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Table C.1 — Expression for C,:m coefficient calculation
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

ELECTRIC CABLES -
CALCULATION OF THE CURRENT RATING -

Part 2-3: Thermal resistance — Cables installed in ventilated tunnels

The |nternational Electrotechnical Commission (IEC) is a worldwide organization for standardizatien.co

mprising

all ngtional electrotechnical committees (IEC National Committees). The object of IEC is to promote“intefnational

co-operation on all questions concerning standardization in the electrical and electronic fields, .To this
in addition to other activities, IEC publishes International Standards, Technical Specificationsy Technical
Publ|cly Available Specifications (PAS) and Guides (hereafter referred to as "IEG Publication(s)'
preppration is entrusted to technical committees; any IEC National Committee interested\in the subject d
may [participate in this preparatory work. International, governmental and non-governmental organization
with [the IEC also participate in this preparation. IEC collaborates closely with thé International Organiz
Stanfardization (ISO) in accordance with conditions determined by agreement bétween the two organiz

The formal decisions or agreements of IEC on technical matters express, as'nearly as possible, an inte
consfensus of opinion on the relevant subjects since each technical committee has representation
interpsted IEC National Committees.

IEC |Publications have the form of recommendations for international use and are accepted by IEC
Compittees in that sense. While all reasonable efforts are made)to ensure that the technical conten
Publ|cations is accurate, IEC cannot be held responsible for the way in which they are used or
misipterpretation by any end user.

In ofder to promote international uniformity, IEC Natiohal Committees undertake to apply IEC Pub
trangparently to the maximum extent possible in their national and regional publications. Any divergence
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mempbers of its technical committ€esand IEC National Committees for any personal injury, property da
othef damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fqg
expenses arising out of the\ publication, use of, or reliance upon, this IEC Publication or any of
Publ|cations.
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indispensable for theicorrect application of this publication.
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respect thereof:-As of the date of publication of this document, IEC had not received notice of (a) patent(
may |be required to implement this document. However, implementers are cautioned that this may not r
the lptest information, which may be obtained from the patent database available at https://patents.iec
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IEC 60287-2-3 has been prepared by IEC technical committee 20: Electric cables. It is an
International Standard.

This second edition cancels and replaces the first edition published in 2017. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

a) symbols alignment with other parts of the IEC 60287 series.
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The text of this International Standard is based on the following documents:

Draft Report on voting

20/2175/FDIS 20/2182/RVD

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this International Standard is English.

This dpcument was drafted in accordance with ISO/IEC Directives, Part 2, and develdped in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement) available
at wwyv.iec.ch/members_experts/refdocs. The main document types developedy,by IEC are
descriljed in greater detail at www.iec.ch/publications.

A list ¢f all parts in the IEC 60287 series, published under the general title Electric cables —
Calculation of the current rating, can be found on the IEC website.

The cdmmittee has decided that the contents of this document will remain unchanged uptil the
stability date indicated on the IEC website under webstore.iet/ch in the data related|to the
specific document. At this date, the document will be
e recpnfirmed,

e withdrawn, or

e revjsed.
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INTRODUCTION

In the IEC 60287 series, IEC 60287-1 provides general formulae for ratings and power losses
of electric cables.

The IEC 60287-2 series presents formulae or calculation methods for thermal resistances.

IEC 60287-2-1 provides calculation methods for dealing with cables installed in free air
(see IEC 60287-2-1:2015, 4.2.1).

IEC 60287-2-2 provides a method and data for calculating reduction factors for cables in

running horizontally in free air.

IEC 60287-2-1 and IEC 60287-2-2 consider heat transfer only in a plane perpendicular
cables| they assume there is no longitudinal heat transfer.

This part of IEC 60287 deals with the rating for cables installed in ventilated tunnels. |
situatigns, consideration of longitudinal temperature gradients is invalved as the air flo
the tunnel removes some heat from the cables.

Heat transfer with the moving air is convective and is assumed t0"be either laminar or tu
depending on the air velocity. The transition situation between laminar and turbulent ai
is ignofed.

A geng
Only s

Where|multiple circuits are involvedxtheir characteristics are assumed to be identical.

The mTin features of the calculation method for cables in tunnels with forced ventilation
i

found
erratum in Electra n°209 (2003).

1

n Electra n°143 — 144 (1992)[1]", as the report of a CIGRE working group, includ

groups

to the

n such
ving in

rbulent
r flows

ral simplified method is provided to estimate the permissible current-carrying capacity
of cables installed in ventilated tunnels, the ventilation being either natural or forced.

eady states are considered, where thevinlet air temperature and the cable loading are
constant for a sufficient time for steady temperatures to be achieved.

can be
jng the

Numbers in square brackets refer to the Bibliography.
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ELECTRIC CABLES -
CALCULATION OF THE CURRENT RATING -

Part 2-3: Thermal resistance — Cables installed in ventilated tunnels

1 Scope

This pa " he-eontintots—eurrent-ratin
for cablles of all voltages installed in ventilated tunnels. The method is applicable to any
cable.

The me¢thod applies to natural as well as forced ventilation.

be ne

LongitJdinal heat transfer within the cables and the surroundings of thetunnel is assu

All cab
section

2 Nd

The fol

ligible.

es are assumed to be identical within the tunnel and it is@sSumed that the tunnel
does not change with distance along the tunnel.

yrmative references

lowing documents are referred to in the text'itr'such a way that some or all of their ¢

constit
For u

dated references, the latest edition-~'of the referenced document (includin

amendments) applies.

IEC 60R287-1-1, Electric cables — Calculation of the current rating — Part 1-1: Current

equati

IEC 60
— Calc

3 Te

3.1

ns (100 % load factor) and-¢alculation of losses — General

287-2-1, Electric cables = Calculation of the current rating — Part 2-1: Thermal res
lation of thermal reSistance

rms, definitions and symbols

FTerms ‘and definitions

factor
type of

med to

Cross-

ontent

Lites requirements of this document. For.dated references, only the edition cited applies.

g any

rating

stance

No tervlns and definitions are listed in this document.

ISO and IEC maintain terminology databases for use in standardization at the following

addres

Ses:

e |EC Electropedia: available at https://www.electropedia.org/

e |SO Online browsing platform: available at https://www.iso.org/obp
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3.2 Symbols

A, inner tunnel cross-sectional area m?
Coy heat capacity of the air flow W/K
Cair volumetric heat capacity of air W - s/(m3 - K)
De* external diameter of cable m
D, inner diameter of the tunnel m
Cem coefficient for the calculation of radiation shape factor -
1 current in one conductor (RMS value) A
K., convection factor -
K, radiation shape factor -
K, effective emissivity -
L% depth of tunnel axis m
number of cables -
P, Prandtl number -
Re Reynolds number -
Re alternating_ current resistance (_)f conducto_r w_ith sustained application of a rated arh
current I i.e. at standard maximum permissible temperature
T, thermal resistance per core between conductor and sheath K- m/W
T, thermal resistance between sheath and armour K- m/W
Ty thermal resistance of external serving K- m/w
Ty equivalent thermal resistance of cable surrounding K- m/w
Toe convection thermal resistance betweéen cable and air K- m/w
Ty convection thermal resistance\between air and inner wall of the tunnel K- m/w
T, external thermal resistan€e,of the tunnel K- m/w
Ty radiation thermal resistahce between cable and inner wall of the tunnel K- m/w
T, equivalent starthermal resistance of air K- m/w
T equivalentsstar‘thermal resistance of cable K- m/w
T* equivalent star thermal resistance of tunnel wall K- m/w
Vair ajf velocity m/
Wa(zt héat removed by the air, at the point z,on the cable route W/m
W4(zi) |heat removed by the air, at tunnel outlet W/m
W, losses in a conductor per unit length, assuming maximum conductor temperature W/m
Wy dielectric losses per unit length per phase W/m
Wtot total heat generated by cable W/m
h heat dissipation coefficient given in IEC 60287-2-1 for cables in still air W/(m?2 - K5/4)
ki thermal conductivity for air W/(m - K)
n number of conductors or cores in a cable
84 axial separation between two adjacent cables (mm) mm
S, ratio between spacing and cable diameter -

Zy reference length (see Formula (16)) m
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Z, coordinate corresponding to the tunnel axis m
Ziot length of the tunnel m
Ab, fictitious increase of ambient temperature to account for the ventilation K

o, temperature at ground level °C

0,.(0) |air temperature at tunnel inlet °C

0,(z,) |air temperature, at the point z, on the cable route °C
0,((z,o) |air temperature at tunnel outlet °C
0.(z,) conductor temperature, at the point z_on the cable route °C

05 ma maximum permissible conductor temperature °C
0,(z)] [temperature at the star point after delta-star transformation °C

0,(z,)] [temperature of the cable surface, at the point z, on the cable route °C

0,(zio) |temperature of the cable surface, at tunnel outlet °C
6,z,)| |temperature of the inner tunnel wall, at the point z, on the cable route °C

O(Zyoy temperature of the inner tunnel wall, at tunnel outlet °g
2 ratio of the total losses in metallic sheaths to the total conductor]osses (sheath or )

1 screen loss factor)

Xy ratio of the total losses in armour to the total conductor|esses (armour loss factor) -

v kinematic viscosity for air m2/s

p soil thermal resistivity K- m/W
cg Stefan-Boltzmann constant W/(m? | K*)

4 Dagscription of method

4.1 General description

The method is based op-the calculation of the temperature of the cable surface, the aif in the

tunnel fand the tunnelwall, as a function of the heat generated by the cables.

For any locationd@long the cable route, a set of formulae is developed, involving:

e heat tranisfer formulae describing heat transfer mechanisms by radiation and conyection
betiween-the cables, the air in the tunnel and the tunnel wall;

la 1 £ 1 £ .l + + +lo 4 1 ol l Ll
L] en |Hy Ualarivc 1urimutac 1T LadviTo, all 11T IS tarirreT arirda turimreT wdairt,

e heat transfer formulae for conduction in the surroundings of the tunnel.

This set of formulae may be written in such a way that:

o the heat removed by the air, W,(z;), is linked to the derivative of the air temperature with
respect to the longitudinal coordinate of the tunnel;

e every other formula is approximated as a thermal Ohm's law linking temperature drop and
heat flow through a thermal resistance; the heat flow is derived from the heat generated by
the cables, W, and the heat removed by the air, W,(z,).

Some of the thermal resistances depend on the air temperature and consequently on the
distance along the tunnel.
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This may be dealt with by dividing the tunnel route into elementary lengths, so that:

o the heat removed by the air is proportional to the difference in the air temperature between
elementary length outlet and inlet;

e the thermal resistances may be considered constant for the elementary length.

For typical installations considered in the CIGRE work [1], it was recognized that assuming
constant thermal resistances along the tunnel route, computed using temperatures at the tunnel

outlet,

does not lead to a serious error.

With this assumption, solving the set of formulae is straightforward and the temperatures of the

cable

The p

cable ljnking the temperature drop between the conductor and the cable surface to the

in the

As temperatures at the tunnel outlet are not known, an iterative procesg,iS necessary.

The hgat generated by a cable, W, is assumed to be constantalong the cable route

rmissible current is then derived from the heat transfer formula for conductién within the

ables.

losses

and is

calculgted for the maximum permissible conductor temperaturey/leading to an estimatg of the

curren

rating that is on the safe side.

Wktot :n-[WC (1+ﬂ1 +/12)+de|

Wy =@®g - 12 (2)

where

Wiiot i the total heat generated by a cable (W/m);

n i the number of conductors in a cable;

W. ig the losses in a cenductor per unit length, assuming maximum conductor temperature
(W/m);

A is the ratio of the total losses in metallic sheaths to the total conductor losses;

Ao is the ratioyof the total losses in armour to the total conductor losses;

W4 ip the'dielectric losses per unit length per phase (W/m);

Rgr ig the alternating current resistance of conductor with sustained application of a rated /g
current i.e. at standard maximum permissible temperature (Q/m);

1 is the current in one conductor (RMS value) (A).

4.2 Basic formulae

4.2.1 General

The following heat transfer mechanisms are taken into account:

e radial heat transfer by conduction within the cable;

e heat transfer by radiation from the cable surface to the tunnel wall;

e heat transfer by convection from the cable surface to the air inside the tunnel;

e heat transfer by convection from the air inside the tunnel to the tunnel wall;
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e longitudinal heat transfer by convection resulting from the forced or natural flow of air along
the tunnel.

4.2.2 Radial heat transfer by conduction within the cable

The conductor temperature is derived from the formula given in IEC 60287-1-1.

Ool2) =0 (20)+ W [T m- (10 ) Ty e (1 g B ] Wy | B ()| (9

0.(z;) is the conductor temperature, at the point z; on the cable route (°C);

0s(z;) is the temperature of the cable surface, at the point z, on the cable route,(°C);
Ty is the thermal resistance per core between conductor and sheath (K'\ m/W);
T, ip the thermal resistance between sheath and armour (K - m/W);

Ty is the thermal resistance of external serving (K - m/W);

z; is the coordinate corresponding to the tunnel axis (m).

The logs coefficients and thermal resistances are defined~in IEC 60287-1-1 and IEC 60287-2-1.

4.2.3 Heat transfer by radiation from the cable surface to the inner wall of the tunnel

This heat transfer is modelled by Ohm's thermaldaw, characterized by a thermal resistahce:

1 1
Ty = : . = @
1Dy K -K, -ap '|:(‘95(Ztot)+273) +(9t (ztot)+273) } l:(es(ztot)+273)+(6t(Ztot)+273)}
where
D.* is the cable diameter (m);
o is Stefan‘Boltzmann constant, 5,67 x 1078 (W/m2 - K#4);

0s(zyot) is thescable surface at the tunnel outlet (°C);

0(z401)| Nisthe tunnel surface temperatures at the tunnel outlet (°C);

K is the emissivity of the cable surface (typically 0,9 for served cable);
is the radiation shape factor taking into account the radiation areas;

Ziot is the length of the tunnel (m).

K. may be expressed as:

1-Cem
K=—  Fm
" 1-(1-K) G
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where

Cem is a coefficient given in Table 1 and in Annex C.

Table 1 - C,:m coefficient for radiation thermal resistance calculation

Installati
nstallation CFm
Single cable 0
Two cables touching 0,182
Two cables spaced 2 x D_* 0,081
Two cables spaced 3 x D * 0,054
M: 0,363
Three cables touching
0: 0,182
M: 0,163
Three cables spaced 2 x D_*
0: 0,081
M: 0,107
Three cables spaced 3 x D_*
0O: 0,054
Trefoil touching 0,348
Key
M Middle cable
O Outer cable

4.2.4 Heat transfer by convection from the cable surface to the air inside the tunnel

The cgnvective heat transfer from the cable surface to the air in the tunnel depends on|the air
flow characteristics, the velocity of the air being the leading parameter.

Where(laminar air flow occurs, thé convection thermal resistance is given by Formula (59):
1
Tasy= 0,25
* 1 ' (5)
{“ Dg -h 30025Tst\| [93 (ztot) Oat (Ztot )}
where
h ib “IC ilcdt u'ibaipatiuu bUUffibiUllt giVUII iII iEC 60287'2'1 fUI deUiUb ill btl“ dil
(W/(m2 - K54)):
04t(z1ot)  is the air temperature at the tunnel outlet (°C);
0s(ziot)  is the temperature of the cable surface, at tunnel outlet;
Ty is the radiation thermal resistance between the cable and inner wall of the tunnel.

Formula (5) applies if the Reynolds number is less than 2 000.

If the Reynolds number is higher, the thermal resistance is first assumed to be given by
Formula (6), valid for turbulent air flow.
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T kgir - Koy -Re%%°

where
Re is the Reynolds number;

*

Re = Vair  De
AV
v is the kinematic viscosity for air (m2/s);
kair 1% the thermal conductivity for air (W/(m - K));
Vair 18 the air velocity (m/s);
K., ig an experimentally determined constant convection factor for which values are gjiven in
Table 2.
Table 2 — Values of parameter K¢,
Cable arrangement K.,
Single cable 0,130
3 cables touching horizontally® 0,086
3 cables spaced horizontally? 0,115
3 cables touching vertically® 0,086
3 cables spaced vertically? 0,115
3 cables touching in trefoil 0,070
@ To be used where the'spacing is larger than 2 x D_*.
b To be used wheré the spacing is smaller or equal to 2 x D*.

4.2.5 Heat transfer by convection from the air inside the tunnel to the inner tunpel
wall

This transfer is modelled by Ohm's thermal law, characterized by a thermal resistance:

If the Reynotds number is greater than 2 500, the air flow is assumed turbulent and the fo[lowing
relationship applies:

1
kg, -0,023-Re%8 . p04

Tyt = (7)

where
Re is the Reynolds number;
Re = Vair 'Dt
v
P is the Prandtl number,;

r
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v

P = Cair k_
air

C is the specific heat of air per unit volume (J/(m3 - K));

vair

D, is the inner diameter of the tunnel (m).

If the Reynolds number is less than 2 500, the thermal resistance is considered negligible.

4.2.6 Longitudinal heat transfer by convection resulting from the forced or natural
flow of air along the tunnel

The hgat removed by the air, W,(z;), is linked to the air temperature variations according to:

89t Zt
Wa (Zt):Cav '%) (8)
where
z; is the coordinate corresponding to the tunnel axis (m);
C,y ip the heat capacity of the air flow (W/K);
Cav = Cuair Vair 4t (9)

Ay i$ the inner tunnel cross-sectional area (m?2).

4.2.7 Radial heat conduction in the'soil surrounding the tunnel

For cirgular tunnels the thermal resistance of the surrounding soil is expressed by:

T, = 2= In[u+uz 1] (10)
2.1
where
2.1
u =—Lt:
Dy
p is the soil thermal resistivity (K - m/W);

L* is the depth of the tunnel axis (m);
Dy is the inner diameter of the tunnel (m).

For rectangular tunnels the thermal resistance of the surrounding soil is expressed by:

T, =L-|n[3,388.i] (11)

T \/"Tt
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where
Ay is the inner tunnel cross-sectional area (m2).

For deep tunnels, these formulae will produce conservative results because of soil thermal
inertia. This subject is under consideration.

4.3 Set of formulae

A delta-star transformation is used to derive the following set of formulae:

es(zt)_ae (zt):Ts "N - Witot
O (2¢) -0y (z¢) =Ty (N Wigot —Wa (2¢))
Ht(zt)_ea(zt):Te'(N'Wktot_Wa(Zt)) (12)

Ot (2¢) — 0 (2) = T - Wa (2,)

00qt (2t)
Wy(zy)=Cyy - ——L
a( t) av azt
where
z; is the coordinate corresponding tothe tunnel axis;

Wiiot | is the total heat generated by the cable (W/m).

W4(z;)| is the heat removed by the air, at the point z; on the cable route (W/m);

T is the equivalent star thermal resistance of the cable (K - m/W);
T* is the equivalent star. thermal resistance of the tunnel wall (K - m/W);
T*5 is the equivalent)star thermal resistance of air (K - m/W);

defined as follows

(13)
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The delta-star transformation is shown diagrammatically in Annex B.

4.4 Solving

The permissible current rating is obtained from Formula (14) which is similar to the classical
formula for cable rating given in IEC 60287-1-1:

where

£

c_max

The ai

GC _max [0 +A90] Wd |:2+I’l T2+T3+T4ti|

R- [T1+n (1+4) T +n-(1+ 4+ ) ( T3+T4t—|

is the fictitious increase of ambient temperature to account for the yentilation (K);

rer, o
0 ].#.e 20

AGy =|64(0)— —
0 l:at() T, +T) +T,

is the equivalent thermal resistance of cable surrounding (K - m/W);

T* T _ Ztot
+
t e e %

Ty = N- T;+(Tt*+Te)- 1ot T% |
T, +Ty +Tg

is the reference length (mM);

20 :(Ta* +Tt* +Te)'cav

is the-miaximum permissible conductor temperature (°C).

temperature 6,,(z,;) at the tunnel outlet is estimated from:

_Ztot

Oat (Ztot) = 9at(0)+[9a +(Tt* +Te)'N'Wktot—9at (0)} 1-e

(14)

(15)

(16)

(17)

(18)
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The cable surface temperature and the tunnel wall temperature at the tunnel outlet are derived
from the air temperature by:

where

Wa(ztot

4.5

The th

tempeifjature, the tunnel wall temperature and the air t€mperature at the tunnel outlet

Formu

The ca
Formu

Formu

Losseq in the cables are calculated with Formula (1) and Formula (2).

The ai

temperature and the tunnel walltemperature are calculated with Formula (19) and Formu
using Formula (21).

The cdlculation is repeated using these new estimates of the cable surface temperatu

tunnel

As firs
tunnel

O (Z4ot) = Qat(ztot)+T; 'Wa(ztot)+T; N - Wtot

0t (Ztot) = Oat (Ztot) + (A (Ztot) — T '[N Pitot = Wa (Ztot )]

) is the heat removed by the air at the tunnel outlet, given by:

(Tt* +Te)'N'Wktot [ Oat (2101) - 6]
Ta* +Ti* +Te

Wa (Ztot) =

terative process
prmal resistances T*,, T*; and T are calculated from estimates of the cable §
a (4), Formula (5) or Formula (6), Formula (7) and Formula (13).

ble permissible current is derived from Formula (14) through Formula (15), Formu

a (17), T, being derived from Formula (10) and Formula (11) and Cj, being derive
a (9).

I temperature at the tunnel outlet is calculated with Formula (18), the cable g

wall temperature and the air temperature at the tunnel outlet as input, until conver|

estimates, the temperatures at the tunnel outlet are taken as the air temperaturg
inlet’

(19)

(20)

(21)

urface
using

a (16),
d from

urface
a (20),

re, the
gence.

at the

5 Formulae for air properties

Formula (22) to Formula (25) provide the required properties for air at the appropriate
temperature:

The thermal conductivity for air is expressed by:

kair = 2421072 47,2107 O (241

(22)
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The kinematic viscosity for air is expressed by:

v=132-10"+9,5-107 .0, (i)

The Prandtl number for air is expressed by:

P, = 0,715-2,5-107% -Oat (Ztot )

The vo

lumetric heat capacity of air, C,,;,, being derived from P, k,;, and vis expressed

ks
Cuair =P '%

6 Temperature profile

Formu

where
Witotr ]

Zy

A com

a (26) gives the air temperature 6,,(z;) in any.loCation z; along the tunnel.

Zt

Hat(zt)ZGat(0)+[¢9a+(Tt*+Te),N.Wktot_9at(0):|, 1—e b04)

., Te and zy  havesbeen determined according to Clause 4;

is.the coordinate corresponding to the tunnel axis (m).

plete calculation example can be found in Annex A.

(23)

(24)

by:

(25)

(26)
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Annex A
(informative)

Calculation example

A.1 Cable and installation

The example given in Table A.1 considers three single-core cables without armour (7, = 0 and
.o = 0) spaced vertically within a circular ventilated tunnel (the spacing between the cables

being three times their diameter)

Table A.1 — Installation data

Cables Symbol Value Unit
Numbef of cables N 3 -
Numbef of conductors in a cable n 1 -
Cable duter diameter D 0,122 m
f\lterna ing current resistance of conductor at its maximum operating Ky 1,28E-05 0/m
emperature

Dielectiic losses per unit length per phase Wy 4,0 W/m
Sheath|or screen loss factor Aq 0,045 03 -
Maximym permissible conductor temperature 0 max 90 °C
Thermal resistance per core between conductor and sheath T 0,341 - m/W
Therma| resistance of external serving Ty 0,038 - m/W
Tunnelland surroundings

Soil thgrmal resistivity 1,0 - m/W
Depth df tunnel axis L 4,0 m
Inner tynnel diameter Dy 3,0 m
Length pf the tunnel Ztot 1000 m
Temperature at groundevel 9, 20 °C
Air temperature at tunnel inlet 041(0) 20 °C
Air velogity air 2 m/s
Constapts

Convecltion factor Koy 0, 1715 -
Radiation shape factor K, 0,90 -
Effective emissivity K 0,90 -

A.2 Calculated values

The number of significant figures given in Table A.2 does not indicate the accuracy of the

calculations but is intended to assist those developing a calculation tool.
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Table A.2 - Iterative process for a 1 km long tunnel

Iteration Formula 1 2 3
assumed 0(z,.,) 20 52,11 52,15
assumed 0,(z,,) 20 36,83 37,89
assumed 0,(z,,) 20 36,49 37,30

T, (10) 0,261 0,261 0,261
Ty, (4) 0,564 6 0,443 6 0,441 3
ko (22) 0.026 0.027 0.027
v (23) 1,51 x 10°° 1,666 65 x 10°° 1,674 34(x 10[°
Re (6) 16 159 14 640 14)573
Toe (6) 0,198 5 0,202 3 0,202 5
Pr (24) 0,710 0 0,705 9 0,705 7
Re (7) 397 351 360 003 358 351
T (7) 0,020 5 0,021 3 0,021 3
T* (13) 0,045 3 0,042 4 0,042 1
T, (13) 0,014 1 0,0133 0,013 3
T*, (13) 0,004 9 0,006 1 0,006 1
Cyair (25) 1206 1136 1133
Cay (9) 17 044 16 063 16 019
z, (17) 4764 4 496 4 484
A, (15) 0 0 0
Tyt (16) 0,303 7 0,304 5 0,304 8
I (14) 2758 2 756 2755
w, (2) 97,3 97,2 97,2
W\tot (1) 105,7 105,6 105,6
0,4(2401) (18) 36,49 37,30 37,33
Wa(2Ziop) (21) 252,58 248,11 247,84
04(20) (19) 52,11 52,15 52,17
0(Z{or) (20) 36,83 37,89 37,93

The temperature profile along the 1 km length of the tunnel is given in Figure A.1.
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Figure A.1 — Temperature profile along a 1+'km tunnel

In the pxample given in Figure A.1 the thermal properties,'of the air have been determined for
the calculated air temperature in the tunnel at each<stage in the iteration. If the air thermal
properjies were determined at a temperature of 30.8C, the current rating would be 2|764 A,
compafed to 2 755 A calculated above.

Repeating the calculation using the same data; except for a tunnel length of 10 000 m, results
in a cdirrent rating of 1 999 A. The temperature profile along the 10 km tunnel is shpwn in
Figurel[A.2.
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Figure A.2 — Temperature profile along a 10 km tunnel

If the air thermal properties are determined for a temperature of 30 °C, the permissible current
is found to be 2 018 A, instead of 1 999 A. This difference is considered to be insignificant.
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Annex B
(informative)

Delta-star transformation

The heat transfer mechanism in the tunnel and the delta-star given in 4.3 is shown in Figure B.1.

Radiative heat

»

95 (Zt) gt (Zt)

] TS Tst ﬂ_ Te
—

Convective heat Convective heat

Wa (Zt)

v

&t (2¢)

Delta-star transformation

T*

a
Wa (2¢)
eamzol s

IEC

Figure B.1 — Delta-star transformation
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