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The micro-lattice phase change material is a new type of thermal control materi-
al that effectively integrates the metallic hollow micro-lattice and phase change 
material together and exploits their advantages on the heat transfer capability 
and the heat storage capacity. This paper proposes a model to predict the effective 
thermal conductivity of micro-lattice phase change materials considering the heat 
transferring between the two different phases. The Fourier’s law and the modified 
volume calculation method were used to derive a new prediction model, and the 
prediction model was refined using the finite volume method. Testing and the finite 
element method were used to validate that the proposed prediction model is more 
accurate than traditional prediction models. At the same time, we also analyzed 
the influence of boundary effects and micro-structural parameters of the hollow 
micro-lattice on the effective thermal conductivity.
Key words: hollow micro-lattice, effective thermal conductivity,  

phase change material

Introduction

With the advancement of the aerospace industry, the demand for lightweight multi-
functional materials that can be used to decrease the overall mass and volume while enhancing 
the reliability has become increasingly significant [1-3]. Owing to the use of highly integrated 
electronic devices, the heat generated during payload operation reduces the lifespan of the sat-
ellites [4]. Therefore, it is necessary to control the heat to improve overclocking reliability and 
extend product life [5, 6]. To overcome this challenge, there is an urgent need for multifunc-
tional thermal control materials.

The various lightweight thermal control materials that have been developed so far in-
clude foams [7, 8], lattices [9], honeycombs [10], and corrugated material [11, 12]. Honeycomb 
and corrugated materials used in thermal control are typically filled with insulation or phase 
change materials for their intended use [13, 14]. Metal foam materials have the advantages of 
low density and a large specific surface area, and they have been widely used to enhance heat 
transfer [15]. Although foam materials possess certain advantages, their design limitations re-
strict their broader applications [16].
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Lattice materials possess great potential for use in multifunctional applications due 
to their high porosity, specific stiffness, specific strength, specific surface area, and excellent 
design flexibility [17]. Hollow micro-lattice materials have been further explored as materials 
for thermal control [18, 19], An important parameter for evaluating the performance of thermal 
control materials is the estimation of the effective thermal conductivity. Qu et al. [20] divided 
the octet-truss lattice unit cell into several layers and calculated the thermal conductivity of 
each layer using the volume fraction, and then employed a series model to determine the overall 
effective thermal conductivity. Wang et al. [21] calculated the configuration factor by the Mon-
te Carlo method, considering the influence of radiation in all directions. They also presented 
an analytical model for predicting the effective thermal conductivity of the pyramidal lattice 
core sandwich structure. Shiva et al. [22] investigated the thermal transport in hollow nickel 
micro-lattice and determined the effective thermal conductivity by analyzing the material’s 
thermal characteristics, cell structure, and volume fraction.

Our team has conducted a series of researches on the application of micro-lattice ma-
terials for thermal control. Xu et al.[23] fabricated a hollow micro-lattice material embedded 
with phase change material, which is called micro-lattice phase change material. This material 
integrated the heat transfer capacity of lattice materials with the heat storage ability of phase 
change materials, and it was demonstrated to have excellent thermal control ability. Chen et al. 
[24] designed a new cooling system that utilizes a hollow metal micro-lattice material filled 
with liquid. This innovative design enhances heat dissipation performance while maintaining 
a lightweight structure. Subsequently, Chen et al. [4] conducted extensive research on hollow 
metal micro-lattice materials filled with phase change material. They analyzed the influence of 
micro-structure features on the thermal control performance and simulated the thermal control 
effect under thermal load conditions of microsatellites.

In previous studies, the prediction of the thermal conductivity of lattice structures 
was primarily based on Professor Haydn N. G. Wadley’s method [25]. However, there was a 
significant error in predicting the thermal conductivity of the micro-lattice phase change ma-
terial. Therefore, a more accurate prediction model is necessary. In this study, a new predic-
tion model was developed by using Fourier’s law and modified volume calculation method. 
The modified parameters, calculated using the finite volume method, were used to modify the 
prediction model. The finite element and testing results have demonstrated that the prediction 
model proposed in this paper is more accurate than traditional prediction models, especially in 
limited size situations. Subsequently, we analyzed the effects of boundary effects and structural 
parameters on the effective thermal conductivity.

Structure of the micro-lattice phase change material

The structure of the micro-lattice phase change material studied is shown in fig. 1. 
The overall structure consists of the representative unit repeated in a fixed array, fig. 1(a). The 
structure of the representative unit consisting twelve 45° circular rods is shown in fig. 1(b). 

The size of the representative unit is Lc, the number of representative units along the 
x, y, and z directions are denoted as Nx, Nv, and Nz, respectively, where z is the direction of heat 
transfer. Each rod is composed of inner materials made of phase change material with a diame-
ter of D and the outer material made of metallic material with a thickness of t. 

Prediction of the effective thermal conductivity

For the convenience of calculation, the two materials were considered as equivalent 
materials with a thermal conductivity of λs. The process of obtaining the effective thermal con-
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ductivity prediction model is shown in fig. 2, the effective thermal conductivity of the solid lat-
tice material was calculated first, and then the thermal conductivity of the heat transfer rod was 
calculated. From the results of the effective thermal conductivity of the solid lattice material 
and the thermal conductivity of the equivalent materials, it can be concluded that the prediction 
model for the effective thermal conductivity of the micro-lattice phase change material has been 
modified.

Figure 2. Calculation process of the effective thermal conductivity prediction model

Effective thermal conductivity of the solid lattice material

Assuming the temperature difference at both ends of the lattice is ∆T, heat is transmit-
ted along the direction of the rod, taking the representative unit as an example, the heat transfer 
path in the rods is shown in figs. 3(b) and 3(c). A portion of the heat flow enters from a rod on 
the lower end face, and all short rods in the entire path of the upper end face are considered 
complete heat transfer rods, the thermal conductivity of the heat transfer rod is λs. According to 
Fourier’s law, the number of heat transfer rods in the hole structure:

( )8 2x y x yn N N N N= + + (1)

The area of the end face is:

( )( )c c2 2b x yS N L D t N L D t= + + + + (2)

Figure 1. Micro-structure of the micro-lattice phase change material
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Figure 3. The heat transfer path of the lattice materials

The heat conducted in the heat transfer rod and the equivalent body:

( )2s eff
cc2 b

zz

n T TQ R t S
N LN L

λ λ∆ ∆
= − π + = − (3)

The result can be obtained as:

( )2
eff s  

2 b

n R t
S

λ λ
π +

= (4)

Effective thermal conductivity of the equivalent materials

In the case of using the lattice structure relative density calculation method [25], be-
cause the intersection part of the rods is not considered, the error will be unacceptable when the 
diameter is large. Therefore, we revised the volume calculation method.

Figure 4. Schematic diagram of the lattice materials

Integral of the structural volume

The overall structure can be disassembled and divided into three parts as shown in 
fig. 4(a). The beige part of the basic structure is a half cylinder with four corners cut off,  
fig. 4(b), while the green part of the basic structure is derived from the former by cutting off two 
intersecting 45° rods, fig. 4(c). The red part of the basic structure can be divided into two parts: 
one is the portion where the half cylinder is cut off, fig. 4(d), and the other is the portion where 
the hemisphere is cut off, fig. 4(e):
	– Consider the beige part, compared to the semi-circular rod, four parts need to be cut along 

the reference plane, and the volume of the part cut along the base plane:
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2 3
c

beige
2 4  

4 3
L R RV
π

= − (5)

	– Consider the green part, the volume of the intersecting part is the volume of the frustum of 
two 45° circular rods (the angle between the two rods is 60° ). The volume of a frustum can 
be calculated:

( ) ( )
1 1

2

2

0

3

cut
20

, d d , d d
R r R r

R r

V f x y x y f x y x y+= ∫ ∫ ∫ ∫ (6)

with

( ) ( )2 2 2 2 2
2 1 26 2 6 2

, ;  , 
2 3 3

x y y R y y R y
f x y R x r r

− + − − −
= − − = =

From this, the volume of the green part can be determined:
2 3

c
green cut

2 4 2
4 3

L R RV V
π

= − − (7)

	– Consider the red part, Vred = Vred,1 + Vred, 2, the intersection bodies of the edge rods are distrib-
uted along the edges, the volume shown in fig. 4(d):

2
2

2
3

2 2
red,1

0

2

1 2 2 d d
2

R
y

yR

V R x y x y
−

− −

= − −∫ ∫ (8)

The volume shown in fig. 4(e):
2 2

3 2
2 2 2

red,2
0

d d  

R R y

y

V R x y x x y

−

= − − −∫ ∫ (9)

The volume function

The function of the total volume of the structure can be obtained:

( ) ( )c beige

green red

, , , , 8

32 16  
x y z x z z y

x y z z

V f N N N L R N N N N V

N N N V N V

= = + +

+ +
(10)

For ease of calculation, use fitting results:

( )
2 23

3 3c c2 248 32 2.575 1.6032   
4 3 4z x y x y z z

L R L RRN N N N N N R N R
   π π

+ − + − + π      
   

(11)

By using the revised volume formula, we can obtain the true volumes of two materi-
als:

( ) ( ) ( )in c out c, , , , ,  , , , , , , , ,x y z x y z c x y zV f N N N L R V f N N N L R t f N N N L R= = + − (12)
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According to the parallel model, the effective thermal conductivity of the equivalent 
materials:

in in out out
s

in out
   

V V
V V
λ λ

λ
+

=
+

(13)

Then we can get the thermal conductivity of the micro-lattice phase change material:

( )
( ) ( ) ( )2c

eff in out out

, , , ,
 

2, , , ,
x y z

bx y z c

f N N N L R n R t
Sf N N N L R t

λ λ λ λ
  π + = − +
 + 

(14)

Modification of the prediction model

In finite element analysis and experiments, it has been observed that the simple struc-
tural accumulation in the direction of heat transfer can increase the effective thermal conductiv-
ity. This effect is particularly pronounced when there is only one representing unit in the direc-
tion of heat transfer. In practical applications, there is often only one or two layers of lattice in 
the direction of heat transfer. Modifying this situation can effectively improve the accuracy of 
predictions for practical applications.

Considering that the structure used in this 
paper was composed of internal and external 
parts. For this double-layer structure, ABAQUS 
may be used to establish the basic cylindrical 
rod model, similar to the previous study. A lay-
er of shell elements was applied to the surface 
of the round rod, and the steady-state solution 
was conducted for various heat transfer lengths 
to calculate the effective thermal conductivity.

As shown in fig. 5, the model exhibits a 
trend similar to that of the micro-lattice phase 
change material, indicating that this type of 
structure has an impact on the prediction of 
effective thermal conductivity. To minimize its 
impact, the finite volume method is employed 

to numerically compute the cylindrical model with an outer layer. The goal is to obtain a fitting 
formula that is related to the length of the heat transfer rod and utilize it as a modified coeffi-
cient for similar scenarios.

Finite volume method

The finite volume method was used to estimate the heat conduction of the double-lay-
er cylinder. This method considers the temperature distribution in the double-layer cylinder 
for steady-state heat conduction analysis using the control differential equation. There was no 
internal heat generation, and the calculation was performed using an axisymmetric grid [26].

The structure is simulated using an axisymmetric model and the axisymmetric algo-
rithm was used. As shown in fig. 6(a), a cylindrical half section was employed as the calculation 
area, where adiabatic boundaries was set on both the left and right sides, while the interfacial 
heat transfer occurs between the two-phases. 

For the heat transfer process, the energy balance equation of the control volume:
0W E S NQ Q Q Q+ + + = (15)

Figure 5. Effective thermal conductivity in 
cylinder with a layer of shell
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where QW, QE, QS., and QN are the heat quantity transferred to the control volume P from the 
adjacent nodes W, E, S, and N, respectively through heat conduction, fig. 6(b). For the control 
volume P, the discretization equation of the energy governing equation:

  K K K K K
P P W W E E N N S Sa T a T a T a T a T b= + + + + (16)

with

	 1 2

2 2, , ,

,

P P
P P

W E N S

P W E N S

r rr x r x
r r r ra a a a

r r x x
a a a a a b b b

λ λ
λ λ

δ δ δ δ

∆ ∆   − ∆ +   
   = = = =

=

∆

+ + = +

∆

+ 	

Figure 6. Finite volume method

Taking into consideration the grid adjacent to the boundary in the solution domain. 
The coefficients corresponding to connected boundaries change under different boundary con-
ditions. The av is the corresponding coefficient and Sv is the corresponding contact surface area.
	– Adiabatic boundary condition

0    va = (17)
	– Dirichlet boundary condition

1

2 2
2 22 2, , ,

  

P P
P P

W E N S

v b

r rr x r x
r r r ra a a a

r r x x
b a T

λ λ
λ λ

δ δ δ δ

∆ ∆   − ∆ + ∆   
   = = = =

=

∆ ∆
(18)

	– Neumann boundary condition
20,    v va b qS= = (19)

	– Interfacial heat transfer
  v va hS= (20)

Taking into account that the interfacial heat transfer between two materials has an up-
per limit, we utilized the harmonic mean of the thermal conductivity between the control points 
on either side of the interface [27]:

1 2

1 2

1 2

 m
r r
r r

λ

λ λ

∆ + ∆
=
∆ ∆

+ (21)



Shan, L., et al.: Prediction Model of the Effective Thermal Conductivity ... 
3260	 THERMAL SCIENCE: Year 2024, Vol. 28, No. 4B, pp. 3253-3266

Therefore, av should not exceed:

1 2
  

2 2

m v
v

S
a

r r
λ

=
∆ ∆

+
(22)

Modified coefficient

In numerical calculations, the value of the Dirichlet boundary condition is Tb, the 
value of the Neumann boundary condition is q, heat transfer length L equals NzLc, and the av-
erage temperature of the bottom side is Td. Therefore, the effective thermal conductivity of the 
cylindrical model:

  p
d b

qL
T T

λ =
−

(23)

The effective thermal conductivity, calculated using the finite volume method under 
different grid sizes, was compared to that calculated using the ABAQUS axisymmetric model 
under the same conditions. It can be seen in tab. 1, that the finite volume method exhibits good 
grid independence, and the relative error with ABAQUS is very small when the grid size reaches 
0.01 mm. Excessively small grid sizes can significantly increase the computational workload. 
Therefore, in the subsequent calculations, the grid size was set to 0.01 mm.

Table 1. Relative error comparison in different grid sizes
Grid size (mm) 0.08 0.04 0.02 0.01 0.008 0.005 0.004 0.002 0.001

Relative error [%] 1.047 0.553 0.345 0.253 0.236 0.212 0.204 0.190 0.183

Taking 580608 sample points within the R ∈ [0.35, 1], t ∈ [0.01, 0.2], λin ∈ [0.1, 4],  
λout ∈ [50, 200], and L ∈ [0.5, 100] interval for calculation by using MATLAB. The following 
fitting relationship between various parameters and effective thermal conductivity is obtained:

( ) ( )

2 2 2

eff 1 in 2 out 3 42 2
21 1R t R R t Rt t t Rtk k k k

L L L LR t R t
λ λ λ+ + +   = + + + + +   

   + +
(24)

with
	 1 2 3 40.1245, 0.0103, 144.9565, 26.8147k k k k= = − = = −

Histograms of the relative error distri-
bution is shown in fig. 7. The relative error of 
the vast majority of data is within 2%, and the 
mean-square error is 0.1793, which verifies 
that using this fitting equation as an alternative 
is acceptable.

When the heat transfer length is infinite, 
the equation can be simplified as a mixing rule 
formula, so the adjustment coefficient can be 
considered as the ratio of this fitting formula to 
the mixing rule. Therefore, the modified coef-
ficient can be calculated:Figure 7. The relative error histogram  

of the fitting equation
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( ) ( )

( ) ( )

2 2 2

1 in 2 out 3 42 2

2 2

in out2 2

21 1

 
2

R t R R t Rt t t Rtk k k k
L L L LR t R t

R Rt t
R t R t

λ λ

α
λ λ

+ + +   + + + + +   
   + +

=
+

+
+ +

(25)

When there is only one or two cells in the heat transfer direction, the effective thermal 
conductivity can be predicted:

( )
( ) ( ) ( )2c

eff in out out
c

, , , ,
 

2, , , ,
x y z

bx y z

f N N N L R n R t
Sf N N N L R t

λ α λ λ λ
  π + = − +
 + 

(26)

This prediction model is mainly aimed at limited size situations, as the influence of 
boundary effects is significant and should not be disregarded. When the size is large, i.e. Nx, 
Ny, Nz are large, we can ignore the influence of the boundary part. Under these conditions, the 
prediction model can be simplified as a homogenization prediction model:

( ) ( )
( ) ( )22 3

eff in out out2 3 2
c

4 22.3186
 

2.3186
c

c

R tL R R
LL R t R t

π
λ λ λ λ

  +− = − +
 + − + 

(27)

Verification of the effective thermal conductivity prediction model

The thermal conductivity of Ni-P coating and octadecane at room temperature was 
obtained using a laser thermal conductivity meter (LFA467, Germany) with values 66.6 W/mK 
and 0.17 W/mK [4]. 

The effective thermal conductivity test set-up

The test set-up of the effective thermal conductivity measurement is shown in fig. 8. 
The sample was assembled between quartz and stacked between the heat source and the fixed 
heat sink in a vacuum environment. The vacuum level inside the vacuum chamber was below 
–0.8 MPa, and heat propagates from the bottom of the heater to the fixed heat sink. 

Figure 8. Test set-up

The temperatures at four points, two on the quartz and two on the sample, were 
measured using a thermocouple. A thermal conductivity analyzer (HotDisk TPS3500S, Swe-
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den) was used, the thermal conductivity of quartz at room temperature was obtained to be  
1.217 W/mK. The effective thermal conductivity of the sample was calculated by using the 
known thermal conductivity of quartz and the length between the thermocouple points. Accord-
ing to the [22] and simulations, the proportion of radiant heat transfer is extremely small at the 
set temperature.

For the quartz section and the sample section:
3 41 2

test qz eff
qz sp

 
T TT Tq

L L
λ λ

−−
= − = − (28)

Equation (28) is reorganized and solved to obtain the effective thermal conduction:
( )
( )

sp 1 2
eff qz

qz 3 4
  

L T T
L T T

λ λ
−

=
−

(29)

Numerical model

As shown in the fig. 9, a finite element 
model was established using the finite element 
code, Abaqus/Standard. Taking the (Nx, Ny, Nz, 
Lc, R, t) = (2, 2, 1, 5, 0, 5, 0.02) and the inner 
phase change material was modelled using sol-
id elements, the outer layer of metallic material 
was modelled using shell elements. Thermal 
contact was set between the inner and outer 
part, a constant temperature boundary condi-
tions Tup was set on the upper end face, and a 
heat flux of qdown was set on the lower end face. 

The analysis was carried out using a steady-state heat transfer mode. The average 
value of the lower surface temperature was selected as Tdown, and the effective thermal conduc-
tivity:

c
eff down

down up
 zN L

q
T T

λ =
− (30)

In order to verify the accuracy of the nu-
merical model, we conducted the experiments 
for comparison. To compare with experimental 
data, the temperature value of the numerical 
model corresponds to the attachment point of 
the experimental thermocouple, rather than the 
average temperature value of the surface. The 
structural parameters of the prepared samples 
are the same (Nx, Ny, Lc, R, t) = (2, 2, 9, 0.75, 
0.02), except for the difference in Nz. 

It can be seen in fig. 10 that the results 
of the numerical model are consistent with the 
experimental results. Therefore, the numerical 
model presented in this article is reliable.

Figure 9. Finite element model set-up

Figure 10. Relative error of the finite  
element model
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Validation of the prediction model

Some samples were selected to calculate the effective thermal conductivity through 
the finite element method. Then the prediction model was used in this study for the calculations. 
Then the relative error of the data was calculated and compared.

In the tab. 2, the thermal conductivity is calculated using the finite element model. 
The relative errors of the traditional model and the prediction model are compared to the results 
of the finite element model. It can be observed that the prediction model proposed in this paper 
demonstrates significantly improved accuracy compared to the traditional model. 

Table 2. Comparison of relative errors of prediction models

Sample parameters
(Nx, Ny, Nz, Lc, R, t)

Thermal conductivity
[mWmm–1K–1]

Traditional 
model [25] [%] 

Prediction 
model [%] 

(2, 2, 1, 5,0.50 ,0.02) 0.878 16.34 0.92

(3, 3, 1, 8, 0.75, 0.01) 0.266 18.66 3.82

(2, 2, 1, 4, 0.60, 0.015) 0.945 40.77 9.00

(2 ,3, 1, 6, 0.60, 0.01) 0.367 19.64 3.80

(2, 2, 1,9, 0.75, 0.02) 0.434 13.65 1.34

(1, 1, 1, 9, 0.75, 0.02) 0.472 7.76 2.61

(2, 2, 1, 10, 1.00, 0.04) 0.878 16.33 0.10

The impact of boundary effects and 
structural parameters 

The influence of boundary effects was 
compared by setting the sample at N = 1,  
R = 0.75 mm, t = 0.02 mm, λin = 0.17 W/mK, 
λout = 99.6 W/mK, and Lc = 9 mm. The effective 
thermal conductivity was calculated with Nx and 
Ny being different values, fig. 11. The prediction 
results of the homogenization prediction model 
are acceptable when the size is large enough.

When it is applied to some small devices 
or large-sized but not integrated, the prediction 
model provided in this paper should be used to 
obtain more accurate prediction parameters.

To calculate the impact of boundary effects the conditions were set as Nx = Ny = Nz = 1,
 
 

λin = 0.17 W/mK, λout = 66.6 W/mK, and Lc = 9 mm. By considering the effects of R and t on 
the effective thermal conductivity, it can be seen from fig. 12(a) that the tube thickness, t, has 
a greater impact than the inner radius, R. This is because the thermal conductivity of the outer 
material is much greater than that of the inner material, which undertakes the heat transfer func-
tion, while the inner material undertakes the heat storage function. Therefore, when designing 
the effective thermal conductivity, the main consideration should be given to the tube thickness, 
t, and heat transfer properties of the outer material.

Figure 11. The impact of boundary effects
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The conditions were set at Nx = Ny = Nz = 1, R = 0.75 mm, t = 0.02 mm, λin= 0.17 W/mK,  
and λout = 66.6 W/mK. By considering the effects of Lc on the effective thermal conductivity, it 
can be seen that the effective thermal conductivity decreases while the Lc increases, fig. 12(b). 
At the same time, it was noted that during this process, the relative volume fraction of the solid 
part in volume also shows the same trend and the relative volume fraction and effective thermal 
conductivity are linearly correlated. This is because the change in Lc does not cause a change in 
the intersecting parts of the structure at this time, and without considering the intersecting parts, 
the porosity is linearly related to the effective thermal conductivity.

In practical applications, the length of the heat transfer direction is generally deter-
mined, therefore, this parameter mainly affects the number of Nz in the heat transfer direction.

Conclusions

A new effective thermal conductivity prediction model for the micro-lattice phase 
change material in limited-size situations has been developed through theoretical models and 
modifications to volume formulas. The final prediction model was obtained through modifi-
cation using the finite volume method. By constructing a vacuum thermal conductivity testing 
set-up for tests and simulating with the finite element method, it was verified that the new 
prediction model greatly improves the accuracy compared to traditional prediction methods. In 
general, the accuracy of the new model has increased by 5.15-16.23% compared to traditional 
models, while in some special cases where traditional models are not applicable the accuracy of 
the new model has been increased by 30.23%.

Moreover, we compared the boundary effects under different sizes, and analyzed the 
impact of different structure parameters on effective thermal conductivity. The results indicate 
that the influence of boundary effects should not be ignored unless the size is sufficiently large. 
In addition, in the design of the structure, to adjust the effective thermal conductivity, the first 
consideration should be the thickness of the outer metal material rather than other structural 
parameters.
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Figure 12. The impact of structural parameters
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Nomenclature

D 	– diameter of inner lattice, [m]
h 	– interface heat transfer coefficient, [mWmm–2K–1]
k 	 – coefficient of fitting equation
q 	– heat flux, [mWmm–2]
R 	– radius of inner lattice, [mm]
T 	– temperature, [K]
t 	 – thickness of hollow tube, [m]

Greek symbols

α	 – modified coefficient
λ 	 – thermal conductivity, [Wm–1K–1]

Subscript

c 	 – representative unit
p 	 – pole
qz 	– quartz
in 	 – inner materials
out 	– outer materials
eff 	– effective parameters
s 	 – equivalent materials
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