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ABSTRACT 

 

In the current work, numerical evaluation of phase change 

material along with experimental validation of the same in a 

handheld device is presented. The value addition and driving 

force towards the use of phase change material (PCM) is not 

only due to limited heat dissipation capability and 

computational sprinting power load patterns in processors but 

also to have better user experiences of these hand held devices 

such as low touch temperatures, no fan noise and possibility of 

extended battery life by reducing the discharge cycles without 

fan loads. Direct placement of PCMs on the die or 

encapsulating the heat pipe, that has the quickest response to 

temperatures as a passive thermal management strategy is 

explored in this study. This paper proposes an accurate phase 

change model for transient thermal management using 

COMSOL Multiphysics® software. Impact of geometry of 

PCM material and its properties on the transient behavior of 

the CPU’s temperature is provided. The model validations are 

carried out by comparing the results with controlled 

experimental results. The PCM material and their material 

properties are being provided by Outlast Technologies. 
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NOMENCLATURE 

Cp specific heat, J/kg K  

H Entalphy, 

L Latent heat, 

L length, m 

Q heat source, W/m
3
 

R contact resistance, W/m 

Ra Raleigh number 

T temperature, 
o
C 

d thickness of resistive layer, m 

g acceleration due to gravity, m
2
/s 

h heat transfer coefficient, W/mK 

k thermal conductivity, W/m
2
K 

n normal 

t time, s 

u velocity, m/s 

Greek symbols 

ρ          mass density (kg/m
3
) 

         fraction of different phases 

          emissivity, 

          Stefan's constant, W/m
2
K

4
, 

          coefficient of thermal expansion, ppm/K 

           dynamic viscosity, kg/s m 

Subscripts 

0 constant 

a ambient 

d downward direction 
p pressure 

m 
u upper word direction 

ext external 

p1 solid phase 

p2 liquid phase 

Superscripts 

o stress free state 

 

INTRODUCTION 

 

Handheld computing has become mainstream and the push for 

high performance in a thinner, lighter and low-noise form 

factor has imposed challenges in the thermal design of such 

products. The introduction of high power SOC (System on 

Chip) processors and their capabilities has been limited to a 

large extent by the thermal limits. Consequently, throttling of 

such devices is common so as not to exceed the thermal limits 

of the processor and the surface temperatures of the device. 

Previous studies by the authors [1-4] have looked into a 

number of these challenges by using an industry-leading tablet 

as a thermal test vehicle. Past work has been done to evaluate 

spreading effects and understand the acoustic behavior as 

pertaining to thermal management. PCMs have the ability to 
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store large amounts of heat at a close-to-constant temperature 

during the phase change from solid to liquid and vice versa. 

This latent heat capacity mechanism provides delay in 

temperature rise for certain amount time providing a transient 

thermal management strategy built into the device having high 

peak loads but with low to medium duty cycles.  Relevant 

work on phase change has been previously reported by 

Kandaswamy et. al [5] and a recent patent has been issued to 

Microsoft [6] based on the same setup.   

 

EXPERIMENTAL METHODOLOGY 

 

In this study, the computational methodology that is used to 

evaluate the physical behavior of the PCM is validated using 

two experimental setups.  The first experimental setup is a 

simple setup where 5mm thick phase change material is 

applied at the base of a heatsink that has a heater attached.  

Since there are less parameters, the setup allows for a good 

model validation procedure with less uncertainties.  Figure 1 

shows the schematic of the setup.   

 

 
 

Fig.1 Schematic of Setup of Heatsink with PCM Material 

 

The actual setup of the above schematic is shown in Figure 2.  

The setup is placed on a foam core board that serves to be the 

insulating material.    

 

       
 

Fig.2 Actual setup of the phase change material placed 

beneath the base of the heatsink.   

 

The second experimental setup is a more practical setup where 

the PCM is placed above the heat pipe that is used in the hand-

held device.  Being very close to the source of the heat 

dissipation allows maximum benefit of attaining a quick 

response using the phase change material.  

 

 
 

Fig.3 Flexible heater placed in the CPU location on the 

heatpipe. 

 

 
Fig.4 Setup of heater/heatpipe on the tablet motherboard. 

 

 
Fig.5 Thermal interface material applied over the heatpipe. 

 

 
Fig.6 PCM placed over the heatpipe. 

 

Figure 3 shows flexible heater placed on the heatpipe in the 

CPU location to have more control experiment. Figure 4 

shows the setup of heater/heatpipe on the tablet motherboard. 

Figure 5 shows thermal interface material applied over the 
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heatpipe to reduce the contact resistance of PCM material with 

heat pipe. Figure 6 shows the PCM material placed over the 

heatpipe and EMI shiled placed over the PCM is shown in 

Figure 6. 

 

 

 
Fig.7 EMI Shield placed over the phase change material. 

 

 

COMPUTATIONAL METHODOLOGY 

 

The energy transport in PCM can be written using the 

enthalpy formulation or using the apparent heat capacity 

formulation. In the current study, the apparent heat capacity 

formulation [7] is used. The governing equation for energy 

transport in PCM is described in Equations 1 through 15.     

 

                                  (1) 

 

where heat flux given by Fourier law 

 
                                                                      (2) 

 

subjected to following boundary conditions of temperature  

 
                                                                             (3) 

 

or heat flux 

 

                                                                     (4) 

 

where heat flux can be convective heat flux given by 

 
                                                            (5)     

 
and/or radiation 

 
                                                        (6) 

 

The contact resistance between the PCM material surface and 

contact surface is described by the thin resistive layer 

 

                                                                               (7) 

 

The heat flux across the thin air layer is defined by 

 

                                                     (8) 

                                                      (9) 

Unlike in enthalpy formulation where latent heat is added to 

the energy balance equation, in apparent heat capacity 

formulation, it is assumed that the phase transformation occurs 

in a temperature interval between Tpc − ΔT/2 and Tpc + ΔT/2, 

where Tpc is the phase change temperature. In this interval, a 

smoothed function, θ, introduced representing the fraction of 

phase before transition, which is equal to 1 before Tpc − ΔT/2 

and to 0 after Tpc + ΔT/2. The density, ρ, the specific enthalpy, 

H, thermal conductivity are expressed for 2 phase material by: 

 
                                                (10) 

 
                                (11) 

 

                                                (12) 
 
Differentiating above enthalpy equation with respect to 

temperature and some algebraic manipulations, effective 

specific heat for the PCM can be written as   

 

      (13) 

 

Where αm is the mass fraction defined by 

 

                                         (14) 

 
and L is the latent heat given by  

 

L = Hp1-Hp2                                                               (15) 

 
VALIDATION OF COMPUTATIONAL MODEL 

 
In this section, the PCM computational model validation is 

presented for the test setup described in the Fig. 2. Power 

levels of 5W and 10W are considered. The PCM material with 

melting temperature of 42
o
C with the temperature interval of 

3
o
C is considered. The properties of the PCM material 

considered in described in Table 1. The temperatures 

variations with time at 3 locations 1) Heatsink_Base, 2) 

PCM_Center and 3) PCM_Side are monitored shown in Fig. 

2. The heat transfer coefficient on the vertical heatsink fins is 

defined by [8] is considered in the 3D numerical model. 

 

    (16) 
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Fig 8. Test and simulation results for vertical fin validation 

model with 5W input. PCM material is LSH Gel-90G. 

 
 

with Raleigh number being defined as  

 

                                          (17) 

 

The results of the test and the computational results solved 

using COMSOL multiphyiscs® software. The simulation 

results for the experiments 1 are shown in Figure 8 and Figure 

9 for 5W and 10W power levels respectively. As expected, 

both the test and numerical temperature curves with time 

shows three distinct regions of pre-melting, melting and post-

melting. Furthermore, the there is good co-relations is 

observed between the test data and simulation results. The 

discrepancy in results can be attributed to the inaccuracies in 

the values used for the contact resistance model between PCM 

and the heatsink. 

 

Table 1. Properties of the PCM LHS Gel-90G. 

 

 
 

COMPARISON OF TABLET COMPUTATIONAL 

MODEL TO EXPERIMENTS 

 

In this section, the validated PCM computational model is 

used to compare the tablet with heater test results. Two power 

levels are applied with 5W for first 60 minutes followed by 

10W. Fig 10. Shows the FEA model of the tablet with PCM 

material volume corresponding to the test of Fig. 6. The 

volume of PCM material is 15.92cc. The material properties of 

the PCM material is described in Table 1. 

 

 
Fig 9. Test and simulation results for vertical fin validation 

model with 10W input. 

 

 
Fig 12. Finite Element Mesh of the tablet with PCM material 

corresponding to Fig 6. 

 

Comparison of temperature variation at the heater with and 

without PCM material for test and simulation are shown in Fig 

10. Good co-relations are observed between the test data and 

simulation results. 

 

 
 

Fig 10. Comparison test and simulation results of the heater 

temperature without PCM. 
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Fig 11. Temperature distribution in the PCM material section 

at the center of the heater for tablet heater test at various times. 

Sections are shown in a) @ 50 minutes, b) and e) @ 60.5 

minutes, c) and f) @ 65 minutes, d) and g) @ 70 minutes. 

 

Figure 11 shows the temperature distribution in the PCM 

material sections at the center of the heater at various times. 

Figure 11a shows the sections location with respect to 

heatpipe and heater, and temperature distribution at 50 

minutes. 

 

ANALYSIS OF RESULTS AND PARAMETRIC 

VARIATIONS 

 
The influence of various design parameters including; specific 

heat capacity, operating points (melt temperatures), thermal 

conductivity, volume of phase change material, latent heat 

required for a specific time delay are examined in the context 

of a handheld tablet application. The baseline case considered 

has a thermal conductivity of 1.2 W/mK, 15.92cc volume of 

PCM material, specific heat capacity of 1930 J/kg K, density 

of 800 kg/m
3
, latent heat of fusion of 190 kJ/kg and a melt 

temperature of 42C.   

 

Effect of Varying Melt Temperatures 

The operating point or the melt temperature corresponds to the 

point at which the phase change starts.  This point is specific 

to an application in handheld products.  It is mostly centered 

around the maximum skin temperature and to absorb energy 

from the hotspot.  The PCM can also be used near a heat 

source in which case the melt temperatures are higher.  This 

can be used to mitigate throttling of performance.  In the 

current study, the PCM material is used to mitigate throttling.       

Figure 12 shows the characteristic curves for PCMs with 

different melt temperatures.  If the melt temperatures are 

closer to the steady state temperatures, then the gradients do 

not cause a significant time delay.   

 

 
 

Fig 12.  Variation in melt temperatures 

 

Effect of Varying Specific Heat Capacity 

The phase change process is not as sensitive to specific heat 

capacity.  Figure 13 shows the characteristic curves for PCM 

material that has melt temperature of 42C.  The curves shows 

material composition that can have Cp varying from 50% to 

200% higher values of specific heat capacity.   

 

 

 

Fig 13.  Variation in specific heat capacity 

 

Effect of Varying Thermal Conductivity 

Thermal conductivity of a PCM is an important parameter.  

Figure 14 shows the benefit of having higher thermal 

conductivity for a PCM with the same melt temperature.  As 
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conductivity increases the degree of inflection increases and 

the curve resembles the typical PCM curve with a flat section 

where the melt temperature remains constant over a given 

amount of time.   With higher thermal conductivities, 

spreading resistances are lower and more PCM material 

change phase quickly resulting in a longer time delay to attain 

higher temperatures.  Materials with thermal conductivities 

higher than 1.5 W/mK are rare. 

 

            
 

Fig 14.  Variation in thermal conductivity. 

 

Effect of Varying Latent Heat of Fusion 

With rest of the parameters remaining constant, the benefit of 

having a material with higher latent heat of fusion can be seen 

in Figure 15.  A higher latent heat of fusion material means 

higher time delays in reaching the peak steady state 

temperature.  Organic PCM materials typically have higher 

latent heat of fusion with maximum values higher than 

300kJ/kg.  Some Eutectic PCM materials also can be found in 

the high 200 kJ/kg range.  Most of these materials with high 

latent heat of fusion typically have lower thermal conductivity.   

 

       
 

Fig 15.  Variation in Latent heat. 

Effect of Varying Geometry/Volume 

Another parameter than can be varied is the amount of PCM 

that is used.  Figure 16 shows various geometries/volume of 

the PCM used beneath the heat pipe in the tablet.  By 

increasing the material on the top of the heat pipe, the time 

delay that is created is significant.  However if material is 

added towards the side where the heat does not spread 

effectively, the benefits of adding more PCM is not realized.  

This is shown by the curve corresponding to 42% increase in 

volume (22.67 cc).  It is important to add material where heat 

would flow more effectively than simply adding more 

material.   

 

 
 

Fig 16. PCM forms placed directly above heat pipe. (a) the 

form corresponding to the test (baseline), (b) 1 mm additional 

PCM thickness, increase in volume of 23%, (c) 2 mm 

additional PCM thickness, increase of volume of 53% and (d) 

additional material on the side, increase of volume of 42%.  

 

 
 

Fig 17. Effect of varying volume of the PCM near the heat 

source. 
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Table 2. Parameter variation values. Colored cell are base line 

values. 

 

T melt 32 37 42 47 

Cp 965 1930 2895 3860 

K 0.5 1.2 12 120 

Volume 1.00 1.23 1.53 1.42 

Latent Heat 190 237.5 285 380 

 
Table 3. Time in minutes to reach within 3% of steady state 

temperature for 5W level heating. 

 

T melt 27.4 8.9 7.6 7.6 

Cp 6.4 7.6 8.6 9.7 

k 7.4 7.6 7.4 7.6 

Volume 7.6 7.9 8.4 8.9 

Latent Heat 7.6 7.6 7.6 7.6 

 
Table 4. Time in minutes to reach within 3% of steady state 

temperature for 10W level heating. 

 

T melt 65.3 74.4 81.6 69.8 

Cp 80.6 81.2 82.2 83.1 

k 79.6 81.6 83.4 82.4 

Volume 81.3 85.8 90.6 90.8 

Latent Heat 81.3 85.3 89.3 97.1 

 

 

CONCLUSIONS 

 

The current work captured the essence of using phase change 

material in portable devices such as tablets.  Simplified testing 

was performed to validate the thermal modeling of phase 

change material process.  Apparent heat capacity formulation 

was used to model the phase change process and was validated 

with the simplified experimental setup.  The most critical 

portion of a tablet, the CPU and its thermal path was modeled 

and validated using experiments.  The thermal model was used 

to identify the effect of various parameters of the PCM.  The 

most sensitive parameters are latent heat of fusion and thermal 

conductivity.  Addition of PCM material is important, but it is 

also important where the additional material is placed.   
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