Sharif Mechanical Engineering Journal (2025), 41(1), 111-123

Sharif University of Technology G
Sharif Mechanical Engineering Journal

https://sime.journals.sharif.edu

Research Note

An Analytical Model for Determining the Effective Thermal Conductivity Coefficient
in a Honeycomb Network with Heat Dissipation from the Central Cylindrical Axis

Maryam Karimi*

Faculty of Photonic and Quantum Technology Research School, Nuclear Science and Technology Research Institute, AEOI.
* corresponding author:(mykarimi@acoi.org.ir)

Article Info

Abstract

Article history:
Received:16 October 2024
Revised: 23 February 2025
Accepted: 4 March 2025

Keywords:

Thermal conductivity
coefficient,
honeycomb structure,
theoretical model,

This paper presents an analytical model based on the thermal resistance network method
to determine the effective thermal conductivity of a porous cylindrical lattice with a
honeycomb structure, where heat flows radially outward from the central axis. The model
offers a simple, software-independent solution for thermal analysis in applications like
heat exchangers and photonic crystal fibers. The methodology involves a three-stage
calculation: determining the thermal resistance of the unit cells (accounting for two types:
with and without a fluid-filled hole), calculating the effective conductivity for each
concentric layer by considering parallel resistances, and finally summing the series
resistances of all layers to find the overall effective thermal conductivity. Applied to
common materials like copper, aluminum, and stainless steel with water as the filler fluid,
the model reveals that the unit cell's orientation to the heat flux has a negligible impact.
Furthermore, the overall effective thermal conductivity stabilizes significantly with more
than five layers, providing a key design insight for optimizing thermal performance and
material usage.

thermal resistance.

Introduction

Porous media, characterized by interconnected pores, are
crucial in industries ranging from aerospace to chemical
processing due to their high surface area and excellent
thermal-mechanical properties [1]. The honeycomb structure,
inspired by nature, is particularly valued for its optimal
strength-to-weight ratio and stability [2]. Accurately
predicting the effective thermal conductivity of such
composites is essential for designing efficient thermal
systems like heat exchangers.

While analytical models exist for flat panel honeycomb
structures [ 13, 14], models for cylindrical configurations with
radial heat flow are less developed. Existing approaches, such
as the one for a triangular lattice in [21], often assume one-
dimensional heat transfer in Cartesian coordinates, which can
introduce significant errors, especially when the base material
has high thermal conductivity. This research addresses this
gap by developing a comprehensive analytical model for a

cylindrical honeycomb network using the thermal resistance
network method. The model improves upon [21] by properly
accounting for radial heat flow in cylindrical coordinates and
the unique cell composition of the honeycomb lattice, which
features a mix of solid and fluid-filled unit cells.

The primary objectives are to establish a theoretical model for
this specific geometry, calculate the effective thermal
conductivity hierarchically (from wunit cell to overall
structure), and analyze the influence of key parameters like
geometry and material properties. The model simplifies the
problem by focusing solely on conductive heat transfer, a
valid assumption for many solid-state and optical
applications.

Methodology

The core of this research is the thermal resistance network
method, applied in a three-step hierarchical process within a
cylindrical coordinate system.
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First, the thermal resistance of the unit cells is determined.
The honeycomb structure contains two-unit cell types: one
with a hole (filled with a fluid like water) and one without
(comprising only the base material), as shown in Fig. 1a. The
complex "with-hole" cell is subdivided into five thermal
resistances (Fig. 1b), and its equivalent circuit is analyzed
(Fig. 1c¢). Its effective conductivity (Kercen) is calculated
using derived analytical formulas (Eq. 2-4) for specific
orientations (angles of 0°, 15°, and 30° relative to the heat
flux). A second-order polynomial then interpolates values for
any angle. A critical finding is that this orientation has a
minimal effect on Kefr-layer.

Second, the effective thermal conductivity for each
concentric layer (Kefriayer) 18 calculated. In this step, the unit
cells within a single layer are treated as a parallel thermal
resistance network. The composition of these layers varies
periodically; for instance, the first layer contains only "with-
hole" cells (Fig. 2b), while the second layer has a mix of
"with-hole" and solid "without-hole" cells (Fig. 3), leading to
different conductive properties per layer.

Finally, the overall effective thermal conductivity (Krotal) is
determined. The layers are arranged in series along the radial
direction of heat flow (Fig. 2a). The total thermal resistance
is the sum of the individual layer resistances. Using the
cylindrical shell resistance analogy [22, 23], ktotal for an n-
layer structure is calculated. This approach corrects the error
of previous Cartesian-based models by properly modeling the
radial heat dissipation from the central axis, leading to more
accurate results for cylindrical systems like heat exchangers
and fibers.

Results and Discussion
The model was applied to a structure with up to seven layers,

using copper, aluminum, and stainless steel as base materials
and water as the filler fluid (Table 1).
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At the unit cell level, the results showed that the thermal
conductivity is highly sensitive to the filling factor (d/D, the
ratio of tube diameter to inter-tube distance). A larger d/D
(larger tubes) decreases conductivity as more volume is
occupied by the lower-conductivity fluid. This relationship is
detailed in Fig. 6 for different materials. The cell's orientation
to the heat flux was confirmed to have a negligible impact, as
visually confirmed by the flat curves in Fig. 5.

At the layer level, the first layer exhibited the lowest thermal
conductivity because it contained the highest volume of fluid.
The second layer, with its specific geometry incorporating
many solid cells, consistently showed the highest
conductivity, as plotted in Fig. 7 and Fig. 8.

For the overall structure, the effective thermal conductivity
(kTotal) increases with the number of layers but exhibits
diminishing returns. Crucially, for more than five layers, the
change in krya becomes insignificant, converging to a
constant value (Fig. 9, Fig. 10). Furthermore, for a fixed
geometry, ko decreases as the filling factor increases, as the
influence of the filler fluid becomes more dominant.

Conclusion

This study successfully developed an accurate analytical
model for predicting the effective thermal conductivity of a
cylindrical honeycomb structure. The model demonstrates
that unit cell orientation is insignificant and that the thermal
performance asymptotes with over five layers, a vital finding
for optimizing design and cost. The hierarchical methodology
effectively captures the complex geometry, providing a
practical tool for engineers. While the model assumes pure
conduction, its results offer critical insights for designing
efficient thermal management systems, such as compact heat
exchangers and photonic crystal fibers. Future work could
enhance the model by incorporating convective heat transfer
for applications involving fluid flow.
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Figure 1. (a) Two types of unit cells, with and without holes,

in the honeycomb structure; (b) Division of the holed unit
cell into smaller sections; (c) Equivalent circuit of the holed
unit cell.
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Figure 2. (a) Cross-section of the honeycomb network with five
layers; (b) first row with six-unit cells containing holes; (c)
Equivalent circuit of the first layer with six identical resistors.
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consisting of six-unit cells with holes and six-unit cells
without holes; (b) Equivalent circuit of the second layer
with 12 thermal resistors.
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Figure 7. Layers thermal conductivity coefficient
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(b) Stainless steel, (¢) Aluminum.
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Figure 9. Effective thermal conductivity coefficient of the
honeycomb structure with respect to filling factor: (a)
copper, (b) stainless steel, (c) aluminum.
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for different D sizes.
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