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Summary

Battery chargers are an important component in electric and plug-in hybrid
vehicles and various other clean energy systems. The thermal management in
battery charger is a crucial aspect that influences its overall performance and
cyclic stability. Passive cooling technology using heat sinks is preferred in
developing battery chargers due to its reliability, quietness, and efficiency
(no parasitic power). In the present work, new hybrid passive heat sinks
(HPHS) with various fin geometries, namely inclined interrupted fins, pin fins,
and straight interrupted fins, have been developed by adding a phase change
material (PCM) layer to passively cooled bare fin heat sinks (BFHS). The devel-
oped heat sinks have the same geometric footprint as that of the battery char-
ger, IC650 built by the industrial partner of the project Delta-Q Technologies.
Experimental investigations were carried out to analyze the effects of PCM
quantities and continuous (80-120 W) and intermittent (duty cycle operation)
thermal loads on the heating-cooling performance of the HPHS. Temperature
contours obtained using infrared images show that the proposed HPHS pro-
vides a more uniform temperature with reduced hot spots compared to BFHS.
The heating and cooling performances of straight interrupted fins-based HPHS
were found better for all thermal loads and PCM quantities tested due to their
smaller thermal resistance. Increasing the PCM volume fraction from 0.2 to
0.6 improves the load shedding capacity. However, the added thermal resis-
tance requires optimal consideration. While conducting different cyclic opera-
tions for inclined interrupted fins-based HPHS, a maximum overall thermal
management ratio of 0.45 was achieved. The proposed HPHS minimizes the
temperature fluctuations more effectively while operating at high loads and
shorter duty periods. This new passively cooled hybrid heat sink can notably
improve the overall performance and reliability of battery chargers during both
continuous and intermittent operations.
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1 | INTRODUCTION

Electric vehicle (EV) and plug-in hybrid vehicle markets
are making rapid developments to cut the reliance on fos-
sil fuels with a projected reduction of 127 million tonnes
of oil equivalent by 2030." A growth rate of 15% in EV
demands is expected in the next decade.” This necessi-
tates technological advances in electric powertrain engi-
neering and improvement in the charging infrastructure.
It is worth mentioning that the battery charging facilities
need comprehensive enhancements, such as rapid charg-
ing rates to address the projected rise in EVs. The classi-
cal Moore's law forecasts the current increasing trend of
electronic chip performances with increasing transistor
density and reduction of size.>* Due to the miniaturiza-
tion of components, the failure rate of electronic devices
increases exponentially because of thermal stress.” The
significance of thermal management technology reflects
on its growing market which is projected to increase from
$12.4 billion in 2018 to $16.3 billion by 2023.° Therefore,
efficient, reliable cooling is one of the foremost concerns
to be addressed in power-electronic devices including bat-
tery chargers.

Significant research works have been carried out
using different active/passive cooling technologies,
namely heat-pipe-assisted cooling,”® thermoelectric
cooling,” cooling using microchannels,'®!" and the use of
thermal conductivity enhancers, such as fins.'* The suc-
cess of these methods is dependent on the size of the
device, cost-effectiveness, reliability, availability of tech-
nology, and ergonomics of the design. Passive cooling
technologies are widely preferred due to zero parasitic
power consumption, noise-free operation, and higher
reliability compared to active cooling technologies."
Electronic cooling has evolved significantly by incorpo-
rating thermal energy storage, which is instrumental in
the effective thermal management of devices. Phase
change materials (PCMs) used for this purpose function
as an energy storage buffer and assist in “peak shaving”
of the device load during phase change. PCMs have had a
remarkable impact especially on the battery thermal
management system (BTMS) in thermal load shed-
ding.'*'> PCMs control the temperature peaks and main-
tain uniform temperature in batteries provided that the
selection of the melting temperature of PCM is appropri-
ate.'® Paraffins are most suitable for thermal manage-
ment applications with a melting temperature range
between 25°C and 85°C but suffer from a low thermal
conductivity of ~0.1 to 0.4 W/m/K."” Adding thermally
conductive materials, such as expanded graphite,'®
multiwalled carbon nanotubes,'® graphene nanoplates,*
and using copper foam,?! improve the heat transfer char-
acteristics of the PCM, but these additives compromise

the volumetric energy storage density and the cost of the
cooling system. In some cases, increasing the volume
fraction of additives hampers the natural convection flow
of the PCM due to a drastic rise in the liquid phase vis-
cosity.”* Thermal conductivity enhancers such as fins
have low thermal resistance and act as a prime heat
transfer interface between the device and PCM or the
environment.

The proposed hybrid passive heat sinks (HPHS) offer
a combination of existing heat sink topology with inte-
grated PCM to act as a buffer for peak load shaving. The
selection of PCM is based on properties such as melting
temperature and energy storage density suitable for the
application, whereas fin topology needs careful optimiza-
tion. Our team at Simon Fraser University (SFU) has
made notable contributions to the design and optimiza-
tion of heat sink topology for passively cooled sys-
tems.*>** In addition to the heat sink design, a successful
HPHS needs to be compatible with the applications. Bat-
tery charging technology, which is the focus of the pre-
sent study, faces intricate challenges to develop reliable,
efficient, and affordable devices. The key considerations
include: (a) peak shaving of the operating load as the bat-
tery chargers start to de-rate at elevated temperatures
and (b) intermittent operation with frequent power
ON/OFF cycles. Hence, the proposed HPHS is a great
candidate for thermal management requirements of bat-
tery chargers. The fin topology plays an important role in
the heat transfer characteristics of a heat sink-based bat-
tery charger. A summary of HPHS studied in the litera-
ture which used fins as thermal conductivity enhancers is
listed in Table 1.

Three different types of PCM heat sink configura-
tions have been investigated. Firstly, employing PCM
cavities on microprocessor chips, which have an inher-
ent disadvantage due to low thermal conductivity of
PCMs and, hence, low heat dissipation rate. Such
designs are beneficial only if high thermal conductivity
additives such as expanded graphite®® and graphene®
are added to the PCM. Zarma et al** studied series and
parallel arrangements of multicavity heat sink filled
with nanoparticle-enhanced PCM to control the temper-
ature of a concentrator photovoltaic (CPV) system. They
concluded that parallel multicavity arrangement pro-
vided higher heat dissipation rate due to better contact
of the metal surfaces with the CPV heat transfer sur-
faces. In the second design, fins submerged in PCMs are
used as thermal conductivity enhancers to improve the
heat transfer characteristics of the PCM enclosed in con-
tainers. Most of the studies presented in Table 1 have
used this design and investigated the effect of fin charac-
teristics such as geometry, fin volume to PCM volume
ratio, and material>>?”3%31  on the heat sink
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TABLE 1
thermal conductivity enhancers

Summary of literature on HPHS using fins as

References Key findings/notes
Ali et al® « Comparison of square and cylindrical pin fin
geometries for equal fin volume.

+ Cylindrical pin fins showed better thermal
management.

Ali et al*® « Triangular fins as better fin designs than
cylindrical and rectangular fins.
Ali and + Studied the impact of fin thickness on HPHS
Arshad?’ performance.
« Best thermal conductance was achieved for
an optimum fin thickness (3 mm).
Mahmoud « Developed low-weight and low-cost
et al?® honeycomb inserts as a replacement of
machined fins.
Fok et al* « Investigated the effect of the number of fins
and heat sink orientation.

« Increasing the number of fins improved the
performance, whereas the impact of
orientation was negligible.

Baby and « Study of pin fin and plate fin geometries and
Balaji* defining a modified Stefan (Ste*) number as a
basis for performance comparison.

« Lower Ste* and better performance
enhancement for pin fins were observed.

Baby and « Proposed a genetic algorithm to optimize
Balaji*! hybrid pin fin heat sink topology.
Jaworski*? « Developed a novel open-air active cooling

design with pipe fins filled with PCM to
improve heat transfer rate as compared to a
system with simple PCM containers.

performance. Due to no interaction of fins with the
ambient, heat dissipation rate of such heat sinks is sig-
nificantly low, especially during the device non-
operation (OFF). This leads to slow restoration of the
system before the start of the next operational cycle.
Akula et al’® proposed a heat sink design strategy with
horizontal fins known as baffles submerged in the PCM
to enhance the heat sink cooling rate. They investigated
the effects of PCM filling amount and heat sink orienta-
tion on the discharging (device OFF mode) time. The
baffles led to the creation of cold spots, thus improving
the cooling rate significantly. The third and the least
studied design is the PCM-air hybrid heat sink design,
which combines the effect of fin interaction with the
PCM and the ambient.®3*3¢ This design facilitates con-
tinuous heat dissipation from the heat sink to the ambi-
ent via natural or forced convection heat transfer.'”’
Additionally, the fin topology impacts the overall
heating-cooling (ON/OFF) operation of the device.

NERGY RESEARCH BAWARB AR

Ghanbarpour et al*® numerically analyzed plate-fin
hybrid heat sinks combined with a heat pipe. They
observed a significant reduction in the maximum heat
sink temperature, which was mainly influenced by the
heat transfer dissipation capacity of the fins exposed to
the ambient air. In spite of several benchmark studies
discussing the impact of PCM on fin-based heat sinks,
their applications are limited to basic shapes such as pin
fins or plate fins.

Based on the literature review, the following gaps in
the literature are required to be addressed in order to
develop HPHS for battery chargers:

» Only a few studies have discussed about the perfor-
mances of HPHS during intermittent operation.****

+ The reported HPHS prototypes were focused on porta-
ble/small-scale applications with a device thermal load
of ~1 W to 40 W.">%

« Lack of an investigation on the performance of HPHS
featuring fin geometries developed for real industrial
applications.*>**

» Very few researchers have studied the influence of
varying the PCM quantity on the performance
enhancements in HPHS during the complete heating-
cooling operation.*”

In the present study, a detailed experimental analysis
has been performed on HPHS considering the above-
mentioned research gaps. To the best of the authors
knowledge, the analysis of hybrid heat sinks incorporat-
ing fins partially submerged in the PCM for an effective
passive cooling mechanism has not been presented previ-
ously. The objective of the present study is to develop a
new HPHS, where a PCM layer is added to the bare fin
heat sinks (BFHS) of a battery charger to extend its oper-
ation at peak load. The performance of three HPHS
designs with various fin geometries, including:
(a) inclined interrupted fins; (b) pin fins; and (c) straight
interrupted fins were analyzed through experimental
investigations. The heat sinks have the same footprint as
the IC650 battery chargers developed by Delta-Q
Technologies,* shown in Figure 1. The IC650 delivers a
rated power of 650 W at a thermal load between 85 W
and 95 W and is used in electric pallet jacks, floor care
machines, scissor lifts, and e-mobility scooters. The per-
formance of the heat sinks was analyzed by varying sev-
eral parameters, such as heat sink thermal load and PCM
quantity. Infrared images were taken to elaborate the
thermal distribution during the heating cycle and com-
pare the hot spots developed in heat sinks with and with-
out the PCM layer. The impact of intermittent duty-cycle
operation on the temperature control and overall thermal
management ratio (TMR) using HPHS was also analyzed.
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FIGURE 1 AnIC650 industrial battery charger developed by
Delta-Q Technologies** [Colour figure can be viewed at
wileyonlinelibrary.com]

2 | EXPERIMENTAL STUDY

A custom-built testbed was designed and fabricated in
our lab at SFU to study the performance of HPHS. The
major components of the testbed are shown in Figure 2A.
The heat sinks were subjected to a thermal load using an
electric heater and power source, which was a program-
mable DC output (Chroma 62012P-100-50) and capable
of generating thermal power in the range between 20 W
and 120 W. Figure 2B shows the exploded view of the
HPHS assembly. A polyimide heater (with an electrically
insulated KAPTON film) that was 100 mm X 150 mm in
size was attached to the base of the heat sink to mimic
the heat generated by a battery charger during operation.
The heater was attached using a thermal interface mate-
rial to minimize the thermal contact resistance between
the heater and the heat sink. The heat sinks were
installed in a plexiglass container, which contains the
PCM. Temperatures were measured using T-type thermo-
couples (copper-constantan, accuracy +1°C) at various
locations: six at the heat sink base as shown in Figure 2C,
six at the fin tip at the same location as the base and six
distributed within the PCM to determine hot spots and
temperature distribution. A data acquisition system
(National Instruments cDAQ-9174) was used to record
temperature and voltage measurements. Module NI-9229
and NI- 9212 were used as a voltage analog input unit
and temperature acquisition modules, respectively. The
complete flow process of the system was monitored by an
in-house LabVIEW code. Additionally, an infrared cam-
era (Flir i7) was used to capture the infrared images as a
record of thermal distribution during the tests. In the

experimental analysis, the average temperatures of the
thermocouples fixed at the heat sink base and within the
PCM were considered. The experiments were stopped
when the change in the average base temperature
dropped below 0.5°C and the steady state was achieved.

The key performance indicator to evaluate the HPHS
performance is the time delay in the heat sink operation at
temperatures lower than peak temperatures.”>>”*° The
PCM selected for the HPHS in the present study is
intended to extend the isothermal battery charger opera-
tion near the melting point temperature and absorbing the
latent heat completely. Hence, the enhancement factor (¢)
is introduced as the ratio of time taken by the HPHS to the
time taken by the BFHS to reach the PCM melting temper-
ature during heating as shown in Equation (1).

t
o — HPHS (1)

IBFHS

Figure 3 shows the thermal resistance network of the
HPHS with fins partially submerged in the PCM. The
heat transfer from the device to the environment depends
upon various intermediate thermal resistances, including
thermal contact resistance at the heat sink base, fins and
PCM thermal resistances, and the ambient convection
and radiation thermal resistances. The overall thermal
performance of different HPHS samples loaded with dif-
ferent PCM quantities is calculated based on the thermal
conductance (G) given in Equation (2). The parameter
G has been previously analyzed by different researchers,
including Ali et al***”*> and Gharbi et al*® to compare
the performance of different heat sink configurations.

G= —— (2)

where Tp,.x and T, are the maximum heat sink tempera-
ture and the ambient temperature during heating and
P is the input power.

Uncertainties in the present data set exist due to the
uncertainties in the measured DC voltage, current, and
temperature. The accuracy of T-type thermocouples used
for measurement of temperature is +1°C. As per the spec-
ifications given by the National Instruments, the maxi-
mum error of the voltage acquisition modules is +1.2%.
The maximum uncertainty is determined using the Kline
and McClintock method,*” as shown in Equation (3).

X, = (Z (%6Yi)2>%. (3)

where X is the uncertainty associated with Z (34, y», ys,
...yn) and the uncertainty of independent variables Y; is
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FIGURE 2 Schematic of the ( A)
testbed: (A) custom-built setup to test
the heat sink performance; (B) exploded
view of hybrid passive heat sink (HPHS)
assembly; and (C) location of
thermocouples installed at the heat

sink base [Colour figure can be viewed
at wileyonlinelibrary.com]|

: MBS
| Hybrid Passive
Heat Sink

Thermocouple

Polyimide
_ Heater

Thermocouple locations at
heat sink base

FIGURE 3 Thermal resistance T
network for the hybrid passive heat sink
[Colour figure can be viewed at

. Hett Rconvective Rradiation

wileyonlinelibrary.com]

Ttop T
Fins P
PCM container heat sink Rpcum
NG
Tbase_
Heat sink partially
filed with PCM Rtnermat contact
Theat source/device
X;. The uncertainty in input power (Equation (4)) is esti- 2.1 | Heat sink samples

mated as +1.7%.
The heat sink samples were fabricated using Computer

SP SN2 /5I\2 e Numerical Control (CNC) machining from Aluminum
- (7) + (T) . (4) alloy 6061-T6 at SFU's in-house machine shop. To enhance

the radiation heat transfer of fins, the surfaces were
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anodized which led to a notable increase in surface emissiv-
ity from 0.03 to 0.89.** The schematic showing the heat sink
samples (non-anodized) and dimensions with different fin
geometries is shown in Figure 4. The size of the base for all
the heat sinks is 160 mm (L) x 180 mm (W) and the height
(H) is 60 mm. The sample names and dimensions are
described in Table 2. The design of the inclined interrupted
fins is inspired by the benchmark product, IC650 battery
charger developed by Delta-Q Technologies. The heat sink
geometries with inclined fins and interrupted fins devel-
oped in the present study have been scarcely reported in
the literature. Fujii*® studied the impact of inclination angle
of fins on the heat transfer characteristics of vertically
placed heat sinks and found that inclining the fins improves
the heat transfer rate as it leads to interruption of thermal
boundary layers. Ahmadi et al** discussed the concept of

Pin Fins

Inclined Interrupted Fins

TABLE 2 Heat sink samples and their dimensions

Inclined interrupted fins

Heat sink sample type

Heat sink without a PCM layer BFHS1
Heat sink with a PCM layer HPHS1
Geometrical parameter

Vertical fin pitch (p,) [mm] 9.5
Horizontal fin pitch (p,) [mm] 23

Fin thickness (f)/diameter (D) at base [mm] 3.9
Fin thickness (v)/diameter (d) at top [mm] 1.8
Fin width (w) [mm] 19
Horizontal fin inclination (a) [°] 44
Heat sink length (L) [mm] 180
Heat sink width (W) [mm)] 160
Number of fins per column (n) 12

Number of columns (N) 8

_. .Pn
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thermal boundary layer interruption in a continuous
straight fins-based heat sink. As reported extensively in the
literature, the circular pin fins designs reduce the heat sink
thermal resistance significantly.*

The prototyping of the heat sinks and their testing at
different orientations were already performed by the
author's research team. The performance of the actual
industrial heat sink has been reported by Zhang et al,*>*°
and it was confirmed from their study that the heat sinks
mimic the battery charger operation under identical
ambient conditions. As previously mentioned, the overall
geometric footprint of all the heat sinks is same as that of
IC650 battery charger. The heat transfer surface area of
all the heat sinks is approximately the same
(~0.25-0.26 m*) with a maximum relative difference
of +1.25%.

Straight Interrupted Fins

I-ph —-lh—t

boosocoHocconoe @

goopooooQooooDoOOGe

goooocoooOooDODOO

[000000000000¢

gooocoooccooO@ .
gooocooOoCOOOG FIGURE 4 Heat sink samples and
gunonoEcnonoouooOoQm . . .
[oo0Eo00Oo0oonoe the top view of different fin geometries:
gnopenoogoooOo . . . .
Co0O0C0000CDDOG inclined interrupted fins, pin fins, and
ONO0O0OOODDODEODDOR . . . .
£000E0000000007, straight interrupted fins [Colour figure

can be viewed at wileyonlinelibrary.com]

Pin fins Straight interrupted fins
BFHS2 BFHS3
HPHS2 HPHS3
13.7 13

14.2 10.9

9 3.9

6.9 1.8

— 8

180 180
160 160

12 12
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2.2 | Phase change material 3 | RESULTS AND DISCUSSION
A commercial-grade paraffin wax (PCM 58, Microtek 3.1 | HPHS operation

Laboratories Inc.) was used as the PCM in HPHS designs.
The selection is based on the desired isothermal phase
change temperature range of the PCM suitable for the
device operation. PCM 58 has a thermal conductivity of
0.3 W/m K, measured using a transient plane source
(TPS 25008, ThermTest Inc., Canada) technique with a
Kapton C7577 sensor at our lab.”' Repeated measure-
ments (10-12 measurements) were taken, and the uncer-
tainty of the measured thermal conductivity was
calculated as +0.028 W/m/K. The latent heat of the PCM
was measured using a differential scanning calorimetry
(DSC) analyzer (DSC 6000, Perkin Elmer). The heating-
cooling DSC curve is plotted in Figure 5. The PCM melt-
ing point temperature from the DSC analysis was found
to be 58.3°C, and the calculated melting and solidifica-
tion phase change enthalpies were 146.1 and 145.3 J/g,
respectively. The volume fraction of the PCM is calcu-
lated as the ratio of the liquid PCM volume used to the
total heat sink volume (160 mm X 200 mm X 60 mm)
using Equation (5).

_ Veem (5)
Vtotal '

Adding PCM to different volume fractions always
leaves fins partially exposed to the ambient to facilitate
the heat transfer to the ambient. A maximum difference
of ~2 mm in the PCM layer height was observed between
different HPHS due to different volumes of fin geome-
tries; however, the effects due to the marginal change in
height were neglected.

35
. 7,=583°C
. Melting:
25 Tonset = 52.6 °C
_ . Tong = 61.3 °C
5 154 Lyy= 146.1 Jig
£ )
= /
e 0.5 : *
N
. ] )
S -05-
*(0‘;' .
I -1.5- Solidification:
1 Tonser= 54.2 °C
Tong = 45.0 °C
-2.5 Lon= 1453 Jig
] T,=50.9 °C
-3.5 T T T T T T T T T T T T T T

25 35 45 55 65 75 85 95 105
Sample Temperature (°C)

FIGURE 5 Differential scanning calorimetry curve for
melting and solidification of PCM 58

The average PCM temperature profile of HPHS1 with a
PCM volume fraction of 0.4 (mpcy = 585 g) at a thermal
load of 80 W during a complete heating-cooling cycle is
shown in Figure 6. During the device operation
(ON mode), the device generates heat which is trans-
ferred from the base to the fins and the PCM. For a speci-
fied volume fraction, the fins were partially submerged in
the PCM up to half of their height (H/2) and partially
exposed to the ambient. The heat is rejected continuously
to the ambient from the exposed fin surfaces. Initially,
the PCM undergoes sensible heating process (process ab),
followed by its melting (process bc) in the temperature
range of 52°C to 61°C based on our DSC study of PCM
58 as shown in Figure 5. As the PCM changes phase from
solid to liquid, it stores a significant amount of latent
heat. During this period, the heat sink temperature is
maintained near the PCM melting temperature for a pro-
longed period due to the isothermal behavior of the phase
change process. This process is followed by sensible
heating of the liquid PCM (process cd) during which the
PCM temperature starts rising gradually until it reaches a
steady-state temperature (T,) of ~79°C, which depends,
in part, on the heat rejection capacity of the bare area of
the fins. The HPHS serves a dual purpose during the ON
mode: (a) continuous heat loss to the ambient through
the active fin volume exposed to the ambient and
(b) latent heat stored in the PCM. PCM heat storage
improves the peak load shaving capacity of the device
and controls the temperature at the device level near the
melting temperature of the PCM during the phase
change.

During the cooling (OFF mode), the PCM undergoes
discharging, and the heat stored in the PCM is

HEATING COOLING ——; @D - Solid Sensible |
i Heating :
ibc - Latent Heating !
i (melting) :
icd - Liquid :
i Sensible Heating
i de - Liquid

i Sensible Cooling
ief - Latent Cooling |
i (solidification) ;
§fg - Solid Sensible :

HPHS1 (¢ = 0.4)

Temperature (°C)

___________________________

Time (min)

FIGURE 6 Sequence of processes during the heating-cooling
cycle for hybrid passive heat sink (HPHS) with a PCM volume
fraction of 0.4 (mpcy = 585 g) at a thermal load of 80 W [Colour
figure can be viewed at wileyonlinelibrary.com]
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transferred to the ambient due to the temperature differ-
ence between the heat sink and the ambient. The cooling
process starts with the sensible cooling of liquid PCM
(process de), followed by its solidification (process ef)
and cooling of solid PCM (process fg), as illustrated in
Figure 6.

3.2 | Effect of hybridization on heat sink
performance

Figure 7 shows the base temperature profile for BFHS1
and HPHSI at a thermal load of 80 W and PCM volume
fraction of 0.4. It is observed that HPHS1 provides a time
delay in heat sink thermal response throughout the
heating process. The base temperature of HPHS1 reached
the PCM melting temperature (T},) in 56 minutes, that is,
took 42 minutes more than BFHS1, and the calculated
enhancement factor (¢) is 4. The steady-state temperature
of BFHS1 was 71°C, and to attain this temperature, the
HPHSI1 operation delayed by 53 minutes, that is, 74%
more than BFHS1. HPHS1 extended the heat sink opera-
tion until the PCM melted completely, however, during
the sensible heating of liquid PCM, the HPHS1 tempera-
ture started increasing again and reached a steady-state
condition at 78°C in another 100 minutes. This indicates
effective temperature control offered by the proposed
HPHS during the heat sink loading.

While performing tests on HPHS2 and HPHS3, the
delay in time to reach T,, for HPHS2 (than BFHS2) was
170% (¢ = 2.7), and the delay for HPHS3 (than BFHS3)
was 260% (¢ = 3.6). It is to be noted that the steady-state

80 . ‘
] ‘Load =80W
o
° = BFHS1
2 =HPHS1(¢p = 0.4)
N
E -l
) £
= g g
i &
: T T T T T »
90 120

Time (min)

FIGURE 7 Variation in the base temperature profiles for
BFHS1 and HPHS1 with PCM volume fraction of 0.4 at a thermal
load of 80 W [Colour figure can be viewed at
wileyonlinelibrary.com]

temperatures of all HPHS were higher than the
corresponding BFHS by 5°C to 8°C. Therefore, even
though the HPHS provide effective temperature control
and load peak shaving during the PCM melting, the lig-
uid sensible heating profile and the time to reach steady
state are critical factors in deciding the degree of hybridi-
zation required. The benefits due to hybridization are
subjected to conditions, such as the PCM quantity and
optimum duty-cycle operation discussed later in the
study.

3.2.1 | Hot spot evaluation

During heat sink testing, the hot spots were formed at
the center of BFHS and HPHS. Figure 8 shows the hot
spot temperatures of BFHS3 and HPHS3 with a PCM vol-
ume fraction of 0.4 and a thermal load of 80 W at differ-
ent time intervals. The hot spot temperature of BFHS3
had risen to 66.3°C in 30 minutes, whereas the hot spot
temperature of HPHS3 was ~20°C cooler than BFHS3 at
this time interval. It can be inferred that the BFHS expe-
riences a high rise in temperature instantly during the
heating process, whereas the HPHS, on the other hand,
delays the temperature rise and maintains the device at a
lower temperature for a longer period. The hot spot tem-
perature difference between the BFHS and the HPHS
after 50 minutes was ~14.5°C. BFHS3 reached a steady-
state temperature of 76.5°C after 70 minutes of operation.
The hot spot temperatures of HPHS3 were still cooler by
~10°C at 70 minutes and by ~5°C at 90 minutes. The abil-
ity of the HPHS to store energy as latent heat helps in
sustaining high thermal loads without sudden tempera-
ture rise, whereas the BFHS cannot sustain such loads
and as a result, the bulk temperature of the system
increases. It should also be noted that employing HPHS
also leads to an almost uniform heat sink temperature
throughout its surface.

3.3 | Comparison of different HPHS
samples
3.3.1 | Heating process

The base temperature profiles for a thermal load of 80 W
and a PCM volume fraction of 0.4 of HPHS (HPHSI,
HPHS2, and HPHS3) are shown in Figure 9. It is
observed that the temperature profiles are similar up to
65°C, and the times taken by all the HPHS to reach this
temperature are nearly the same, that is, 80 minutes,
76 minutes, and 75 minutes for HPHS1, HPHS2, and
HPHS3, respectively. The PCM undergoes sensible and
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FIGURE 8 A localized hot spot comparison between BFHS3 and HPHS3 at a volume fraction of 0.4 (mpcy = 585 g) and a thermal load

of 80 W [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 Variation in the base temperature profiles for
HPHS1, HPHS2, and HPHS3 at a thermal load of 80 W and a PCM
volume fraction of 0.4 (mpcy = 585 g) during the heating process
[Colour figure can be viewed at wileyonlinelibrary.com]

latent heating up to 65°C, thus the temperature profiles
up to the PCM melting is independent of the type of
HPHS fin configuration. Later, as the temperature rises
during PCM sensible heating, the profiles for different
HPHS vary, and the rise in the temperature profile for
HPHS1 is higher than HPHS2 followed by HPHS3. The
times taken by HPHS1, HPHS2, and HPHS3 for a 10°C
temperature rise from 65°C to 75°C are 67 minutes,
83 minutes, and 107 minutes, respectively. The steady-
state temperature of HPHS1, HPHS2, and HPHS3 are

77.8°C, 77.2°C, and 76.5°C, respectively. Due to decrease
in the maximum heat sink temperature, the thermal con-
ductance (Equation (2)) of HPHS3 (1.55 W/K) is found to
be higher than HPHS1 (G = 1.51 W/K), which indicates a
higher thermal performance of HPHS3. Even though the
surface area of the fins exposed to the ambient after
adding PCM is approximately same for all the HPHS,
HPHS3 experiences a better performance. As the air
flows past the straight interrupted fins, the interruptions
prevent the merger of thermal boundary layers and main-
tains the thermally developing flow which can cause a
higher rate of natural heat transfer.

The performance of the HPHS does not vary signifi-
cantly in the PCM melting regime by changing the fin
configuration. However, based on the liquid-sensible
heating regime, the performance of straight interrupted
fin-based HPHS (HPHS3) was found to be the optimal
followed by pin-fin-based HPHS (HPHS2) and inclined
interrupted fin-based HPHS (HPHS1).

3.3.2 | Cooling process

During the cooling process, the heat transfer occurs from
the PCM to the heat sink, as well as to the ambient. The
PCM solidifies and is cooled until it reaches a steady-state
temperature condition close to ambient. The cooling
experiment was performed after the heating process with
a thermal load of 80 W and was allowed to start from the
same initial temperature of 75°C for all the HPHS. The
base temperature profile of HPHS1, HPHS2, and HPHS3
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with a PCM volume fraction of 0.4 is shown in Figure 10.
Prior to the onset of the solidification of the PCM, all the
HPHS perform similarly and from this temperature
onwards, HPHS3 cools faster than HPHS1, followed by
HPHS2. The cooling time taken until the completion of
the sensible and latent cooling of the PCM for HPHSI,
HPHS2, and HPHS3 was 90, 93, and 79 minutes, respec-
tively, whereas, it took another 111, 137, and 115 minutes
to cool to a temperature of 30°C. HPHS3 and HPHSI1
cooled faster than HPHS2 by 15% and 7% to reach 30°C.
At 100 W, the cooling process for all HPHS was started
from the same initial temperature of 85°C. The rate of
cooling for HPHS3 and HPHSI to reach 30°C is faster
than HPHS2 by 23% and 11%, respectively. At 120 W, the
cooling was started from 95°C, where HPHS3 cooled
faster than HPHS2 and HPHS1 by 10% to reach 30°C.

Overall, the HPHS with straight interrupted fins
delivered the best performance and provided effective
heat sink temperature control during the heating and the
cooling processes. This may be attributed to their special
fin design features with maximum interruption of bound-
ary layers of air currents surrounding the fin surfaces
exposed to the ambient.

3.3.3 | Effect of thermal load on the
HPHS temperature profile

The base temperature profile of HPHS1 with a PCM
volume fraction of 0.4 at thermal loads of 80 W,
100 W, and 120 W is shown in Figure 11. The PCM

80
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70 _\ Load=80W,$ =04
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FIGURE 10 Variation in base temperature profile for HPHSI,
HPHS2, and HPHS3 for a PCM volume fraction of 0.4

(mpcym = 585 g) during the cooling process [Colour figure can be
viewed at wileyonlinelibrary.com|

melts at a faster rate with an increase in the thermal
load due to the higher heat transfer rate from the
base to the heat sink. As discussed in the previous
section, HPHS3 delivered the best performance
followed by HPHS2 and HPHSI1 for a thermal load of
80 W. At higher thermal loads of 100 W and 120 W,
the shape of the temperature profiles for HPHSI,
HPHS2, and HPHS3 is similar to that at 80 W, except
that the slopes of the temperature profiles are higher.
Even at higher thermal loads, the time until the com-
pletion of PCM melting was similar for all HPHS.
The temperature profile and time delay for the liquid-
sensible heating regime are critical for assessing the
performance of HPHS. At a 100 W load, the time
delays for HPHS3 and HPHS2 to reach 85°C are
higher than HPHS1 by 45% and 7%, respectively. Sim-
ilarly, at a 120 W load, the time delays for HPHS3
and HPHS2 to reach 95°C are higher than for HPHS1
by 8.5% and 6.5%. Overall, the thermal performance
of HPHS3 at all the thermal loads was found to be
higher than for HPHS2 and HPHSI.

The HPHS base temperatures rise quickly after the
completion of the latent heating phase and achieve
higher steady-state temperatures for higher thermal
loads. For example, the steady-state temperature of
HPHSI1 for a thermal load of 120 W was higher than
80 W by ~20°C. The steady-state temperatures of HPHSI,
HPHS2, and HPHS3 at all thermal loads (80-120 W) are
shown in Figure 12. The steady-state temperatures of
HPHS3 were lower than HPHS2 and HPHSI1 at all the
thermal loads.

100
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100 W
—120 W
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FIGURE 11 \Variation in the base temperature profile for
HPHS1 with a PCM volume fraction of 0.4 (mpcy = 585 g) at
thermal loads of 80 W, 100 W and 120 W [Colour figure can be
viewed at wileyonlinelibrary.com]|
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capacity of the HPHS and the height of the PCM layer
increase, whereas, the height of the fins exposed the
ambient decreases. The HPHS1 base temperature profiles
for a thermal load of 80 W at different volume fractions
(¢ =0, 0.2, 0.4 and 0.6) are shown in Figure 13A. The
PCM mass was increased from 290 g to 825 g for a vol-
ume fraction increase from 0.2 to 0.6. It is observed that
as the PCM quantity increases, the HPHS temperature
profiles have similar shape, however, the PCM melting
time increases. The calculated enhancement factor for
the volume fractions of 0.2, 0.4, and 0.6 are 2.9, 4, and
4.7, respectively. The enhancement increases by 38% by
increasing the volume fraction from 0.2 to 0.4; however,
it only increases by 18% by increasing the volume frac-
tion further to 0.6. Therefore, the performance does not
improve significantly by increasing the PCM quantity
above a threshold. This happens due to the reduction in
the fin surfaces exposed to the ambient or due to an
increase in the fin surfaces submerged in the PCM. The
heat rejection to the ambient reduces, however, the rate
of heat transfer to the PCM increases. It is also important
to note that as the PCM quantity increases, the energy
storage capacity increases, but the overall thermal resis-
tance to heat transfer also increases due to poor thermal
conductivity of the PCM. There is a drop in the calculated
thermal conductance from 1.55 to 1.42 W/K by increas-
ing the volume fraction from 0.2 to 0.6. Therefore, by
adding the PCM in different quantities, there exists a

FIGURE 13 Variation in base temperature for HPHS1 for a
thermal load of 80 W and different PCM volume fractions (¢ = 0.2,
0.4, and 0.6) during (A) heating and (B) cooling [Colour figure can
be viewed at wileyonlinelibrary.com]

trade-off between the energy storage capacity and the
thermal resistance of the PCM.

During the cooling, the heat transfer is only depen-
dent upon the thermal resistance to the heat transfer
offered by the PCM. Therefore, higher quantity of PCM
results in a lower rate of heat transfer from the heat sink
to the ambient. Further, the heat transfer rate drops due
to a reduction in fin surfaces exposed to the ambient.
This can be observed from the temperature profiles dur-
ing cooling of HPHS1 with different quantities of the
PCM as shown in Figure 13B. Cooling of different PCM
volume fractions was started from 75°C. Obviously, the
cooling rate is fastest for BFHS]1, that is, in the absence of
the PCM. HPHS1 with volume fractions of 0.2 and 0.4
cooled faster than that with a volume fraction of 0.6 by
31% and 17% to reach 30°C.

The heating performance of HPHS carrying different
quantities of PCM discussed above confers with several
previous studies, such as those conducted by Baby and
Balaji,>™*' Ali et al.>>*’ Increasing the PCM quantity
leads to an increase in the energy storage capacity and,
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hence, high enhancement factors. However, it is impor-
tant to note that simultaneously, the cooling performance
degrades by adding more PCM amount. The improve-
ment in the cooling performance of PCM-based heats
sinks has been taken into consideration only recently in
the study reported by Akula et al.>> The HPHS designs
discussed in the present study provide some flexibility in
choosing the PCM quantity. For example, choosing a
lower PCM volume fraction of 0.2 does not affect the
heating profile comprehensively, however, the cooling
performance is significantly improved. This happens due
to a higher active fin volume contributing to the passive
cooling mechanism from heat sink to the ambient air.
The illustrations of the heat sink heating can also be
understood on the basis of the enhancement factor and
thermal conductance values. Figure 14A shows the
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FIGURE 14 (A) Enhancement factor (¢); and (B) thermal

conductance (G) for all HPHS (HPHS1, HPHS2, and HPHS3) for
volume fractions of 0.4 and 0.6 at different thermal loads (80 W,
100 W, and 120 W)

effect of increasing the PCM quantity on the enhance-
ment factor at different thermal loads of 80 W, 100 W,
and 120 W. At different thermal loads, the enhancement
factors increased by increasing the PCM volume fraction
from 0.4 to 0.6 for all the HPHS. Therefore, the time
delay for heat sink temperature rise increases for the
range of thermal loads between 80 W and 120 W. The
variation in thermal conductance due to an increase in
PCM quantity at different thermal loads is plotted in
Figure 14B. It is observed that the thermal conductance
of the HPHS decreases at all the thermal loads due to
increase in the maximum heat sink temperatures.
Therefore, by increasing the PCM volume fraction, the
storage capacity and the ability to sustain high thermal
loads increase, whereas the thermal conductance
decreases.

For the complete range of testing conditions of ther-
mal loads and PCM quantities, the enhancement factors
are highest for HPHS1, followed by HPHS3 and HPHS2,
as shown in Figure 14A, whereas, the thermal conduc-
tance shown in Figure 14B is highest for HPHSS3,
followed by HPHS2 and HPHSI1. As discussed previously,
the overall HPHS thermal performance varies based on
the liquid-sensible heating regime and maximum heat
sink temperature, and therefore, it is optimal for HPHS3.
The temperature profiles and the thermal conductance
values show that the straight interrupted fins-based
HPHS provides the best thermal performance for the
complete range of testing conditions. During heating, a
higher thermal conductance is observed for all thermal
loads and PCM quantities, whereas, during cooling,
HPHS3 undergoes fast cooling than the other HPHS. The
maximum interruption of the thermal boundary layers in
the exposed area of the fins lead to a high rate of heat
transfer in straight interrupted fin design than the other
designs.

Besides selecting the best HPHS fin configuration and
optimum PCM quantity, the heat sink thermal perfor-
mance depends upon desired operating conditions such
as duty-cycle operation, discussed in the next section.

3.4 | Intermittent heat sink thermal
loading: Duty cycle operation

With typical device operation, it may be subjected to
intermittent loading conditions according to operational
duty-cycle requirements. The performances of HPHS and
the BFHS were analyzed for three different 50% duty-
cycles tests conducted for a range of conditions namely:
(@) high load and shorter operation period;
(b) intermediate load and operation period; and (c) low
load and longer operation period, as follows:
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a. Duty cycle A: Thermal load—120 W, ON—30 minutes
and OFF—30 minutes, number of heating-cooling
cycles (Z2) = 4.

b. Duty cycle B: Thermal load—100W, ON—
45 minutes, and OFF—45 minutes, Z = 4.

c. Duty cycle C: Thermal load—80 W, ON—60 minutes,
and OFF—60 minutes, Z = 4.

The PCM temperature variation during the intermit-
tent operation of HPHS1 with a volume fraction of 0.4
(mpcm = 585 g) and BFHSI for duty cycle A is shown in
Figure 15. Initially, during the first heating-cooling cycle,
the BFHS approaches steady-state rapidly, whereas, there
is a delay in time for the HPHS due to latent heat stored
during the melting of PCM. The temperature peak shav-
ing effect caused by the HPHS during the heating process
is shown by the area marked in green. During cooling, it
is evident that the BFHS drops to a low temperature rap-
idly as compared to the HPHS due to the absence of PCM
thermal resistance. During the next heating-cooling cycle,
the BFHS starts from a lower temperature (~38°C) and,
therefore, provides some “thermal relaxation” as com-
pared to the HPHS which starts from a higher tempera-
ture (~50°C) as shown by area marked in grey. The
thermal relaxation is limited as the temperature profile
for BFHS matches up rapidly with that for HPHS. This is
again followed by the temperature peak shaving effect as
the BFHS temperature profile exceeds the HPHS temper-
ature. The peak shaving effect reduces over subsequent
cycles due to the slow cooling of the PCM.

The HPHS provides an effective temperature control
during the cyclic operation and, hence, reduces the
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FIGURE 15 Variation in the PCM temperature profile for
HPHS] with a volume fraction of 0.4 (mpcym = 585 g) and BFHS1
for duty cycle A (Thermal load—120 W, ON—30 minutes, and
OFF—30 minutes, Z = 4) [Colour figure can be viewed at
wileyonlinelibrary.com]
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thermal stress on the device during the cyclic operation.
The power peak shaving of the HPHS can be evaluated in
terms of the energy stored in the PCM (Equation (6)) to
the total energy supplied to the heat sink.

n  lduty

Quored = D _ > _ (mpcmceem (Trem — Tini) + Mpey Lynf ).

_ (6)

where, cpem, Lpn, and f are the specific heat, latent heat,
and melted fraction of PCM (Equation (7)). T;; is the ini-
tial temperature before the starting of any heating-
cooling cycle. The PCM TMR can be introduced as the
ratio of energy stored by the PCM to the energy supplied
during a cycle and is shown in Equation (8). The TMRs
for the heating-cooling cycles operating at different duty
cycles are shown in Figure 16.

f — TPCM - Tonset , (7)
Tend - Tonset
Thermal management ratio = Corea_ (8)
supplied

Both the sensible and the latent heating of the PCM
lead to higher energy absorbed by the PCM during the
first cycle for all the duty cycles. Since the PCM reaches
its melting temperature range after the first cycle, the
energy is absorbed due to partial melting in the subse-
quent heating cycles. Hence, the TMR is highest in the
first cycle and reduces in the subsequent cycles. It is
observed that the HPHS shows a better overall TMR for
the duty cycle with a shorter heating process time and
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FIGURE 16 Thermal management ratio (TMR) during
different heating cycles for duty cycles A, B, and C [Colour figure
can be viewed at wileyonlinelibrary.com]|
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higher thermal load, that is, for duty cycle A. The overall
TMR for duty cycle A is 0.45 and is the highest followed
by duty cycle B and duty cycle C with TMRs of 0.38 and
0.32, respectively. Therefore, the addition of a PCM layer
to BFHS provides substantial power and temperature
peak shaving for duty cycle operation.

4 | CONCLUSIONS

In the present study, the HPHS were developed for peak
shaving of load in industrial battery chargers (IC650)
using paraffin as the PCM. The impact of adding a PCM
layer to the BFHS with different fin geometries, namely
inclined interrupted fins (HPHS1), pin fins (HPHS2), and
straight interrupted fins (HPHS3), was analyzed for dif-
ferent PCM volume fractions and different thermal loads.
The heat sinks were subjected to constant (80-120 W)
and intermittent thermal loading, and the overall TMR
was calculated for the duty cycle operation. The major
conclusions from the study are as follows:

« All HPHS provided more effective heat sink tempera-
ture control by causing a time delay in heat sink tem-
perature rise than BFHS and extending the operation
due to the high energy storage capacity of PCM. The
hot spot in the heat sink was cooled by ~5°C to 20°C
for a 90 minutes HPHS heating operation.

« The enhancement factor (¢) calculated at the PCM
melting temperature was higher for HPHS1 followed
by HPHS3 and HPHS2, but the time until the comple-
tion of melting was similar for all the HPHS. The over-
all thermal performance was optimal for HPHS3 based
on the liquid-sensible heating regime with lower maxi-
mum temperatures and faster rate of cooling.

« Increasing the thermal load on the HPHS from 80 to
120 W led to an increase in steady-state heat sink base
temperatures by ~20°C. The steady-state temperatures
at all thermal loads were minimal for HPHS3, followed
by HPHS2 and HPHS1.

» By increasing the PCM volume fraction from 0.2 to 0.6
during heating, the ¢ values increased; however, the
thermal conductance of the HPHS reduced. The per-
formance during the cooling process deteriorated by
increasing the PCM quantity as it increases the heat
sink thermal resistance. The optimum PCM quantity
required for heat sink hybridization is based on a
trade-off between its thermal storage capacity and ther-
mal resistance.

« HPHS is able to provide a non-fluctuating temperature
profile and, hence, reduce thermal stresses in heat
sinks during a duty-cycle operation. A maximum over-
all TMR of 0.45 was achieved, and the HPHS operation

for a duty cycle with shorter operating period and high
load was found to be effective.
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NOMENCLATURE

specific heat of PCM (J/kg/K)
melting fraction

thermal conductance (W/K)
height of heat sink (m)

electric current (A)

thermal conductivity (W/m/K)
length of heat sink (m)

latent heat of phase change (J/kg)
mass of PCM (kg)

power (W)

energy (J)

temperature difference at the hot spot between
the BFHS and HPHS (K)
temperature (K)

time (s)

volume (m?)

width of heat sink (m)

number of cycles
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ABBREVIATIONS 9.
BFHS Dbare fin heat sinks

DSC differential scanning calorimetry

HPHS hybrid passive heat sinks 10-
PCM  phase change material

TMR  thermal management ratio

DIMENSIONLESS PARAMETERS
e= ’;‘Bﬁ enhancement factor

¢= @ volume fraction
total
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APPENDIX A.

Selection of PCM for the heat sink testing

For the selection of a suitable PCM for heat sink test-
ing, the findings from a numerical model of a prelimi-
nary heat sink prototype developed by the authors have
been discussed here. The base temperature distribution
of a pin fin-based heat sink with thermal load 100 W and
PCM volume fraction 0.4, and with added PCMs namely
RT 35, PCM 58, and RT 82, is shown Figure Al. The
PCMs used are commercial industrial grade paraffin wax
with nearly identical properties but having melting tem-
peratures of 35°C (RT 35), 58°C (PCM 58), and
82°C (RT 82).
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FIGURE A1 Heat sink base temperature profile for different

commercial PCMs (paraffin waxes) namely RT 35, PCM 58, and
RT 82 [Colour figure can be viewed at wileyonlinelibrary.com]
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The PCM is selected based on the following
conditions;

i. Utilization of the latent heat potential of the PCM: It
is observed from Figure Al that for a fixed thermal
load (100 W in this case) and PCM quantity (volume
fraction of 0.4 in this case), both the RT 35 and PCM
58 melt completely. Therefore, the latent heat is
completely absorbed by these PCMs. RT 82 on the
other hand undergoes sensible heating, whereas, the
latent heating is incomplete, which forfeits the pur-
pose of using the PCM.

ii. During the melting phase, PCMs with melting tem-

perature 35°C and 58°C maintain the base tempera-
ture below the desired maximum device operating
temperature and, hence, the device will operate
safely. The utilization of PCMs is justified in their
melting temperature range.
However, while cooling from a fixed maximum tem-
perature, the solidification behavior of both RT35
and PCM 58 will be different. Since, the ambient
temperature is fixed, the temperature difference
between the solidification temperature and the ambi-
ent is higher for PCM 58 than RT 35 due to which,
solidification occurs at a faster rate in case of PCM
58. Therefore, restoration of the device for starting a
fresh heating (device ON mode) process will be quick
for PCM 58.

The PCM selected for the HPHS in the present study
is intended to extend the isothermal battery charger oper-
ation near the melting point temperature and absorb the
latent heat completely. Hence, the selection of PCM 58 is
justified for the overall heating-cooling operation.
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