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Abstract. In this paper, the use of PCMs in HVAC applications is investigated by studying
numerically the thermal performance of a PCM-air heat exchanger. The PCM used in this study
is dodecanoic acid. A symmetric 3D model, incorporating conductive and convective heat
transfer (air only) as well as laminar flow, was created in COMSOL Multiphysics 5.0.
Simulations examined the dependence of the heat transfer rate on the temperature and velocity
of the incoming air as well as the size of the channels in the heat exchanger. Results indicated
that small channels size lead to a higher heat transfer rates. A similar trend was also obtained for
high incoming air temperature, whereas the heat transfer rate was less sensitive to the incoming
air velocity.

1. Introduction

Several studies of phase change material (PCM) — air heat exchanger designs for thermal energy storage
in heating ventilation and air conditioning (HVAC) systems are found in the literature. These studies
cover different heat exchanger configurations: parallel PCMs slabs with rectangular air flow channels
in-between [1-11]; cross-flow heat exchangers where one [12] or multiple PCMs [13] filled tubes and
air is driven across the tubes bank; single [14] or modular [15, 16] heat exchangers based on a shell and
tubes design where the PCM is on the shell side and air is flowing either across the cylinder containing
the PCM or through the tubes; and a cylindrical reactor where air passes through packed layers of
spherical PCM capsules [17].

Among these various heat exchanger geometries, the one with PCM slabs and air gaps is the most
studied for thermal energy storage in building ventilation systems. It has been the subject of intensive
experimental development where real-scale prototypes have been built and tested [2, 5, 6, 9], and the
results have been used to validate numerical analysis [5-7, 9] for further optimization of the heat storage
system.

In this paper, a PCM-air heat exchanger configuration inspired in part from this previous work was
modelled. However, a cellular structure where cubic PCM and air channels were alternated was
considered. This configuration was adapted from the air-to-air heat exchanger design, typically used in
heat recovery ventilation systems [18]. The main objective was to assess the thermal performance of
such a heat exchanger design as a function of its geometrical properties and its operating conditions; the
thermal performance in this case being centred on the heat transfer rates since most storage applications
using PCM are facing a “rate problem”, i.e. heat transfer rates too low for the system to be fully
optimised [19]. To this end, a three-dimensional numerical model taking into account heat transfer by
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conduction in the PCM media, and heat transfer by conduction and convection in the air domain with
laminar air flow was built and solved using the commercial finite element software, COMSOL
Multiphysics 5.0.

The following section of this paper deals with a detailed description of the studied geometry, the
mathematical model and the mesh sensitivity study. In the third section, the behaviour of the PCM during
the melting process and the dependence of the heat transfer rate on the size of the cubic channels as well
as the temperature and velocity of the incoming air are presented and discussed.

2. Methodology
2.1 Physical model

As described earlier, the studied geometry replicates a cellular air-to-air heat exchanger. However,
every fresh incoming air channel was replaced with PCM, giving a checkerboard pattern. When hot
extracted air flows though the heat exchanger, the heat is transferred to the PCM, leading to melting.
When the stored heat would be required, a cold air stream would flow through the PCM-air heat
exchanger to absorb the heat from the PCM. The entire geometry of the PCM-air heat exchanger is
shown in Fig. 1a). Using symmetry considerations, only one PCM channel and 4 quarter channels
(purple) and four half air channels (grey) needed to be simulated, as illustrated in Fig. 1b). Having an
expected thermal conductivity mush higher than the PCM, the heat exchanger thin walls were not
modelled for simplicity in this work.

The PCM used for this study was dodecanoic acid, with a melting temperature of 43.5 °C. Tables 1
and 2 present the thermophysical properties of the PCM and air used in the simulations. The properties
of dodecanoic acid were inputted manually into COMSOL; however, temperature dependent properties
that were built into COMSOL were used for air. Inlet air temperatures of 60 °C and 70 °C were used in
the simulation.

Figure 1. (a) The entirety of the PCM-air heat exchanger, (b) The geometry with symmetry
used as the domain in the study.

Table 1. Thermophysical properties of dodecanoic acid [20].

Density 885 kg/m3

Heat Capacity (Solid) 2180 J/kg-K

Heat Capacity (Liquid) 2390 J/kg-K

Latent Heat of Fusion 187200 J/kg

Thermal Conductivity 0.15 W/m-K

Melting Point 43.5°C
Table 2. Thermophysical properties of air.
60 °C 70 °C
Density 1.060 kg/m3 1.029 kg/m?
Heat Capacity 1008 J/kg-K 1009 J/kg-K
Dynamic Viscosity 2.006x10° Pa's 2.051x10% Pa-s

Thermal Conductivity 0.028 W/m-K 0.029 W/m-K
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Table 3. List of varied parameters.

Channel edge  Area of one Number of Heat transfer Inlet air Inlet air
length (cm) inlet channel  air channels, area (m?), temperature  velocity (m/s)
(mz), Aair.ch Nair.ch Arcm-air (°C)
6 0.0036 12 0.72 60, 70 0.75,1
4 0.0016 28 1.26 60, 70 0.75,1
2 0.0004 112 2.52 60, 70 0.75,1

The system was studied by varying the dimension of the cubic PCM and air channel edges, from 2
to 4 to 6 cm, while their length stayed constant at 30 cm (refer to Fig. 1). The PCM domain had an initial
temperature of 20 °C, while the inlet temperature of the air was varied between 60 °C and 70 °C. The
inlet air velocity was varied between 0.75 m/s and 1 m/s assuming a laminar flow in the air domain.
The largest Reynolds number being 3,180 for the largest channel and fastest flow and still considered
mainly laminar for the purpose of this parametric study. The values of all parameters varied in this study
are summarized in Table 3. Symmetry conditions were applied on the outside of the reduce domain.
Through the changes in the edges length and inlet air temperature and velocity, the dependence of the
heat transfer rate on the geometrical properties and the operating conditions could be determined.

2.2 Mathematical model
Within the PCM and air domains, the energy equation applies:

00, L4V (—kVT) + pCyu- VT = 0 @
pat 14

where the fluid velocity u is always zero in the PCM domain and is determined from solving the Navier-
Stokes equation for the air domain:

dp

—+V-(pu) =0

5t (pu) @)

Ju
+pu-Vu=0-[u(Vu+ Vu)"] - Vp

Pt

The melting process can be modeled by modifying the overall heat capacity of the PCM to account

for the large amount of energy provided by the latent heat of fusion, L, once the melting temperature,

T, is attained [21]. The resulting change in the specific capacity of the PCM during its melting is
described by defining the two functions, B(T) and D(T) given by:

0 ,T < (T, — AT/2)
T — T, + AT/2 3
B(T) = ’"A—T/ ,(Tpy — AT/2) < T < (T, + AT/2) @)
1 ,T > (T, + AT/2)
_ exp[-(T-Tm)*/(AT/4)’] (4)
b(T) = J(AT/4)2

B(T) represents the liquid fraction in the PCM domain. Equation (3) shows that B(T) is equal to 0
in the solid phase, 1 in the liquid phase and varies linearly from 0 to 1 through the transition zone over
a temperature interval, AT. D(T) is a Gaussian function that accounts for the latent heat of fusion
absorbed during the melting process. It has the value of zero everywhere except over the intervals (T, —
AT /2) and (T, + AT /2). More importantly, its integral over the range of all temperatures is equal to
1; therefore by multiplying D(T) by L, the energy balance through the phase transition is ensured.

Using the two functions described by Egs. (3) and (4), the modified heat capacity, C,, (T), of the PCM
is defined as follows:

C,(T) = Cps+ B(T)(Cpy — Cps) + L~ D(T) (5)

where s and | refer to the solid and liquid phases of the PCM, respectively. More detail about this
application of the modified heat capacity method can be found in [21]. It is important to note that
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methods (both enthalpy and modified heat capacity) using a mushy zone for the modeling of phase
change heat transfer on a fixed grid are not new [22] and have been well validated analytically and
experimentally over the years. From solving the historical Stefan problem [23], to application in PCM
composites [24] and melting with natural convection [25, 26] to name just a few studies out of hundreds.

2.3 Numerical resolution

The previously presented 3D geometry was created in COMSOL Multiphysics 5.0.; COMSOL along
with ANSY'S Fluent being two of the most used commercial software for phase change simulations
worldwide [25]. The PCM and air properties given in Tables 1 and 2, along with the aforementioned
initial and boundary conditions, were incorporated to the numerical model. The expressions of the liquid
fraction, B(T), and the Gaussian function, D(T), were programmed within COMSOL through user-
defined functions for a temperature interval, AT, of 3 K. This temperature interval was selected to allow
faster simulations on a less dense mesh, facilitating performing numerous simulations for this parametric
study. The heat transfer in solid (PCM), in fluids (air) and the laminar flow (air) physics were
implemented and coupled within COMSOL. This enabled the numerical modelling of conduction and
convection within the system for the different geometrical properties and operating conditions listed in
Table 3.

2.4 Mesh sensitivity study.

For the studied geometry, a swept quadrilateral mesh was used with an additional boundary layer
mesh (4 layers) applied to the air domains (Fig. 2). A mesh independence study was performed in order
to determine the appropriate size of elements to use, providing an accurate mesh independent solution
and limiting the overall calculation time. To this end, two meshes were compared using 16x16x40
elements (Mesh 1) and 32x32x80 elements (Mesh 2), as shown in Fig. 2.
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Figure 3. The average PCM temperature and the heat transfer
rate as a function of time for the two studied meshes.
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Figure 3 shows the average PCM temperature and the heat transfer rate as a function of time, for the
two selected meshes, in the case of 6 cm channel size, 1 m/s inlet velocity, and 70 °C inlet temperature.
It can be observed that the average PCM temperature profiles are almost overlapping for the two meshes,
whereas the heat transfer rate obtained with the largest element number (Mesh 2) is slightly lower
compared to the one resulting from Mesh 1. From this result, and since the goal of this work is to present
a parametric study, the level of accuracy and simulation time saving obtained from Mesh 1 leads to the
conclusion that appropriate mesh independence was obtained. Therefore, a total number of 21480
(16x16x40) quadrilateral elements will be used in the study.

2.5 Resolution Procedure

In total, 12 simulations were completed for 10 simulated hours each. The computation time varied
between 4 hours and 27 hours for the configurations when running on a workstation with 32 cores
clocked at 2.4 GHz and 128 GB of RAM.

3. Results and discussion

As previously mentioned, this study explores the dependence of the heat transfer rate on inlet air velocity
and temperature as well as the channel size in a cubic PCM-air heat exchanger. The heat transfer rate,
Q, is defined by Eq. (6), where Ag;,cp iS the cross sectional area of one air channel and Ny;,- o, IS the
number of air channels in the full 30x30x30 cm?® heat exchanger (see Table 3); p, C,, and vy, are the
density, heat capacity and velocity of the incoming air respectively, and (Ti, qir — Toutqir) IS the
difference between the inlet and outlet air temperatures. The heat transfer rate is driven by the outlet
temperature which is calculated through the transient simulation in COMSOL, as the other parameters
vary only slightly over 10 hours of simulation time.

Q = Agircn* Nairen " P Cp " Vip X (Tin,air - Tout,air) (6)
From Eq. (6), the heat flux at the air-PCM interface is defined as:
q" = Q/ApcM-air (7)

where Apcp—air 1S the total surface area of the air-PCM interface for the entire 30x30x30 cm® heat
exchanger (see Table 3).

Figures 4 to 11 display the simulated heat transfer rate, heat flux, average PCM temperature (taking
over the entire PCM volume) and melt fraction, for all the parameter combinations between channel
size, inlet air velocity and temperature (Table 3). The figures on the left display varying channel sizes
and inlet velocities for an incoming air temperature of 60 °C, while the figures on the right display the
same configurations but for an incoming air temperature of 70 °C.

Several observations can be made from Figs. 4 and 5. First, the initial heat transfer rate is higher
with 70 °C incoming air but decays more quickly than in the 60 °C simulations. This is expected as the
temperature differential between the 70 °C air and 20 °C PCM is greater, so the heat transfer rate is
expected to be greater as well. The system reached equilibrium more quickly because the PCM melted
more quickly, as can be seen from the transient evolution of the melted PCM fraction shown in Figs. 10
and 11. Secondly, the size of the channels made the biggest difference in the heat transfer rate. In both
60 °C and 70 °C simulations, the 2 cm channel size started at twice the heat transfer rate of the 4 cm
channel size but decayed a lot more quickly. Again, this follows the accelerated melting of the PCM in
the 2 cm channel simulations (Figs. 10 and 11). Overall, the 2 cm channel size system offer the largest
heat transfer area which explains the larger heat transfer rate.

For all channel sizes and inlet temperatures, the 1 m/s inlet velocity started out as the configuration
with the highest heat transfer rate, but the 0.75 m/s inlet velocity overtook it later in the simulation. The
cross-over occurred increasingly later in the simulation as the channel sizes became larger.
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Figure 6. Heat flux for 60 °C in-flow. Figure 7. Heat flux for 70 °C in-flow.

The slight fluctuations in the 2 cm channel size in the 60 °C simulations were most likely due to
numerical instabilities, which may be a result of not achieving full mesh convergence for the smaller
channel sizes; more elements might have been required. However, due to time constraints and for
consistency, the mesh for the 2 cm had to have the same number of elements as the other channel sizes.

The heat flux between the air and PCM interfaces did not follow exactly the same pattern as the heat
transfer rate. All channel sizes started at roughly the same value in both the 60 °C and 70 °C simulations.
Interestingly, the smaller channel offered a slightly lower heat flux (the opposite trend compared to the
heat transfer rate results); this can be explained by the fact that with larger channel, the temperature
profile in the air in the channel leads to a greater temperature difference between the wall and the
centerline, hence a higher temperature gradient at the wall. Also, as in the heat transfer rate graphs, the
smaller the channel size, the more quickly the heat flux decayed to zero. Not suprisingly, the 70 °C
simulations (Fig. 7) started at a higher heat flux than the 60 °C simulations (Fig. 6), which is a direct
result of the greater temperature differential. And again as in the heat transfer rate graphs, the effect of
velocity was the same.
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Figure 10. Melt fraction for 60 °C in-flow. Figure 11. Melt fraction for 70 °C in-flow.

When studying the average temperature of the PCM, it is possible to observe the levelling off of
temperature around the melting point of the dodecanoic acid (43°C) in Figs. 8 and 9, which is a
manifestation of the latent heat component of the PCM. As shown in Fig. 10 (60 °C), the PCM melted
completely after approximately 300 minutes of simulation time for the 2 cm channel sizes and after 500
minutes of simulation time for the 4 cm channel sizes. The PCM did not fully melt with the 6 cm channel
sizes after 600 minutes of simulation time. In Fig. 11 (70 °C), the PCM fully melted approximately 100
and 200 minutes before the 60 °C simulations for the 2 cm and 4 cm channel sizes respectively. The
6 cm channel size led to nearly complete melting at the very end of the simulation.

As discussed previously, the 1 m/s inlet velocity resulted in slightly higher heat transfer rates in the
beginning of the simulations. This impact is reflected in the average PCM temperatures and melt
fractions in Figs. 8 to 11.

4. Conclusion
This paper studied the effect that the geometry and operating conditions of a PCM-air heat exchanger
had on the heat transfer rate between the incoming hot air and dodecanoic acid. Through 10 hour long
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simulations conducted in COMSOL Multiphysics 5.0, it was determined that the configuration with a
channel size of 2x2x30 cm?®, inlet velocity of 1 m/s, and inlet temperature of 70 °C resulted in the highest
heat transfer rate at the beginning of the 10 hour simulation and the sharpest rate of decline. Conversely,
the configuration with a channel size of 6x6x30 cm®, inlet velocity of 0.75 m/s, and inlet temperature of
60 °C resulted in the lowest heat transfer rate between the incoming air and the PCM in the beginning
of the simulation but also the slowest rate of decline over the length of the simulation. Within the
configurations studied in these simulations, the size of the channels had the biggest effect on the heat
transfer rate between the air and PCM, followed by the incoming air temperature. The inlet velocity had
the smallest effect. However, the actual heat flux from the air to the PCM was greater for the larger
channel size, due to the larger temperature gradients observed at the wall.

In this sense, the former PCM-air configuration (2x2x30 cm® channels, inlet velocity of 1 m/s, and
inlet temperature of 70 °C) is the most efficient as the PCM achieves complete melting quicker, hence
faster thermal storage which is often needed in thermal storage applications.
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