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The Effect of Cable Duct Diameter on the Ampacity of High-
Voltage Power Cables

Abstract. The ampacity of power cables depends, among others, on the conditions of heat dissipation from the cable to the environment. Cables are
usually laid directly in the ground, but in some sections, they may be placed in ducts, which adversely affects the ampacity of the cable line. The
paper presents heat transfer phenomena for cables installed in pipe-type ducts filled with air. The effect of cable duct diameter on this ampacity is
discussed. The results of the theoretical analysis have been validated by calculations performed with CYMCAP software. The comparison of the
ampacity for air-filled vs. water- or bentonite-filled ducts is also included. The analyses and comparisons have shown that with an appropriate
dimension of the duct, the simplest filling (with air) allows to obtain the ampacity not lower than when water or bentonite is used.

Streszczenie. Obcigzalno$¢ pragdowa dfugotrwata kabli elektroenergetycznych zalezy miedzy innymi od warunkéw oddawania ciepta z kabli do
otoczenia. Kable sg zwykle uktadane bezpos$rednio w ziemi, ale na pewnych odcinkach stosuje sie przepusty kablowe, co niekorzystnie wptywa na
obcigzalnos¢ linii kablowej. W artykule przedstawiono zjawiska wymiany ciepta w rurowych przepustach kablowych wypetnionych powietrzem.
Przeanalizowano wyptyw Srednicy przepustow na te obcigzalno$¢. Wyniki analizy teoretycznej zweryfikowano przy uzyciu programu komputerowego
CYMCAP. Poréwnano réwniez obcigzalno$¢ pradowa dfugotrwatg kabli w przepustach wypetnionych powietrzem z obcigzalno$cig w przypadku
wypetnienia przepustéw wodg lub bentonitem. Analizy i porébwnania wykazaty, ze przy odpowiednich wymiarach przepustu najprostsze wypetnienie
(powietrzem) pozwala uzyskac obcigzalno$¢ kabli w przepustach nie mniejszg niz przy zastosowaniu wody lub bentonitu.

(Wptyw Srednicy przepustéw kablowych na obcigzalno$¢ pradowg dfugotrwaig kabli elektroenergetycznych wysokiego napiecia).
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Introduction perform drilling according to the assumed path. When

In practice, the best possible heat dissipation from
cables is needed to ensure their maximum ampacity. The
solution for calculating the ampacity of underground power
cables proposed by Neher-McGrath [1] has been widely
accepted for over 60 years now. Today, the power industry
uses |IEC 60287-1-1 standard [2], where the Neher-McGrath
model contributes a lot.

Generally, the ampacity of a power cable can be
calculated from the following dependency [2]:

) . - AG—Wy-[0.5-T; +n, -(Ty + T3 +T4)]
A R-Tl+nc-R-(1+/11)-T2+nc-R-(1+/11+ﬂ,2)-(T3+T4)

where (based on [2]) : I, — ampacity of the power cable, A;
A6 — permissible temperature rise of the conductor above the
ambient temperature, K; Wy — dielectric loss per unit length per
phase, W/m; T,  — thermal resistance (per core) between the
conductor and sheath, (Km)/W; T, — thermal resistance between
the sheath and armour, (Km)/W; T;  — thermal resistance of
external serving of the cable, (Km)/W; T, - thermal resistance
between the cable surface and the surrounding medium (e.g. soil),
(Km)/W; n, — number of conductors in the cable; R — AC current
resistance of the conductor at its maximum operating temperature,

Q/m; A4, - ratio of total loss in metallic sheaths to total conductor
loss; 4, - ratio of total loss in metallic armour to total conductor
loss, -.

When the cable line is laid in different ambient
conditions, its permissible load depends on the section
having the worst ability for heat dissipation. This mainly
includes crossings with heat sources such as other power
cable lines, heat and steam pipelines, or cables’ sections
where laying conditions significantly change (e.g. cables
partially laid in pipes/ducts or in free air with possible high
insolation) [3—10].

To lay power cables in a significant depth, for long
distances, and/or below various obstacles, the method
called Horizontal Directional Drilling (HDD) is used (Fig. 1).
The HDD is a method of installing an underground pipe/duct
with trenchless technology, which involves the use of
a directional drilling machine and associated attachments to

a pipe is installed in the ground, the power cable is pulled
inside the pipe. The cables laid in pipes are usually in trefoil
formation and a separate pipe should be used for each
single-conductor cable.

When the cable is installed in a deep pipe/duct, its
ampacity significantly decreases, compared to the directly
buried cables, which negatively influences both technical
and economic aspects. The key factors affecting the
ampacity for this kind of installation are: dissipation of the
heat coming from a long distance to the ground surface,
thermal resistivity of the pipe/duct filling (bentonite, water, or
just air), as well as in the case of bentonite utilization, the
effects of possible formation of voids inside the duct
resulting from bentonite fluid injection imperfections during
the processes of directional drilling [11] and drying-out of
the bentonite.
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Fig.1. Horizontal Directional Drilling (HDD) machine with ducts
pulled over
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Fig. 2 presents the results of an experiment examining
the bentonite drying-out phenomenon inside the bucket.
After taking the original liquid form (during preparation)
needed to pour it into a duct, the bentonite changes the
characteristics to those of a gel medium — it shrinks and
cracks, because of drying-out. According to [12], the
thermal resistivity of bentonite is usually below 1.0 (K'm)/W,
in both fluid and solid form — and this value (1.0 (K'm)/W) is
recommended as the reference for the native soil in various
countries while designing cable lines [13, 14]. However, the
drying-out process makes that some parts of bentonite
filling become behaving as air-filled areas, which negatively
influences the originally assumed heat transfer.

Another filling medium in pipes/ducts is water. It is easy
to use and has low thermal resistivity (25 times lower than
air [8]). The disadvantages of using water as filling medium
include the tendency to evaporation and the necessity of
refilling when the pipes are unsealed. Moreover, water
tends to make a microbiological film on the cable and the
internal surface of the pipe, which worsens the heat
dissipation.

Fig.2. Effects of bentonite drying-out inside the bucket. Cracks and
shrinkage of the bentonite from the bucket wall toward the center
progressed within approx. 2 weeks of making the sample

-

As the CIGRE document reports [15], warmer water
tends to collect at higher points of the duct, thus causing
a difference of about 10 °C between the temperatures along
the length of the pipe/duct. The phenomenon of different
temperatures along the water-filled duct was also observed
in Distributed Temperature Sensing (DTS) measurements
of Stadium — “Powisle” substations for the 110 kV power
cable line in Warsaw, Poland [16]. The maximum
temperature difference amounting to around 10 °C along
the duct (Fig. 3) reduced the positive effect of water filling in
some duct sections.

cable duct

R
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Cable line posiion [m]

Fig.3. Maximum and minimum temperatures recorded in DTS

measurements for the 110 kV power cable system Stadium —

“Powisle” (along its length) in Warsaw, Poland in 2015 [16]

Taking in mind the aforementioned disadvantages of
filling the ducts with water or bentonite, it is reasonable to
focus on the optimization of dimensions of cable
pipes/ducts filled with air. This type of duct filling is the
simplest (compared to bentonite or water), and, as the
authors’ further investigation will show, the air-filled duct
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may give the ampacity not worse than that provided by the
water- or bentonite-filled duct.

The further part of the paper presents the investigation
of the ampacity of power cables laid in pipe-type ducts.
Heat transfer phenomena in such a cable arrangement are
analyzed. The effect of pipe diameter on the ampacity of the
power cable is presented.

Assumptions for the ampacity analysis

The analysis of the high-voltage power cable ampacity
is conducted for the cable line formation depicted in Fig. 4
and ambient paremeters colated in Table 1.

Fe50.10 Hz
N=IEC-220

Aumbucnl lewp = 10T

Wative sod- 1.000°C mw

Fig.4. The arrangement of the analyzed power cable system;
cables in pipe-type ducts: trefoil formation, thermal resistivity of the
native soil 1.0 (K'm)/W, ambient temperature (soil) 10 °C

Table 1. Cable type and other parameters assumed in the analysis

Single-core 110 kV power cable, aluminium

Cable conductor of cross-section 1400 mm?
External diameter of 99.08 mm
the cable
Depth of burial 22m
Sheath bonding cross-bonding
Temp_eraturg of 10 °C
native soil
Thermal resistivity .
of native soil 1.0 (Km)yW

If the power cable is laid in a duct, its external thermal
resistance T,, included in (1), consists of three components
[17]:

2) Ty=T,+T, +T,

where: T, — thermal resistance of the air space between the
cable surface and the duct internal surface, (Km)/W, T, —
thermal resistance across the wall of the duct, (Km)W; T,"
— external thermal resistance of the duct, (Km)/W.

The cable arrangement in the air-filled duct is shown in
Fig. 5, along with relevant heat transfer components. The
heat transfer consists of the following components:

1) convection from the cable surface to the air inside the
duct,

2) convection from the air inside the duct to its wall,

3) longitudinal convection due to either forced or natural
flow of air along the duct,

4) surface-to-surface radiation from the cable surface to
the duct wall.

5) conduction across the duct wall.

~ . Convection from

7 1 LI inside air to duct wall
/ Radiation from '

cable surface to L —
duet wall e

Longitudinal convection

Duct walls - Convection from cable surface

L | to air inside the duct

N\ = |

A

Cable

Conduction

Fig.5. Heat transfer in the cable duct (according to [11], with
changes)
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The thermal resistance T, mainly depends on the
parameters of the material used to produce the duct and the
external/internal diameter ratio. The thermal resistance T,"
mainly depends on the environment around the duct and
the area of heat transfer from it. However, from the point of
view of the effect of the duct on the cable ampacity, the
most interesting term is the thermal resistance T4.
According to the dependency (3) derived from [17] it can be
concluded that for air-filled pipes/ducts, the resultant
thermal resistance of the air space between the cable
surface and the pipe/duct internal surface does not depend
on pipe diameter:

(3) T, = v
1+0.1-(V +Y -6,,)- D,

where: D, — external diameter of the cable, mm; 6, —

mean temperature of the medium filling the space between
the cable and duct, °C; U, V,Y —  constants depending on
the type of installation, given in Table 2.

Table 2. Values of constants U, V and Y used in (3), according to [17]

Installation condition U \ Y
In metallic conduit 5.2 1.4 0.011
In fibre duct in air 5.2 0.83 0.006
In fibre duct in concrete 5.2 0.91 0.01

In asbestos cement:

Duct in air 5.2 1.2 0.006

Duct in concrete 5.2 1.1 0.011

Gas pressure cable in pipe 0.95 0.46 0.002
Qil pressure pipe-type cable 0.26 0.0 0.002
Plastic ducts 1.87 0.312 0.003
Earthenware ducts 1.87 0.28 0.003
Water filled ducts 0.1 0.03 0.001

~ The above conclusion regarding the thermal resistance
T, significantly simplifies the analysis of the ampacity of
cables in ducts.

Analysis results

As aforementioned, the ampacity of power cables
depends on the intensity of heat dissipation from cables to
the surrounding space. For the purpose of the analysis, the
total power loss (per unit length) generated in the cable is
marked as W;. Based on Fig. 5, this power loss is dissipated
to the environment by convection, conduction and radiation:

(4) Wt = Wconv,s + Wcond + Wrad,s—w

where:W,y s natural convection heat transfer rate
between the cable external surface and the surrounding
medium, per unit length, W/m; W,.,s — conductive heat
transfer rate in the medium surrounding the cable, per unit
length, W/m; Wy,qs.w — thermal radiation heat transfer
rate between the cable external surface and the duct (pipe)
internal surface, per unit length, W/m.

To evaluate the ampacity of the cable placed in the air-
filled duct as a function of duct diameter, an algorithm was
created which analytically calculates power loss dissipation
from the cable. The components included in (4) can be
calculated from the following expressions [4]:

() Wconv,s = hs '(95 - gw)' A
(6) Weond = i ) (HS -0y )
)

(7) Wrad,s—w = Asr : Fs,w ‘OB - (95 - gw )

where: h,— natural convection coefficient at external surface
of the cable, W/(K'mz); 0, — average temperature of
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external surface of the cable, °C; 6, — temperature of

internal surface of the pipe, °C; A, — area effective for
convective heat transfer, m? per unit length; p — thermal
resistivity of the medium inside the pipe, (Km)/W; A, — area
of the cable surface effective for heat radiation, m?, per unit
length; F,, — thermal radiation shape factor — its value
depends on the geometry of the system; o3 — Stefan-
Boltzmann constant, equal to 5.67-10°° W/(m?K*).

The analyses of thermal resistances Ty, T,, T,, T," in
expression (2), heat transfer mechanisms W,, W ,.y.5, Weonds
Woisw in expressions (4)-(7), and the resulting cable
ampacity were performed for conditions given in Fig. 4 and
Table 1. With regard to the dimiensions of the pipe-type
duct, it should be mentioned that the standard dimensional
ratio (external pipe diameter to pipe wall thickness ratio) is
equal to 11 — it is marked SDR11. The results of the
performed analyses, shown in Figs 6-8, have revealed that:
e The thermal resistance T, of the medium (air) inside the

duct is constant (Fig. 6), which confirms the conclusion
regading T, from the previous section.

¢ The thermal resistance T, across the wall of the duct
(Fig. 6) is constant due to the constant value of the
external/internal diameter ratio for the pipe/duct [17].

e The external thermal resistance T," (Fig. 6) decreases
with the increasing pipe diameter.

e The share of heat dissipation by convection Wy
increases with the increasing pipe diameter (Fig. 7), due
to more intensive air flow in the pipe/duct.

e For pipes/ducts with relatively small diameter, heat
dissipation through conduction plays an important role
(Weonq in Fig. 7).

e T4
o T4
1sp—Te

— T4

Thermal resistance (K'm/W)

e

0 100 200 300 400 500
Pipe external diameter (mm)

Fig.6. Thermal resistances in the cable duct as functions of
pipe/duc} ex}emal diameter. For description of thermal resistances
T4, T4, T4, T4 see expression (2)

W components (Wm)
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Fig.7. Heat transfer rate components W5, Weond, Wrasw @nd total
power loss W, generated in the cable duct (per unit length) as
functions of pipe/duct external diameter. For description of Weeny s,
Weonds Wradsw, Wi S€EE €XPressions (4)—(7)
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Fig.8. The ampacity of the power cable system as a function of
pipe/duct external diameter (for the cable system and other details
see Fig. 4 and Table 1)

e For larger pipe/duct diameters (160 mm or more), the
heat dissipated by thermal radiation (W45, in Fig. 7)
gives around 70% share (W4.n/W,) in total heat
dissipation.

Consequently, the larger the diameter of the pipe in which

the cable is placed, the higher its ampacity (Fig. 8).

When installing a cable in a pipe-type duct, the internal
duct diameter is usually at least 1.5 times larger than the
external diameter of the cable [18, 19]. For the investigated
case, when the cable external diameter is 99.08 mm (see
Table 1), the normalized pipe of PE200, SDR11 or larger
should be used (the pipe internal diameter is 163.6 mm and
it gives the diameter ratio 163.6/99.08 = 1.5). Such
a diameter of the pipe/duct results in the ampacity equal to
863.7 A (see Fig. 8). The increase of pipe diameter to
400 mm gives the ampacity equal to 923.2 A (ampacity
increase by around 7%).

The above investigation of power cable ampacity has
been validated with CYMCAP software [20]. Comparing the
results from the analytical approach (Fig. 8) with those
obtained from the software-aided calculation (second
column in Table 3), it can be concluded that the accuracy is
around 1 A.

For a wider comparison of types of duct filling, Table 3
also contains the results of ampacity calucations for ducts
filed with water and ducts filled with bentonite. One can
observe that, for example, the duct of 160 mm diameter
filled with bentonite gives the same ampacity as the duct of
225 mm diameter filled with air. Therefore, in some cases
(very long and deep cable ducts), it can be more favourable
to use a larger diameter of the airfilled duct (the simplest
and cheapest solution) than a smaller diameter duct filled
with bentonte or water.

Table 3. The ampacity of the analyzed power cable system in duct
for various types of filling calculated with CYMCAP software

Pipe/duct Duct filled Duct filled Duct filled
external with air with water with bentonite
diameter 0.6 (Km)/W
160 mm 843 A 871 A 874 A
200 mm 863 A 895 A 895 A
225 mm 874 A 907 A 905 A
400 mm 923 A 961 A 949 A
500 mm 942 A 982 A 966 A
Conclusion

The article presents the results of analytical calculations
of the ampacity of high-voltage power cables installed in
cable ducts. The effect of duct diameter on this ampacity is
investigated. The investigation is mainly conducted for
cable ducts filled with air, which is the simplest duct
arrangement. The results of the analysis have shown that
the increase of the diameter of the air-filled duct may give
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the same ampacity of cables as in the case when the duct
of a smaller diameter is filled with water or bentonite. Taking
into account problems with effective filling of cable ducts,
especially when bentonite is used, for very long and deep
ducts the authors recommend the simplest solution: the air-
filled duct with properly increased diameter.
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