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VERIFICATION OF GRØFT DESIGN® WITH CIGRE TB 880 
Technical documentation 

In this report, the software Grøft Design® (Grøft) has been validated against Technical Brochure 880 issued by CIGRE Working 
Group B1.56. The objective of this validation is to confirm that current ratings calculated by the software are consistent with the 
IEC 60287 standard and the recommendations provided by WG B1.56. The validation is based on benchmarking Grøft against 
nine reference case studies (CS0, CS1, CS4, CS5, CS6, CS7, CS8, CS9, and CS10). For each case, the modeling approach is 
described, and guidance is provided for users applying Grøft. 
 
Grøft reproduces the results reported in TB 880 for the selected case studies with high accuracy. Several discrepancies between 
results obtained using Grøft and those derived from the IEC-based approach are identified and discussed in this report. The 
analysis identifies differences between the two modeling approaches that arise from different detail resolution. 
 
At present, Grøft does not support the analysis of cables with steel armour as described in CIGRE Technical Brochure 908. 
Consequently, subsea cable of this type presented in TB 880 (case study CS2) was excluded from this validation. 
 
Users of Grøft are expected to have a basic understanding of cable rating calculations, and final assessments should be 
performed by qualified personnel. The results produced by Grøft depend on multiple cable parameters and influencing factors 
and are particularly sensitive to the thermal properties of the surrounding environment. As noted in CIGRE TB 880: from an 
engineering standpoint, the current rating of a cable is not a single fixed value but rather a range. This range should reflect 
sound engineering judgment and understanding of the current rating concept, rather than the arbitrary application of IEC 
60287. 
 

 
GRØFT DESIGN® 

Grøft Design® (Grøft) is a computational software tool for thermal and electromagnetic analysis of power cable installations. 

Built on the multiphysics framework and Finite Element Method (FEM), Grøft enables modelling of complex cable systems and 

their surrounding environments, resolving additional physical details relative to IEC. Grøft is developed by REN AS1 through 

several research projects together with industry partners and the Research Council of Norway.  

 
IEC 60287 AND CIGRE TECHNICAL BROCHURE 880 

The international standard IEC 60287 [1] provides a widely accepted, formula- and parameter-based method for calculating 

the current rating of power cables. It serves as a primary reference for engineers performing such calculations and for 

stakeholders requiring compliance with recognized standards. However, the standard is limited to a defined range of cable 

types and installation conditions. In addition, developing an accurate theoretical cable model requires substantial expertise in 

cable rating analysis. Even experienced engineers, supported by computer-aided tools, may find it challenging to apply the 

standard’s theoretical framework to complex cable installations or to accurately represent the many design features of modern 

cable systems. This can lead to inaccuracies in cable rating assessments, resulting in either overestimation or underestimation 

of installation capacity. 

 

To address the need for more comprehensive and practical approaches to cable rating calculations, CIGRE Working Group 

B1.56 has published Technical Brochure 880 (TB 880) [2]. This document supplements IEC 60287 by introducing extended 

study cases that cover modern and more complex cable installations. It includes a series of detailed case studies and provides 

structured guidance for engineers performing cable rating calculations. In addition, TB 880 is widely used as a benchmark for 

the verification and validation of commercial cable rating software. 

 
 
 

 
1 REN AS is a leading center of competence and technology for power grid operations in Norway. In collaboration with 

norwegian grid operators, REN develops tools and guidelines to maintain standards and best practices in the design, 

installation, and operation of electrical power networks. 

https://www.ren.no/
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1. METHOD 

CIGRE Technical Brochure 880 provides a set of validated reference case studies intended to support the benchmarking and 

verification of cable rating calculation tools. The purpose of this report is limited to comparing the modeling approaches and 

underlying assumptions used by Grøft and by the analytical methods presented in TB 880, in order to promote transparency 

for users of the software. This comparison is not intended to rank the accuracy of IEC 60287 or TB 880 as a standard and 

reference document; rather, it aims to illustrate how differences in modeling scope and resolution between an analytical, 

formula-based approach and a finite element-based approach can lead to differing results for specific cable configurations. 

Any observed discrepancies should be interpreted in this context, and not as an assessment of the validity of the standard itself. 

 

To evaluate the performance of Grøft Design® with reference to CIGRE Technical Brochure 880, all case studies included in TB 

880 for which the boundary conditions can be represented using Grøft functionalities have been analyzed. The comparison 

focuses on the resulting temperatures and heat losses at the reference cable rating, with cables modelled in Grøft in 

accordance with the specifications provided in TB 880. 

 

Similarities and differences in modeling approaches, including cable representation and the definition of reference conditions, 

are systematically identified for each case study. Discrepancies in cable rating results between Grøft and TB 880 are examined 

in detail and, where relevant, attributed to specific modeling assumptions. For selected cases, the analysis is further supported 

by hand calculations based on IEC methods, empirical models describing heat transfer mechanisms, and FEM analyses carried 

out in the COMSOL Multiphysics® software [3]. The details of these supporting analytical models are included in this report. 

 

2. BOUNDARY CONDITIONS 

For all cases, except for cable in trough, the cable installation (installation depth) is placed 1 m beneath the ground surface. 

The installation depth (not the Layout depth, as found in Grøft) is measured from the center of the cable for flat laying 

of cables, and from geometrical center of the cable’s installation for triangular formation, i.e. cables or ducts. In Grøft this 

distance (installation depth) is not directly represented with the parameter, therefore it must be adjusted accordingly. 

For cables in touching trefoil or cables placed in touching pipes, the parameter Cover thickness, shall be calculated as: 

 

𝐶𝑜𝑣𝑒𝑟	𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 	𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛	𝑑𝑒𝑝𝑡ℎ − 5
1
2 +

√3
3 ; ∙ 𝑐𝑎𝑏𝑙𝑒	𝑜𝑟	𝑝𝑖𝑝𝑒	𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 

 

For cables in flat formation: 

 

𝐶𝑜𝑣𝑒𝑟	𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 	𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛	𝑑𝑒𝑝𝑡ℎ −
1
2 ∙ 𝑐𝑎𝑏𝑙𝑒	𝑜𝑟	𝑝𝑖𝑝𝑒	𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 

  

For all cases, except for cable in trough, the ground surface is assumed to be isotherm. The bonding type for cables varies 

for each case.  

 

3. HEAT LOSSES IN CABLE 

The analyses performed in Grøft account for all major sources of heat loss, including conductor, sheath, and dielectric 

losses. In addition, the software calculates losses in metallic components such as steel armoring and steel pipes, 

incorporating both eddy-current and hysteresis effects. 

 

However, Grøft does not currently support the accurate calculation of losses in submarine cables with helically applied 

armor wires. According to CIGRE TB 908, reliable assessment of such losses requires either a full 3D FEM model or the 

dedicated analytical methods presented in the brochure. This requirement arises from the need to represent the true helical 

geometry of the armor wires. The magnetic permeability of the armor significantly alters the internal electromagnetic field 

distribution, which in turn affects eddy-current losses in both the conductor and the metallic sheath. 
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In Grøft, the armor can be approximated as a uniform magnetic steel cylinder (Armor → Construction → Continuous layer). 

While this approach captures both eddy-current and hysteresis losses and reflects their influence on conductor and sheath 

losses through the modified magnetic field, it remains a simplification. A homogeneous cylindrical representation cannot 

reproduce the anisotropic behavior of individually helically wound wires. As a result, it does not precisely capture either the 

magnitude of losses within the armor itself or the extent to which the armor attenuates the electromagnetic field reaching 

the conductor and sheath. Consequently, ampacity for cables with galvanized steel armor is likely to be overestimated 

compared to results obtained from full 3D FEM models. 

 

With regard to metallic sheath losses, IEC distinguishes between circulating current losses and eddy-current losses. As Grøft 

is not based on the IEC analytical methodology, sheath loss factors (𝜆!) are not explicitly provided in the results. Instead, 

sheath losses are determined directly through numerical simulation. Grøft supports a range of bonding configurations, 

including single-point bonding, solid bonding, and cross-bonding with unequal sectionizing. 

 

4. FOR GRØFT DESIGN® USERS 

For users that compares their results with the one found in TB 880 and Grøft, it must be emphasized that the change 

of the little detail of cable model mays result in considerable change of its ampacity. Therefore, the model of each case 

study was modelled so that it represents most accurately the recommendations made by the experts of CIGRE WG B1.56.  

 

For any case study, beyond the scope of this report, the users of Grøft must be aware of the importance 

of the establishing boundary conditions and the design decision they make. Grøft support most of the standard cables 

design with the straightforward modelling interface, however, the amount and variability of parameters may lead 

to misconceptions. This in turn results in over- or underrating the cable carrying capacity. In case of any modelling 

uncertainties, users are encouraged to contact the technical support of the software. 
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5. INTRODUCTORY CASE STUDY 0 

The introductory cases #0-1,2,3 and 5 found in TB 880 are modelled and simulated in Grøft (see Figure 1). A copper 132 kV 

630 R cable is analyzed for all basic configurations, except of cables laid in free air and directly exposed to solar radiation 

(case #0-4), as Grøft does not provides this functionality yet. The comparison of the resulting cable rating between TB880 

and Grøft is documented.  

 

 
Figure 1     Geometrical representation of case #0-1, 2, 3 and 5 
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5.1. CASE#0-1: DIRECTLY BURIED CABLES IN TREFOIL 

For the analyzed 132 kV cable, the ampacity calculated using Grøft is in close agreement with the value reported in TB 880 

(see Table 1). The observed difference of 0.65% is marginal. 

 

Unlike the IEC-based analytical model, Grøft explicitly accounts for the electrical and thermal conductivity of metallic 

components. In contrast, IEC assumes that the metallic sheath surrounding each core behaves as a perfect isotherm, 

implying a uniform temperature distribution. Consequently, heat is assumed to spread uniformly along the full 

circumference of the sheath, consistent with a single-core equivalent (one-dimensional) thermal model. For cables installed 

in close proximity, the increasing cross-sectional area of the metallic sheath influences heat transfer and can lead to 

deviations between analytical and FEM-based results [4].  

 

Furthermore, as highlighted in CIGRE TB 963 [5], induced eddy-current and circulating current losses may be significantly 

affected by proximity effects and should therefore be evaluated using a multiphysics approach. 

 

Following the IEC methodology, TB 880 calculates the external thermal resistance for cables in touching trefoil formation 

by applying a multiplication factor 𝑓" = 1.6  to the jacket thermal resistance 𝑇#. This factor can be calculated as follows [6]: 

  

𝑓" =
$

$%"
= 1.298      (5.1) 

 

𝜑 = $
&
+ '!

('!")
#$
"

%

      (5.2) 

Where:  

𝑑* - Conductor diameter 

𝐷+ - Cable diameter 

 

If the factor 𝑓", that correspond the exact geometrical parameters of the cable, is applied instead for the analytical model 

of IEC (see Table 1), the results are comparable with the FEM model with a very high accuracy.  

 

Cable XLPE copper 132 kV 630R (Al) CASE #0-1 

Configuration Trefoil, solid bonded 

Parameter Symbol Unit TB 880 TB 880 + 𝑓! = 1.298 GRØFT 

𝐼
=
80
3 .
16
	𝐴

 Loss conductor 𝑊𝑐 W/m 25.49 25.45 25.30 

Loss Metallic sheath 𝑊𝑠 W/m 9.34 9.35 8.65 

Dielectric loss of insulation 𝑊𝑑 W/m 0.385 0.385 0.385 

Max temperature of conductor  𝑇"#$ °C 90.00 89.36 89.00 

Permissible current rating/ampacity  𝐼 A 803.16 806.53 808.4 

Table 1     Comparison of results between TB 880 and Grøft for case #0-1 
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5.2. CASE#0-2: CABLES IN TOUCHING HDPE DUCTS 

A significant difference of 15 A in the calculated current rating was observed between the Grøft model and the TB 880 

reference model (see Table 2, TB 880 and GRØFT3,5). This discrepancy arises primarily from differences in the modeling of 

heat transfer within air-filled pipes. 

 

In TB 880, air thermal resistance is approximated using the IEC method (IEC 60287-2 [7]). Within this framework, cables are 

assumed to be positioned at the center of the pipes. In contrast, Grøft positions the cables at the bottom of the pipes, 

reflecting typical installation practice. As a result, heat dissipation from the cables to the pipe and surrounding soil is 

modeled in greater detail than in the IEC approach. Grøft also includes an option to apply the IEC-based air model (IEC 

air), in which cables are placed at the center of the pipes. This option is not enabled by default and must be selected by the 

user2. When this approach is used, the difference in calculated cable temperature between Grøft (GRØFT + IEC air) and the 

TB 880 reference model is approximately 2.8 °C. Under these aligned assumptions, the models are expected to yield 

consistent results. Furthermore, as shown in Case #0-3, the agreement improves as the spacing between pipes increases. 

 

According to IEC guidance referenced in TB 880 (Section 4.7.2.3), for touching HDPE pipes, the external thermal resistance 

(i.e., soil) should be treated analogously to cables in trefoil formation to account for the non-uniform temperature 

distribution around the cable circumference. This effect is illustrated in Figure 2 where the temperature field is clearly non-

uniform within both the air volume and the pipe. Moreover, unlike an IEC trefoil arrangement, the conductor temperatures 

differ between phases, indicating that the mutual heating effects are not fully equivalent. 

 

 

Figure 2     Distribution plot of temperature [°C] for case #0-2 - Grøft with IEC air model 

 
Although the IEC-based air model provides a practical approximation, it remains a simplified representation. The thermal 

resistance of the air layer is expressed primarily as a function of cable diameter and temperature, whereas actual heat 

transfer depends on additional factors, including pipe diameter and the coupled effects of natural convection and radiation 

between surfaces. The empirical constants U, V and Y offer reasonable accuracy for general rating calculations, but their 

limitations should be recognized in more complex configurations. 

 

To further assess the validity of the Grøft results, the air domain was also modeled using an established empirical 

formulation for natural convection and radiative heat exchange between concentric cylinders (see Appendix 1). The 

comparison confirms that the heat transfer mechanisms simulated in Grøft are consistent with theoretical predictions 

(Grøft1,4,5 and COMSOL2,5). Based on this analysis, the results suggest that the two approaches represent heat transfer in 

pipes with differing levels of physical detail, consistent with their respective modeling scope. The highest accuracy is 

obtained when using the Grøft model with the convective heat transfer formulation developed by SINTEF [8] , for which the 

temperature difference relative to the IEC approach is approximately 3.3 °C. 

 
2 Users who do not see this setting should contact the software’s technical support team to request access. 
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Cable XLPE copper 132 kV 630R (Al) CASE #0-2 

Configuration Triangular in HDPE pipes, solid bonded 

Parameter Symbol Unit TB 880 GRØFT+IEC air GRØFT1,4,5 COMSOL2,5 GRØFT3,5 GRØFT4,5 

𝐼
=
67
9 .
84
	𝐴

 Loss conductor 𝑊𝑐 W/m 17.85 17.90 18.79 18.10 18.00 18.65 

Loss Metallic sheath 𝑊𝑠 W/m 15.22 15.04 14.95 14.91 14.89 14.92 

Dielectric loss of insulation 𝑊𝑑 W/m 0.385 0.385 0.385 0.385 0.385 0.385 

Max temperature of conductor 𝑇"#$ °C 90.00 92.800 96.70 96.50 93.300 94.606 

Permissible current rating/ampacity  𝐼 A 679.84 666.4 - - 663.8 658.3 
1 Cables placed in the center of the pipe 
2 Empirical model for heat transfer between two concentric cylinders implemented in COMSOL Multiphysics®, that correspond model GRØFT1,4,5 
3 Cables placed in the bottom of pipe, the SINTEF [8]  model for convection in pipe is applied 
4 Model with simulated natural convection 
5 The emissivity of cable serving, and pipe is set by default to 0.8 in GRØFT. IEC does not specify this parameter. 
6 These results are conservative with regards to the model that implements the SINTEF model for convection. This is due to the rough quality of the mesh and the fact that the cable does not touch pipes in the 
GRØFT model. For much better quality of mesh and cables touching the pipes, the temperature is 93.04 °C. This simulation was done in COMSOL Multiphysics® [3] . However, in GRØFT the quality of mesh is 
sufficient to give the results with a high precision. With the improvement of the mesh, the nonlinearity of the computational model increases, and the time required for the solver to find a solution is extended 
considerably. 

Table 2     Comparison of results between TB880 and Grøft for case #0-2 

 

Cable XLPE copper 132 kV 630R (Al) CASE #0-3 

Configuration Flat formation, solid bonded 

Parameter Symbol Unit TB 880 GRØFT + IEC air GRØFT2,6 COMSOL3,6 GRØFT4,6  GRØFT5,6 

𝐼
=
63
3 .
04
	𝐴

 

Loss conductor1 𝑊𝑐 W/m 
15.48 
15.25 
15.14 

15.40 
15.30 
15.10 

16.10 
15.9 
15.8 

15.51 
15.36 
15.23 

15.30 
15.20 
15.10 

16.0 
15.8 
15.7 

Loss Metallic sheath1 𝑊𝑠 W/m 
26.35 
12.12 
19.89 

27.23 
12.20 
18.66 

27.15 
12.08 
18.83 

27.00 
12.06 
18.52 

27.21 
12.19 
18.75 

27.31 
12.19 
18.82 

Dielectric loss of insulation 𝑊𝑑 W/m 0.385 0.385 0.385 0.385 0.385 0.385 

Max temperature of conductor 𝑇"#$ °C 90.00 88.80 93.50 93.21 89.10 89.50 

Permissible current rating/ampacity  𝐼 A 633.04 638.7 - - 637.3 643.5 
1 Heat loss accordingly L3, L1 and L2 
2 Full FEM model with simulated natural convection, cables placed in the center of pipe 
3 Empirical model for two concentric cylinders corresponding to GRØFT2 model 
4 Empirical model introduced by SINTEF [8] 
5 Full FEM model with simulated natural convection 
6 The emissivity of cable serving, and pipe is set by default to 0.8 in GRØFT. IEC does not specify this parameter. 

Table 3     Comparison of results between TB880 and Grøft for case #0-3 
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5.3. CASE#0-3: CABLES IN PVC DUCT EMBEDDED IN COCRETE IN FLAT FORMATION 

The current rating of the 132 kV cable for case #0-3 calculated with Grøft is slightly higher than the one defined in TB 880, 

that is presented in  Table 3 (TB 880 and GRØFT4,6). This is due to the fact, that cables in the Grøft model are placed 

on the bottom of the pipe, that works in favor of heat dissipation. For this case, Grøft simulations were validated with 

the empirical model describing heat transfer by the natural convection and radiation between concentric cylinders 

(GRØFT2,6 and COMSOL3,6).  
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5.4. CASE#0-5: CABLES IN TOUCHING FLAT FORMATION IN AN UNFILLED TROUGH 

This case study examines a flat, touching cable formation installed in an unfilled trough. The calculation presented in TB 880 

is based on the IEC analytical model for cables in free air, but the brochure does not provide the underlying reference 

conditions on which this IEC model was developed. The ambient air temperature is set to 25 °C and is assumed to increase 

during operation as heat is transferred from the cables to the trough enclosure. 

 

 

Within Grøft, we have presented a paper at the CIGRE Paris Session 2026 titled Development and Validation of an Improved 

Cable Thermal Rating Model for Unfilled Trough Installations [9]. The study demonstrates that the FEM-based framework 

resolves additional physical detail for trough installations relative to existing analytical methods and provides a strong 

technical basis for its adoption in industry practice. Readers are encouraged to consult this paper for detailed empirical 

validation, modelling assumptions, and practical guidance on applying the method in engineering calculations. 

 

 

Cables installed in unfilled troughs are common in urban networks and industrial facilities. The prevailing method for 

determining thermal ratings in such installations is specified in IEC 60287-2-1, Section 2.2.6.2, and discussed in TB 880. 

This industry-accepted approach has been widely adopted by cable engineers. However, the IEC empirical formulation 

represents the thermal problem through a simplified relationship in which the air temperature rise inside the trough, ∆𝜃,-, 

depends only on the total power dissipated by the cables and the trough perimeter. This simplification does not capture 

the full complexity of the physical processes within trough installations. Key parameters are neglected, including the trough 

aspect ratio, cable position within the trough, the thermal properties of soil and trough materials, and the impact of solar 

radiation when the trough lid is located at ground level. While the IEC approach facilitates straightforward calculation for 

engineering practice, it may lead to differing ampacity estimates compared with more detailed models, depending on 

installation specifics. 

 

Grøft uses fully integrated finite element analysis to model conduction, radiation, and buoyancy-driven convection in 

air-filled spaces such as troughs. Full multiphysics FEM modelling, including natural convection, delivers the highest level 

of physical realism but is demanding for routine engineering use. Unlike conduction and radiation representing well-

conditioned numerical system in Grøft, natural convection requires solving coupled momentum and energy equations 

based on the nonlinear Navier-Stokes formulation, making results highly sensitive to mesh quality and solver settings. To 

ensure robustness and ease of use for everyday cable rating work, this advanced functionality remains in beta while Grøft 

continues to refine and standardize the workflow for broader release. The access is granted to selected users for testing. 

 

In Grøft, an attempt was made to approximate reference conditions described in TB 880. The cables were placed at mid-

height in the trough and shifted toward the wall, representing the “open-air” configuration described in IEC 60287-2-1. The 

emissivity of the cable surface and the trough was set to 0.8, which is the default in Grøft but not specified in IEC models. 

The ground surface was not treated as an isotherm - instead, the temperature of the trough’s top surface was allowed to 

vary and exchange heat with the ambient air at 25 °C through convective heat transfer. The thermal resistivity of the 

surrounding masses was set to 2.5 K·m/W, reflecting possible conditions near substation where troughs are often installed. 

Simulations results are presented in Table 4 and visualized in Figure 3. 
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Figure 3     Distribution plot of temperature [°C] for case #0-5  

 

Under these assumed conditions, Grøft produced results comparable to those reported in TB 880, with the calculated 

ampacity being approximately 3.0 % higher. However, the description of the reference conditions for Case #0-5 in TB 880 

is not sufficiently detailed to allow a rigorous one-to-one comparison between Grøft and the IEC-based model. The 

boundary conditions used in Grøft should therefore be regarded as informed assumptions by the author rather than exact 

reproductions of the TB 880 setup.  

 
 

Cable XLPE copper 132 kV 630R (Al) CASE #0-5 

Configuration Touching flat formation, solid bonded 

Parameter Symbol Unit TB 880 GRØFT 

𝐼
=
75
4 .
86
	 𝐴

 

Loss conductor 𝑊𝑐 W/m 22.52 22.17 

Loss Metallic sheath 𝑊𝑠 W/m 18.37 18.34 

Dielectric loss of insulation 𝑊𝑑 W/m 0.385 0.385 

Max temperature of conductor  𝑇"#$ °C 90.00 85.6 

Increase of the temperature in trough above 
reference ambient temperature of 25 °C 

∆𝜃%& °C 28.35 33.45 

Permissible current rating/ampacity  𝐼 A 754.86 780.0 
1 Heat loss related to lagging phase 

Table 4     Comparison of results between TB880 and Grøft for case #0-5 
 
 

To strengthen confidence in Grøft’s representation of heat transfer in trough installations, the full multiphysics model was 

validated against an established empirical formulation presented in the following Section 5.5. This validation confirms that 

the heat transfer predicted by Grøft is consistent with realistic operating conditions and is further supported by the results 

reported in conference paper [9]. 
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5.5. EMPIRICAL VALIDATION OF NATURAL CONVECTION MODEL CASE#0-5 

 

Case #0-5 with modified boundary conditions was implemented in Grøft as shown in Figure 4. The cable installation is 

placed on the bottom surface of the trough, and the ground surface is treated as an isotherm with a temperature of 25 °C. 

Heat transfer in the model is simulated through natural convection, conduction, and radiation. 

 

Figure 4     Reference geometry of the Grøft model used for comparison with empirical model  

 

A corresponding model was created in COMSOL Multiphysics®, also illustrated in Figure 5. In this case, natural convection 

within the trough is represented using the analytical formulation by Hollands et al. [10], which estimates the effective thermal 

conductivity of air 𝑘+.. in horizontal enclosures based on the temperature difference 𝜃! − 𝜃/, accordingly, between the 

bottom and top surfaces of the trough. The temperature 𝜃! is taken as the average of the trough bottom surface temperature 

and the cable surface temperature (red line in Figure 5), both directly exposed to the air volume where natural convection 

occurs. In addition, a heat rate 𝑄0*, representing the heat that would be dissipated from the cable surface in free air, is 

applied along the curve defined by the cable circumference (green line in Figure 5). The heat rate 𝑄0* is determined using 

the analytical correlations [11] for natural convection from a horizontal plate facing upward (top cable surface at 

temperature 𝜃*(23)) and downward (bottom cable surface at temperature 𝜃*(5670)). This contribution is neglected in the air 

gaps between cables defined by their bottom surfaces. In this model, heat transfer is therefore represented by calibrated 

conductive and radiative components only. A detailed description of the analytical model is provided in Appendix 2. 

 

 

Figure 5    FEM-based model implementing the analytical expression describing the heat transfer by means of natural 

convection in trough - see Appendix 2 for model description 
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The comparison of resulting maximum temperature of conductor, between COMSOL and Grøft models, is performed for 

varying load current. The analysis results are presented in Figure 6. Grøft model correlates well with the analytical 

approximation.  

 

 

Figure 6     Comparison of Grøft model simulating the heat transfer by means of natural convection and COMSOL model 

implementing analytical approximation 
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6. CASE STUDY 1 - 132 KV CABLE 

For the analyzed XLPE 76/132 kV cable, the ampacity calculated in Grøft is similar as in TB 880 (see Table 5).  

 

Cable XLPE 76/132kV 1x1200 mm2 copper CASE 1 

Configuration Trefoil, solid bonded 

Parameter Symbol Unit TB 880 GRØFT 
𝐼
=
99
0.
54
		 𝐴

 

Loss conductor 𝑊𝑐 W/m 21.73 21.73 

Loss Metallic sheath 𝑊𝑠 W/m 17.18 17.09 

Dielectric loss of insulation 𝑊𝑑 W/m 0.465 0.465 

Max temperature of conductor  𝑇"#$ °C 90.00 90.600 

Permissible current rating/ampacity  𝐼 A 990.54 986.5 

Table 5     Comparison of results between TB 880 and Grøft for Case Study 1 
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7. CASE STUDY 4 - 33 KV LAND CABLE 
 

The ampacity for the 33 kV cable has been calculated with high accuracy in comparison to TB 880 (see Table 6).  

 

Cable 33kV land cable, CASE 4 

Configuration Trefoil, solid bonded 

Parameter Symbol Unit TB 880 GRØFT GRØFT1 

𝐼 =
53
7.
45
	 𝐴

 Loss conductor 𝑊𝑐 W/m 28.20 28.1 28.3 

Loss Metallic sheath 𝑊𝑠 W/m 1.23 1.48 1.48 

Dielectric loss of insulation 𝑊𝑑 W/m 0.108 0.108 0.108 

Max temperature of conductor  𝑇"#$ °C 90.00 89.8 91.2 

Permissible current rating/ampacity  𝐼 A 537.45 538.1 533.7 
1 Model of cable with modified thermal resistance 𝑇! of layer between conductor and metallic sheath according to IEC (1.07 ∙ 𝑇!) 
Modified thermal resistivities:  

o conductor metallic sheath 𝜌"# = 2.675	[𝑊/𝑚.𝐾] 
o insulation 𝜌"# = 3.745	[𝑊/𝑚.𝐾] 
o insulation metallic sheath 𝜌"# = 2.675	[𝑊/𝑚.𝐾] 
o semiconducting bedding 𝜌"# = 6.42	[𝑊/𝑚.𝐾] 

Table 6     Comparison of results between TB 880 and Grøft for Case Study 4 
 

However, in Grøft the metallic sheath is represented as a uniform continuous layer, whereas the actual cable design 

uses copper wires distributed over less than 50% of the circumference above the insulation. In accordance with IEC, 

for cables in trefoil formation the assumption of an isothermal metallic sheath is no longer valid, since the gaps 

between wires disturb the uniform heat distribution. As a result, the thermal resistance of the layer between the cable 

core and the metallic sheath, 𝑇!, should be multiplied by a factor of 1.07, leading to a slight derating of the cable, as 

seen when comparing the GRØFT and GRØFT1 model of cables (see Table 6). 

 

In the 33 kV land cable considered in TB 880, the metallic sheath is composed of wires, and eddy-current losses in 

the metallic sheath are neglected in the calculations. In the Grøft model, however, the metallic sheath is treated as 

a uniform layer, and eddy-current losses are therefore included. 
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8. CASE STUDY 5 - 400 KV LPOF CABLE 

With reference to TB 880, a considerable difference3 in current rating calculated in Grøft is reported for the analyzed 

400 kV LPOF cable (see Table 7). However, as shown in Table 8, for cables in flat formation with single-point bonding, 

the ampacity calculated in Grøft is in close agreement with the values obtained in TB 880. 

 

Cable 400kV LPOF 

Configuration Trefoil, solid bonded 

Parameter Symbol Unit TB 880 GRØFT 

𝐼
=
90
3.
62
	 	𝐴

 

Loss conductor 𝑊𝑐 W/m 10.66 10.50 

Loss Metallic sheath 𝑊𝑠 W/m 22.56 18.24 

Dielectric loss of insulation 𝑊𝑑 W/m 5.950 5.950 

Max temperature of conductor  𝑇"#$ °C 85.00 78.30 

Permissible current rating/ampacity  𝐼 A 903.62 958.2 

Table 7     Comparison of results between TB 880 and Grøft for case 5 - cables in trefoil 
 

Cable 400kV LPOF 

Configuration Flat, single point bonded/cross-bonded 

Parameter Symbol Unit TB 880 GRØFT 

𝐼
=
15
90
.2
	 	𝐴

 

Loss conductor1 𝑊𝑐 W/m 31.85 31.8 

Loss Metallic sheath1 𝑊𝑠 W/m 3.73 3.7 

Dielectric loss of insulation 𝑊𝑑 W/m 5.950 5.950 

Max temperature of conductor  𝑇"#$ °C 85.00 84.4 

Permissible current rating/ampacity  𝐼 A 1590.2 1596.7 
1 Heat loss related to L1 (middle phase) 

Table 8     Comparison of results between TB 880 and Grøft for case 5 - cables in flat configuration 

 

For the 400 kV cable in trefoil configuration presented in TB 880, the induced circulating currents are significantly 

higher than those calculated in Grøft. This discrepancy is not observed for the same cables in flat configuration with 

cross-bonded metallic sheaths, which is equivalent to a single-point bonding arrangement in which circulating 

currents are absent. To verify that the induced circulating currents are correctly evaluated in Grøft for this case study, 

an analytical model for cables in flat formation with solid bonding was developed in accordance with IEC. 

 

The TB 880 analytical model was supplied with the loss factor 𝜆′!, that accounts for the heat loss due to the induced 

circulating current in sheath. The cable rating is calculated similarly as in TB 880, except of the thermal resistance 

of surrounding medium 𝑇8, that is modified according to IEC [7] (ref. 4.2.3.3.4). Two separate resistances 𝑇8	0 and 𝑇8	5 

are applied in the current rating equation of IEC [1] (ref. 1.4.1.1): 

 

The resistance applied in the nominator of the current rating equation: 

 

𝑇8	0 =
!
/$
𝜌 M𝑙𝑛 N𝑢! + P𝑢!/ − 1Q + 𝑙𝑛 R1 + N

/:
;&
Q
/
ST    (9.1) 

 

The resistance applied in the denominator of the current rating equation: 

 

𝑇8	5 =
!
/$
𝜌 M𝑙𝑛 N𝑢! +P𝑢!/ − 1Q + U

!)<.>(?@&&)?@&&)
!)?@&'

V 𝑙𝑛 R1 + N/:
;&
Q
/
ST   (9.2) 

 

 

 
3 This discrepancy reflects differences in modeling scope rather than an error in either method; users should consult 

a qualified cable engineer when such deviations arise in project-specific designs. 
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A similar cable rating was obtained applying this approach for the case of these cables in flat configuration 

with cross-bonded sheath presented in TB 880. 

As presented in Table 9, 400 kV cables solid bonded in flat configuration modelled in GRØF, results in ampacity very 

close to the one calculated with the IEC analytical model. 

 

Cable 400kV LPOF 

Configuration Flat, solid bonded 

Parameter Symbol Unit IEC 60287 GRØFT 

𝐼
=
10
01
. 2
		 𝐴

 

Loss conductor1 𝑊𝑐 W/m 12.62 12.60 

Loss Metallic sheath1 𝑊𝑠 W/m 32.11 32.20 

Dielectric loss of insulation 𝑊𝑑 W/m 5.950 5.950 

Max temperature of conductor  𝑇"#$ °C 85.00 84.3 

Permissible current rating/ampacity  𝐼 A 1001.2 1006.5 
1 Heat loss related to L1 (middle phase) 

Table 9     Comparison of results between TB 880 and Grøft for case 5 - cables in flat configuration, solid bonded 

 

In order to explain the discrepancies for cables in trefoil, presented in Table 7, two simplified models of cable 

(see Figure 1) were analyzed for varying sheath thickness 𝑡;. The calculations are performed in Grøft and with the 

use of the analytical model built in accordance with IEC. The reference conditions consider the cables buried 1 m 

under the ground surface with the reference temperature of 20 °C. The thermal resistivity of surrounding masses is 

set to 1 K·m/W. 

 

Figure 7   Simplified models of cables in trefoil used to compare calculations performed in Grøft and in 

accordance with IEC  

 

The comparison of the resulting temperatures of conductor and induced current in sheath, obtained with IEC 

calculations and Grøft, are presented in Figure 8 and Figure 9. For 400 kV cable (MODEL 1), the proximity of cable 

installation seems to have a considerable effect on the induced circulating current in sheath. For 132 kV cable 

(MODEL 2), with much less cross-sectional area of conductor and sheath, the difference of induced circulating 

current, between Grøft and IEC results, is not noticeable.  

 

  

Figure 8     Comparison of Grøft and IEC calculations based on MODEL 1 and MOEDEL 2 for varying sheath 

thickness 
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The difference of temperatures across sheath is analyzed in Grøft for MODEL 1 and MODEL 2, as presented in Figure 

9. Based on these results, it is clear that the thickness of the sheath will be the parameter determining of how close 

to the isotherm approximation the circumference of sheath will be. The effect of the circumferential heat conduction 

of metallic layer is not considered in the IEC calculations. 

 

 

Figure 9     Temperature drop across cable sheath for MODEL 1 and MODEL 2 for varying sheath thickness 

 

According to IEC 60287, the sheath loss factor 𝜆′! is derived under the assumption of a uniform current distribution 

in the sheath for all cable formations, with conductor currents treated as linear along the cable axis. However, for 

cables in close proximity, proximity effects cause a strongly non-uniform current density in the sheath, so this 

assumption becomes questionable, particularly when the sheath has a large cross-sectional area. IEC 60287-1-1 [1] 

(ref. 5.3.7.1), further notes that, for aluminium-sheathed cables with sheath diameters greater than about 70 mm and 

unusually large thickness, the sheath loss terms should be re-evaluated, but it does not specify which loss 

components should be reviewed, how this evaluation should be carried out, or provide a quantitative definition of 

“greater than usual.” 

 

For solid-bonded cable installations in close proximity, sheath thickness governs the extent of circumferential 

distortion of the thermal and magnetic fields around the cable. As sheath thickness increases, proximity effects in 

the conductor are reduced, and the sheath current distribution approaches that of an isolated single-core cable. 

 

Based on the present study, Grøft's FEM-based analysis captures circumferential field effects that are not explicitly 

resolved by the IEC analytical formulation. Valuable contributions to this topic have been made by Chatzipetros and 

Pilgrim [12], who investigated the accuracy of the sheath loss factor 𝜆′! for large-conductor cables and proposed 

corrective factors, and by CIGRE TB 963 [5], which recognizes that induced eddy-current and circulating-current 

losses can be significantly influenced by proximity effects and should be evaluated using a multiphysics approach. 
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9. CASE STUDY 6 - A 400 KV SINGLE CORE AC SUBMARINE CABLE CIRCUIT 

A considerable discrepancy4 is identified between the results obtained in TB 880 and those calculated in GRØFT 

(see Table 10). While the conductor losses show good agreement between the two approaches, the sheath and 

armor losses diverge significantly, indicating that the two approaches yield different loss distributions for this cable 

design, consistent with their differing modeling assumptions. 

 

Cable 400 kV single core AC submarine cable 

Configuration Flat formation, solid bonded 

Parameter Symbol Unit TB 880 GRØFT 

𝐼
=
10
39
.4
3  

Loss conductor 𝑊𝑐 W/m 34.81 34.47 

Loss Metallic sheath 𝑊𝑠 W/m 37.59 86.64 

Armor loss 𝑊𝑎 W/m 37.59 17.60 

Dielectric loss of insulation 𝑊𝑑 W/m 2.51 2.51 

Max temperature of conductor  𝑇"#$ °C 90.00 101.9 

Permissible current rating/ampacity  𝐼 A 1039.43 977.0 

Table 10     Comparison of results between TB 880 and Grøft for Case Study 6 

 

This divergence originates from a fundamental difference in modeling approach. TB 880 calculates sheath and 

armor losses using a single combined formula that assumes uniformly distributed losses shared between the sheath 

and armor wires, based on the equivalent electrical resistance of all metallic layers treated collectively. Although this 

formula couples sheath and armor losses, it neglects the deeper electromagnetic interaction between layers. This 

simplification arises because the analytical model assumes each metallic layer carries a uniformly distributed 

circulating current within a single, predefined circuit topology. Representing the sheath and armor as uniform 

conductors linked only through lumped self- and mutual-inductance terms is a tractable approach for hand 

calculation, but it cannot capture the true, spatially resolved field redistribution that a coupled FEM model such as 

Grøft determines explicitly, layer by layer, including eddy-current and hysteresis losses in the armor. 

 

This limitation is particularly significant for the cable design considered here, where the sheath and armor may be 

terminated at different locations and separated by a 3 mm semiconductive PE layer. As a result, the two layers do 

not form the single, low-impedance bonded loop that the combined TB 880 formula implicitly assumes and applying 

it under these conditions is therefore not strictly valid, since it presumes a shared circulating current driven jointly 

through all metallic layers. Instead, the armor should be treated as functionally isolated from the sheath, with its 

losses arising only from eddy currents induced locally within the armor wires and from hysteresis losses, rather than 

from a circulating current shared with the sheath. Layer-resolved FEM approach in Grøft reflects this physical 

separation, whereas the TB 880 formulation does not. 

 

This example reinforces the underlying philosophy of TB 880 and IEC 60287, namely that the current rating of a 

cable is not a single fixed value but rather a range, which must be interpreted through sound engineering judgment 

rather than arbitrary application of the standard formulas. For this particular cable design, an individual, project-

specific assessment by qualified cable experts would be necessary, given the complexity. This case illustrates the 

value of continued industry dialogue on modeling approaches for non-standard sheath-armor configurations.  

 

 

 

 

 

 
4 This discrepancy reflects differences in modeling scope rather than an error in either method; users should consult 

a qualified cable engineer when such deviations arise in project-specific designs. 
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10. CASE STUDY 7 - 320 KV HVDC SUBMARINE BIPOLE 

For the 320 kV HVDC cable, the ampacity calculated in Grøft is very close to TB 880 (see Table 11).  

 

Cable XLPE submarine 320 kV HVDC cable with 
a 2000 mm2 copper conductor CASE 7 

Parameter Symbol Unit TB 880 GRØFT 

𝐼
=
20
46
.4
2 	
	𝐴

 Loss conductor 𝑊𝑐 W/m 43.04 43.09 

Max temperature of conductor 𝑇"#$ °C 56.16 56.40 

Permissible current rating/ampacity  𝐼 A 2046.42 2034.00 

Table 11     Comparison of results between TB 880 and Grøft for Case Study 7 
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11. CASE STUDY 8 - 220 KV 3-CORE SUBMARINE EXPORT CABLE 

 

Grøft supports the modeling of 3-core submarine cables, but this capability is presently limited to non-magnetic 

steel armour, as presented in case study 8. Consequently, additional losses associated with magnetic armour (such 

as galvanized steel) are not yet captured by the software. Implementation of this functionality, in line with CIGRE TB 

908, is underway, with release anticipated by the end of 2026. 

  

 

The differences observed between Grøft and TB 880 results for case study 8, as presented in Table 12, stem primarily 

from fundamental differences in modeling approach. Grøft applies a fully coupled finite element analysis that solves 

thermal and electromagnetic behavior simultaneously across the explicit 3-core geometry. IEC-based methods, by 

contrast, rely on a 1-D single-core equivalent representation that is subsequently extended to 3-core systems 

through simplifying assumptions. 

 

In TB 880 filler thermal resistance is calculated using a geometric factor 𝐺, derived from semi-empirical curves, and 

assumes that the metallic sheath surrounding each core behaves as a perfect isotherm with uniform temperature 

around its full circumference. This assumption does not hold well for modern submarine cables: lead sheaths have 

finite thermal conductivity and are not true isotherms, and for large-diameter cores with thin sheaths, circumferential 

heat conduction is limited. As a result, IEC tends to underestimate the thermal resistance 𝑇/, which can lead to the 

documented underestimation of conductor temperature by up to 8 °C [4]. 

 

Furthermore, magnetic interaction between adjacent conductors causes non-uniform current distribution in both 

conductors and sheaths, reducing induced sheath currents and, consequently, sheath losses. IEC 60287 does not 

explicitly resolve this effect, which may contribute to differences in calculated sheath losses relative to FEM-based 

results. 

 

CIGRE TB 963 [5] explicitly supports the modeling approach adopted in Grøft. Guidance Points 33 and 34 state that, 

due to special cable designs, "it is necessary to allow FEM software to calculate conductor and sheath losses" and 

that "the induced eddy current and/or circulating current losses may be influenced by the proximity effect and should 

be modeled using a multiphysics approach". Section 3.2.6 further notes that "the IEC method also requires the use 

of a geometric correction factor to approximate the complex geometry of a 3-core cable", which "can lead to 

overestimation of cable ampacity". 

 

Cable 220 kV 3-core submarine export cable 

Configuration Single cable, solid bonded 

Parameter Symbol Unit TB 880 GRØFT 

𝐼
=
11
34
. 8

 

Loss conductor 𝑊𝑐 W/m 35.12 35.40 

Loss Metallic sheath 𝑊𝑠 W/m 16.00 14.42 

Armor loss 𝑊𝑎 W/m 0.00 0.00 

Dielectric loss of insulation 𝑊𝑑 W/m 0.96 0.96 

Max temperature of conductor  𝑇"#$ °C 90.00 101.6 

Permissible current rating/ampacity  𝐼 A 1134.8 1062.0 

Table 12     Comparison of results between TB 880 and Grøft for Case Study 8 
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12. CASE STUDY 9 - 110 KV RETROFITTED CABLE 

The ampacity for the 110 kV retrofitted cable does not correspond to the ampacity reported in TB 880 (see Table 

13). Comparable heat losses, however, indicate that it is due to the difference in the thermal model5. 

 

Cable 2X(FL)2YVF ST2Y 3x400 RM 64/110 kV 

Configuration Single cable in pipe, solid bonded 

Parameter Symbol Unit TB 880 GRØFT1 GRØFT2 

𝐼
=
57
2.
4	
𝐴  

Loss conductor 𝑊𝑐 W/m 20.87 21.93 22.00 

Loss Metallic sheath 𝑊𝑠 W/m 0.89 1.80 1.90 

Loss armor 𝑊𝑎 W/m 2.86 7.82 7.31 

Dielectric loss of insulation 𝑊𝑑 W/m 0.30 0.30 0.30 

Loss Pipe 𝑊𝑝 W/m - - 1.07 

Max temperature of conductor  𝑇"#$ °C 90.00 101.1 100.8 

Permissible current rating/ampacity  𝐼 A 572.4 533.0 534.0 
1 Cable in PE pipe  
2 Cable in steel pipe with PE covering - losses in steel pipe included 

Table 13     Comparison of results between TB 880 and Grøft for Case Study 9 

 

According to the specification in TB 880, the 110 kV retrofitted cable model neglects heat losses in the steel pipe in 

which the cables are installed; only the thermal resistance of the PE covering is included. The air resistance inside 

the pipe is calculated in the same way as for cases #0-2 and #0-3, with the cable placed at the pipe center but using 

different IEC parameters U, V, and Y, corresponding to steel-pipe installations. In TB 880, the thermal resistance of 

the gaps between the outer sheath of each cable and the bedding is approximated as 6.0 K·m/W, and several 

geometric simplifications are introduced to represent the irregular cable shape. 

 

Given these modelling assumptions, a detailed one-to-one comparison of ampacity between TB 880 and Grøft is 

not feasible. The thermal model solved in Grøft is significantly more detailed than the analytical expressions in 

TB 880, particularly for non-concentric and non-symmetrical cable geometries. In Grøft, the cables are positioned at 

the bottom of the pipe, which enhances the representation of heat dissipation to the pipe wall and surrounding soil. 

In addition, the pipe can be modelled as a steel pipe with PE covering, allowing eddy-current and hysteresis losses 

in the steel to be taken into account. For this particular case, however, the TB 880 assumption of neglecting losses 

in the steel pipe appears justified, as the dominant loss contribution is expected to originate from the cable 

armoring.

 
5 This discrepancy reflects differences in modeling scope rather than an error in either method; users should consult 

a qualified cable engineer when such deviations arise in project-specific designs. 
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13. CASE STUDY 10 - PILC 8/10 KV  3X96 

A slight difference of 7.7 A in the resulting ampacity is reported for the analyzed PILC 8/10 kV cable (Table 14). Grøft 

explicitly models the complex geometry of the cable, including the irregular shape of the conductors, and accounts for any 

associated asymmetries. While the coupled electromagnetic-thermal multiphysics approach resolves additional physical 

detail relative to IEC, both methods yield similar results, confirming that the analytical model achieves good accuracy in this 

case. 

 

Cable PILC 8/10 kV 3x96Al 

Configuration Single cable, solid bonded 

Parameter Symbol Unit TB 880 GRØFT 

𝐼
=
16
5 .
74

 

Loss conductor 𝑊𝑐 W/m 29.61 30.06 

Loss Metallic sheath 𝑊𝑠 W/m 0.047 0.05 

Armor loss 𝑊𝑠𝑡 W/m 0.012 0.1 

Dielectric loss of insulation 𝑊𝑑 W/m 0.038 0.038 

Max temperature of conductor  𝑇"#$ °C 55.0 53.8 

Permissible current rating/ampacity  𝐼 A 165.74 158.0 

Table 14     Comparison of results between TB 880 and Grøft for Case Study 10 
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APPENDIX  1 

The equivalent conductivity of air layer 𝑘+AB represents the heat transfer by means of convection, radiation 

and conduction. The model with implemented 𝑘+AB is then solved in Grøft only for conductive heat transfer. 

The derivation of 𝑘+AB is presented in this appendix. 

 

A.1. EQUIVALENT THERMAL CONDUCTIVITY OF AIR LAYER 

The rate of heat transfer 𝑄 between concentric cylinder considers the convective, conductive and radiative heat 

transfer components. The rate of heat transfer by means of conduction and convection is substituted with 

the effective rate 𝑄+..: 

 

𝑄 = 𝑄*605 + 𝑄*60A + 𝑄-C5		[𝑊/𝑚]    (A.1) 

 

𝑄 = 𝑄+.. + 𝑄-C5		[𝑊/𝑚]      (A.2) 

 

The analytical solution for solving the heat transfer in the air gap between the cable and pipe, where the cable 

is place in a center of the pipe, implements the equivalent heat transfer coefficient of air ℎ+AB that consider all heat 

transfer components, i.e. conduction, convection and radiation. The heat transfer coefficient by means of conduction 

and convection is substituted with the effective heat transfer coefficient ℎ+..: 

 

ℎ+AB = ℎ*605 + ℎ*60B + ℎ-C5	[𝑊/𝑚/𝐾]     (A.3) 

 

ℎ+AB = ℎ+.. + ℎ-C5	[𝑊/𝑚/𝐾]      (A.4) 

 

The rate of the heat transfer coefficient between infinitely long concentric cylinders (cable and pipe): 

 

𝑄 = −𝑘𝐴 5D
5-
	 [𝑊/𝑚]      (A.5) 

 

^
𝑄
𝐴 𝑑𝑟

-(

-)

= − ^ 𝑘𝑑𝑇

D(

D)

	

      (A.6) 

^
𝑄
2𝜋𝑟 𝑑𝑟

-(

-)

= − ^ 𝑘𝑑𝑇

D(

D)

	

     (A.7) 

 

𝑄 = 2𝜋𝑘+AB
𝑇E − 𝑇<
𝑙𝑛 𝑟𝑜 𝑟𝑖`

	

      (A.8) 

 

𝑄 = ∆D
G
= ℎ+AB𝐴E∆𝑇 = ℎ+AB𝜋𝐷𝑖∆𝑇	[𝑊/𝑚]     (A.9) 

 

 

The conduction resistance of the cylindrical layer 𝑅 is: 

𝑅 =
𝑙𝑛𝐷𝑜 𝐷𝑖H

/$I!*+
[𝐾/𝑊]      (A.10) 
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The equivalent thermal conductivity 𝑘+AB is then derived as:  

 

ℎ+AB =
!

G$𝐷𝑖
	 [𝑊/𝑚/𝐾]      (A.11) 

 

ℎ+AB =
/$I!*+

𝑙𝑛𝐷𝑜 𝐷𝑖H $𝐷𝑖
	 [𝑊/𝑚/𝐾]      (A.12) 

 

𝑘+AB =
𝐷𝑖J!*+𝑙𝑛

𝐷𝑜
𝐷𝑖H

/
[𝑊/𝑚𝐾]      (A.13) 

 

A 2 .  R A D I A T I V E  H E A T  T R A N S F E R  C O E F F I C I E N T  

 

ℎ-C5 =
KL&,"M(D)%%D-%)

∆D(/%M)
[𝑊/𝑚/𝐾]      (A.14) 

 

The rate of heat transfer 𝑄-C5 between infinitely long concentric cylinders, by means of radiation, may be described 

with the following equation: 

 

𝑄-C5 = ℎ-C5𝐴E∆𝑇 = ℎ-C5𝜋𝐷𝑖∆𝑇	[𝑊/𝑚]     (A.15) 

 

 

A . 3 .  E F F E C T I V E  H E A T  T R A N S F E R  C O E F F I C I E N T  ( C O N D U C T I O N  A N D  C O N V E C T I O N )  [ 1 3 ]  

      

ℎ+.. =
/$I!..

𝑙𝑛𝐷𝑜 𝐷𝑖H $𝐷𝑖
[𝑊/𝑚/𝐾]     (A.16) 

 

I!..
I
= 𝑁2 = 0.386 U N-

<.O&!)N-
V
<./>

𝑅𝑎∗**<./>    (A.17) 

 

𝑘+.. = 𝑘 ∙ 0.386 U N-
<.O&!)N-

V
<./>

𝑅𝑎∗**<./>	[𝑚𝐾/𝑊]   (A.18) 

 

𝑅𝑎∗** =
QR0/-/)

S
%

T0Q &/)
(.2
) &
/(

(.2
S
3 𝑅𝑎T       (A.19) 

 

𝑅𝑎T =
UV(D)%D()T0

B"
𝑃𝑟 = UVW(D)%D()T0

XY
     (A.20) 

 

𝑃𝑟 = Z4X
I

     (1.21)  𝜅 = I
WZ4

 (1.22)  𝑣 = X
W
 (A.23) 
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FIGURE  A-2  PARAMETERS  OF  COAXIAL  CYLINDERS  (CABLE  AND  PIPE) 

 

Symbol  Parameter Unit 

𝑁𝑢: - Nusselt number - 

𝑃𝑟 - Prandtl number - 

𝐶3 - specific heat capacity 𝐽/((𝑘𝑔 ∙ 𝐾)	) 

𝜇 - dynamic viscosity of fluid 𝑃𝑎 ∙ 𝑠 = 𝑁 ∙ 𝑠/𝑚/ 

𝑘 - thermal conductivity of air 𝑊/(𝑚 ∙ 𝐾) 

𝑅𝑎∗** - 
Modified Rayleigh number for concentric 
cylinders 

- 

𝐷E - Diameter of internal cylinder 𝑚 

𝐷< - Diameter of external cylinder 𝑚 

𝑏 - Characteristic length 𝑚 

𝑅𝑎T - Rayleigh number for characteristic length - 

𝜅 - thermal diffusivity of air 𝑚//𝑠 

𝑣 - kinematic viscosity of fluid 𝑚//𝑠 

𝑔 - Gravitational acceleration 𝑚/𝑠/ 

𝛽 - Volumetric coefficient of fluid expansion 1/𝐾 

𝜌 - Air density 𝑘𝑔/𝑚# 

𝑇E - Temperature of internal cylinder 𝐾 

𝑇< - Temperature of external cylinder 𝐾 

𝑇l[ - Average temperature of air  𝐾 

 

 

The effective rate of heat transfer 𝑄+.. between infinitely long concentric cylinders, by means of convection and 

conduction, may be described with the following equation: 

 

𝑄+.. =
/$I!..(D)%D()

R0/-/)

[𝑊/𝑚]      (A.24) 
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APPENDIX  2 

The effective conductivity of air layer 𝑘+.. for natural convection in horizontal enclosure proposed by Hollands et al. [10], in 

a function of the temperature of air, 𝜃CE- in range of 240 - 450 K, is described as follow: 

 

𝑘+..(𝜃CE-) = 𝑁𝑢 ∙ 𝑘CE-	[𝑊/𝑚𝐾]     (A.25) 

 

Where: 

𝑁𝑢 - Nusselt number  

𝑁𝑢(𝜃CE-) = 1 + 1.44 ∙ 𝑚𝑎𝑥 o1 −
1708
𝑅𝑎 , 0r + 𝑚𝑎𝑥 s

𝑅𝑎! #H

18 − 1),0t 

𝑅𝑎 - Raileigh number 

𝑅𝑎 =
𝑔𝛽(𝜃! − 𝜃/)𝑠#

𝜈/ 𝑃𝑟 

𝑘CE- - Thermal conductivity of air  

𝑘CE-(𝜃CE-) = 10%O ∙ (−27997.7 + 989.998𝜃CE- − 3.54283𝜃CE-/ )[𝑊/(𝐾.𝑚). ] 

𝑔 - Gravitational acceleration [𝑚/𝑠/] 

𝑠 - Distance between hot and cold surface (internal height of trough) [𝑚] 

𝑣 - Kinematic viscosity of air [𝑚//𝑠] 

𝑣(𝜃CE-) = 10%!! ∙ (−376936 + 3780.05𝜃CE- + 9.11422𝜃CE-/ )[𝑚//𝑠] 

𝛽 - Coefficient of volumetric expansion [14] 

𝛽 = −
1

𝜌CE-(𝜃CE-)
∙
𝑑𝜌CE-(𝜃CE-)
𝑑𝜃CE-

[1/𝐾] 

𝜌CE- - Density of air  

𝜌CE- =
352.64
𝜃CE-

[𝑘𝑔/𝑚#] 

𝑃𝑟 - Prandtl number 

𝑃𝑟(𝜃CE-) = 0.833209 − 0.582345𝜃CE- ∙ 10%# + 0.552336𝜃CE-/ ∙ 10%& 

𝜃! - (Hot) Temperature of bottom surface [𝐾] 

𝜃/ - (Cold) Temperature of top surface [𝐾] 

 

The rate of heat transfer 𝑄0* by the natural convection from the horizontal plate facing upwards or downwards, is expressed 

as follows 

𝑄0* = 𝑞;𝐴; = ℎ*60B𝐴;(𝜃! − 𝜃/)		[𝑊] 

𝑄0* =
𝑁𝑢 ∙ 𝑘CE-

𝐿 𝐴;(𝜃! − 𝜃/)	[𝑊] 

Where: 

𝑁𝑢 - Nusselt number for horizontal plate facing upwards 

𝑁𝑢(𝜃CE-) = 0.54𝑅C5
!/8 

  Nusselt number for horizontal plate facing downwards 

𝑁𝑢(𝜃CE-) = 0.27𝑅C5
!/8 

𝐿 - Characteristic dimension (for surface 𝐴;) [𝑚]  

𝐿 =
𝐴;

𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟	𝑜𝑓	𝐴;	
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Thank you for taking the time to read this paper. We welcome 
any questions or feedback regarding Grøft Design® and the 
presented work, or its application in your projects. 

 

Marius Engebrethsen 
CEO at GROFT AS | Cable Project Manager at REN AS 

tel.: +47 992 78 985 

email: marius.engebrethsen@groft.com 

marius@ren.no 

 

Wojciech Poradowski 
Senior Research Consultant 

tel.: +47 485 03 332 

email: wojciech.poradowski@groft.com 
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