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Abstract: This paper aims to numerically investigate the thermal enhancement of a latent thermal
energy storage component with mini-channels as air passages. The investigated channels in two sizes
of internal air passages (channel-1 with dh = 1.6 mm and channel-2 with dh = 2.3 mm) are oriented
vertically in a cuboid of 0.15 × 0.15 × 0.1 m3 with RT22 as the PCM located in the shell. The phase
change is simulated with a fixed inlet temperature of air, using ANSYS Fluent 19.5, with a varying
number of channels and a ranging air flow rate entering the component. The results show that the
phase change power of the LTES improves with by increasing the number of channels at the cost of a
decrease in the storage capacity. Given a constant air flow rate, the increase in the heat transfer surface
area of the increased number of channels dominates the heat transfer coefficient, thus increasing the
mean heat transfer rate (UA). A comparison of the channels shows that the thermal performance
depends largely on the area to volume ratio of the channels. The channel type two (channel-2) with a
slightly higher area to volume ratio has a slightly higher charging/discharging power, as compared to
channel type one (channel-1), at a similar PCM packing factor. Adding fins to channel-2, doubling the
surface area, improves the mean UA values by 15–31% for the studied cases. The variation in the total
air flow rate from 7 to 24 L/s is found to have a considerable influence, reducing the melting time by
41–53% and increasing the mean UA values within melting by 19–52% for a packing factor range of
77.4–86.8%. With the increase in the air flow rate, channel type two is found to have considerably
lower pressure drops than channel type one, which can be attributed to its higher internal hydraulic
diameter, making it superior in terms of achieving a relatively similar charging/discharging power
in exchange for significantly lower fan power. Such designs can further be optimized in terms of
pressure drop in future work, which should also include an experimental evaluation.

Keywords: PCM; mini-channels; air; melting; solidification

1. Introduction

Integration of thermal energy storage in ventilation systems can be advantageous to
decrease system-associated costs, including capital and operational, and contribute to peak
power savings [1,2]. Latent Thermal Energy Storage (LTES) is a favorable solution due to
the large storage capacity of Phase Change Materials (PCM) and its low volume. The major
obstacle associated with the LTES is the low thermal conductivity of the Phase Change
Materials [3]. This results in a low charging/discharging power, requiring enhancement
in heat transfer mechanisms [4]. The thermal performance of such a system is intensified
even further in cases where air is used as the heat transfer fluid (HTF) [5].

The thermal performance of LTES systems working with air was addressed in some
research [6–10]. Dolado et al. [6], working on a real scale air–PCM heat exchanger, pointed
out that the bottleneck of the heat transfer, particularly at low air flow rates, could be due
to the high resistance on the air side. The analysis showed that the system performance
was improved by increasing the flow rate of air or decreasing the air channel thickness;
however, at the cost of having a higher fan energy consumption.
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Vakilaltojjar and Saman [7] analyzed a plate encapsulating PCM system working
with air and reported that the thermal performance could be improved by decreasing the
dimensions of the air channels and the PCM slabs.

Marin et al. [8] investigated an LTES system, enhanced with graphite, and concluded
that in cases with the PCM–graphite composite, as the storage medium, the thermal
performance of the LTES was controlled by the resistance on the air side, due to the reduced
resistance of the storage medium. On the other hand, in cases where pure PCM was
employed, the resistances on the PCM and the airside were competitive.

Herbinger et al. [10] performed a parametric study of an air–PCM heat exchanger for
ventilation systems, considering square channels of 2 × 2 cm2, 4 × 4 cm2 and 6 × 6 cm2.
They found that as the channel dimension decreased, the charging/discharging power
increased, and the best thermal performance was achieved for the smallest channels.
However, in the study, the influence of reducing the hydraulic diameter of the channels
and subsequently the increase in the heat transfer coefficient of air and its effect on the
thermal performance was lacking.

The hydraulic diameter (dh) of the flow passages can be reduced significantly by
using mini- and micro-channels. Mini/micro-channels proved to be significantly benefi-
cial in various industries and applications such as the refrigeration/heat pump industry
and electronics cooling [11–14]. Kandlikar et al. [11] classified the passages based on
the dimensions of the hydraulic diameter (dh) to conventional channels for dh > 3 mm,
mini-channels for 0.2 mm < dh < 3 mm and micro-channels for 0.01 mm < dh < 0.2 mm.
Kandlikar et al. [11] showed that the fluid heat transfer coefficients for circular passages
are inversely proportional to the hydraulic diameter, given a fixed flow rate. However,
the increase in heat transfer coefficient is achieved at a considerable cost of an increase in
the pressure drop. Besides the hydraulic diameter, with rectangular channels, the aspect
ratio of the channels as a fraction of the width to the height can influence the heat transfer
coefficient. Wibulawas [15], in a study on laminar flow in heat transfer in non-circular
ducts, showed that, given a constant Graetz number (Gz = dh

l RePr), the Nusselt number
either under constant heat flux or constant wall temperature conditions increases with the
increase in the aspect ratios of the channels.

Rectangular mini-channels with low hydraulic diameters and high area-to-volume
ratios have the potential to enhance the heat transfer on both the air and PCM sides with
having relatively high PCM packing factors (PF). This is particularly beneficial in LTES
applications related to air as the HTF, where there are needs for enhancement due to low
thermal conductivities of air and PCMs.

Mini/micro-channels can be fabricated conventionally using extrusion or Additive
Manufacturing (AM) processes [16–20]. However, an extrusion process is associated with
certain limitations and restrictions in producing complex features. Additive Manufac-
turing (AM), known as 3D printing, is an alternative new fabrication method capable of
manufacturing complex geometric features, including the embedding of internal/external
thermal enhancers and bypassing many limitations associated with conventional meth-
ods. However, 3D printing is also associated with certain disadvantages such as higher
surface roughness, limited options in printing materials, and higher cost per part in mass
productions, as compared to the conventional methods [21].

This paper numerically investigates the novel idea of incorporating mini-channel
profiles into LTES components with dry air as the HTF. Three-dimensional simulations of
transient phase change were performed using ANSYS Fluent 19.5. An enthalpy–porosity
method is used in this commercial software for solid–liquid phase change simulations.
In this method, the mushy zone at which the phase change is happening is dealt with as
a porous structure, and the liquid flow in this zone is treated as a liquid flow through a
porous structure [22,23].

Two types of mini-channels were studied. The first channel is an existing extruded
aluminum profile and the second channel, with and without external fins, is a conceptual
design capable of being manufactured via 3D printing. The mini-channels have rela-
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tively similar volumes but different internal hydraulic diameters (dhchannel−1 = 1.6 and
dhchannel−1 = 2.3) and aspect ratios (ARchannel−1 = 0.86 and ARchannel−2 = 20). The com-
pact LTESs are modeled three-dimensionally for a laminar air flow regime. The thermal
performance of the LTES in charging/discharging with varying number of channels and
ranging flow rates was analyzed and evaluated.

2. Materials and Methods

The numerical model to simulate melting and solidification processes of RT22 in an
air–PCM heat exchanger using mini-channels is presented and described below.

2.1. Physical Model

Simulations of melting and solidification processes of RT22 as PCM were performed
with two types of mini-channels. The air–PCM heat exchanger, as shown in Figure 1, is
a cuboid of 0.15 × 0.15 × 0.1 m3 comprised of a duct shell and the mini-channels. The
PCM is located in the shell, and air, as the HTF, flows through mini-channels. To reduce
the computational effort of modeling the phase change process, a symmetric domain of
one channel was simulated.
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Two types of channels, with specified dimensions shown in Figure 2, were considered
in the study. The mini-channel type one (channel-1) is an existing product of Hydro
Aluminum, manufactured through an extrusion and studied for the first time in an LTES
component. Channel-1 has hydraulic diameters of 1.63 mm and 1.59 mm for the middle
and the side passages, respectively. The mini-channel type two (channel-2) is a conceptual
design with the purpose of improving the thermal performance of channel-1. This channel
could be potentially manufactured via metal 3D printing as a fast and quick production
method for innovative prototypes, using AlSi10Mg alloy as the material, with and without
external fins. Channel-2 has a slightly higher area-to-volume ratio ( As

Vol ) than channel-2,
providing a higher heat transfer surface given a similar PCM packing factor. Channel-2
was proposed with a hydraulic diameter and aspect ratio higher than Channel 1 to achieve
a potentially higher heat transfer coefficient of air and a lower pressure drop. It has a
hydraulic diameter of 2.27 mm and an aspect ratio of 17.5. The geometrical characteristics
of the channels with their material properties are summarized in Table 1.
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Figure 2. Dimensions of the simulated configurations: (a) channel-1, (b) channel-2 and (c) channel-2 finned.
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Table 1. Geometrical characteristics and material properties of the channels.

Channel-1
(Extrusion-Al3003)

Channel-2
(DMLS-AlSi10Mg)

Area to volume ratio
[

As
Vol

(
m2

m3

)]
943 987

Hydraulic diameter [dh (mm)] 1.63 2.27
Density ( kg

m3 ) 2730 2620

Specific heat capacity ( kJ
kg·K ) 892 846

Thermal conductivity ( W
m·K ) 162 111

In the cuboid, the mini-channels with varying quantities are oriented vertically. In the
case of channel-1, due to limitations in the production procedures of the cuboid, including
the restrictions associated with brazing and welding processes, the channels need to
maintain a minimum distance of 5 mm. In the case of channel-2, due to the inherited
characteristics of the 3D-printing method, this distance could be lowered down to 1–2 mm.
Thus, the number of channels per the height of the cuboid was set to five and six for
channel-1 and channel-2, respectively. In the case of externally finned channel-2, four
fins with a length of 3 mm and thickness of 0.2 mm on each side of the channel-2 were
considered, almost doubling the external surface area. The number of channels in width of
the cuboid is varied from 12 to 20 with packing factor (PF), defined as a ratio of the PCM
volume to the total volume of the cuboid, range of 77.4–86.8%. The details of simulated
configurations and the corresponding PFs are summarized in Table 2.

Table 2. Investigated configurations.

Number of Channels PF (%)

Channel-1
5 × 12 86.8
5 × 16 82.4
5 × 20 78

Channel-2
6 × 12 84.6
6 × 14 82
6 × 16 79.4

Channel-2-finned
6 × 12 83
6 × 14 80.2
6 × 16 77.4

2.2. PCM Thermos-Physical Properties

Material properties of the investigated PCM and RT22 are missing in the literature.
RT22 is an organic commercial PCM provided by RUBITHERM undergoing the solid–
liquid phase change around 22 ◦C. The thermo-physical properties, including density in
the liquid phase, enthalpy and isobaric specific heat capacity, thermal conductivity and
viscosity, were measured experimentally. The liquid density was measured using two
pyknometers of 50 and 100 mL, enthalpy and specific heat via a µDSC evo 7 from the
Setaram instrument, thermal conductivity via a Hot Disk TPS-2500 and viscosity via a
rotational Brookfield viscometer. The linear correlation of the measured stress with the
strain rate in the liquid phase, obtained in the viscosity measurement procedure, shows
that RT22 has a Newtonian behavior. The measured properties are shown in Figure 3 as
functions of temperature and summarized in Table 3. The measurement methodology via
the aforementioned instruments used to measure the thermo-physical properties of RT22
in this paper was explained in detail by Abdi et al. [24] for two other organic PCMs.
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Table 3. Measured thermo-physical properties of RT22.

Density ( kg
m3 ) 778 (20 ◦C)

Specific heat capacity ( kJ
kg·K ) 4.6 (15 ◦C)–2.4 (30 ◦C)

Latent heat of phase change ( kJ
kg ) 163.8

∆Tm (◦C)
∆Tf (◦C)

20.4–23.7
20.1–22.8

Thermal conductivity ( W
m·K ) 0.14 (15, 30 ◦C)

Viscosity (Pa·s) 0.00407 (25 ◦C)
Thermal expansion coefficient ( 1

K ) 0.00084
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2.3. Simulation Model

Three-dimensional modeling of the transient phase change is essential to capture
the effect of the axial HTF temperature variations since such an effect is missing in two-
dimensional modeling. The transient phase change simulations were carried out in three
dimensions for the domain specified in Figure 1, using ANSYS Fluent 19.5. In the modeling
of dry air flow, the following conditions were considered:

• Incompressible laminar air flow;
• Constant air properties along the channel length;
• Negligible effects of viscous dissipation.

In modeling solid–liquid phase change, the volume change was neglected and natural
convection in the constrained melting was modeled via the Boussinesq approximation. The
governing mechanism within the phase change is expressed in Equations (1)–(3):

∇.V = 0 (1)

ρ

(
∂V
∂t

+ (∇.V)V
)

= ρg−∇P +∇.(τ) + S (2)

ρ

(
∂H
∂t

+∇.(VH)

)
= ∇.(k∇ T) (3)

An enthalpy–porosity method is used to model the phase change, adding a source term
to the momentum equation, defined by the Carmen–Kozeny term shown by Equation (4).

S = − (1− λ)2(
λ3 + ε

)Amushy(V) (4)

Here, λ is the porosity factor ranging from zero to one and Amushy is the mushy pa-
rameter, which is an arbitrary number ranging from 105 to 108, representing the convective
intensity of the flow within the mushy zone. The lower the mushy numbers, the stronger
convective flow is predicted within the mushy zone. In this study, the mushy parameter
was set to 108 for both the constrained melting and solidification simulations since it was
previously shown to give an appropriate fit to experimental data [25–27]. The porosity is
incorporated into the sensible and latent energy through Equations (5)–(7).

H = h + λL (5)

h = href +
∫ T

Tref

CpdT (6)

∆H = λL→


λ = 0 if T < Tsolidus

λ = T− Tsolidus
Tliquidus−Tsolidus

if Tsolidus < T < Tliquidus

λ = 1 if T > Tliquidus

(7)

A simple algorithm was used in the coupling of pressure and velocity. The second-
order upwind scheme for discretization of momentum and energy equations and the
PRESTO! scheme for pressure correction were used. The first-order implicit scheme was
employed with fixed time steps for time discretization. The convergence criterion for the
continuity and momentum equations was set to 10−5 and 10−8, respectively.

A mesh independency study was carried out to select the element size for the final
grids of air and PCM. In the beginning, the simulations were carried out for the hydro-
dynamic laminar air flow in a single channel, and the pressure drops along the channel
length in different grids were compared. The element size ranged from 0.4 to 0.1 mm
and 4 to 1 mm in the cross-sectional plane and along the channel length, respectively.
Figure 4a shows the pressure drop along the length channel-2 for the cases 1–4 with the
aforementioned ranging element size. As observed in Figure 4a, the simulated pressure
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drop values vary insignificantly from case 3 to case 4. The mesh independency analysis
proceeded for the PCM domain with the element sizes specified in cases 3 and 4 for the air
domain. For the PCM domain, the element sized varied in the cross-sectional plane and in
length, and the effect on melt fraction was studied. As shown in Figure 4b, the simulated
melt fraction changes slightly with refining the cross-sectional PCM mesh from 1 mm to
0.5 mm. Further reducing the cross-sectional element size in the PCM domain down to
0.3 mm showed an insignificant change in comparison to the element 0.5 mm. Figure 4c
shows the influence of decreasing the element size from 3 to 1 mm in the axial direction for
the PCM domain, making almost no influence on the melt fraction results. Furthermore,
the variation in time-step displays its insignificant effect on the simulations, as shown in
Figure 4d. In the end, considering the insignificant changes in the hydrodynamic air flow
and melting simulations, the following element sizes were chosen. The final grid elements
size, perpendicular to the air flow, were set to 0.4 mm, 0.15 mm and 0.1 mm for the PCM,
aluminum and air zones, respectively, as shown in Figure 5, and the grid element size in
the axial direction was set to 2 mm. The time step was fixed to 0.1 s in the simulations. In
the used meshes, the minimum orthogonal mesh quality in the final grid and the maximum
skewness factors were 0.5 and 0.8, respectively.

The simulations with the chosen grid based on the performed mesh independency
analysis were performed for the specified configurations in Table 2 with inlet HTF temper-
ature of 30 ◦C and 15 ◦C for melting and solidifications, respectively. The initial domain
temperature was set to 15 ◦C and 30◦C. The total flow rate of the HTF entering the cuboid
was varied within a range of 7–24 L/s. The minimum flow rate, corresponding to a room
of 20 m2, was chosen based on the Swedish regulation of maintaining a minimum flow
rate of 0.35 L/m2·s in the ventilation systems of residential buildings. A parametric study
of flow rate with fixed values of 7, 12, 16, 20 and 24 L/s was carried out. As the number
of channels was varied, given a constant total air flow rate, the inlet velocity of air flow
per channel was calculated and used as the inlet boundary conditions. With the simulated
range of flow rate and the varying number of channels from 60 to 100 for channel-1 and 72
to 96 for channel-2, respectively, the Reynolds numbers were within ranges of 250–1440
and 430–1970. The total transient rate of heat transfer is calculated with Equation (8).

.
Q(t) =NρairV airin Ac cpair

abs
[
T airout(t)− Tairin

]
(8)

where N is the number of channels, ρairVHTFin Ac is the air mass flow rate per channel, cpair
is the air specific heat and T airout(t)− Tairin is the transient air temperature difference of the
outlet and the inlet. The total UA value is calculated as a ratio of the total rate of transferred
heat to the logarithmic mean temperature difference (LMTD) between the HTF and the
PCM, using Equations (9) and (10).

UA =

.
Q(t)

LMTD (t)
(9)

LMTD (t) =

[
Tairin − Ts/m

]
− [T airout(t)− Ts/m]

ln
Tairin−Ts/m

T airout (t)−Ts/m

(10)

The air heat transfer coefficient is calculated as the ratio of the total heat flux to the
logarithmic mean temperature difference between the HTF temperature and the channel
wall temperature at the inlet and outlet, as specified in Equations (11) and (12).

uair (t) =

.
Q(t)

Aair LMTDair(t)
(11)

LMTDair(t) =

[
Tairin − T win(t)

]
− [T airout(t)− (Twout(t)]

ln
Tairin−T win (t)

T airout (t)−T wout (t)

(12)
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Using the obtained air heat transfer coefficient, the heat transfer coefficient on the
PCM side is calculated via Equation (13).

uPCM (t) =
1

APCM

[
1

UA
(t)− 1

Aairuair
(t)− Wthickness

kwAair

]−1
(13)
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Figure 5. Examples of meshed simulation domains for channel-1 (5 × 16, PF = 82.4%) and channel-2 (6 × 14, PF = 82%).

The total transient power was presented versus relative accumulated extracted/
absorbed energy. The relative accumulated energy is defined by Equation (14) as
the ratio of accumulated extracted/absorbed energy at each time interval to the total
accumulated extracted/absorbed energy.

Qrelative(t) =
∑t

initial Qaccumulated(t)

∑final
initial Qaccumulated

× 100 (14)

To combine the enhancement in the phase change power and the used fan power and
evaluate the system performance, performance evaluation criterion (PEC) is defined via
Equation (15) as the ratio of the mean phase change power to the product of total air flow
and pressure drop.

PEC =

.
Qmean

N V airinAc ∆P
(15)

3. Results and Discussion

The symmetrical simulated domains of channel-1 and un-finned channel-2, with the
ranging number of channels of 60–100 and 72–96, respectively, have different dimensions
in width and height. Thus, to have a fair performance assessment of the two channels,
the evaluation is made for cases with possibly similar PCM packing factors (PF). The melt
fraction contours for the configurations of channel-1 with PF = 82.4% and the bare and
finned configurations of channel-2 with PF = 82% and PF = 80.2%, respectively, are shown
in Figures 6 and 7. A comparison of melting and solidification processes shows that in both
processes, the growing phase change structure is rather symmetric. This indicates the weak
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presence of the natural convection in melting and the dominancy of conduction in both
melting and solidification.
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The phase change progress for the bare channels is more dominant on the sides of the
mini-channels and weaker on the tips. The simulated domain for channel-1 is thinner in
width and longer in height than that of channel-2. This results in a rapid phase change
progress on the side walls of the former, while the phase change of the PCM around the tips
of the channel takes a longer time. In the case of channel-2, a rapid phase change occurs
around the tips, given the considerably smaller distance between the tips (3 mm). As the
phase change completes around the tips, it progresses afterward on the side walls. In the
case of finned channel-2, the fins contribute primarily to the phase change of PCM between
the fins as it takes a longer time for the phase change of the PCM around the corners of
the domain. The major mechanism at which the fins contribute to the phase change is
conduction, given the small 5.3 mm distance between fins.

In all the cases, the phase change process evolves axially. As the phase change gets
completed at the inlet of the channels, the phase change front develops in the length of the
channels, showing a significant axial variation in the HTF temperature.

Figure 8 shows the transient outlet air temperature of the minimum and maximum
simulated flow rates within the phase change time for the configurations of channel-1
(PF = 82.4%) and for the bare and finned configurations of channel-2 (PF = 82% and
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PF = 80.2%). As observed, the outlet temperature increases in melting and decreases in
solidification steeply at the beginning of the phase change process due to the sensible heat
transfer prior to the initiation of phase change along the channel length. As the PCM at
the outlet reaches the onset temperature of the phase change and the entire PCM axially
adjacent to the channel wall undergoes the phase change process, the outlet temperature
varies less steeply, approaching the inlet temperature at the end of the process. The rather
large temperature difference between the outlet and inlet for both melting (Tin = 30 ◦C) and
solidification (Tin = 15 ◦C) indicates the significant axial HTF temperature variations. The
axial air temperature change diminishes as the PCM approaches the complete phase change.
This could be observed for both the lower and upper bounds of the investigated flow rate
range; however, the temperature difference is significantly larger for the former. The outlet
air temperature for channel-1 (PF = 82.4%) and the bare channel-2 (PF = 82%) is rather
similar throughout the phase change processes, resulting in similar phase change times.
The incorporation of fins results in a lower and higher outlet temperature in melting and
solidification, respectively, as compared to the other configurations, and a modest reduction
in the phase change time. In the finned configuration (PF = 80.2%), with the minimum total
air flow rate of 7 L/s, the phase change time in melting and solidification, respectively,
has decreased by 16% and 10%, as compared to the bare channel-2 configuration. On
the contrary, the influence of increasing the air flow rate is rather considerable for all
the shown cases. For a packing factor range of 86.8% to 77.4%, varying the air flow rate
from 7 to 24 L/s reduces the melting and solidification time by 41% to 53% and 39% to
53%, respectively.
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The effect of air flow rate increase on the transient power during phase change as a
function of relative accumulated energy is shown in Figure 9. At the minimum air flow
rate, the transient power is rather similar for the shown cases of channel-1 and channel-2,
and the gain in the finned channel-2 is insignificant. Increasing the flow rate to the upper
bound of 24 L/s increases the transient power considerably, indicating the resistance on
the air side is not negligible. However, the enhancement effect of the increased air flow
rate is accompanied by a significant increase in the pressure drop. A comparison of the
channels at the maximum flow rate shows that the channel-1 case gives a slightly higher
transient power up to about 70% of the relative stored/extracted energy, as compared to
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the channel-2 case. For the rest of the process, the channel-2 case has a higher power. The
rapid reduction in the power of channel-1 at the end of the processes is attributed to the
completion of the phase change adjacent to the side walls and the relatively weaker heat
transfer around the tips of channel-1. In the case of channel-2, the phase change is ongoing
adjacent to the side walls throughout the entire process. The finned channel-2 case shows
a higher rate of heat transfer in both melting and solidification processes than the bare
channel-2, despite having a lower mass of PCM with about 1.8% lower packing factor.
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To be able to evaluate and compare the designs with a varying number of channels
and packing factors, normalized mean power (represented by the mean UA-value) as an
indicator of the thermal performance was used in the following. The mean UA-values are
calculated based on 98% completion of the phase change. Figure 10 shows the dependency
of UA values as a function of the PCM packing factor for the total range of the simulated
air flow rate. The reduction in the packing factor indicates the increase in the number of
channels as the vertical data points for a given packing factor designates the variation in the
air flow rate. Figure 10 shows that as the PCM packing factor reduces, the mean UA value
increases for all the simulated configurations in both melting and solidification processes.
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For a constant air flow rate, the increase in the number of channels increases the mean
power of phase change. As the number of channels is increased or fins are used (in the case
of channel-2), the PCM packing factor reduces, resulting in a reduction in the latent storage
capacity. Given a constant total flow rate of the HTF entering the cuboid, the increase
in the number of channels reduces the flow rate per channel, resulting in a reduction
in the heat transfer coefficient on the air side. However, the effect of the extended heat
transfer surface as the number of channels increases is dominant over the reduction in the
internal heat transfer coefficient, eventually increasing the total UA value and improving
the thermal performance.

Increasing the flow rate improves the normalized mean power for all the cases, partic-
ularly for the enhanced case of finned channel-2. For instance, for the configurations of
channel-1 with PF = 82.4%, channel-2 with PF = 82% and finned channel-2 with PF = 80.2%,
increasing the total flow rate of the HTF from 7 L/s to 24 L/s increases the mean UA values
of melting by 30%, 35% and 44%, respectively.

The interesting point is that adding fins to the cases of channel-2 instead of increasing
the number of channels can result in higher mean UA values, attributed to the higher air
flow per channel in the former case. As an example, given the flow rate range of 7–24 L/s,
adding fins to the case with 72 channels (PF = 83%) increases the UA mean value of melting
by 21–31%, as compared to the un-finned case with 72 channels (PF = 84.6%). Whereas
increasing the number of un-finned channels from 72 (PF = 84.6%) to 84 (PF = 80.2%)
enhances the mean UA value of melting by 13–24%. In total, the relative enhancements in
the mean UA values of the finned channel-2 cases, as compared to the un-finned cases, lie
within 15–31% for the entire range of simulated flow rates and packing factors.

The difference in the air heat transfer coefficient of the two channels has an insignifi-
cant effect on their thermal performance within the phase change. Figure 11a shows the
air heat transfer coefficients of channel-1 and bare channel-2 averaged over melting as
functions of the total air flow rate. Channel-2 has a modestly higher heat transfer coefficient
on the air side within the simulated air flow rate, despite its higher hydraulic diameter
as compared to channel-1. This is due to the higher aspect ratio of the flow passage.
Even though there is a considerable distinction in the air heat transfer coefficient between
channel-1 and channel-2, as shown in Figure 11a, the heat transfer coefficient on the PCM
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side remains unaffected. Figure 11b shows the heat transfer coefficient on the PCM side for
channel-1 and channel-2 cases with PF = 82.4% and PF = 82%, respectively, for flow rates of
7 and 24 L/s as functions of melt fraction in the melting process. The PCM heat transfer
values drop quickly from the high values at the beginning of the process to levels below
the heat transfer coefficients of air, shifting the thermal resistance from the air side to the
PCM side.
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Figure 11. (a) mean air heat transfer coefficient during melting, (b) transient heat transfer coefficient on the PCM side
during melting.

As observed, the PCM heat transfer coefficients of channel-1 and channel-2 relatively
overlap throughout the process. A clear distinction is seen from the lower bound of the
air flow rate to the upper bound, implying the PCM heat transfer coefficient could be a
function of the internal air flow rate.

The major disadvantage of extending the surface area and UA value through fin incor-
poration rather than increasing the number of channels is the higher flow rate per channel
in the former, given a fixed total flow rate, unfavorably resulting in a higher pressure
drop. Figure 12 shows the pressure drop for channel-1 and channel-2 configurations. As
seen, with high packing factors and a lower number of channels, the air flow entering each
channel increases. In the cases with high packing factors, as the total flow rate increases, the
pressure drop increases significantly while the internal air heat transfer coefficient increases
modestly. Increasing the number of channels reduces the pressure drop considerably, par-
ticularly at high total air flow rates. As an example, at the flow rate of 24 L/s, the pressure
drop for channel-1 reduces by 31% and 47% as the number of channels increases from 60
to 80 and 100, and for channel-2 it reduces by 17% and 30% as the number of channels
increases from 72 to 84 and 96, respectively. Interesting to point out is the relatively lower
pressure drop of channel-2 than channel-1. This is credited mainly to the higher hydraulic
diameter of channel-2.
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Having a low pressure drop and, consequently, a low fan power as possible is a crucial
matter in employing mini-channels in LTES components. This contributes to achieving a
higher gain in terms of charging/discharging thermal energy in exchange for fan power.
The performance evaluation criterion (PEC) of the compact component defined as the ratio
of the mean phase change power to the fan work (Equation (15)) is shown in Figure 13 for
the simulated configurations as a function of the total air flow rate. Considering the increase
in the total air flow rate, the PEC for both melting and solidification reduces dramatically,
indicating a more significant increase in the pressure drop compared to the modest gain
in the mean phase change power. The same trend is observed as the number of channels
reduces and the packing factor increases. Given a constant total flow rate, channel-2 is
superior to channel-1 due to both the relatively higher mean phase change power and the
considerably lower pressure drop. In addition, in the case of finned channel-2, fins were
able to increase the PEC modestly. Since the pressure drops in the finned channel-2 cases
are the same as the un-finned channel-2 cases, the gain in the PEC comes from the modest
increase in the mean phase change power.
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4. Conclusions

This incorporation of rectangular mini-channels with internal air passages into an LTES
component was studied, considering two types of configurations. Three-dimensional phase
change simulations of RT22 in a cuboid of 0.15 × 0.15 × 0.1 m3, with vertically oriented
channels, were carried out. The channels have different hydraulic diameters and aspect
ratios of the internal flow passages while having almost similar volume and external heat
transfer surfaces. In channel-2, fins were also investigated to enhance thermal performance.

The simulation results show that the thermal performance of the system is enhanced as
the number of channels increases in both the channel-1 and channel-2 cases. The mean UA
value increases as the number of channels increases and the PCM packing factor decreases.
The enhancement is majorly attributed to the increase in the external surface area with a
higher number of channels, while the air flow rate per channel decreases given a constant
total air flow rate entering the cuboid.

Increasing the flow rate improves the mean UA value in both melting and solidification.
For instance, for channel-1 with PF = 82.4%, channel-2 with PF = 82% and finned channel-2
with PF = 80.2%, the mean UA value of melting increases by 30%, 35% and 44% as the total
flow rate of the HTF increases from 7 L/s to 24 L/s, respectively.

The comparison of channel-1 and channel-2 with similar packing factors shows that
the difference in the air heat transfer coefficient has an insignificant effect on the mean phase
change powers and the mean UA values. For instance, the air heat transfer coefficients of
channel-2 with PF = 82.0% are about 30–40% higher than those of channel-1 with PF = 82.4%,
for the simulated total flow rate of 7–24 L/s. However, the enhancement in the mean UA
values of the former lies within 1–5%, as compared to the latter, credited to its minor higher
external surface area. Adding fins to the channel-2 cases, doubling the heat transfer area
on the PCM side, can increase the mean UA values by 15–31% for the entire ranges of
simulated flow rates and packing factors.

Another benefit with channel-2 is the considerably lower pressure drop as compared
to channel-1. This is due to its higher hydraulic diameter, particularly with high total
flow rates and high packing factors. Given a constant flow rate, the channel-2 configu-
rations have higher PEC than the channel-1 configurations, achieving a higher gain in
stored/extracted thermal energy in exchange for the used fan power.
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The results show that the mini-channels could be optimized to have a higher per-
formance in heat transfer with a lower pressure drop. The metal 3D printing method,
as an alternative method in manufacturing conceptual designs, could be used in imple-
menting innovative features. This includes optimization of the hydraulic diameter and
the aspect ratio of the HTF passages, maximizing the area-to-volume ratio of the channels
and manufacturing innovative fin configurations to enhance the heat transfer on the PCM
side. Finally, optimization, manufacturing and experimental testing of the mini-channels
under laboratory conditions could be the next steps paving the commercialization of such
products and their usage on a large scale.
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Nomenclature

Ac cross sectional area (mm2)
As heat transfer surface area (mm2)
Amushy mushy parameter
AR aspect ratio
cp specific heat ( kJ

kg·K )
dh hydraulic diameter (mm)
g gravity ( m

s2 )
k thermal conductivity ( W

m·K )
h sensible enthalpy ( kJ

kg )

H total enthalpy ( kJ
kg )

L latent heat of phase change ( kJ
kg )

N number of channels
.

Q power (W)
Q energy (kJ)
P pressure (Pa)
Re Reynolds number [ρVdh

µ ]
S source term
t time (s)
T temperature (°C)

UA total heat transfer unit ( W
K )

U heat transfer coefficient ( W
m2·K )

V velocity ( m
s )

Vol volume (m3)
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Abbreviations

HTF heat transfer fluid
LMTD logarithmic mean temperature difference
LTES latent thermal energy storage
PCM phase change material
PEC performance evaluation criterion

Subscripts

avg average
in inlet
m melting
out outlet
s solid
w wall

Greek Letters

α Thermal diffusivity ( K
ρcp

)

β expansion coefficient ( 1
K )

∆ Difference
ε small number
λ porosity factor
µ viscosity (Pa·s)
ρ density ( kg

m3 )
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