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Abstract-- Cable circuits installed in unfilled troughs mus
often support high current ratings. To achieve higer ratings in
unfilled troughs in the UK, trough lids can be rephced by
ventilated grilles, provided that the trough is witin a substation
site. While several methods exist for rating the raditional
covered trough design, no standard method exists famaturally
ventilated installations. To examine the possibleup-rating
available, a coupled numerical model has been creat for cable
trough installations. Following successful benchnriing tests
where the covered trough was modeled, the method &iebeen
extended to troughs with full natural ventilation. The results
have been compared to commonly used engineering asgtions
in order to validate simpler analytical methods. twas found that
by allowing full natural ventilation of existing covered troughs,
the continuous rating could be increased by as muds 28%.
thermal

Index Terms-- cable

transmission

power factors, power

|. NOMENCLATURE

A internal height of trough (m)

a thickness of trough cover (m)

B internal width of trough (m)

C, specific heat capacity (JK§™)

g Gravitational acceleration (ifis

h convective heat transfer coefficient ()

hy IEC 853 preload factor

P} Emergency rating (A)

Ir Continuous rating (A)

k thermal conductivity (WK ™)

p perimeter of trough effective for heat dissipatm)
Q volumetric heat source (Wh

q heat flux vector (W)

conductor ac resistance under prel@auf)
conductor ac resistance at continuous ratitmt)
T temperature (K)

T; thermal resistance of trough (Kiv

u velocity vector

Wror cable heat generation per metre of trough (W)
B thermal expansion coefficient ¢

A8, trough air temperature rise above ambient (°C)
e surface emissivity

Omax Maximum permissible temperature
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ambient at end of emergency rating (°C)
Conductor temperature rise above ambient (°C)
P density (kg/m)

Pc thermal resistivity of trough cover (K.m/W)

Pe thermal resistivity of soil (K.m/W)

o Stefan-Boltzmann constant

Il. INTRODUCTION

HERE are occasions when cable sections installed in

unfilled cable troughs in UK substations have the
potential to limit the current carrying capabiligf much
longer circuits. For example, parts of the cirased to link
ventilated cable tunnels to transformers or ovethéaes
often limit the overall rating of the circuit. Tdi#ionally, in
the UK, trough installations were fitted with sol@ncrete
covers to maximize the protection of the cable fiwoth solar
radiation and mechanical damage. Alternativelugis could
be filled with a low thermal resistivity stabilizdzhckfill. The
disadvantage of using solid concrete covers is tietair in
the trough is not able to circulate with cooler &mb air,
hence attaining much higher temperatures as the
generated by the cable must be dissipated enthetygh the
trough walls. This limits the possibility of gamg any
increase in the current rating.

In order to maximize the increase of the curretihgs of
such circuits, it was decided to consider replacgnoé these
concrete covers with ventilated grilles, thus fgafing the
movement of air. Several substation troughs hagently
been installed with all of the covers being repthbg grilles.
This is only possible due to the troughs beingrelgtiwithin
secured substation sites, reducing the possibildf
interference. No formal rating method exists facts circuits,
however an approach used in the past has beesumaghat
the cable would be able to support 90% of the otirrating
that it would have in free air.

In order to quantify accurately the benefits of weming
troughs from the traditional covered design to retu
ventilation, this paper develops a rating methoggloased on
computational fluid dynamics (CFD). The key benefithis
approach is that it allows detailed modeling of theoyant
convection within the troughs, while also accougtfor the

nse abovﬁotential inflow of cooler air. Numerical approashsuch as

CFD allow much more complex thermal environment$éo
modeled, however the cost of computation is gretian for

' analytical models. While such costs may be judifif the

required rating is close to the thermal limit oétbable, it is
also valuable to form comparisons with analytic&tmods as
part of a benchmarking process.
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I1l. EXISTING RATING METHODS

Although no specific rating method exists for these of
ventilated troughs, there are a number of analytezzhniques
in use for covered troughs. The most widely useadard
rating method is that of IEC 60287 [1]. This methmakes
the assumption that a cable circuit, installed irccavered
unfilled trough, can be rated using the same algorias if it

were installed in free air, but with an additionalir
temperature rise\8y,, allocated such that,
WTOT
AB, = (1)

where Wor is the heat generated by the cables per metre
trough (W) and p is the perimeter of the trough chihis
effective for heat dissipation, i.e. not exposed dolar
radiation, (m). In all cases studied, p is hemeeléngth of the
base and two sides of the trough. This equati@mipirically
derived and does not attempt to take account optbperties
of the soil beyond the trough. This assumption hesn
previously identified in work by Anders [2] as ausce of
inaccuracy. To develop an improved model, the ougkth
derived in [2] removes the need for the calculatcdmo,,.
Instead the thermal resistance of the trough amwsoding
ground, T, is calculated explicitly,

Pe

T =03007 + He + 2)

wherep, is the thermal resistivity of the soil (K.m¥/ H, is
defined as

HB
.= _Ts%Pe (3)
ap.Hs; + B
where p. is the thermal resistivity of the trough cove
(K.mW™), B is the internal trough width (m), a is the eov
thickness (m) and Hs calculated by

Hg = 2.72B%75 4+ 5.85B (4)
for the case of still air, witkh , being calculated by
a -0.39 /By 0-065 5)
¢y =213 (Z +0.05) (Z)

with A being defined as the internal height of treugh (m).

A. Equation Systemto Model Airflow in a Ventilated Trough

The equations used to model the buoyant convedatidhe
air are based on the Navier Stokes relationship8ufia flow.
Although it is theoretically possible to model thél detail of
any flow problem if a sufficiently fine mesh can bged, this
is not practical for flows containing turbulent éskl In
reality such intricate levels of detail are notuiegd, meaning
that the smallest details can be filtered out tghouhe
derivation of the Reynolds Averaged Navier Stokgsations.
This approach leaves more variables than definqugations,
hence a turbulence model is required to close guateon set
Lﬂé}. Several different turbulence models existwhwger for the

oyant natural convection found in the troughssodered
here, the Grashof number is not uniformly high egioto
neglect laminar flow. Therefore the turbulence eiatopted
is the 3 equation transition flow model [5], whigtiroduces
the three additional terms:
ks, turbulent kinetic energy
k., laminar kinetic energy
o, inverse turbulent time scale

B. Heat Transfer

Perhaps the most significant benefit of using theDC
modeling technique is that it is not necessary dty on
analytical or empirical relationships for conveetivheat
transfer coefficients on the cable and trough ss@sa The
standard equation for heat transfer (neglectingotis heating
and pressure work) can be given as

dT
pCrg + V- (=kVT) = Q — pCu.VT (6)

Wherep is the density (kg.i), C, the specific heat capacity
(Jkg'K™), T the temperature (K is the thermal conductivity
(Wm'K™), u is the velocity vector an@ is the volumetric
heat source (Wi). In solid materialau is zero, but in the
trough air it can be found via a coupling with #ek, -o flow
model. The cable surface boundary condition cagiven as
—n.q = h(T; = Ty) + e6(Tomp — Ts) (7)

wheren is the normal unit vector to the boundayys the heat

The value of Tis then added to the conventional value f Flux vector, h is the cable surface convective heat transfer

in the IEC 60287 free air calculation to determihe rating
for the trough. The method represents an extercdfiaarlier
theoretical work by Slaninka, which attempted tpresent the
thermal resistance of the trough in three partsyela those
posed by the trough lid, base and sides [3]. dieisonstrated

coefficient (Wn¥K™), T; is the air temperature (K}, is the
surface emissivityg is the Stefan-Boltzmann constant and
Tamp IS the remote surface temperature (K), represgither
a trough wall or another cable in this case. Hlitehis not a
constant but a function of the local velocitydefined in this

in [2] that using this approach removes some of ti§@se by the law of the wall [6].

conservatism inherent in the use of (1). To enabtaparison
and benchmarking of the CFD models developed withis
paper, ratings will also be calculated for the eatitcuits in
free air (shielded from solar radiation) accordingeC60287.

IV. CFD MODELING TECHNIQUES

The numerical models presented within this paper ar

solved using commercial code based on the finitime
analysis method. This cell based method is moitalda to
flow problems than the node based finite elemept@gch. A
brief description of the equation system usedvgsmibelow.
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In order to model buoyant convection, it is neaeggo
permit the density of the air to be temperatureeddent. A
number of approaches can be used, however faster
convergence can normally be achieved using the foesq
model [7]. This model assumes that the fluid dgns
constant in all equations except the buoyancy ternthe
momentum equation. Thus,

(p—po)g = —poB(T —To)g (8)
where p, is the (assumed) constant density (K§.mg is
gravitational acceleration at 9.81fsT, is the operating
temperature (K) and is the thermal expansion coefficient
(K1). For the assumption to be valid, the following
expression must hold:

B(T =Tp) <1 )
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Assuming that the product of the temperature dffieeand
the expansion coefficient may not exceed 0.1, tlagimum
permissible difference between, Tand the trough a
temperature for (9) to hold would be 29.2°C, whishan
acceptable criterion.

The final step in fully coupling the heat trandbethavior in
the trough with that inside the cable is to accoiomt heat
transfer by radiation. Modeling of the radiatiaartsfer is
achieved with the Discrete Transfer Radiation Modgich
uses ray treing to determine the transfer of energy
radiation from one surface to another [8]. Thedfitrof this
approach is that accurate viéactors are calculated based
the whole cable trough geometry.

V. INSTALLATIONS CONSIDEREL

The following seiton outlines the parameters used in
study, including the trough and cable geometr

A. Cable Parameters

Two cables have been considered in this analysith
being 2500mrh XLPE insulated cables with copf
conductors. Cable 1 is a 400k\Vrauit with copper wire
screen with a laminate sheath of a 0.2mm aluminfaih
bonded to a polyethylene ovseheath. The conduct
resistance is calculated according to [1] with Goint Kk
equal to 0.54 andpkequal to B7. The sheath loss factis
0.0519 for the centre phase and 0.( and 0.0126 for the
outer phases, with a dielectric loss of 3.8W/m.bl€Z is ¢
275kV circuit but with a lead sheath, ¢ coefficient of 0.45
and k coefficient of 0.37. Its dielectric loss is 1.2Wiith
sheathloss coefficients of 0.0612 (centre phase) and &
(outer phases). Table | summaribeth cable design

B. Trough Parameters

The main trough design on which calculations hagen
undertaken is that shown in Fig. 1, which is eqagpvith
Cable 1. Therough is of concrete construction and the to
the trough is installed flush with the ground soefa The lid
of the unventilated trough is constructed of cotecrand is
84mm thick. The thermal resistivity of the concrete 1
K.m/W and that of the soil is 1.2 K.m/¥fior to drying and 3
K.m/W in the dry state (drying is assumed to ocouty
within the 50°C isotherm). The remote ground terapge is
considered to remain constant throughout the year\alue
of 12°C as discussed in [9], while tambient air temperatur
vary according to the season as follows |

e Summer 30°C

e Spring/Autumn 20°C

¢ Winter 10°C
These temperatures are weighted to account formimag
solar radiation, however for comparison some catahs
have also been undertakentlwiadditional solar gain at tt
ground surface. For circuit 1 the trough layout is comm
between ventilation types, with the exception of though
lids. The lidsare constructed of concr, while the metallic
grille design prevents the direct contaétsolar radiation on
the cable surfaces. For circuit 2 only ventilatezlighs are
modeled to allow congrison of trends inbetween the
differenttrough designs, with both 3 phase (Fig. 2) andii?e

TABLE |
CABLE CIRCUIT SPECIFICATIONS
Component | Outer Diameter | Material | Thermal Conductivity
C1 (mm) C2 (W.m™.K?
Conductor 62.3 65.0 | Copper 400
Conductor | 66.7 68.6 Semicon | 0.286

Screen XLPE

Dielectric 118.7 112.6 | XLPE 0.286
Insulation 121.7 115.8 | Semicon | 0.286
Screel XLPE

Screen 129.9 120.6 | Copper 1.253

wires/PE
Lead Sheath, - 126.4| Lead 35.3
Oversheath 140.5 137.6| PE 0.286
Ground Surface  207mm 1036mm 207mm
o 4 Trough Lid '

Ghmm
350mm 350mm

O O O

Matwe Soil

814mm

Trough| | 9350

225mmm S00mm 500mm ’179111111
50mm Concrete Baze
200mm Cement Bound Sand

Wative Soil
Fig. 1. Geometry of Trough Installati T1 for Circuit 1
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Fig. 2. Geometry of 3 Phase Trough InstallaT2A for Circuit 2
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Fig. 3. Geometry of 2 Cable Troulnstallation T2B for Circuit 2

(Fig. 3) installations modele The T2B configuration occurs
on a double circuit where the cables are separatied 3
troughs by phase. For allesigns the cables are suppo
above the trough base by metal brackwhich is common
practice on the UK transmission g

C. Covered Trough

The covered trough model may be modeled using ali2B
through the geometry illustrated ilFig. 1 given the
assumption that the cross section remains conatang the
trough lengh. As a result the longitudinal flow of air (inet
direction of the cables) is considered to be ze&xoil region
of 20m in width and 7m in depth is modeled arouralttougk
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to represent the ground. The boundary conditiorinatdepth
is a constant temperature of 12°C, with the sidate model
considered insulating. Boundary element meshingsed to
increase the element density in the boundary lagee near
to the cable surface. Three groups of boundargitons are
required to represent the trough. The top surfdi¢ke lid and
the ground surface are convective boundaries witheat
transfer coefficient of 6W/AK, appropriate for still air
convection. This is an important change to thecgiplEC

TABLE IV
CENTREPHASE HEAT TRANSFERCOEFFICIENTCOMPARISON INCOVERED
TROUGHT1 (REFERENCED TO TROUGH AIR TEMPERATURE

Season CFD Effective Cable Surface Heat
Rating (A) Transfer Coefficient (W/m?K)
CFD Model IEC 60287
Summer 2139A 15.37 10.85
Spring/Autumn | 2300A 15.08 10.49
Winter 2449A 14.78 10.10

each method across the 3 rating seasons considiriectlear

60287 methodology which forces an isothermal grour@at IEC 60287 gives the most pessimistic ratingaih

surface boundary. Previous work on buried cabétesys has
proven this to be optimistic for steady state msdehere the
cables are shallow buried [11]. The cable surfamendaries
are modeled as a no slip wall condition, with a pted

convective heat transfer boundary for the therntplaéions.
Boundaries for the trough walls are also modeledhensame
principle. Joule and sheath losses are appliedher

respective domains as a function of temperatuneguisie full

IEC 60287 calculations [1]. The dielectric losses modeled
as a uniformly distributed heat source across idledtric.

D. Ventilated Trough

Much of the design of the ventilated trough model
common with that of the unventilated trough. Theatment
of the cable heat sources and the specificationmobt
boundary conditions is identical, with the only ogas being
those concerning the grille over the trough. Thlegtself is
assigned a no-slip wall condition for the momentomations
and is considered thermally insulating. The fréespace
between the metal louvers of the grille is modeéed an
ambient pressure inlet boundary at the referenteevaf 1
atmosphere, with air flowing into the trough assdne be at
the relevant seasonal ambient temperature. Warrax#ing
the trough is assumed to diffuse away from theleg@nd
hence may not re-enter the trough.

VI. CONTINUOUSRATINGS

This section outlines the results derived from ®ED
models described in Section V and forms compariseitis
the existing analytical techniques introduced iot®ea IIl.

A. Covered Trough

Solutions for the continuous ratings in the T1 cede
trough environment have been calculated using thredels,
namely the 2D CFD model, the empirical IEC 6028d tre
Anders analytical method, as described in (2)-(3able I
shows a comparison of the continuous ratings obtbfrom

TABLE Il
CONTINUOUSRATINGS FORCOVERED TROUGHT1
Season IEC 60287 Rating Rating from CFD
Rating (A) by [2] (A) Model (A)
Summer 2071A 2207A 2139A
Spring/Autumn | 2257A 2404A 2300A
Winter 2430A 2587A 2449A
TABLE IlI
AIR TEMPERATURECOMPARISON INCOVERED TROUGHT1
Season CFD CFD Mean Trough | IEC 60287 Air
Rating Air Temperature Temperature
(A ) (0
Summer 2139A 58.3°C 57.4°C
Spring/Autumn | 2300A 53.3°C 51.3°C
Winter 2449A 48.4°C 45.3°C

seasons. This fits the trend seen in the residlf2]o By
contrast the ratings calculated by the method p&fé slightly
more optimistic than those obtained from the CFBlysis, by
up to 5.6%. The disparity between the resultshef CFD
model and the IEC 60287 model can be attributeziriamber
of factors. One obvious point of comparisonhie assumed
air temperature in the trough, presented in Tdblelt is clear
that the higher rating given by the CFD model dogiscome
from a lower air temperature, as the IEC 60287 ragsuair
temperatures are lower by between 1-3°C dependnthe
season. However the data in Table IV shows thatctible
surface heat transfer coefficient (comprising dbntions
from both convection and radiation) is markedlyhggfor the
CFD results. The data for the CFD model is refeeeno the
mean trough air temperature to allow comparisonnag4EC

60287, which has only one single ambient tempesatur

specified (that of the air). The reason for th#edéence in
ratings becomes clear when the applicable heasfeapaths
are considered. In the CFD model there are effelgtitwo
heat sinks present. Heat may either enter theemhhir (via
the ground surface or trough lid) or dissipate délwough the
ground to the remote soil. The remote soil tentpeeaat 7m
depth is assumed seasonally invariant at 12°C, eharteere
the air temperature is 30°C in summer the remotaurgt
becomes more important as a heat sink.

The results obtained through the method of [2] lgher
than the CFD results for two reasons. Firstly tloey not
consider the impact of soil drying on the value Tof, a
particular concern for the summer season. The alotEC
60287 partial drying procedure can not be easilpliag to
this model as the composite T4 value contains tmrtons
from both the air and the ground. The drying pmeeoa does
not apply to the trough air, therefore this woukkd to be
treated separately. A second cause is that thendreurface
above the trough is considered to be isothermdleambient
air temperature. Fig. 4 demonstrates that thisldvoat be the
case, hencewthe assumption of an isothermal greunfidce

. =
82

22

18

i

10

Fig. 4. Temperature profile for covered trough T™infer parameters),
continuous rating of 2449A

Temperature (°C)

©2012 |EEE. Personal use of this material is peeditPermission from IEEE must be obtained footker users, including reprinting/ republishingsthiaterial for advertising or promotional purposesating
new collective works for resale or redistributiorservers or lists, or reuse of any copyrightedpmaments of this work in other works.



021

02

0.19

0.18
017
0.16
0.15

0.14
0.13

0.12

o
0.097

TABLE VI
AIR TEMPERATURECOMPARISON INVENTILATED TROUGHT1
Season CFD CFD Mean Trough IEC 60287 Air
Rating Air Temperature Temperature
(A) Q) Q)

Summer 2686A 35.8°C 30°C

Spring/Autumn| 2946A 25.9°C 20°C

Winter 3148A 16.0°C 10°C

0.086
0.075 b
0.065
0.054
0.043
0.032
0.022
0.011

I 51e-05

Fig. 5. Velocity vector profile for covered trougil model at winter season
continuous rating of 2449A

could lead to the heat transfer through the troligitbeing
overestimated. Fig. 5 illustrates the air velogitgfile during
the winter season. The impact of buoyant conveatian be
clearly seen above and around the cable surfategewthe air
is moving much more quickly. The temperature dédfee
across the air volume is relatively small at arodfdC, with
the cooler air below the cables as expected.

B. Ventilated Trough

The work presented in Section VI A for the covenexligh
design demonstrates that CFD models compare well
existing analytical techniques. This provides aberice that
the technique will be suitable for the rating ofntilated
troughs, for which no analytical solution is yetadable.
Results are calculated for the three seasons ukimgame
parameters as for the T1 covered trough model, With
results displayed in Table V. A comparison to stendard
IEC 60287 free air rating is given for the solaiekted case.
IEC60287 does not contain a direct method for gatinch an
installation, with [2] also being inapplicable ini¢ instance as
it does not cater for the circulation of air intof@f the trough.
From Table V, it is apparent that the introduct@hnatural
ventilation has allowed a significant increase ontmuous
current rating, with the biggest increase beingb@8for the
winter season. However the ratings are still bekbwse
expected from the same cable circuit installedrée fair, as

Velocity Vectors Colored By Velocity Magnitude (m/s)

Temperature (°C)

Fig. 6. Temperature profile for ventilated trouglodel T1 at winter season
continuous rating of 3148A
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0158
014
0123
0105
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0.070
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0.035
0017

Velocity Magnitude (m/s)

1.2e-05
Fig. 7. Velocity vector profile for ventilated tigh T1 model at winter season
continuous rating of 3148A

given by IEC 60287. Such behavior is expectechagrough
air temperature will exceed that assumed in the d&ie model.
A key point to note is that the CFD model predioisre

optimistic ratings than the existing “rule of thuhdf 90% of

the IEC free air rating. Instead the values cqued to

TABLE VII
AIR TEMPERATURECOMPARISON INVENTILATED TROUGHT2A AND T2B
Season CFD Rating CFD Mean IEC 60287
(A) Trough Air Free Air
T2A T2B | Temperature (°C) Rating [A]
Summer 2902A| 2877A 32.3°C 35.3°( 3006A

Spring/Autumi | 31684 | 3127A | 22.4°C_| 25.5°C | 32744
Winter 3401A | 3398A | 12.6°C | 15.1°C | 3523A

around 96% of the free air rating. Table VII destwates
similar trends for the Trough 2A/2B specificatiomghere the
rating obtained for the 2B configuration is mardiyndower
than the three phase trough 2A. This can be at&ibto the
greater volume of air present in the trough peivaatable in
the T2A design. The cause for the rating increass the
unventilated trough design is mainly the reduction air
temperature, as evidenced by the data of TableT¥ie mean

TABLE V
CONTINUOUS RATINGS FORVENTILATED TROUGHT1
Season IEC 60287 Free| Rating by Increase on
Air Rating (A) CFD (A) Covered Trough
CFD Rating (%)
Summer 2774A 2686A 25.5%
Spring/Autumi | 3024A 29464 28.1%
Winter 3257A 3148A 28.5%

air temperature in the T1 trough is seen to extkedimbient
temperature by approximately 6°C. Table VII shaimsilar
values for T2B, although the air temperatureease for the
T2A trough is lower. Fig. 6 illustrates that inetA1 trough
the air temperature distribution is slightly unewdure to the
direction of air circulation, visible from the velity vector
plot in Fig. 6. This particular pattern is inigat due to the
shape of the grille installed (which has the duatppse of
preventing direct sunlight from entering the trough

The effective heat transfer coefficient data présgnn
Table VIII shows values from the CFD models whiate a
much closer to those from IEC 60287. Analysishaf model
data for the winter seasons shows that the vastrityapf the
heat generated by the cables is removed from tlgltr by
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TABLE VI
CENTREPHASE HEAT TRANSFERCOEFFICIENTCOMPARISON INT1
VENTILATED TROUGH(REFERENCED TO TROUGH AIR TEMPERATURE

Season CFD Effective Cable Surface Heat
Rating (A) Transfer Coefficient (W/m?K)
CFD Model IEC 60287 Free Air
Summer 2686A 11.99 10.85
Spring/Autumn | 2946A 10.98 10.49
Winter 3148A 10.70 10.10
TABLE IX

AIR TEMPERATURECOMPARISON INT1 VENTILATED TROUGH

Season CFD Ventilated IEC 60287 Free Air Rating
Trough Rating (Based on trough air
(A) temperatures, A)
Summer 2686A 2620A
Spring/Autumn | 2946A 2879A
Winter 3148A 3119A

the exchange of air in the ventilated trough cagetotal of
92.7% of the total heat transfer occurs in this neanwith the
remainder being transferred to the remote grounoutih the
walls of the trough. By comparison, for the unviatgd
trough model only 53.3% of the generated heat etkits
trough through the concrete lid.

Based on this information, it would be expecteat fifi the
trough air temperature from the CFD model was ugetthe
IEC 60287 rating calculation, the ratings obtaisbduld be
slightly below those from the CFD model. This wibule
because the heat transfer path through the trowdls to the
soil is neglected in IEC60287. Examining the ressil Table
IX, this hypothesis appears to be valid with thifedénce in
the warmer seasons being around 2.5%. The resithe two
models are very similar in the winter season asrdmote
ground temperature at 12°C is very close to the
temperature of 16°C, hence the total heat trarexiaésrsmall.
C. Senditivity Analysis

In order to further illustrate the benefits of uginaturally
ventilated troughs, a comparative sensitivity asialjras been
undertaken to the key variables.

1) Solar Radiation

The air temperature values assumed in [10] areht&ilgto
include the effects of solar radiation, howeves ipossible to
add an additional incoming heat flux to the grou
surface/trough lid boundaries to allow solar radiatto be

modeled directly. This may be of value in the wirdeason at

certain locations, where the air temperature mayoke but
the troughs may still be exposed to significanasohdiation.
For the covered T1 trough model, the addition tfe¥i 100W

m? or 200Wn¥ of solar heating (with a ground surfac

emissivity of 0.8) leads to continuous rating deses of 7.7%
and 16.0% respectively, due to higher ground serf
temperatures and reduced heat transfer througtrdbgh lid.
However for the T2A ventilated trough model, théeefs are
only 1.3% and 3.0% respectively. Although the intpan
ground surface temperatures away from the troughhés
same, because more than 90% of the heat transfea igir
circulation the rating impact is small as no saladiation
passes the grille into the trough.

2) Remote Ground Temperature

As both covered and ventilated troughs are so dogee
ground surface, the impact of the remote groundotrature
is very small. Taking the covered trough as amgla, a 2°C

e

6

increase in the remote ground temperature to 14%@yzes
only a 0.2°C change in conductor temperature instmamer
season. Similarly small effects are seen for thatilated
design, as would be expected given the low seiftgitio
ground surface temperature already noted.

3) Ground Surface Convective Coefficient

As with previous models which specify a non-isothalr
ground surface, the rating obtained will naturdiéy sensitive
to the assumed convective heat transfer coeffictentthis
surface [11]. For the T1 covered trough, incregsihe
convective heat transfer coefficient from 6 V' to
10.6Wm?K ™ (equivalent to 1mSwind speed) for the summer
season reduces the conductor temperature by @ik a
further 1.7°C reduction is seen if 2 this assumed. Given
that the steady state nature of the models, itnigortant to
select a value representative of the average dgongdliat site.

4) Soil Thermal Conductivity

For directly buried cables, the rating is very $@resto the
soil thermal conductivity. Again the T1 coveredugh rating
is quite sensitive to the assumed soil thermal gotidity,
with an increase from 0.5-1W:K™ leading to a reduction in
conductor temperature of 4.1°C for the summer seaso
However the impact on the temperatures in the hatat
trough is negligible for the same variationkpagain due to
the dominance of heat transfer via air circulatiather than
conduction through the trough to the surroundirigy so

VILI.

Within the UK transmission network, emergency rgsimre
defined as the highest current which can be apptiesd cable
@frcuit for a finite duration (for instance 6 holrgiven prior
operation of that cable circuit at a defined petage of its
continuous rating (preload). Although no ratingthog exists
for ventilated troughs, the nearest comparatorcéies in air
is that of IEC 853 [12], where the short term eneery rating
can be calculated by

EMERGENCY RATING CALCULATIONS

) (RR)(Gmax_hZ &)
I, = thl Rimax er(oo) ! R, (10)
2 . Rmax GR (t)/HR (oo)

r"\%lhere b (A) is the emergency rating over the duration t

(hours), k is the steady state loading (calculated from IEC
60287), h is the preload factor between 0 and 1 (where 1 is
the continuous load), R; is the ac resistance of the conductor
under preload®m™), R is the ac resistance at the end of
the emergency rating perio@?), Rs is the ac resistance
under continuous rating Qn), Omax iS the maximum

aeermissible temperature rise above ambient at tik @&

€mergency loading (°Chgg is the conductor temperature rise
(°C) above ambient after application @ffor time t andg,
is the value of in steady state.

A. Covered Trough

For unventilated troughs there is some difficuttyhandling
the air temperature rise in the trough, calculdigd1l). A
suitable initial value can be determined, howeves forces
the assumption that there is no changatipover the duration
of the emergency rating. While such an assumpt@mnd be
viable over a short emergency rating period, ogagér rating
periods it would be expected to lead to an ovarrede of the
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true rating. To explore the potential for this happen, a

TABLE XI
SIX HOUR EMERGENCY RATINGS FORVENTILATED T1 CABLE TROUGH

transient version of the unventilated T1 trough GRBdel has
been solved to obtain the seasonal 6 hour ratinfise data is
compared against the results of the convention&l B53

analysis in Table X. For the IEC 853 data it isussed that

the value ofA6, remains constant at the preload value.

A number of trends are clear from the data in TableAt
higher preloads, the IEC 853 calculation undemestes the

Preload (%) 6hr Emergency Rating (A)
Summer Spring/Autumn Winter

CFD |IEC* CFD IEC* CFD IEC*
85% 2871A| 3280A| 31197 3552A 33287 3806A
75% 29174 | 3328A | 3168A | 36032 | 3380A | 3859A
60% 30184 | 3388A | 3275A | 36664 | 35004 | 3925A
30% 3156A| 3467A| 3407A 3749A 3650A 4012A
0% 3200A| 3492A| 3457A 3776A 3706A 4041A

six hour rating when compared to the CFD modelis Thin
part due to the fact that the CFD analysis givebigher
continuous rating, meaning that in the CFD model itfitial
cable temperature is lower. However as the prefiesdeases,
the agreement between the two models improvess ddn be
more easily seen in Fig. 8, which compares the matarms

of preload magnitudes. Under the emergency ratasg, itis <

clear that the more realistic dual temperature hgak 2 200

modeled by the CFD model has a greater effect. s Téi %’ 2000

particularly true in summer, where the temperatiifierence & e UV Summer
between the two heat sinks is greater. A seconde 2800 | —O— UV Spring

contribution comes from the fully temperature defsart
modeling of cable losses in the CFD model, rathantthe
approximation used in IEC 853.

B. Ventilated Trough

The analysis presented in the previous sectionwshioat
the CFD modeling approach gives higher six hourrgercy
ratings for the unventilated trough than the engtiEC 853
analysis, despite the failure of the IEC methoddoount for
the increase in trough air temperature over thagaturation.
Table XI and Fig. 9 illustrate the six hour ratimgsults
obtained from the ventilated trough CFD modelis klear the
ventilated trough offers greatly improved six haatings,
especially for the higher pre-fault loads. Thisws through
the trough air temperature at the start of theoalperiod

TABLE X
SiXx HOUR EMERGENCY RATINGS FORCOVERED T1 CABLE TROUGH
Preload (%) 6hr Emergency Rating (.
Summer Spring/Autumn Winter
CFD IEC853 CFD IEC853 CFD IEC8583

85% 2459A| 2224A| 26357 2425A 28257  2612A
75% 2630A| 2368A| 28257 2583A 3013A 2783
60% 2812A | 2587A | 3031A | 2821A | 3235A | 3040A
30% 30444 | 2915A | 3278A | 3175A | 3485A | 34174

0% 3119A| 3029A| 3359A 3297A 3568A  3545A
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2800

—@— Summer CFD
—O— Spring CFD
—w— Winter CFD
—@— Summer IEC
—-O— Spring IEC
—¥— Winter IEC

Six Hour Rating (A)

2600

2400

2200 -+ T T T T
500 1000

Preload (A)
Fig. 8. Comparison of CFD and IEC 853 derived @eak six hour
emergency ratings for the unventilated trough desig

*|EC 853 rating for cable in free air
3800

3600

3400

—¥— UV Winter
—®— V Summer
—-O— V Spring
—¥— VWinter

2600

2400 - T T T T T
500 1000 1500 2000 2500

Preload Current (A)

Fig. 9. Comparison of seasonal six hour emergeatings against pre-fault
load for both trough designs (UV=unventilated trioug=ventilated trough).
being significantly lower than in the unventilatezhse.
However the data in Table XI also demonstrates that
emergency ratings for the ventilated trough arellydewer
than the IEC 853 free air emergency rating fordame cable,
due to the CFD model accounting for the increadeoimgh air
temperature. Despite this, the improved emergeaating
performance available from moving to ventilatedugbs is
high compared to the relatively low capital speaqiuired.

VIIl. M ODEL EVALUATION

The 2D CFD models presented in this paper areivelgt
easy to build and can be solved in an acceptallgtieof
computation time (circa 15 minutes). However theffer the

, disadvantage of requiring a bespoke model and rizestach

new trough or cable geometry, while such parametansbe
changed with ease in an analytical analysis su¢tB@$0287.
For conventional unventilated troughs the use dfeeithe
IEC approach or that of [2] is likely to be suféat and a CFD
analysis would not be worthwhile in most cases.

For the ventilated troughs where no direct anadytic
calculation exists at present, the use of CFD aealyis
valuable. However, as the route length instalfettoughs is
often short and other sections may prove more thiym
limiting, assuming a baseline capability of 90%tbé IEC
60287 free air rating appears a viable, if potdytia
conservative option. In the longer term it wouftbear more
computationally efficient to devise a determinissicalytical
method, the research for which is already underway.

IX. CONCLUSIONS

This paper has presented a method for the calonlatf
cable ratings in air filled troughs using compuaél fluid
dynamics analysis. Comparison with existing amedyt
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methods for unventilated troughs has sn that the IEC
60287 method can give conservative ratings throangh
explicitly modeling the thermal effects of the gnououtside
the trough. The analytical calculation presentefR] is less
conservative than the IEC 60287 method, howevearit give

ratings in excess of those found using CFD mode

Application of the CFD modeling technique to theeaf
naturally ventilated troughs has shown that in@sas the
continuous current rating of up to 28% are feasibléis is
due to a considerableduction in the air temperature ins
the trough through the circulation induced by theoyant
convection of air around the cables. Where trdigghcan be
safely replaced by ventilated grilles, for instanteside
substation compounds, the use oftsumethods removes ti
need for forced ventilation, minimizing ongoing t®osand
reducing availability constraintsWhile no formal analytice
rating method exists, it is recommended that thengais
assumed to be 90% of the IEC Free Air (Solar Shi)
continuous rating, provided that the grille desigmployec
prevents solar radiation from entering the trougtesearch i
ongoing to derive an analytical or empirical eqer to avoid
the need to undertake CFD analysis.

Analysis of the commonly apipd 6 hour emergency ratil
for unventilated troughs has shown that despitel#t& 853
calculation failing to consider the change air temperature
over the course of the six hours it gives more eoraive
results than the CFD analysis. This can ltributed to the
higher rate of heat transfer through the groundhim CFD
analysis. The increase in emergency rating galryeshoving
to ventilated troughs is only around 100A for thawvést
preloads, however vast increases in six hour ratingre
calcdated for preloads greater than 1000A. Where
possible to convert substatiomough sections to natur
ventilation, the operational rating benefits arghhiwhen
considered against the required capital sf However some
additional maintenance mde required to ensure the troug
and grilles remain clear of leaves and del
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