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Abstract— A simple and effective way to enhance PCM 

thermal conductivity is by embedding porous materials with high 

thermal conductivities. In this work, CFD was used to evaluate the 

melting of PCM embedded in metal foam supplied with constant 

heat flux. Good agreement between experimental and numerical 

results has been found with a mean PCM local temperature 

deviation of 1.62K and 2.97K in two locations. The CFD simulation 

time was 56 hours for 6.5 hours of flow time. A computationally 

efficient resistance capacitance-based model (RCM) was 

developed to improve simulation speed. The proposed RCM 

exhibited mean local temperature deviations of 1.86K and 2.96K 

when compared against the experimental data for two 

thermocouple positions, however, it was approximately 2.5x105 

times faster than CFD. The charging time deviation was less than 

1% compared to CFD, and no significant change in thermal 

energy stored was observed since the temperature differences 

were small enough to result in insignificant sensible heat deviation.  

A simulation cost-effectiveness index (CEI) considering accuracy 

and computational affordability was introduced; the CEI of the 

RCM solver is 103 times better compared to CFD for the 

prediction of local PCM temperature. 

Keywords—PCM, CFD, resistance-capacitance model, 

computational cost 

I. INTRODUCTION  

Despite having high energy density, achieving desired power 
density can be a major challenge in PCM heat exchangers due 
to the low thermal conductivity of PCM materials. To increase 
the heat transfer rate, different techniques such as using metal 
fins, adding heat pipes, using high conductive nanoparticles, 
embedding PCM in graphite or metal foams have been widely 
explored by researchers[1]–[3]. Among these techniques, 
adding metal foam has shown promise of being an efficient way 
to improve the thermal conductivity of PCM as it offers a large 
surface-area-to-volume ratio, high porosity, high thermal 
conductivity, is lightweight, and have relatively low cost.  

The objectives of metal foam composite PCMHXs should be 
to maximize thermal conductivity enhancement while 
minimizing the amount of PCM volume that is replaced by 

porous material. A study by Sedeh and Khodadadi [4] achieved 
an effective thermal conductivity of up to 30 W/m-K with a 
graphite matrix in comparison with the thermal conductivity of 
0.13 W/m-K of the PCM. But the volume fraction of the graphite 
matrix was high (25%) which reduced the effective thermal 
storage energy density. Cui [5] reported a heat transfer rate 
enhancement of 36% by using a low volume fraction (4%)  of 
copper foam. Fleming et al. [6] tested a tube bundle-type 
exchanger which was immersed in an aluminum foam (volume 
fraction of 5.4%) impregnated with PCM (water). It was 
compared to the tube bundle exchanger without the metal foam 
and was found that, during solidification, the metal enhancement 
increased the overall heat transfer coefficient (HTC) by 20%. 
For the melting, the overall HTC was found to be increased by 
100%. The study also suggested that increasing the surface area 
and distribution uniformity of the metal foam (reducing the pore 
size of foam while maintaining a particular volume fraction) can 
provide a more homogenous system with higher effective 
thermal conductivity. 

CFD simulation can be a very powerful tool for 
understanding detailed thermal characteristics of metal foam 
composite PCMHX and their development because of the 
prediction accuracy mentioned in different works of literature 
[7]–[10]. However, it has been shown by Alam et al. [11] that 
CFD can be computationally expensive and the simulation time 
can take 50x more compared to the experiment time. For larger-
scale simulations, e.g., heat exchanger optimization, this can be 
prohibitive. Bacellar et al. [12]-[13] presented a reduced-order 
model using CFD-based correlations and reduced-order domain 
for faster evaluation of thermal energy storage devices. The 
results showed a great match to the CFD simulations with 4 to 5 
orders of magnitude less computational cost compared to CFD. 
But generating correlations that cover a large design space can 
still be computationally expensive. Therefore, a simpler, lighter-
weight, tool is needed. 

Simplified models for PCM storages have been developed 
based on resistances and capacitances (RCM) by researchers. 
Several RCM for various applications can be found in literature 
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[14]–[18]. The models are mainly 1D and only takes conduction 
as the heat transfer mode. In these literatures, the thermal 
resistance is constant. However, due to free convection of the 
liquid PCM during the melting process, decreasing of the 
thermal resistance may need to be considered for some 
configurations. However proper approximation of the effect of 
natural convection may need the usage of computationally 
expensive numerical methods to develop correlations, which 
defeats the purpose of using RCM. Neumann et al. [19] 
proposed a simplified 1D RCM which was developed with 
considering free convection during the melting process in 
rectangular PCM gaps based on correlations proposed by Vogel 
et al. [20]; the model was verified against the CFD model. The 
study showed that the mean deviation of the outlet fluid 
temperature and PCM temperature between both models was 
0.62 K and 0.85 K, respectively. The simulation time for the 
RCM was reduced by a factor of 20-30 compared to CFD. The 
study considered a geometry where the motion of liquid PCM is 
significant, but for structured designs, the natural convection 
effect can be less dominant and be dismissed in favor of 
computational speed gains. 

To the best of our knowledge, no study has previously 
utilized RCM to model composite PCM with metal foam. In this 
study, a computationally inexpensive RCM has been developed 
for the melting of PCM embedded in metal foam supplied with 
constant heat flux. The model is validated against experimental 
data from literature and then compared against a validated CFD 
model. The prediction difference in local temperature profile, 
energy storage, and melting time between the two models is 
discussed in this paper along with the respective computational 
costs. 

II. MODEL DESCRIPTION 

A. Subject of Study 

Melting in paraffin-based PCM impregnated with copper, 
the foam has been tested experimentally by Zheng et al. [21]. 
The composite PCM of porosity (ratio of PCM volume and total 
volume) 0.95 was utilized in the melting experiment. The metal 
foam pore size was 5 Pores Per Inch (PPI). Figure 1a shows the 
composite PCM with the dimension of 100×100×30 mm. It was 
heated with a 100×10×30 mm electrical heater attached to the 
top of the PCM enclosure, which provided constant and uniform 
heat flux. All the other walls are considered adiabatic in the 
model. Three thermocouples A, B & C were placed at 25, 50, 
and 100 mm away from the heated wall respectively, as shown 
in Figure 1b. The thermophysical properties of PCM and copper 
foam are provided in Table I. 

Fig. 1. a) Composite PCM setup with metal foam b) Thermocouple 
positions 

TABLE I.  THERMOPHYSICAL PROPERTIES OF PCM AND COPPER FOAM 

[21] 

Properties Paraffin Copper Foam 

k (W/m-K) 0.3 380 

ρ (kg/m3) 900 8900 

cp (J/kg-K) 2300 386 

Tsol - Tmelt (K) 323-331 - 

hs (J/kg) 148,800 
- 

μ (Pa-s) 0.00324 
- 

β (K-1) 0.0005 
- 

 

B. CFD Model 

A 2D numerical simulation was carried out in ANSYS 
FLUENT. Natural convection was taken into consideration 
during the PCM melting process using the Boussinesq 
approximation. Structured grid was used to discretize the 
computational domain, containing 10,000 elements. The porous 
media model of ANSYS Fluent was used to model the 
composite PCM. The inertial and viscous resistance parameters 
were calculated by using equations referenced in Zheng et al. 
[21]. Time step size was fixed in 0.5s based on a similar CFD 
study by Zhang et al.[8]. The initial temperature was 287K and 
a constant heat flux (1150W/m2) was applied on the top wall. 
All the other walls were assumed adiabatic. The effective 
thermal conductivity was calculated (2.28 W/m-K) from the 
equations provided by Esapour et al. [10]. The mushy zone 
parameter was selected as 105 and 30 iterations per time step 
were used. The other CFD settings are provided in Table II. 

TABLE II.  CFD SETTINGS FOR MELTING IN COMPOSITE PCM WITH   

METAL FOAM 

Pressure-

Velocity 

Coupling 

Transient 

Formulation 

Momentum 

Discretization 

Scheme 

Energy 

Discretization 

Scheme 

SIMPLE 
2nd order 

implicit 

2nd order 

upwind 

2nd order 

upwind 

Pressure 

Discretization 

Scheme 

x , y-velocity 

Convergence 

Criteria 

Continuity 

Convergence 

Criteria 

Energy 

Convergence 

Criteria 

Presto 10-5 10-5 10-12 

 

C. Resitance Capacitance Model (RCM) 

 The RCM  is lightweight compared to CFD as it does not 
solve higher-order physics but still can provide good accuracy 
using an approximation of the thermal resistance at a very low 
computational cost. Figure 2 shows the thermal network of heat 
flow in the RCM representation of the physical model. The 
computational domain is discretized into equal-length segments 
and each of the segments has individual resistance and 
capacitance. The assumptions in the RCM model are: 

• All segments have uniform porosity, heat capacity, and 
thermal resistance.  



• Thermal conductivity, specific heat, and density of solid 
and liquid PCM are assumed to be equal 

• Effects of natural convection are negligible and heat 
transfer is conduction-dominated 

• No heat loss through the walls (adiabatic) 

• No mass transfer in between segments 

Fig. 2. Thermal network of 1D RCM for composite PCM 

The thermal network parameters can be calculated with a 
simple explicit time-marching formulation described in 
equations 1-7. 
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Where, i denotes a specific segment and t denotes a specific 
time step. Total volume of a segment is denoted by V, area of a 
segment is A and total height of the domain is L. The domain is 

discretized into N number of equal length segments. Ri,t, Ci,t, Qi,t, 
Ti,t represents the thermal resistance, thermal capacitance, heat 
flow and temperature of a specific segment at a specific time. 
PCM porosity, γ, is 95%, β represents the liquid fraction, ρ, the 
density, and keff is the effective thermal conductivity. For the 
latter, the same value from CFD is used in RCM. 

Figure 3 shows the solver flow chart for the RCM. The PCM 
properties, geometry description, discretization information, 
boundary and initial conditions are taken as input for the model 
and the temperature at different segments are the output from 
solver.  

Fig. 3. Solver flowchart for the RCM 

Figure 4 and 5 show the grid size and the time step 
independency of RCM, respectively. Other than one very large 
segment size number, all the other grid sizes show the similar 
result. We use 10 segments and 2s time step size in this work. 

Fig. 4. Grid independence analysis 



Fig. 5. Time-step independence analysis 

III. RESULTS 

Two thermocouples A and C were placed at 25 and 100 mm 
away from the heated wall in the experimental setup. The 
temperature profile in these two points for experiment and CFD 
simulation have been compared with RCM results in Figure 6. 
The plots show that the RCM results are matching very well with 
both the experimental and CFD results. The mean deviations of 
CFD and experimental temperature are found to be 1.62K and 
2.97K for thermocouples A and C, respectively. For RCM and 
experimental temperature, the mean deviations are 1.84K and 
2.96K for thermocouples A and C, respectively. The plots 
validate both CFD and RCM for the composite PCM.. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Comparison of RCM results with experiment and CFD for a) 
thermocouple A b) thermocouple C 

The deviation in the predicted temperature for TC C is higher 
in both RCM and CFD compared to TC A. This can be attributed 
to the adiabatic wall condition assumed in the model although 
there is heat loss to the ambient in the experiment. The 
hypothesis is that at the beginning of the simulation when the 
PCM temperature is lower (below ambient), the model is not 
considering the heat coming in from ambient and so it is 
underpredicting the temperature. Once the PCM temperature 
rises higher than the ambient the model is not considering the 
heat loss and so overpredicting the temperature. 

Figure 6 shows the comparison of RCM results with CFD 
results for average PCM temperature and liquid fraction. The 
plots show that the results from RCM are matching almost 
exactly with CFD.  

 

 

 

 

Fig. 7. Comparison of RCM results with CFD for a) average PCM 
temperature b) liquid fraction 

For every time step, a liquid fraction for each segment in 
RCM can be calculated based on equation 8 and equation 9 can 
be used for the average liquid fraction for the whole domain. 
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Table III shows the hardware information of the computer 
and Table IV compares computational cost and accuracy of 
melting time, energy storage, and local temperature prediction 
between RCM and CFD. Here, the real-time factor is the ratio 
between the time required for simulation and experimental time 
and is denoted by α. The results for RCM are based on 0.5s time 
step to compare against CFD results with same time step. 
However, with a higher time step size of 2s, the model is also 
similarly accurate with even lower computational cost. (Figure 
5) 

The experimental energy storage is a theoretical calculation 
for a constant heat flux in PCM domain with no heat loss for 
19,800s. The energy storage for both RCM and CFD is 
calculated using the average PCM domain temperature (Tavg) 
with equation 10. 
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The table shows that, both CFD and RCM predicted the 
energy storage with a deviation of around 0.8% when compared 
to experimental energy storage. In both CFD and RCM, the time 
needed for liquid fraction to go to 1 is considered as melting 
time. Ensuring this is difficult in an experimental study and it is 
possible to visually consider a case fully melted before it 
completely melts. The table also demonstrates that, with a 
deviation of less than 1%, the RCM can predict the melting time 
similar to CFD with 105 order of speed gain. 

Mean absolute temperature deviation is denoted by σTemp and 
temperature deviation factor is denoted by σF. Here, we will 
introduce a cost-effectiveness index (CEI) to compare the 
tradeoff between different models for transient simulations. The 
index will be calculated based on equation 12. If the deviation 
between two models is considered acceptable, then the lower the 
value of CEI is for a model, the better its performance.  
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TABLE III.  COMPUTER HARDWARE INFORMATION 

Number 

of Cores 
Processor RAM (Gigabyte) 

28 2 x Intel
®

 Xeon
® 

Gold 5117, 2.00 GHz 96 

TABLE IV.  COMPARISON OF COMPUTATIONAL COST AND ACCURACY 

BETWEEN CFD AND RCM 

Parameter Experimental CFD RCM 

Run Time (s) 23,400 201,600 1.2 

Time Step (s) - 0.5 0.5 

α 1 8.61 5.13x10-5 

Time for β=1 NA 22,067 22,008 

Energy Storage (kJ) 68.31 67.72 67.7 

Absolute Deviation for 
Energy Storage (%) 

- 0.86 0.88 

σTemp at A (K) - 1.62 1.84 

σTemp at C (K) - 2.97 2.96 

Based on Table IV, for temperature prediction at point A, the 
CEI for CFD is 4. The CEI for RCM is 10593.22 which is 2.648 
x 103 times better than CFD. The CEI can also be calculated 
based on the absolute deviation for energy storage also. 

The CEI along with the figures and the table provided above 
show that for a composite PCMHX, with a good estimation of 
thermal conductivity of composite, CFD is not needed as RCM 
can predict with excellent accuracy with significant speed gain. 
This also validates our assumption of neglecting the effects of 
natural convection in a metal foam composite PCM and shows 
that diffusion-based solvers can predict the thermal 
characteristics of a PCMHX with structured enhancement 
accurately.  

IV. CONCLUSION 

A CFD and a lightweight resistance-capacitance model 
(RCM) have been developed for the melting of composite PCM 
with constant heat flux. Both have been validated against 
experimental data from literature and show good prediction 
capability of local temperature. However, the RCM was able to 
provide prediction accurately with 105 order of speed gain. A 
cost-effective index was introduced which showed the 
performance of RCM was 2.648 x 103 times better as the 
accuracy penalty is almost negligible compared to the 
significant speed gain. This makes RCM suitable for large-scale 
simulations such as optimized designs of PCMHX. 

NOMENCLATURE 

a Experiment start time (s) 

b Experiment end time (s) 

cp,s Solid specific heat (J/kg-K) 

cp,l Liquid specific heat (J/kg-K) 



hs Latent heat (J/kg) 

k Thermal conductivity (W/m-K) 

L PCM domain length (m) 

m mass (kg) 

N Number of segments (-) 

n Number of points evaluated for σTemp (-) 

Tsol Solidification temperature (K) 

Tmelt Liquidous temperature (K) 

Texp Experimental temperature (K) 

Tsim Simulation temperature (K) 

Tmax Maximum temperature in experiment (K) 

Tmin Minimum temperature in experiment (K) 

TC Thermocouple 

Δt Time-step size for σTemp (s) 

α Real-time factor (-) 

β Thermal Expansion coefficient (K-1) 

γ Porosity (-) 

ρ Density (kg/m3) 

μ Viscosity (Pa-s) 
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