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AbsEact

ABSTRACT

In gapless melal 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 anesær in its environment. The

steady state thermal behavior of MOSA is important because it âffects 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 aÍester 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 aûester temperature, The

accuacy of the modelling technique is demonsfated experimentally. Elecric model for

simulating V-I characteristics and power generation in valve elements at leakage current

region is also desc¡ibed.

A procedure to arrive at a thermal equivalent test section (TETS) is presented, The

thermal equivalence bet\ryeen 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 stabiJity 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 behavio¡ of MOSA under diffe¡ent kinds of overvoløges provided the

power generated in the valve elements is available.



Syrnbols, Definition, Units and Typical Values of Parameters

SYMBOLS, DEFINITION, UNITS AND TYPICAL VALUES OF
PARAMETERS

English Symbols

Syrnbol Definition

A Surface area, c¡oss-sectional area

as Solar azimuth

cp Specific heat of valve elernent (J=w s)

cpu Specific heat of ai¡

cp1 Specific heat of arrester housing

Specific heat of nylon 6 (nylatron)

Specific heat of plexiglass

Specific heat of glass wool

cpz Specific heat of elecfrode (aluminurn)

Brass

Elecrrode in [5]

D Diameter of ar¡ester

cl Thickness of arrester housing sheds

E Electric field

Ft¿ Radiation shape factor from element to anester housing

Fi-l Radiation shape factor from small elernent cylinder i to
srnall housing cylinder ii

G, Grashof number ( = p2 þ E LT F llt2 )

f Ratio of sky radiation to dhect solar radiation

g Gravitational acceleration

h Convective heat fansfer coefficient

hin Enclosed convection heat transfer coefficient
between element and arrester housing

Unit Typical value

m2

ükg oc 5oo

íkg oc 1006

J/kg oc 1080

ükg oc 1673

íkg oc 1422

J/kc oc 700

/kg oc 896

385

461

m

m

V/rn

ttls2 9.8

Wrn2oC

Wm2oc



Symbols, Definition, Units and Typical Values of Parameters iv

h1 Convective heat fransfer coefficient

between vertical cylinder su¡face and ambient Wm2 0C

htop Convective heat Íansfer coefficient

between horizontal surface and ambient Wm2 0C

hs Solar hour angle degrees

16 Solar constant W/m2 1353

16 Di-rect solar radiation energy flux Wm2

I. Current A

i' Angle between the sun's rays and the normal

to the sulface degree

i Index in axial direction

I Index of shed

j Index in radial di¡ection

k Thermal conductivity of valve element Wm 0C 23

k1 Thermal conductivity of anester housing Wm 0C 1.03

Thermal conductivity of nylon 6 (nylatron) W/m 0C 0.25

Thermal conductivity of plexiglass W- 0C 0.15

Thermal concluctiviry of glass wool Wm 0C 0.038

Thermal conductivity of polystyrene Wm 0C 0.06

k2 Thennal conductivity of metal electrode (alurninurn) Wm 0C 204

ko¡ Thermal conductiviry of air Wm 0C 0.026

/ Length of MOSA rn

/" Length ofvalve element m

/o Length of arrester housing m

i1 Length of bottom electrode m

11' Length ofinside metål electrode at bottom m

12 Length of top electrode m

12' Length of inside metal electrode at top m

i¡ Length of extended shed surface m

I, Length of supporter m



Symbols, Definition, Units and Typical Values of Parameters v

L Latitude (50 degrees in Winnipeg) degree

M Number of element segments in radial di¡ection: =r JÂ¡
m1 =M+l

m2 Number of shed segments in radial direction: =lrlÂrr

mlxnl The number of nets of valve element

N Number of element segments in axial dilrec¡ion: =lJLz
rl1 =N+1

Nu, Nuou, Nu", Nuf : Nusselt numbet (=hllk)

nf Number of arrester housing sheds

nn Number of anester housing segments in radial dir.ection
nn1 =nn+l

np Nur¡ber of anester housing seglnents i¡ axial direction
nn2 =np+1

ns Nurnber of segments of arrester supporter in axial direction

Pr P¡andtl number ( = p cotk = v/o)

Qcond Heat conduction V/

Q"onu Heat convection W

Qru¿ Heat ¡adiation W

a" Heat transfer rate per unit area (Heat flux ) W lm2

q Power input to valve elements per unit volume Wm3

qi Po\rr'er input to valve element per unit volume
at node (ij=1,2"'¡¡1) Wm3

Qsun Heat input per unit area due to radiation of sun Wlmz

g.B Heat input per unit area due to radiation of sky W/m2

e¡ad Heat input per unit area due to solar/sky racliation
(= 9.un + Q"ry ) W/m2

Ra $ayleigh number (=Ç, p¡ =Þ g ÁT L3 / v o )

zu Reynolds number

r,z Cylindrical coordinates m

re Radius of valve element m

rell Radius of inside electrode m



Syrnbols, Definition, Units and Typical Values of Parameters

ret2 Radius of outside electrode

rj Radius at node (ij)

rp1 Inside radius of arrester housing

1p2 Outside radius of arrester housing

rp3 Radius of arrester housing shed

T=T(r,z,t): Temperature of valve element

Ta¡nb Ambienttempgrature

Tü=Tijn: Element temperature at node (ij) at nth time step

TT=TT(r,z,t): Temperature of arrester housing

frij=TT;jn: Housing temperature at node (ij) at nth time step

TTTl=TTT1(1)=TTT1(r,z,t): Temperature of top electrode

TTT2=T'I'I2(t)=TT'| 2(r,z,t) : Temperature of bottom electrode

TFrj Temperature of Ith shed of housing at node j
at nth time step

TS=TS(z,t): Temperature of support structure (porcelain)

TS¡=f5 n' Temperature of support sÍucture at nrh time step

t Time

Kinematic viscosity of air (p/pâ¡)

Applied voltage

Volume of top electrode

Velocity of air

Volume

z coordinate of fh shed

Greek Svmbols

Vel

V1

z(r)

m

lll

m

m

m

0ç

0g

0ç

0g

06

0g

0g

0g

0ç

0g

s or hour

m2 ls 15.7 x1o{

m3

ny's

m3

m

m2ls

m2ls

rn2ls 22.1x10Á

m2/s

g

d,l

0ai¡

qe

Thermal diffusivity of valve elernent(=k/pcp )

Thermal diffusivity of arrester housing

Thermal diffusivity of ah

Thermal diffusivity of elecfode



Symbols, Definition, Units and Typical Values of Parameters

radds

(x"un

Solar altitude angle

Absorptivity of the arrester surface for solar radiation

anester housing surface: ûsun=

Coefficient of cubical expansion (= U(Tun¡+273)

Declination angle

Small increment of valve element in radial and axial

Small increment of arrester housing in raclial and

0.95

B

ô"

At,Az

Lr1, Lz1

1/ K

degrees

directions

axial directions

^T 
Temperature diffe¡ence

^t 
Time step

m

between MOSA surface and air oC

s

e Racliation ernissivity of valve element surface

tel Radiation emissivity of electrode surface (aluminum)

ep Radiation emissivity of arrester housing surface

p Absolute viscosity

p Density of valve element

Pair Density of air

Pr Density of arrester housing

Pl Density of nylon 6

Density of plexiglass

Density of glass wool

Density of polystyren

Pz Density of electrode (aluminurn)

Brass

Electrode in [5]

pcp Volumetric heat capacity

o Stefan-Boltzmann constant

tu,. Atrnospheric fansmittance

kg/m s

kg/^3

kg/^3

kg/ttt3

kg/rn3

kg/*3

kE/^3
kg/-3

kg/-3

0.9

0.9s

0.95

1.8s

s500

1.18

2400

1148

1184

4,4

5¿

2736

8522

7800

J/m3 oC

wlm2Ka 5.67x10r
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Chapter I

Ch,ø;pter 7

TNTRODUCTION

Since their introduction for use in the electronics industry by the Matsushita Electric

Industry Co. of Osaka, Japan, in 1968, gapless metal oxide surge anesrers (MOSA) have

developed rapidly and are now used as protective clevices in power systems. Theirpopularity

is clue to their excellent performance and the many advantages they offer over the

conventional gapped silicon carbide anesters.

1.1 V-I Characteristics of MOSA

The exploitation of the highly nonlinea¡ voltage--current characteristics of valve

elements has resulted in the elimination of series gaps in the arrester. Typical v-I
characterÌstics [ 1] of a valve elernent are shown in Fig. f. i, which has been divided into two

clistinct regions: a low culrent region and a high cunent region. In the low cunent r.egion

(leakage curuent region) for applied ac or dc voltages, the resistive cornponent of the cun ont

depends on the granular layer and thus is influenced by the manufacturer's selection of

materials and productions. Hence, there is conside¡able va¡iation of the v-I characterjstics

in this region fol elements from different production lots and, in particular, for different

manufacturers. At higher temperature the electron energy increases. consequently the

electrons can cross the bariers more easily. Therefore, the resistive cunent colnponent

exhibits a high terrperature dependence as expressed by Eq. 1.1.
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E
Ê

ø
l-J
o

ÀMPS/ tm 2

Figure 1.1 V-l characteristics of a typical valve element

w.
I = Io(E)e-ñ (l, l)

where, Wo is the activation energy for conduction, which is equal to 0.6-O.g eV. K is

Boltzmann's constant which has tho value of 0.86 x 10+ ev/ 0K, anclris the valve element

temperature in oK.

In the high cunent region, the V-I characteristics, which are no longer ohmic ancl

temperature dependent, are described by the relation:

I = CVø; cr = d(v)

where ø(V) is a measure of the element nonlinear.ity (>30).

(t.2)
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1.2 Thermal Stability of MOSA

Thermal stâbility is one of the dominant problems in the application of MOSA. Since

MOSA has no series gaps, the resistive leakage crurent flows through the valve elements

continuousl¡ and generates a certain amount of heat. The generated heat is fansferred 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 in its temperatue. Conversely, if the heatloss exceeds the heat generation, the

temperature of the elements dec¡eases. Tþical heat loss and heat generation cu¡ves of a

valve element[2,3] are shown in Fig. 1.2. To attâin thermal stability, the heat generation

must be balanced with the heat loss frorn the valve element. Under normal operating

conditions, the temperature of valve element is maintained at an operating temperatue at

the first intersection point of the heat loss-input curves, i.e. point A in Fig.l.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. The¡mal

runaway and anester failure result,

On the other hand, when a MOSA absorbs energies associated with various transient

overvoltages, the valve element's t€mperatule rises abruptly. If the temperatule 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 ¡estored, but if the temperature rise exceeds the critical temperattue, the amount of

heat generation becomes greater than the heat loss and ttre MOSA. can not rettun to tlìe fotmer

thermally stable condition from the temporary high temperatüe state, tesulting in thermal

run away.
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Figure 1.3 Effect of ambient temperature and operating voltage
on thermal stability of a MOSA

--- D¡SS1PÂTION

t5ø 2øø

Temperature (oC)



Chapter I

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 amester

construction, ambient conditions, material chalacteristics and applied voltages.

1.3 Thermal Models of MOSA

As described above, the st€ady state thermal behaviour of MoSA is important because

it affects its ageing and also its capacity to clissipate 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 affesters

have been reported[4-7]. Therefore, in order to find steady state thermal condition and

energy abso¡ption 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 paramoters are adjusted to ûìatch 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 developecl to simulate thermal

properties of MOSA 12,3,10,111.

1.3.1 Thermally Equivalent Test Sections (TETS)

Two test sections as shown in Fig. 1.4 were fi¡st constructedt4l in 198L ln the test

section of Fig. 1.4 (a), the periphery of the valve element is coverecl with a certain heat

insulating material. In anothe¡ test section, Fig. 1.4 (b), cooling metal fins are provicled 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 3.8kv 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 notestablished. As presented in [4], the heat dissipation rate ofa typical MoSA

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

Figure 1.4 Constn¡ction of test specimen

Figure 1.5 Construction of small model unit

Fig' I '5 shows another small model unit used to examine thennal 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 di¡ection ofthe column. This assernbly

was contained in a porcelain housing. The test results were obtainecl by changing the ac

voltage applied to the elements to check on the occurrence of thermal runaway. The

culfe¡rt gef¡erator
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experiment results 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 thennal equivalence between tho test section and an actual arrester.

Lead rvi¡c

Cc¡a¡¡ic
bor¡d
U

ZttO
clcrne¡l

(a) Pro¡at€d n¡o(lel "^" (b) Pror¡ted Inodel "8"

(c) Prorated ||¡o(lel "C" ((l) Prorated Inodcl "Dr"

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 timo constants approximately identical to those of

the 84kv porcelain-type MosA. For test sections c and d in Fig. 1.6, the valve elements

were still sealed in porcelain housing but their sunoundings were packed with glass wool.

In this case the test section d was found to be thermally equivalent to the g4kv MoSA.
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None of the above authors have discussed the design procedures used to consfuct 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 clone, 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

C¡, CH: thermal capacities of the valve element and adjacent housing respectively
RsH: thermal resistance ftom element to housing

Ru¡o thermal resistance from housing to ambient,
radiation and natural convection components

Rsn¡ thermal resistance from housing to ambient,
forced convection component only

T¡, Ts: valve element and lìousing temperature respectively

T¡: ambient temperature

Ws: electrical power input to valve element
W": heat input due to solar radiation

Rulr

Figure 1.7 Equivalent electrical circuit
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The thermal properties of MosA were first represented as a simple eiectric 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 cunent and temperature as voltage. This model consists of two capacitors to

represent the thermal capacities ofthe valve elements and the porcelain housing ancl a few

resistors to represent heat transfer between the elements ancl the housing, ancl between the

housing and the ambient surroundings by conduction, convection ancl ¡adiation.

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

t3l.

As Lat himself points out, his model neglects axiai heatflow among valve elements and

the model parameters are derived on the basis ofradial heat loss only. This assumption results

in the theoretically predicted temperatu¡e being higher than the measured value.

Similar to Lat's model, an electric equivalent circuit was derived in 19g7, [10], to

calculate the perfo¡mance of MosA. Axial heatflow within the arrester column is accounted

for in this model by cascading several identical analog circuit sogments to fonn a ladder

network. The analog circuits a¡e connected by resistances of the valve elements which

cletermine 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 porcelair housing [11].

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

ternperature-time profile of valve elements in near thermal runaway conclitions.

Taking into account the temperature va¡iation of the volt-arnpere characteristics, the

authors in [7] irnptemented a thermal model of MosA to simulate the ar¡ester ther.rnal

performance under poltuted conditions. The simulation uses an equivalent electrical
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network to represent the thennal performance and an over simplified model of su¡face

pollution.

In all the electric analog models, reviewed above, it is necessary to fincl the precise

values ofthe parametels (i.e. values ofthe capacitors and resistances). The model parameters

were detemined anaiytically from the physical dimensions of a particular a¡rester unit or

derived by experimental measurements on an actual unit. usually only empirically clerived

equations for calculating parameters can be found in lite¡ature. 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

elecf ical circuits to represent the the¡mal properties of MosA. All the above models are

based on the following sirrplifications and assumptions:

( 1) Lumped components of thermal resistance and heat capacity are usecl although these

properties are in reality clistributed 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 anester, i.e. coefficient of convective heat ffansfer clepends on the configufation and

position of the heated surface.

(5) The models do not allow temperature change in the raclial cli'ection of valve

elements. The axial variation of temperature can be calculated, but the accuracy depends

on the number of analog ladder ci¡cuits used to represent the variation in this direction.

Recantly a finite difference based thermal analysis has been reported in [13], but the

method is applied only to an anester test section. Once again absence of axial heat transfer

is assumecl. The¡efore the author considered only radial heat transfer and simplified heat

l0
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ffansfer modes, However, temperature measurements in an actual arrester [7,g] indicate that

a tempel'ature variation does exist along an anester column and axial heat transfer takes

place. More heat is dissipated in the axial direction of a sho¡t anester Therefore, such

an assurrption introduces inaccuracies and lfunits the use of the model.

Because of a lot of lirnitations in all above rnodels, a mole elabolate rnodel is neeclecl

to enable simulated studies of thermal capacity of MosA under clifferent systems ancl

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 lnethod. Another conûibution is a proceclure

suggested for arriving at a thermal equivalent test section basecl on the known configuration

and data about an actual an'ester.

1.4.1 Mathematical Model

In this study the thermal properties of MOSA are flust identifiecl. Partial differential

equations (PDE) and their boundary conclitions of MOSA are then clerivecl ancl solved

numerically using finite difference method (FDM). This derivation overcomes the

clrawbacks of the previous models. Finally, a computer program is clevelopecl to simulate

thennal behaviour of MoSA. The proposed model has rnany advantages over other rnoclels.

(1) Accurate heat transfer modes of concluction, convection and radiation are appliecl

in this rrodel. Fin theory is used to account for external heat Eansfer frorn the sheds of the

arrester housing.

(2) The proposed rnodel yields the temporal variation of valve element, electrocle ancl

housing temperatu¡e distribution in both the axial and raclial di¡ections.
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(3) The model can be used to simulate the¡mal behaviors of MOSA under steady state

and transient conditions.

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

of an energized stack ofvalve elements and to locate the hottest point in the anester column.

(5) The suggested modelling rechnique can be applied to any configuration of MOSA.

The accuracy of the proposecl r¡odel is demonstrated by cornparison of sirnulated ancl

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

1.4.2 Thermally Equivalent Test Section (TETS)

The developed rnathematical model is used to analyze both the MosA and the test

section and to arrivo at a design of rETS. such an approach is prefened to an experimental

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

A thermal equivalent test section of a 84kV MOSA a¡e derived. A procedure for

arriving at a TETS is discussed. Thermal stability, capability and arlester ageing tests can

now be conducted directly on the TETS.

Either the rnathematical model or the TETS may be usecl to choose suitable arrestors for

a particular application and to achieve optimal design of MosA with regard to protection

levels, energy absorption capabilities and lifetime.

12
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Chøpter 2

HEAT TRANSFER MODES

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

between them, enorgy is transfened from the hotter system to colder system in an attempt

AXIAL
C ON D UCT ION
IN TERM¡NALS

AXIAL

RAD IA L
RADIATION.
co Nv ECT ION,
CONDUCTION
IN GAS
FILLED UN ITS

RAO IA L
CONDUCTION
IN HOUSINC

RADIAL LOSS
BY RAD IAT ION
¿ CONVECTION
FROM HOUSINC
SU R FACE

SPRING

ARRESTER
HOUSING

CONDUCTION
IN VALVE BLOCKS

AXIAL,
CONOUCTION
IN HOUSI NG

AXIAL
CONVECTION
CURRENTS IN
GAS FILLED
ARRESTERS

TUBULAR
SPACER

Figure. 2.1 Heat flow paths in a typical MOSA
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to achieve equilibrium. The¡e are three modes of heat transfer: conduction, convection and

¡adiation. In the case of MosA as shown in Fig. 2.1, a1l th¡ee modes occur simultaneously.

Electric energy heats the valve elements, and is fansferrecl by conduction, convection and

racliation to the anester housing and elect¡odes. The energy then is convected ancl radiatecl

to the ambient. when heat generation equals to the heat 1oss, the systern reaches thermal

equilibrium. The thennal model of MosA is derived in accordance with the foltowing

thermal mechanisms and laws of conduction, convection and radiation t27 461.

2.1 Conduction

Heat conduction is an energy hansfer due to interaction between molecules at clifferent

temperatures. It occurs in solids, liquids and gases but is of more consequence in solids. The

fundamental law of conduction is due to Fourier:

T4

o" =-ky- ðn.

o'=7t,(rr-r,> (wm)
l_tìï'

(2.1)

whele Q" is the heat ffansfer rate per unit area normal to the n clirection, k is the thermal

conductivity and or/an is the temporature gradient in the n di¡ection.

Heat h'ansfer rate per unit length by conduction from the exterior surface of an inner

cylinder to the interior surface of an outer cylinder is

(2.2)

where T1 and T2 are the ternpelatures of the exterior surface ofinner cylinder and the interior

surface of outer cylinder respectively.



Chapter 2

In the case ofMOSA heat transfer due to concluction frorn the valve elements to housing

rnay be neglected because it is very small cornpared to the convection and radiation terms.

2.2 Convection

Convective heat t¡ansfer 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

elernent, arrester housing and electrode interfaces. The funclarnental law of convection is

expressed by 8q.2.3, generally known as Newton's law of cooling.

Q" = h.Lr (2.3)

where ÂT is the temperature diffe¡ence between solid surface and fluid.

The convection heat transfer coefficient, h, is a corrplex and variable quantity

clepending on the geometry of surface, fluid flow, fluid properties and clifferent

environmental conditions, which is mostly obtained by experirnents. The following

ernpirical expressions of convection coefficient are ernployed for application in chapter 3.

2.2.1 Free Convection

Free convection occurs only in gravitational fields, which clepencls largely on the

geometry of the surface and the physical properties of the fluid. The coefficient, h, is

incorporated in the Nusselt number, Nu, which is relatecl to the Rayleigh nurnber, Ru, Grashof

nurnber, Gr, and Prandtl number, pr.

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

on a horizontal heatecl upwarcl facing surface (top electrode of MosA), the convective

coefficient, h¡oo, is expressed by

l5

h¡6p = Nu¿y k¿¡ /L* (2.4)
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*, ) 0.34(Ro)1/4 (2.6x!oa < Ru < 107 )
''uav -ì 0.,r,^orrl: ( l07<Ro<3x1oro)

(2.s)

and

D -r1 D -QZ¡.cp¿þ's'LT'L3 
fgLTL*3Ka= (rr.rt = -------- _ (2.6)

þKair lrdair

L*=Dl4

(2) Vertical cylindrical surface [28]

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

of MOSA) is given by

ht = Nu. kr¡, / / (2.7)

where,

N*=::y:+^ ror Ru > 105 (2.8)"' in(1 + 0.96)

^, r.8t/D
'"""=J;f ror Ru < io5 (2.s)

¡ þ,ra:tn J

^r=u\fji , c,=0 386 (2.10)

Ru is calculated from Eq. 2.6 with L* = /, ancl the coefficients invoivecl in Eq. 2. g are

obtained frorn
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^, 2.8 
_u/D'",, - lntl +4t Ë -- Q.lt),,,r. Nl,, Ni

ñI - ñl,r=!c¡çn"¡/a (2.t2)

(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 h¡n.

h¡=Nu¡ku¡/ I e.l3)

Nuf=0.55(RJr/4

Ru is still calculated flom Eq. 2.6 with L* = L

2.2,2 Forced Convection

(2.14)

Heat transfer by wind induced forced convection from an exterior su¡face of MOSA

must be t¿ken into consideration to accurately depict field conditions.

ll) Horizontal heated upward-facing surface[271

n,p = o.ss2*@")o.s ( Re < 300,000 ) (2.15)

n,", = uß62*þ9 t - {R"",u)o 
t + 18.2(R,",.,)0s) (2.16)

( Re > 300,000 )

where, n" = 9li!:2 R"",¡1 = 3oo,ooo
lt,

(2.17)
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(2) Vertical cylindrical surface [30]

1''
h, ='"o" B(R-\n'^D

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

(2.18)

Table 2.1 Constants n'and B in Eq. 2.18

2.3 Radiation

Themal radiation is a process of heat transfer ftom one bocly to another clue to

electromagnetic waves. The calculation of thennal ¡adiation is based on the

Stefan-Boltzrnann law.

2,3.1 Grey Bodies in Large Surroundings

The heat ûansfer rate, Q21, from the large sunoundings to a grey bocly is describecl by

Qzt = et o . ü. (724 -Tr4) eJg)

where, T2 and 11 are the temperature of surroundings and grey bodies. e1 is the ernissivity

of the grey body surface, and A1 is the surface area of grey body.

Re n B

t4 0.330 0.891

440 0.38s 0.821

40-4000 0.466 0.615

4000-40,00 0.618 0.1'7 4

40,000-2s0,000 0.805 0.0239
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2.3.2 T'wo Coaxial Cylinders:

Heat transfe¡ rate, Qi2 , from surface

2, interior surface of outer cylinder, is

^ o .(TÍ -Tz4)u2t= Ri-

¡',= l-el - 1 *1-t," Aþt Af tz Azez

where F12 is geornetric racliation shape factor;

and surface 2 respectively; e1 and e2 are the

respectively.

1, exterior surface of inner cylinder, to surface

(2.20)

(2.21)

41, A2 ue the surface areas of sudace

emissivities of surface I and surface

I

z

2.3.3 Computation of Radiation Shape Factors [31]

Knowledge of the racliation shape factor, F12, is required to calculate racliation heat

transfer ftom the valve element to the arrestor housing and electrodos. Because the elements

and the housing are divided into srnall cylinders in the nur¡erical calculations of Chapter 3,

the radiant energy of one small cylinder is transfened to other neighboring cylinclers. It has

been found by calculation that more than 98To of the racliant energy from one srnall

cylindrical surface on the valve element is transferred to the other 3 closest acljacent interior

cylindricai surfaces ofthe arrester housing. This is due to the small air.gap between the valve

element and housing. Theradiation shapefactors, F¡-¡, involvecl in the calculation ofchapter

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, theradiation shape factor, F6_u, from

the curved interior surface of the outer cylinder, b, to the curved exterior suface of inner

cylinder, a, is
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"l b
I
I

Fígute 2.2 Two concentric cylinders

- ,1. ll ,¿'2-p2¡¡2
"r_. = 

^ l, 
_ã 

1.". 
. 
¡4 p_z _ ¡

* t=, ( ¡¿, * *, *,t¡, -,* "orr 
r(L'1- R2-+ t2)

2tl \- R(L'z + R2 -¡z¡

+ (L'2 - R2 + r21 sin-l L -L (t2 +-, - ,rr) 
]Ì

(2.22)

Radiation shape facto¡ Fu_6, is therefore calculated by

Fo-6= due to F ¡..2'A1 = Fz-t'Az (2.23)

where,A6=l,npU, Au=).n¡l,Ristheradiusof outer cylinder, ris the radius ofinner

cylincler, and L' is the length of cylinder.

Radiation shape factor, Fu* and Fu¡, between curved interior surface of outer cylincler,

a, and bottom and top annulus contained between a and b is:

Fu-o.At
Á
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Fa-¿ = Fa..,¿ = f,O - n,.,u> (2.24)

Above shape factors may be used in the temperature calculation of test sections.

(2) TWo concentric cylinders of unequal Iength, one contained within the other:

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

Figure. 2.3 Configuration of 6 segrnents of two cylinders

Radiation shape factor, F2-5, from extedor surface of middle inner cylinder 2 to interior

surface of rniddle outer cylinder 5 is:
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- F<-c.A<tz-s = -=l: = Ft-¿ = Ft-t (225)

"-'=u{''-}l*''E#
-' ( ¡^7; *, -a -r,.*r.o.-,i!4i4ij"l2rÀz \" 

\ÀL t t\ t ' / R@4F -õ
(2.26)

'+ 

(Á22-R2 +,¿) sin, ; -ir*.. ^" 
-,")]j = F ¿-t = F e-t

Radiation shape factor, F1-7, from exterior surface oftop inner cylinder I to top annulus

7 containecl between 1 and interior surface of top outer cylincler 4 is

IF¡*7=Pr*, =V0-Fz_s)

- Fy-7.41
r 7 +1 = --------.- = I. R-"

A't

Radiation shape factor, F2¿ from surface 2 to surface 4 is

(2.2'1)

(2.28)

1

Fz-a = pr-u = i(Fz-+ts*a - Fz-Ò (2.29)

where, A1 = Az =Az =2nr Lz, A+ = As =Aa=2n R Â2, ancl A7 =As = z¡ (R2-r2).

2.4 Energy Input Due to Solar/Sky Radiation [30, 32]

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

surface in the field:
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gracl = Qsu¡ * q.¡, ( Wm2 )

2,4.I Energy Input Due to the Sun

Energy input due to the sun is given by

(2.30)

e.un = c,run 16 cos i' (2.31)

(l) Calculation of I5

The radiation flux density, 16, can be described by

I¡ = Io fut,n (2.32)

The atmospheric transmittance, t-u¡,n , is given by

ãatrn = âo * a1 ¿-k'cosec(a) efi)

where the constants, a0, al and k' aro a function of altitude as shown in Table 2.2, and cx, is

calculated by Eq. 2.34.

sin( o6 ) = sin(L) sin (ð,) + cos(L) cos (ô,) cos(h") (2.34)

'îable 2.2 23km haze model

Altitude above sea level in r innipeg is 200-500 m, and ao, a1 and k, can be obtained

by interpolation ftonTable 2.2.

Altitude above
sea level(km) 0 0.5 t.0 i.5 2.0 2.5

A0 0.1283 0.1742 0.2195 0.2s82 0.2915 0.320

a1 0.7s59 0.7214 0.6848 0.6532 0.626s 0.602

k 0.3872 0.3426 0.3139 0.29t0 0.2745 0.268
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lnEq.2.34, the declination angle, õ, , is given by Eq. 2.35, and solar hour angle, h",

can be found from Fig. 2.4, i.e., h" = 450 at 3 o'clock.

ô,=23.45,t"(r*"i#) (2.3s)

whe¡e N' is the data or the clay of the year. For example, N'=1 on Jan. I; N,=32o'Feb. 1;

N' = 210 for the month of August.

60 +150

-300

450

+300

+450

-600 +600

Figure. 2.4 Calculation of solar hour angle

(2) Calculation of i'

The angle between the sun's rays ancl the normal to the surface, i', rnay bediffercnt at

various parts of arrester surface.

On the horizontal surface of the top electrode, i' can be calculated by

cos i' = sin as

cos ð, sin ft"

cos ds

On a vertical surface facing to east or west, i' is calcuiated by

cos i' = cos( a, - a* ) cos o6

Bqs.2.36-2.37

(2.36)

(2.37\

(2.38)
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where, a.," = 900 for the eastward facing surface, and âru = -900 for the westward facing

su¡face.

On a ve¡tical surface facing south or north, i' is calculated by

cos i = cos(L ) sin (õ. ) + sin (L) cos (ô. ) cos (h. ) (3.3e)

A rnean value of i' is calculated for application in the mathematical model of chapter

3 because the model assumes no circumferential va¡iation of a:rester temperatue.

2.4.2 Energy Received From the Sky

The energy absorbed by the arester surface during the daytime is evaluatecl by

9sþ = ds¡¡ f16

where the¡atio of sky racliation to direct solar radiation, f, may be calculated by interpolation

from Table 2.3.

Table 2.3 f changes with i'

Knowledge of heat fiansfer modes described in this chapter is impoüant for the

de¡ivation of thermal modet of MOSA in the following chapter,

(3.40)

00 t00 200 300 400 500 600 700 800 900

f 0.16 0.17 0.18 0.19 0.22 0.26 0.32 0.44 0.71 t.33
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Chapter 3

MATHEMATICAL MODEI,

In this chapter, rnathematical models to simulate thermal behaviour of complete anester.

as well as test sections are presented. At ffust the patial differontial equations governing

thermal behaviour of MoSA and the associated boundary conditions are derivecl. 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 fansient

conditions of MOSA is presented.

It is assumed that there is no circumferential variation of temperature in the MosA , ancl

thereforc the temperature depends only on the radial, r, and axial, z, coorclinates as shown

in Fig. 3.1. Fig. 3.2 shows the c¡oss section of MosA to be simulated. The figure shows

some rnodelling detail such as sheds and coo¡dinates of boundary su¡faces. The initial

femperature distribution of MOSA is assumed to be equal to ambient, Based on the

fundamental principles of heat transfer described in chapter 2 ancl energy conservation,

mathematical rnodel of MOSA is derived as follows.
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Figure3.l Cylindrical coordinates
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+Q"on¿ nn2

IQ"on" nP

Qra¿

ns

i+1

i

i-1

Figure 3.2 Cross section of MOSA ro be simulated



3.1 Partial Differential Equations Governing Thermal Behaviour;

Boundary Conditions t33-3Sl

Partial differential equations(pDB), along with associatecl bounclary conditions of

MOSA, are esøblished in this section.

3.1.1 Metal Oxide Valve Elements

The governing heat equation for conduction in cylindrical coordinates is

ð2T aT aT o ðT......=_ * _-_., _j_ = _ (3.1)ôt' rðr ðz¿ k aðt

The valve element surface is exposed to enclosed convection, radiation and conduction

heat ûansfer to the intedor surface of anester housing, ancl therefore the boundary

conclitions a¡e derived as in Eq. 3.2.

=hì,(2trr").(lrl,=,"-lrtl,=r,)."([n]"-l*l'")

*?,(v1çw1,) 
(3.2).- t;+-

where p'"= 1-e" * 1 * l-',
e".2ttr" Fy.,2.2"ttrp1 e r,2.ttrut\zt (3.3)

Conduction f¡om valve element surface to housing across the air. layer is very small and

can be neglected.

Along the line of syrmnefiy,

_o*,"1#1,=,"

l#],,=,
(3.4)
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At the contacted surface with the electrodes,

171,=¡, = T'fT1 lT7"=¡,*¡i = TI-72 (3.5)

calculation of the enclosed convective heat h'ansfer coefficient, h¡, and the geomeûic

radiation shape factor, F1_2, of two concentric cylinders is described in Chapter 2.

3.1,2 Arrester Housing

In the an'ester housing the PDE is

ð2TT ðTT ð2TT ðTT

-J--!_-_

ðr" rðr ðz¿ aßt (3.6)

The interior surface of the housing is also exposed to concluction, enclosecl convection

and radiation heat transfe¡ and the boundary conditions can be derived as in Eq. 3.7.'rhe

exterior surface of the housing is subject to free or forced convection ancl racliation in its

suuoundings, and its boundary conclition is derived as in Eq. 3.8. Radiation energy, qrad,

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

in the field.

_ 2n k 
" 
¡,(lT'T],,, - [T:t], ")

Irr'' ol

- 
^l#], =,," 

= h t. ([Tr], =,,, - r *, u) + a,,(lú],,, - t. u) * r, 
" 
o (3. 8 )

calculation of convective heat Íansfer coefficient, h1, ancl solar/sky radiation energy

input, qru¿, to the housing su¡face have been discussecl in Chapter 2.

_^*,^lFl,=,,,

+ hi,,errrpù.(lT"Tl,

re

_trt \ , "([1d]", -[?'],") 
(3:7)=r¡-ltþ=¡")
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At the contacted su¡face with the electrodes,

lTTl,=o = TTTr [T]= rp = TTTz

3.1.3 Electrodes

(3.e)

Electrodes are subject to free or forced convection, racliation to surroundings and heat

conduction from valve elements and housing. The electrocles are also subject to enclosed

convection as weil as ¡adiation and conduction on the interior surfaces. Electrodes rnay be

moclelled as short or long.

Case 1: short electrodes

Eqs' 3.10-3.12 a¡e derived by assuming that tho metal electrode temperature is

inclependent of cooldinate because of its excellent the¡mal concluctivity.

Top elecÍode:

- h A 1. (rrr 2 - r o,,, 6) - e 
" 

p A {rrrf - n,, r, - ^ rl#]" =, ., - r ^rl#]" =,

ø(rrrt-l*1,=,,,)
- h i,A 4.(rrr 2 - [rr],=r,) - ------f 

"

+q.u¿ (A,1+43) = prrurV",ff

o, l-e"¡ I .1-"0" EerA¿ F1-2.A4 tr'A5
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Bottom electrode:

- tu A 1. (rrr 1 - r o,, 6) - e 
" 

p A ¡rrfi - f; ,,, u¡ - 
^ 

rl#f" =, - ^rl#]" =,

- 
^ "l+1" = - 4 - h i, A + (rn, - [-]^", ) -" 

(m - 
#nl' 

='')

znt "¡,|(rrt1-[u].*" 
\

--- *Qra¿Ar =prrrrv^ff (3.11)
ln.'l;i

l#],--=l+],--=' (3.12)

where, A1 = Contact area between metal elecÍocle ancl ambient.

Az = Contact area between electrode and valve element.

A'z = Contact area between electrode and housing,

A¡ = Contact area between electrode and porcelain supporter of MOSA.

A¿ = Electrode interior surface area.

As = Interior surface alea of housing relatecl to heat transfer to electrode interior sulface.

Case 2: long electrodes

Heat conduction in a longer lnetal electlode should be considerecl in the calculation of

temperature clisÍibution of MoSA. In this case, the governing heat equation for conduction

are expressed as in Eqs. 3.13-3.14, and the associated bounclary conditions ofelecfocles are

established as in Eqs. 3.15-3.20.
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ô2TTT2 , ðTTT2 , ð2TTT2 ôTTT2
-'------:- T 

-

ðt' rðr 022 a1ôt

ð2TTT1 , orrr1 , ð2TTT1 ôTTT1

---=- 
r 

- 

(3.14)ðt- rðr ôzt a,2ðt

At the outside vertical surface,

- rlryl 
=, ",,= 

ht.(lnrzl, =, 
"¡z 

- r omb)

*"ror(lrú1,",-4,,u) * n,"o (3.1s)

"l+l =,,,, 
= ht.(lnt,l, 

= r 
",z 

- r anb)

*.rrr(¡r41,",-1^u)*n,"0 (3.16)

At the outside horizontal surface,

- ,1ry1, 
= Ç+ t,= ht"p.(lrrt2l, = ç* 4-r*,6)

(3.20)

*"*(¡"41"=\*r",r,-4-t)+Q,oa Q.rl)

At the contacted surface with the suppol.t sÍucture,

lrrtl,=-¡,= [ri.,=-t,
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At the inside surfaces,

- k rr,"^l#_], 
= ,.,, = h¡,(2nr"ù.(lrrr2l, =,",-lrzl, = ,,,)

2rrk.i,([r7T2], ",-lnlr,)'(lm],",,- l*]." )____-__:_'¿,I.__-------;-\J'rU,/
lnfr lta

- n *, 
" rlryl, =,,, = h ¡,(?rr r 

" 
ù. (lrrr rl, =, 

",, 
- frrl, =,,,)

, znt 
",,(1rrt,1,,,-[t ],",) t(1rr1i|,,,,- l*],,)

tn# R'o
(3. 18)

l-e¿ I l-e,,
- 

e "¡2,ør"¡ F 1-2.2ttr.pt er.2nrpt\zt

3.2 Finite Difference Equations t39-42)

To solve nurnerically, usirg the method of finite differences, the partial diffe¡ential

equations are approximated with finite difference expressions at each node, and ar.e

fansformed to a set of algebraic equations which can easily be solved digitally.

3.2.1. Valve Element and Arrester Housing Interior

(l) Valve element

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

conduction is the only mocle of heat transfer.

By Taylor's series, finite difference approximations for partial derivatives are
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A2T T¡'.¡*t -2TT.¡+ TT.¡_t------ã_:---+-af ñ'¿

ôT 
= 4j*t -T'¡'j-t

ðr 2ñ'

a2T Tl*1.¡-2Ti.¡+T!_r,
"""'ã- 

= 
ú 

: -w

ð2" A.z¿

ar 
= 

Tril -Ti'j
ôt Lt

(3.21)

(3.22)

(3.23\

Substituting Bqs3.21-3.22 in Eq.3.1, we obrain

7,,,!1 _7|,
-L NJ a cP =tl4'¡-24i*ri-,¡ *

k (Ti.n-ri.¡-ò
* ,,'--ztï-* qt

Ti,i*t - 2Ti'¡ + rir-rl
-___Ã,-j

where, n and n+1 denote the nth and (n+l)th step of calculation.

(2) Arrester housing

Similarly, at interior nodes in the housing (i=2,3, ......npij=2, 3, .....nn), the FDE

T4¡*t ITn,+_zr4¡
N2

. t Qri,¡t-rT i.¡_ì
r¡ 2ñ' (3.24)
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3.2.2 Axis of Symmetry (r=0)

Along centrally located nodes at r=0, the finite difference representation of Eq. 3.1 is

obtainecl as

(3.26)

'îì'-u4, n,, = r *(#. i #. #). ø = r(24'. #).,

= rþr-u_ rrr¿ljtt *a(ri¡., = 
ri¡)] . -

L----^F--+ 6'z-l+ øt ß'2s)

3,2,3 Valve Element Surface

The surface nodal equations a¡e found by applying the principle of conselvation of

enelgy at the surface. The nodal equations must account for conduction to the cylindrical

surface f¡om within the valve element as well as heat loss due to convection and racliation.

At anynode (i,i) heatflow into itdueto conduction fromthe neighboring nocles is given

by

g"nno = k ! +J!:!j!. et + t. !ai-!u-.e, * t . liia:lii. A,

where, e, = nçrl -ç'¡-J.r¡2),+, =znç',-Þr¡.t

and heat loss due to convection and radiation is given by.
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where,

At=2nr"Lz, R'".¡¡=t-?"*=t , * l-t,
' 8"'43 F¡_¡¡.Al e o,2.ttrotLzt

F¡-;i is the radiation shape factor from a small valve eiement cylindrical surface i to the

adjacent small anester housing cylincl¡ical surface, ii (ii=1 to 3), which can be calculatecl by

Bqs.2.25 -2.28.

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

Qça¡y = h¡n'A3.(TT¡.1 -T¡¡)

g*o = s2g:t,r +273)4 -(Tij+2i3)4
u RL,¡¡

7Y!1 -T',:\;Y'e'co'vt = Q"ord * Q"on, i Qra¿ + 4rVt

where, V¡= {yfu

e*,0 = t"TÚ[!.tr + kr.!iJi:!u.Ar+ kt.Qr:J:!i.t,

(T¡,,,, -TT¡¡)QnLz11 Kait' ---------t=:--hi

(3.27)

(3.28)

(3.29)

3.2.4 Interior Surface of Arrester Housing

Eqs. 3,29-i,33 are similar representations for the interior surface of arrester housing.

(3.30)
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Q"n* = h¡¡A3.(T¡,^, -77,1

and

(3.31)

(3.32)

U# n,cpt.v¡= econdi econu* eru,! (3.33)

where, ,41

A3

3.2.5 Exterior Surface of Housing

The exte¡ior surface of anester housing is modelled as a cylinder, and the finite

difference expressions can be obtained.

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

by

=4(,,.+)'-,rf , o,=^(,**)*, 
,

= 2tt'jLzt , V¡ = A1.[7,

e"",0= orUÚË?.o,

where, At = nLrl -Oj-Á,rt )2)

TT¡-t.¡-TT¡.¡ TT¡j:-TT¡j 
^+ t r. --Ël-.At + 4 --::!.:---:-:-!-.A2

(3.34)

rr=zn(,j_4, ).Lr,
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Heat loss from it clue to convection is expressed by

Q"nn = ht' Az.(T o,,t - TT ¡j)

where, At = 2nt'jLzt

Heat loss and input due to radiation is expressecl by

(3.3s)

(3.37)

Q*¿ = oep.Az.l(To,,6 + 273)a - (T-T¡¡ + 2ß)af * Az.Q,a¿ (3.36)

Thus, the finite diffe¡ence equation is expressed as

TT'}!1 _TT,,
--r¿--.pr.c¡1,V¡ = Qcord* Qron * ero,tLt

where, Vt = At Lzt

3,2.6 Exterior Surface of Arrester Housing and Sheds

Nurnerical calculations have shown that tho exterior surface of an ar¡ester housing may

not be simplifiecl as a cylinder on account ofheat transfer mocles. There may be a significant

temperature drop between the base and tip of shed at high temperatur.e of MosA ancl this

affects heat Íansfer. Therefore, fin theory is applied to derjve the following equations for

accurately calculating heat Íansfer from the extended surface ofa ester housing. The sheds

a¡e modelled as radial fins of rectangular profile as shown in Fig. 3.3.
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Figure 3.3 Shed representation

(l) shed interior

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

Heat conduction:

g** = t, !!lit:!!ll-.nt * kr.!!Ji:J:!!!,!.4

where, A1 =*(,-+), o,=*(,,.!)o

(3.38)
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Heat convection and radiation:

Q"n- = 2h'Az.(T.,t -TF t¡)

Q*,t = 2øep.h.l(To,,,6+ 273)a - (Tr¡¡ + 2n)al* 4ra¿.A3

where, A3 = 2 nrj Lt¡

The PDE is

TF'III _TF, ,

-tt I'at.cprV¡ = Qcon¿tt econ,i era,!

where, Vt= Ayd

(2) shed tip temperature (Verficat portion)

The PDE is

TF'i.1,!,ú -TFr,ùb+t__--=ñ-.p1.cprVt = econ,! * ecourr e.ru,t

where

¡1 t. TF¡,,,rr-TF1
Vao rI - r'1''---------- .-

arr 
4'At

Q."on, = hlAz'(Tor,6 -TF ¡,,ur¡1) I 2h.A3.(To¡16 -TF ¡,,,r"¡7)

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)
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Q,o¿ = oep.l(Tanù + 273)4 - (TFr,,,,,i +273)41.(A2+ 2A) + q,o¿.(A2+ A3)

(3.4s)

and A1 =2tr(rp3-912 ).d Az=2¿t(rpt.d

I " ¡r,.1et=nlr,t2-(r'ú-!2 f 
I 

vt=Az.Lzt

(3) shed base: z=z(I)

At the shed base conduction is the only heat transfer mode.

e"n,,o = k.,.!þFfu .At + kl.!!l¿:!!J!.A,
AJ'l Á,1.1

*Or.TT¡*t.n!r-TFtJ,o" *o,,TTi-l,nn,-TFH.n^ (3.46)
Lzt "' '*L'----El-'42

TF,]11 _TF, ,

--t¡, .3 
e ycpr.Vr = Qco,,t

where' 
Ar=2n(rpz-\, ).Lrt or=olrrrr-<,rr-+rrl

(3.47)

e.z=ln{roz+4, )'Lzr vt= Az.Azt
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(4) Other cylindrical externâl surface to which sheds are attached: z* z(l)

g*,0 = krlju:ljryt.AÈ kt.T*tn\:TT¡,*, .Az + kt.lE rt:!Þ::L.e,

Q"or, = hrA¿.(To,nb -TT¡,rn,)

Q 
^ 

¿ = o e p. A ¿.f(T o,,, 6 + 27 3)a - (TT ¡,,,., + 2ß)4l r 8, o ¿. A +

(3.48)

(3.4e)

(3.50)

Q"or¿ + Q"on, i Q,.o¿ (3.s 1)

where, A¿ = 2n.rpzLzt and thevalueof A1, A2, A3 ancl V¡ is the same as above.

3.2,7 ElectrodeTemperature

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

Heatinput and loss from the top electrode is due to conduction, convection ancl radiation

in accordance with Eqs. 3.521.55.

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

TT'i.lln, -TTt,,,,,

^/ 
'Q t'cpt'v t =

e..,^ =Zt Lff.h* t.!t):E2.Az + k.lu:iTz.t 
G.s2)
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where, At=tt.2t j't' 
"-(+)'

and heat conduction from housing is:

o, = ol,"'- <,"-grrl

where, o, = olr,,. t, r -,rrf ou = nl,,r, - r,.,, - tr rf

A¿ = tt.2.rrjÁ'rt

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

convection on its exterior surface,

Q,'¿,,,,=(Tou.,6-TTT2).(h¡oo'A7+hyAs) +h¡ne'T¡¡-ffTz).AB (3.54)

where, A1 = Á,'¿z)z Aa = 2rt.r¿zlz

Aä= 2ø.t'nntlz

Heat transfer due to radiation:
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Q*¿ = oea.f(T*,,b+ z't3)4 -(TTT2+2ß)4].Ø1 + As)

(TT¡.t +273)a -Q-TT2+273)a + q.u¿ (47 + A6)
R"

(3.s5)

(3.57)

(3.s9)

(3.60)

where,

D, _l-ee! I l-rr,
^"-;;Ã- F;Ã-,rja",þún

The finite difference representation fo¡ the top electrode is

TTT4+r - TTT.
--- N- Qz,cpz.Vt = Qcondl I Qcon¿tz * e.con, i erud (3.56)

where Vt= A.t.lz+ n(r¿ùztL

Similarly, Eql 3.57-3.62 represent conditions at the bottom elech.ocle.

econdt = i t . 
T'¡ -trt r 

. e ¡ k. LJ:E L 
. 4 + k. !lz- Ttr!. 

4,ãLzLzaz

!! TT. ._TTT.
Qcond2= Lkr---#.,q+ll¿1J-z

TS¡._TTT1
e.corut3 = kr.:Lï.norù,

. , TTz: -TTT1 T2,nn,-TTTt ,+ Rt--'Et -.45+ h. ----:!:!t----:-: .A6

(3.58)

Q. 
"on 

= hr(T on b - TTT ).2trrpz. h + h¡,1e'T ¡ ¡ - fTT ù. AB
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g*¿ = oe a.flr*ûb + 273)4 - (T.rr1 + zn)al.e.ttrrz.tr)

(TT¡: +273)a -(TTT: +2j3\a*off +q,o¿.(2ør.r2.tù (3.61)

TI-tT*t -TTTI-- 
^t- 

p2.cpz.Vt = Qcon¿tl * Q.cond2 * Qtond3 i Qconv * Qrad e,6Z)

(2) Long electrode ( case 2 of section 3,1.3 ) :

sirnilar to the derivation ofthe above finite difference equations in section 3.2.1-3.2.5,

elecÍode nodal temperature in both radial and axial di¡ections can be carculated.

-Electrode interior:

Tr -Tä*t (i, j).- TTT2Q, Ð 
. o 

". 
r,."

Â¡ 
\L -YL

r
= orlnrrt¡ * t' n - zrry{¡, i¡ * rn,ç - t, tt . Wl

, k2 rTT2(i,j + 1) -Trr2(í,j - t)
(3.63)r¡ 2N.

Interior temperature of bottom erectrode, TTTI(ij), has the same expression as Eq. 3.63.

-Electrode interior surface:

on the interior surface of electrocres, heat transfer to the nocle (ij) by conduction, e"on¿,

convection, Q*nu ancl radiation, Qro¿, have the same forrn as the Eqs .3.26_3.2g.Thercf orc,
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the FDE is

TTT2(i,Ðn+l -TTT2Q,/) .

Lt =.p2.cp2.V t = econd * econ, * era¿t ß.64)

where, Vt = n(r"t? - U"u -!r)\.n,

Interior surface temperature of bottom electrode, TT'r1(ij), has the same expression as

Eq. 3.64.

-Electrode exterior surface:

The finite difference equations on the extorior vertical su¡face ofelectrodes have the

same form as the Eqs.3.34-3.37 which applyto the exterior surface ofthe aûoster housing.

On the ho¡izontal su¡face of the top electrode:

n , _ ,^.TTTzQ + I,Ð -TTTzQ,) ^ , ,- TTT2Q - 1,) _TTT2Q,)
ucond - n2. --------ñ- .^1 + K2. ___________:___ :__:-:_.A2

. T-rrr1,i_t)_!rñ,i) 
^. (3.65)'f rtz' ---'-----------: 'A3

where, ;'t=2n(r¡+þ.L, A2=2trQ.j-y).^z

Ll.2 Â¡ ^h = zúL(rj +Z-) _ (r¡ _ 
V)"1

Q"on = htnp.At'(T *,,6 - TTT2Q, )) (3.66)
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e,"¿ = oe¿.Atf(To,,,6 + 273)a -(TTT2(i, j) + zn)4]+ Az.Qra¿ e.67)

Thus, the FDE is expressed as

Ttl 2(i, j), + I - :t'I'T 
2(í, Ð

Lt 
!'Q2'cp2'Vt = Qcon,! * Qcon, * Qr¡t¿t (3.68)

L¿whele, Vt= h't

3.2.8 Support Structure (Porcelain)

For the support structure, only axial temperatule variation is allowecl because raclial

temperature variation of the suppolt is not significant and has little influence to the aüester

heat transfer. In this case, Bqs.3.69-j.72holcl. Temperature at tho suppoft bottorn does not

change with time and is specified to be ambient.

^ _,. TS¡a¡-TS¡ ^ ., 7.S¡_1 -lS¡o"n,¿ - nl'--El-.^t + Kt.-E;-.41

Q"o", = ht. Az. (T om - T S ¡)

e*¿=oep.Az.l(Tan,b+273)4 -(TSi+2n)4] e.\t)

ZSI'*I _?S,
-tE-'OrrotVt = Qrnr¿ + Qco¡w * Q¡..td (3.j2)

where, û = ø(rpùz Az = 2ty.rpzLzz Vt=At.Lzz

(3.6e)

(3.70)

TS 1=Tu,no
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3.3 Choice of Time Step: Ât

To r¡aintain stability and convergence ofthe numerical solution, the time step, 
^t, 

has

to be chosen suitably.

From Eq. 3.23 (section 3.2.1), we have

rrì1=

åW *!"ffu:t. ;h#^. (* + *),,4.#,

For *-Z-aro , weobrain
k Lt Lz2 b2

^t< 
, Qco 

.

r(þ.#)

From Eq. 3.24 (section 3.2.1) , we have

'¡rt+l -

##f*#-.Y-#-. ;Y#* (+* - h e)- I
Qt'cuI 2 2 Lt< ,Qtcpl ,ffi-çt- a'¡'ttt ^'-oç_,ç¡ (3.74)

(3.73)
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Fronr Eq. 3.25 (section 3.2.2) ,

rt.t - 
k.N llr¿r-, - 4r,i*,

"j = wrL---ú-- "i-*

Q'cp 2 4

k.Lt Lz2 Lrz' "

(* * *),,4.#,

Lt< ' 
QcP

r(.h.#) (3.7 s)

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

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

3.4 Mathematical Simulation of Test Section

A: THERMAI INSULATING
MATERIAL

B: HOUSING

C: AIR

D: VALVE ELEMENT

I

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 foilow, the axial

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

transfer is consiclered. Finite difference equations can be easily derived as follows basecl on

the same principle described in the above sections.

3.4.1 Valve Element and Housing Inferior

51

ri.'-f,,rï 
e,o =01ry.,-rrryr.rl-,f .+ W., (3.76)

TT,;*I -|-r,i . ,l rr:ír-rrri *rri_rl-- 
^¡-a''rr, 

=ttl-ftt'l

3.4.2 Axis of Symmetry (r-0)

3.4.3 Valve Element Surface

, h Q'rï*t-rE_ì
t'; 2Lr" (3.77)

T'i*t - T'i I arr lT'P',, =tl$\;a.; =rl%1., 
(37s)#).,

Qcontt =k'j-t ..'j.A, *o.-.'nt^T*
(3.79)
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Q"on, = h¡n'A'(TTt -T j)

Qra,l =
(TT1+273)4-(Tj+273)4

R'o

(3.80)

(3.81)

(3.82)

where, t, = Ztu{r¡-!).t" A = 2,ttt'Jn

o, _|-ee, I 1-r,
""- qAt- Fr-rA- %atr,þtL

Radiation shape factor F¡2 can be calculated try Êqs. 2.22 --2.24.

TT*1 
-Ti .p.rr.v¡ = econd* e"on * ero¿i q.v¡

vt = øQ.jz -(rj -grf).t"where,

3.4.4 Interior Surface ofthe Housing

Qcont!= kt.njl¡nj .A, * ko,,..9!:p!!'

Q.con, = h¡r,A.(T,r., -TT¡)

/.\ -(7,,,,,+273)4-(TTi+273)4
'¿ 

rñn _ v -------------.--

(3.83)

(3.84)

(3.85)
R.t
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TT']!t -TT' '--ï¡ -'et.cprV¡ = Qcond * Qconv * Qra¿t

where, At

V¡

3,4.5 Exterior Surface of the Housing

where, ¿, =7r¡r,-\.¡_-t,l 
2 r ,o

. Âr''vt=,tlrl -Qj-ï)21'L

q,nno= kr.!E:!.!-.¡,

Q"or, = hy A'(T a¡76 - TT¡)

Q,ott = oep.A.f(T.t,,b+2n)4 -(rrij +2n)41

nT-Irn¡ 
n"rrt.vt = e"on¿ + econv * erat!

=*(".!)'"

= ,t(r¡2 - (r¡ - 
L)t 

)2).t"

A = 2¡ttjl"

(3.86)

(3.87)

(3.88)

(3.8e)

(3.e0)

A = %tt'y'"
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3.5 Electric Model

Power clensity, qi, input into the valve elements at node (ij=1,2,......mr) at every time

step is calculated as follows. Nonlinear voltage distribution along the valve element colum'

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

The resistive component of vaive element leakage cunent has a sffong temperature

dependence; its value at a fixed ac or dc stress inc¡eases with temperature accorcling to

the following formula.

tv.
J,. = Js(B)¿- Kr ( Nrnz ) (3.e 1)

valve elements is a function of both applied fielcl,Therefore, the power input, q, to the

E, and the temperature , T.

w.
q=¡EJr=qEJo(E)e-xt

2500

2000

r500

tooo

750

(wm3)

tcis to-'l
Jr I A/cmaJ

(3.e2)

E
€

l¡¡

lo-'lo-2

Figure 3.5 Relationship berween J and E [4]
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At t=0 (fhst time step), the power input to node (ii) is calcurated from Eq. 3.91 and

Eq.392withE=yl l"* and T=Tij =Tu,n6. J6(E) is found from rhe known relation of J6(E)

with E (Fig. 3.5) for the valve element under conside¡ation.

on the next time stop, the power input to the node (ii) in a valve element is calculated

as follows.

The mean temperature of all the varve eiements in the anester is found froln

(3.e3)

whe¡e the summation is taken over ali the nodes in all the valve elements cornprising the

arÌester.

J' is calculated from Eq. 3.91 using the mean valve element temperature from Eq. 3.93

ancl the mean value of J6(E) used in the previous step.

Next, the lnean value of temperature, T(i),,.,"un, for a slice of the valve elements along

the nocles in a radial direction is found for a fixecl axial location, i.e. i=constant, j=1,2,......m1

( see Fig. 3.6).

1 n1,llll

Tr,"nn=L \ T¡.¡
mllli ^-

' ' tJ

1 llÌl

T(i),,,"on = !-\ T
m1 -' l=t

(3.e4)

Using the above value of T(i),,.,"un , Jo(EJ at the present time step is founcl at node

(ij=l,2,...rnt) from Eq. 3.95.

* V is the applied voltage, and /" is the length of valve element,
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Figure 3.6 Cross section of valve elements

rl@r)= _L
e K'T(ù"'

(3.es)

where Ei is the elecffic field at the ith slice of the valve elements.

The value of E¡ for every slice along the valve element column is founcl using the

functional relationship between J6(E) and E. The value ofEi is valid only atthe axial location

considerecl in the valve element, and is varies in the axial clirection clue to axial ternperature

variation. The value of Ei does not vary in the radial direction.
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Thus, the nonlinear voltage distribution aiong the arrester column clue to temperature

diffe¡ence is taken into account and the voltage drop across a slice of a valve element is

57

v(i) =s 1¡ ¡, (Fig. 3.6)

The resistance of this portion of the valve element is

(3.96)

(3.e7)nr¡l = - r(Ð.-
J,.ø(r,\¿

ancf the power input to valve eloment at node (ij=1,2,...mr) is given by

q¡ =¡E(i)Jr

The iteration proceeds as described above.

3.6 Flow Chart

(3.e8)

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 charr is shown in Fig. 5.7, and FORTRAN program (see

appendix A) has been developed.
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Read and print the relevanl parameters

calculale radiation shape factors F¡_¡¡

between ZnO elements and arrester housing

set initial nodal temperature of MOSA

calculate heat input due to radiation of sun and sky

calculate heat generature Q at J=f",n6



Chapter 3

set print interval: lNl = ¿¡y integral

t=i+Âl, lO=lC+1

calculate convect¡on coefficients (h¡n, h1, h¡op¡

calculate heat generation: q= f [r,z,T(r,z,t) ]

consider sheds of arrester housing?

calculate electrode
temperature, and nodal

temperatures of element,
arrester housing, shede

calculate electrode
temperature, and nodal
temperature of element,

arrester housing
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#1

calculate heat loss Q(t)

N

<0.01

pr¡nt nodal temperalure

4=,>Y
steady state?

Y (r,z,t)-T"n,'6.

Q=0

end

Figure 3.7 Flow chart of computer program for sirnulating
the thermal properties of MOSA
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Chøpter 4

EXPERIMENTAL VERIFICATION OF

MATHEMATICAL MODEL

The rnathematical rnethod proposed in chapter 3 is applied to derive the temporal

variation of temperature in an anester column and the simulated clata is compared with the

experimental results which are available i¡ literature[4]. The goocl agreement between the

simulated and expe¡imental results demonstrates tho acculacy of the moclelling technique.

The accuracy of the model is also demonstrated by comparison of sir¡ulatecl clata with

experimental results obtained by conducting tests on an actual g4kV MOSA.

4.1 Comparison With Experimental Results in Literature [4]

Fig' 4'1 shows a sketch of the assembly of MosA elernents which is iclentical to the

one used in [4 ] by Tominaga el ar. 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 temperatue was calculated at 3 points on the cenffal axis ofthe arrester colurnn

and 1 point on each electrode. Fig. 4.2 shows the results. The expefimental fesults,

reproduced frorn [4], are shown in Fig. 4.3. Fig. 4.4 shows the axial ternperature variation

f¡om z = 0 ro z= 4.8 cm for r = 0, 0.9 and 1.5 crn at 4.45 hours after application of vortage.

Corresponding experimental data frorn [4] is also shown in Fig.4.4.
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Ê 3cln ----->

Figure 4.1 Stacked valve elements reproduced from [41

Time (hours)

Figure 4.2 Temperature and resistive leakage current
change with tirne (Simulated results)

- -T16p.s¡_ - _Trop

-'r 

__
I mrd

---Tbot-----Tbot."r
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r¡m¡ (h)

Figure 4.3 Temperature and leakage cunent change with time

(Measured results)

75

70

65

60

55

60

45

Äo

Figure 4.4 Temperature distribution of valve elements

(4.4 hours after voltage-application)

T (.'C)
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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 (Frg. 4.4) , we can also note that the temperature variation

in the ¡adial di¡ection in the elements is not significânt, 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 ageement is also obtained between

exp erimental and simulated results.

4.2.1 Description ofSurge Arrester Subjected to Test

Experiments were conducted to find the temporal variation of temperature distribution

in a MosA rated 84kv. The temperatue along the valve element column was measured

by thermocouples inserted through small holes in the porcelain housing. Along the valve

element column, a tot¿l of three measuring spots were provided. Figs. 4.5-4.6 show the

stucture of the MosA subjected to test and the positions of the three available measuring

spots.
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Thermocouple 3

Figure. 4.5 84kV porcelain-type MOSA subjected to test
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Thermocouple I

#
Figure 4.6 Configurations of MOSA shown in Fig, 4.5
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4,2.2 Experimen tat Set Up

The testequipments set up for the measurement ofvarve erement temperature anclpower

generation due to resistive leakage cunent is shown in Figs. 4.7-4.g. A capacitive divider

and a 100X (2.4pfl 10 MO) probe were used to measure the anester voltage. The voltage

ratio of the divider was calib¡ated by an electrostatic voltmeter. The total cunent flowing

through the MosA was measured with t ohm resistor inserted in series with anester.

Integration ( Eq.4.1 ) oftheproduct of the voltage and cunent was carried outusing 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 (1mvfc) was used to find the valve

element temperatute measu¡ed by J type thermal couples.

61

Figure. 4.7 Test set up
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Figure. 4.8 Schematic diagram of the test ci_rcuit

r- -(
L-,-q

-G

.*(}-(

Figure. 4.9 Data 6000 analyzer
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(w)

T

e =|[*at
0

(4.1)

The tests were conducted atroom temperaturewhich ranged from lg0c to 230c. A fixed

voltage was applied to the MOSA from a 138 kV (4kVA) voltage ransformer; rhe voltage

application was intenupted at suitable intervals to measu¡e the element temperature.

Measuements of the temperature decay in valve elements were carried out with voltage off

after attainment of steady state conditions.

Fig.4.10 shows rhe toral cu¡rent flowing through the MOSA when Z5kV (r.m.s,)

voltage is applied.

Applied voløge: V¡.,n,,.=75kV

Total current

Total current:

I¡¡¡¡=l.JJ¡¡¡{
Ir.m...=0.78m4

Resistive cu¡rent:

In(r.m.s.)=0.1m1{

Total power:

P=7.8W

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 cârry out the simulation the power generated in the valve elements, q¡, has

to be known. This is a complex function of applied elecEic sÍess, 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 cuwe is known. In the present.r o¡k to simulate theMOSA showninFig.4.l,

therelationship between total power input to the valve elements , 
p(t), and time, t, was found

experimentally with the aid of "data 6000 anatyzer". Linearity was assumed and the valve

element power input density was found from P(t)/V, , (n), where V¿ is the tot¿l volume of

all the valve elements. In the simulation, the total numbq of nodes in the valve elements is

145 (29x5).

(1) 75kV Voltage Apptication

Alternating voltage of magnitude 75kv (r.m.s.) was applied to the MosA and was

disconnected after 12 hou¡s when the steady state was obtained. Dudng the test the ambient

temperatuIo ranged f¡om 200c to 230c. The measured and simulated temporal variation of

temperatue distribution along the valve element column is shown in Fig. 4.11. The numbers

1,2and3 inFig.4.l1 refer ro rhe rhemocouple locations identified in Fi g. 4.6. Fíg.4.12

shows the simulated axial temperature variation at 1, 3 and 9 hours afær the voltage

application.

Table 4. I shows the relative diffe¡ence betwe€n the simulated and experimental results.

It can be se€n that the mean er¡or in the simulation at location I , 2 and 3 werc 3 ,6vo , L5vo

and 2,37o respectively. The maximum error at same locations were 7 .lvo, 2.lro and 6.4vo

respectively. The simulaæd and experimental results agree well.

From the above results, it can be seen that the temperatu¡e of the valve elements ¡eaches

their steady state and thermal equilibrium is attained when the heat loss ftom the element

is balanced with the heat input to it afte¡ 12 hours voltage application.
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Temperature (oC)

Time (hours)

Figure 4.11 Temperature - time relationship at 4 locations in
anester energized at 75kV (T"nlu = 2G-230C)

z axis (cm)

Figure 4.12 Axial temperatüe variation in valve element stack
z=0 is st¿ck bottom
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Table 4.1 Relative diffe¡ence between the simulaæd and measured results

with arrester enetg izeÅ, at 7 Sky

Time

(nou¡s)

curve I * curve 2 * cuwe 3 *

T (0C) En

(vo)

T (0C) En T (0C) Er¡

(vo)Simulated Measu¡ed Simulated Measu¡ed Simulard Measu¡ed

1 23.035 24 4.0 25.822 26 0;l 27.564 27 2.r

2 24.497 25 2.0 28.558 28 2.0 30.169 29 4.0

J 25.803 27 4.4 30.765 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 -t-t 0.0 34.640 34.5 0.4

6 28.002 28.5 1.8 33.7n 33.5 0.7 35.373 35.5 0.4

7 28.507 29 1.7 34.292 34 0.9 35.94s 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 29.499 29.5 0.0 35.203 35 0.6 36.837 37.5 1.8

L2 29.805 29.5 1.0 35.318 35 0.9 36.9r0 37.5 1.6

T3 26.733 26 2.8 29.381 29 1.3 30.897 JJ 6.4

t4 25.467 24 6.1 26.8t7 26 3,I 28.171 29 2.9

15 24.633 23 7.1 25.351 25 t.4 26.523 27 1.8

16 24.020 23 4.4 24.410 24 1.7 25.407 26 2.3

t7 23.536 22.5 4.6 23.746 23 5.2 24.587 25 L.7

* see Fig. 4.11
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Ø TemporaryOvervoltageApplication

A temporary overvoltage (TOV) of magnitude l05kv (l.4x75kv) (r.m.s.) was applied

to the MosA for 90 seconds after attai¡ment of steady state conditions at 75kv. Afæ¡ the

90 second period the voltage was retumed to the forme¡ value of 75kv. In this test ambient

temperatue ranged ftom 180c to 210c. The measu¡ed and simulated tempo¡al variation of

temperatuIe disEibution along the valve element column is shownin Fig.4.13. The numbers

1' 2 and 3 in Fig. 4.13 refer to the thermocouple locations identified in Fig . 4.6, ^Iable 4,2

shows the relative difference between the simulated and experimental results. The maximum

and mean enors in this case were 5.9vo and 2.Lvo at location l, 9.47o and 2.3vo atlocatton

2, and 4.9vo and 7.5vo at location 3 respectively. once again the simulated results agree

well with the experimental results.

73

TemperatuIe (oC)

Time (hours)

Figure 4.13 Temperahue - time relationship at thre€ locations
unde¡ TOV application to arrestff (T"^¡ =lg-210C)
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^lable 4.2 Relative difference between the simulated and experimental results

r,vith arfestfl subjected to TOV

Time

(Hours)

curve 1 * curve 2 * cu¡ve 3 *

r (0c) Err

(vo)

T (0C) En r ec) En

Simulafed Measured Sirnulated Measu¡ed Simúatd Mea¡u¡ed

1 21.185 20 5.9 22.736 23 1.2 24.83r 24 3.5

2 22.198 22 0.1 25.065 25 0.3 27.398 27 1.5

-t 22.892 23 0.5 26.537 26.5 0.2 29.t07 29 0.4

4 23.354 24 1.5 27.384 27 t.4 30.094 30 0.3

5 23.704 24 1.2 27.935 28 0.2 30.732 3l 0.9

6 23.969 24 0.1 28.293 29 2.3 31.138 31.5 t.2

7 24.t62 24 0.7 28.502 29 r.7 31.366 32 2.0

7.08 29.t70 28 4.2 34.447 38 9.4 37.284 37 0.1

7.5 27.245 28 2.7 34.953 36 2.9 38.786 39 0.5

7.83 27.248 27.5 0.9 33.754 34 0.7 38.808 39 0.5

8.9 26.820 27 0.6 32.144 JJ 2.7 37.655 37 1.8

9.9 26.298 25.5 3.1 30.794 31.5 J.J 35.805 36 0.5

10.9 25.765 25 3.1 29.620 31 4.4 34.160 35 2.4

11.9 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 Eansient temperature ¡ise was such that thermal

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

(3) Measured and Simulated Results With Arrester Energizæd at l00kV

Heating and cooling cuwes of metal oxide valve elements stressed by l00kv (r.m.s.)

are shown in Fig. 4.14. In this case, the applied voltage exce€ds a c¡itical level and thermal

runaway will result, The measwement was t€rminated after I hour voltage application. Fig.

4.15 shows the temperatue v ariation a¡ z=37,45, and gTcm on the exte¡nal surface of the

porcelain housing.

Time (hours)

Rigwe 4.14 Temperature variation with time
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rec)

Time (hours)

Figure 4.15 Temperature - time relationship on the extemal
surface of porcelain housing

From the above compæison @igs. 4.L14.15), good agreement between the

experimental and simulated results is apparent.

4.3 Sources ofErrors

Enors exist in both simulation and experiment.

4.3.1 Errors Indicated in the Measurements of Valve Element Temperature

(l) The voltage was not continuously applied to the valve elements. The valve element

temperatue was measured afte¡ the applied ac voltage was æmporarily disconnected.

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

(3) only the totål poì¿ver input, P(t), to the valve elements could be measured; the power

input per unit volume is calculated by
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s(t)=P(t)/vt (W/m3)

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

air movement, the change of ambient tempetature, etc.

4.3.2 Errors in the Simulation

(1) As described above, only total power input to valve elements can be measu¡ed. A

uniform power input to the valve elements is assumed in the simulation to calculate tho

temperature disnibution of the 84kv MosA. In reality power generation in each element

is different

(2) Thepart ofthe arIester housing surface exposed to sun light ¡eceives more energy due

to radiation, thus resulting in a non-uniform temperatue dist¡ibution along circumference

of the MOSA and destoying symmetry.

(3) Heat transfer coefficients, i,e. the temperatue.dependent non linear behavior of the

convective and radiative components, are found in literatu¡e, but theymay subject to change

for a particular application.

(4) Nonlinear voløge distribution along anester column due to capacitance to ground is not

considered.

(5) Finite diffe¡ence method for solving the partial differential equations intoduces some

unavoidable enors.

Despite possible errors as discussed above, the data presented in Figs. 4.ll_4.15

indicates that a maximum error between measured and simulated values is less then l0z¿,

ranging from 0 to 9.4vo. This demonstrates the relatively 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 te st sections

whose p arameters are physically adjusted to match the thermal characteristics of theMOSA.

In this chapær, thermal equivalent rest sections (TETS) of an actual MosA will be derived;

a procedure to obøin a TETS of a MOSA will be presenæd.

It is difficult to design a TETS using an experimental approach [4,5,g] because such

a method relies on trial and erro¡. In the present stud¡ the developed mathematical model

was used to find ttre thermal properties of both the MosA and the test sections. The heat

dissipation capability (cooling curve) ofthe test section is made to be identical to that ofthe

MosA by adjusting the æst section parameters such as thickness of the housing and air gap

width between the valve element and the housing. once the cooling curves ofthe test section

and the MosA reach equivalence, heating cuwes 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 structue of a three

element test section is shown in Fig. 5.4. Both ends of the element a¡e covered with a

suitable heat insulating material (polystyrene) to suppress axial thermal leakage. The

element is contained in a plexiglass or nylahon (nylon 6) housing. In Fig. 5.2, the

surroundings ofthe element are packed with glass wool. These simple test sections are used

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

Figure, 5.1 Single element test section #l



Chapær 5

Figure 5.2 Single element test section #2

#2OAWGH.V.LEAD

POLYSTYRENE

METALELECTRODE

I.IYLATRON (NYLONO

METAL ELECTRODE, THERMAL COUPLE

Figure.5.3 Single element test section #3



Chapter 5

NYLA1RON(NYLONO

METAL ELECTRODB, TIIERMAL COUPLB

Figure 5.4

5.2 Simulated Results

Th¡ee element test section

Temporal va¡iation of temperature distribution of the MosA shown in Fig. 4.5 was

obøined by simulation in chapær 4, F¡om the simulation results, the steady state maximum

temperature and the steady state mean temperatue in the alfester column, for 75kv applied

voltage, are T- (430C) and T" (370C) respectively (see solid curves in Fig. 5.5-5.g).

In the simulation of a test section, a suitable voltage was applied to it until the

temperatue reached r. in approximately the same time as it took in the case of the actual

ar¡ester. 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 occur¡ence of the maximum

temperature. The dimensions of the TETS in Fig. 5.1 we¡e arrived at in this manner. A

similar procedure was followed to derive the parameters of the TETS with the valve element

heated to the steady st¿te mean temperature, T", 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 pæameters were the same in both cases. Fig. 5.5 shows the simulated results.
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Time (hours)

Figure 5.5 Heating and cooling cuwes 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 cu¡ves ofthe MosA. The upper solid curve

(labelled hottest) is the heating and cooling curve of the MosA valve element, whose

temperatüe (at 75kV applied voløge to MOSA) is rhe maximum, i.e. 430C. The upper

dotted cu¡ve (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 t€mperature (430c) in

exactly the same time. The lower solid curve (labelled mean) is the mean heating and cooling

cu¡ve of the MosA valve elements (at 75kv applied voltage to MosA). The lower dotæd

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 (370c) 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 4,87o as shown in Table 5.1.
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Table 5.1 Comparison of cooling curves shown in Fig. 5.5

The simulation results of Fig. 5.5 could not be verified experiment" [y because the

plexiglass tube of outside diameter, 112mm, and inside diameter, gOmm, was not

commercially available. A plexiglass tube of outside diameter, g9mm, and inside, diamete¡

77mm, was available in the high voltage laborator¡ and the¡efore a test section shown in

Fig. 5.2 was fabricated. Fig. 5.6 shows the simulated results. In this cas€, the heating and

cooling cuwes of the test section do not match those of the MOSA, Finall¡ 'hylon 6" tube

of outside diametø 108mm and i¡side diameæ¡ 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 'hylon 6" are also close to those of the plexiglass.

Consequently the test section shown in Fig. 5.3 was fabricated and the simulated ¡esults are

shown in Fig. 5.7. It can be seen that this tost section has the same heat dissipation rate as

that of theMosA and the heating and cooling curves match those of theMosA. The relative

difference of the simulated results betwe€n the MosA and the TBTS is less then 4.zzo as

shown in Table 5.2. Thus, this TETS can be used to examine the thermal properties of the

MosA' A th¡ee element TETS with same 'hylon 6" tube is shown in Fig. 5.4 and the

simulated results are shown in Fig. 5,8. The simulated ¡esults show that the heating and

cooling curve of the three element TETS is also match that of the MOSA,

Time
(Hours)

Mean temperatue
(simulated) eC)

En (Vo)

Hottest spot tempef atule
(simulared) (oC)

Et (Vo)Single element

model
Complete

arrester
Single element

model
Complete

arTeste¡

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 3.4

18 23.565 23.802 1.0 24.027 23.636 r.7
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Time (hours)

Figure 5.6 !9.ating an! cooling curves of valve element in Fig. 5.2
(Simulated)

Time (hours)

Figure 5.7 Heating and cooling curves of valve element in Fig. 5.3

(Simulated)

Temperature pC)
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Table 5.2 Comparison of cooling curves shown in Fig. 5.?

Temperature(oC)

Time (hours)

Figure 5.8 Heating and cooling cuwes of valve element in Fig, 5.4

Time
(Houn)

Mean temperature
(simutated) eC)

Etr (7o)

Hottest sport tempefattrIe
(sim-

ulaæd) pC)

En (Vo)Single element

model
Complete

alÏester
Single element

model
Complete
arrester

t3 31.660 31.080 1.9 35.048 33.809 5.t

t4 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

t7 24.096 24.403 1.3 24.740 24.339 1.6

18 23.466 23.802 1.4 23.594 23.636 0.2
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5.3 Experimental Verification

The TETS shown in Fig. 5.3 was fabricated for test. The experimental set up is shown

in Fig. 5.9. The leakage cur¡ent of the valve elemenr is shown in Fig. 5.10, The applied

voltage was adjusted so that the maximum temperattlle, Tm (= steady stat€ maximum

temperature of the MosA) was reached and steady state conditions established. The power

was then shutdown and the cooling cr¡rve 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 ¡elative difference between the simulated and measured value is less then 7.gzo

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.

P.T. (7.2kY 25kVA)

:

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

Tirne (hours)

Figure. 5.11 Valve element temperature variation with time
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Tirne (Hours)

Single element model

Et (Vo)Simulated Measu¡ed

12.5 38.228 36.5 4.1

13 35.048 JJ 6.2

t4 30.655 28.5 3.8

14.5 29.094 )1 7.8

t6 25.978 24.s 6.0

18.5 23.905 22.5 6.2

Table 5.3 Comparison of cooling curves shown in Fig. 5.11

5.4 outline of Procedure to obtain Thermar Equivarent Test section

Frorn above a procedure to obtain a TETS can be outlinecl as follows.

step 1. Measure the leakage cunent and power input to the valve eiements of MosA;

obtain the power dissipation -tirne rerationship and therefore the qi - t rerationship.

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

step 3. obtain by simulation the heating and cooling cu¡ves of the MosA at the

location of the hottest valve element.

step 4. obtain by simulation the cooling cu¡ves of rETS. Adjust the tesr section

parameters such as the ah gap ',vidth and thickness ofthe housing so that the cooling

cuwe matches that of the MOSA.
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5.5 Comparison of Test Section Designs

It is possible to design a TETS which emproys i¡suiation material such as glass woor

between element and housing (Fig. 5.2). However, it is found that it is difficult to obtain

thermal equivalence for a test section which emproys glasswool. Moreover the thermal

characteristics of glass woor change with the density i.e. tightness of packing. In adclition

the model does not have an air gap between the erement 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 easie¡ to fab¡icate than the model employing glass wool. The TETS with air

gap is also involved the sinila¡ heat transfer modes i.e. convection in air gap as that ofthe

MosA' Thus, the suggested test section with air gap is more representative of an actual

aûoster. In acldition the housing materiar of the suggesûed rETS can be any ava abre

insulating tube with the designed dimensions, which makes the TETS much easier to be

obtained. Table 5.4 compares severar designs of test sections. It can be see that it is
convenient and easy to design a TETS using the proposed simulation technique.

89
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Table 5.4 Comparison of test section designs

IEC
standard

t50l

Canada
standard

t51l

Reference

t41
Reference

t8l
Refe¡ence

t5l
proposed
TETS

number of
elements

>1 >1 2 5 1-3

housing
material

salle as

arlester
housing

same as

a_ûester

housing

therrnal
Insulator

porcelain porcelain any
insulating
mate¡ial

LD. of
housing

afresær
housing
I.D. xSEn

arrester
housing
I.D.

no
housing designed

housing
length

long
enough to
enclose
element

> I shed

length;

3 lllVa
ele. length

longer then
the length
of ele. +
elecfodes

longer then
the length

of ele. +
electrodes

just long
enough to
enclosed
element +
elecfodes

test
section
ends

thermal
insulating
material

thermal
insulating
material

thermal
Insulato¡ alr

ce¡aÍllc
board

any good
the¡mal
insulator

material
between
ele. and
housing

thermal
Insulator
or ai¡

au all Or
glass ,wool

alr

adjustment
of
thermal
property

axial
thickness
of end
insulation
material

axial
thickness
of end
insulation
material

glass wool
packing

housing
thickness
and radial
length of
air gap

the¡mal
equivalence

not
estab-
lishecl

not
establìshed

difficult to
obtain

equivalence
demonst¡ated
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Clr,dpter 6

SUMMARY AND CONCLUSIONS

6.1 Conclusions

In this thesis, existing models of MosA are briefly ¡eviewed and the assumptions

inherent in them are outlined in chapter l The thermal properties of MosA are identified

and the heat hansfer modes are discussed in chaptet 2. Based on the heat transfe¡ 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 accuacy of the suggested model by comparison of the predicted thermal

behavior with existing experimental data in the tite¡atu¡e[4] and with the experimental

¡esults obtained by conducting tests on an actual g4kv MosÄ; the thermal performance of

the 84kv MosA under the influence of a temporary overvoltage is also evaluated. In

chapær 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 conducfing tests on the

MosA and the single element üest section, which demonsEate the accuracy of the modelling

technique.



Chapter 6

The following conclusions can be d¡awn from the study in the thesis:

(1) A better and more accurate represent¿tion of heat transfe¡ modes of conduction,

convection and radiation has been applied in the derivation of mathematical model. Fin

theory is used to account fo¡ extemal heat Íansfer ftom the sheds of the arrester housing,

and heat Eansfe¡ from electrodes is also taken into account.

(2) The proposed moder yields the temporal variation of MosA temperature

disEibution in both the axial andradial directions; the model can be used to simulate themal

behavior of MOSA under steady state and transient conditions.

(3) The suggesûed modelling æchnique can be applied to any configwation of a,,ester

and different operating conditions i.e. diffe¡ent applied voltages and different magnitudes

and durations of rov. It can also be applied to evaluate the the¡mal 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 rETS 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 demonsfates

the accuracy of the modeling technique.

(6) The proposed moder can be used to determine the thermal capability, st¿b ity and

aging of MOSA.

6.2 Recommendations for Future Work

This thesis offers the following suggestions for futu¡e work:

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

valve element under various conditions ( i.e 60H2, Tov, lightning and switching surges )
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in order to obtain an accu¡ate ¡esults of the temperature distribution in MosA subjected a

various of voltages.

(2) Nonlinear voløge disnibution along the ar¡ester column due to capacitance to

ground and surface pollution should be considered.

(3) Simulation of MosA may be canied out taking into account nonsymmetrical

heating due to solar ¡adiation.
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FORTRAN PROGRAM TO SIMULATE

MOSA AND TEST SECTION

A.l Nomenclature Used In FORTRAN program

Variable Definition

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

B Coefficient of cubical expansion

CL Constant

CP Specific heat of valve element

CPl Specific heat of anester housing

CP2 Specific heat of electrode

CPA Specific heat of ai¡

DEN Density of valve element

DEN1 Density of arrester housing

DEN2 Density of elecffode

DENA Density of air

DR,DZ Small incrernent of valve element in radial and axial clirections

DRl,DZl Small increment of anester housing in raclial and axial directions
DT Temperature diffe¡ence

DTME Tirne step

E Electric field

E(I) Electric field at node ( ij=1,2,....rnr)

EE Radiation emissivity on the surface of valve elemenr

EEL Radiation emissivity on the surface of electrode

EJO Current density
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EJR Cunent flowing through the valve elements

EP Radiation emissivity on the surface arrester housing

FIJ Radiation shape factor between two small segment

G G¡avitational acceleration

GR Grashof number

HIN Enclosed convection heat tr.ansfe¡ coefficient
HPO,HI Convection heat transfer coefficient bet\ryeen housing and ambient

(free and forced convection)

LE Length of valve element

LP Length of arrester housing

LI Length of bottom electrode

L2 Length of top electrode

L3 Length ofinside electrode at bottom

L4 Length ofinside electrode at top

LF shed length

LS Length of arrester suppofter

M Number of nocles of valve element in radial cli¡ection
M1 =M+1

M2 Number of shed segments

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

NF Number of sheds

NN Number of nodes of ar¡ester housing in raclial direction
NNl =NN+l

NP Number of nodes of arrester housing in axial clíection
NN2 =NP+l

NU Nusselt number

PR Prandtl number

QGEN Heat Gene¡ation

QGEN1 Heat Generation per cubic volume (W/m3)
QGENl(I) Heat Generation per cubic volurre at node (I,J=l,2,...M1)
QCOND Heat conducrion

QCONV Heat convection

QRAD Heat radiation
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QSUN Energy input due to radiation of the sun

QSKY Energy input due to radiation of the sky

RE Radü of valve element

R(Ð Radial coordinate ofvalve element

RR(I) Radial coordinate of anester housing

RPI Radü of inside cylinder of anester housing

RP2 Radium of outside cylinder of arrestet housing

RF Radium of shed of arrester housing

RRA Rayleigh number

SB Stefan-Boltzmann constant

TAMB Ambienttemperature

TIME Tir¡e

T(I,J) Temperature of valve elements at the current time step

TO(I,J) Temperature of valve elements at the previous time step

TK Thermal conductivity of valve element

TKl Thennal conductivity of arrester housing

TKAIR Thermal conductivity of air

TT(I,J) Temperature of arreste¡ housing at the curlent time step

TTO(I,J) Temperature of a¡¡ester housing at the ptovious time step

TTT 1 Temperature of the bottom electrocle

TTl2 Temperature of the top electrode

TF(II,J) Temperature of the IIth shed at the cu.rent time step

TFO(II,Ð Temperature of the Ifh shed at rhe previous time srep

TS(I) Supporter temperature at the current time step

TS(I) Suppolter tempel.ature at the previous time step

U Absolute viscosity

VL Volume

VU Kjnematic viscosity of air

ZGD z coorclinate of the IIth shed
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4.2 FORTRAN Program

REAL LE, LP
REAL Ll, L2,LF,L3,LA
COMMON / Dll N, M, NN, NP, TAMB, TH/ D2l RE, RP1, RP2, LE, LP
coMMoN / D/ T (50, 50), R (50), TT (50, 50), RR (50)
COMMON /D3lCP, CP1, CP2, TK, TKI, DEN, DENI, DEN2/ D4l TKÀ]R, SB
COMMON / D5/ EE, EP, EEL
COMMON / D7l ET, V S/ D8/ DR, DZ, DR I,DZI,DTTMEIDgIVL, QGEN1
COMMON Nl, Ml, NNl, NN2, I, J, RAT, RA1, RA2, RA3
coMMoN / Dl0/To (50, 50), TTO (s0, 50), TF (20, 50), RF (s0)
coMMoN / D12l TSO (20), Ns, DS
coMMON / D13/ REL, REL1, L3, L4
DATA REL, RELI, L3, L4l
DATA N, M, NN, NP, TAMB
DATA RE, RP1, RP2, RP3, LE, LPl
DATA CR CPl, CP2, TK, TKl, DEN, DENI, DEN2/
DATA TKAIR, SB/
DATA EE, EP, EEL/
DATA ET, V/
DATALl,L2/
DATA THI, NF/
wRrTE (80, 900)

900

c
c
c
c
c
c
c

FORMAT (1X, 'FORTRAN PROGRAM FOR THE SIMULATJON OF THERMAL
PROPERTTES OF MOSA')

CONSIDERING ELECTRODS, SBT CS NOT TO BE EQUAL TO O.O
CONSIDERING COM)UCTION IN METAÌ, ELECTRODE, SET CS=1.
CONSIDERING shels HEAT TRANSFER. SETCSl=1.
CONSIDERING ENERCY INPUT DUE TO SOLAR AND SKY RADIATION, SET
CS2=1., OTHERWISE SET CS2=0.

cs=1.
CS.l=0.
CS2=0.
tr (cs2.EQ.1.) cO TO 97
L=2000
GO TO 441
L= 1000
WRITE (80, 50) N, M, NN, NP, TAMB
WRITE (80, s8) RE, RP1, RP2, LB, LP
WRITE (80, 60) cR cp1, cp2, TK, TK1, DEN, DBN1, DEN2

97
44t

wRrTE (80, 65) TKAÌR, SB
tvRrTE (80, 70) BE, Eq EEL

50 FORMAT (/ 1X, 2HN:,15,2X,' M:',I5,2X, 3HNN:, 15, 2X, , Np,, 15, 3X* 5HTAMB:, F10.4)
58 FORMAT (/ 1X, ' RE:', F10.4, ' Rpl:', F10.4, ' Rp2:,, F10.4,* ' LE:', F10.4, ' LPr,, F10.4)
60 FORMAT(/lX,' Cp:',F10.4,' Cpl:',F10.4,' Cp2:,,F10.4,+ 'TK:', Fl0.4, 'TKl:', F10.4, ' DEN:', F10.4, 'OSN1:;, plO.¿,* ' DEN2" F10.4)

!5 FORMAT I 1X, ' TKAIR:', F10.4, ' SB;', F10.4)10 FORMAT(/1X,' EE:',F10.4,' Ep',F10.4,' EEL,,F1O.4)
DZ=LEI (0,0+N)
DR=RE/ M
DR1= (RP2_RPl )/ (0.0+NN)
DZl=Lp/ (0.o+Np)
WRITE (80, ó20) DZ, DR, DZl, DRl
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620 FORMAT (/ lX, ' DZ"Ft0.4,' DR" Fl0.4, ' DZl" F10.4, ' DR1'
F10,4)
N1=N+1
Ml=M+1
NN1=NN+1
NN2=NP+ I

R (1)=0.
DO 11 J=2, M1
R (J)=R (J-1)+DR
RR (l)=RP1
DO 22 J=2, ¡¡Nl
RR (J)=RR (J-r)+DR

ACCURATLY RADIATION SHAPE FACTOR AND RA,

CALL RSF (F25, F24, F17)
cArL RA¡ (Fã, F24, F1?)
WRITE (80,399) F25, F24, F1?, RAT, RA1, RA2, RA3
FgRMAT (1X, 'F25=" F10.5, ' F24=" F10.s, ' F17=" F10.s, / lX,
' RAT=" El0.5, ' RAl=" 810,5, 'RA=2" F10.5, 'RA3=" 810.5)

SET INITIAL TEMPERATURE

DO 1 I=1, Nl
DO 1 J=1, M1
TO (I, J)=TAI\4B
CONTI}ruE
WRITE (80,200) ( (TO (1, Ð, J=l, M1), r=1, N1)
DO 771=1, NN2
DO 77 J=1, NNl
T'TO (I, J)=TAMB
TTTl=TAMB
TT"TÈTAMB
DO 39I=1, NS+l
TSO (I)=TA.N4B

SETTINC IMTIAL TEMPERATURE OF shedS
LF=RP3_RP2
M2=LF/ DR1
DO 435 J=1, M2+1
DO 435 tr=l, NF
TF (II, J)=TA]\48

SET COORÞINAIES OF shedS

c
c
c

399

c
c
c

c
c

11

RF (1)=RP2
DO 445 I-2, M2+t

445 RF (I)=RF (r-1)+DRl
c

CALL CO¡TVH (HTOP, HPO, HIN)
wRrTE (80, 640) HTOB HPO, HrN

c
C TIME STEP
c

DT1=DEN*CP/ Tll (2.1 Dz**2+4.1 DR* *2)
DT2=DEN1*CPt/ TKU (2./ DRI**Z+2. I DZ1**2)

39
c
c

435
c
c
c
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19

9t
c
c
c

DTIME=DTl
IF (DT2.U|,DTME) DTIME=DT2
IF (CS2,EQ.1.) CO TO 19
co To 91

DTIME=DTIM E/ 500.
WRITE (80, 220) DTIME

HEAT INPUT DUE TO RADIATION OF SUN AND SKY

cArL QSS (QsLrN1, QSKy1, QsnN2, QSKy2)
wRrTE (80,432) QSr.rNt, QsKy1, QSUN2, QsKy2
FORMAT (1X, 'QSUN & QSKY ON VERTICAT SURFACE (WM**2):"
1X, ¡10.4, 3X, Fl0.4, / 1X, 'QSTJN & QSKy ON HORI. SURÈAcB"
' (W M**2)i', IX, F10.4, 3X, Fl0.4)
QSs 1=QSUN1+eSKyl
Qss2=QsUN2+esKy2
S=1.0
TIME=0.0
IC=0
TIME=TIME+DTME
Ic=lC+1

COIWEcTION COEFFICIENT: H

CALL CONVH (HTOR HPO, HIN)

POWER INPUT TO VAIVB ELEMENT DUE TO LEAKAOE CURRENT

CALL QQ (TIME, EJR)

ELECTRODE TEMPERATURE TTT

tr (cs.EQ.o.) co To 910
cAT,LTELEC (TTT1,TTT2,Ll, L\HTOR HpO, CS2, QSS2, QSSI)
DO 120 J=1, Ml
T (N1, J)=TTT2
T (1, J)=TTTI
DO 122 J=1, NN1
TT (1, J)=TTTI
TT (NN2, J)=T'I-T2
co To 920

NOT CONSIDERINC THE INFLUENCE OF ELECDRODE
TOP AND BOTTOM BLEMENT TEMPERATURE

CALL TTB (HIOP)
CALL TCORN (HIN, HTOP)
cAl-L TCTOB (HTOP)

CONSIDERINC ELECTRODB HEAT TRANSFER

VALVE ELEMENT ELEMENT TEMPERATURE

SURFACE TEMPERATURE

CALL TSE (HIN)

CENTERAL LINE TEMPERATURE (R=O)

432

120

510
56

55

c
c
c

c

c

c
c
c

111

c
c
c
c
910

c

c
c
c

c
920
c
c
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c
CALL TCBN

c
C NTERIAL TEMPERATURE
c

CALL TINTE
c
C HOUSING TEMPERATURE
c
C EXTERIOR SURFACE TEMPERATURE
c

rF (cs1.8Q.1.) CO TO 930
cAtL TOSP (HPO, CS2, QSSl)
co To 940

?30 cAlL Tsheds (M2, NF, LF, THl, HTOP, HpO, cS2, eSSl)c
C INTERIOR TEMPERATURE
c
94O CALL TINP
c
C INTERIOR SURFACE TEMPERATURE
c

CALL TISP (HIN)
c
C************************,k****'l'***)*,************:*r(***************{4**********¡***:k***
c

DO 116I=1, Nl
DO 116 J=1, Ml

116 TO (t, J)=T (1, J)
DO 1l8I=1, NN2
DO 118 J=1,IINl

118 TTO (r, J)=TT (r, D
tr (rc.ur.L) co To 55
TIMEl=TIME/ 3600.
WRITE (6, 100) TIME1
wRrTE (80, 100) TIMEI

c
C HEAT LOSS
c

QRAD=o.0
QcoND=o.0
QCONV=0.0

c
C HEAT LOSS ON THE SURFACE OF ELEMENT ATTMET
c

I=1
J=M 1

. QRAP=QRAD+SB* ( ( (T (I, J)+273.)/ 100.)**4- ( CrT G , t)+273.)l un.)* **4)/ RA1

QRAD=QRAD+SB* ( ( (I (I, J)+273)/ 100.)*+4_ ( (m û 4, t)+2j3.)t 1oo.)x +*4)/ RA2

. QRAD=QRAD+SB* ( ( CI (I, J)+273.)/ r00.)xx4_ ( (TTT2 +2j3.)t I@)* **4)/ RA3
I=N1

. QRAD=QRAD+SB* ( ( (l (I, J)+273.y i00.)*x4- ( CrT (t , t)+2j3.)l lû)* xx4)/ RAl

. QRAD=QRAD+SB* ( ( (l (I, J)+273.)/ 100.)*x4- ( CtT (I +t, t)+2:/3)l tm.)* **4)/ RA2
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88

QRAD=QRAD+sB* ( ( (I (I, J)+273.)/ 100.)**4_ ( (rml+2?3.)/ 100.)**4)/ RA3
DO 88 I=2, N
QR AD=QRAD+SB* ( ( (T (I, J)+273.)/ t0o.)*x4_ ( (rT (r, t)+2j3.)l tæ.)*+4)/RA1

QRAD=QRAD+$N* ( ( (T (I, J)+273.)/ 100.)**4- ( Cm G_1, 1)+2j3.)l 1OO.)**4)/ RA2
QRAD=QRAD+SB* ( ( (T (1, J)+273.)/ 1OO.)x*4- ( (TT (r+1, 1)+2'73.)1 1ú.)*r4)lRAz
CONTINUE
DO 89 I=1, N1

999{D=9coND+TK}lR* (T (I, JFrro (r, t))*2.+3.14t ALoc (Rp1/ ftp¡*p21
QCOIW=QCOIW+HIN*2.*RR (1)+ Ct (I, JFTT (I, t\\*3.14*DZt'
CONTINUE

QTOTl=QRAD+ecO}IV+eCOND
wRrTE (80, 660) QRAD, QcOtW, 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*sBx ( ( (TT'I1+273.)/ 100.)**4- ( (TAMB+273.)/ 100.
){,*4)*A1
QRAD=QRAD+EEL*SB* ( ( (T'm2+273.)/ 100.)**4_ 1 ,.aOtt +2j3.)l tOO.
)**4)x (A+42)
QCOIW=HPO* (TTTl_TAMB)*A I
QCOI.IV=QCOI.IV+ (T'IT2-TAMB)* (A*HTOprA2*HpO)
QCONS=TK1+A* (rT-f1_TSO (NS)/ DS
QTOT2=QRAD+ecoNV
wRrTE (80, 640) HTOP, HPO, HIN
FORMAT (/ tX, 'HTOP" F10,4, ' HpO" F10.4, ' HIN" F10.4)
wRrTE (80, 600) QRAD, QCOÌW, QTOÎ2

HEAT LOSS FROM THE SURFACE OF HOUSING

QRAD=O.O

QCONV=0.0
tr (cs1.8Q.1.) cO TO 950
DO 99 r=1, NN2
QIAD. :EP*SB*2*RR (NN1)x ( ( (TAMB+273.)/ 100.)x*4_ ( (TT (I, NN1)+273)
/ 100.)x+4)*D21x3.14+eRAD

QCOfW-HPO*2.*RR (NN1)*3.14* (TAMB_T-r (I, NN1))xDZt+eCOl\Iv
CONTINUE

QToT=QRAD+Qcol.w
GO TO 980
HEAT LOSS FROM shedS

DO 9ó0II=1, NF
DO 970 r=2, M2
A3=3.14159*2.*RF (J)*DR1

QCONV=QCONV_2.*HTOP* (TAMB_TF (tr, J)xA3
QRAD:QRAD-2.*EPxsB* ( ( (TAMB+2?3.y 100.)**,1_ ( (IF (r,I)+273.)
/ 100.)**4)xA3
CONTINUE
J=M2+1
A=2*3.14159+RP3*THI

QCONV=QcoNV-HPo* (TAMB-TF (tr, M2+t))x{

c
c
c

640

c
c
c

99

c
c
950

970
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A1=2.*3.14159* (RP3**2- (RP3-DR1/ 2.)**2)
QCO¡W=QCOIW-HTOP* (TAMB,TF (II, M2+1))*Al

. 9IAD=QRAD-EP*SB* ( ( (TAMB+2'13.)t roo.)**4- ((TF (rr, M2+r)+2j3.)* / 100.)**4)x (A+At)
960 CONTINUE

A=2.*3.1 415 69*RP2* (LP_NF*THD
QCOI.IV=QCO¡W+HpO+ tm (2, l.IN1 )_TAMB)xA
QRAD:QRAD-EP*SB* ( ( (TAMB+z-t3.)l tOO.)**4_ ( (T'T (2, NNI)+273.)* / 1oo ¡**4¡*¡
QTOT=eCOÌW+eRAD980 WRITE (80, ó30) QRAD, QcoNv, QToT
vL=3.14159*RE**2:*LE*10.**6

QUNI= (QToT+eToT2)/ vL
wRrTE (80, 968) QLrNt968 FORMAT (/ lX, 'QUM=" E10.4, ' W CM**3)

c
C***+****x'È********************x******************,k*********j****:*j******)k*xx*)k*x******{.****+
c

tr (s.EQ.1.) cOTO 540
QDIF=0.-QTOT-QTOT2+cS2* (eSS 1 *2.*3.141 59*Rp2*Lp+
QSS2*3.14159xRP2**2)
WRITE (80, 625) QDrF
coTo 550

HEAT INPUT TO VAIVE ELEMENT DUE TO LEAKACE CURRENT
(E: V/ CM; QCEN2:W CM*x3)

E=E/ 100.

QGEN2=QCEN1 (t)/ 10.'**6
vL=3.14159,¡RE**2*LE

QGEN=QGENI (l)*VL
wRrTB (80, 60s) E, EJR, QGEN2, QCEN
QDIF=QcEN-QTOT-QTOT2+cS2* (eSS I *2.*3. 14159*Rp2*Lpr

106

c
c
c
c
540

* QSS2*3.14159*RP2**2)
wRrlE (80, 625) QDÌF

625 FORMAT I lX, ' QDTFFERENCE=" F10.5/ )6ó0 FORMAT (/ 1X, 'ELBMENT: 

" 
/ lX, 5HQRAD=, F10.4, 2X, 6HQCONV=, F10.4, 2X,* 6HQCOND=, F10.4,2X,8H QTOTAI=, F10.4)

600 FORMAT (1X, 'ELECTRODE: 

" 
/ 1X, 5HQRAD=, F10.4, 2X, 7H QCONV=, F10.4,* 2X, THQTOTAI=, F10.4)

630 FORMAT (lX, 'HOUSTNG :" / lX, ' QRAD=" Fl0.4, ' QCONV=" trl0.4,* 'QTOTA|=" F10.4)
605 FORMATV,lX,'E="F10.2,'V/CM"' EJR="F10.4,* ' QGEN1 (I)=" F12.5, 'W CM**3" QGEN=" F10.4, 'W')
550 WRITE (80, 200) ( (I G, J), J=1, M1), I=1, N1)

wRrTE (80,47?) GSO G), r=1, NS+l)
47'1 FORMAT (/ lX, 'TS" 6 (1X, F10.4)

rF (csl.8Q.1.) co To 492

492
482
400
100
200
220

499

co To 499
WRITE (80,482) ( (TF (Il, Ð, tr=1, NF), J=1, M2r1)
FORMAT (/ lX, 'TF (tr, J)" 4F10.4)
FORMAT (1X/ 3H TT, 4 (2X,Ft2.4))
FOWAT (lxl/ 6H TrME=, F13.4)
FORMAT (1X, lHT, 4 (2X, F10.4)
FORMAT (1X, 6HDTTME=, F9.6)
tr (s.EQ.o.) co To 560
DER=A-Bs (QDtr-QDlFo)
IF Cr (1, 1).cT.200.) co To 250
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tr (DER.UL0.t) co To 250
QDIFO=QDtr
co To 56

560 IF (TME.GT.TMAX) CO TO 530
co To 56

250 s=0.
TMAX=TlME
co To 510

530 CONIINUE
STOP
ENI)

c
C**!k*x***x****:*x***********:*:*********x**¡k******x*****(**)¡:******x*¡**************(*********{<*
c
C VALVE ELEMENT SURFACE TEMPERATURE
c

SUBROUTINE TSE (H)
RBAL LE, LP
COMMON / DU N, M, NN, N?, TAMB, TH/ D2l RE, RP1, RP2, LE, LP
ggMMgN / D/ r (50, 50), R (s0), rr (50, s0), RR (50)
coMMoN /D3/ Cp, Cpl, Cq2,TK, TKl, DEN, DENI, OeNzT oa71¡ç4¡¡, 5¡COMMON / D5/ EE, EP, EEL
COMMON ID7IEI,V,Sl DSIDR, DZ, DRl, Þ21, ÞTIME/ D9l VL, QGEN1COMMON Nl, M1, NN1, NN2, I, J, RAT, RA1, RA2, RA3
gOMMON / D10/ TO (50, 5o), TTO (50, s0), TF (20, 50), RF (50)
J=M1
DO 2 I=2, N
A1=3.14159x (R (J)**2- (R (JFDR/ 2,)**2)
A2=3.14159* (R (J)-DR1 2)x2x¡7
QCONI=TK* CrO (I, J_ltrTO (t, J)/ DR*A2
QCON2=TK* (To (I+1, J)-TO (I, J)/DZ*Al
QcoN3=TK'r, OO (r_1, JFTO (r, J)/ DZ*A1
QCON4=TKAIR* (T"ro (I, l FTO (r, J))*2*3.14159,rD2l At_oc (Rpl/ R (Ð)
QCONV=Hx2*3.14159*R (J)*DZx (TTO (I, lFTO (I, J)
QRAD=SB* ( ( (TTo (I, 1)+273.)/ 100.)x*4- ( (To (I, Jj+n3I rco),** )* /RAl

. Q.IAD=QRAD+SB* ( ( (TTo (I-1, t)+2j3.)t rca)**A_ ((To (r, J)+273.)/ 100.)r **4)lRA2

. IIRAD=QRAD+SB* ( ( (TTo (l+1, l)+273.)l tol.)**A- ((TO (r, J)+273.)/ 100.)* **4)/ RA2
YL=AI*DZ
QGEN=QGENl (I)*VL
T (I, J)=DTME/ DEN/ cp/ VL* (ecON1+eCoN2+eCON3+ecON4+eCO¡W+eRAD* +QGEN)+TO (t, J)

2 CONTINUE
RETURN
ENIJ

c
c CôNSDERING HEAT coNDUcTIoN IN MEATAI, ELECTRoDEC SURFACE TEMPERATURE OF ELEMENT AND ELECTRODE ÑSDEc

SUBROUTINE TSE (H)
REAL LE, LP
COMMON / Dl/N, M, NN, NP, TAMB, TH/ D2l RE, RP1, RP2,LE,LP
99MMoN / D/ T (80, 80), R (801 rr (s0, 80), RR (80)
COMMON ID3IC?CPI,CP2,'rK, TK1, DEN, DENI, DEN2/D4l TKÄß,, SB
COMMON / D5/ EE, EP, EEL, TK2
COMMON IDTIET,V,SIDsIDR, DZ, DR1, DZl, DTME/DglVL, QCEN1

t07
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c
c
c

2

c
c
c

12

c
c
c

COMMON NI, Ml, NNI, NN2, I, J, RAî, RAl, RA2, RA3
goMMON / D10/ TO (80, 80), lTO (80, 8o), TF (20, 8o), RF (S0)
J=M1
A1=3.14159* (R (J)**2- (R (JFDR/ 2.)*{,2)
A2=3.14159* (R (J)_DR| 2.)*2*DZ

BOTTOME ELECTRODE

DO 2I=2, L3l DZ
QcoNl=TK2* (TO (r, J-1)-TO (r, Ð)/ DR*A2
QcoN2=TKzx (To (I+1, J)-To (r, J))/ DZ+AI
QcoN3=TK2* (TO (r_1, J)_TO (r, J)y DZ*A1

999\4-TKAIR* (rro (I, lFro (r, J)*2*3.1415e*DZl Aroc (Rp1/ R (J)
QCOt¡/=Hx2x3.14159*R (J)*DZ* (T-IO (I, l FTO (I, Ð)
9l19=s!x ( ( Crro (1,1)+273.)l r|f-)**4- ( (To (I, J)+273.y 100.)x*4 / RAl
QRAD=QRAD+SI* ( ( (TTo (l-1, 1)+273.)l tæ.)rr,*4- ((To (r, Ð+i?3.)/ 100.)**4)/ RA2

Q-RAD:QRAD+SB* ( ( (TTO (I+1, t)+273.)l 1OO.)**4- ( eO (1, J)+273.)l
100 ¡x*4¡7 *-
VL=AI*DZ
T-(1, J)=D'IIÌ\4BI DEN2/CP2l VL* ( (eCONt +ecON2+eCON3+ecON4
+QcoNv+QRAD)/ 4.)+To (r, J)
CONTII.TIJE

VAI-VE ELEMENT

DO 121=L3l DZ+1, L3IDZ+N
QCONI=TK* CrO (I, J-IFTO (r, J)/ DR*A2
QCON2=TK* (TO (I+1, J)-TO (t, J)/DZ*A1
QCON3=TK* (TO (I-1, JFTO (I, J)/ DZ*A1

999\4:TKAIR* (Tro (I, ltsro (1, J)*2*3.14159*DZl Ar,oc (Rp1/ R (J)
QCONV=H*2*3.14159*R (J)*DZ* (TTO (t, 1FTO (I, J)
QRAD=SB* ( ( (lTo (1,1)+273.)l tæ.)x't4-( (To (r, J)+273.)/ 100.)x,k4)
/ RA1

QRA-D=QRAD+SB* ( ( (T'Io (I-1, D+n3.)l t(f.)** - ((To (r, J)+2?3.)/ too.)**4)lRA2

Q-RAD:QRAD+SB+ ( ( (TTO (r+1, 1)+273.)1 1OO.)*+Ç ( (TO G, D+n3)t
100.)x*4¡7 ¡-
YL-AI*'DZ
QGEN=QCENl (r)*VL
T-([ J)=DTIME/ DEN/ cP/ vL* ( (ecoNt+ecoN2+ecoN3+ecoN4
+QcOlw+QRAD)/ 4.+QcEN)+To (I, J)
CONTINUE

TOP ELECTRODE

DO 221=L3lDZ+N+l, (L3+LA)I DZ+N
QCONl=TK2* (TO (r, J-1)_TO (r, J)/ DR*A2
QCON2=TK2* (To (I+1, J)-To (I, J))/ DZ*A1
QCON3=TK2* (TO (r-1, J)_TO (r, J)/ DZ*Al
QCON4=TKAIR* (TTO (I, 1FTO (I, J)*2x3.14159+DZl ALOC (Rpt/ R (I))
QCONV=H*2*3.14159xR (J)*DZ* (TTO (I, lFTO (I, Ð)
QlAo=se'r ( ( CrTO 0, Ð+273.)t 1ú.)*,*4- ((To (r, j)+273.y 100.)**4)
/ RAI
QRAD=QRAD+sBx ( ( (TTO (l-1, 1)+2'13.)t 1Oo.)**4- ( (TO (t, J)+273.)/ 100.)**4)/ RA2

Q-RAD=QRAD+$!* ( ( (TTO (r+1, r)+2't3.)t too.)**A_ ( (TO (r, J)+273.)l
100.)**4¡7 P-
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yL=Al*DZ
T (I, J)=DTIì\,1EI DEN2/ Cp2l VL* ( (ecON1+eCON2+eCON3+ecON4* +QCO|W+eRAD)/ 4.)+TO (I, J)22 CONTINUE
RETURN
END

c
C INTERIAI. TEMPERATURE OF ELEMENT
c

SUBROUTINE TINTE
REAL LE, LP
COMMON / D1l N, M, NN, NP, TAMB, TH/ D2l RE, RP1, RP2, LE, LP
ggMMgN / D/ r (50, 50), R (50), rr (50, s0), RR (50)
coMMoN / D3l Cq Cpl, cp2, TK, TK1, DEN, DEN1, ¡rNZ/ O¿l rren, s¡
COMMON / D5/ EE, EP, EEL
COMMON / D7l BT, V S/ D8/ DR, DZ, DRl, DZI, DTME/ D9/ VL, QGEN1ggMMoN / D10/ To (s0, 50), rro (50, 50), TF (20, 50), RF (iO)
coMMON N1,Ml,NN1,NN2, I, ¡, nar, net, nez, nÂ:
DO 44 I=2, N
DOMr=2,M
vL=1.
QGEN=QCENI (I),KVL
T (1, J)=DTME/ DEN/ cp* (TK* ( (TO (I, J+l)_2*TO (I, J)+To (I, J_1)/ DR**2x + (To (I+1, J)-2*To (I, J)+To (r-1, J))t Dz*"z+ (To (i, J;t)_TCj 0, J_1)/* (2.*DR*R (J))+eCE¡Ð+TO (1, J)44 CONTINUE
RETURN
ENI)

c
C CENTRAL LINE TEMPERATURE OF ELEMENT
c

SUBROUTINE TCEN
REAL LE, LP
COMMON / Dll N, M, NN, NP, TAMB, TH/ D2l RE, RPl, RP2, LE, LP
coMMoN / D/T (s0, s0), R (s0), 1T (50, 5O), RR (s0)
COMMON / D3l CB CPI, CP2, TK, TK1, DEN, DENI, DEN2/ D4l TKAIR, SB
COMMON / D5/ EE, EB EEL
COMMON / D7l ET, V S/ D8/ DR, DZ, DRl, DZ|, DTME/ D9l VL, QCEN1COMMONNl, M1, NNl, NN2,I, J, RAT, RA1, RA2, RA3
coMMON / Þ10/ TO (s0, 50), TTo (50, 5o), TF (20, s0), RF (50)

DO 35 I=2, N
VL=1.0

QGEN=QCEN1 (I)*VL
T (r, Ð=DTIME/ DEN/ cp* (TKr, ( (TO (r_1, J)_TO (r, J))lDZ**2+* CIo (I+1, JFTO (r,J))tDZ**z+4* (To (t, J+l)_To (i, Jü, DR**2)+ecEN)
+TO (t, J)

35 CONTINUE
RETURN
END

c
c
C ELECTRODE TEMPERATURE
c
c

SUBRoUTINE TELEC CtTIl, TTT2, L1, L2, HTOq Ht, cs2, QsSz, QSSI)
REAL LE, LP
REAI- LI, L2, LS, L3, L4
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DIMENSTON TS (20)
COÀ4MON / D1/N, M, NN, NP, TAMB, TH/ D2l RE, RPl, RP2, LE, LP
coMMoN / D/ T (s0, s0), R (50), T.r (s0, s0), RR (50)
COMMON/D3lCR CP1, CP2, TK, TK1, DEN, DEN1, DEN2/ D4l TKAIR, SB
COMMON / D5/ EE, EP, EEL
COMMON / D7l ET V S/ D8/ DR, DZ, DR I, DZI,DT]|VLE/DgI VL, QCEN1coMMoN / D10/ TO (50, 50), TTO (sO, 50), TF (20, s0), RF (50)
coMMoN / D12l TSO (20), NS, Ds
COMMON N1, Ml, NN1, NN2,I, J, RAT, RAl, RA2, RA3
COMMON / Dl3/ REL, REL1, L3, L4
DATA LS, NS, TS (1) /0.465,5,22.J
QCON=0.
I=N1
tr=NN2
DO 59 J=2, M
A1=2*3.14159xR (J)*DR

QcoN=QcON+TKx (tO (r_1, J)_TT.Î2)/ DZ*A1
59 CONTINUE

DO 41 J=2, NN
A2=2x3.14159*RR (J)xDR1

QCON=QCON+TK1x (T"IO (tr-l, Ð_TTT2)lDZt* A241 CONTINUE
J=M1
A3=3.14159* (R (J)*x2- (R (JFDR/ 2.)**2)
QCON=QCONfTK* (fO (I-1, J)-TTT2y DZ*A3
J=NN1
A4=3.14159x ßR (J)x*2_ ßR (JFDR 1/ 2.)**2)
QCON=QCON+TKl* (TTO (tr_1, J)_TT.I2)tDZl* A4
A5=3.14159* (DR | 2.)/t * 2
QCON=QCON+TK* (TO (t-1, 1)-TTT2)/ DZ*A5
A6=3.14159* ( (RR (1)+DR1/ 2.)**2_RR (1)**2)
QCON=QCON+TK1* (T'IO (tr-1, I\:T'fT2)l DZI|í A6
A7=3.14159*RR (NNl)**2
A8=3.14159*2.xRR (NN1)*L2
YL=A7*L2
QCONV= (TAMB-TT12)* (HTOP*A7+H1xA8)
QRA-D=EEL*SB+ ( ( (TAMB+273.0)/ l0O.)**4- ( (T"ff2+2j3.)l 100.¡**4¡*x (47+48)+CS2*eSS2*A7
TTTÈDTIME/ DEN2/ cP2l vl-,k (QcoN+Qco}w+QRAD)+T,I-f2

c
C SUPPORTER TEMPERATURE
c

DS=LS/ (Ns+o.)
A1=3.14159*RP2*,k2
A2=2.*3.14159*RP2*DS
VL=A1xDS
DO 75 I=2, NS

QcoNDl=TKlx (TSO (t+1ÞTsO (t))*A1/ Ds
QCOND2=TK1* GSO (r_1)_TSO (D)*A1/ DS
QCOI{V=H 1 

* CIAMB-TS (I)*A2
QRAD=EP*SB* ( ( (TAMBf273.0)/ 1OO.)*x4- ( (TSO (t)+273.)l tOO.)**4)*x A2+QSS1*A2*CS2'75 Ts (I)=DTME/ DENI/ cpl/ VLx (ecONDl+ecOND2+ecolw+eRAD)+TsO (r)c

C BOTTOM ELECTRODE
c

QcoN=0.
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c
c
c

DO't't t=2,M
A1=2*3.14159*R (J)*DR
QCON=QCON+TK* (TO (I+1, JFTTTT)/ DZ*Al
CONTINUE
DO 74 J=2, NN
A2=2*3.14159*RR (J)*DR1

QCON=QCON+TKI* (TTO (t+1, J)_TTT t)l DZI* þJ.
CONTINUE
J=M1

QCON=QCON+TK* Ct'O (t+r, JFT,I"T1)/ DZxA3
J=NN1

QCON=QCON+TK1* (TTO (I+1, Ð_Tt-f t)tDzl* A4
QCON=QCON+TK* CrO 0+1, l)-T,t-Il)/ DZ*A5
QCON=QCON+TK1* (TTO (I+1, l)_Tfrt)lDZt* A6
VL=47*Ll
A8=2.*3.14159*RR (NN1)*L1
QCOTW=H1x (TAMB_'I-ITI)*A8
glAD^ _+9LisB* ( ( (TAMB+2?3.0)/ 100.)** 4- ( (ffTt+273.)t t0o.)**4)*
A8+QSS1*48*CS2

QCON=QCON+TKl * (TSO (NSFTI.Tly DS*3.14159*Rp2**2
TTTI_=DTME/ DEN2/ Cp2l VL* (eCON+eCOlW+eRAD)+TTT1
DO 774 lI=2, NS
TSO (Ir)=Ts (rÐ
TS (NS+1)=TT't't
TSO (Ns+1)=TTT1
RETURN
END

EXTERIOR SURFACE TEMPERATURE OF HOUSING

SUBRoUTINE TOSP (H1, CS2, QSSl)
REAL LE, LP
COMMON / DV N, M, NN, NP, TAMB, TH/ D2l RE, RP1, RP2, LE, LP
coMMON / D/T (50, 50), R (50), ïr (50, 50), RR (s0)
COMMON/D3lCq CPl, CP2, TK, TKl, DEN, DENI, DEN2/ D4l TKAIR, SB
COMMON / D5/ EE, ER EEL
COMMON / D7l ET, Y S/ D8/ DR, DZ, DR I,DZI,DTIMEID1IVL, QGEN1
99lYy9I {D10/ ro (50, 50), rro (s0, 50), rF (20, 50), RF (50)
COMMON N1, Ml, NN1, NN2, I, J, RAT, RAl, RA2, RÀ3
J=NN1
A1= (RR (J)x*2- ßR (JFDRl/ 2.),','r,2)*3.14159
vL=A1*DZ1
A2=2*3.14159x (RR (rlDR1 | 2.),+DZ1
A3=2*3.14159*RR (J)*DZ1
DO 800 I=2, NP
QCONI=TKI* (TTO (t, J_1)_TTO (I, Ð)*A2l DRl
QcoN2=TK1* (TTo Q+1, JITTo (r, J))*At/ DZl
QcoN3=TKl* (TTO (l-1, J)_TTO (1, J))*All DZ1

911D=El*13*sB* ( ( OAMB+273.)/ 100.)**,L ( (rTo (r, J)+2?3.)
/ 100.)*x4)+CS2*QSS1*43

QCOÌ\I\/=H1+A3* (TAI\48_TTO (t, J)
TT (I, J)=DTME/ DENl/ CP1/ VL* (ecONl +eCON2+eCON3+eRAD+eColIV)
+TTO (r, J)
CONTINUE
RETURN
END

INTERIOR TEMPERATURE OF HOUSING
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c
c
c

46

c
c***x*****'k****'k*************************:**¡+***:*****:******,t****x*************+***********:**

SUBROUTINE TINP
REAL LE, LP, L3, L4
COMMON / DV N, M, NN, NP, TAMB, TH/ D2l RE, RPl, RP2, LE, LP
coMMoN / D/ T (50, 50), R (50), T-r (50, 50), RR (50)
COMMON / D3/ CR CPl, CP2, TK, TKl, DEN, DENI, DEN2/ D4l TKAIR, SB
COMMON/ D5/ EE, EP, EEL
COMMON / D7l ET, Y S/ D8/ DR, DZ, DR1, DZ1, DTIME/ D9/ VL, QGEN1coMMoN / D10/ TO (s0,50), TTO (50,50), TF (20, s0), RF (50)
COMMON N1, Ml, NN1, NN2, I, J, RAT, RAI, RA2, RA3
coMMoN/ D13/ REL, RELI, L3, L4
DO 46 I=2, NP
DO 46 J=2, NN
TT (I, J)=DTnvlE/ DENI/ cpt*TKt * ( (TTO (I, J+1)_2*TTO (I, J)+TTO (t, J_t )y DR1*x2+ (TTO (I+1, J)_2*TTO (I, J)+TTO (t_1, J))l DZt**'2+' '

crTo (t, J+1FTTO (r, J_1)/ (2.*DR1*RR 0))+.r"ro 0, J)
CONTINUE
RETURN
ENI)

INTERIOR SURFACB TEMPERATURE OF HOUSINC

SUBROUTINE TISP (H1)
REAL LE, LP
COMMON / D1/ N, M, NN, NP, TAMB, TH/ D2l RE, RP1, RP2, LE, LP
coMMoN / D/T (50, 50), R (50), TT (50, s0), RR (50)
COMMON/D3/CR CPl, CP2, TK, TK1, DEN, DEN1, DEN2/ D4l TKAIR, SB
COMMON / D5/ EE, EP, EEL
COMMON / D7l ET, Y S/ DS/ DR, DZ, DRl, DZl, DTME/ D9/ VL, QGEN1coMMoN / DI0/ TO (s0, 5o), TTO (50, 50), TF (20, 50), RF (s0)
COMMONNl, Ml, NN1, NN2, I, J, RAT, RAl, RA2, RA3
J=l
A1=3.14159x ( (RR (J)+DR1/ 2.)*'r,2_RR (J)**2)
A2=2*3. 14159* (RR (J)+DR| | 2.)*DZ1
DO 830 I=2, NP

QCONI=TK1* ('lTO (I, J+l )-TTO (I, J))xA2lDR1
QCON2=TKIx (T.ro (t+1, JFTTO (t, J))/DZ1*Al
QCON3=TK1* (TTO (I_1, Ð_TTO (r, J))/ DZI*A1

!!9Y:TKAIR* (ro (1, M1)-rro (I, Ð)*2*3.t4tss*DZU ALoc (Rp1/ RE)
QCOI.I\/=H1*2.*3.14159*RR (J)*DZI* (ï) 0, MlFTTO (I, Ð)
QRf'!=s¡x ( ( (ro (1, M1)+273.)/ 100.)**4- ( Cmo (, J)+n3.)t 1oo.)x*4)/ RA1

QRAD=QRAD+$I* ( ( (To (l-1, M1)+273.)/ 100.)**4- ( (TTo (I, J)+2?3.
)/ 1oo.¡*x4Y *o,
!_\fo¡O!{o+se- ( ( (ro (Irl, M1)+273.)/ 100.)**4- ( (TTo (r, J)+2j3.)
/ 100.¡*x4Y *-
YL=Al*DZl
TT 0, Ð=D-TIME/ DENl/ CPI/ VL* (ecONt +eCON2+eCON3+eCON4+eCONV+
QRAD)+TTo (I, i)
CONTINUE
RETURN
END

830

c
c
c
c

CONSIDERING shedE HEAT TRANSFER

EXTENDED SURFACE TEMPERATURE OF ARRESTER HOUSING
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c
c
c

465

425
c
c
c

430
c
c
c

SUBROUTINE Tsheds (M2, NF, LR THI, HTOP, H1, CS2, eSSt)
REAL LE, LP, LF
REAL Z (4)
DIMENSION TFO (20, 50)
COMMON / D1/ N, M, NN, NP, TAMB, TH/ D2l RE, RPl, RP2, LE, LP
coMMoN / D/ T (s0, 50), R (50), T-r (50, 50), RR (50)
COMMON / D3l CB CP1, CP2, TK, TK1, DEN, DENI, DEN2/ D4l TKÀ]R, SB
COMMON/ D5/ EE, Eq EEL
COMMON / D1l ET Y S/ D8/ DR, DZ, DR I,DZLDTIMVDgI VL, QCENlcoMMoN/ D10/ TO (50, 50), TTO (50, 50), TF (20, s0), RF (50)
COMMON Nl, M1, NNI, NN2, I, J, RAT, RAl, RA2, RA3
DATAZI

shedS TEMPERAIURE

IIO 465 II=1, NF
DO 465 J=1, M2+1
TFO (II, J)=TF (II, J)
DO 430 tr=I, NF
DO 425 J=2, M2
A1=2.*3.14159x (RF (I)_DR t/ 2.)*THI
A2=2.'¡,3.14159x (RF (J)+DR1/ 2.)*THI
A3=3.14159*2.*RF (J)*DR I
QCONI=TKl'k (TFO (tr, J-l)-TFO (tI, J)xA1l DR1
QCON2=TK1* (TFO (lI, J+tFTFO (tr, J)),ßAjZl DR1
QCOlw=2.*HTOP* (IAÌMB_TFO (II, J)*A3
QRAD:2-*EP*SB* ( ( (TAMB+273.)/ 100.)x*4- ( (TFo (tr, J)+273.)
/ 100.)**4)*43

QRAD=QRAD12.*QSS1*43*CS2
VL=43*THl
TF{tr, J)=DTx\4El DEN1/cp1/ VL* (ecoN1+ecoN2+ecO¡w+eRAD)
+TFO (II, J)
CONTINUE

TEMPERATURE OF shedS Ttr

RP3=RF (M2+1)
A= (RP3-DR1/ 2.)x2.*3.14159*THI
QcoN=TKl* (TFO (tr, M2FTFo (II, M2+1)y DRt*A
A=2*3.14159*RP3*THI

QCOIIV=H1* (TAMB-TFO (tr, M2+1))*A
A 1=3.14159x (Rp3 xx2_ (Rp3_DR1/ 2.),*ì,2)
QCOIIV=QCOIW+HTOP* (TAMB-TFO (tr, M2+1¡*¿1 *2.
QRAD:EP*SB* ( ( (TAMB+273.)/ 100.)x*4- ( (TFO (Il, M2+1)+273.)
/ 100.)**4)* (A+Al)+CS2xQSS1* (A+2.*A1)
VL=AlxTHI

MtrtM2r 1)=DTIM E/ DEN1/ cp1/ vL* (ecoN+ecolw+eRAD)+
TFO (II, M2+1)
CONT]NUE

TEMPERATURE OF shedS BASE AND THE OTHER SURFACE OF HOUSING

Jl=Z (1)lDz1
J=NN1
A1 =2.x3. 141 59* (Rp2_DR1 I 2.)*DZl
A2=3.14159x (Rp2**2_ (RP2_DR1/ 2.)**2)
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A3 =3.1 4t 59'k RP2/r 2.* DZ1
yLA2*DZ|
DO 450 I=2, Jl
QCON1=TK1*, (TTO (1, NN)_TTO (I, J)*All DRI
QCON2=TKI* (TTO (I+1, JFTTO (I, Ð)*A2l DZ1
QCON3=TK1x (T.IO (I_1, J)_TTO (I, J)*A2l DZl
QCOIW=H 1* (rAIMB_TTO (I, J)*A3
QRAD=EP*SB* ( ( (TAMB+273.)/ 100.)**4- ( (fTO (I, J)+273.)* / 100.¡**4;*4r+CS2*QSS 1*A3
T'l (I, J)=DTIì\4EI DENl/ cp1/ VL* (ecON1+eCoN2+ecON3+eCotW+eRAD)* +TTO (1, J)

450 CONTINUE
I=J1+1
A4=2.r,3. 14159* (RpZ+DRU 2.)*DZt
QCON4=TKlx (TFo (1,2)_TTO (t, J)/DR1*A4
QCON1=TK1* (TTO (t, NN)_TTO (r, Ð)*Al/DRl
QCON2=TKI* (TTO (I+1, J)_TTO (I, J)),rA2l DZl
QCON3=TK1* (TTO (I_1, I)_TTO (t, J)*A2l DZl
TT (1, J)=DTIME/DENt/Cp1l (VL,r,2.)* (eCONt+ecON2+eCON3+eCON4)* +TTO (I, J)
TF (1, Ð=TT (1, J)
DO 460 tr=2, NF
11= (z (rlz (rr_t))tDz1
I1=l+1
l2=l+J1-1
DO 455 I=I1, 12

QCONI=TKI* (1TO (r, NN)_T-IO (t, J)*A1l DR1
QCON2=TK1* (TTo (r+1, JFl"To (r, D)*A2l Dzl
QCON3=TKl* (TTO (I_1, J)_TTO (I, J)*A2l DZ1
QcoNv=H 1,', (TAMB_TTO 1r, ¡¡r,43
QRAD=EP*SB* ( ( (TAMBi273.)/ 100.)x*4- ( (TTO (1, J)+273.)* / t00.¡**4¡*¡3+CS2*eSS t *Aì
TT (I, J)=DTU\4EI DENl/ Cpl/ VL* (ecON1+eCON2+ecON3+eCO|W+eRAD)* +'I"TO (I, J)

455 CONîINUE
I=12+l

QcoN4=TKt* (TFO (U, 2FTTO (t, J)/ DRI*A4
QCONI=TKI* (TTO (1, NN)_TTO (r, J)*Al/ DR1
QCON2=TK1* ('t'TO (I+1, JtsT.rO 0, Ð){,A2l DZI
QCON3=TK1* (TTO (r_1, J)_TTO (J, J)*A2l DZ1
TT (I, Ð=DTß4E/DENt/cpt/ (vL*2.)* (ecON1+ecoN2+ecoN3+ecoN4)* +Î"to (I, J)

460 TF (II, 1)=T'r (I, J)
l1=l+l
DO 469 I=I1, NP

QCON1=TK1* (TTO (I, NN)_TTO (I, J))*A1l DRl
QCON2=TKI* (TtO (I+1, J)_T.IO (I, J)xA2lDZ1
QcoN3=TKl* (TTO (r_1, J)_TTO (I, J)*A2l DZl
QCONV=H1* (TAÌ\4B_TTO (I, J)*A3
QRAD=EP*SB+ ( ( (TAMB+273.)/ 100.)**4- ( CrTO (I, J)+273.)x / 100.¡**,4¡*4a*"S2*eSS1*A3
T'l (I, I)=DTX\4EI DENI I Cpt / y L* (ecONl+eCON2+eCON3+eCOIW+eRAD)* +TTO (I, J)

469 CONTINUE
RETURN
END

c
C HEAT GENERATION DUE TO LEAKAGE CURREN
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c
c

SUBROUTINE QQ (TIME, EJR)
REAL LE, LP
REALE (50), v (50), R (50)
COMMON / Dll N, M, NN, NP, TAMB, TH/ D2l RS, PP1, PP', I-,, ,O
coMMoN / D/ T (50, 50), R (50), TT (50, 50), RR (s0)
COMMON / D3l CR CPl, CP2, TK, TKl, DEN, DENI, DEN2/ D4l TKÄ]R, SB
COMMON / D5/EE, EP, EEL
COMMON / D7l ET, V, S/ D8/ DR, DZ, DR1, DZl, DTME/ D9/ VL, QCEN1coMMoN / D10/TO (s0, s0), TTo (50,50), TF (20,50), RF (s0)
COMMON Nl, M1, NNl, NN2, I, J, RAT, RA1, RA2, RA3
rF (s.8Q.0.) co To 750
TMEAN=0.
DO 700 I=1, Nl
DO 700 J=1, Ml'100 TMEAN=TMEAN+TO (I, J)
TMEAN=TMEAll/ (1.*M1*N1)
IF (TIME.EQ.0,) co To 710
EJOM=O.

DO 705 I=1, Nl
E=E (I)
cArL LAGR12 (E, EJo)

705 EJOM=EJOM+EJ0
EJO=EJOM/N1
EJR=EJo*EXp (_2400.0/ (TMEAN+273.))
DO 760 t=I, N1
TMEAN=0.
DO 730 J=1, M1
TMEAN=TMEAN+TO (1, J)730 TMEAN=TMEAN/M1
EJO:EJR*EXp (-2400.0/ (TMEAN+273.))
CALL LAcRl3 (E, EIO)
E (I)=E
v (I)=E (I)*DZ
R 0)=V (Iy (ÊJR*3.14159*RE*RE)

QGENl (I) (D=S*ET*E (I)*EJR
760 CONIINUE

co To 750'110 E=V/ LE
CALL LACR12 (E, EJo)
EJR=EJO*BXp (-200.0/ (TAMB+273.))
QGEN1 (I)=S*ET*E*EJR

'7 50 RETURN
END

c
c J0 (E), Jo{E (r)}
c

SUBROUTINE LAOR12 (X, Y)
REAI Y0 (26)
DATÀ y0/ 5 1 .2 86, 54.325, 57 .544, 60.954, 66.069 , 7 O.'t 95 ,'7 L523,* 85.114,92. 7, 100.0, 110.918, 116.145, 125.8g3, 136.458,* 151.356, 1 64.059, 177.828, 208.93, 231.7 4, 25't.04, 281.ß:ß,* 316.228,389.M5, 501.187 , 67 6.083, 954.gg3/
AÁ=80000.
BB=205000.
At=0.
N3=26
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325
328

315
318

Rlt= (0.+N3)
HH= (BB_AAy (RN_1.0)
tr= (X-AA)/ HH+0.5
tF (tI-l) 315 , 325, 325
rF 0t- (N3_2) 318, 328, 328
II=N3_2
co To 318
tr=1
UI=II
u= (x_AA)/ HH_UI
tr (AL.EQ.l) CO TO 338
c0=0.5*u* (u_1.0)
c1=1.o-uxu
C2=0.5xU* (U+1.0)
Y=Co*Y0 (lI)+C1xy0 (û+1)+C2*yO (tr+2)
RETURN

338 c0=0.5*(2.0*u_1.0)
C1:2.0+U
c2=0.5* (2.0*u+1.0)
Y= (C0*y0 (II)+clxy0 (II+1)+C2*y0 (II+2)/ HH

C

c
c

RETURN
END

RADIATIONSHAPE FACTOR FI2

SUBROUTINE RSF (F25, F24, F I'1)
COMMON / DV N, M, NN, NP, TAMB, TH/ D2l RE, RP1, RP2, LE, LP
coMMON / D/ T (50, 50), R (50), Tr (s0, 5o), RR (50)
COMMON/ D3l CP, CPl, CP2, TK, TK1, DEN, DEN1, DEN2/ D4l TK.AIR, SB
COMMON / D5/ EE, EP, EEL
COMMON/ D7l ET, V, S/ D8/ DR, DZ, DR 1, DZI, DTIMEIDìIVL, QGEN1coMMoN / D10/ TO (50, s0), TTO (50, 50), TF (20, sO), RF (50)
COMMON N1, M1, NN1, NN2, I, J, RAT, RA1, RA2, RÀ3
DI,=DZ

., I:2=. -LE/ 
RPi* (1.- (Acos ( (DLxDL-RplxRpl+RE*RE)/ (DL*DL+Rp1*Rpt_* RE*RE)- (SQRT ( (DL*DL+RPt*Rpt +RE*RE),¡*2_4* (Reìnri¡*Z¡ncOS 

1* RE*(DL*DL-RPI*RP1+RE*RE)/Rp1/ (Dl-xDl-+ftp1*lipr_nÈ*ie))+f¡r_*pl_* RPI *RP1+RE*RE)*ASIN (RE/ RP1F3.14159* (DL*DL+RP1*RP1-IE*RE)/ 2.* )l2.lRElDL)|3.t41s9)
A5=2.*3.14159xRP1*DL
A2=2.*3.14159*RE*DL
F25=A5*F521 A2
F55=1-RE/RP1+ (2.xRE/ RP1*ATAN (2.xSeRT (Rp1*Rp1_RE*REy DL)_DLI+ 2./Rpl* (SQRT (4.*Rp1*x2+þL+,r!)/ DL*ASIN i (4* (Rp1*RP1_RÉ*RE)+* DL*DL/Rpl/Rpl* (Rpl*Rp1_2.*RE*RE)/ (DL+òL+4.* (Rplx*t_iE**2))* -ASIN ( (RPlxRP1_2.*RE*RE)/* 
lP_lx*2)+3.14159/ 2.x (SQRT (4.*Rpt **2+DL*x2)/ DL_ 1.)))l 3.141,59
F4.7= (1._F52_F55)l 2.
F17= (t._F )t2.
A7=3.14159* ßP1**2_REx*2)
n4=F47* A5l A't
F'11= A2*F1't / A7
DL=DL*2.

115.1_1=RE/RP1* 
(1.- (Acos ( (DL+DI-RPt*Rp1+RE*RE)/ (DL*DL+RP1*Rp1_+ RE*RE)- (SeRT ( (DL*DL+RP1*Rpt+RE*RE)*{.2_4* (nÉiipt)**iXaCOs f* ¡B* ¡pL*DI-RP1*RP1+RE+RE)/ Rpt/ (DL*DL+ftp1*li.p1_RExiE + (DL*DL_* RP1*RPt+RE*RE)*ASIN (RE/ Rpl)_3.14159* (DL*DL*¡p1*¡pl_{!*¡Ey2,* )l2.lRBlDL)l3.14159)
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445=2.*3.14159*RP1 xDL
Al2=2.*3.14159*RE*DL
Ftus=A45*F45t2l At2
F4545=1-RE/ RP1+ (2.*RE/ RPl*ATAN (2.xSeRT (Rp1*Rpl_RE*REy DLFDL/* 2./ Rpl* (SQRT (4.*Rpt**2+DL**2)/ p¡*45¡¡ 

1 1i* lnlt*RPI_RE*RE)++ DL*DL/ Rpr/Rp1* (Rpl*Rpr_2.*ne*nn¡7 1or_*b¡ì4.* (Rpr*,,2_RE**2))* -ASIN ( (RPl*RP1_2.*RE*RE)/* RP1**2)+3. 14159/ 2.* (SQRT (4.*RP 1**2+DL**2)l DIrl.)))l 3.14159
F457 = (t._F 4s tz_F 45 45)l 2.
Ft27= (1._Ft245)/2.
F"l l2=F l2't* A12/ A7
F245ó=1._ (Rp1*Rp1_RE*RE)/ RE*DL* (n l2-,n D
F24= (FUs6_F25)t 2.
F745=F457* A45/ A7
F'72Èn t2_n I
n5=F745_F74
RETURN
END

c
C CAICULATE RA'
c

SUBRoUTINE RAF (F25, FZ+, Fl7)
REAI- LE, LP
COMMON / Dl/ N, M, NN, NP, TAMB, TH/ D2l RE, RPl, RP2, LE, LP
coMMoN / D/ T (50, 50), R (50), TT (50, s0), RR (s0)
COMMON / D3/ CP, CP1, CP2, TK, TKl, DEN, DEN1, DEN2/ D4l TKAIR, SB
COMMON / D5/ EE, EP, EEL
COMMON / D7l ET V S/ D8/ DR, DZ, DR 1,DZ\,D"]]|MIEIDg/VL, QCEN1coMMoN / Dl0/ To (50, 50), T.ro (50, 50), TF (20, 50), RF (50)
COMMONNI, M1, NNI, NN2, I, J, RAT, RA1, RA2, RÀ3
RAT= (1-EE)/ (EE*2*3.14159*RE*DZ)+l t (2+3.1415}*RE*DZ)* + (1-EP)/ (Ep*2*3.14159*Rp1*DZ1)
nnt= (t-EE)/ (EE*2*3.14159*RE*DZ)+I/ (F25*2*3.14159*RE*DZ)* + (1-EP)/ (Epx2*3.14159*Rpt *DZl)
RA2= ( l-EE)/ (EE*2x3. 14159,kRExDZ) +t l (F *2*3.r4159*RExDZ)

+ + (1-EP)/ (EP*2x3.14159*Rpt*DZl)
AE=3.14159* (RP1,&*2_RE*x2)

. RA3=(l-EB)/ (EB*2*3.14159*RE*DZ)+I| (Ffi*2*3.14159*RE*DZ)* + (I-EEL)/ (EEL*AE)
RETURN
END

c
C COEFICIENT: H
c
C--AIF: TKAIR/ (DEN*CP) (M*M/ S*S)
C GR: GRASHOFS NUMBER
C PR:PRANDTL NUMBERI U*CP/ K,{IR
C NU: NUSSEI]T NUMBER
C VU: KINEMATIC VIScOStTy (M*M/ S)C C: CRAVITATIONAL ACCELERATION (M/sxS)
C DENAI DENSITY OF AIR
C VW: WIND VELOCITY (KM/ HOUR)
C REY: RBYNODS TIIJMBE
c

SUBROUTINE COI\IVH (HTOP, HPO, HIN)
REAL LE, Lq NU, LL, NUT NUR NUC
COMMON / DI/ N, M, NN, NP, TAMB, TH/ D2l RE, RPl, RP2, LE, LP
coMMON / D/ T (50, s0), R (50), TT (50, 50), RR (50)
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COMMON / D3l CR CP1, CP2, TK, TK1, DEN, DENI, DEN2/ D4l TKAIR, SB
COMMON / D5/ EE, EE EEL
COMMON / D7l ET, V S/ D8/ DR, DZ, DR I, DZl, DTIME/ DgI VL, QGEN 1
coMMoN / D10/ TO (50, 50), îTo (so, 50), TF (20, s0), RF (50)
COMMON Nl, Ml, NNl, NN2, I, J, RAT, RAl, RA2, RA3
DATA pR, c, ALF, VU,UI0.71t,9.8,22.1E_6, 15.7E_6, 1.858_5/
DATA WIND, VW DENA,i 0,0, 20,0, 1.18/

B=1./ (TAMB+273.)
TTMEAN=0.
J=NN1
DO 870I=1, NN2

870 'I'TMEAN=TTMEAIV+TTO (t, J)
'I'-TMEAN=T.IMEAN/ (NN2+0.)

c
rF (wrND.EQ.0.0) co To 840
IF (REYEQ.0.o) co To 872
co To 855

c
C-FORCED COI.IVECTION
c
872 VW=VW*1000./ 3600.

REY=DENA*VW*2.*Rp2/ U
tr (REYLE.4.) CO TO 808
rF ßEYLE.40.) CO TO 818
IF (REYLE,4000.) co To 82S
IF (REYLE.4.E4) cO TO 838
FN=0.805
FB=0.0239
co To 850

838 FN=0.ó18
FB=O.174

co To 850
828 FN=0.466

FB=0.615
co To 850

818 FN=0.385
FB=0.821
co To 850

808 FN=0.33
FB=0.891

850 HPO=TIC{IR*FBxREy**FN/(2.*Rp2)
REcRIT=3.85
IF (REYUI,3.E5) OO TO 890
HTOP=0.0326*TKAJR/ (2.*Rp2)+ (REy,kB0.8_RECRn**0.8+18.2** RECRIT**o.s)
co To 855

890 HTOP=0.592*TKAIR/(2,*Rp2)*(REy)**0.5
co To 855

c
c
c
840

NATURAI COIWECTION

LL=RP2|2.
ÞT=TO (N1, 1FTAMB
RRA=B*GxDTxLL**3/ VU/ ALF
tr (RRA.LE.1.E7) co To s05
NU=O.15*RRA** (1./3.)
GO TO 810
IJU=0.54*RRA*x0.25
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810 HTOP=NU*TKÀIR/ LL
c

cL--4./ 3.x0.38ó
DT=TTMEAN_TAMB
RRA=G*B1,DT*LP**3/ VU/ AtF
tr (RRA.EQ.0.0) co To 880
tr ßRA.LT.1.E5) cO TO 815
NUT=CL*RRA**0.25
SC=LPI RP2/ MJT
NUp=2.8/ ALOG (1.+2.8/NUT)
NUc=o.9*SCi.NUp/ ALOG (1.+0.9*sC)
co To 820

815 RRÀ=B*C*DT*(2.*Rp2)**4/ (VU*ALF*LP)
NUC=1.8*LPl (2.xRP2)/ ALOC (1.+1.8/ (CL*RRAxx0.25)820 HPO=NUC*TKAJR/ Lp
oo To 855

880 HPO=o.
c
C-ENCLOSED COM/ECTION
c
855 TMEAN=o,

J=Ml
DO 875 I=1, Nl

875 TMEAN=TMBAII+TO (I, J)
TMEAN=TM EAN/ (N1+0.)
DT=TMEAN_TTMEAN
cR=DENAr,*2xB*c:*DT*LP**3/ U/ U
IIU=o.55* (GR*PR)**0.25
HIN=NU * TKA]R/ LP

c
c
c
c
c
c

RETURN
END

ENERGY INPUT DUE TO SLIN AND SKY RADIATION

1: VERTICAL HOUSING
2r HORØONIAL Top ELECTRODE

SUBROUTINE QSS (QSIjNI, QSKYl, QSLIN2, QSKY2)
REAL LATI
REAL Y01 (6), Y02 (6), Y03 (6), Y04 (6)
DATA SI, ALFSI, AIFS2/ 1353.0, 0.04, 0.95/
DATA A|TI, LATI, SN/0.3, 50., 210./
DATA y01/ 0.1283, 0.1'7 42, 0.2195, O.2582, O.2915, O.32Ol

PATA 
y02l 0.75 59, 0 .7 214, 0.6848, O.6532, 0.6265 , O.602t

DATA y03/ 0.3876, 0.3436,0.3139, O.29tO, O.27 45, O.268,1
D AfA y 041 0.22, 0.26, O.32, 0.44, O.7 l, 1.33 I
CAI_L LACR (6, AljII, A0, Y01, 0., 2.5)
CALL LAOR (6, ALTI, A1, Y02, 0., 2.5)
CALL LAGR (6, AUII, AK, Y03, 0., 2.5)
DLTS=23.45*SIN (2.*3.14159x (284.+sN)/ 365.)
DLTS=DUIS*3.14159/ 180.
HS+5.*3.14159/ 180.
ALFS=SIN (LATI*3.14159/ 1S0.)*SDI (DLTS)+COS (LATI*3.14159* / tso.¡*çot ,DLTS)*COS (HS)
ALFS=ASIN (AIFS)

ATM=Ao+A1*EXp (_AIq SlN (ALFS)
SIB=SlxATM
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QSUN2=ALFS2xSIB*SlN (ALFS)/ 4.
c

VERI=COS (LATI*3.14159/ 1 80.)xSIN (DIITS)+* +SlN (LATI*3.14159/ 180.)"cOS (DLIS)*COS (HS)
QSLINl=A!FS l*SIBxVERI
VERI=ACOS (VERI)*180./ 3.1415
HORI=SIN (ALFS)
HORI=ACOS (HORÐ * 180.1 3.1 4159
IF (VERr.LT.40) co To 443
CALL LAGR (6, VERI, Fl, Y04, 40., 90,)
co To 463

443 F1=0.16+0.OOt*VBRI
463 tr (vERI.Lt4o) co To 453

CALL LACR (6, HORI, F2, Y04,40,, 90.)
co To 473

453 F2=0.16+0.001*HORI
473 QSKYl=ALFS l*Fl *SIB

QSKY2=ALFS2*F2*SlB/ 4.
RETURN
END

c
SUBROUTINE LAGR (N3, X, Y YO, AA, BB)
REAL YO (N3)
RN= (0.+N3)
HH= (BB_AAy ßN_l.0)

= (x_AA)/ HH+0.5
rF Qt_t) 315, 325, 325

32s rF (rr_ (N3_2) 318, 328, 328
328 lI=N3-2

co To 318
315 lI=1
318 UI=tr

U= (X_AAY HH-UI
c0=0.5*u* (u_1.0)
Cl=1.O-UxU
C2=0,5*U* (U+1.0)
Y=Co*Y0 (II)+C1*y0 (tr+1)+C2*y0 (tr+2)
RETURN
END

cx**x****x+'t*******r(****'*****¡** *)t********)k¡k***********:t j*****,***x*,* ***)k***)k*******:*****
c
C NO ELECTRODE HEAT TRANSFER
c
C TOP AND BOTTOM ELEMENT TEMPERATURE
c

SUBROUTINE T'IB (H1)
REA]- LE, LP
COMMON / DV N, M, NN, NP, TAMB, TH/ D2l RE, RPl, RP2, LE, LP
coMMoN / D/ T (50, s0), R (50), TT (50, sO), RR (50)
COMMON / D3/ CP, CPl, CP2, TK, TK1, DEN, DEN1, DEN2/ D4l,|KAIR, SB
COMMON / D5/ EE, EP, EEL
COMMON / D7l ET, V S/ D8/ DR, DZ, DR 1, DZI,DT:dIi¡EIDgIVL, QGEN1COMMON N1, MI, NNl, NN2, I, J, RAT, RAI, RA2, RA3
coMMoN / D10/ TO (50, 50), TTO (50, 50), TF (20, 50), RF (50)
I=N1

11 DO4I=2,M
A1=2*3.14159*R (J)xDR

t20
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A2= (R (J)-DR/ 2.)x3 ]4159*DZ
A3= (R (J)+DR/ 2.)*3.14159*DZ
rF (t.EQ.l) GOTO 19

QCONI=TK* CIO (I_1, JFTO (I, J)/ DZ*A1
coTo 20

19 QcoNl=TK* Oo (r+1, J)_To (I, J))/ DZ+A1
20 QCON2=TK* (TO (I, J_IFTO (I, J)/ DR*A2

QCON3=TK* (Tf) (t, J+1)_TO (1, J))/ DR*A3
QCONV=H1*AI* (TAÌ\4B_TO 0, J)
RA=I,/ EE/ A1

QRAD=SB* ( ( (IAMB+273.)/ 100.)*x4- ( (TO (I, J)+273.)/ 100.)**4)/ RA
vL=Al*DZl2.
QGEN=QGENI (I)*VL
T (I, Ð=DTnl4E/ DEN/ cp/ VL* (ecoNl +ecoN2+ecoN3+ecotw+eRAD+ecEN)* +T0 (t, J)

4 CONTINUE
rF (r.EQ.l) COTO 12

coTo 11

12 RETURN
END

c
SUBROUTINE TCORN (H, HI)
REAL LE, LP
COMMON / DI/ N, M, NN, NP, TAMB, TH/ D2l RE, ¡P1, ¡P', ,,, ,-Il
coMMoN / D/ T (s0, 50), R (50), TT (50, s0), RR (50)
COMMON / D3/ CR CPI, CP2, TK, TKl, DEN, DBNI, DEN2/ D4l TKÀ]R, SB
COMMON/ D5/ EE, EP, EEL
COMMON / D7l ET, Y S/ DS/ DR, DZ, DR I,DZ\,DT]IMEIDgIVL, QCEN1COMMON Nl, M1, NN1, NN2, I, J, RAT, RA1, RA2, RA3
coMMoN / Dl0/ TO (50,50), 1"to (50,50), TF (20, 50), RF (50)
J=M I
I=NI
A1=3.14159x (R (J)**2- (R (JFDR/ 2.)**2)
A2=3. 14159* (R (tFDRl 2.)*DZ16 IF (l.EQ.1) COTO 21

QCONI=TK* (TO G_1, JFTO (r, J)/ DZ*AI
coTo 24

2t QcoNl=TKx (To (I+1, J)-To (r, J))/DZ*A124 QCON2=TK* (IO (I, J_l)_TO (I, J)/DR*A2
QCOÌWl=H*3.14159*R (J)*DZ* CrTO G, 1)_jIO (I, Ð)
QCONV2=Ht * (TAMB_To (1, J)*A1
DZ=DZI2.
gRADJ=|B* ( ( elo (1, 1)+273.)l 100.)x*4_ ( Go (t, J)+2j3.)/ 1o0.* )**4)/ RAT
RA=1/ EEl A1

QRAD2=SB* ( ( (TAl\48+273.)l lOO)**+ ((TO (I, J)+273.)/ 100,)x,k4)/ RA
VL=AI*DA 2,

QGEN=QCEN1 (I)XVL
T (I, J)=DTn\rf E/ DEN/ Cp/ VL* (eCON1+eCON2+eCOlWl+eRAD1+eCONV2+QRAD2* +QGEN)+TO (t, J)
tr (r.EQ.I) coTo 18
I=1
coTo 16

18 RETURN
END

c
C CENTRA! LINE TEMPERATURE OF ELEMENT ONTOP AND BOTTOM
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c
SUBROUTINE TCTOB (H1)
REAI LE, LP
COMMON / Dl/ N, M, NN, NP, TAMB, TH/ D2l RE, RP1, RP2, LE, LP
coMMON / D/T (50, 50), R (50), TT (50, 50), RR (50)
COMMON/D3lCq CP1, CP2, TK, TKl, DEN, DEN1, DEN2/ D4l TKAIR, SB
COMMON / D5/ EB, Eq EEL
COMMON / D7l ET, Y S/ DS/ DR, DZ, DR I,DZI, DT]|vtEID}IVL, QGEN1coMMoN / Dl0/ TO (s0, 50), TTO (50, 50), TF (20, 50), RF (s0)
COMMON Nl, Ml, NNl, NN2, I, J, RAT, RAl, RA2, RA3
J=1

I=1
A1=3.14159* (DR/2.)**2
A2=3.14159*DR*DZ|2.

QcoNl=TK{, (To (I+1, Ð_To (r, J))* AU Dz
coTo 39

37 QCONI=TK'r, (TO (r_1, JFTO (r, Ð)*A1/ DZ39 QcoN2=TK* Cro (I, J+l)-ro (r, Ð)*A2l DR
QRAD=EE*SB* ( ( (TAMB+273.)/ 100.)**4- ( (TO (t, J)+2j3.)l tffi.x )**4)xA1
QCOI\¡V=HI* (TAMB-TO (t, J)*Al
vt =Al*Dzl 2.

QGEN=QGENI (I)*VL
T (I, J)=DTIì4E/ DEN/ cp/ VL* (ecONt +eCON2+eRAD+eCONV+ecEN)* rTO (1, J)
tr (r.EQ.N1) coTo 38
I=N1
coTo 37

38 RETURN
END

c
C*x*****+***x****:+***r¡*r*******+****+:t******x:t****,t*x***************,k*
C SIMULATE TEST SECTIONS
c
C********¡**X*:***X******************:****:t¡t*****;**x********+***********
c

REA! LE, LP
COMMON / D1/ M, NN, TAMB/ D2l RE, RPI, RP2, LE, LP
coMMoN / D/T (50), R (50), TT (50), RR (50)
COMMON / D3l CB CP1, TK, TK1, DEN, DENI/ D4l TKAJR. SB
COMMON / D5/ EE, EP
COMMON / D7l ET, V, S/ D8/ DR, DRl, DTME/ D9l VL, QCEN, QCEN1COMMON M1, NN1, J, RA
coMMoN / D10/ TO (50), TTO (50)
DATA M, NN, TAMB/
DATA RE, RP1, RP2, LE, LPl
DATA CB CPl, TK, TK1, DEN, DENI/
DATA TKAIR, SB/ 0 .026, 5.668t
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, RPl, RP2, LE, LP
wRrTE (8, 60) CP, CPl, TK, TK1, DEN, DEN1
wRrTE (8, 65) TKATR, SB
WRITE (8, 70) EE, EP

50 FORMAT (/ 1X, 2HM:, t5, 2X, 'NN:', 15, 2X,
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* SHTAMB:, F10.4)
58 FORMAT(/lx,, REr',F10.4,' Rpt:',Fr0.4,, Rp2:,,F10.4,* ' LE:', F10.4, ' Lp:', F10.4)
60 FORMAT (/ lX, ' Cp:', F10.4, ' Cpl:', F10.4,

: 'TK:', F10.4, 'TK1:', F10.4, ' DEN:', F10.4, ' DEN1:,, F10.4)

91 IoRMAT (/ lX, ' TKArR: 

" 
F10.4, ' SB:" F10.4)7O FORMAT (/ lX, ' EE:', FtO.4, ' Ep', F10.4)

DR=RE/ M
DR1= (Rp2_Rp1)/ (0.0+NN)
WRITE (8, 620) DR, DR1

620 FORMAT (/ tX, ' DR" F10.4, ' DRl" F10,4)
Ml=M+1
NN1=NN+1
R (1)=0.
DO 11 J=2, M1

11 R (J)=R (J-1)+DR
RR (1)=RPl
DO 22 J=2, NN1

22 RR (i)=RR (J-1)+DR
DO 1 J=1, M1
TO (J)=TAìvlB

1 CONTINUE
WRITE (8, 200) (To (J), J=1, M1)
DO 77 J=1, NNI
TTO (J)=TAI\4B

TIME STEP: DTIME

s=1.0
TIME=O.O
IC=0
TIME=TIME+DTIME
IC=IC+1

CO¡ÌVEcTION COEFFICIENT: H

CALL COTWH (HPO, HrN)

ELEMENT TEMPERATURE

SURFACE TEMPERATURE

CALL TSE (HIN)

CENTERAL LINE TEMPERATURE (R=O)

CAIL TCEN

INTERIAL TEMPERATURE

CALL TINTE

HOUSINC TEMPERATURE
CALL TOSP (HPO)
CALL TINP
CALL TISP (HIN)

c
C¡**:+***x**xx:***x*¡*******;**x**:t**:++¡****¡***x¡*******+*x***¡*)***********x+***+****,***

'7'7

c
c
c

510
56
55

c
c
c

c
c
c
c
c

c
c
c

c
c
c

c
c
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C

116

118

c
c
c

c
c
c

c
c
c

DO 116 J=l, Ml
ro (J)=r (J)
DO 118 J=l, NNI
Tro (i)=rT (J)
rF (IC.LI.L) cO TO 55
WRITE (ó, 100) TÌME
TIMEl=TIME/ 3600.
wRrTE (8, 100) TrMEl

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+SBx ( ( (T (J)+273.)/ 100.)**4_ ( (fT (1)+273.)/ 100.)**4)/ RA

999P=9!9ND-rKArR* (r (J)_rro (1)*2.*3.14l Al.oc (Rpt/ RE)*LE
QCOIW=QCOI.IV+HIN*2.*RR (1)* (T (JF.IT (1))*3.14*LE
QTOTl=QRAD+ecolw+ecoND
wRrTE (8, 660) QRAD, QCONV, QcoND, QTOTI

HEAT LOSS FROM THE SURFACE OF HOUSING

QRAD=0.0
QCONV=0.0
QÌ.AD. :EP*SB*2*RR (NNl)* ( ( (TAMB +2j3.)l 1OO.)**4_ ( (t-t (NN1)+2?3)
/ 100.)*x4)xLE*3.14+QRAD

QCOIW-HPO*2.*RR (NN1)*3.14* (TAj|4B_TT (NNt))*LE+eCOÌW
QToT=QRAD+Qcow
wRtTE (8, 630) QRAD, QCONV, QTOT
vL=3.14159xR8x*2*LEx10.**ó
QUNI= (QTOT+QTOT2)/ VL
wRrTE (8, 968) QUNr
FORMAT (/ 1X, 'QUNÌ=" 810.4, ' \ry/ cM,r,*3)

tr (s.EQ.l.) co To 540

QDIF=0.-QTOT-QTOT2+CS2* (eSS 1 *2,*3. 14159*Rp2*Lp+
QSS2*3.14159*RP2**2)
wRrTE (8, 625) QDIF
GO TO 550
E=V/ LE
QGENl=QGEN1/ 10.*'re
vL=3.14159+RExx2*LE

QGEN=QCEN*VL
Vr'RITE (8, 605) E, EJR, TMEAN, QGENI, QGEN
QDIF=QcEN-QTOT-QTOT2+cS2* (eSS l*2.*3.14159*Rp2*Lp+
QSS2*3,14159*RP2x*2)
WRITE (8, 625) QDrF
FORMAT (/ 1X, ' QDIFFERENCE=" F10.5/ )
FORMÂT (/ 1X, 'ELEMENT: 

" 
/ lX,5HQRAD=, F10.4, 2X, óHQCONV=, F10.4,2X,

6HQCOND=, F10.4, 2X, 8H QTOTAL=, Fl0.4)

fgry-4l!ry, 'ELECTRoDEr" / 1X, 5HQRAD=, F10.4, 2x, 7H QcoNV=, Fl0.4,
2X, THQTOTAT=, F10.4)

9ó8
c

540

625
660

600
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63.0 FORMAT (1X, 'HOUSE:,, / lX, ' eRAD=', FtO.4, , 
eCOtW=,, Fr0.4,* 'QTOTAI=', F10.4)

605 FORMAT(/, tX,, E="F10.2,'VlCM"' EJR="F10.4,'TMEAN"
i F10.4, I tx, ' ecENl=', FI2.5, 'w cM**3', 'ecEN=', É10.4, ,w,)

550 WRITE (8, 200) (T (J), J=1, Ml)
wRrTE (8,400) (TT (J), J=l, NNt)
wRrTE (8, 640) HPO, HrN

400 FORMAT (|Xl 3H T-r, 4 QX,F|}.4))100 FoRMAT (1Xl/ 6H TIME=, F13.4)200 FORMAT (1X, 1HÎ4 (2X, F10.4)220 FORMAT (1X,6HDTÌME=, F9.6)
rF (s.8Q.0.) co To 560
DER=ABS (QDIF_QÞIFO)
lF G (1).cT.100.) co To 250
tr (DER.Lt0.001) co To 250
QDIFO=QDtr
co To 56

s60 IF (TME.GT.TMAX) cO TO s30
co To 56

250 s=0.
TMAX=TIME/
co To 510

530 CONTINUE
STOP
END

c
C ELEMENT SURFACE TEMPERATURE
c

SUBROUTINE TSE (H)
REA! LE, LP
COMMON / DllM, I.TN, TAMB/ D2l RE, RPl, RP2, LE, LP
coMMoN / D/T (50), R (s0), Tr (50), RR (50)
COMMON/D3lCP, CPl, TK, TKI, DEN, DENI/ D4l TKAIR, SB
coMMoN / D5/ EE, EP
COMMON / D7l ET, V S/ D8/ DR, DR1, DTIMB/ D9/ VL, QGEN, QGEN1
COMMON Ml, NN1, J, RA
coMMON / D10/TO (50), T.ro (50)
A1=3.14159* (R (M1)**2- ß (M1)-DR/2.)**2)
A2-3.14159x (R (M1)-DR/ 2.)t 2*LE
QcoNl=TK* (TO (MI-IFTO (Ml )/ DR*A2
QCON4=TKAIR* (T.IO (1FTO (M1)x2,t3.14159xLB/ AIOG ßp1/RE)
QCONV=H*2*3.14159*R (Ml)*LE* (TTO (1FTO (Ml)
QRAD=SB* ( ( Cmo (1)+273.)/ 100.f*4- ( Oo (Mi)+i73.)/ 100.)*x4)* /RA
VL=A1*LE
CAI-L QQ (E, EJR)
T (M1)=DTIME/ DEN/ cp/ VL* (ecoN1+ecoN4+ecoNv+eRAD* +QGEN)+TO (M1)
RETURN
END

c
C CENTRAI- LINE TEMPERATURE OF ELEMENT
c

SUBROUTINE TCEN
REAI- LE, LP
COMMON / D1/ M, NN, TAMB/ D2l RE, RPl, RP2, LB, LP
coMMoN / D/ T (50), R (50), TT (50), RR (50)
COMMON / D3l CP, CP1, TK, TKl, DEN, DENI/ D4l TKAIR, SB
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35

COMMON / D5/ EE, EP

99MMON / D7l ET, V S/ DS/ DR, DR1, DTME/ Dgl VL, QCEN, QCENICOMMON M1, NNI, J, RA
coMMON / D10/TO (50), TTO (50)
J=1

VL=1.0
CAIL QQ G, EJR)
T_(Ð=DTME/ DEN/ cp* (TK* (4* (To (J+t)_To (J))/ DRxx2)+ecEN)
+To (J)
CONTINUE
RETURN
END

INTERIAI TEMPERATURE OF ELEMENT

SUBROUTINE TINTE
REAL LE, LP
COMMON / DU M, NN, TAMB/ D2l RE, RPl, RP2, LE, LP
coMMoN / D/ T (50), R (50), TT (50), RR (50)
COMMON / D3l CP, CPl, TK, TKl, ÞEN, DENI/ D4l TKAIR. SB
COMMON / D5/ EE, EP
COMMON / D7l EÎ V S/ D8/ DR, DR1, DTIME/ D9l VL, QCEN, QCEN1coMMoN / D10/ TO (50), T-to (50)
COMMON Ml, NN1, J, RA
DO 44 J=2,M
VL=1.
CALL QQ G, EJR)
T (Ð^=D'TMEf DEN/ CP* CIK* ( (TO (J+1F2*TO (J)+TO (J_1)/ DR*x2
+ (To (J+1)-To (J-1))/
(2.xDRxR (J)))+QGEN)+To (J)
CONTINUE
RETURN
END

TEMPERATURE ON THB EXTERIOR SURFACE OF HOUSING

suBRouTtNE TOSP (Hl)
REAL LE, LP
COMMON / DI/ M, NN, TAMB/ D2l RE, RPl, RP2, LE, LP
coMMON/ D/ T (50), R (50), 1-t (s0), RR (50)
COMMON / D3/ CR CPl, TK, TKl, DEN, DENI/ D4l TKAIR, SB
COMMON / D5/ EE, EP
COMMON / D7l ET, Y S/ DS/ DR, DRI, DTIME/ D9/ VL, QCEN, QCEN1coMMoN / D10/TO (50), 1-ro (50)
COMMON Ml, NNl, J, RA
J=NN1
A1= (RR (Ð**2- (RR (JFDR1/ 2.)x*2)*3.14159
VL=A1*LB
A2=2x3.14159* (RR (J)_DR1/ 2.)*LE
A3=2*3.14159'.RR (J)*LE
QCON1=TK1,r, (TTO (J_IFTTO (J)*A2l DRl
QRAD:Epx43*59* ( ( (TAMB+273.)/ 100.)**4_ ( (T-IO (J)+273.)
/ 100.¡**4¡

QCONV=H1*A3* (TAMB_TTO (Ð)
TT (Ð=DTIME/ DENl/ cp1/ VL* (ecoN1+eRAD+ecotw)
+TTO (Ð
RETURN

c
c
c
c

c
c
c
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c
c
c

c
c
c

END

INTERIOR TEMPERATURE OF HOUSING

SUBROUTINE TINP
REAL LE, LP
COMMON / Dl/ M, NN, TAMB/ D2l RE, RP1, RP2, LE, LP
coMMoN / D/ T (50), R (50), TT (s0), RR (50)
COMMON / D3l CP, CPl, TK, TKl, DEN, DENI/ D4lTKAIR. SB
COMMON / D5/ EE, EP
COMMON / D7l ET, V S/ D8/DR, DRl, D1]ME/ D9/ VL, QGBN, QCEN1coMMoN / D10/ TO (s0), TTo (50)
COMMON Ml, NN1, J, RA
DO 46 J=2, NN
TT (J)=DTME/ DENI/ cPl*TKl* ( (TTo (J+1)_2*TTO (J)+TTO (J_1)

Z^D!112+ (rro (J+lFrro (J-l)/ (2.*DRlxRR (J))räo (J)
CONTINUE
RETURN
ENI)

TEMPERATURE ON INTERIOR SURFACE OF HOUS]NG

SUBROUTINE TISP (H1)
REAL LE, LP
COMMON / D1/ M, ¡IN, TAMB/ D2l RE, RPI, RP2, LE, LP
coMMoN / D/T (50), R (50), .f"r (50), RR (50)
COMMON / D3l CP, CPl, TK, TKl, DEN, DENI/ D4l TK.AIR, SB
COMMON / D5/ EE, EP
COMMON / D7l BT, Y S/ D8/ DR, DR1, DTME/ D9l VL, QGEN, QGEN1coMMON / D10/ TO (50), TTO (50)
COMMON M1, NNl, J, RA
J=1

A1=3.14159* ( (RR (J)+DR1/ 2.)x*2-RR (J)x*2)
A2=2*3. 14159*, (RR (J)+DR1/ 2.)*LE
QcoNl=TKl* ('l"To (J+1F l"ro (J))*A2l DRl

999Y:T5ÀIR* (ro (M1)-'tlTo (J)*2*3.14159*LEl ALoc (Rp1/ RE)
QCONV=H1x2.*3.14159xRR (J)*LE* (TO (MIFTTO (J)
9.lt?:sB- ( ( Go (M1)+273.)/ 100.)**4_ ( (rro (r)+zlt.)t tæ.)
+*4)/ RA
VL=Al*LE
Tf (Ð=DTIME/DEN1/ CP1/ VL* (ecONl +eCON4+eCOlW+
QRAD)+TTo (J)
RETURN
END

HEAT GENERANON

SUBROUTINE QQ (E, EJR)
REAL LE, LP
COMMON/DI/M, NN, TAMB/D2lRE, RPl, RP2, LE, LP
coMMoN / D/ T (50), R (s0), rT (50), RR (50)
COMMON/ D3/ CE CPl, TK, TKl, DEN, DENI/ D4lTKAIR, SB
COMMON / D5/ EE, EP
COMMON / D7l ET, V, S/ D8/ DR, DR1, DTIME/ D9l VL, QGEN, QCEN1coMMoN / D10/TO (50), TTO (50)
COMMON Ml, NNl, J, RA
E=V/ LE
TMEAN=O.

c
c
c
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DO 730 J= I, Ml
TMEAN=TMEA]V+TO (J)

73O TMEAN=TMEAN/M1
CALL LACR12 (E, EJo)
EIR=EIo+EXp (_2400.0/ (TAMB+273.)
QGENl=S*ET*E*EJR
QGEN=S*VL*QGEN1
RETURN
ENI)

c
C RA'
c

SUBROUTINE RAF (RA)
REAL LE, LP
COMMON / D1l M, }TN, TAMB/ D2l RE, RPl, RP2, LE, LP
coMMoN / D/ T (s0), R (50), TT (50), RR (50)
COMMON / D3l CR CPI, TK, TK1, DEN, DENI/ D4l TK.AIR, SB
COMMON / D5/ EE, EP
COMMON/ D7l ET V, S/ D8/ DR, DR1, DTME/ Dgl VL, QGEN, QGEN1coMMON / D10/TO (50), 1'TO (50)
RA= (1-EE)/ (EE*2*3.14159xRE*LE)+t/ (2*3.14159*RE*LE)* + (l-EP)/ (Ep*2*3.14159*Rpl*LE)
RETURN
END

c
C*,**XX***X*i**X*,t***¡**********************)È*************************!k:¡
c
C ARRESTER NO HOUSING
c
c********x*x*x*x***********************************;***********:k****¡k*
c

REAL LE
REAL L1, L2
COMMON / DllN, M, TAMB/ D2l RE, LE
coMMoN / D/ T (50, s0), R (s0)
COMMON / D3l CE CP2, TK, DEN, DEN2/ D4l TKÀ]R. SB
COMMON / D5/ EE, EEL, TK2
COMMON / D7l ET, V S/ D8/DR, DZ, DTME/ Dgl VL, QGEN
COMMON Nl, Ml, I, J
coMMoN / D10/ TO (s0, 50)
coMMON / D12lTSO (20), NS, DS
DATA N, M, TAMB/
DATA RE, LEl
DATA CP, CP2, TK, DEN, DEN2/
DATA TKAJR, SB/
DATA EE, EBL, TK2l
DATA ET, V/
D ATA, LI, L2I

c
cP=836.
TK=5.685

CS 1=0.
L=3000
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ll

50

58

60

65
70

620

39

510
56
55

c

FO-RMAT I 1X, 2HN:,15,2X,' M:,,15,2X, 3HNN:, 15,2X, ,Np,, 
t5, 3X,

5HTAMB:, F10.4)

folMAT (/ 1X, ' RE:', Fl0.4, ' RP1:', Fl0.4, ' RP2:', F10.4,' LE:', F10.4, ' LP:', F10.4)

fIRMAT (/ lx,' CP:', F10.4,' cp1:,, F10.4,, cp2t,, F10.4,
'TK:', Fl0.4, ' TKl:', Fl0.4, , DEN:', F10.4, 'DENl:;, F10.;,' DEN2" F10.4)

IORMAT V 1X, ' TKAIR:', FI0.4, ' SB:', F10.4)

|9RMAT (/ 1X, ' EE:', F10.4, ' EP', F10.4, ' EEL', Fro.4)
DZ=LEI (0.0+ì9
DR=RE/ M
FORMAT (/ lX,' DZ" FtO.4,' DR" F10,4,' DZl 

" 
F10.4,' DR1 

"F10.4)
N1=N+1
M1=M+1

R (l)=0.
Þo 11 J=2, Ml
R (J)=R (J-1)+DR

DO 1 I=1, N1
DO 1J=l, Ml
To (1, J)=TAì\4B
CONTINUE
wRrTE (10,200) ( (To (I, J), J=1, M1),I=1, N1)
TTTl=TAMB
TTT2=TAMB
DO 39 I=1, NS+1
TSO (I)=TA]\48
TIME STEP

DTIME=DBN*CP/ TK2l (Z.l DZ*x2+4./ DR**2)
wRrTE (10, 220) DTiME
s=l.0
TIME=0.0
IC=0
TIME=TIME+DTME
IC=IC+1

IF (CS.EQ.o.) co To 910
c1r L TELEC GrTl, TTT2, Ll, L2, HTOP, HPO)
DO 120 J=1, M1
T (N1, Ð=TTT2
T (1, J)=TTTI
DO 122 J=1, NNI
TT (1, J)=T1-rl
TT (NN2, J)=T'I"I2

CAIL TOSP (HPO)C
CALL TCEN
CALL TINTE
DO 116 I=1, N1
DO 116 J=1, M1
To (I, J)=T (1, J)
rF (rc.ut L) co To 55
wRrTE (10, 100) TIME

HEAT LOSS

c
c

120

122
c

116
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c_
QRAD=0.0
QcoND=o.0
QCoNV=o.0
A=3.14159*RP2**2
A1=2.x3.14159*RP2*L1
A2=2.*3.14159*RP2*L2

QRAD=EEL*SB* ( ( (rrrl+273.)/ 100.)**,L ( (TAMB+273.)/ 1OO.* )**4)*A1

. QRAD=QRAD+EEL*SB* ( ( (TTT2+223.)/ 100.)**4_ ( (fANfB+2'73.)l 1OO.* )*+4)x (A+42)
QCOT\¡V=HPO* (TT.T1_TAMB)+A1

QCOI.IV=QCOtW+ flI"r2-TAMB)* (A*HTOp+A2*HpO)
QCONS=TK1xA* ç¡111_TSO (NS)/ DS
QToT2=eRAD+eco¡w+ecoNs
WRITE (10, 640) HTOP, HPO, HIN640 FORMAT (/ 1X, 'HTOP" F10.4, ,Hpo,, 

F10.4, 'HIN" F10.4)

_ wRrTE (10, ó00) QRAD, QCO¡W, QcONs, QTOT2c
QRAD=0.0
QcoNV=0.0
DO 99 I=1, Nl
QRAD-EE*SB*2*R (Ml)* ( ( (TAMB+273.)/ 100.)**4_ ( (T (I, M1)+273)* /loo.;**4¡*¡2*3.14+QRAD

^- QCONV-HPO*2.*R (M1)*3.14* (TAMB_T (t, M1)*DZ+eCOl.w99 CONTINUE

968
c

QTOT=QRAD+ecofw
wRrTE (10, 630) QRAD, Qcolw, QToT
vL=3.14159*RE**2*LE*10.*x6
QUM= (QToT+eToT2)/ vL
WRITE (10, 968) QUM
FORMAT (/ lX, ' QTOTAL/ S*Le =" E10.4, ' W CM**3,)

rF (s.EQ.1.) cO TO 540
GO TO 550
E=V/ LE
MEAN=0,
DO 700I=1, N1
DO 700 J=1, M1
TMEAN=TM EAN+T (I, Ð
TMEAN=TMEAN/ (1.*M1*N1)
EJR=0. I 283*BXP (0.043 I *TMEAN)+0. 1460
QGEN=S*ET*ExEJR
E=E/ 100.

QGEN1=QCEN/ 10.x+6
vL=3.14159*RE+*2*LE

QGEN=QGEN*VL
QDIF=QCBN_QTOT-QTOT2
FORMAT (1X, ' QDtrFERENCE=" F10.5)
FORMÂT (/ 1X, 'ELEMENT:" / 1X, 5HQRAD=, F10.4, 2X, óHQCONV=, F10.4, 2X,
6HQCOND=, F10.4, 2X, 8H QTOTAI=, F10.4)

f9\YAT (1X, 'ELECTRoDE:" / 1X, sHQRAD=, F10.4,2x, 7H Qcotw=, FI0.4,
2X, ' QCONS=" F10.4, 2X, THQTOTAL=, FlO.4)

l9l\41r (1x, 'poRCELATN:" / lX, ' QRAD=" F10.4, ' Qcolw=,, F10.4,
' QTOTAL=" F10.4)

l9rver ø, 1x, 'E=" F10.2, 'V/CM',2X, ' EJR=" F10.4, 'N M**2" 12X,
: IY_811"I1 0 4,' DEcREE" 2x,' QcENI =" Fl 2.5,' w / cM*fi ,, ;r:- 

-'

'QCEN=" F10.4, ' W)

625
660

600

630

605
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c

550
47',|

400
100

200
220

TTIME=TIME/ 3600.
EJR 1=EJR*1000.*3.14159*RE**2
K1=N1/ 2.

WRITE (15, 220) T.|ME
wRrTE (15,200) ( (T (t, J), J=l, M1), r=1, N1)
FORMAT V 1X, 'TS" 5F10.4)
FORMAT (1Xl3H T-r, 6 QX, F12.4))
FORMAT (1Xl/ 6H TIME=, FI3.4)
FORMAT (1X, 1HT, 6 (2X, Fl0.4)
FORMAT (lX, 6HDTIME=, F9.6)
CALL CONVH (HTOP, HPO, HIN)
tr CI (1, 1).cT.6s) co To 560
tr (T (1, 1).cE.60,) DTME=DTTME/ 2.
IF CIIME.GT.20941.0) co To 530
GO TO 56
S=0.

TMAX=TME/ 3.
co To 510
CONTIMJE
STOP
END

SURFACE TEMPERATURE OF ELEMENT ANS ELECTRODE
XCONSIDERING HEAT CONDUCTION IN ELECTRODESC
SUBROUTINE TSE (H)
REAL LE, Ll, L2
COMMON / Dl/ N, M, TAMB/ D2l RE, LE
coMMoN/ D/ T (50, 50), R (50)
COMMON / D3l CP, CP2, TK, DEN, DEN2/ D4l TKÀIR, SB
COMMON / D5/ EE, EEL, TK2
COMMON / D7l ET, V S/ D8/ DR, DZ, DTIME/ Dgl VL, QCEN
COMMON N1, Ml, I, J
coMMON / D10/ TO (50, 50)
J=M1
A1=3.14159* (R (J)**2- (R (JFDR/ 2.)**2)
A2=3. I 4159* ß (J)_DR/ Z.¡*, 2x¡7

BOTTOM ELECTRODE

tl=Lll DZ
DO 2 t=2,11

QcoNl=TK2x (TO (r, J_1)_TO (t, J)/ DR*A2
QCON2=TK2* (TO (I+1, J)-TO (I, J))/ DZ*Al
QCON3=TK2* (TO (I_1, J)_TO (r, J))/ DZ*À1

999[a.=TI¡ln- rrro (r, lFro (r, J)*2*3.141se*Dzl ALoc (Rpl/ R (J)
QCOT.IV=-H*2*3.14159*R (J)*DZ* (T.IO (I, lFTO (I, J))
QRAD=SB* ( ( Cmo G,1)+273.)t ræ.)*'"4_ ¡ 1ro 1i, rjizzr.y roo.¡**a¡
/ RAI
QRAD=QRAD+SB* ( ( (TTo (I-1, l)+2'73.)t 1û.)+*4_ ((To (I, J)+273.)/ 1OO.)

QR.AD. _=QRAD+SB* 
( ( (TTO (I+1, t)+213.)/ 1oO.)**4- (GO (t, J)+273.)/ 1O().)**4)/ RA2

VT,=AI*DZ
T (I, J)=D-I[\48l DEN2/ cP2l VL* (ecON1+ecON2+ecoN3+eCoN4+eco]w+QRAD
)+To (1, Ð
CONTINUE

560

250

530

c
c
c

c
c
c
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c
c

ELEMENT

t2= (LI+LE)|Dz
DO 3 l=Ilrt, 12

QcoNl=TK* CrO (r, J_IFTO (r, J))/ DR*A2
QCON2=TK* (TO (I+1, J)-TO (I, J)/ DZ*Al
QCON3=TK'I (TO (t_1, JFTO (r, J)/ DZ*AI
QCOM_=TKAIR* (TTO (I, 1FTO (i, J){,2*3.14159*DZI ALOC (Rpl/ R (J)
QCONV=H*2*3.14159*R (J)*DZ* (TTO (t, 1FTO (I. J)
9¡1P=sB- ( ( Crro G, t)+2i3.)t tm)',*4_({ro 1i, rjizr:.y roo.¡**a¡
/ RAl
QRAD=QRAD+SB* ( ( (TTo (l-1, r)+273.)l 1$.),*4- ((To (I, J)+2?3.)/ 100.)**4)/ RA2
QRAD=QRAD+SB* ( ( (TTO (t+1, t)+2'13.)t 1OO.)*+4_ ( (tO (t, J)+273.)/ 100.)**4)/ RA2
VL=Al*DZ
CALL QQ (E, EJR)
T{1, J)=DTn\4El DEN/ cpl VLx (eCONl +eCON2+eCON3+ecON4+eCONv+eRAD
+QcEN)+To (t, J)
CONTINUE
DO 4I=12+1,t2+L2lDZ
QCONl=TK2* (TO (r, J_1)_TO (r, J)/ DR*A2
QcoN2=TK2* (To (I+1, J)-To (t, J))/ DZ*AI
QCON3=TK2* (TO (r_1, J)_TO (r, J)/ DZ*A1

9!9[4_=T5Á]R* (rro (I, 1)-ro (1, J)*2*3.r4tss*Dzt N-oc (Rp1/ R (Ð)
QCONV=H*2*3.14159*R (J)*DZ* (T.IO (I, 1FTO (t, J)
QRAD=sB* ( ( (TTo (I, t)+273.)t tc¡.)+*4- ( (To (r, Jj+273.y 100.)**4)
/ RA1

QRÀD. _=QRAD+SB* 
( ( (T'ro (I-1, t)+273.)t roo.)**4- ((To (r, J)+273.)/ 100,)**4)/RA2

QRAD:QRAD+SB* ( ( (TIo (I+1, 1)+2'13.)/ too.)*'34_ (GO (r, J)+273.)/ 100.)**4)/ RA2
vL=A.I*DZ
T (I, J)=DTIME/ DEN2/ cp2l VL* (eCON1+eCON2+eCON3+QCON4+ecONv+eRAD
)+TO û, J)
CONTINUE
RETURN
ENT)

CENTRAL LINE TEMPERATURE OF ELEMENT & ELECTRODE
+CONSIDERINC HEAT CONDUCTION IN ELECTRODES

SUBROUTINE TCEN
REAL LE
COMMON / Dl/ N, M, TAMB/ D2l RE, LE
coMMoN/ D/ T (50, 50), R (s0)
COMMON / D3l CR CP2, TK, DEN, DEN2/ D4l TKAIR, SB
COMMON / D5/EE, EEL, TK2
COMMON / D7l ET, V S/ D8/ DR, DZ, D'ITME/ Dgl VL, QGEN
COMMON Nl, MI, ], J
coMMoN / D10/ TO (50, 50)
J=1

VL=1.0
It=Lt/ Dz
l2=L2t DZ

BOTTOM ELECTRODE

c
c
c
c

c
c
c
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t33

35
c
c

DO 35 I=2,11
T (1, Ð=D'IIME/ DEN21 Cp2* (tK2* ( (1O (r_t , J):TO (1, t))t Dz**2+
(To^ (I+r, JFTO (I, Ð)lDZ*+2+4* (To (t, J+IFTO (r, Ðt óftx,,2))
+TO (1, J)
CONTINUE

ELEMENT
DO 36 I=I1+1, Il+N
cArL QQ (E, EJR)
T (I, Ð=DT[\/E/ DEN/ Cp* (TK* ( (TO (l_1 , r):TO (1, J))lD,Z**2+
(To^ (l+1, JFTo (I, J))/Dz**2+4* (To (r, J+r)_To ti, ¡ijl pn**2)+eGEN)
+TO (I, J)
CONTINUE

TOP ELECTRODE

DO 37 I=11+N+t,Il+N+t2
T 0, Ð=DTIME/ DEN2/ cp2x (rK2* ( (TO (r_1, J)_TO (r, J)/ DZx*2+
(Io^(I+1, JFTo (I, Ð)l Dz**2+4* (To (r, J+r¡To ¡r, ry7 óñ**2¡¡
+TO (I, J)

CONTINUE
RETURN
END

INTERIAL ELEMENT TEMPERATURE & ELECTRODE
*CONSIDERING HEAT CONDUCT]ON IN ELECTRODES

SUBROUTINE TINTE
REAL LE
COMMON / D1lN, M, TAMB/ D2l RE, LE
coMMON / D/T (50, 50), R (50)
COMMON / D3/ Cq CP2, TK, DEN, DEN2/ D4l TKAIR. SB
COMMON / D5/ EE, EEL, TK2
COMMON / D7l EÎ V, S/ D8/ DR, DZ, DTIME/ D9/ VL, QGENcoMMoN / D10/ TO (50, 50)
COMMON N1, Ml, I, J
VL=1.0
Il=Lt/ DZ
t2=L2l DZ

BOTTOM ELECTRODE

DO 44 t=2,11
Do 44 J=2,M
T (I, J)=DTX\4EI DEN2I Cp2+ (TK2* ((TO (I, J+lF2*TO (I, J)
+Tc) (I, J-1)/ DRx*2

.l flo^ (11,_{ts211o (I, Ð+ro (l-1, r))/DZx*2+ (ro (r, J+l)_ro (r, J_r))/
(2.*DR*R (Ð))+TO (I, J)
CONTINUE

ELEMENT

DO 45 I=I1+1, Il+N
DO 45 J=2, M
CALL QQ (E, EJR)
T (I,J)=DTn\4EI DEN/ cp* (TKx ( (To (I, J+1F2*To (I, J)+To (t, J_1)/ DR**2
-+^s)_qllt_l-2iTo 

(t, J)+To (r_1, J)/ Dz**2+ (To (r, J+1Fro' A,lí)r¡(2,*DR*R (J)))+QcEN)+To (r, J)

36
c
c
c

c
c
c
c

c
c
c

44
c
c
c
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45 CONTINUE
c
C TOP ELECTRODE
c

DO 46 I=I1+N+1, l1+N+12
DO 46 I=2,M
T (I, J)=DTIÌúE/ DEN2I Cp2* (TK2* ((TO (I, J+l)_2*TO (I, J)* +TO (I, J-1)/ DR**2* + (TO (Ir1, Ð-2*TO (I, J)+TO (I-1, J))t DZ**2+ eO (1, !+IFTO (I, J_t))/* (2.*DR*R (J)))+TO (t, I46 CONTINUE
RETURN
END
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Appendix B

TEMPERATURE OF'

TI{E ENCLOSED AIR INHOUSING

valve element temperature of the single element test section shown in Fig. 5.3 was

inc¡eased until it ¡eached the same steady stâte max temperatu,e of comprete arrester by

applying a suitable volage to in it. The temperatue variation of the valve element and the

enclosed air in the test section housing were measured. The varues æe shown in Fig. 8.1

and Table 8.1.

Temperatue (oC)

Time (hours)

Figure 8.1. Temperature variation with time
(Measured)
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TableB.1. Temperature of varve element and encrosed air in the test section housing

(Measured)

Time (hours)
Applied voltage

(kv)
Valve element
temperatüe

(0c)

Air gap temperature
between the elemenl

and housing (oC)

(Heating) 3.2 21 2t
0.r 3.3 25 )t

0.2 3.4 28 23

0.4 3.4 37 25

0.6 3.1 40 28

0.7 3.2 40 31

0.8 3.02 43 32

3.07 43 33

5
(Cooling begins)

0 43 33

5.08 41 33

5.15 40 JJ

5.23 39 33

5.3 38 32

5.37 37 32

5.45 36 3l
5;t7 34 29

6.43 31 27

6.83 29 26

7.5 27 25

8.3 25 24

9.15 24 23.5

10.4 23 23

11.5 22.5 22.5


