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Abstract Thermal transport in a highly porous metallic wire-woven bulk Kagome

(WBK) is numerically and analytically modeled. Based on topology similarity

and upon introducing an elongation parameter in thermal tortuosity, an idealized

Kagome with non-twisted struts is employed. Special focus is placed upon quanti-

fying the effect of topological anisotropy of WBK upon its effective conductivity.

It is demonstrated that the effective conductivity reduces linearly as the poros-

ity increases, and the extent of the reduction is significantly dependent on the

orientation of WBK. The governing physical mechanism of anisotropic thermal

transport in WBK is found to be the anisotropic thermal tortuosity caused by the

intrinsic anisotropic topology of WBK.
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High porosity metallic lattice truss structures (LTSs) have received much attention recently,

due to their multi-functional attributes and splendid material efficiency for mechanical loading,

thermal management, dynamic load protection, acoustic damping, and so on.1–3 For instance, in

situations where a structure needs to carry both mechanical and thermal load, lattice truss-cored

sandwich panels are more attractive than conventional solid materials. Under forced convection,

they can be employed for active cooling applications such as jet blast deflector (JBD).4 When the

forced convective flow is stagnant, they may act as thermal protection (insulation), e.g., the skin

layer of a re-entry vehicle.1,2

Octet, tetrahedral, pyramidal, X-type lattice, three-dimensional (3D)-Kagome and woven

structures are presently the main topologies considered for constructing LTSs.5–8 In particular,

the Kagome trusses are regarded as one of the best, due to equivalent elastic stiffness but four

times resistance to buckling relative to octet trusses.8 Recently, Lee et al.7,9 introduced a new tech-

nique for fabricating multilayered metallic Kagome trusses (referred to here as wire-woven bulk

Kagome (WBK)) (see Fig. 1) via systematic assembly of helical wires in six directions distributed
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evenly in 3D space. Distinct from existing methods for fabricating multilayered cellular metals,

this type of fabrication is based on stacking node-to-node and bonding of single-layered cellular

truss metals, guaranteeing uniform topology, high specific strength, and low cost. The WBK truss

shows good performance in compressive strength and energy absorption and outperforms other

cellular metals, such as egg box structures, aluminum foams, and woven textile metals.10 Further,

WBK truss has potential for heat dissipation applications due to its flow-through topology, high

specific area, high conducting ligaments (e.g., Al) and high flow mixing capability. Therefore,

lightweight sandwich constructions with WBK truss cores are expected to perform well when

mechanical and thermal loads are simultaneously applied.
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Fig. 1. (a) As-fabricated mulit-layered, metallic WBK truss structure and three typical orientation views,
(b) brazed helical joint of WBK.

For thermal management applications, the effective thermal conductivity (ETC) of cellular

metals is a key material property. To estimate the ETC of WBK-cored sandwich constructions, the

two-phase (i.e., solid and fluid) truss core may be regarded as a homogenized medium. Maxwell11

pioneered theoretical modeling of ETC for two-phase porous media where one phase is dispersed

in the parent material (continuous phase). However, Maxwell model can not give reasonable esti-

mates when both phases of the porous media are continuous (e.g., WBK truss) in view of its inher-

ent assumptions. To estimating the effective conductivity of porous media with different topolo-

gies, a multitude of analytical and numerical studies have been proposed based on Maxwell’s

pioneering work.12–15 Idealized assumptions such as random distribution of each phase16,17 and

symmetrical distribution of the two phases18 were generally used in these studies. However, it

has been demonstrated that these models (both analytical and numerical) led to unsatisfactory

predictions of ETC for cellular lattice structures19–22 possibly because of the adopted idealized

topologies of porous media.

For lattice frame materials (LFMs), a literature survey23–25 shows that: (1) existing models for

ETC are mainly based on resistance analysis of thermal-electrical networks; (2) thermal resistance

modeling can only give a global analysis of heat conduction as well as ETC for LFMs, and hence

mechanisms of heat transport at pore levels are not fully explored; (3) little attention is paid on

the anisotropic feature of effective conductivity and its physical mechanisms.

Recently, by introducing more realistic topologies, Yang et al.19–22 investigated analytically

and numerically the ETC of high porosity porous media such as cellular foams. One-dimensional

(1D) conduction path via solid ligaments of a selected unit cell (UC) was assumed. For suffi-

ciently high porosities (typically > 0.9), Yang et al. demonstrated that the effective conductivity
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can be expressed as a function of porosity and topological constants related to the length of 1D

conduction path. Good agreement was achieved between model predictions and experimental

measurements for open-cell metal foams (random topology, isotropic).19–21 However, as LTSs

(including WBK considered in the present study) exhibit in general anisotropic topologies, ex-

isting models for effective conductivity of porous media need to be revisited. Further, physical

insight into the thermal transport in LTSs has not been sufficiently valued.

We aim to estimate the ETC of metallic WBK truss structures using a combined approach

of analytical modeling, experimental measurement, and numerical simulation. The analysis is

based on 1D heat conduction through highly-tortuous ligaments of high porosity (> 0.9) WBK

trusses. The concept of thermal tortuosity is used to investigate microscopically (at pore level)

and understand physically the heat conduction paths through the WBK truss structure. Particular

focus is placed upon the anisotropic feature and physical mechanisms of heat conduction in WBK.

The WBK truss structure is fabricated by continuous helical wires that are systematically

assembled,7–9 as shown in Fig. 1(a). First, circular metallic (e.g., aluminum) wires, each having

diameter of 1 mm, are formed into a helical shape with pitch 14.7 mm and helical radius 0.6 mm.

The helical wires are then assembled in six directions to create multi-layered WBK structure.

Subsequently, a brazing agent is pasted on each helical joint for bonding (see Fig. 1(b)). For

sandwich construction, the WBK truss (as the core) is brazed with two metallic face sheets.

The WBK truss assembled by continuous helical wires has a configuration similar to that of

an idealized Kagome truss7 created using straight struts. Following the tortuosity analysis of Yang

et al.21 the elongation of wires due to twisting results in a reduced effective conductivity relative

to that of the ideal Kagome having the same porosity. The reduction ratio may be evaluated by

introducing an elongation parameter α , defined as the length ratio of twisted ligament to straight

(non-twisted) ligament. For the as-fabricated aluminum WBK truss structure shown in Fig. 1,

the elongation parameter α is measured to be 1.04, which is small. Hence, for convenience and

minimization of computational costs, the idealized Kagome structure is employed below for both

analytical modeling and numerical simulation.

For fluid-saturated metallic lattice trusses, the contribution of heat conduction from the fluid

phase may be neglected as the thermal conductivity ratio of solid to fluid is usually large, e.g.,

ks/kf > 8000 for air-saturated aluminum trusses. The transport of heat in such porous media is

therefore conducted only through the solid cell ligaments. Further, for sufficiently high porosities,

the transport may be taken as 1D along each tortuous slender ligament. Based upon this assump-

tion, Yang et al.21 demonstrated that the ETC of high porosity porous media may be expressed

as a function of porosity and thermal tortuosity as ke/ks = (1− φ)/τ , where ke is the effective

conductivity of the porous medium, ks is the thermal conductivity of the solid ligaments, φ is

the porosity, and τ is the thermal tortuosity that reflects the elongation of heat conducting path

within the porous medium. This approach is adopted below to determine analytically the effective

conductivity of WBK.

With reference to Fig. 2, by adopting the concept of 1D conduction via wire ligaments,19,21

the ETC of the present WBK in O-C of the selected UC may be determined as ke/ks = (Hc/A0)/(∫ H(s)
0 [AL(s)]−1 ds

)
, where A0 and Hc are the heat transfer area and thickness of the UC, and the

heat transfer length via the tortuous ligament in the UC can be calculated as
∫ H(s)

0 [AL(s)]−1 ds =
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8L/(3πd2). With the relative density (ρ∗ = 1− φ) of the UC (and hence the WBK block as

a whole) determined as ρ∗ = 1− φ = 3πd2/(4
√

2L2), the ETC of the WBK in O-C is finally

obtained as ke/ks = (1−φ)/3. Compared with ke/ks = (1−φ)/τ , the normalized effective con-

ductivity ke/ks is the product of porosity and a coefficient of 1/3. In other words, the tortuosity τ
of the WBK along O-C (see Fig. 1) is 3.
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Fig. 2. UC model of idealized Kagome structure
having a uniform diameter of circular ligaments, d
and lateral length, L.
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Fig. 3. Schematic of the test rig for ETC mea-
surements with controllable power input and ther-
mostatic bath, with z-axis coinciding with heat flow
direction.

To validate the analytical prediction of ke/ks = (1−φ)/3, a purposely-designed test rig is built

as illustrated in Fig. 3. A WBK specimen is put into a cubic container made of a low conducting

material (Perspex). Heat is applied by an etched-foil heating pad attached to the outer surface of

the upper Al substrate, and is thus dominated by conduction from the top through the WBK truss

to a cooling system (Contraves Rheotherm 115TM) at the bottom.

Surface temperatures T1 and T2 are separately measured by K-type thermocouples built-in

the film heat flux gauge (OmegaTM) as well as T-type foil thermocouples (thickness 13 μm,

OmegaTM) attached to the Al substrates. As illustrated in Fig. 3, 1D heat conduction occurs

along the z-axis. The ETC ke of the test sample is calculated following Fourier’s steady-state heat

conduction law, as ke = −q
′′
netL/(ΔT ), where q′′net is the net heat flux defined as q′′net = q′′ −q′′loss,

L is the sample length along the z-axis (Fig. 3) and ΔT = Te2 −Te1 = T2 −T1 is the temperature

difference between the upper and the lower surfaces of the WBK block.

Quantifying ke using the experimental setup of Fig. 3 is affected by the following parameters:

q′′net, Te1, Te2, and L. With L fixed, the errors associated with the measurement of ke may be esti-

mated as Δke/ke =

√(
Δq′′

net/q′′
net

)2
+[ΔTe1/(Te1 −Te2)]

2 +[ΔTe2/(Te1 −Te2)]
2,26 where the error

associated with the temperatures Te1 and Te2 due to film thermocouple calibration and resolution

of the data acquisition device is estimated to be 0.2◦C. For the input heat flux (q′′net) measured by

the film heat flux gauge, the error stems mainly from signal readings by the multimeter and is es-

timated to be within 2.0%. Overall, the uncertainty in the present measurement of ke is estimated

to be less than ±3.5%.

In addition to experimental measurement, to explore the mechanism of heat transport in the

WBK, direct numerical simulations with the finite volume method (FVM) embedded within the

commercially available software ANSYS-CFX 14.0 are carried out. A solid geometry is gener-
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ated using SOLIDWORKSTM as depicted in Fig. 4(a) and then exported to ANSYS-CFX 14.0

for steady-state heat conduction analysis. Constant temperature thermal boundary condition is

imposed on the top and the bottom faces (e.g., those perpendicular to O-C, Fig. 4(a)), while the

other four faces are kept at adiabatic. To investigate the effect of anisotropic topology on effective

conductivity, similar boundary conditions are applied to the WBK block for heat conduction along

other selected orientations.

T = Const.

T = Const.

Conduction

Adiabatic

Adiabatic

(a) (b)

Fig. 4. Numerical model: (a) solid model with thermal boundary conditions for the whole WBK block
sample, (b) representative meshes.

In Fig. 5, the normalized ETC (ke/ks) of air-saturated WBK truss in O-C is plotted as a

function of porosity. Within the high porosity range considered (φ � 0.90), good agreement is

achieved among numerical simulation results, experimental measurements, and analytical model

predictions. Through square least fitting, the numerically simulated effective conductivity may

be empirically correlated as ke/ks =−0.34338φ +0.34348, R2 = 0.99712, where the coefficient

0.343 38 represents the reciprocal of thermal tortuosity. Compared with the analytical model of

ke/ks = (1−φ)/3, the thermal tortuosity resulting from the correlation exhibits a small deviation

of ∼3% in the porosity range, 0.9 � φ � 0.98. It needs to be noted that a further decrease in

porosity leads to ligament thickening for a given pore size, which may violate the assumption of

1D heat conduction along the ligament underlying the present analytical model. Accordingly, it is

seen from Fig. 5 that the largest deviation occurs at relatively small porosity levels (around 0.90).

As the WBK truss possesses topological anisotropy, its effective conductivity is expected to
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Fig. 5. Comparison of ETC among numerical sim-
ulation, experimental measurement, and tortuosity-
based analytical model.
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be anisotropic as well. Figure 6 compares the numerically calculated and experimentally mea-

sured effective conductivity of the WBK along three typical orientations. Similar linear trend is

observed for the three orientations considered. For a given porosity, O-A has the highest effec-

tive conductivity, and this enhancement is more apparent at the lower end of the porosity range

(0.90 � φ � 0.92). As the porosity is increased, the difference of effective conductivity amongst

the three orientations becomes smaller. For very high porosities (φ � 0.98), the diameter of the

metal ligaments is extremely small, e.g., the ligament diameter is only 0.32 mm for φ = 0.99.

This causes a big thermal resistance, resulting in layered heat conduction in the WBK block and

hence the vanishing of the anisotropic feature. Close to the porosity limit of 1, the three lines of

effective conductivity in Fig. 6 merge at (0.000 11, 1), 0.000 11 being the thermal conductivity

ratio (kf/ks) of aluminum to air.

Again, based on the least square method, fitting correlations of the numerical results shown

in Fig. 6 for O-A and O-B may be obtained as ke/ks = −0.43231φ + 0.43242, R2 = 0.99832

and ke/ks =−0.37326φ +0.37337, R2 = 0.99903, where the coefficients 0.373 26 and 0.432 31

imply smaller thermal tortuosity (i.e., smaller heat conduction length) than that in O-C.

So long as the assumption of 1D heat conduction holds, the observed feature of effective con-

ductivity of high-porosity WBK in different orientations is mainly attributed to varying thermal

tortuosity induced by varying heat conduction length. A longer heat conduction length leads to a

bigger thermal tortuosity and hence, in view of ke/ks = (1−φ)/τ , a smaller effective conductiv-

ity. For illustration, consider one representative cut-plane out of the 3D WBK geometry, as shown

in Fig. 7, highlighting the imaginary heat conduction path along O-A or O-B. For the present high

porosity range (φ � 0.90), the ligaments of the Kagome are so thin that 1D-like heat conduction

occurs along the ligament (Fig. 7). For O-A, there exists a relatively straight thermal path in the

selected UC from high temperature (TH) to low temperature (TL), see Fig. 7(b). For O-B, however,

the heat flow path becomes more tortuous, yielding a bigger thermal tortuosity, see Fig. 7(b).
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Fig. 7. Imaginary heat conduction path along orientations (a) O–A and (b) O–B.

It should be pointed out that the present analysis of heat conduction physics was carried out on

the basis of numerical simulations through large-scale computations. While these computations

may be helpful for the design of sandwich panels for multi-functional applications, the computa-

tional cost would significantly reduce if spatially periodic computations on a periodic UC of the

WBK truss are performed. Such an approach was demonstrated by Albaalbaki and Hill27 to pre-

dict water vapor permeability of porous media and will be explored in future studies concerning

the effective properties of periodic porous media.

In summary, the ETC of high-porosity, fluid-saturated metallic WBK truss structures is in-
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vestigated both numerically and analytically. With the effect of ligament twisting considered by

introducing an elongation parameter in thermal tortuosity, a 3D idealized Kagome having straight

ligaments is employed for developing both the analytical and the numerical models. Good agree-

ment is achieved between analytical model predictions and numerical simulations. Through least

square fitting, the effective conductivity as a function of porosity exhibits a linear trend, with the

coefficient of linearity reflecting simply the thermal tortuosity. The intrinsic anisotropic topology

of the WBK causes anisotropic heat transport behaviors along different orientations.
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