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Abstract

Phase change material heat exchangers (PCM-HX) can be used as a latent heat thermal energy storage
(LHTES) component in heat pump applications to further enhance the efficiency of a heat pump as well as to
yield financial savings by peak-load shifting. In this paper, a low-cost commercially available aluminum
serpentine heat exchanger with louvered fins was experimentally investigated to check its thermal performance
as a PCM-HX. A transparent rectangular box fabricated from acrylic plates served as a PCM container. Two
cameras were used to capture the phase change process of the PCM on the front and top sides of the container
during the experiment. A total of 88 installed temperature sensors throughout the test setup and a mass flow
meter enabled a quantitative analysis of the PCM-HX as well. The energy balance deviation between the
estimated theoretical and experimentally calculated PCM storage was +14% considering the often-neglected
heat loss and thermal mass of the PCM-HX. PCM temperature profiles, charge and discharge rates, and energy
densities under different test conditions were also investigated.
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1. Introduction

The demands for energy-efficient heat pump technology have been steadily increasing worldwide with the
goal of decreasing carbon footprints. A latent heat thermal energy storage (LHTES) integration into heat pump
systems can potentially help shave the peak load demand of the residential and commercial energy sectors
while using off-peak electricity, ultimately realizing both financial and energy savings. Phase change material
heat exchangers (PCM-HXs) can be excellent candidates for LHTES as they can utilize the latent heat during
the charging and discharging processes. When integrating LHTES into heat pump systems, heat exchanger
should be designed to overcome the challenge of low thermal conductivities of PCMs. Hence, it is essential to
explore different heat exchanger configuration options and expand the list of high-potential candidates that are
economical and easy to implement [1]. In this paper, a commercially available serpentine tube heat exchanger
with louvered fins was experimentally investigated as the first-order analysis revealed that this type of heat
exchanger has a very competitive compactness and a material utilization value as compared to the other
commercially available configurations such as crimped fin, wire fin, and spine fin heat exchangers. A
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comprehensive thermal performance analysis including PCM temperature profiles, charge/discharge rates,
energy densities, and energy balance of the PCM-HX under different operating conditions are presented in this
study. Often-neglected visual observation and heat loss and thermal mass calculations were experimentally
considered in the study for more of an in-depth analysis as well as to capture the practical side of the
experiments. There are a number of existing literature for experimental investigations of compact PCM-HXs
[1]-[4]. However, the experimental study regarding the selected heat exchanger configuration in this paper is
scarce. Therefore, this study will provide one of the initial experimental data for this heat exchanger
configuration when used as a PCM-HX.

2. Experimental Setup
2.1. PCM properties

RT35HC from Rubitherm [5] was chosen as a PCM for the experiments as it is known to be stable in terms
of cyclic durability and has a relatively high heat storage capacity (HSC) for an organic-based PCM. Its
nominal phase change temperature, thermal conductivity, specific heat, and volume expansion ratio are around
35 °C, 0.2 W/m-K, 2 kJ/kg, and 12.5%, respectively. Choosing a specific PCM with an actual hot storage
applicable phase change temperature was not the main concern for this study as the main focus was to assess
the thermal performance of the heat exchanger configuration itself. This statement can be further supported by
the PCM heat sink topology optimization results from Ho et al. [6] where the optimization runs with PCMs
with different melting temperatures yielded nearly identical optimized designs for conduction-dominated cases.
Hence, the use of RT35HC in this study can be justified because if the heat exchanger showed a good
performance with certain PCM, it would also show a good performance with other PCMs with different
melting/solidification points for conduction-dominated cases. The original equipment manufacturer (OEM)
claims that the nominal HSC within the selected temperature range is 240 kJ/kg with £7.5% accuracy. It is
important to mention that a separate differential scanning calorimetry (DSC) test was conducted to have
additional reference to the enthalpy information of the PCM. The HSC values from the DSC results with a
5 °C/min heat rate yielded 180.6 kJ/kg and 203.7 kJ/kg for melting and solidification, respectively. Lastly, the
total amount of PCM mass that was charged into the PCM-HX container was 3.979 kg.

2.2. PCM-to-HTF (Heat Transfer Fluid) Test Facility

An in-house test facility was used to conduct PCM-to-HTF experiments. As shown in Fig. 1, the test facility
was placed inside the temperature- and humidity-controlled environmental chamber for reliable test conditions.
The facility consists of main components such as Coriolis mass flow meter, gear pump, resistance heater, air-
to-HTF heat exchanger with a fan, and the PCM-HX test section. T-type thermocouples and resistance
temperature detectors (RTD) were installed for PCM and HTF-side temperature measurements. For HTF,
deionized water was chosen for this study. The National Instruments (NI)’s data acquisition (DAQ) system
together with the LabVIEW software was used for controls and data collection. It is worth mentioning the test
facility could function bi-directionally using the 3-way valve and ball valves depending on the orientation of
the PCM-HX. However, only one HTF direction was investigated in this study since the PCM-HX was oriented
horizontally. For melting experiments, heater proportional-integral-derivative (PID) control was used to
stabilize the inlet temperature of the HTF, while the air-to-HTF heat exchanger with a fan was used to control
the HTF inlet temperature during the solidification experiments. The mass flow rate (MFR) was controlled by
the PID control using the Coriolis mass flow meter and the pump driver during both experiments.
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Fig. 1. PCM-to-HTF test facility schematic diagram

Sub-components such as the orifice-type turbulator inserts, 3D printed RTD guides with multi-cord grips,
and 90° elbows were installed near the PCM-HXs inlet and outlet side for accurate HTF-side temperature
measurement. The elbows and turbulator inserts allow the HTF to be well-mixed before the measurement
points whereas the RTD guides prevent the RTD end tips from touching the tube wall and keep them
concentric. Hence, the systematic uncertainties of the HTF side measurement could be minimized even with
flows in a laminar regime.

2.3. Serpentine Heat Exchanger and Thermocouple Positions
A commercially available serpentine tube heat exchanger was selected as a PCM-HX candidate. A single-

path serpentine tube heat exchanger consisted of 21 individual rectangular channels. The detailed dimensions
and its configuration are shown in Fig. 2 — (a).

Fin thickness = 0.15 mm

| A # of Regular fins = 518 (74 * 7-rows)
{ 4 # of end-side fins =192 (96 * 2-rows)
E X Regular fin pitch = 2.3 mm (170.5 / 74)

22 mm End-side fin pitch = 1.7 mm (162 / 96)
Regular fin width

7.7 mm
end-side fin width

Header-side
tubes were
later cut and
modified

Rectangular
| channel size:
| (3 mm X4 mm)
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Fig. 2. (a) Serpentine tube PCM-HX dimensions and details and (b) Thermocouple distributions

In total, 78 T-type calibrated thermocouples with +0.5 K absolute uncertainty were installed in and around
the test section. After calibration, the measured maximum temperature deviation across all thermocouples was
about 0.15 K when a few test points were measured. First, as shown in the top left corner of Fig. 2 - (b), six
thermocouples were attached to the surfaces of the 1% and 3@ U-bends on the front side of the heat exchanger.
From the bottom, the thermocouples were attached to the outer surfaces of the 3", 11", and 20™ rectangular
channels for both U-bends. Next, as shown in the bottom left corner of the same figure, four thermocouple
pairs were evenly distributed in each quadrant of the acrylic plate’s inner and outer surfaces. These heat loss
and thermal mass measurement thermocouples were installed on all six container surfaces. Lastly, two levels
of twelve thermocouples were installed in between the fins to measure the PCM temperatures, as shown in Fig.
2 - (b). The thermocouples were installed every 52.5 mm from the front to back surfaces. The 15t and 2" levels
are 43 mm and 77 mm from the bottom surface of the container.

2.4. Container Configuration

Clear high-strength acrylic plates were used as container walls. The acrylic plates were cut to the designed
dimensions using the laser cutting machine. Modified acrylic plates were later assembled with screws and
acrylic epoxy for the container construction. The detailed dimensions of the container’s inner volume are
shown in Error! Reference source not found.. A 10 mm gap between the heat exchanger surfaces and the
inner wall of the container was given around all heat exchanger surfaces except for the top surface. For the
bottom gap, small 3D-printed blocks were attached to the bottom surface of the heat exchanger. The height of
the container’s inner volume was designed to have at least a 15 mm air gap at the top to prevent any unexpected
PCM leakage through the top plate. The front and top surfaces used for visual observation angles were double-
plated to increase the thermal resistance while maintaining transparency. The rest of the single acrylic plates

were later covered with 1” thick insulation sheets.
i i T
I I 1L
Charged PCM liquid level |°
E

utlet
o
125 mm
s Inlet
]

Fig. 3. A 3D model of a container and heat exchanger assembly dimensions
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3. Data Reduction

The theoretical storages of the PCM-HX with the given initial and final PCM temperatures along with PCM
properties were estimated using the average value of the PCM-side thermocouples temperature readings. The
sensible and latent portions of the theoretical storages during both phase change processes were calculated
using the temperature range that was specified by the OEM. Also, the thermal mass of the aluminum heat
exchanger was considered as a part of the theoretical storage as shown in Equations (1) and (2).

Omnear. = ) M[Cp o(27 = Tont) + Lo + Gy (Tyin. = 42)] + ) TMyy ®
Queneor. = ) M[Cy (Tt = 42) + Locus + Cp (27 = Typ)| + ) TMy @

The accumulated HTF energies during melting and solidification were calculated using Equation (3). The
time step of 10 sec was chosen as a data collecting interval.

Tfin.
Qonys), wrr = f MCy, 11 (TRTD (1nouty ~ TRTD (our /in)) drt 3)

Tini.

For estimating the actual charged and discharged energies, the heat loss and thermal mass considerations
of the test section were necessary. Hence, Equations (4) and (5) were used. Importantly, the heat loss sum and
thermal mass sum terms each contain different equations inside for charging and discharging scenarios. This
was to avoid heat loss or thermal mass double counting depending on the directions of the heat transfer during
each process and the defined control volumes. As this test setup only consisted of flat rectangular surfaces, a
simple 1-D flat heat flow approach was assumed as shown in Equation (6).

Qchargea = Qm, wrr— Z Heat Loss — Z Thermal Mass (@)
Qaischargea = Qs, nrr+ Z Heat Loss + Z Thermal Mass (5)
Tfin.
Heat Flowyq, = f U-A-AT dt (6)
Tini.

Moreover, Equations (7) and (8) were used to calculate the systematic uncertainties of the measured HTF
side energies. The systematic uncertainties were minimized by using two sets of three 1/8-inch diameter RTDs
with +0.03 K absolute uncertainty and a Coriolis mass flow meter with £0.2% relative uncertainty.

2
} ‘ 90, _
UQwater = (#iter) U)% UQwaterr total — Z(UQwater)r (7) and (8)

Two dimensionless numbers, the Reynolds number, a ratio of fluid inertial to viscous forces, and the Stefan
number [7] and [8], a ratio of sensible to latent heats were calculated using Equations (9) and (10).

_ puly Cp,PCM|Tin — Tyhase change|

k== Ste = I (9) and (10)

4. Results and Discussion
4.1. Test Conditions

The summary of the test matrix is described in Table 1. The [M] and [S] in the table represent the melting
and solidification cases. The test matrix was designed to test a combination of two melting inlet temperatures
and three mass flow rates. The ambient temperature for all test conditions was within the range of 25.0~25.1
°C. The Reynolds numbers for a single rectangular channel for all chosen test conditions were under a laminar
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flow regime due to a slow flow velocity in each channel as the main flow diverges into 21 channels. Compared
with the melting cases, the solidification cases had lower Reynolds numbers as the dynamic viscosity of water
increased as the water temperature decreased. The Stefan number for each test condition was also calculated
to have a dimensionless parameter as a reference. The melting process was considered finished when all the
heat loss and thermal mass measurement thermocouples that were installed on the inner surfaces of the acrylic
plates reached 40 °C. Similarly, the solidification process was thought to be completed when the same group
of thermocouples all reached 27 °C. For melting, the thermocouples located at the inner surface of the bottom
acrylic reached 40 °C at last. For solidification, the thermocouples installed at the inner surface of the back-
side acrylic took the longest to reach 27 °C. Importantly, the test condition 2 was repeated three times to check
the test facility’s repeatability before completing the test matrix, and excellent repeatability results were
obtained.

The test durations and average charge and discharge rates of the PCM-HX for each test condition are shown
in Table 1 as well. The higher mass flow rates yielded both faster melting and solidification and higher average
charge and discharge rates. The higher average HTF inlet temperature for melting yielded faster melting, as
expected. Test conditions 1 through 3 have slightly longer solidification durations than the lower average inlet
T group with same MFRs as the only difference was the initial PCM temperature for the solidification process
that was affected by the higher HTF inlet temperature for melting. Finally, the energy densities had negligible
differences among the test conditions within the same melting HTF inlet temperature group.

Table 1. Summary of test conditions

Re for Avg.

Test [o/s] single Avg[.olcn]letT Ste Test Durations [min] Charge/Discharge E”ﬁ%‘jﬁn@jw
channel rates [W]
1 s 1‘7‘22%1 5286?1%}' 83%32[“[@] 73.8 [M], 258.2 [S] 256.7/65.8 42.2[M], 431 [S]
2 10 218575_37[['\3}' 52%98%}' 8%;29['\["311 62.7 [M], 224.7 [S] 209.1/7438 41.8[M], 42.0 [S]
3 15 423311'(_’9[[%}' 529595%}* ggé‘;g'\[ﬁs]] 59.0 [M], 213.7 [S] 316.9/80.3 41.8 [M], 42.5[S]
4 s 1%3%2’]'] 524690%% 8%;11['\[@] 90.5 [M], 254.3 [S] 2016/ 615 40.4[M], 39.7 [S]
5 10 216556?4[[“3%' 524690%}' 8%);11['\[/'5]] 76.5 [M], 2235 [S] 231.8/72.2 39.3 [M], 40.3 [S]
6 15 °985[M]L 540[M]  0.171[M], 73.2 [M], 212.8 [S] 24211762 39.3[M], 40.3 [S]

231.4[S]  25.41S] 0.0865 [S]

4.2. HTF inlet Temperature, PCM Average Temperature, and AT

Test condition 2 from Table 1’s HTF inlet temperature, PCM average temperature, and heat exchanger
temperature difference between inlet and outlet are shown in Fig. 4. The HTF inlet temperature was controlled
within £1 °C during the melting process. The heater was switched off when the melting process was considered
completed, then the HTF inlet temperature was brought down to the room temperature for the solidification
process. The PCM average temperature was plotted using the average value of all PCM-side thermocouples.
Lastly, as shown in the plot, the AT was measured the highest during the beginning of both melting and
solidification processes, then both decreased towards to zero as the PCM absorbed and discharged most of the
HTF’s energy and its absorbed energy, respectively.
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Fig. 4. Test condition 2’s HTF inlet temperature, PCM average temperature, and AT
4.3. Visual Observation

As mentioned in section 2.4, the front and top angles were selected to visually observe the experiments. In
Fig. 5, the front and top angles images of test condition 2 from Table 1 are displayed for both the melting and
solidification processes. For melting, it was shown that the melting progression was from right to left and top
to bottom from the front angle. It is essential to mention that the front angle view shows only the outer boundary
of the PCM that touches the inner surface of the container wall. Therefore, for a more complete observation,
top angle images could be investigated for comparison. The top-angle images show that the PCM in close
contact with the heat exchanger surfaces quickly melted as compared with the PCM close to the container’s
inner walls. This could be verified by checking the AT plot of the heat exchanger inlet and outlet from Fig. 4
where the slope became less stiff around the 15 min mark. The charging rate slowed as only the outer PCM
was left to melt. Hence, it was observed that the major portion of the PCM near the heat exchanger melted
almost uniformly regardless of the height with the help of louvered fins, then the outer PCM that was closer to
the container’s inner walls took longer to melt due to the higher thermal resistance in the PCM layer without
fins. Thus, the outer PCM melting front was from top to bottom as the melted PCM’s natural convection effect
was the dominant driver of heat transfer. For solidification, since conduction became the main mode of heat
transfer, the solidification fronts showed more of a uniform trend that followed the serpentine path, as shown
in the bottom images of Fig. 5 - (TOP) and (BOTTOM). Additionally, the PCM volume change was observed
near the top section of the container as PCM solidified and increased its density, as shown in the front angle
images.
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Fig. 5. Test condition 2’s (TOP) front angle and (BOTTOM) top angle visual observation of first 30 mins of
melting and first 60 mins of solidification

4.4, PCM Temperature Profiles

Fig. 6 — (TOP) shows test condition 2’s temperature profiles for the selected PCM locations during the
melting process. As shown in the image and the naming convention, the front four pairs (locations 1, 4, 7, and
10) of thermocouples were chosen for a temperature profile comparison. As mentioned in the previous section,
the thermal conductivity of the PCM was largely enhanced by the louvered fins. Hence, the temperature delays
between the bottom- and top-level PCM locations were relatively smaller than the vertically oriented finless
PCM-HX test results from the literature [9]-[11]. The top-level PCM thermocouples started to increase the
temperature gaps from the bottom-level thermocouples as the PCM around them were fully melted and the
natural convection effect kicked in. Then as most of the PCM melted and their temperatures nearly reached
the HTF temperature, the gaps were reduced. For all top-level PCM thermocouples, there were minor
temperature dips right before they started to get flattened out, reaching the HTF temperature. This was due to
the solid PCM at the top surface melting and traveling down the cracks between the fins as they became small
enough to fall through. This was verified by comparing the timing of the recorded images from the top-angle
camera. Also, the temperature delays across the horizontal PCM thermocouple locations were clearly shown
from right to left as they followed the serpentine path.

Test condition 2’s temperature profiles for the same PCM locations during the solidification process are
presented in Fig. 6 — (BOTTOM). As mentioned previously, conduction became the dominant mode of heat
transfer during solidification. Therefore, the temperature gaps between the bottom and top thermocouples were
relatively smaller than the temperature gaps of the melting test results throughout the test. Furthermore, the
temperature delays across the horizontal PCM thermocouple locations following the serpentine path were
shown again during the solidification process. Lastly, a minor supercooling phenomenon was observed near
31 °C for all PCM locations.

The temperature profile data of the U-bends in different locations were also collected as well. However, for
the sake of brevity, such information was not included in this study.
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Fig. 6. Test condition 2’s temperature profiles for the selected PCM locations during (TOP) melting and
(BOTTOM) solidification

4.5. Energy Balance

The summary of the energy balance results for each test condition’s melting [M] and solidification [S]
process is presented in Table 2. The energy balance deviations were calculated using the data reduction
approach in section 3. The energy balance deviation was calculated by comparing the theoretical storage and
the estimated charged/discharged energy values. The average of the systematic uncertainties of the HTF
(water) side energy for all test conditions was calculated to be 0.5% for melting and 1.4% for solidification,
while the maximum uncertainties were 0.7% for melting and 2.1% for solidification.

Initially, although not shown here for brevity, when the nominal HSC value (240 kJ/kg) given from the
OEM was used, the Quater Values for test conditions 2, 3, 5, and 6 during melting were smaller than their
theoretical storage values which is unintuitive. The Qwaer Values contain the information of heat loss and
thermal mass of the test setup on top of the PCM-HX charging process. Hence, the Quater Values for melting
should always be larger than the theoretical storage values. Furthermore, existing literature [12]-[14] show
that their in-house DSC analysis yielded 11.9%, 6.3%, and 13.8% fewer HSC values compared with the
nominal value from the manufacturer’s datasheet. Therefore, the HSC values from the DSC results and the
lower bound of the HSC value from the OEM’s datasheet were used for energy balance estimation.

As shown in the grey energy balance column, all test conditions’ energy balances were within =14%
deviation when using the HSC values obtained by the DSC results. On the other hand, as presented in the green
energy balance column, the melting energy balance deviations were improved significantly while the
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solidification energy balance worsened when the theoretical storages were calculated using the lower bound
of the HSC range. For more accurate energy balance estimation in the future, the DSC test should be conducted
with multiple heat rates to get the best result as they are highly dependent on different heat rates as well as the
sample size and test temperature range.

Table 2. Summary of energy balance estimation

Theoretical Theoretical Energy Balance

Test Ouae K] St\cl)vr/agDes [CkJ] Wit?;%%z [,lﬁc,]c Char(i;g(sjjnl;tsi?]arged Egsxr/?gtigﬁk[i&c]e Vef";a;@"'j?é
L DsC . I ay [kJ] W/ DSC HSC values [t
1 1116‘200%}' 85779%}' 1105522%}' 1006 [M], 1025 [S]  -13.3 [M], -4.7[S] 4.4[M], 26 [S]
2 11102(?9[['2%’ 8;?6[['\% 110(?519%%’ 996 [M], 1000 [S]  -11.1[M], -1.4[S] 6.1 [M], 55 [S]
3 11102??1[['2}’ 8:&%} 110(?:3[%%’ 996 [M], 1012 [S]  -108[M], -2.2[S] 6.4 [M], 4.8 [S]
4 1822 E'g’]'] 895f0[g}' 11001153[%}' 961 [M], 945 [S] -13.0 [M], 0.6 [S] 5.3 [M], 6.7 [S]
5 o E';’]'] 8§j6[[“g}' 1{)01199[%}' 936 [M], 960 [S] 9.6 [M], -1.5 [S] 8.1 [M], 5.7 [S]
6 1oce Eg]] 8§f7[['\g%’ 11002220%%’ 937 [M], 960 [S] -9.3[M], -L3[S] 8.3 [M], 5.9 [S]

4.6. Practical Considerations

One should not only pay attention to the theoretical considerations but also carefully look into the practical
considerations when implementing or designing the PCM-HX-based thermal energy storage. From this study,
several practical issues were identified. One of the most common challenges with PCM-based storage is a
pressure build-up in the container as the PCM undergoes a phase change process. This is caused by the volume
expansion of the PCM as its density decreases as it undergoes the melting process. In this test setup, a portion
of liquid PCM squirted onto the ceiling plate could be observed around the 7.5 min-mark of the melting process
shown in Fig. 5 — (BOTTOM) due to the pressure build-up. Additionally, the PCM container even experienced
aminor leakage issue after a number of cycles due to the repeating rounds of volume expansion and contraction
cracked the acrylic epoxy adhesion. Hence, in a case where one can control the HTF direction, the HTF
direction should be carefully chosen with the effort of minimizing the pressure build-up in the container. For
example, one can flow the HTF downwards when the straight tube PCM-HX is oriented vertically, promoting
the downwards melting trend so that the melted PCM would have a free space to expand to right away.

Another consideration that stems from the PCM volume change that one should beware of is the changing
boundary condition. In a scenario where the container is narrow and long, the PCM level change during the
phase changes will be relatively large. Hence, one should make sure to have the PCM-HX surfaces always
submerged in the PCM during both charging and discharging modes to take full advantage of the heat transfer
area.

Moreover, when initially charging the PCM liquid into the container, extra effort should be made not to
create or trap any air bubbles in the container, especially in between the fins. These air bubbles can negatively
affect the heat transfer between the PCM and the heat exchanger surfaces.

5. Conclusions

Overall, a PCM-HX assembly from a commercially available serpentine heat exchanger with louvered fins
was embedded in RT35HC and experimentally investigated to check its thermal performance. A test matrix
consisted of six test conditions with varying inlet HTF temperature and MFR. According to the obtained test
results, particular conclusions were derived and can be summarized as follows:

e Increase in both Re and Ste had considerable effects on reducing the test durations while increasing
the average charge and discharge rates in a laminar regime.
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For test conditions 1 to 3, the melting test durations were decreased by 15% and 20%, respectively
when increasing the MFR from 5 g/s to 10 g/s and 15 g/s, whereas the solidification test duration
decreased by 13% and 17%, respectively.

For test conditions 4 to 6, the melting test durations were decreased by 15% and 19%, respectively
when increasing the MFR from 5 g/s to 10 g/s and 15 g/s, whereas the solidification test duration
decreased by 12% and 16%, respectively.

For test conditions 4 to 6, the melting test durations were decreased by 18%, 18%, and 19%,
respectively when the melting HTF inlet T was increased by 5 K.

For test conditions 1 to 3, the average charge rates were increased by 16% and 23%, respectively
when increasing the MFR from 5 g/s to 10 g/s and 15 g/s, whereas the average discharge rates were
increased by 14% and 22%, respectively.

For test conditions 4 to 6, the average charge rates were increased by 15% and 20%, respectively
when increasing the MFR from 5 g/s to 10 g/s and 15 g/s, whereas the average discharge rates were
increased by 17% and 24%, respectively.

For test conditions 4 to 6, the average charge rates were increased by 27%, 29%, and 31%,
respectively when the melting HTF inlet T was increased by 5 K.

The energy balance deviations were within £14% and +£9%, respectively when the HSC values
from DSC results and the lower bound of the OEM datasheet were used.

In the future, for constructing a various types of PCM-HXs’ performance database, the operating conditions
and applications should be clearly defined so that meaningful comparisons could be made when using useful
comparison approaches like rate capability and Ragone plots [15] and e-NTU method [3], [4], [7], [16].

Nomenclature

Variables Subscripts

p density (kg/m®) f fin

M dynamic viscosity (kg/m-s) fin. final

Q heat energy (KJ) HTF heat transfer fluid
Dx hydraulic diameter (m) HX heat exchanger

L latent heat (m) (kdrkg) ini. initial

M mass (kg) in inlet, inner

it mass flow rate (kgfsec) I liquid state

Re Reynolds number m melting

Co specific heat (kJ/kg-K) out outlet, outer

A surface area (m?) s solidification, solid state
Ste Stefan number theor. theoretical

T temperature (°C) X variable

™ thermal mass (kJ) i variable number
4 time step (sec)

U uncertainty, U-value (W/m?-K)

u velocity (m/s)
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