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ABSTRACT 

This paper presents a heat exchanger prototype containing PCM material designed to provide a 1kW heating 

power during 2 hours (i.e. energy storage of 2kWh). The exchanger is tested in a closed-loop wind tunnel, used 

to provide constant airflow rates with temperature changes selected so that the PCM is allowed to melt, then to 

solidify. Temperature and air velocity measurements are achieved for eight airflow rates and the heating power 

is estimated. The second objective of this work is to provide detailed results suitable with the validation of 

numerical models. Therefore, the geometry of the exchanger is detailed and the uncertainty associated with the 

heating power measurement is given. Results show that enough energy is stored in the exchanger, yet the 

heating power is lower than 1kW before 2 hours because of the use of a of constant airflow rate during the 

tests. On the other hand, the global behaviour of the heat exchanger is rather simple, which gives confidence in 

using a simplified approach in further work and help with optimising the current prototype. 
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HIGHLIGHTS 

•  The objective is to withdraw the heat pump from the grid during the two hours of electrical peak 

power 

•  Design of a new heat exchanger with PCM integrated in a air ventilation system 

•  Laboratory experiment to analyze the heat exchanger efficiency 

•  Dimensionless analyses to have general conclusions on the system efficiency 
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NOMENCLATURE 

CP  heat capacity    kJ.kg-1.K-1 

e  thickness    m 
Fo  Fourier number    - 
hc  convective heat transfer coefficient W.m-2.K-1 
p  pressure    Pa 
P   heating power     W 
QV   airflow rate     m3.s-1 

S  cross-section    m2 
St  Stanton number    - 
T  temperature     °C 
tr  time for heat release   s 
u  uncertainty 
v  velocity     m.s-1 
 
Greek symbols 
ρ  density     kg.m-3 
λ   thermal conductivity   W.m-1.K-1 
σ   standard deviation 
∆  difference 
 
Subscripts 
A  air 
HVAC Heating Ventilation Air Conditioning 
Meas measured 
PCM  phase change material 
Sim  simulated 
 
Constants 
A1, A2, A3 fitting coefficients in equation (7) 
CP, A   heat capacity of air = 1004J.kg-1.K-1 
C, n  fitting coefficients in equation (5) 
K  ratio of the measured velocity to the average velocity (= 0.89) 
 
Abbreviations 
CFD  Computational Fluid Dynamics 
PCM  Phase Change Material 



TESS Thermal Energy Storage Systems 
 

1. INTRODUCTION 

Nowadays, thermal energy storage systems (TESS) are essential to rationalize the energy management and 
the use of environmental energy potential. Concepts including phase change materials (PCM) are technically 
mature for building applications and innovations [1-11]. Most of the concepts are dedicated to heating 
purposes, with either a passive or an active point of view. On the other hand, studies reviewed in [12] aim at 
reducing the cooling loads and some examples are presented in [13-15]. 

In this study, the general idea is to use a TESS to influence the distribution of the electrical demand for a 
typical dwelling, heated by an electrical system. In several countries, the electricity rate is significantly varying 
during the day, along with the energy demand. Therefore, such system presents an economical interest. In our 
study, the system is a heat exchanger containing PCM and integrated in the ventilation network of the building. 
It is designed to be function with the electrical heating system, for example a heat pump, and used to store 
energy when the electricity rate (or the whole electricity demand) is low. When the electricity rate increases, the 
heating system is shut down and heat is released from the exchanger. This general concept is also known as 
electrical peak loads shaving and is detailed in [16]. The concept is: 

- Phase (a): storage of heat process is carried during energy off-peak period. The heating system runs 
and the heated air is passing through the heat exchanger. The material phase is changing from solid to liquid 
and required to absorb heat from the airflow. 

- Phase (b): release of heat process is carried during energy peak period. The heating system stops 
and the cold air is passing through the heat exchanger. The material phase is changing from liquid to solid and 
required to release heat to the airflow. 

Sufficient energy has to be stored in order to replace the use of the heating system, that is to say, to maintain 
comfortable indoor conditions. Of course, this requirement depends strongly on the building of interest. 
However, this study does not focus neither on a specific building nor a ventilation network, but aims at verifying 
the feasibility of this general concept. In our study, the specific requirements are the release of a heating power 
of 1kW during 2 hours (i.e. 2kWh). Both, the latent and sensible heats are used for energy storage/release in 
order to decrease the system size. 

In the paper, a heat exchanger built at our laboratory is presented. It is tested in a wind-tunnel facility so its 
heating power is measured under dynamic conditions representative of its integration in a real ventilation 
network. The main objective is to understand how the system behaves and to verify the required heating power. 
The second objective of this work is to provide detailed results suitable with the validation of numerical models. 
This need is clearly mentioned in [17], where the authors collected data from several experiments and 
underlined the lack of detailed measurements. 

The first section of this paper deals with the prototype built at our laboratory and the PCM material. In the 
second section, the experimental facility and the earliest characterisation tests are presented. Finally, the 
heating power and the cumulative energy are presented and discussed. 

2. PROTOTYPE DESIGN METHODOLOGY 

In the first part of this section, the thermal properties of the PCM are described. In the second and third parts, 
the design of the PCM heat exchanger is explained. 

2.1. PCM properties 

The selected material was paraffin based. Its commercial name is Microtek 37D1 and its thermal properties 

                                                                 

1http://www.microteklabs.com/pdfs/MPCM-37D%20Product%20Data%20Sheet.pdf 



were measured in our laboratory. Results are presented in Table 1. The effective specific heat was measured 
on a 0.0086g sample, using the DSC method (Differential Scanning Calorimeter) at a 1°C.min-1 heating rate 
(see figure 1). During the melting, the phase change effects are observed when the temperature is growing 
from 25 to 35°C. A heat flux peak occurs at 34.5°C. 

During the solidification, the phase change effects are observed between 33°C and 22C. The heat flux peak 
occurs at 31°C at the secondary peak is observed at 24°C. Still, the values of the latent heat obtained with both 
experiments are in good agreement (3%). 

 

Table 1: Thermal properties of the material 

 Solid state Liquid state 

Density (kg.m-3) 870 779 

Thermal conductivity (W.m-1.K-1) 0.24 0.18 

Heat capacity (kJ.kg-1.K-1) 2.398 (10C) 2.206 (33C) 

Melting heat (kJ.kg-1) 222 

  

 

 
Figure 1: Equivalent heat capacity of the Microtek 37 from DSC measurement 

 

2.2. Design of the PCM containers 

The PCM is distributed into 34 plane-parallel aluminium containers (dimensions: 0.018m × 0.200m × 
1.000m). Each container was made of two identical cavities filled with PCM. Each cavity was sealed with 
aluminium sidings (0.016m × 0.016m × 0.048m. The cavities were partially filled and air vents were placed at 
the top of the aluminium sides to prevent PCM leakages due to the density changes (Figure 2). The total mass 



of empty containers was 18.53kg, and the total mass of PCM was measured at 27.88kg. 

 

Figure 2: Scheme of a single container filled with PCM 

2.3. Design of the heat exchanger 

The heat exchanger was made of the 34 containers and cooling fins (the total mass of the cooling fins was 
4.69kg). Containers were pilled up by two, which results in 17 blocks (0.200m × 0.018m × 1.000m). The blocks 
were separated by fins of identical cross-sections (see Figure 3). The fins awere designed so that the air layer 
which is separating two blocks is divided into 50 channels (0.004m × 0.018m × 1.000m). The whole assembly 
was surrounded with aluminium plates and the overall cross-section was 0.200m × 0.630m. Finally, the 
exchanger was insulated using a 0.040m thick layer of polystyrene and mineral wool (i.e. thermal resistance of 
about 1m2.K/W). 

 Aluminium corner 
Fastening strap 

Cooling fins PCM container 

 

Figure 3 : External view the heat exchanger front 

 

 

Upstream section 

Heat exchanger 

Downstream section 

 

Figure 4 : Picture of the heat exchanger installed in the experimental set-up 

 



3. EXPERIMENTAL SET-UP AND CHARACTERISATION TESTS 

The main objective is to estimate the heating power of the heat exchanger; it can be evaluated with: 

( ) ( )AAPVA TCQTP ∆⋅⋅⋅= ,
&ρ   (1) 

Where the air density ρA is given by: 
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The uncertainty on the measured heating power u(P) is estimated assuming there is no correlation between 
the different parameters. It leads to equation (3) given in [19]. Therefore, the accuracy depends on both the 
estimation of the airflow rate QV and of the temperature difference ∆TA. As a consequence, these two 
parameters have to be estimated carefully. 
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The heat exchanger is placed into a closed-loop wind tunnel with a constant airflow rate. Constant 
temperatures are applied at the inlet (20°C and 45°C); the PCM will completely melt and solidify. The heating 
power is estimated during the solidification of the PCM. To give a better characterisation of the heat exchanger, 
this experiment is repeated for 8 different airflow rates, ranging from 300 to 900m3.h-1. 

In the first part of the section, the experimental facility and the instrumentation are presented. Second, both 
temperature and airflow measurements are discussed for the lowest and the highest airflow rates. Finally, 
pressure drop measurements are detailed. 

3.1. Description of the air-supply system 

The experimental facility includes a complete HVAC system on the bottom part, and a testing cavity on the 
top part. The heat exchanger is placed in the testing cavity (Figure 4 and Figure 5): it is 2.5 m long and its 
section is 1m x 1m. In order to control the airflow rate inside the exchanger, both an upstream and a 
downstream section are added.  

The upstream section is made of two parts and its overall length is 1m. In the first part, the cross-section is 
gradually reduced to the targeted cross-section (slope: 30°). In the second part, the cross-section re mains 
constant so an established airflow can be obtained. The downstream section is a 0.4m long element with a 
constant cross-section in order to produce a uniform airflow. This allows achieving temperature measurements 
at the outlet of the exchanger. 

 

Figure 5: Scheme of the exchanger installed in the air-supply system 

3.2. Instrumentation 

First, the temperature difference is measured by the mean of 5 differential thermocouples fixed on nylon 



ropes in the upstream and in the downstream sections. Their positions are given in Figure 6. These 
thermocouples were all calibrated in laboratory and their uncertainty is ±0.3°C. Three T-type thermocouples are 
added in the downstream section to measure the absolute air temperature. 

The second key parameter in the heating power calculation is the airflow rate, which is monitored by the air-
supply system. However, air leakages can happen, which may result in a lower airflow rate. Consequently, the 
heat exchanger and its setting within the experimental facility are designed in order to be as airtight as possible: 

•  Fastening techniques are preferred to drilling techniques to gather the different part of the prototype; 
•  The exchanger is tightened on the downstream section: aluminium corners are used to increase the 

contact surface (see Figure 3) and a rubber strip with identical dimensions is screwed onto (not visible 
in Figure 3). Two fastening straps are passing through the aluminium rails, then wrapped around the 
downstream section and stretched; 

•   Aluminium tape is used to enhance the sealing for both the upstream and the downstream section. 

Still, leakages are happening and have to be taken into account. A unidirectional hot wire anemometer is set 
inside the upstream section in order to monitor the air velocity. It is sensitive to air speeds ranging from 0.05 to 
2.50m.s-1 but not to the airflow direction. Preliminary tests are described in the next section. 

 

Figure 6: Position of the sensors installed in the upstream section (0.1m away from the heat exchanger) 

Other measurements are achieved to give a much complete understanding of the heat exchanger behaviour: 

•   A pressure difference device is connected to both the upstream and the downstream sections, close to 
the position of the temperature sensors and allows measuring the pressure difference. 

•   32 thermocouples are used to measure temperatures at various locations inside the heat exchanger. 
For the sake of clarity, only three of them will be discussed. They are located directly in the container 
placed in the middle of the exchanger. 

The number and accuracy of the sensors are summarized in Table 2. 

Table 2: Description of the instrumentation 

Physical parameter Number Accuracy 

Temperature difference (°C) 5 ± 0.3 

Air velocity (m.s-1) 1 ± 0.08 

Pressure difference (Pa) 1 ± 0.5 % of the value 

Temperature (°C) 32 ± 0.5 

3.3. Estimation of the global airflow rate 

The hot-wire anemometer is used to measure the air velocity in the upstream section when the heat 
exchanger is not installed. It is moved successively at nine different locations (see Figure 6). These 
measurements are achieved for two airflow rates (300 and 900m3.h-1). 

Besides, commercial CFD software STAR CCM is used to simulate the airflow in the upstream section. The 
air volume is meshed with an unstructured mesh containing more than 500,000 polyhedral cells. This mesh is 
refined close to the sidings, so the 0.01m boundary layer is composed of 10 cells. The boundary conditions are: 

•   A homogeneous airflow at the inlet; 



•   A zero-pressure condition at the outlet; 
•   Adiabatic wall condition for other boundaries. 

Reynolds number is calculated in the cross-section located 0.1m before the heat exchanger (the exchanger 
is not simulated); its value is higher than 104 for velocities measured at 300m3.h-1, which means the airflow is 
turbulent. Therefore, a classical k-epsilon turbulence model is selected. Figure 7 presents the velocity profiles 
computed at middle-height in the cross-section where the sensors are installed. 

 

Figure 7: Velocity profiles computed with commercia l CFD software for 300 m 3.h-1 and 900m 3.h-1 

 

First, these results show that the design of the upstream section allows obtaining an established flow. This is 
very convenient as the global airflow rate can be estimated from few measurements. Second, the comparison 
with airflow measurements showed that simulation results were consistently higher than measured velocities 
(the average difference is 9%), which can be the consequence of leakages. 

 About the heating power calculation, it is assumed the leakages are resulting in a uniform decrease of the 
air velocity (∆v = 9%), and so as for the airflow rate. Consequently, the airflow rate can be estimated from a 
single air velocity measurement as presented in equation 4. The coefficient K represents the ratio of the velocity 
measured in the middle the cross section to the average velocity (K = 0.89). A similar approach is presented in 
[18] and leads to values ranging from 0.6 to 0.9, depending on the duct geometry and on the airflow rate. 

 ( )vKSvQ MeasV ∆−⋅⋅⋅= 1   (4) 

3.4. Pressure drop measurements 

Pressure drop is measured during the experiments: it rises up to 93 ± 3Pa at 900m3.h-1 and drops down to 
26 ± 2Pa and 300m3.h-1. Results are plotted against the measured airflow rate computed with equation 4 in 
Figure 8. Finally, the airflow rate is related to pressure difference by a power law: 

n
V pCQ ∆= .&   (5) 

The fitted values are C = 22.518m3.s-1.Pa-1 and n = 0.8148. A very good agreement is obtained: 91% of the 
measurements are included in the ± 3% range. Somehow, this gives confidence in the airflow rate calculation. 
These results can be used to design the integration of the heat exchanger in the ventilation network and 
calculate the related energy increase. 



 

Figure 8: Pressure drop measurements for the experi ments and fitted power law 

3.5. Temperature measurements within the PCM during solidification 

Temperature measurements in the PCM during the solidification at 300 and 900m3.h-1 are presented in 
Figure 9. Two sensors are located 0.1 m away from the inlet and the outlet and the third one is located at 
middle-length (0.5 m). The time reference (t = 0 h) corresponds to the airflow temperature change at the inlet. 

  

Figure 9: Temperature measurements during the solid ification period at 300m 3.h-1 (left) and 900m 3.h-1 
(right) 

First, the temperature change at the inlet is not immediate. This results from the regulation of the closed loop 
system. Still, temperature measurements achieved directly in the PCM show a regular behaviour. Moreover, the 
temperature drop from 45°C to 20°C is rather quick and should not affect significantly the study of the heating 
power. 

After a quick decrease from 45 to 35°C, a stable-temperature-period is observed in the material. It lasts 
18min at 900m3.h-1 and up to 45min at 300m3.h-1. Then, temperature starts to decrease again. At 300m3.h-1, a 
second stable-temperature-period is observed at 30.5°C, which indicates that the solidification of the material is 
ongoing. 

 Finally, measured temperatures in the PCM at 900m3.h-1 are equal to the inlet temperature 1h30min after 
the temperature change, meaning the heat release is finished. Therefore, it is obvious that the heat exchanger 
does not release 1kWh during 2h for this experiment. However, at 300m3.h-1, the heat release is not complete 
two hours after the temperature change. 

3.6. Temperature difference measurements during solidification 

Temperature difference between the inlet and the outlet of the heat exchanger are presented in Figure 10. 



  

Figure 10: Temperature difference measurement durin g solidification at 300m 3.h-1 (left) and 900m 3.h-1 
(right) 

The highest temperature differences are obtained at the beginning of the experiment and remain constant for 
about 15min. Then, it decreases rather regularly to zero. 

The temperature difference is not homogeneous over the cross-sections; the observed difference rises up to 
4°C and the standard deviation is 1.3°C for the two experiments. Lower values are measured close to the sides 
while the highest values are measured at the bottom. These differences cannot be easily explained. For 
example, the standard deviation is lower than 0.1°C when the exchanger is neither storing nor releasing heat. 
Consequently, lower temperature differences measured close to the sides cannot be explained by a defective 
insulation of the exchanger. On the other hand, observed differences could be the consequence of non-uniform 
velocities over the cross-section or a non-uniform solidification over the heat exchanger height. 

4. RESULTS AND DISCUSSION 

4.1. Estimation of the heating power and of the cumulative energy 

The heating power P is calculated as presented in equation 1. The airflow rate QV is calculated as presented 
in equation 4 and the temperature difference ∆TA is the average value of the 5 measurements. Results are 
presented in Figure 11. For the sake of clarity, only few measurements are plotted because of the quick 
variation of the temperature difference (Figure 10).  

 

Figure 11: Measured heating power after the tempera ture change (from 45 to 20 °C) 

As the airflow rate remains constant over a single experiment, the heating power follows closely the 
measured temperature difference (Figure 10). At 900m3.h-1, the heating power rises quickly to 2770 ± 157W for 
15min, then decreases regularly to reach 500 ± 95W at 1h15min. At 300m3.h-1, the maximum heating power is 
lower (1620 ± 225W) because of the lower airflow rate. It reaches 1025 ± 187W at 30min. Still it remains higher 
than 522 ± 157W during 2h15min. Consequently, the initial goal (obtaining a minimum 1kW heating power 
during 2 hours) is not reached for both cases. 

The heating power is integrated over the heat release period (measurements with a period of 1mn were used 



for this calculation). This represents the cumulative heat released by the heat exchanger. The uncertainty is 
estimated using the approach presented in (3) and results are presented in Figure 12 for airflow rates tested. 

 

  

Figure 12: Cumulative energy released by the system  after the temperature change from 45 to 20 °C for 
900m3.h-1 (left) and for the airflow rates tested (right) 

 

First, the final value of the cumulative energy is almost the same for each experiment: the average value is 
2.34kWh and the standard deviation is 0.07kWh. This means the exchanger has stored enough energy to meet 
the heating demand.  

Second, the standard deviation is twice lower than the measurement uncertainty (± 0.15kWh) and the 
calculated cumulative energy varies little with the airflow rate. This means the methodology and the 
instrumentation are relevant. Still, it is observed the computed total energy is slowly decreasing as tests are 
conducted (from the lowest to the highest airflow rate). This is the direct consequence from PCM leakages 
happening at the sidings of the containers; almost 0.8kg of PCM was collected from leakages (3% of the total 
mass). The impact of these mass losses is not influencing in the discussion of the results. If the integration of 
such an exchanger in a real building was considered, this would become a major issue. 

Finally, it is obvious that the heat release is faster at a higher airflow rate. However, results are nearly the 
same for the highest airflow rates (804 and 901m3.h-1), which means an asymptotic behaviour has been 
reached. 

4.2. General behaviour 

To give an idea of the general heat exchanger behaviour, it is convenient to use dimensionless numbers. 
Here, the idea is to show the impact of an increasing airflow rate on the dynamic behaviour of the heat 
exchanger. Therefore, it is relevant to use the Fourier and the Stanton numbers as presented in equations 6. 
The Stanton number measures the ration of the heat transferred into a fluid by convection to the thermal 
capacity of the fluid. The Fourier number characterizes the ration of the diffusive transport rate (by conduction) 
to the storage rate. 
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For the Stanton number calculation, the convective heat transfer coefficient hc has to be estimated. Here, it is 
determined based on the geometric considerations presented in [20]. Because of the cooling fins, the airflow 
rate between two containers is laminar for each airflow rate. Therefore, the convective heat transfer coefficient 
is constant with a value of hc = 37W.m-2.K-1. As a result, the Stanton number variation depends only on the air 
velocity. 

Fourier number is computed for the second half of the heat release, that is to say when the liquid fraction is 



lower than 0.5. In this case, it is assumed that the material properties for the solid state (see Table 1) are 
representative of the whole material. Heat transfer is assumed to be symmetric in a single container, so the 
characteristic length e is equal to half of the total thickness (e = 0.009m). Finally, tr is selected to correspond to 
a given percentage of the total energy released. Fourier number is plotted against the inverse value of the 
Stanton number in Figure 13. 

 

Figure 13: Comparison of Fourier and Stanton number s for different percentage of heat release 

The Fourier number is decreasing when the inverse Stanton number is increasing, meaning that a higher 
airflow rate is accelerating the heat release. An asymptotic behaviour is observed when the inverse Stanton 
number is higher than 200. A very good agreement is obtained between measurements and a general 
exponential equation 7. The fitted values of coefficients A1, A2 and A3 are presented in Table 3. 
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Table 3: Coefficient values used in (8) fitted with  the measurements 

 tr 50%  tr 66% tr 75% tr 90% 

A1 2,39E+00 3,05E+00 3,71E+00 5,16E+00 

A2 1,43E+01 1,72E+01 2,12E+01 2,49E+01 

A3 -2,07E-02 -1,68E-02 -1,73E-02 -1,70E-02 

4.3. Outlook 

Although PCM solidification is neither homogeneous nor easy to predict, the global behaviour of the heat 
exchanger is rather simple. This is an interesting result for numerical modelling purposes as this allows 
considering a simplified approach. Furthermore, measurements and geometry details presented in this paper 
are suitable with the validation of numerical models (similar measurements are used in [17]). Once validated, 
the model could be used to optimise the heat exchanger: this could help with reaching the initial objective 
(obtaining a 1kW heating power during 2 hours).  

However, using a constant airflow rate does not seem to be a suitable solution. Instead, a variable airflow 
rates should be considered. However, it should be kept in mind that this experimental study has been achieved 
for one single cooling fins geometry. Cooling fins can be used to modify the behaviour of the heat exchanger. 
Indeed, this element has several impacts: 

•  Heat transfer is increased because of the increased surface; 
•  The pressure loss is increased, which is a major issue in the design of a ventilation network; 
•  The airflow is laminar in this case, because of the small dimensions of the channels. It will become 

turbulent for larger channels, which will affect both the pressure loss and heat transfer. Also, this 
represents a limit in the validation of numerical models. 

Therefore, it sounds promising to study much in detail the airflow rate management. 



5. CONCLUSION 

In this paper, a heat exchanger containing more than 27kg of PCM is presented and tested. It is designed to 
store enough energy to replace a 1kW heat pump during 2 hours. The exchanger is placed within an air-supply 
system used to produce a constant airflow rate with temperature changes. 

The main objective of the experimental tests is to determine the heating power during heat release. For this 
reason, earliest tests are conducted to ensure accurate estimations of both the airflow rate and temperature 
differences. The experimental set-up allows the evaluation of the energy stored/released in the system with an 
accuracy of 6 %. But, the initial objective could not be obtained for constant airflow rates varying from 300 to 
900m3.h-1. However, the energy stored and released is higher than 2kWh. Then, An optimization of the heat 
transfers is necessary to reach the objectives. 

Although quick and non-homogeneous heat transfer is observable within the PCM (for example natural 
convection may occur), the global behaviour of the heat exchanger is rather simple. Therefore, an exponential 
relationship between the Fourier and the Stanton numbers could be fitted. This indicates considering a 
simplified numerical model is relevant for further work. Then, it could be used to optimise the current prototype 
and reach the initial objective, with using a variable airflow rate and other designs of cooling fins for example. 
The data presented in this paper will also be used to validate a numerical modelling of a PCM to air heat 
exchanger. 
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