heating and cooling curves of valve element in Fig. 5.3
(Simulated)
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Table 5.2 Comparison of cooling curves shown in Fig. 5.7

Mean temperature Hottest sport temperature
(simulated) (°C) (sim-
ulated) (°C)
Time |Single element | Complete Err (%) | Single element Complete Err (%)
(Hours) model arrester model arrester
13 31.660 31.080 1.9 35.048 33.809 3.7
14 28.469 28.063 1.5 30.655 29.287 4.7
15 26.397 26.320 0.3 27.833 26.815 3.8
16 25.022 25.196 0.3 25.978 25.325 2.6
17 24.096 24.403 1.3 24.740 24.339 1.6
18 23.466 23.802 14 23.594 23.636 0.2
Temperature(°C)
48 - - -. three ele. model
. —:MOSA
43
s8]

33

284

234

1

0 " 273786 TE "0 12 1

Time (hours)

18 T 18 ' 20

Figure 5.8 Heating and cooling curves of valve element in Fig.5.4
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5.3 Experimental Verification

The TETS shown in Fig. 5.3 was fabricated for test. The experimental set upis shown
in Fig. 5.9. The leakage current of the valve element is shown in Fig. 5.10. The applied
voltage was adjusted so that the maximum temperature, T, (= steady state maximum
temperature of the MOSA) was reached and steady state conditions established. The power

was then shutdown and the cooling curve was obtained as shown in Fig. 5.11.

It can be seen that there is a good agreement between the simulated and experimental
results. The relative difference between the simulated and measured value is less then 7.8%
as shown in Table 5.3. This shows that the developed modelling technique may be

conveniently used to find a TETS which accurately simulates the MOSA.

PT. (7.2kV, 25kVA)

< Voltage probe: 1000X (3pF, 100MQ)

Valve element

DATA
’ 6000

1 1

Figure 5.9 Schematic diagram of the test circuit
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Figure 5.10 Typical oscillograph of applied voltage and
total current of a valve element

- - - - test section
(simulated)
50

- ~f~ - : fest section
(measured)

_ — MOSA
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Figure. 5.11 Valve element temperature variation with time
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Table 5.3 Comparison of cooling curves shown in Fig. 5.11

Single element model
Time (Hours) Simulated Measured Err (%)
12.5 38.228 36.5 4.7
13 35.048 33 6.2
14 30.655 28.5 3.8
14.5 29.094 27 7.8
16 25.978 24.5 6.0
18.5 23.905 22.5 6.2

5.4 Outline of Procedure to Obtain Thermal Equivalent Test Section

From above a procedure to obtain a TETS can be outlined as follows.

Step 1. Measure the leakage current and power input to the valve elements of MOSA;

Obtain the power dissipation —time relationship and therefore the g; —t relationship.

Step 2. Model the thermal behavior of MOSA as described in Chapter 3.

Step 3. Obtain by simulation the heating and cooling curves of the MOSA at the

location of the hottest valve element.

Step 4. Obtain by simulation the cooling curves of TETS. Adjust the test section

parameters such as the air gap width and thickness of the housin g so that the cooling

curve matches that of the MOSA,
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5.5 Comparison of Test Section Designs

It is possible to design a TETS which employs insulation material such as glass wool
between element and housing (Fig. 5.2). However, it is found that it is difficult to obtain
thermal equivalence for a test section which employs glasswool. Moreover the thermal
characteristics of glass wool change with the density i.e. tightness of packing, In addition
the model does not have an air gap between the element and the housing as in the case of the
MOSA. However, TETS with air gap between the element and the housing (shown in Fig,
5.1 and 5.3) are easier to fabricate than the model employing glass wool. The TETS with air
gap is also involved the similar heat transfer modes i.e. convection in air gap as that of the
MOSA. Thus, the suggested test section with air gap is more representative of an actual
arrester. In addition the housing material of the suggested TETS can be any available
insulating tube with the designed dimensions, which makes the TETS much easier to be
obtained. Table 5.4 compares several designs of test sections. It can be see that it is

convenient and easy to design a TETS using the proposed simulation technique.
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Table 5.4 Comparison of test section designs
IEC Canada Reference | Reference |Reference |proposed
standard standard [4] [8] [5] TETS
[50] [51]
number of >1 >1 1 2 5 1-3
elements
housing same as same as thermal |porcelain  |porcelain any
material arrester arrester Insulator insulating
housing housing material
ID. of arrester arrester no . .
housing housing housing housing designed
LD.+5% |1.D.
housing long > 1 shed longer then | longer then |just long
fength enough to | length; _ |the length| the length |enough to
enclose < 110% of ele. + of ele. + enclosed
element ele. Iength electrodes [electrodes |element +
electrodes
test thermal thermal thermal ceramic any good
section insulating |insulating |Insulator air board thermal
ends material material insulator
material L . thermal air air or air
between Insulator glass wool
ele. and or air
housing
adjustment | axial axial glass wool |[housing
of thickness |thickness packing thickness
thermal of end of end and radial
property |insulation |insulation length of
material | material air gap
thermal not not difficult to |equivalence
equivalence estab- established |obtain demonstrated
lished
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Chapter 6

SUMMARY AND CONCLUSIONS

6.1 Conclusions

In this thesis, existing models of MOSA are briefly reviewed and the assumptions
inherent in them are outlined in Chapter 1. The thermal properties of MOSA are identified
and the heat transfer modes are discussed in Chapter 2. Based on the heat transfer modes
and the principle of energy conservation, an improved mathematical model which
overcomes the drawbacks of the previous models is described in Chapter 3. Chapter 4
verifies the accuracy of the suggested model by comparison of the predicted thermal
behavior with existing experimental data in the literature[4] and with the experimental
results obtained by conducting tests on an actual 84kV MOSA: the thermal performance of
the 84kV MOSA under the influence of a temporary overvoltage is also evaluated. In
Chapter 5 TETS of 84kV MOSA is derived using the mathematical model; A procedure to
design a TETS is discussed; the thermal equivalence between the TETS derived by
simulation and the 84kV MOSA which it represents is verified by conducting tests on the
MOSA and the single element test section, which demonstrate the accuracy of the modelling

technique.



Chapter 6 92

The following conclusions can be drawn from the study in the thesis:

(1) A better and more accurate representation of heat transfer modes of conduction,
convection and radiation has been applied in the derivation of mathematical model. Fin
theory is used to account for external heat transfer from the sheds of the arrester housing,

and heat transfer from electrodes is also taken into account.

(2) The proposed model yields the temporal variation of MOSA temperature
distribution in both the axial and radial directions; the model can be used to simulate thermal
behavior of MOSA under steady state and transient conditions.

(3) The suggested modelling technique can be applied to any configuration of arrester
and different operating conditions i.e. different applied voltages and different magnitudes
and durations of TOV. It can also be applied to evaluate the thermal behavior of MOSA
under different kinds of overvoltages provided the power generated in the valve elements
is available.

(4) A new and practical method to derive a TETS is recommended based on the
modelling technique; It has proven that the derived TETS following the suggested

procedure can be thermally identical to that of the MOSA which it represents.

(5) The good agreement between the simulated and experimental results demonstrates

the accuracy of the modeling technique.

(6) The proposed model can be used to determine the thermal capability, stability and
aging of MOSA.

6.2 Recommendations for Future Work

This thesis offers the following suggestions for future work:

(1) Simple methods are required to obtain an accurate value of the power input to the

valve element under various conditions (i.e 60Hz, TOV, lightning and switching surges )
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in order to obtain an accurate results of the temperature distribution in MOSA subjected a

various of voltages.

(2) Nonlinear voltage distribution along the arrester column due to capacitance to

ground and surface pollution should be considered.

(3) Simulation of MOSA may be carried out taking into account nonsymmetrical

heating due to solar radiation.
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Appendix A

FORTRAN PROGRAM TO SIMULATE
MOSA AND TEST SECTION

A.1 Nomenclature Used In FORTRAN Program

Variable

Definition

Ai(i=1,2...) Area

B
CL

CP

CP1
CP2
CPA
DEN
DENI
DEN2
DENA
DR,DZ
DR1,DZ1
DT
DTIME
E

ED)

EE
EEL
EJO

Coefficient of cubical expansion

Constant

Specific heat of valve element

Specific heat of arrester housing

Specific heat of electrode

Specific heat of air

Density of valve element

Density of arrester housing

Density of electrode

Density of air

Small increment of valve element in radial and axial directions
Small increment of arrester housing in radial and axial directions
Temperature difference

Time step

Electric field

Electric field at node (i,j=1,2,....m;)

Radiation emissivity on the surface of valve element
Radiation emissivity on the surface of electrode

Current density
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EJR
EP
FlJ

GR

HIN
HPO,H1

LE
LP
L1
L2
L3
L4
LF
LS

M
Mi

M2

N
N1

NF

NN
NNI

NP
NN2

NU
PR

QGEN
QGENI
QGENI(I)
QCOND
QCONV
QRAD

Current flowing through the valve elements
Radiation emissivity on the surface arrester housing
Radiation shape factor between two small segment
Gravitational acceleration

Grashof number

Enclosed convection heat transfer coefficient
Convection heat transfer coefficient between housing and ambient
(free and forced convection)

Length of valve element

Length of arrester housing

Length of bottom electrode

Length of top electrode

Length of inside electrode at bottom
Length of inside electrode at top
shed length

Length of arrester supporter

Number of nodes of valve element in radial direction
=M+1

Number of shed segments

Number of nodes of valve element in axial direction
=N+1

Number of sheds

Number of nodes of arrester housing in radial direction
=NN+1

Number of nodes of arrester housing in axial direction
=NP+1

Nusselt number
Prandt] number

Heat Generation

Heat Generation per cubic volume (W/m?3)

Heat Generation per cubic volume at node (LJ=1,2,.M1)
Heat conduction

Heat convection

Heat radiation
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SB
TAMB
TIME
T{))
TO(LJ))
TK

TK1
TKAIR
TTA,L)
TTO{d,J)
TTT1
TTT2
TF(ILT)
TRO(ILJ)
TS(I)
TS

8}

VL

VU

Zdn

Energy input due to radiation of the sun

Energy input due to radiation of the sky

Radii of valve element

Radial coordinate of valve element

Radial coordinate of arrester housing

Radii of inside cylinder of arrester housing

Radium of outside cylinder of arrester housing

Radium of shed of arrester housing

Rayleigh number

Stefan—-Boltzmann constant

Ambient temperature

Time

Temperature of valve elements at the current time step
Temperature of valve elements at the previous time step
Thermal conductivity of valve element

Thermal conductivity of arrester housing

Thermal conductivity of air

Temperature of arrester housing at the current time step
Temperature of arrester housing at the previous time step
Temperature of the bottom electrode

Temperature of the top electrode

Temperature of the II™" shed at the current time step
Temperature of the IT'™ shed at the previous time step
Supporter temperature at the current time step
Supporter temperature at the previous time step
Absolute viscosity

Volume

Kinematic viscosity of air

z coordinate of the ITth shed
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A.2 FORTRAN Program

oNeoNeoNoNeoNeNe)

97
441

58

60

65
70

REAL LE, LP

REAL LI, L2,LF L3, L4

COMMON / D1/ N, M, NN, NP, TAMRB, TH/ D2/ RE, RPI, RP2,LE,LP
COMMON /D/ T (50, 50), R (50), TT (50, 50), RR (50)

COMMON /D3/CP, CP1, CP2, TK, TK1, DEN, DEN1, DEN2/ D4/ TKAIR, SB
COMMON / D5/ EE, EP, EEL

COMMON/ D7/ET, V, S/ D8/ DR, DZ, DR1, DZ1, DTIME/ DY/ VL, QGEN1
COMMON N1, M1, NN1, NN2, I, I, RAT, RA1, RA2, RA3

COMMON / D10/ TO (50, 50), TTO (50, 50), TF (20, 50y, RF (50)
COMMON / D12/ TSO (20), NS, DS

COMMON / D13/ REL, REL1, L3, L4

DATA REL, REL1, L3, L4/

DATA N, M, NN, NP, TAMR

DATA RE, RP1, RP2, RP3, LE, LP/

DATA CP, CP1, CP2, TK, TK1, DEN, DEN1, DEN2/

DATA TKAIR, SB/

DATA EE, EP, EEL/

DATA ET, V/

DATA L1, LY/

DATA THI, NF/

WRITE (80, 900)

FORMAT (1X, 'FORTRAN PROGRAM FOR THE SIMULATION OF THERMAL
PROPERTIES OF MOSA")

CONSIDERING ELECTRODS, SET CS NOT TO BE EQUAL TO 0.0
CONSIDERING CONDUCTION IN METAL ELECTRODE, SET CS=1.
CONSIDERING shedS HEAT TRANSFER, SET CS1=1.

CONSIDERING ENERGY INPUT DUE TO SOLAR AND SKY RADIATION , SET
C82=1., OTHERWISE SET CS$2=0.

CS=1.
CS1=0.

CS2=0.

IF (CS2.EQ.1.) GO TO 97

L=2000

GO TO 441

L=1000

WRITE (80, 50) N, M, NN, NP, TAMB

WRITE (80, 58) RE, RP1, RP2, LE, LP

WRITE (80, 60) CP, CP1, CP2, TK, TK1, DEN, DEN1, DEN2
WRITE (80, 65) TKAIR, SB

WRITE (80, 70) EE, EP, EEL

FORMAT (/ 1X, 2HN:, 15, 2X, * M-', I5, 2X, 3HNN:, IS, 2X, * NP", 15, 3X,
SHTAMB:, F10.4)

FORMAT (/ 1X,” RE?",F104,’ RP1”,F104," RP2:’, F10.4,
' LE",F104,° LP, F10.4)

FORMAT (/1X,” CP, F10.4," CP1:", F104, " CP2, F104,
" TK:, F104,* TK1:", F104, ' DEN?, F10.4, " DEN1:'", F10.4,
' DEN2’, F10.4)

FORMAT (/ 1X, ' TKAIR:", F10.4, " SB:", F10.4)

FORMAT (/ 1X,* EE:’, F104, EP’, F104, " EEL', F10.4)
DZ=LE/ (0.0+N)

DR=RE/ M

DR1= (RP2-RP1)/ (0.0+NN)

DZI=LP/ (0.0+NP)

WRITE (80, 620) DZ, DR, DZ1, DR1
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620 FORMAT (/ 1X, ' DZ’, F10.4, ' DR’, F10.4, " DZ1°,F104,” DRI,
* F10.4)
Ni=N+1
Ml=M+1
NN1=NN+1
NN2=NP+1

R {1)=0.
DO 11 J=2, M1
11 R (N=R (-1)+DR
RR (1)=RP1
DO 22 J=2, NN1
RR (N=RR (-1)+DR

ACCURATLY RADIATION SHAPE FACTOR AND RA’

CALL RSF (F25, F24, F17)
CALL RAF (F25, F24, F17)
WRITE (80, 399) F25, F24, F17, RAT, RAI, RA2, RA3
399 FORMAT (1X, "F25=", F10.5, " F24=", F10.5," F17=", F10.5, / 1X,
* "RAT=’, E10.5, " RAl=", E10.5, " RA=2", F10.5, RA3=’, E10.5)

C
C SET INITTAL TEMPERATURE
c

DO 11=1,N1
DO 1]=1, M1
TO (1, N=TAMB
i CONTINUE
WRITE (80, 200) ((TO (1, J), =1, M1), I=1, N1)
DO 77 I=1, NN2
DO 77 J=1, NN1
77 TTO (I, I'=TAMR
TTTI=TAMB
TTT2=TAMB
DO 39 [=1, NS+1
39 TSO (I)=TAMB

C

Cc SETTING INITIAL TEMPERATURE OF shedS
LF=RP3-RP2
M2=LF/DR1
DO 435 I=1, M2+1
DO 435 11=1, NF

435 TF (11, I)=TAMB

Cc

C

cC SET COORDINATES OF shedS
RF (1)=RP2

DO 445 =2, M2+1
445 RF ()=RF (I-1)+DR1

C
CALL CONVH (HTOP, HPO, HIN)
WRITE (80, 640) HTOP, HPO, HIN
C
C TIME STEP
C

DT1=DEN*CP/TK/ (2./ DZ**2+4.f DR**2)
DT2=DEN1*CP1/ TK1/ (2./ DR1%%2+2./ DZ1*%2)
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19
91

510
56
55

000 oNeNe!

e ReNe!

120

122

CEeReXoNe)

OOSOOOOOOO
o

DTIME=DT1

IF (DT2.LT.DTIME) DTIME=DT2
IF (CS2.EQ.1.)GO TO 19

GO TO91

DTIME=DTIME/ 500.

WRITE (80, 220) DTIME

HEAT INPUT DUE TO RADIATION OF SUN AND SKY

CALL QSS (QSUNL, QSKY1, QSUN2, QSKY2)

WRITE (80, 432) QSUN1, QSKY1, QSUN2, QSKY2

FORMAT (1X, "QSUN & QSKY ON VERTICAL SURFACE (W/ M**2):°,
1X, F104, 3X, F104, / X, *QSUN & QSKY ON HORL SURFACE’,
"W/ M*2), 1X, F10.4, 3X, F10.4)

QSS1=QSUN1+QSKY1

QS582=QSUN2+QSKY2

S=1.0

TIME=0.0

IC=0

TIME=TIME+DTIME

IC=IC+1

CONVECTION COEFFICIENT:H
CALL CONVH (HTOP, HPO, HIN)

POWER INPUT TO VALVE ELEMENT DUE TO LEAKAGE CURRENT
CALL QQ(TIME, EJR)

ELECTRODE TEMPERATURE TTT

IF (CS.EQ.0.) GO TO 910

CALL TELEC (TTT1, TTT2, L1, L2, HTOP, HPO, CS2, Q§52, QSS1)
DO 120 J=1, M1

T (N1, =TTT2

T (1, D=TTTI

DO 122 J=1, NN1

TT (1, D=TTTI

TT (NN2, )=TTT2

GO TO 920

NOT CONSIDERING THE INFLUENCE OF ELECDRODE
TOP AND BOTTOM ELEMENT TEMPERATURE

CALL TTB (HTOP)
CALL TCORN (HIN, HTOP)

CALL TCTOB (HTOP)

CONSIDERING ELECTRODE HEAT TRANSFER
VALVE ELEMENT ELEMENT TEMPERATURE
SURFACE TEMPER ATURE

CALL TSE (HIN)

CENTERAL LINE TEMPERATURE (R=0)
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c
CALL TCEN
c
C NTERIAL TEMPERATURE
c
CALL TINTE
C
C HOUSING TEMPERATURE
c
C EXTERIOR SURFACE TEMPER ATURE
C
IF (CS1.EQ.1.) GO TO 930
CALL TOSP (HPO, CS2, QSS1)
GO TO 940
930 CALL TshedS (M2, NF, LE, THI, HTOP, HPO, CS2, QSS1)
C
C INTERIOR TEMPERATURE
C
940  CALL TINP
C
C INTERIOR SURFACE TEMPERATURE
C
CALL TISP (HIN)
C
DO 116 =1, N1
DO 116 J=1, M1
116 TO(, N=T (L)
DO 118 I=1, NN2
DO 118 J=1, NN1
18 TTO(LD=TT(, J)
IF (IC.LT.L) GO TO 55
TIME1=TIME/ 3600.
WRITE (6, 100) TIMET
WRITE (80, 100) TIME1
c
C HEAT LOSS
C
QRAD=0.0
QCOND=0.0
QCONV=0.0
C
C HEAT LOSS ON THE SURFACE OF ELEMENT AT TIME T
C
I=1
I=M1
QRAD=QRAD+SB* ( ((T (I, 1)+273.)/ 100.%*4— ( (TT (I, 1)+273.)/ 100.)
% Exq)RAL
QRAD=QRAD+SB* (( (T (I, J)+273.)/ 100.y=*4— ( (TT (-1, 1)+273.)/ 100.)
5 R4 RA2
QRAD=QRAD+SB* ( ((T (I, 1)+273.)/ 100.y%*4— ( (TTT24273.)/ 100.)
£ #x4)/RA3
I=N1
QRAD=QRAD+SB* ( ((T (I, )+273.)/ 100.%%4— ( (TT (I, 1)+273.)/ 100.)
£ =xf)/RAL

QRAD=QRAD+SB* ( ( (T (I, 1}+273.)/ 100.)%*4— ((TT {I+1, 1)+273.)/ 100.)
* **4)/RA2
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88

89

[PEeNp!

640

PEe N

99

950

970

QRAD=QRAD+SB* ( ( (T (I, I)+273.)/ 100.y#*4— ( (TTT1+273.)/ 100.)
*54)/ RA3

DO 88 I=2, N

QRAD=QRAD+SB* ( ( (T (I, J)}+273.)/ 100.y%*4— ( (TT (I, 1)+273.)f 100.)
#54)/ RA1

QRAD=QRAD+SB* (((T (L, I)}+273.)/ 100.y5*4— ( (TT (-1, 1)+273.) 100.)
*44)/ RA2

QRAD=QRAD+SB* ( ( (T (I, )+273.)/ 1004 ( (TT (I+1, 1)+273.)/ 100.)
#54)/ RA2

CONTINUE

DO 89 I=1, N1

QCOND=QCOND+TKAIR* (T (I, I)-TTO (I, 1))*2.3.14/ ALOG (RP1/ RE)*DZ1
QCONV=QCONV+HIN*2.#RR (1)* (T (I, =TT (I, 1))*3.14*DZ1
CONTINUE

QTOT1=QRAD+QCONV+QCOND

WRITE (80, 660) QRAD, QCONV, QCOND, QTOT1

HEAT LOSS THROUGH ELECTRODES AT TIME T

A=3.14159¥RP2%*2
A1=2*3.14159*RP2*L1

A2=2 %3 14159%RP2*L2

QRAD=EEL*SB* ( ((TTT1+273.)/ 100.%*4— ( (TAMB+273.)/ 100.
YRE4YEAL

QRAD=QRAD+EEL*SB* ( ( (TTT2+273.)/ 100.)%*4— { (TAMB+273.)/ 100.
YAV (A+A2)

QCONV=HPO* (TTT1-TAMB)*A1

QCONV=QCONV+ (TTT2-TAMB)* (A*HTOP+A2*HPO)
QCONS=TK1*A* (TTT1-TSO (NS))/ DS

QTOT2=QRAD+QCONV

WRITE (80, 640) HTOP, HPO, HIN

FORMAT (/ 1X, "HTOP", F10.4, ' HPO", F10.4, " HIN’, F10.4)

WRITE (80, 600) QRAD, QCONV, QTOT2

HEAT LOSS FROM THE SURFACE OF HOUSING

QRAD=0.0
QCONV=0.0

IF (CS1.EQ.1.) GO TO 950

DO 99 I=1, NN2

QRAD=-EP*$B*2*RR (NN1)* ( ( (TAMB+273.)/ 100.)**4— ( (TT (I, NN1)+273)
/ 100.*4y*DZ1%3.14:QRAD

QCONV=—HPO#2*RR (NN1)*3.14* (TAMB-TT (I, NN1)}*DZ1+QCONV
CONTINUE

QTOT=QRAD+QCONV

GO TO 980

HEAT LOSS FROM sheds

BO 960 1I=1, NF

DO 970 J=2, M2

A3=3.14159%2 *RF (J)*DR1

QCONV=QCONV-2*HTOP* (TAMB-TF (I1, J WEA3

QRAD=QRAD-2 *EP*S§RB* ( ( (TAMB+273.)/ 100.)%*4— ((TF (II, I)}+273.)
£100.)%%4)* A3

CONTINUE

J=M2+1

A=2%3 14159*RP3*THI

QCONV=QCONV-HPO* (TAMB-TF (I, M2+1))*A
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A1=2#3.14159* (RP3**2— (RP3-DR1/ 2.y**2)
QCONV=QCONV-HTOP* (TAMB-TF (I, M2+ 1)}*Al
QRAD=QRAD-EP*SB* ( ((TAMB+273.)/ 100.y**4 ( (TF (I, M2+1)+273.)
¥ [100.)%%4)* (A+A1)
960 CONTINUE
A=2.%3.141569*RP2* (LP-NF*THI)
QCONV=QCONV+HPO* (TT (2, NN1)-TAMRB)*A
QRAD=QRAD-EP*SB* ( ( (TAMB+273.)/ 100.)**4— ( (TT (2, NN1)+273.)
* o 100.)5%4)*A
QTOT=QCONV+QRAD
980 WRITE (80, 630) QRAD, QCONV, QTOT
VL=3.14159*RE**2*LE* [0 **6
QUNI= (QTOT+QTOT2)/ VL
WRITE (80, 968) QUNI
968 FORMAT (/ 1X, "QUNI=", E10.4, > W/ CM**3")
C

C
IF (S.EQ.1.) GO TO 540
QDIF=0-QTOT-QTOT2+CS2* (QSS1#2.#3.14159*RP2*LP+
* QS582*3.14159*RP2#+*2)
WRITE (80, 625) QDIF

GOTO 550
C
C HEAT INPUT TO VALVE ELEMENT DUE TO LEAKAGE CURRENT
C (E: V/ CM; QGEN2:W/ CM*#%3)
C
540 E=E/ 100,

QGEN2=QGEN1 (I)/ 10.**6
VL=3.14159*RE#*2*LE
QGEN=QGENI (I)*VL
WRITE (80, 605) E, EIR, QGEN2, QGEN
QDIF=QGEN-QTOT-QTOT2+CS2* (QSS1%2.%3.14159*RP2*L P+
* QS82%3.14159%RP2**2)
WRITE (80, 625) QDIF
625  FORMAT (/ IX,” QDIFFERENCE=", F10.5/)
660  FORMAT (/1X, 'ELEMENT?, / 1X, SHQRAD=, F10.4, 2X, 6HQCONV=, F10.4, 2X,
*  6HQCOND=, F10.4, 2X, 8H QTOTAL=, F10.4)
600 FORMAT (1X, "ELECTRODE:", / 1X, SHQRAD=, F10.4, 2X, 7TH QCONV=, F104,
*  2X,7THQTOTAL=, F10.4)
630 FORMAT (1X, "HOUSING ",/ 1X, " QRAD=", F10.4, * QCONV=", F104,
*  *QTOTAL=", F10.4),
605  FORMAT (/,1X,’ E=", F10.2,’V/CM",” EJR=", F104,
* " QGEN1 ()=", F12.5, "W/ CM**3’, QGEN=", F10.4, "W")
550 WRITE (80, 200) ( (T (1, 1), I=1, M1), =1, N1)
WRITE (80, 477) (TSO (I), I=1, NS+1)
477 FORMAT (/ 1X, 'TS’, 6 (1X, F10.4))
IF (CS1.EQ.1.) GO TO 492
GO TO 499
492 WRITE (80, 482) ((TF (IL, J), II=1, NF), J=1, M2+1)
482 FORMAT (/ 1X, 'TF (IL, Iy, 4F10.4)
400 FORMAT (1X/3HTT, 4 2X, F12.4))
100 FORMAT (1X// 6H TIME=, F13.4)
200  FORMAT (1X, 1HT, 4 (2X, F10.4))
220 FORMAT (1X, 6HDTIME=, F9.6)
499 IF (S.EQ.0.) GO TO 560
DER=ARS (QDIF-QDIFO)
IF (T (1, 1).GT.200.) GO TO 250
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560

250

530

C

IF (DER.LT.0.1) GO TO 250
QDIFO=QDIF

GO TO 56

IF (TIME.GT.TMAX) GO TO 530
GO TO 56

$=0.

TMAX=TIME

GO TO 510

CONTINUE

STOP

END

C
C
C

oReReRe!

VALVE ELEMENT SURFACE TEMPERATURE

SUBROUTINE TSE (H)
REAL LE, LP

COMMON /D1/N, M, NN, NP, TAMB, TH/ D2/ RE, RP1, RP2, LE, LP
COMMON  /D/ T (50, 50), R (50), TT (50, 50}, RR (50)

COMMON  /D3/CP, CP1, CP2, TK, TK1, DEN, DEN1, DEN2/ D4/ TKAIR, SB
COMMON  /DS/EE, EP, EEL

COMMON /D7/ET, V, $/ D8/ DR, DZ, DR1, DZ1, DTIME/ DY/ VL, QGENI
COMMON N1,M1,NN1,NN2, I, J, RAT, RA1, RA2, RA3

COMMON / D10/ TO (50, 50), TTO (50, 50), TF (20, 50), RE (50)

J=Mi

DO21=2, N

A1=3.14159% (R (Jy**2- (R (I)-DR/ 2.y*2)

A2=3.14159* (R (1)-DR/ 2.*2*DZ

QCONI=TK* (TO (I, J-1)-TO (I, )))/ DR*A2

QCON2=TK* (TO (I+1, I}-TO (I, )y DZ*A1

QCON3=TK* (TO (I-1, )-TO (I, 1)/ DZ*A1

QCON4=TKAIR* (TTO (I, 1)-TO (I, )}*2*3.14159*DZ/ ALOG (RP1/R (1))
QCONV=H#*2%3.14159+R (JY*DZ* (TTO (I, 1)-TO (I, I))

QRAD=SB* ( ( (TTO (I, 1)+273.)/ 100.)**4- ( (TO (I, 1)+273.)/ 100.)+*4)
/RA1

QRAD=QRAD+SB* (( (TTO (I-1, 1)+273.)/ 100.%*4— ( (TO (I, )+273.) 100.)
#4)/RA2

QRAD=QRAD+SB* (( (TTO (I+1, 1)+273.)/ 100.y*4— ( (TO (I, 1)+273.)/ 100.)
#54) RA2

VL=A1*DZ

QGEN=QGENI (Iy*VL

T (I, H=DTIME/ DEN/ CP/ VL* (QCON1+QCON2+QCON3+QCON4+QCONV+QRAD
+QGEN)+TO (I, J)

CONTINUE

RETURN

END

CONSIDERING HEAT CONDUCTION IN MEATAL ELECTRODE
SURFACE TEMPERATURE OF ELEMENT AND ELECTRODE INSIDE

SUBROUTINE TSE (H)

REAL LE,LP

COMMON /Di/N, M, NN, NP, TAMB, TH/ D2/ RE,RP1,RP2,LE, LP
COMMON /D/T (80, 80), R (80), TT (80, 80), RR (80)

COMMON /D3/CP, CP1, CP2, TK, TK1, DEN, DEN1, DEN2/D4/ TKAIR, SB
COMMON /D5/EE, EP, EEL, TK2

COMMON /D7/ET, V, S/ D8/ DR, DZ, DR1, DZ1, DTIME/ D9/ VL, QGEN1
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COMMON NI, M1,NN1,NN2, I, J, RAT, RAL, RA2, RA3
COMMON /DI10/ TO (80, 80), TTO (80, 80), TF (20, 80}, RF (80)
I=M1

Al=3.14159% (R (Iy**2— (R (I)-DR/ 2.)¥*2)

A2=3.14159* (R (J)-DR/ 2.)%2=D7Z,

BOTTOME ELECTRODE

DO 21=2, L3/ DZ
QCON1=TK2* (TO (I, -1)-TO (], J))f DR*A2

QCON2=TK2* (TO (I+1, I)-TO (I, 1)) DZ*Al

QCON3=TK2* (TO (I-1, N-TO (I, ) DZ*A1

QCON4=TKAIR* (TTO (I, 1)-TO (I, ))*2*3.14159*DZ/ ALOG (RP1/ R (1))
QCONV=H*2#3.14159*R (J*DZ* (TTO (I, 1)-TO (1, 1))

QRAD=SB* ( ((TTO (I, 1)+273.)/ 100.)%%4— ( (TO (1, 1+273.)/ 100.)%%4 / RA1
QRAD=QRAD+SB* ( ((TTO (I-1, 1)+273.)/ 100.)¥4— ( (TO (L, )+273.)/ 100.)
*%4)/ RA2

QRAD=QRAD-+SB* ( ( (TTO (I+1, 1)+273.)/ 100.y%%4— ( (TO (I, 1)+273.)/
100.)%%4)/ RA2

VL=A1*DZ

T (I, )=DTIME/ DEN2/ CP2/ VL* { (QCON1+QCON2+QCON3+QCON4
+QCONV+QRADY 4.)+TO (I, J)

CONTINUE

VALVE ELEMENT

DO 12 I=L3/ DZ+1, L3/ DZ+N
QCONI1=TK* (TO (I, I-1)-TO (I, J))/ DR*A2

QCON2=TK* (TO (I+1, )-TO (I, )/ DZ*A1

QCON3=TK* (TO (I-1, I}-TO (I, )Y DZ*A1

QCONA=TKAIR* (TTO (I, 1)-TO (I, 1)}*2*3.14159*DZ/ ALOG (RP1/R (J))
QCONV=H*2*3.14159*R (JY*DZ* (TTO (I, 1)-TO (I, I))

QRAD=SB* ( ((TTO (I, 1)}+273.)f 100.y*4— ( (TO (I, [)+273.)/ 100.)++4)
JRA1

QRAD=QRAD+SB* ( ((TTO (I-1, 1)+273.)/ 100.)%#4— ( (TO (I, J)+273.)/ 100.)
*%4)/ RA2

QRAD=QRAD+SB* ( ((TTO (I+1, 1)+273.)/ 1004 ( (TO (I, }+273.)/
100.%*4)/ RA2

VL=A1*DZ

QGEN=QGEN1 (I)*VL

T (I, )=DTIME/ DEN/ CP/ VL* ( (QCON1+QCON2+QCON3+QCON4
+QCONV+QRADY 4.+QGEN)+TO (I, )

CONTINUE

TOP ELECTRODE

DO 22 I=L3/ DZ+N+1, (L3+L4Y DZ+N
QCON1=TK2* (TO (I, I-1)-TO (L, J))/ DR*A2

QCON2=TK2* (TO (I+1, )~TO (I, 1)) DZ*A1

QCON3=TK2* (TO (I-1, )-TO (I, 1))/ DZ*A1

QCON4=TKAIR* (TTO (I, 1}-TO (I, })*2*3.14159*DZ/ ALOG (RP1/R (J))
QCONV=H*2#3.14159*R (I*DZ* (TTO (I, 1)-TO (I, T))

QRAD=SB* (((TTO (I, 1)+273.)/ 100.y%%4— ( (TO (I, J}+273.)/ 100.)**4)
JRAl

QRAD=QRAD+SB*  ((TTO (I-1, 1)}+273.)/ 100.y*4— ( (TO (I, )+273.)/ 100.)
*44)/ RA2

QRAD=QRAD+SB* (( (TTO (I+1, 1)+273.)/ 100.y**4— ( (TO (I, )+273.)/
100.+%4)/ RA2
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VL=A1*DZ

T (1, 1)=DTIME/ DEN2/ CP2/ VL* ( {QCON1+QCON2+QCON3+QCON4
+QCONV+QRADY 4.+TO (I, )

CONTINUE

RETURN

END

INTERIAL TEMPERATURE OF ELEMENT

SUBROUTINE TINTE
REAL LE, LP

COMMON  /D1/N, M, NN, NP, TAMB, TH/ D2/ RE, RP1, RP2, LE, LP
COMMON /D/ T (50, 50), R (50), TT (50, 50), RR (50)

COMMON  /D3/CP, CP1, CP2, TK, TK1, DEN, DEN1, DEN2/ D4/ TKAIR, SB
COMMON /D5/EE, EP, EEL

COMMON  /D7/ET, V, §/ D8/ DR, DZ, DR1, DZ1, DTIME/ DY/ VL, QGEN1
COMMON /D10/ TO (50, 50), TTO (50, 50), TF (20, 50), RF (50)

COMMON N1, M1, NN1,NN2, I J, RAT, RAL, RA2, RA3

DO 44 =2, N

DO 44 J=2, M

VL=1.

QGEN=QGEN1 (I}*VL

T (L, )=DTIME/ DEN/ CP* (TK* ((TO (I, J+1}-2%TO (I, )+TO (I, J-1))/ DR**2
*+(TO (+1, 1)-2*TO (I, N+TO (I-1, 1)) DZ*¥2+ (TO (I, J+1)=TO (I, J-1))/
(2*DR*R (IN)+QGEN)+TO (1, )

CONTINUE

RETURN

END

CENTRAL LINE TEMPERATURE OF ELEMENT

SUBROUTINE TCEN
REAL LE, LP

COMMON /D1/N, M, NN, NP, TAMB, TH/ D2/ RE, RP1, RP2, LE, LP
COMMON / D/ T (50, 50), R (50), TT (50, 50), RR (50)

COMMON /D3/ CP, CP1, CP2, TK, TK1, DEN, DEN1, DEN2/ D4/ TKAIR, SB
COMMON / D5/ EE, EP, EEL

COMMON /D7/ET, V, 8/ D8/ DR, DZ, DRI, DZ1, DTIME/ D9/ VL, QGENI
COMMON N1, MI, NN1, NN2, I, T, RAT, RA1, RA2, RA3

COMMON / D10/ TO (50, 50), TTO (50, 50), TF (20, 50), RE (50)

J=1

DO351=2,N

VL=1.0

QGEN=QGENT (I)*VL

T (I, )=DTIME/ DEN/ CP* (TK* ( (TO (I-1, N-TO (I, 1Y)/ DZ**2+

(TO (I+1, =TO (1, H)f DZ**2+4* (TO (1, I+1)-TO (I, J))f DR**2)+QGEN)
+TO (L, J)

CONTINUE

RETURN

END

ELECTRODE TEMPERATURE

SUBROUTINE TELEC (TTT1, TTT2, L1, L2, HTOP, HI, C82, 8S2, Q881)
REAL LE, LP
REALLL, 12, LS, 13,14
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DIMENSION TS (20)
COMMON /D1/N, M, NN, NP, TAMB, TH/ D2/ RE, RP1, RP2, LE, LP
COMMON / D/ T (50, 50), R (50), TT (50, 50), RR (50)

COMMON / D3/ CP, CP1, CP2, TK, TK1, DEN, DEN1, DEN2/ D4/ TKAIR, SB
COMMON / D5/ EE, EP, EEL

COMMON /D7/ET, V, $/ D8/ DR, DZ, DR1, DZ1, DTIME/ D9/ VL, QGEN1
COMMON / D10/ TO (50, 50), TTO (50, 50), TF (20, 50), RE (50)
COMMON / D12/ TSO (20), NS, DS

COMMON N1, M1, NN1, NN2, I, J, RAT, RA1, RA2, RA3

COMMON / D13/ REL, REL1, L3, 14

DATA LS, NS, TS (1)/ 0.465, 5,22,/

QCON=0.

I=N1

H=NN2

DO 59 J=2, M

A1=2*3.14159%R (JY*DR

QCON=QCON+TK* (TO (I-1, I)-TTT2)/ DZ*A1

CONTINUE

DO 41 J=2, NN

A2=2%3.14159*RR (JY*DR1

QCON=QCON+TK1* (TTO (II-1, J)-TTT2)/ DZ1*A2

CONTINUE

I=M1

A3=3.14159% (R (Jy**2— (R (J)-DR/ 2.)+2)

QCON=QCON+TK* (TO (I-1, D-TTT2) DZ*A3

J=NN1

A4=3.14159% (RR (Jy**2- (RR ()-DR1/2.)**2)

QCON=QCON+TK1* (TTO (II-1, )-TTT2)/ DZ1*Ad

A5=3.14159% (DR/ 2.y+*2

QCON=QCON+TK* (TO (I-1, 1)-TTT2)/ DZ*A5

A6=3.14159* ( (RR (1)+DR1/ 2.)%%2-RR (1)**2)

QCON=QCON+TK1* (TTO (II-1, [)~TTT2)/ DZ1*A6

A7=3.14159%RR (NN1y**2

A8=3.14159%2 *RR (NN1)*L2

VL=AT*L2

QCONV= (TAMB-TTT2)* (HTOP*A7+H1%A8)

QRAD=EEL*SB* ( ( (TAMB+273.0)/ 1004 ( (TTT2+273.)/ 100.)*+4)*
(AT+AB)+CS2*QSS2%A7

TTT2=DTIME/ DEN2/ CP2/ VL* (QCON+QCONV+QRAD}+TTT2

SUPPORTER TEMPERATURE

DS=LS/ (NS+0.)
Al=3.14159%RP2**2

A2=2%3 14159*RP2*DS

VL=A1*DS

DO 75 I=2, NS

QCONDI=TK1* (TSO (I+1}-TSO (I))*A1/ DS

QCOND2=TK1* (TSO (I-1)-TSO (D)*A1/ DS

QCONV=H1* (TAMB-TS (I)}*A2

QRAD=EP*SB* ( ((TAMB-+273.0)/ 100.y*4— ( (TSO (I)}+273.)/ 100.y**4)*
A2+QSSI*A2*CS2

TS ()=DTIME/ DEN1/ CP1/ VL* (QCOND1+QCOND2+QCONV+QRAD)+TSO (1)

BOTTOM ELECTRODE

I=1
QCON=0.
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DO 771=2,M
A1=2%3,14159*R (J}*DR

QCON=QCON+TK* (TO (I+1, N-TTT1)/ DZ*A1

CONTINUE

DO 74 J=2, NN

A2=2%3.14159*RR (J}*DR1

QCON=QCON+TK1* (TTO (I+1, )-TTT1)/ DZ1*A2

CONTINUE

T=M1

QCON=QCON+TK* (TO (I+1, )-TTT1) DZ*A3

J=NN1

QCON=QCON+TK1* (TTO (I+1, )~TTT1); DZ1*Ad
QCON=QCON+TK* (TO (I+1, I-TTT1) DZ*AS
QCON=QCON+TK1* (TTO (I+1, 1)-TTT1)/ DZ1*A6

VL=AT*L1

A8=2.%3.14159*RR (NN1)*L1

QCONV=H1* (TAMB-TTTI)*A8

QRAD=EEL*SB* ( ((TAMB+273.0)/ 100.)**4— ( (TTT1+273.)/ 100.)%*4)*
A8+QSSI*A8*CS2

QCON=QCON+TK* (TSO (NS)-TTT1) DS*3,14159*R P2**2
TTT1=DTIME/ DEN2/ CP2/ VL* (QCON+QCONV+QRAD)+TTT1
DO 774 1=2, NS

TSO (ID=TS ()

TS (NS+1)=TTT1

TSO (NS+1)=TTT1

RETURN

END

EXTERIOR SURFACE TEMPERATURE OF HOUSING

SUBROUTINE TOSP (H1, CS2, QSS1)
REAL LE, LP

COMMON /D1/N, M, NN, NP, TAMB, TH/ D2/ RE, RP1, RP2, LE, LP
COMMON / D/ T (50, 50), R (50), TT (50, 50), RR (50)

COMMON / D3/ CP, CP1, CP2, TK, TK1, DEN, DEN1, DEN2/ D4/ TKAIR, SB
COMMON / D5/ EE, EP, EEL

COMMON / D7/ ET, V, 8/ D8/ DR, DZ, DR1, DZ1, DTIME/ D9/ VL, QGEN1
COMMON / D10/ TO (50, 50), TTO (50, 50), TF (20, 50), RE (50)
COMMON N1, M1, NN1, NN2, L, J, RAT, RAT, RA2, RA3

J=NNI

Al=(RR (1)**2- (RR (J)-DR1/2.)**2)*3.14159

VL=A1*DZ1

A2=2%3.14159*% (RR (J)-DR1/2.)*DZ1

A3=2%3.14159%RR (J}*DZ1

DO 800 =2, NP

QCON1=TKI1* (TTO (L, J-1)-TTO (I, I))*A2/ DR1

QCON2=TK1* (TTO (I+1, I=TTO (I, I)}*Al/ DZ1

QCON3=TK1* (TTO (I-1, J)-TTO (I, J))}*Al/ DZt

QRAD=EP*A3*SB* ( ((TAMB+273.)/ 100.)**4 ( (TTO (I, J)+273.)
/100.)%*4)+CS2+QSS1* A3

QCONV=H1*A3* (TAMB-TTO (I, I})

TT (1, )=DTIME/ DEN1/ CP1/ VL* (QCON1+QCON2+QCON3+QRAD+QCONYV)

+TTO (I, 1)
CONTINUE
RETURN
END

INTERIOR TEMPERATURE OF HOUSING
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SUBROUTINE TINP

REALLE, LP L3, L4

COMMON / D1/ N, M, NN, NP, TAMB, TH/ D2/ RE, RP1, RP2,LE, LP
COMMON / D/ T (50, 50), R (50), TT (50, 50), RR 1))}

COMMON / D3/ CP, CP1, CP2, TK, TK1, DEN, DENI, DEN2/ D4/ TKAIR, SR
COMMON / D5/ EE, EP, EEL

COMMON / D7/ ET, V, §/ D8/ DR, DZ, DR1, DZ1, DTIME/ DY/ VL, QGEN1
COMMON / D10/ TO (50, 50), TTO (50, 50), TF (20, 50), RE (50)

COMMON N1, M1, NN1, NN2, I, ], RAT, RA1, RA2, RA3

COMMON /D13/REL, REL1, L3, L4

DO 46 I=2, NP

DO 46 J=2, NN

TT (1, =DTIME/ DEN1/ CP1*TK1* ( (TTO (], J+1)=2%TTO (L, I+TTO (1, I-1)
Y DRI*¥2+ (TTO (I+1, D-2*TTO (I, ND+TTO (-1, IV DZ1*%2+

(TTO (L, J+1)}-TTO (I, J-1))/ (2.*DR1*RR (I))+TTO a@n

CONTINUE

RETURN

END

INTERIOR SURFACE TEMPERATURE OF HOUSING

SUBROUTINE TISP (H1)
REAL LE, LP

COMMON / D1/ N, M, NN, NP, TAMB, TH/ D2/ RE, RP1, RP2, LE, LP
COMMON / D/ T (50, 50), R (50), TT (50, 50, RR (50)

COMMON /D3/ CF, CP1, CP2, TK, TK1, DEN, DEN1, DEN2/ D4/ TKAIR, SB
COMMON / D5/ EE, EP, EEL

COMMON / D7/ ET, V, §/ D8/ DR, DZ, DR1, DZ1, DTIME/ D9/ VL, QGEN1
COMMON / D10/ TO (50, 50), TTO (50, 50), TF (20, 50), RF (50)

COMMON N1, M1, NN1, NN2, I, J, RAT, RA1, RA2, RA3

=1

A1=3.14159% ( (RR (J)}+DR1/ 2.)%*2-RR (Jy**2)

A2=2%3.14159* (RR (J)+DR1/ 2.)*DZ1

DO 830 =2, NP

QCONI=TK1* (TTO (I, J+1)-TTO (I, )}*A2/ DR1

QCON2=TK1* (TTO (I+1, N-TTO (I, J))/ DZ1*A1

QCON3=TK1* (TTO (I-1, )-TTO (I, ) DZ1*A1

QCON4=TKAIR* (TO (I, M1)~TTO (I, 1)}*2*3.14159*DZ1/ ALOG (RP1/ RE)
QCONV=H1*2.#3.14159*RR (J)*DZ1* (TO (I, M1)-TTO (I, J))

QRAD=8B* ( ((TO (I, M1)+273.)/ 100.)*4— ( (TTO (I, 1)+273.)/ 100.)

*44)/ RAT

QRAD=QRAD+SB* ( ((TO (I-1, M1)+273.)/ 100.y#*4~ ( (TTO (I, [}+273.

) 100.¥%4)/ RA2

QRAD=QRAD+SB* ( ((TO (I+1, M1}+273.)/ 100.y¥*4— ( (TTO (I, J}+273.)

/ 100.)%%4)f RA2

VL=A1*DZ1

TT (I, =DTIME/ DEN1/ CP1/ VL* (QCONI+QCON2+QCON3+(QCONA+QCONV+
QRAD)+TTO (1, J)

CONTINUE

RETURN

END

CONSIDERING shedE HEAT TRANSEER

EXTENDED SURFACE TEMPERATURE OF ARRESTER HOUSING
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SUBROUTINE Tshed$S (M2, NF, LF, THI, HTOP, H1, C82, QSSI)

REAL LE, LP, LF

REAL Z (4)

DIMENSION TFO (20, 50)

COMMON / D1/ N, M, NN, NP, TAMR, TH/ D2/ RE, RP1, RP2,LE, LP
COMMON / D/ T (50, 50), R (50), TT (50, 50, RR (50)

COMMON / D3/ CP, CP1, CP2, TK, TK1, DEN, DEN1, DEN2/ D4/ TKAIR, SB
COMMON / D5/ EE, EP, EEL

COMMON / D7/ ET, V, 8/ D&/ DR, DZ, DR1, DZ1, DTIME/ D9/ VL, QGENI
COMMON / D10/ TO (50, 50), TTO (50, 50), TF (20, 50), RF (50)
COMMON Ni, M1, NNI1, NN2, I, J, RAT, RA1, RA2, RA3

DATA 77

shedS TEMPERATURE

DO 465 Ti=1, NF

DO 465 J=1, M2+1

TFO (IL N=TF (I, I)

DO 430 I=1, NF

DO 425 1=2, M2

Al=2%3,14159* (RF (J)-DR1/ 2.)*THI
A2=2%3.14159% (RF ()+DR1/ 2. y*THI
A3=3.14159%2 *RF (J)*DR1

QCON1=TK1* (TFO (I, JI-1)-TFO (IL, J))*A1/ DR1
QCON2=TK1* (TFO (II, J+1)-TFO (H, N)*A2/ DR1
QCONV=2.*HTOP* (TAMB-TFO (II, I}}*A3
QRAD=2*EP*SB* ( ((TAMB+273.)/ 100.y**4— ( (TFO (I, N+273.)
/100 4= A3

QRAD=QRAD+2.*QSS1*A3*CS2
VL=A3*THI

TE (I, 1)=DTIME/ DEN1/ CP1/ VL* (QCONI+QCON2+QCONV-+QRAD)
+TFO (I, T)

CONTINUE

TEMPERATURE OF shedS TIP

RP3=RF (M2+1)
A= (RP3-DR1/2.%2.%3.14159*THI

QCON=TK1* (TFO (II, M2)-TFO (I, M2+1))f DR1*A
A=2%3.14159*RP3*THI

QCONV=H1* (TAMB-TFO (II, M2+1))*A

A1=3.14159% (RP3#*2— (RP3-DR1/ 2.)+*2)
QCONV=QCONV+HTOP* (TAMB-TFO (II, M2+ 1)}*A1%2.
QRAD=EP*SB* ( ( (TAMB+273.)/ 100.y**4— ( (TFO (I, M2+1)+273.)
7 100.)%+4)* (A+A1)+CS2*QSS1* (A+2.*A1)

VL=AI*THI

TF (I, M2+1)=DTIME/ DEN1/ CP1/ VL* (QCON+QCONV+QRAD)+
TFO (I, M2+1)

CONTINUE

TEMPERATURE OF shedS BASE AND THE OTHER SURFACE OF HOUSING

T1=7 (1)/ DZ1
J=NN1

A1=2.¥3.14159% (RP2-DR1/ 2.*DZ1
A2=3.14159* (RP2**2— (RP2-DR1/ 2.)*2)
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A3=3.14159*RP2%2 *DZ1
V0L=A2*DZ1

b0 4501=2,11

QCONI1=TK1* (TTO (I, NN)-TTO (I, Hy*A1/DR1
QCON2=TK1* (TTO (I+1, N-TTO I, *A2/ DZ1
QCON3=TKI* (TTO (I-1, D-TTO (I, N*A2/ D71
QCONV=HI1* (TAMB-TTO (I, IM*A3

QRAD=EP*SB* ( ( (TAMB+273.)/ 100.Y*%4— ((TTO (I, D)+273.)
/100.)**4y*A3+CS2%QSS1*A3

TT {1, }=DTIME/ DEN1/ CP1/ VL* {(QCON 1+QCON2+QCON3+QCONV+QRAD)
+TTO (I, I)

CONTINUE

I=J1+1

A4=2*3 14159% (RP2+DR 1/ 2.7*DZ1

QCON4=TK1* (TFO (1, 2)-TTO (L I/ DR1*A4
QCONI1=TKI* (TTO (I, NN}-TTO (I Hy=A1/DR1
QCON2=TK1* (TTO (I+1, H-TTO I, Ny*A2/ DZ1
QCON3=TK1* (TTO (I-1, D-TTO (L hy*A2) DZ1

TT (I, )=DTIME/ DEN1/ CP1/ (VL*2 )% (QCONI+QCON2+QCON3+QCON4)
+TTO (I, )

TF (1, =TT, I

DO 460 [I=2, NF

I=(Z (II)}-Z (II-1))/ DZ1

H=I+1

2=I+J1-1

DO 4551=I1, 12

QCON1=TK1* (TTO (I, NN)-TTO (I, N)*A1/DR1
QCON2=TK1* (TTO (I+1, )-TTO a, n*=A2/ D71
QCON3=TK1* (TTQ (I-1, I)-TTO 1, A2/ DZ1
QCONV=H1* (TAMB-TTO (], IN*A3

QRAD=EP*SB* ( ( {TAMB+273.)/ 100.)**4~ ( (TTO I, 1+273)
[100.)%*4y A3+CS2*QSS1#A3

TT (I, )=DTIME/ DEN1/ CP1/ VL* (QCONT1 +QCON2+QCON3+QCONV+QRAD)
+TTO(, 1)

CONTINUE

=12+1

QCON4=TK1* (TFO (11, 2)-TTO (I, ))/ DR1*A4
QCONI1=TKI* (TTO (I, NN)-TTO (I, )y*Al/DR1
QCON2=TK1* (TTO (I+1, )-TTO I, Dy=A2/ DZ1
QCON3=TK1* (TTO (I-1, HD~TTO I *A2/DZ1

TT (I, I)=DTIME/ DEN1/ CP1/ {VL*2.)* (QCONI+QCON2+QCON3+QCON4)
+TTO (1, 1)

TE(L 1)=TT {1, I)

n=I+1

DO 469 I=I1, NP

QCONI=TK1* (TTO (I, NN)-TTO (I, =A1/DR1
QCON2=TK1* (TTO (I+1, N-TTO (I, *A2f DZ1
QCON3=TK1* (TTO (I-1, D-TTO (L, Iy*A2/ DZ1
QCONV=H1* (TAMB-TTO (I, J N*A3

QRAD=EP*8B* ( ( {TAMB+273.)/ 100.y*%4— ( (TTO (I, +273.)

* [ 100.yE54)* A3+C82*QSS1*A3

ES

469

TT (I, )=DTIME/ DEN1/ CP1/ VL* (QCON 1+QCON2+QCON3+QCONV+QRAD)
+TTO (1 1)

CONTINUE

RETURN

END

HEAT GENERATION DUE TO LEAK AGE CURREN
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SUBROUTINE QQ (TIME, EJR)
REAL LE, LP

REAL E (50), V (50), R (50)

COMMON / D1/ N, M, NN, NP, TAMR, TH/ D2/ RE, RP1, RP2, LE, LP
COMMON / D/ T (50, 50), R (50), TT (50, 50), RR (50)
COMMON /D3/ CP, CP1, CP2, TK, TK1, DEN, DEN1, DEN2/ D4/ TKAIR, SB
COMMON / D5/ EE, EP, EEL

COMMON / D7/ ET, V, $/ D8/ DR, DZ, DR1, DZ1, DTIME/ DY/ VL, QGEN1
COMMON / D10/ TO (50, 50), TTO (50, 50), TF (20, 50), RE (50)
COMMON NI, M1, NN1, NN2, 1, I, RAT, RA1, RA2, RA3

IF (5.EQ.0.) GO TO 750

TMEAN=0.

DO 700 I=1, N1

DO 700 J=1, M1

TMEAN=TMEAN+TO (I, I)

TMEAN=TMEAN/ (1.*MI*N1)

IF (TIME.EQ.0.) GO TO 710

ETOM=0.

DO 705 I=1, N1

E=E (I)

CALL LAGR12 (E, EJ0)

EJOM=EJOM-+EJ0

EJO=EJOM/ N1

EJR=EIO*EXP (~2400.0/ (TMEAN+273.))

DO 760 I=1, N1

TMEAN=0,

DO 730 J=1, M1

TMEAN=TMEAN+TO (I, J)

TMEAN=TMEAN/ M1

EJO==EJR*EXP (-2400.0/ (TMEAN+273.))

CALL LAGR13 (E, EIO)

E ()=E

V (I)=E (I*DZ

R (D=V (I)/ (EJR*3.14159*RE*RE)

QGEN1 (I) (D=S*ET*E (I}*EJR

CONTINUE

GO TO 750

B=V/LE

CALL LAGRI12 (E, EJ0)

EJR=EJO*EXP (-2400.0/ (TAMB+273.))

QGEN1 (I)=S*ET*E*EJR

RETURN

END

IO (B}, JO{E ()}

SUBROUTINE LAGR12 (X, Y)

REAL YO (26)

DATA Y0/ 51.286, 54.325, 57.544, 60.954, 66.069, 70.793, 78.523,
85.114,92.257, 100.0, 110.918, 116.145, 125.893, 136.458,
151.356, 164.059, 177.828, 208.93, 231.74, 257.04, 281.838,
316.228, 389.045, 501.187, 676.083, 954.993/

AA=80000.

BB=205000.

AL=0,

N3=26
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RN=(0.+N3)

HH= (BB-AA)/ (RN-1.0)
II= (X-AA)/ HH+0.5

IF (II-1) 315, 325, 325

IF (I}~ (N3-2)) 318, 328, 328
M=N3-2

GO TO 318

II=1

Ul=I

U= (X-AA)/ HH-UI

IF {AL.EQ.1) GO TO 338
CO0=0.5%U* (U-1.0)
Cl=1.0-U*U

C2=0.5%U* (U+1.0)
Y=CO*YO (I+C1*YO0 (II+1)+C2* Y0 (I1+2)
RETURN

CO=0.5% (2.0¢U-1.0)
Cl=-2.0%U

C2=0.5* 2.0¥U+1.0)

Y= (CO*YO (ID+C1*YO0 (I1+1)+C2*Y0 (11+2))f HH
RETURN

END

RADIATIONSHAPE FACTOR Fi12

SUBROUTINE RSF (F25, F24, F17)

COMMON /D1/N, M, NN, NP, TAMB, TH/ D2/ RE, RP1,RP2, LE,LP
COMMON / D/ T (50, 50), R (50), TT (50, 50), RR (50)

COMMON / D3/ CP, CP1, CP2, TK, TK!, DEN, DEN1, DEN2/ D4/ TKAIR, SB
COMMON / D5/ EE, EP, EEL

COMMON / D7/ ET, V, 8/ D8/ DR, DZ, DR1, DZ1, DTIME/ DY/ VL, QGEN1
COMMON / D10/ TO (50, 50), TTO (50, 50), TF (20, 50%, RF (50)

COMMON N1, M1, NN1, NN2, I, J, RAT, RA1, RA2,RA3

DL=DZ

F52=RE/RP1* (1 - (ACOS ( (DL*DL~RP1*RP1+RE*RE)/ (DL*DL+RP1*RP1-
RE*RE}))- (SQRT ( (DL*DL+RP1*RP1+RE*RE)**2-4% (RE*RP1)**2y*ACOS (
RE* (DL*DL-RP1*RP1+RE*RE)/ RP1/ (DL*DL+RP1*RP1-RE*RE)}+ (DL*DL-
RP1*RP1+RE*RE)*ASIN (RE/ RP1)-3.14159+% (DL*DL+RP1*RP1-RE*RE)/ 2.
)/ 2./ RE/ DL)/ 3.14159)

A5=2%3.14159*RP1*DL

A2=2%3 14159*RE*DL

F25=A5*F52f A2

F55=1-REfRP1+ (2.*RE/ RP1*ATAN (2*SQRT (RP1*RP1-RE*RE)/ DL)-DL/
2/RP1* (SQRT (4 *RPI**24DL**2)/ DL*ASIN ( (4* (RP1*RP1-RE*RE)+
DL*DL/RP1/RP1* (RP1*RP1-2.*RE*RE))/ (DL*DL+4.* (RP1#*2-RE**2))
—-ASIN ( (RP1*RP1-2 *RE*RE)/

RP1*%2)+3.14159/ 2.* (SQRT (4. *RP1**24DL**2)/ DL-1.)))/ 3.14159

F47= (1~F52-F55)/ 2.

F17=(1.-F25)/ 2.

A7=3.14159* (RP1**2-RE**2)

F74=F47*A5/ A7

F71=A2*F17/ A7

DL=DL*2,

F4512=RE/RP1* (1.- (ACOS ( (DL*DL-RP1*RP1+RE*RE)/ (DL*DL+RP1*RP1-
RE*RE))- (SQRT ( (DL*DLARP1*RP1+RE*RE)**2 4% (RE*RP1)**2)* ACOS (
RE* (DL*DL-RP1*RP1+RE*REY RP1/ (DL*DLARPI*RP1-RE*RE))+ (DL*DL—
RP1*RP1+RE*RE)*ASIN (RE/ RP1)-3.14159% (DL*DL+RP1*RP1-RE*RE)/ 2.
) 2./ RE/DL)/ 3.14159)
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Ad5=2.%3.14159*RP1*DL

Al2=2%3.14159*RE*DL

F1245=A45%F4512/ A12

F4545=1-RE/ RP1+ (2.*RE/ RP1*ATAN (2%SQRT (RP1*RP1-RE*RE) DL)-DL/
2./RP1* (SQRT (4 *RPI**2+DL*+2)/ DL*ASIN ( @* (RP1*RP1-RE*RE)+
DL*DL/RP1/RP1* (RP1*RP1-2.*RE*RE))/ (DL*DL+4.* (RP1*++2-RE**2)))
~ASIN ( (RP1*RP1-2.*RE*RE)/

RP1#%2)+3.14159/ 2.* (SQRT (4*RP1#*2+DL**2)/ DL-1.})) 3.14159

F457= (1.-F4512-F4545)/ 2.

F127=(1.-F1245)/ 2.

FT12=F127*A12/ A7

F2456=1.— (RP1*RP1-RE*RE)/ RE*DL* (F712-F71)

F24= (F2456-F25)/ 2.

F745=F457*A45f A7

F72=F712-F71

F15=F745-F74

RETURN

END

CALCULATE RA’

SUBROUTINE RAF (F25, E24, F17)

REAL LE, LP

COMMON /D1/N, M, NN, NP, TAMB, TH/ D2/ RE, RP1, RP2,LE, LP
COMMON / D/ T (50, 50), R (50), TT (50, 50), RR (50)

COMMON / D3/ CP, CP1, CP2, TK, TK1, DEN, DENI, DEN2/ D4/ TKAIR, SB
COMMON / D5/ EE, EP, EEL

COMMON /D7/ET, V, S/ D8/ DR, DZ, DR1, DZ1, DTIME/ DY/ VL, QGEN1
COMMON / D10/ TO (50, 50), TTO (50, 50), TF (20, 50), RF (50)

COMMON NI, M1, NN1, NN2, I, J, RAT, RA1, RA2, RA3

RAT= (1-EE)/ (EE*2+*3.14159*RE*DZ)+1/ (2¥3.14159*RE*DZ)

* +(1-EP)/ (EP*2#3.14159*RP1*DZ1)

RAl=(1-EEY (EE*2%3.14159*RE*DZ)+1/ (F25*2%3.14159*RE*DZ)

* + (1-EP)/ (EP*2*3.14159*RP1*DZ1)

RA2=(I-EEY (EE*2*3.14159*RE*DZ)+1/ (F24%2%3 14159*RE*DZ)

* + (1-EP)/ (BP*2*3.14159*RP1*DZ1)

AE=3.14159* (RP1**2-RE**2)

RA3= (1-EE)/ (EE*2*3.14159*RE*DZ)+1/ (F17%2*3.14159*RE*DZ)
+ (1-EEL)/ (EEL*AE)

RETURN

END

COEFICIENT: H

ALF: TKAIR/ (DEN*CP) (M#*M/ S*S)

GR: GRASHOFS NUMBER

PR: PRANDTL NUMBER: U*CP/ KAIR

NU: NUSSELT NUMRER

VU: KINEMATIC VISCOSITY (M*M/S)

G: GRAVITATIONAL ACCELERATION (M/ 5*3)
DENA: DENSITY OF AIR

VW: WIND VELOCITY (KM/HOUR)

REY: REYNODS NUMBE

SUBROUTINE CONVH (HTOP, HPO, HIN)

REAL LE, LP,NU, LL, NUT, NUP, NUC

COMMON / D1/ N, M, NN, NP, TAMB, TH/ D2/ RE, RP1,RP2,LE, LP
COMMON / D/ T (50, 50), R (50), TT (50, 50), RR =10
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COMMON / D3/ CP, CP1, CP2, TK, TK1, DEN, DENI, DEN2/ D4/ TKAIR, SR
COMMON / D5/ EE, EP, EEL

COMMON /D7/ET, V, S/ D8/ DR, DZ, DR1, DZ1, DTIME/ D9/ VL, QGENI
COMMON / D10/ TO (50, 50), TTO (50, 50), TF (20, 50), RE (50)

COMMON NI, M1, NN1, NN2, I, ], RAT, RAI, RA2, RA3

DATA PR, G, ALF, VU, U/0.711, 9.8, 22.1E-6, 15.7E~6, 1.85E-5/

DATA WIND, VW, DENA/ 0.0, 20.0, 1.18/

B=1./ (TAMB+273.)

TTMEAN=0,
J=NN1
DO 870 I=1, NN2
870 TTMEAN=TTMEAN+TTO (I, I}
TTMEAN=TTMEAN/ (NN2+0.)
C
IF (WIND.EQ.0.0) GO TO 840
IF (REY.EQ.0.0) GO TO 872
GO TO 855
C
c FORCED CONVECTION
C

872 VW=VW=*1000./ 3600.

838

828

818

808

850

890

e EeNe!

BOS

REY=DENA*VW*2 *RP2/ U
IF (REY.LE 4.) GO TO 808

IF (REY.LE.40.) GO TO 818

IF (REY.LE.4000.) GO TO 828

IF (REY.LE.4.E4) GO TO 838
EN=0.805

FB=0.0239

GO TO 850

EN=0.618

FB=0.174

GO TO 850

FN=0.466

FB=0.615

GO TO 850

FN=0.385

FB=0.821

GO TO 850

FN=0.33

FB=0.891
HPO=TKAIR*FB*REY**EN/ (2.*RP2)
RECRIT=3.E5

IF (REY.LT:3.E5) GO TO 890
HTOP=0.0326*TKAIR/ (2.*RP2)* (REY*80.8-RECRIT**0.8+18,2%
RECRIT#**0.5)

GO TO 855

HTOP=0.592*TK AIR/ (2.*RP2)* (REY)¥*0.5
GO TO 855

NATURAL CONVECTION

LL=RP2/2.

DT=TO (N1, 1)-TAMB
RRA=B*G*DT*LL**3/ VU/ ALF
IF (RRA.LE.1.E7) GO TO 805
NU=0.15*RRA** (1./3.)

GO TO 810
NU=0.54*RRA**0.25
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810

815

820

880

C

855

875

NN NeRe Ny

HTOP=NU*TKAIR/LL

CL=4./3.#0.386

DT=TTMEAN-TAMB
RRA=G*B*DT*LP**3/ VU/ ALF

IF (RRA.EQ.0.0) GO TO 880

IF (RRA.LT.1.E5) GO TO 815
NUT=CL*RRA**0.25
SG=LP/RP2/NUT

NUP=2.8/ ALOG (1.+2.8/ NUT)
NUC=0.9*SG*NUP/ ALOG (1.+0.9*SG)
GO TO 820

RRA=B*G*DT* (2 *RP2)**4/ (VU*ALF*LP)

NUC=1.8%LP/ (2.#RP2)/ ALOG (1.+1.8/ (CL*RRA**(.25))

HPO=NUC*TKAIR/LP
GO TO 855
HPO=0.

ENCLOSED CONVECTION

TMEAN=0,

J=M1

DO 875 I=1, N1
TMEAN=TMEAN+TO ([, )
TMEAN=TMEAN/ (N1+0.)
DT=TMEAN-TTMEAN
GR=DENA**2*B*G*DT*LP+*3/ U/ U
NU=0.55* (GR*PRy**0.25
HIN=NU*TKAIR/LP
RETURN

END

ENERGY INPUT DUE TO SUN AND SKY RADIATION

1: VERTICAL HOUSING
2: HORIZONTAL TOP ELECTRODE

SUBROUTINE QSS (QSUNI, QSKY1, QSUN2, Q8KY2)
REAL LATI

REAL Y01 (6), YO2 (6), Y03 (6), YO4 (6)

DATA SI, ALFS1, ALFS2/ 1353.0, 0.04, 0.95/

DATA ALTL LATI, SN/ 0.3, 50., 210./

DATA Y01/0.1283, 0.1742, 0.2195, 0.2582, 0.2915, 0.320¢
DATA Y02/0.7559, 0.7214, 0.6848, 0.6532, 0.6265, 0.602/
DATA Y03/ 0.3876, 0.3436, 0.3139, 0.2910, 0.2745, 0.268/
DATA Y04/0.22,0.26, 0.32, 0.44, 0.71, 1.33/

CALL LAGR (6, ALTI, A0, Y01, 0., 2.5)

CALL LAGR (6, ALTI, Al, Y02,0.,2.5)

CALL LAGR (6, ALTI, AK, Y03, 0., 2.5)
DLTS=23.45%SIN (2.#3.14159* (284.+SN)/ 365.)
DLTS=DLTS#*3.14159/ 180.

H5=45.%3.14159/ 180.

ALFS=SIN (LATI*3.1415% 180.)*SIN (DLTS)+COS (LATI*3.14159

/ 180.)+COS (DLTS)*COS (HS)
ALFS=ASIN (ALFS)

ATM=AO+AT*EXP (~AK/ SIN (ALFS))
SIB=SI*ATM
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QSUN2=ALFS2*SIB*SIN (ALESY/ 4.

VERI=COS (LATI*3.14159/ 180.)*SIN (DLTS)+
* +3IN (LATI*3.14159/ 180.y*COS (DLTS)*COS (HS)
QSUN1=ALFS1*SIB*VERI
VERI=ACOS (VERI)*180./3.1415
HORI=SIN (ALFS)
HORI=ACOS (HORI)*180./3.14159
IF (VERLLT.40) GO TO 443
CALL LAGR (6, VERI, Fl1, Y04, 40.,90.)
GO TO 463
443 F1=0.16+0.001*VERI
463 IF (VERILLT.40) GO TO 453
CALL LAGR (6, HORI, F2, Y04, 40., 90.)
GO TO 473
453 F2=0.16+0.001*HOR1
473 QSKY1=ALFS1*F1*SIB
QSKY2=ALFS2*F2+SIB/ 4.
RETURN
END

SUBROUTINE LAGR (N3, X, Y, Y0, AA, EB)
REAL YO (N3)
RN= (0.+N3)
HH= (BB-AA)/ (RN~1.0)
II= (X-AA)/ HH+0.5
IF (II-1) 315, 325, 325
325 IF (II- (N3-2)) 318, 328, 328

328 II=N3-2
GO TO318

315 I=1

318 UlI=II

U= (X-AA)/ HH-UIL

C0=0.5%U* (U~1.0)

Cl=1.0-U*U

C2=0.5*U* (U+1.0)

Y=CO*YO (ID+C1*YO (11+1)+C2* Y0 (It+2)

RETURN
END

C

C

C NO ELECTRODE HEAT TRANSFER

C

C TOP AND BOTTOM ELEMENT TEMPERATURE

C

SUBROUTINE TTR (H1)
REALLE, LP
COMMON /D1/N, M, NN, NP, TAMB, TH/ D2/ RE,RP1,RP2,LE, LP
COMMON / D/ T (50, 50), R (50), TT (50, 50}, RR (50)
COMMON / D3/ CP, CP1, CP2, TK, TK1, DEN, DEN1, DEN2/ D4/ TKATR, SB
COMMON / D5/ EE, EP, EEL
COMMON /D7/ET, V, S/ D8/ DR, DZ, DR1, DZ1, DTIME/ DY/ VL, QGEN1
COMMON NI, M1, NN1, NN2, [, ], RAT, RA1, RA2,RA3
COMMON / D10/ TO (50, 50), TTO (50, 50), TE (20, 50), RF (50)
I=N1
11 DO 471=2, M
A1=2*3.14159%R (J)*DR
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19
20

12

16

21
24

18

A2=(R (I)-DR/ 2.)%3.14159*DZ,
A3= (R ()+DR/ 2.)%3.14159*DZ,

IF (LEQ.1) GOTO 19

QCON1=TK* (TO (I-1, )=TO (I, )y DZ*A1

GOTO 20

QCONI=TK* (TO (I+1, J)-TO (I, )Y DZ*A1

QCON2=TK* (TO (I, J-1)-TO (I, I} DR*A2

QCON3=TK* (TO (I, I+1)=TO (I, 1))/ DR*A3

QCONV=H1*A1* (TAMB-TO (I, I))

RA=1./EE/ Al

QRAD=SB* ( ( (TAMB+273.)/ 100.y*4— ( (TO (I, 1)+273.)/ 100.y*4)/ RA
VL=A1*DZ/2.

QGEN=QGEN]1 (I)*VL

T (I, =DTIME/ DEN/ CP/ VL* (QCON1+QCON2+QCON3+QCONV4QRAD+QGEN)
+TO (I, J)

CONTINUE

IF (LEQ.1) GOTO 12

=1

GOTO 1

RETURN

END

SUBROUTINE TCORN (H, H1)
REALLE, LP

COMMON / D1/N, M, NN, NP, TAMB, TH/ D2/ RE, RP1, RP2, LE, LP
COMMON / D/ T (50, 50), R (50), TT (50, 50), RR (50)

COMMON /D3/ CP, CP1, CP2, TK, TK1, DEN, DEN1, DEN2/ D4/ TKAIR, SR
COMMON / D5/ EE, EP, EEL

COMMON / D7/ ET, V, S/ D8/ DR, DZ, DR1, DZ1, DTIME/ DY/ VL, QGEN1
COMMON N1, M1, NN1, NN2, I, J, RAT, RAI, RA2, RA3

COMMON / D10/ TO (50, 50), TTO (50, 50), TF (20, 50), RF (50)

J=Mi

I=Ni

Al=3.14159* (R (Jy**2— (R (1)}-DR/ 2.y+%2)

A2=3.14159% (R (I)-DR/ 2.)*DZ,

IF (LEQ.1) GOTO 21

QCON1=TK* (TO (I-1, F;-TO (I, I))f DZ*A1

GOTO 24

QCONI=TK* (TO (I+1, N-TO (I, 1))/ DZ*A1

QCON2=TK* (TO (I, J-1)-TO (I, J))/ DR*A2

QCONV1=H*3.14159*R (1)*DZ* (TTO (I, 1)-TO (I, I})

QCONV2=H1* (TAMB-TO (I, J))*Al

DZ=D7/ 2.

QRADI=SB* ( ( (TTO (I, 1)+273.)/ 100.y%4— ( (TO (I, )+273.}/ 100.

y=*4)/ RAT

RA=1/EE/ Al

QRAD2=SB* ( ((TAMB+273.)/ 100.)**4~ ((TO (I, J)+273.)/ 100.)*4)/ RA
VL=A1*DZ/2.

QGEN=QGEN1 (I)*VL

T I, )=DTIME/ DEN/ CP/ VL* (QCON1+QCON2+QCONV 1+QRAD1+QCONV2+QRAD2
+QGEN)+TO (L, T

IF (LEQ.1) GOTO 18

=1

GOTO 16

RETURN

END

CENTRAL LINE TEMPERATURE OF ELEMENT ON TOP AND BOTTOM
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SUBROUTINE TCTOR (H1)
REAL LE, LP
COMMON /D1/N, M, NN, NP, TAMB, TH/ D2/ RE, RP1, RP2, LE, LP
COMMON / D/ T (50, 50), R (50), TT (50, 50), RR (50)
COMMON /D3/ CP, CP1, CP2, TK, TK1, DEN, DEN1, DEN2/ D4/ TKAIR, SB
COMMON / DS/ EE, EP, EEL
COMMON / D7/ ET, V, S/ D8/ DR, DZ, DR 1, DZ1, DTIME/ DY/ VL, QGEN1
COMMON / D10/ TO (50, 50), TTO (50, 50), TF (20, 50), RF (50)
COMMON N1, M1, NN1, NN2, I, T, RAT, RA1, RA2, RA3
J=1
I=1
A1=3.14159% (DR/ 2.y+*2
A2=3.14159*DR*DZ/ 2.
QCON1=TK* (TO (I+1, )-TO (I, N)*Al/ DZ,
GOTO 39

37 QCONI=TK* (TO (I-1, )}=TO (I, DY*Al/ DZ

39 QCON2=TK* (TO (I, J+1)-TO (I, T})*A2/ DR
QRAD=EE*SB* ( ((TAMB+273.)/ 100.)*4— ( (TO (I, )+273.)/ 100,

* Yk yEA |
QCONV=H1* (TAMB-TO (I, )}*A1
VL=A1*DZ/ 2.
QGEN=QGEN! (I)*VL
T (I, )=DTIME/ DEN/ CP/ VL* (QCON1+QCON2+QRAD+QCONV+QGEN)
* 4TO( )

IF (LEQ.N1) GOTO 38
I=N1
GOTO 37

38 RETURN
END

c

C
REAL LE, LP
COMMON / D1/ M, NN, TAMB/ D2/ RE, RP1, RP2, LE, LP
COMMON / D/ T (50), R (50), TT (50), RR (50)
COMMON / D3/ CP, CP1, TK, TK1, DEN, DEN1/ D4/ TKAIR, SR
COMMON / D5/ EE, EP
COMMON/ D7/ ET, V, §/ D8/ DR, DR1, DTIME/ D9/ VL, QGEN, QGEN1
COMMON M1, NN1, ], RA
COMMON / D10/ TO (50), TTO (50)
DATA M, NN, TAMB/
DATA RE, RP1, RP2, LE, LP/
DATA CP, CP1, TK, TK1, DEN, DEN1/
DATA TKAIR, SB/ 0.026, 5.668/
DATA EE, EP/ 0.9, 0.9/
DATA ET, V/0.5, 3200.0/
CALL RAF (RA)
L=1000
WRITE (8, 50) M, NN, TAMB
WRITE (8, 58) RE, RP1, RP2, LE, LP
WRITE (8, 60) CP, CP1, TK, TK1, DEN, DEN1
WRITE (8, 65) TKAIR, SB
WRITE (8, 70) EE, EP

50 FORMAT (/ 1X, 2HM;, I5, 2X, * NN-', I5, 2X,
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620
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[CNeNe]

510
56
55
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940

C

SHTAMB:, F10.4)

FORMAT (/ 1X, ’ RE:", F10.4," RPi:’, F104," RP2:°, F10.4,
" LE:’, F10.4,* LP:, Fi10.4)

FORMAT (/1X," CP:', F104, CP1:', F10.4,

' TK:’, F104, > TK1:’, F10.4, > DEN>’, F10.4, DEN1:", F10.4)
FORMAT (/1X,’ TKAIR:", F10.4, * SB’, F10.4)
FORMAT (/ 1X, ' EE:", F104, "' EP’, F10.4)
DR=RE/M

DR1=(RP2-RP1Y (0.0+NN)

WRITE (8, 620) DR, DR1

FORMAT (/1X,* DR’, F104, * DRI’ F10.4)
Ml=M+1

NN1=NN+1

R (D)=0.

DO 11 J=2, M1

R (J}=R (I-1)+DR

RR (1)=RP1

DO 22 J=2, NN1

RR (I)=RR (J-1)+DR

DO 1 J=t, M1

TO (HD=TAMB

CONTINUE

WRITE (8, 200) (TO M, I=1, M1)

DO 77 I=1, NN1

TTO (=TAMB

TIME STEP: DTIME

S=1.0

TIME=0.0

IC=0

TIME=TIME+DTIME

IC=IC+1

CONVECTION COEFFICIENT:H
CALL CONVH (HPO, HIN)
ELEMENT TEMPERATURE
SURFACE TEMPERATURE
CALL TSE (HIN)

CENTERAL LINE TEMPERATURE (R=0)
CALL TCEN

INTERIAL TEMPERATURE
CALL TINTE

HOUSING TEMPERATURE
CALL TOSP (HPO)

CALL TINP
CALL TISP (HIN)



Appendix A

116

118

Q00

o NeNe!

a0
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540

625
660

600

DO 116 J=1, M1

TO (=T (J)

DO 118 J=1, NN1

TTO ()=TT (J)

IF (IC.LT.L) GO TO 55
WRITE (6, 100) TIME
TIME1=TIME/ 3600,
WRITE (8, 100) TIME1

HEAT LOSS

QRAD=0.0
QCOND=0.0
QCONV=0.0

HEAT LOSS FROM THE SURFACE OF ELEMENT AT TIME T

J=M1

QRAD=QRAD+SB* ( ( (T (J}+273.) 100.y**4— ((TT (1)+273.)/ 100.)

**4) RA

QCOND=QCOND+TKAIR* (T (J)-TTO (1)*2.*3.14f ALOG (RP1/ RE}*LE
QCONV=QCONV+HIN*2.*RR (1)* (T ()-TT (1p*3.14*LE
QTOT1=QRAD+QCONV+QCOND

WRITE (8, 660) QRAD, QCONV, QCOND, QTOTI1

HEAT LOSS FROM THE SURFACE OF HOUSING

QRAD=0.0
QCONV=0.0

QRAD=-EP*SB*2*RR (NN1)* ( ( (TAMB+273.)/ 100.)#*4— ( (TT (NN1)+273)
/ 100.y=*4)*LE*3.14+QRAD

QCONV=-HPO*2.*RR (NN1)*3.14% (TAMB-TT (NN1)}*LE+QCONV
QTOT=QRAD+QCONV

WRITE (8, 630) QRAD, QCONV, QTOT

VL=3.14159*RE**2* E*1() **6

QUNI= (QTOT+QTOT2Y VL

WRITE (8, 968) QUNI

FORMAT (/ 1X, "QUNI=", E10.4, * W/ CM**3°)

IF (S.EQ.1.) GO TO 540
QDIF=0~QTOT-QTOT2+CS2* (QSS1%2.#3.141 59*RP2*LP+
QS52+3.14159*RP2+x2)

WRITE (8, 625) QDIF

GO TO 550

E=V/LE

QGEN1=QGEN1/ 10.%6

VL=3.14159¥RE**2*LE

QGEN=QGEN*VL

WRITE (8, 605) E, EIR, TMEAN, QGEN1, QGEN
QDIF=QGEN-QTOT-QTOT2+CS2* (QSS1%2.%3.14159*RP2*L P+
QSS2*3.14159%RP2*+2)

WRITE (8, 625) QDIF

FORMAT (/ 1X, ' QDIFFERENCE=", F10.5/)

FORMAT (/1X, "ELEMENT?", / 1X, SHQRAD-=, F10.4, 2X, 6HQCONV=, F10.4, 2X

S6HQCOND=, F10.4, 2X, 8H QTOTAL-=, F10.4)

FORMAT (1X, ’ELECTRODE:", / 1X, 5SHQRAD=, F10.4, 2X, 7H QCONV=, F104,

2X, THQTOTAL=, F10.4)
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630
605
550
400
100

200
220

560

250

530

OO0

[PHeNe!

FORMAT (1X, "HOUSE:", / 1X, * QRAD=", F10.4, " QCONV=", F104,
" QTOTAL=", F10.4)

FORMAT (/, 1X, * B=", F10.2,"V/CM’,” EJR=", F104, ' TMEAN",
F104,/1X," QGENI=", F12.5, "W/ CM**3’, "QGEN=", F10.4, "W")
WRITE (8, 200) (T (1), J=1, M1)

WRITE (8, 400) (TT (3), J=1, NN1)

WRITE (8, 640) HPO, HIN

FORMAT (1X/3H TT, 4 (2X, F12.4))

FORMAT (1X// 6H TIME=, F13.4)

FORMAT (1X, 1HT, 4 (2X, F10.4))

FORMAT (1X, 6HDTIME=, F9.6)

IF (S.EQ.0.) GO TO 560

DER=ABS (QDIF-QDIFO)

IF (T (1).CT.100.) GO TO 250

IF (DER.LT.0.001) GO TO 250

QDIFO=QDIF

GO TO 56

IF (TIME.GT.TMAX) GO TO 530

GO TO 56

$=0.

TMAX=TIME/

GO TO 510

CONTINUE

STOP

END

ELEMENT SURFACE TEMPERATURE

SUBROUTINE TSE (H)
REAL LE, LP

COMMON/ D1/ M, NN, TAMB/ D2/ RE, RP1, RP2, LE, LP
COMMON / D/ T (50), R (50), TT (50), RR (50)

COMMON /D3/ CP, CP1, TK, TK1, DEN, DEN1/ D4/ TKAIR, SB
COMMON / D5/ EE, EP

COMMON /D7/ET, V, $/ D8/ DR, DR1, DTIME/ DY/ VL, QGEN, QGENI
COMMON M1, NN1, J, RA

COMMON / D10/ TO (50), TTO (50)

A1=3.14159% (R (M1)**2— (R (M1)-DR/2.)%*2)

A2=3.14159% (R (M1)-DR/ 2.)*2*LE

QCON1=TK* (TO (M1-1)-TO (M1))/ DR*A2

QCON4=TKAIR* (TTO (1)-TO (M1))*2*3.14159*LE/ ALOG (RP1/RE)
QCONV=H*2#3.14159*R (M1)*LE* (TTO (1}-TO (M1))

QRAD=SB* (((TTO (1)+273.)f 100.y**4~ ( (TO (M1)+273.)/ 100.y+*4)
/RA

VL=A1*LE

CALL QQ (E, EJR)

T (M1)=DTIME/ DEN/ CP/ VL* (QCON1+QCON4+QCONV+QRAD
+QGEN)+TO (M1}

RETURN

END

CENTRAL LINE TEMPERATURE OF ELEMENT

SUBROUTINE TCEN
REAL LE, LP

COMMON / D1/ M, NN, TAMB/ D2/ RE, RP1, RP2, LE, LP
COMMON / D/ T (50), R (50), TT (50, RR (50)

COMMON / D3/ CP, CP1, TK, TK1, DEN, DEN1/ D4/ TKAIR, SB
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COMMON / D5/ EE, EP
COMMON /D7/ET, V, S/ D8/ DR, DR1, DTIME/ D9/ VL, QGEN, QGEN1
COMMON M1, NN1, T, RA

COMMON / D10/ TO (50), TTO (50)

1=1

VL=1.0

CALL QQ (E, EJIR)

T (3)=DTIME/ DEN/ CP* (TK* (4* (TO (J+1)-TO (J))/ DR**2)+QGEN)
+TO (J)

CONTINUE

RETURN

END

INTERIAL TEMPERATURE OF ELEMENT

SUBROUTINE TINTE
REAL LE, LP

COMMON/ D1/ M, NN, TAMB/ D2/ RE, RP1, RP2, LE, LP

COMMON / D/ T (50), R (50), TT (50), RR (50)

COMMON / D3/ CP, CP1, TK, TK1, DEN, DEN1/ D4/ TKAIR, SR
COMMON / D)5/ EE, EP

COMMON /D7/ET, V, S/ D8/ DR, DR1, DTIME/ D9/ VL, QGEN, QGEN1
COMMON / D16/ TO (50), TTO (50)

COMMON ML, NN1, J, RA

DO 44 =2, M

VL=1.

CALL QQ (E, EIR)

T (1=DTIME/ DEN/ CP* (TK* ((TO (J+1)}-2¥TO (J)+TO (J-1))/ DR**2

+ (TO (J+1)-TO (J-1))/

(2ADR*R (IN)+QGEN)+TO (J)

CONTINUE

RETURN

END

TEMPERATURE ON THE EXTERIOR SURFACE OF HOUSING

SUBROUTINE TOSP (H1)
REAL LE, LP

COMMON// D1/ M, NN, TAMB/ D2/ RE, RP1, RP2, LE, LP
COMMON / D/ T (50), R (50), TT (50), RR (50)

COMMON / D3/ CP, CP1, TK, TK1, DEN, DEN1/ D4/ TKAIR, SB
COMMON / D5/ EE, EP

COMMON / D7/ET, V, S/ D8/ DR, DR1, DTIME/ D9/ VL, QGEN, QGEN1
COMMON / D10/ TO (50), TTO (50)

COMMON M1, NN1, J, RA

J=NN1

Al=(RR (I)**2- (RR (J}-DR1/2.)**2)*3.14159

VL=AT*LE

A2=2%3.14159* (RR (J)-DR1/ 2.)*LE

A3=2%3,14159%RR (J)*LE

QCONI=TK1* (TTO (J-1)}-TTO (J))*A2/ DR]
QRAD=EP*A3*SB* ( ( (TAMB+273.)/ 100.y*4— ( (TTO (1)+273.)
/100.)y%%4)

QCONV=H1*A3* (TAMB-TTO (J))

TT (1=DTIME/ DEN1/ CP1/ VL* (QCON1+QRAD+QCONV)
+TTO (J)

RETURN
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END
INTERIOR TEMPERATURE OF HOUSING

SUBROUTINE TINP

REAL LE,LP

COMMON / D1/ M, NN, TAMB/ D2/ RE, RP1, RP2, LE, LP
COMMON / D/ T (50, R (50), TT (50), RR (50)

COMMON / D3/ CP, CP1, TK, TK1, DEN, DEN1/ D4/ TKAIR, SB
COMMON / D5/ EE, EP

COMMON / D7/ET, V, S/ D8/ DR, DR1, DTIME/ DY/ VL, QGEN, QGEN1
COMMON / D10/ TO (50}, TTO (50)

COMMON M1, NN1, ], RA

DO 46 =2, NN

TT (I)=DTIME/ DEN1/ CP1*TK1* ( (TTO (J+1)-2*TTO ()+TTO (I-1)
Y DR1¥#2+ (TTO (I+1)-TTO (J-1}) (2*DRI*RR IH+TTO ()
CONTINUE

RETURN

END

TEMPERATURE ON INTERIOR SURFACE OF HOUSING

SUBROUTINE TISP (H1)
REAL LE, LP

COMMON / D1/ M, NN, TAMB/ D2/RE, RP1, RP2, LE, LP

COMMON / D/ T (50), R (50), TT (50), RR (50)

COMMON /D3/ CP, CP1, TK, TK1, DEN, DEN1/ D4/ TKAIR, SB
COMMON / D5/ EE, EP

COMMON / D7/ ET, V, §/ D8/ DR, DR1, DTIME/ DY/ VL, QGEN, QGEN1
COMMON / D10/ TO (50), TTO (50)

COMMON M1, NN1, T, RA

J=1

A1=3.14159% ((RR (J)+DR1/2.)**2-RR (J)**2)

A2=2%3.14159% (RR (J)+DR1/ 2.)*LE

QCONI=TK1* (TTO (J+1)}-TTO (H))*A2/ DR1

QCON4=TKAIR* (TO (M1)-TTO (1))*2*3.14159%LE/ ALOG (RP1/ RE)
QCONV=H1*2.%3.14159*RR (J)*LE* (TO (M1)-TTO (J))

QRAD=SB* ( ((TO (M1)+273.) 100.7*4 { (TTO (J)+273.)/ 100.)

*44)/ RA

VL=A1*LE

TT ()=DTIME/ DEN1/ CP1/ VL* (QCON1+QCON4+QCONV+
QRAD)+TTO (J)

RETURN

END

HEAT GENERATION

SUBROUTINE QQ (E, EJR)

REALLE, LP

COMMON / D1/ M, NN, TAMB/ D2/ RE, RP1, RP2, LE,L?P
COMMON / D/ T (50), R (50), TT (50), RR (50)

COMMON / D3/ CP, CP1, TK, TK1, DEN, DEN1/ D4/ TKAIR, SB
COMMON / D3/ EE, EP

COMMON / D7/ ET, V, S/ D8/ DR, DR1, DTIME/ DY/ VL, QGEN, QGEN1
COMMON / D10/ TO (50), TTO (50)

COMMON M1, NN1, I, RA

E=V/LE

TMEAN=0.
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DO 730 J=1, M1
TMEAN=TMEAN-+TO (J)
TMEAN=TMEAN/ M1

CALL LAGRI2 (E, EJ0)

EIR=EJO*EXP (-2400.0/ (TAMB+273.))
QGENI=S*ET*E*EIR
QGEN=S*VL*QGENI

RETURN

END

RA’

SUBROUTINE RAF (RA)

REAL LE, LP

COMMON / D1/ M, NN, TAMB/ D2/ RE, RP1, RP2, LE,LP
COMMON / D/ T (50), R (50), TT (50, RR (50)

COMMON / D3/ CP, CP1, TK, TK1, DEN, DEN1/ D4/ TKAIR, SB
COMMON / D5/ EE, EP

COMMON / D7/ ET, V, S/ D8/ DR, DR1, DTIME/ DY VL, QGEN, QGEN1
COMMON / D10/ TO (50), TTO (50)

RA=(1-EE)/ (EE*2*3.14159*RE*LE)+1/ (2*3.14159*RE*LE)
+ (1-EP)/ (EP*2%3.14159*RP1*LE)

RETURN

END

REAL LE
REALLI, L2

COMMON / D1/N, M, TAMB/ D2/ RE, LE

COMMON / D/ T (50, 50), R (50)

COMMON / D3/ CP, CP2, TK, DEN, DEN2/ D4/ TKAIR, SB
COMMON / DS/ EE, EEL, TK2

COMMON / D7/ ET, V, §/ D8/ DR, DZ, DTIME/ D9/ VL, QGEN
COMMON N1, M1, I, J

COMMON / D10/ TO (50, 50)

COMMON / D12/ TSO (20), NS, DS

DATA N, M, TAMB/

DATA RE, LE/

DATA CP, CP2, TK, DEN, DEN2/

DATA TKAIR, SB/

DATA EE, EEL, TK2/

DATA ET, V/

DATA L1, L2/

CP=836.
TK=5.685
CS=1.
CS1=0.
L=3000
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50

58

60

65
70

620

11

39

510
56
55

120

122

116

FORMAT (/ 1X, 2HN:, I5, 2X, * M>’, 15, 2X,3HNN:, I5, 2X, * NP, I3, 3X,
SHTAMB:, F10.4)

FORMAT (/1X,’ RE:, F10.4," RP1.’, F10.4, " RP2:’, F104,

' LE:*, F104, ' LP:’, F10.4)

FORMAT (/ 1X," CP:*, F104,’ CP1:’, F10.4, ' CP2:", F10.4,
"TK:, F104,° TK1:’, F104,’ DEN:’, F10.4,* DEN1:’, F10.4,

' DEN2’, F10.4)

FORMAT {/ 1X,* TKAIR:*, F10.4, > SB:’, F10.4)

FORMAT (/ 1X,’ EE:", F104, > EP’, F104," EEL, F10.4)
DZ=LE/ (0.0+N)

DR=RE/M

FORMAT (/ 1X,’ DZ’, F10.4,° DR’,F10.4," DZ1’, F104, " DR1’,
F10.4)

N1=N+1

Mi=M+1

R (1)=0.
DO 11 J=2, M1
R (N=R (J-1)+DR

DO 11=1, N1
DO 1 J=1, M1

TO (I, )=TAMB

CONTINUE

WRITE (10, 200) ((TO (I, J), J=1, M1), I=1, N1)
TTT1=TAMB

TTT2=TAMB

DO 39 I=1, NS+1

TSO (I)=TAME

TIME STEP

DTIME=DEN*CP/ TK2/ (2./ DZ**2+4./ DR*#2)
WRITE (10, 220) DTIME

$=1.0

TIME=0.0

IC=0

TIME=TIME+DTIME

IC=IC+1

IF (CS.EQ.0.) GO TO 910
CALL TELEC (TTT{, TTT2, L1, L2, HTOP, HPO)
DO 120 J=1, M1

T (N1, N=TTT2

T (1, D=TTT1

DO 122 J=1, NN1

TT (1, H=TTT1

TT (NN2, J)=TTT2

CALL TOSP (HPO)C
CALL TCEN

CALL TINTE

DO 116 I=1, N1

DO 116 J=1, M1

TO (L D=T (L, )

IF (IC.LT.L) GO TO 55
WRITE (10, 100) TIME

HEAT LOSS
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99

980
968
540

700

625
660

600
630

605

QRAD=0.0
QCOND=0.0

QCONV=0.0

A=3.14159*RP2**2

A1=2%3.14159*RP2*L1

A2=2*3 14159%RP2*L2

QRAD=EEL*SB* ( ((TTT1+273.)/ 100.)**4— ( (TAMB+273.)/ 100.
YeR4EAL

QRAD=QRAD+EEL*SB* ( ( (TTT2+273.)/ 100.)¥*4— ( (TAMB+273.)/ 100.
YEEAYE (A+A2)

QCONV=HPO* (TTT1-TAMB)*A1

QCONV=QCONV-+ (TTT2-TAMB)* (A*HTOP+A2*HPO)
QCONS=TK1*A* (TTTI-TSO (NS))/ DS
QTOT2=QRAD+QCONV+QCONS

WRITE (10, 640) HTOP, HPO, HIN

FORMAT (/ 1X, 'HTOP’, F10.4, ' HPO", F10.4, " HIN', F10.4)

WRITE (10, 600) QRAD, QCONV, QCONS, QTOT?

QRAD=0.0
QCONV=0.0

DO 99 I=1, N1

QRAD=-EE*SB*2*R (M1)* ( ((TAMB+273.)/ 100.)**4 ( (T (I, M1)+273)
/ 100.)**4*DZ#3.144QRAD

QCONV=_HPO*2.*R (M1)*3.14* (TAMB-T (I, M1))*DZ+QCONV
CONTINUE

QTOT=QRAD+QCONV

WRITE (10, 630) QRAD, QCONV, QTOT
VL=3.14159*RE**2¢LE*10 #%6

QUNI= (QTOT+QTOT2)/ VL

WRITE (10, 968) QUNI

FORMAT (/ 1X, * QTOTAL/ $*Le =", E10.4, * W/ CM##3")

IF (8.EQ.1.) GO TO 540
GO TO 550

E=V/LE

MEAN=0,

DO 700 I=1, N1

DO 700 J=1, M1

TMEAN=TMEAN+T (1, I}

TMEAN=TMEAN/ (1.*M1*N1)

ETR=0.1283*EXP (0.0431*TMEAN)+0.1460

QGEN=S*ET*E*EJR

E=E/ 100.

QGEN1=QGEN/ 10.%%6

VL=3.14159*RE**2*LE

QGEN=QGEN*VL

QDIF=QGEN-QTOT-QTOT2

FORMAT (1X,* QDIFFERENCE=", F10.5)

FORMAT (/ 1X, "ELEMENT:", / 1X, SHQRAD=, F10.4, 2X, 6HQCONV=, F10.4, 2X,
6HQCOND=, F10.4, 2X, 8H QTOTAL=, F10.4)

FORMAT (1X, "ELECTRODE:", / 1X, SHQRAD=, F10.4, 2X, 7H QCONV=, F10.4,
2X, * QCONS=", F104, 2X, THQTOTAL=, F10.4)

FORMAT (1X, 'PORCELAINY', / 1X, * QRAD=’, F10.4, ' QCONV=", F10 4,

' QTOTAL=", F10.4)

FORMAT (/, 1X, ’E=", F10.2, "V/ CM’, 2X, * EJR=", F10.4, " A/ M**2", / 2X,

' TMEAN’, F104, * DEGREE’, 2X, * QGENI=", F12.5, * W/ CM**3’, 2X_

* QGEN=’, F104, * W")
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550

477
400
100
200
220

560

250

530
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TTIME=TIME/ 3600.
EIR1=EJR*1000.%3.14159*RE**2
K1=N1/2.

WRITE (15, 220) TTIME

WRITE (15, 200) ((T (1, I}, =1, M1), 1=1, N1}
FORMAT (/ 1X, *TS’, 5F10.4)
FORMAT (1X/3HTT, 6 (2X, F12.4))
FORMAT (1X// 6H TIME=, F13.4)
FORMAT (1X, 1HT, 6 (2X, F10.4))
FORMAT (1X, 6HDTIME=, F9.6)
CALL CONVH (HTOP, HPO, HIN)

IF (T (1, 1).GT.65) GO TO 560

IF (T (1, 1).GE.60.) DTIME=DTIME/ 2.
IF (TIME.GT-20941.0) GO TO 530

GO TO 56

S5=0.

TMAX=TIME/ 3,

GO TO 510

CONTINUE

STOP

END

SURFACE TEMPERATURE OF ELEMENT ANS ELECTRODE
*CONSIDERING HEAT CONDUCTION IN ELECTRODESC
SUBROUTINE TSE (H)

REALLE, L1, L2

COMMON /DI/N, M, TAMB/ D2/RE, LE

COMMON // D/ T (50, 50), R (50)

COMMON / D3/ CP, CP2, TK, DEN, DEN2/ D4/ TKAIR, SB
COMMON / D5/ EE, BEL, TK2

COMMON / D7/ ET, V, $/ D8/ DR, DZ, DTIME/ DY/ VL, QGEN
COMMON N1, M1, 1, J

COMMON / D10/ TO (50, 50)

1=M1

A1=3.14159% (R (Jy**2— (R (J)-DR/ 2.5**2)

A2=3.14159* (R (T)-DR/ 2.)*2*D7,

BOTTOM ELECTRODE

Ii=L1/DZ
DO2i=2, 11
QCONI=TK2* (TO (1, J-1)-TO (I, 1))/ DR*A2
QCON2=TK2* (TO (I+1, )-TO (I, 1))/ DZ*A1
QCON3=TK2* (TO (I-1, 1)-TO (I, )/ DZ*A1

QCON4=TKAIR* (TTO (I, 1)-TO (I, Dy*$2*3.14159*DZf ALOG (RP1/ R (J))

QCONV=H*2%3.14159*R (I)*DZ* (TTO (L D-TO (L I))

QRAD=SB* ( ((TTO (I, 1}+273.)/ 100.y%%4— ( (TO (I, 1)+273.)/ 100.)*%4)

/RA1

QRAD=QRAD+SB* ( ((TTO (I-1, 1)+273.)/ 100.y%*4— ( (TO (1, 1)+273.)/ 100.)

A RAZ

QRAD=QRAD+SB* ( ( (TTO (I+1, 1)+273.)/ 100.y**4— ((TO (I, 1)+273.)/ 100.)

*54)/ RA2
VL=A1*DZ

T (I, )=DTIME/ DEN2/ CP2/ VL* (QCON1 +QCON2+QCON3+QCON4+QCONV+QRAD

HTO (L, J)
CONTINUE
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2= (L1+LE)/ DZ
DO 3 I=M+1, I2

QCONI1=TK* (TO (I, I-1)=TO (I, 1))/ DR*A2

QCON2=TK* (TO (I+1, H-TO (I, 1))/ DZ*A1l

QCON3=TK* (TO (I-1, )-TO (I, ) DZ*A1

QCON4=TKAIR* (TTO (I, 1)-TO (I, 1))*2*3.14159*DZ/ ALOG (RP1/R (J))
QCONV=H*2%3.14159*R (I)*DZ* (TTO (I, 1)-TO (I, J))

QRAD=SB* ( ((TTO (I, 1)+273.)/ 10054 ( (TO (I, 1)+273.)/ 100.)%*4)
JRAIL

QRAD=QRAD+SB* ( ( (TTO (I-1, 1)+273.)/ L00.y*4— ( (TO (I, [)+273.)/ 100))
*+4)/RA2

QRAD=QRAD+SB* ( ((TTO (I+1, 1)+273.)/ 100.y*4— ( (TO (1, 1}+273.)/ 100.)
**4)/ RA2

VL=A1*D7,

CALL QQ (E, EJR)

T (I, N=DTIME/ DEN/ CP/ VL* (QCON1+QCON2+QCON3+QCON4+QCONV+QRAD
+QGEN)+TO (I, J)

CONTINUE

DO 4 [=I2+1, 2412/ DZ,

QCONI1=TK2* (TO (I, J-1)-TO (I, 1))/ DR*A2

QCON2=TK2* (TO (I+1, )-TO (I, D) DZ*A1

QCON3=TK2* (TO (I-1, I-TO (I, 1)) DZ*A1

QCON4=TKAIR* (TTO (1, 1)-TO (I, ))}*2*3.14150*DZ/ ALOG (RP1/ R (J))
QCONV=H*2*3.14159*R (I)*DZ* (TTO (I, [}-TO (I, T))

QRAD=SB* ( ((TTO (I, 1)+273.)/ 100.y%4— ( (TO (I, 1)+273.)/ 100.)%+4)
JRAL

QRAD=QRAD+SB* ( ((TTO (I-1, 1}+273.)/ L00.**4— ( (TO (I, )+273.)/ 100.)
“%4)/ RA2

QRAD=QRAD+SB* ( ((TTO (I+1, 1}+273.)/ 100.5*4— ( (TO (I, 1)+273.)/ 100.)
*44)/ RA2

VL=A1*DZ

T L, N=DTIME/ DEN2/ CP2/ VL* (QCON1+QCON2+QCON3+QCON4+QCONV+QRAD
HTO @A D)

CONTINUE

RETURN

END

CENTRAL LINE TEMPERATURE OF ELEMENT & ELECTRODE
*CONSIDERING HEAT CONDUCTION IN ELECTRODES

SUBROUTINE TCEN

REAL LE

COMMON/D1I/N, M, TAMB/ D2/ RE, LE

COMMON / D/ T (50, 50), R (50)

COMMON / D3/ CP, CP2, TK, DEN, DEN2/ D4/ TKAIR, SB
COMMON / D5/ EE, EEL, TK2

COMMON/D7/ET, V, S/ D8/ DR, DZ, DTIME/ DY/ VL, QGEN
COMMON NI, M1,1,J

COMMON / D10/ TO (50, 50)

J=1

VL=1.0

11=L1/DZ

2=L2/ DZ

BOTTOM ELECTRODE
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DO351=2, 11

T (1, )=DTIME/ DEN2/ CP2* (TK2* ( (TO (-1, D-TO (I, I3/ DZ**2+
(TO (1+1, I-TO (I, N)f DZ**2+4* (TO (], J+1)-TO (I, )/ DR**2))
+TO (L, T}

CONTINUE

ELEMENT

DO 36 I=Ii+1, I1+N

CALL QQ (E, EIR)

T (L, I=DTIME/ DEN/ CP* (TK* ( (TO (I-1, D-TO (1, 1))/ DZ**2+

(TO (I+1, -TO (1, )/ DZ#*2+4* (TO (I, J+1)-TO (I, 1)) DR**2)+QGEN)
+TO (L, T)

CONTINUE

TOP ELECTRODE

DO 37 I=11+N+1, [14N+12

T (I, ))=DTIME/ DEN2/ CP2* (TK2* ( (TO (I-1, )=TO (I, 1))/ DZ**2+
(TO (I+1, 1)}-TO (1, 1))/ DZ**2+4* (TO (L, J+1)-TO (1, 1)) DR**2))
+TO (1, Iy

CONTINUE

RETURN

END

INTERIAL ELEMENT TEMPERATURE & ELECTRODE
*CONSIDERING HEAT CONDUCTION IN ELECTRODES

SUBROUTINE TINTE

REAL LE

COMMON/ D1/ N, M, TAMB/ D2/ RE, LE

COMMON / D/ T (50, 50, R (50)

COMMON / D3/ CP, CP2, TK, DEN, DEN2/ D4/ TKAIR, SB
COMMON / D5/ EE, EEL, TK2

COMMON / D7/ ET, V, §/ D8/ DR, DZ, DTIME/ D9/ VL, QGEN
COMMON / D10/ TO {50, 50)

COMMON N1, M1, LT

VL=1.0

N=L1/DZ

12=L.2/DZ

BOTTOM ELECTRCDE

DO441=2,11

DO 44 I=2, M

T (I, D=DTIME/ DEN2/ CP2* (TK2* ( (TO (I, J+1)-2*TO (I, J)

+TO (1, J-1))/ DR=%2

*+ (TO (I+1, )=2*TO (I, )+TO (I-1, 1)) DZ#*2+ (TO (I, J+1)=TO (I, J-1))/
(2#DR*R (N))+TO (I, 1)

CONTINUE

ELEMENT

DO 45 I=I1+1, 11+N
DO 45 J=2, M

CALL QQ (E, EJR)

T (1, ))=DTIME/ DEN/ CP* (TK* ( (TO (I, J+1}-2*TO (I, )+ TO (I, J1))/ DR**2
* (TO (I+1, 1)-2¥TO (I, I)+TO (I-1, 1)) DZ**2+ (TO (1, J+1)-TO (I, J-1})/
(2.*DR*R (1)))+QGEN)+TO (1, J)
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CONTINUE
TOP ELECTRODE

DO 46 I=I1+N+1, T1+N+I2
DO 46 J=2, M

T (L J)=DTIME/ DEN2/ CP2* (TK2* ( (TO (I, I+1)-2*TO (I, J)

+TO (I, J-1))/ DR**2

* (TO (I+1, )=2*TO (I, 1)+TO (I-1, 1))/ DZ**2+ (TO (I, J+1)-TO (I, -1}y
(2*DR*R (D))+TO (1, J)

CONTINUE

RETURN

END
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Appendix B

TEMPERATURE OF
THE ENCLOSED AIR IN HOUSING

Valve element temperature of the single element test section shown in Fig. 5.3 was
increased until it reached the same steady state max temperature of complete arrester by
applying a suitable voltage to in it. The temperature variation of the valve element and the
enclosed air in the test section housing were measured. The values are shown in Fig, B.1

and Table B.1.

Temperature (°C)
50
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Table B.1. Temperature of valve element and enclosed air in the test section housing

(Measured)

Applied voltage

Valve element

Air gap temperature

Time (hours) kV) temperature between the element
(°C) and housing (°C)

(Heating) 3.2 21 21
0.1 33 25 22
0.2 34 28 23
0.4 34 37 25
0.6 3.1 40 28
0.7 3.2 40 31
0.8 3.02 43 32
1. 3.07 43 33
5 0 43 33

(Cooling begins)

5.08 41 33
5.15 40 33
5.23 39 33
53 38 32
5.37 37 32
5.45 36 31
5.77 34 29
6.43 31 27
6.83 29 26
7.5 27 25
8.3 25 24
9.15 24 23.5
104 23 23
11.5 22.5 22.5




