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Abstract- Thermal conductivity decides the rate of thermal energy absorbed and released of phase change materials (PCM). 
Adding high conduction particles into the PCM matrix has been investigated for increasing the thermal conductivity. In general, 
the effective thermal conductivity of composite PCM has anisotropic properties due to the orientation of additives. However, 
effect of anisotropic PCM on thermal control properties is absence, which is studied in this paper by using an apparent heat 
capacity method. An optimal match between anisotropic thermal conductivity and thermal conditions was further investigated. 
It is found that anisotropic PCM was preferred for surface hot source, in this case, the additives should be oriented along a 
special direction in PCM matrix when preparing composite PCM. While, isotropic material was desirable for point heat source, 
and the additives should be homogeneously oriented in PCM matrix. 
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I. INTRODUCTION 
 
Because of its high storage density and small 
temperature variation from storage to retrieval, phase 
change materials (PCMs) are extensively used 
nowadays in many applications such as thermal 
control systems in aerospace applications, active and 
passive cooling of electronic devices[1-5]. However, 
the low thermal conductivity reduces the rate of heat 
storage and retrieval during melting and solidification 
cycles and, therefore, the energy utilization efficiency 
of the phase change system [6-9]. Different techniques 
to enhance the thermal conductivity have been studied, 
mainly experimentally. These techniques include 
inserting matrix or honeycomb structure and adding 
high conductivity materials into the PCM [7, 10-12]. 
In general, these additives present anisotropy thermal 
conduction, for example carbon nanotubes and carbon 
fiber brushes have different conductivities in the 
vertical axis and on cross section [2, 3]. Some 
investigators also found that the composite PCM has 
orthotropic thermal conductivities. Mills[8] reported 
that as for PCM impregnation in graphite matrix, the 
test results of thermal conductivities are different 
along compaction direction and direction of heat flow. 
Xiang[13] found the thermal conductivity of 
paraffin/xGnP nanocomposites in plane differed from 
the value through plane. Likewise, in some thermal 
control engineering, thermal conditions applied have 
certain directionality[14]. For portable electronic 
devices such as notebook computers and wearable 
electronic devices, the thermal load is mainly 
transferred from the surface perpendicular to sensitive 
components to working environment [15-17]. With the 
development of electronic technology, heating surface 
trends toward a point due to high level integration of 
electronic equipment [18-22]. This leads to new 
thermal conditions needed to control. However, 
conventional study mainly focuses on the effect of 

isotropic PCM on properties of thermal control, with 
no concern for the relationship between anisotropy of 
thermal conductivity and direction of the heat flux[23]. 
In fact, as for isotropic composite PCM, the overall 
effective thermal conductivity is quite lower than the 
value of a special direction [24-26]. Therefore, 
rational arrangement and design of PCM in thermal 
control system are expected to improve the control 
effectiveness. 

In this study, effect of anisotropic thermal 
conductivity of PCM on thermal control properties, 
including the highest temperature of controlled surface 
and effective control time, was investigated by using 
an apparent heat capacity method. The optimal match 
criterion between anisotropic thermal conductivity and 
thermal conditions was further examined. 
 
II. PHYSICAL MODEL 
 
The physical model is shown in Fig.1. In the thermal 
control system, the root is a heating source to simulate 
the electronic chip. PCM is placed in the middle. All 
sides are surrounded by thermal insulation materials. 
Thermal expansion boards are set on the top and below 
the PCM. Bottom of the chip is set to thermal 
insulation, and the above copper sheet is at room 
temperature. 

 
Fig.1. Schematic diagram of calculation model 
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To validate the accuracy of the model, an experimental 
apparatus based on above physical model was built up. 
The numerical results were then compared with the 
experiment results. In the experiment, chose the 
octodecane/aluminum honeycomb composite as PCM. 
The porosity of aluminum honeycomb is up to 99%, 
which has the advantage of low mass and significant 
anisotropy for thermal conductivity. Thermo-physical 
properties of composite PCM are given in Table 1. 

 
Table 1 Thermo-physical properties of octodecane/aluminum 

honeycomb composite PCM 

 
 
III. MATHEMATICAL MODEL 
 
An apparent heat capacity method combined with 
computing software-COMSOL was used to simulate 
thermal control process. As for two-dimensional 
transient heat conduction problem, the mathematical 
formulation of the governing equations in rectangular 
coordinates can be written as follows: 

eff x x

T T T
c k k q

t x x y y


    
  

    

  
      

     (1) 

Where, effc is effective specific heat. xk and yk is the 
thermal conductivity in horizontal and perpendicular 
direction respectively. q is heat flux of interior heat 
source. 

In the process of melting and solidification of 
composite PCM, a mushy region is generated [27], in 
which transformation temperature domain varied from

mT T  to mT T  ,Where mT  is theoretical melting 
point, T is half-peak bandwidth. In this case, the 
phase-change boundary is moving, which tend to 
cause unstable numerical solutions[28]. Apparent heat 
capacity method is converting latent heat into part of 
the specific heat, which make it possible solve the 
above problem. The converted heat capacity in phase 
change region is written as follows: 

c ( )eff pT c H                   (2) 

Where, pc is specific heat capacity in single state, 
and, 
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IV. CALCULATION RESULTS AND 
DISCUSSION 
 
4.1 Model validation 
As shown in Fig.2, the left graph is the measured result 
of heat absorption and retrieval for 

octodecane/aluminum honeycomb composite PCM by 
differential scanning calorimeter (DSC), the right is 
calculating effective heat capacity by apparent heat 
capacity method. By comparison, we can get that the 
apparent heat capacity method has high accuracy. 

The thermal control experiment was also carried out 
to verify the software calculation accuracy. In the 
experiment, heat flux generated by the chip is set at 
1700 2W/m . Temperature variation of the root ship 
and the top board were monitored. From Fig.3, it can 
be include that the calculating data by COMSOL 
based on apparent heat capacity method are 
comparatively inosculate with experiment data. 

On different thermal conditions, the change of 
thermal control properties with anisotropic thermal 
conductivity of PCM was investigated later. To 
facilitate the discussion, the temperature of the root 
chip was monitored in the following simulation. 

 
Fig.2 Heat capacity of octodecane/aluminum honeycomb 

composite PCM, the left is measured result, and the right is 
calculation. 

 
Fig.3 Comparison of temperature curves from calculating data 

and experimental data. 
 
4.2 Thermal control properties under different 
anisotropic thermal conductivities 

 
Fig.4 Sketch of root heat source with varying area 

 
Due to high integration of electronic devices, area of 
heat source becomes smaller, therefore the thermal 
condition needed to control also changes. The root 
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heat source in Fig.1 was replaced by the model in 
Fig.4. The heating panels was located in the center of 
root, but its area was decreased. The extra aluminum 
sheet was aligned with the heating panels. Other 
thermal boundary and the total heat power remained 
constant. PCM is supposed to have different thermal 
conductivities along horizontal direction and 
perpendicular direction. Parameter s is carried out as 
dimensionless parametrization of the area of heat 
source according to Eq.5, 

1

iss
s

                    (5) 

Where is is the area of heating panels, and 1s is total 

root area. The total heat power remained constant 0q as 
follows: 

0i iq s q                  (6) 

Where iq  is heat flux generated by varied heat 
source. 
The calculating parameters is shown in Table 2. The 
control variables were used in the model calculation. 

 

 
Table 2 Parametric variation in model calculation 

 
4.2.1 Effect of thermal conductivities in different 
direction on control properties 

 
Fig.5 Effect of perpendicular thermal conductivity yk on 

controlled temperature of heat source 0T  under different 

heating area, s=1 and s=1/4. 

 
Fig.6 Effect of horizontal thermal conductivity xk on controlled 

temperature of heat source 0T under different heating area, s=1 

and s=1/4. 
Under different area of heat source, controlled 
temperature of root chip varied with thermal 
conductivities in different directions. To avoid the 
overlap between temperature curves of different s, 
close curves were placed different figures. 

As shown in Fig.5, when the heat source is along the 
total root board, namely s=1, the controlled 
temperature 0T  is very sensitive to perpendicular 

thermal conductivity yk . 0T decreases with the increase 

of yk . When yk increased to 5 W/ m K from 1

W/ m K , in effective control time, 0T decreases by 

more than 10K. When yk further increases to 10

W/ m K , 0T  keeps decreasing but with a milder 

range. While as shown in Fig. 6, when xk varied from 

0.1 W/ m K to 30 W/ m K , 0T  kept almost constant. 
Thus, it can be concluded that as for the hot source 

along the whole surface, thermal conductivities in 
different directions have different effect on thermal 
control properties: perpendicular thermal conductivity 
determines the controlled surface temperature 0T ; 

while 0T  is almost independent of horizontal thermal 
conductivity. Therefore, the direction of high heat 
conductivity of PCM should be aligned perpendicular 
to the hot surface. 
 
4.2.2 Effect of different heating area on control 
properties 
  0T - the declines of 0T  due to the increase of yk  
varied with the area of heating source. As shown in 
Fig.4 and Fig.7, when s varied from 1 to 1/10, 0T  is 
becoming smaller and smaller. For example, 

0 01 10 2K
y yk kT T                              (7) 

As a result, perpendicular thermal conductivity play a 
decreasing role on controlled temperature with the 
decrease of area of controlled surface. 
Meanwhile, effect of xk to 0T was investigated under 
different heating area. From Table 2, we can get that

0T increased with the decrease of s. That’s to say, 
horizontal thermal conductivity plays an increasingly 
important role on controlled temperature. 
 
In the case of s=1/10, the heating source is 
approximately a point source. By comparison Eq.7 
with Table 3, it can be found that, for point heating 
source, thermal conductivities in perpendicular and 
horizontal directions have little different effect on 
thermal control properties. In this case, the isotropic 
PCM was preferred. In preparation of this kind of 
PCM, the additives should be homogeneously oriented 
in PCM matrix to enhance the total effective thermal 
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conductivity. 

 
Table 3 Variation of 0T  with heating area 

 

 
Fig.7 Effect of perpendicular thermal conductivity yk on 

controlled temperature 0T under different heating area, s=1/2 

and s=1/10. 

 
Fig.8 Effect of horizontal thermal conductivity xk on 

controlled temperature 0T under different heating area, s=1/2 

and s=1/10. 

 
Fig.9. Two-dimensional temperature profile in system at 2000s 
when thermal conductivity of isotropic PCM is 1.9 W/ m K  

 
4.3 Analysis and discussion 
The temperature field of thermal control system varied 
with the heating area. From Figs.5, 6, 7 and 8, we can 
know that, all of the effective thermal control time in 
different system are more than 2000s. To further 
analyze the effect of heating area on PCM melting 
process, the temperature field at 2000s was 
investigated. At that moment the PCM is still in the 

melting state. As shown in Fig.9, when s=1, the 
temperature gradients only have a perpendicular 
component, therefore in the Eqs.7, xq is 
approximately zero. Eq.6a is not effective in this case, 
and the temperature field has almost nothing to do 
with horizontal thermal conductivity xk . 

0
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q k
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Based on thermal resistance method, it can be get that: 

0 a1

y y

T T

Ak Ah q t

 
                (9) 

Where, aT is ambient temperature around the top 
thermal expansion board, h is convective heat transfer 
coefficient between the top board and ambient. A is 
area of top board.  is thickness between heat source 
and top board. To simply the equations, supposing

2

1
R =

Ah
, then Eq.9 can be rewritten: 
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Taking the partial derivatives, it can be get that: 

0
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From the above equation, we can get that before heat 

transfer reaches steady state, on one hand, 0

y

T

k




 is 

positively correlated with yq . yq is positively 

correlated with s. Consequently, 0

y

T

k




 decrease with 

the decrease of s. when s decreased to 1/10, 0T  have 

lower sensitivity to yk . On the other hand, 0

y

T

k




is 

inversely associated with 2
yk . The greater the value for

yk , the smaller the value for 0

y

T

k




, that’s to say, 0T  

have lower sensitivity to yk . The above variation 
trends are consistent with the results shown in Figs.5, 
6, 7 and 8. 
Based on principle of conservation of energy, xq

increases due to the decrease of yq . Therefore, xq  is 
inversely associated with s. Combining with Eq.6a, it 
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can be inferred that 0

y

T

k




 is inversely associated with 

s. When heating source is approximate to a point, the 
heat flux transfers in all directions. In this case, xq is 

approximately equal to yq , and this can explain why 
thermal conductivities in perpendicular and horizontal 
directions have little different effect on controlled 
temperature at s=1/10. 
 
CONCLUSION 
 
In the practical engineering, thermal conductivity of 
composite PCM has anisotropic properties due to the 
orientation of additives. This further influences heat 
transfer process in controlled system, which is 
different from the isotropic PCM. However, these 
problems are rarely covered. Therefore, in this paper, 
the main work are as follows: 
Firstly, taking octodecane/aluminum honeycomb 
composite PCM as an example, the effect of 
anisotropic thermal conductivity of PCM xk and yk on 

controlled temperature 0T was investigated by using an 
apparent heat capacity method. It is found that the 
effect of yk to 0T is reduced with the decrease of 

heating area s. On the contrary, xk have a more 
important effect. When heating surface is reduced up 
to approximately a point heat source, xk and yk have 
approximately equal effect on controlled temperature

0T . 
In addition, based on the above criterion, the 

optimal match between PCM and thermal conditions 
was obtained. As for surface heating source, 
anisotropic PCM was preferred. And in order to 
enhance the thermal conductivity of a certain direction, 
the additives should be oriented along the direction in 
preparation of composite PCM. While as for point heat 
source, isotropic material was desirable. In this case, 
the additives should be homogeneously oriented in 
PCM matrix. 
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