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Passive thermal regulation by
electrohydrodynamically microencapsulated
calcium chloride hexahydrate in a resorcinol
formaldehyde shell embedded in a paint coating

Arindam Dey, Ansuman J. Mahakul and Somenath Ganguly (2 *

The performance of microencapsulated inorganic phase change material (MPCM) embedded in the paint
coating of a panel with respect to thermal regulation has been demonstrated. Microencapsulation was
implemented by the electrohydrodynamic atomization of a core-sheath filament with CaCl,-6H,0 at the
core and a resorcinol formaldehyde gel precursor in the sheath. The MPCM particles, with an average
overall diameter of 398 nm and a shell thickness of 26.5 nm, were subjected to differential scanning
calorimetry to study the phase change process in the encapsulated state. A foil heater was attached to
an aluminum panel to simulate the heat flow, which was, in turn, absorbed by the MPCM in the paint
layer on the other side of the panel. The melting of the in-place PCM was quantified in reference to the
imposed heat flux (~200 W m™2) and MPCM loading. The effect of multiple melt—freeze cycles on the

rsc.li/rsc-advances performance was evaluated.

Introduction

New age developments are driving higher energy demands,
leading to increased consumption and associated energy losses.
In particular, there has been a major increase in the use of
energy in a highly distributed manner, e.g., in various appli-
ances ranging from large-scale heating and/or cooling devices
to power supplies for mobile and wearable electronic devices.
The energy loss can be minimized in such devices through
better system integration. In this regard, phase change mate-
rials (PCM) have been introduced as energy reservoirs to effec-
tively recycle and conserve energy. Phase change materials
(PCMs) are a class of substances that store and release large
amounts of energy in the form of latent heat during phase
transitions at moderate, if not near-ambient, temperatures.
This unique property of PCMs is harnessed in various applica-
tions, including passive control of the thermal environment in
buildings, garments, electronic devices, and batteries.

PCMs are broadly classified into organic and inorganic
categories based on their chemical nature. Organic PCMs offer
advantages such as self-nucleating properties, absence of any
phase segregation, and low reactivity, corrosiveness, and
toxicity.! In contrast, inorganic PCMs can provide the benefits of
high thermal conductivity, high enthalpy of phase change,
minimal volume change during phase transition, and non-
flammability.> Alkanes are the most widely explored organic
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PCM, although fatty acids, fatty acid esters, alcohols, and
polyethylene glycol (PEG) have also been reported for thermal
storage.® Inorganic salts, eutectic mixtures, metals, and metal
composites have been considered under the category of inor-
ganic PCM by previous researchers.*

Since phase change involves the formation of a flowable
molten state, the containment of the PCM within an enclosure
becomes necessary.” Encapsulated PCM particles with sizes of
the order of 100 nm can provide increased heat transfer surface
area and can be applied easily in the form of a slurry.® Various
techniques, both physical and chemical, can be used for
microencapsulation. Common physical methods are pan
coating, spray drying, solvent evaporation, and centrifugal and
fluidized bed processes. Chemical methods that have been
employed for microencapsulation are in situ polymerization,
interfacial polymerization, complex coacervation, phase sepa-
ration, and suspension-like polymerization, among others.”
Physical methods generally cannot produce microcapsules
smaller than 100 pm,* making chemical methods, particularly
in situ polymerization, the preferred choice for smaller sizes.
However, chemical encapsulation is implemented by random
dispersion of fluid phases, which results in a wide size distri-
bution and a non-uniform shell thickness of the microcapsules.
In this regard, the physical encapsulation method offers
advantages such as higher productivity due to continuous pro-
cessing, lower complexity, easier process modulation, and lower
cost and environmental footprint of chemicals. In this context,
the authors have successfully developed microencapsulated
PCM (MPCM) particles using a physical method, where
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electrostatic force was employed to achieve sizes much smaller
than 100 pm. In a recent study, researchers have demonstrated
encapsulation of salt hydrate-based inorganic PCMs using co-
axial electrospinning.®

MPCMs were reportedly considered advantageous for
building materials, textiles, solar systems, electronic thermal
management, battery thermal management systems, the auto-
motive industry, and food packaging.®** Essentially, thermal
management can be implemented in an ‘active’ or ‘passive’
manner, where the use of MPCM falls in the latter category.
The other passive cooling measures adopted for thermal
management of electronic devices are heat pipes and thermo-
electric cooling.”® The major advantage of passive cooling is that
it does not require an external supply of energy, and vibrations
from a pump or compressor can be avoided. PCMs are often
combined with heat sinks to maximize the benefits. In the area
of electronic cooling, Ghanbarpour et al** found through
numerical simulation that the cooling ability is impacted more
by the number and height of pin-fins than the thickness. Desai
et al.® designed six types of pin-fin structures for PCM-based
heat sinks, and reported that triangular geometries provide
the best cooling capability for the same mass distribution.
Bondareva et al.*® showed that elongating pin-fins reduces the
total melting time of the PCM. Kalbasi et al'” noted both
positive and negative effects of pin-fin structures, improved
thermal conductivity on one hand, and reduced phase change
enthalpy on the other. To overcome the negative effect of the
pin-fin, other enhanced heat-transfer designs have been
proposed and optimized for PCM-based thermal management.
Righetti et al.*® developed a 3D periodic pyramidal cell using
aluminum ligaments combined with a PCM, resulting in lower
junction temperatures and better temperature uniformity,
particularly with thinner ligaments in greater numbers. Metal
foam combined with PCM was reported for enhanced heat
transfer. Kothari et al* and Yang et al.** demonstrated that
PCM combined with copper foam can provide superior cooling,
compared to pure PCM or copper heat sinks. PCM can also be
integrated with other cooling arrangements, such as heat pipes,
vapor chambers, and thermoelectric modules, to achieve
a favorable heat dissipation effect. Krishna et al.** found that
combining PCM with a heat pipe evaporator reduced the
temperature by 25.75% and saved fan power. Behi et al.** re-
ported a superior cooling performance for PCM-heat pipe
systems. Qu et al.>® combined paraffin wax as a PCM with multi-
layer 2D and 3D oscillating heat pipes, and concluded that the
3D variant offers better cooling capacity. Microchannel heat
sinks can also be enhanced with PCMs. Ho et al.** combined
a nano-encapsulated PCM with water in microchannels and
reported a significant enhancement in heat transfer perfor-
mance. Yan et al.>® placed the PCM outside the microchannel
heat sink and found no impact on thermal resistance.

One way to release heat uniformly from inaccessible corners
of the device solely by PCM is by disintegration of the PCM into
sub-micrometer dimensions, and applying the PCM along with
a paint coating after encapsulating the PCM. The importance of
distributed placement of PCM, as against lumped placement, in
thermal control of a hot plate was demonstrated through
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numerical simulations in a recent study.”® In the present article,
we build on this scheme further and evaluate the thermal
regulation ability of MPCMs as embedded in the paint layer on
a panel surface when it is heated externally from the other side.
Here, an inorganic salt (CaCl,-6H,0) is the PCM at the core of
the microcapsule, and resorcinol formaldehyde forms the shell
around the PCM core. Due to the advantages of non-
flammability, the inorganic PCM is highly suitable for distrib-
uted applications involving passive thermal management of
small machine elements. However, the use of salt in MPCM was
least attempted. This is possibly due to non-favorable emulsi-
fication chemistry between polymer and inorganic PCM, and
the need of non-metallic containment for the salt with corrosive
tendencies. In the present study, a novel electrohydrodynamic
atomization on a microfluidically generated core-sheath fila-
ment with PCM at the core resulted in the formation of
microcapsules with sizes of the order of 100 nm.”* The
microcapsule paint suspension was applied as a coating on one
side of the panel, and the other side was heated externally by
attaching a foil heater. The temperature profiles were analyzed
to ascertain the contribution of phase change enthalpy in the
process of thermal regulation at different heating phases or
cycles.

Materials and methods

Calcium chloride hexahydrate (Sigma-Aldrich) served as the
phase change material at the core of the microcapsules.
Resorcinol formaldehyde (RF) was used as the encapsulant. The
precursor solution of RF consisted of resorcinol (99.0% purity),
formaldehyde (37% w/v), hydrochloric acid (36%), and acetone
(99.5%). These chemical reagents were obtained from Sigma-
Aldrich Chemicals Private Limited, India.

Preliminary experiments were performed with bulk-mixed
reagents to study the gelation process. Resorcinol (R) and
formaldehyde (F) were mixed in the molar ratio of 0.5, and the
mixture was stirred for 15 minutes at 300 rpm using a magnetic
stirrer. Separately, 0.0041 mole of hydrochloric acid was di-
ssolved in one mole of acetone, and the mixture was added to
the resorcinol formaldehyde solution such that the molar ratio
of resorcinol to acetone was maintained as 0.037. This mixture
was stirred at 400 rpm for 15 minutes. Hydrochloric acid acted
as a catalyst, changing the solution to a brick-red color. The
solution was then held in an oven at 70 °C whereupon the
solution gelled within 20 minutes. The final gel formulation was
composed of 5.94 wt% resorcinol, 8.75 wt% formaldehyde,
85.04 wt% acetone, and 0.27 wt% hydrochloric acid.

The microcapsules were formed by a coaxial flow of PCM and
encapsulant. This core-sheath filament underwent electro-
hydrodynamic disintegration, breaking into microcapsules due
to flow-induced instability and the electric field working in sync
(Fig. 1). Challenges arose because the encapsulant held in the
fluid state within the nozzle, while transitioning to a gel state,
and evaporation of solvent had to take place during the flight
towards the grounded substrate. Balancing the sol composition,
voltage gradient, delay between mixing and atomization, and
the residence time through adjustments in flow rate was crucial
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Fig. 1 Schematic of the microencapsulation process.

to obtain microcapsules with adequate outer shell rigidity when
they reach the substrate. Furthermore, a stable cone-jet
formation at the nozzle tip was essential for consistent disin-
tegration, requiring precise adjustments to the flow rate and
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voltage gradient.*® The flow rates of PCM and RF sol through the
0.311 mm inner capillary and 0.838 mm OD of the annular
space were 1-5 mL h™" and 0.5-2.5 mL h™", respectively. The
applied voltage of 18 kV and the distance between the tip of the
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Fig. 2 Schematic of the prototype for thermal measurements.
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needle and the grounded substrate (nickel plate) of 5.62 cm
were maintained. After deposition, the substrate was placed in
an oven for 15 minutes at 40 °C, and the MPCM particles were
then collected by lightly tapping on the plate.

The MPCM particles were examined under a field-emission
scanning electron microscope (FESEM) from ZEOL, Japan.
The particles were mounted on an aluminum stub with double-
sided sticky tape and sputter-coated with gold. Accelerating
voltages of 2 kV and 5 kV, with magnifications ranging from 30
000x to 55 000x, were used to acquire the images. The phase
change behavior was analyzed by differential scanning calo-
rimetry (DSC) using equipment from TA Instruments, USA.
Apart from the bulk PCM, DSC was also performed on the
encapsulated PCM and on the encapsulated PCM embedded in
the paint layer. The sample of paint layer was obtained by
stripping the layer from the coated substrate using a sharp
knife.

For embedding PCM in the paint layer, the particles were
mixed with the paint (polyurethane paint PU11 from Pidilite
India) in a 2 : 1 mass ratio. The mixture was thoroughly blended
with a metal stick before applying it to an aluminum plate with
dimensions of 50 x 25 mm®. The weight of the paint layer in the
wet state was estimated by subtracting the weight of the
aluminium plate from the weight obtained after coating. The
thickness after evaporation-induced shrinkage was measured
with a Vernier caliper. A Kapton foil heater with dimensions of
50 x 25 mm?® was attached to the bare face of the aluminium
plate using the self-adhesive feature of the heater. The K-type
thermocouples (Testo SE & Co. KGaA) were placed on the two
faces of the aluminium plate, and the temperature was recorded
at 5 seconds intervals. The thermocouples were tightly secured
to the surface of the plate using polyimide tape. One thermo-
couple was placed on the upper surface of the paint layer, and
the other one was inserted between the heating foil and the
plate’'s lower surface. These thermocouples were linked to a data
logger (Testo SE & Co. KGaA) for continuous recording of the
temperature (Fig. 2). The foil heater was connected to a DC
regulator (Metravi, India) to attain different heat flux settings.

Fig. 3 SEM images of the MPCM.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

The microencapsulation in this study was implemented by
breaking up the coaxial filament through electrohydrodynamic
atomization, with subsequent gelation and solvent evaporation
during the flight to the substrate. Due to the intricacies of the
process, the initial step in evaluating the efficiency of this
microencapsulation method was to observe the capsules under
a scanning electron microscope (SEM). Fig. 3 displays the SEM
images, revealing consistently sized particles with diameters of
around 390 nm. Notably, these particles exhibit no indications
of damage, fractures, or concavity on their outer surfaces.

The heat absorption by PCM inside the encapsulation and
embedding of the paint layer was studied by DSC. A sample of
the paint layer was carefully scraped off the aluminium plate
using a sharp knife. The DSC scan, thus obtained, is compared
in Fig. 4 with that of bulk PCM and that of the micro-
encapsulated PCM without embedding in the paint layer. For
each of these three cases, 10.2 mg of sample was subjected to
a thermal scan at a heating rate of 5 °C min~'. Based on the DSC
profiles in Fig. 4, the phase change was found to occur at 26.8 ©
C, 28.3 °C, and 27.9 °C for bare PCM, MPCM, and paint with
embedded PCM, respectively. The melting point of CaCl,-6H,0
is reported as 26.8 °C.*° The variation in the three measure-
ments was understandable given the lack of complete thermal
equilibration due to the finite heating rate, and the presence of
the RF and PU matrix. However, the difference was truly insig-
nificant. Based on Fig. 4, the enthalpy of phase change was
estimated to be 173.51 kJ kg™ * for bare PCM, which was reduced
to 116.74 k] kg~ " for MPCM particles, and 58.92 kJ kg™ " for
MPCM in the paint layer. It should be noted that the MPCM was
constructed based on a mass ratio of RF to PCM in the coaxial
needle of 13:32 (wet basis); after evaporation of solvent from
RF, this ratio changed to 9: 160. Accordingly, the phase change
enthalpy available in MPCM per unit mass of MPCM reduced to
165.68 k] kg~ from that of bulk PCM, reported in the literature
to be 175 kJ kg~ '. Furthermore, in the suspension of MPCM in
paint, the two were mixed in even proportions by weight. After
drying the paint, the MPCM to paint mass ratio changed to 50:
23. Accordingly, the enthalpy of phase change available per unit

RSC Adv, 2025, 15, 47850-47862 | 47853
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Fig. 4 Comparison of DSC profiles at a heating rate of 5 °C min~™.

mass of the paint-MPCM composite would be 99.81 k] kg™ *. The
reductions in the two cases were reflected in the DSC profiles.
An exact match was not possible due to the lack of complete
thermal equilibrium at the scan rate applied in these experi-
ments. The material balance further suggests that for MPCM
particles with a diameter of 398 nm (as observed in the SEM
images in Fig. 3), the diameter of the PCM core was 345 nm. The
material balance was based on the flow ratio considered at the
syringe pump after accounting for evaporation of solvent during
the flight of the particle towards the grounding plate, whereas
the overall diameter of the microcapsule was determined
experimentally by using a Zetasizer, and was further corrobo-
rated by the SEM images (Fig. 3). It should also be noted that the
Zetasizer measurements show a standard deviation of 31 nm. It
is anticipated that there will be proportional changes in the core
and shell dimensions, and the value reported here as shell
thickness is essentially the average value. In any case, the
effective coverage of the shell layer was confirmed by sustained
dipping of microcapsules in a solvent in which the PCM is
highly soluble. This indirect estimate of shell thickness and
demonstration of the coverage of the encapsulating layer were
elaborated elsewhere.”® The thickness of the paint layer after
drying was found to be 0.99 mm. Characteristic details of the

Table 1 Quantitative information on the encapsulated particles
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encapsulated particles are summarized in Table 1. All calori-
metric and phase change measurements reported in this table
were conducted at a scan rate of 10 °C min .

One major objective of this study was to ascertain the
dynamics of the heat regulation process by placing the micro-
encapsulated PCM as embedded particles in the paint layer on
a realistically heated substrate. As such, the surrounding air
may serve as a heat sink to provide a regulating effect, and,
understandably, the MPCM was meant to work in tandem with
this thermal effect of the surrounding air. MPCM has to
dominate this regulation process if its effect is to show up in the
temperature of the upper layer of paint within a reasonable time
frame of the experiment. With this perspective, the first set of
experiments was carried out under partially insulated condi-
tions by wrapping the paint-coated substrate (including the
thermal probe and heater) in Kapton insulation tape. Here, the
heat at a low flux of 125 W m > was supplied by the foil heater
until the temperature at the upper surface of the paint layer
reached 39 °C. Subsequently, the heating was switched off.
Fig. 5 presents the build-up of temperature across the
aluminum plate for two cases: one with MPCM in the paint
layer, and the other without embedded MPCM. In the absence

40.0
—{J= Paint surface with PCM
=== Plate temperature with PCM
—/\= Paint surface without PCM

37.5 \—V— Plate temperature without PCM

w
Iy
o

Temperature (°C)
]
(¢}
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Fig. 5 Build-up of temperature across the aluminium plate at an
imposed heat flux of 125 W m~2.

Parameter Method of evaluation Mean value + SD Remarks

Particle size (nm) Particle size analyzer (Zetasizer) 398 + 31 This is consistent with the SEM images

Shell thickness (nm) Volumetric flow ratio at the pump, 26.5 Consistent coverage of the shell layer was
adjusted for evaporative loss of corroborated from dipping studies
solvent, overall diameter as 398 nm

Thermal regulation Repeated heating-cooling test 24.75 £ 0.94 Based on 3 DSC cycle tests, the melting point of the

temperature (°C) PCM is 28.2 °C

Latent heat (J g7%) DSC measurement 79.02 + 1.7 Based on 3 DSC cycle tests, the latent heat of the

47854 | RSC Adv, 2025, 15, 47850-47862

bare PCM is 125.4 ] g " and the theoretical latent
heat of the PCM-shell composite is 107.8 J g~*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of MPCM in the paint layer, the temperature of the paint surface
increased to 37 °C in about 300 seconds. However, in the
presence of MPCM, the temperature of the heating surface was
found to increase at a much slower rate, reaching 37 °C after
1250 seconds. Furthermore, the paint surface temperature
reached a plateau at around 29 °C after 500 seconds, suggesting
a phase transition. The end of the plateau phase was observed
after 1250 seconds, and a sharper rise in temperature followed
the plateau phase. This sharper increase can be attributed to the
heat absorption in the form of sensible heat. Once the heating
was switched off, there was a drop in temperature due to the
release of heat to the surrounding atmosphere. The experi-
ments shown in Fig. 5 were repeated multiple times, based on
which the error bars are included. The instrument error of the
thermocouple was on the order of 1 °C, which essentially
justifies the limit of the error bars.

Fig. 6 shows how the build-up of surface temperature of the
paint layer is affected by the imposed heat flux, and also by the
PCM loading (as MPCM) in the paint layer. The paint-coated
surface of the plate was held open to the atmosphere for heat
exchange with the surrounding still air. Every temperature
profile in this figure shows a plateau at around 29 °C, pre- and
post-ceded by sharp changes in temperature. These two rises
signify absorption in the form of sensible heat, whereas the
absorption with minimal or no change of temperature implies
a role of latent heat associated with the melting of PCM. With
the increase in heat flux from 62.5 W m~? to 350 W m ™2, the
stretch of the plateau continued to decrease from 2500 seconds
to less than 500 seconds. Since the PCM loading in the form of
MPCM in the paint layer remained the same, at 1.08 kg m >, the
greater imposed flux resulted in faster absorption and melting
of PCM. However, when the PCM loading was increased for the
same imposed flux of 125 W m™?, the plateau phase of the
profile stretched substantially. The duration of the plateau
phase of the profile essentially determined how well the
temperature build-up could be suppressed. Accordingly, Fig. 6
shows the effect of imposed heat flux in this thermal regulation
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Fig. 6 Build-up of the paint surface temperature at varied heat flux
and MPCM loading.
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method, and how it can be countered with greater MPCM
loading.

With the above demonstration of MPCM in the thermal
regulation, the exact contribution of latent heat was qualified as
follows. This exercise was required since the temperature build-
up was simultaneously regulated by the heat capacity of the
metal-paint composite, as well as the loss of heat to the
surrounding atmosphere.

The heat balance across the coated plate comprises the
following components.

(A) Heat in: at a constant flux, set by the DC power supply to
the foil heater.

(B) Heat out: due to heat loss, which was assumed to be at
a rate proportional to the difference in temperature between the
outer surface of the paint layer and the ambient static air.

(C) Heat accumulation:

(i) In the form of sensible heat, considering the system as
a composite of metal, paint, PCM, and encapsulant, where the
effective heat capacity of the composite is the average of the
individual heat capacities, weighted by the respective mass
fractions in the composite.

(ii) In the form of latent heat due to the melting of the PCM.

The estimation of the “heat out” component required the
knowledge of heat transfer resistance, which was estimated
here through specially designed experiments. The heating at
three different fluxes (62.5 W m 2,125 W m~ 2, and 250 W m )
was performed in separate experiments on a coated plate
without any embedded MPCM in the paint layer. The temper-
ature reached steady state values of 30.4 °C, 35.05 °C and 44.62 °©
C after 1280 s, 860 s and 520 s, respectively. The reaching of
steady state implies that the imposed heat flux was equal to the
loss of heat to the ambient air. Assuming that the total rate of
heat loss (in W) can be expressed by eqn (1), and can also be
equated with the imposed heat flow rate (in W) for that specific
experiment, the Aegective cOuld be obtained accordingly.

Gout = hel‘fecliveA(Tupper surface — Tambient) = {imposed (1)

The area of the plate used in this calculation was 0.00125 m?,
identical to the area of the foil heater. The T,ypient Was
measured as 25.2 °C during these experiments. From these
experiments, the values of Zegrecive Were found to be 12.04 W
m 2 K, 12.68 W m > K and 12.87 W m> K, respectively. The
small variation in the values of /ggective Substantiates the
experimental scheme and the use of eqn (1) for the estimation
of heat loss. In the subsequent analyses involving MPCM in the
paint layer, the Zegective Was considered invariant with temper-
ature, with its value the same as the arithmetic mean of the
three Aegective Values noted above.

When the MPCM was embedded in the paint layer, eqn (1)
cannot be directly employed to determine the heat loss. Unlike
the steady-state temperature for the calculation of Zegfective, the
temperature of the MPCM embedded layer continued to change
with time, and the focus was to analyze the transient profile.
Accordingly, the heat loss (in J) over time step At was calculated
based on the surface temperature prevailing over the At time-
step around that instant (eqn (2)). The temperature of the paint

RSC Adv, 2025, 15, 47850-47862 | 47855
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surface (referred to in eqn (2) as T) applicable over this time
step was obtained by taking the arithmetic mean of two
temperatures at the beginning and at the end of the time step,
respectively.

Qloss = hA(Ts - Tambienl)At (2)

To estimate the “heat accumulation” in the form of sensible
heat, the specific heat of the composite was obtained by taking
the average of the specific heat of individual components,
weighted by their respective mass fractions in the composite.
The specific heat of the composite was obtained as 2.717 ] kg™
K. The heat absorbed as sensible heat over the At time step
was evaluated as the product of the specific heat, the mass of the
composite layer (that includes PCM, plate, encapsulant, and
paint), and the increase in temperature (AT). Since there was
a variation in temperature across the composite layer, the
average temperature of the composite was considered for the
estimation of AT (eqn (3)).

AT — KTPZ ;L Tsz) 3 (Tp1 qu Tsl)] 3)

The average temperature of the composite layer at each
instant was considered to be equal to the arithmetic mean of the
temperatures at the upper surface of the paint layer (referred to
as Tp) and that of the lower surface of the aluminum plate
(referred to as T). The subscripts 1 and 2 refer to the temper-
atures at the beginning and end of the time step At, respectively.
The heat accumulation in the form of sensible heat over the At
time step was calculated using eqn (4).

Ouen = mC, KT"Z - Tsz) - (T"l - TS])} @

The heat accumulated in the form of latent heat due to
melting of the PCM over the time interval of At was calculated as

per eqn (5).

L= qimposedAt - Qloss - Qsens (5)

where Gimposea 1S the heat flow rate (in W) from the foil heater,
regulated by the DC power supply.

These calculations were repeated for each time step, starting
from the moment the foil heater was switched on. The cumu-
lative values of each contribution were tallied accordingly at the
end of every time step, and the changes in these cumulative
contributions were analyzed further.

Fig. 7 shows the cumulative heat flow with time for the four
categories referred to above. The imposed heat flow of
0.15625 W (which constituted a flux of 125 W m™?) is reflected
as a line of constant positive slope in the figure. The latent heat
component, estimated as per eqn (5), started rising only after
110 seconds, by the time the sensible heat accumulation had
already risen to 15 J. Subsequently, the addition to sensible heat
was nominal until the latent heat component reached a plateau.
The majority of the imposed heat was accumulated in the form
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of latent heat. The remaining part could be accounted for as the
accumulation of sensible heat and loss to the surrounding static
air.

Fig. 8 compares the latent heat component in thermal
regulation for seven cases, representing varied impositions of
heat flux and PCM loadings. The accumulation in the form of
latent heat was directly influenced by the PCM loading in the
MPCM. For example, the cumulative latent heat, when it
approached an asymptotic limit, was 264 k] m~> for a PCM
loading of 2.16 kg m~>. When a reduced PCM loading of 0.54 kg
m 2 on another aluminium plate was subjected to the same
imposed flux, the accumulation decreased to 86 k] m~>. When
the imposed heat flux was increased, the limiting value of the
accumulated latent heat was reached in a shorter time, with
melting of almost the entire in-place PCM. This limiting value
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Fig. 8 Absorption of heat in the form of latent heat with time.
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of the accumulated latent heat, which understandably depends
only on the PCM loading, was not affected by the imposed flux
in its higher range. At a lower range of heat flux, the limiting
value was not fully reached within the timeframe of this
experiment. This aspect becomes further evident from Table 2.
For a lower heat flux, the fraction of in-place PCM that melted
during the experiment was much less than 1. The % melting of
the PCM improved significantly at higher heat flux.

To explore this aspect of partial PCM melting in embedded
MPCM, the four categories of heat flow were plotted as a func-
tion of the paint surface temperature (Fig. 9). Fig. 9(a) is ob-
tained from an imposed heat flux of 62.5 W m 2, whereas
Fig. 9(b) is based on a heat flux of 350 W m 2. The PCM loading
was the same (1.08 kg m~?) for both plots. The immediately
noteworthy observation is the change in the profiles of all the
categories of heat flow when the surface temperature was near
the melting point of the PCM. For both plots, this change
occurred in the temperature range of 28-29 °C. At higher heat
fluxes, the build-up of latent heat started even at a surface
temperature of 27 °C, which is understandable considering the
higher temperature gradient across the composite, whereby the
temperature of the MPCM exceeded the melting point even
when the surface temperature was 27 °C.

Fig. 8 and 9 establish the importance of PCM melting for
thermal regulation. In this regard, the loss of heat to the
surrounding static air is also a mechanism that contributed to
the suppression of temperature build-up, even though its
contribution was less, particularly for greater PCM loadings.
Fig. 10(a) shows the relative importance of the latent heat of
phase change for varied PCM loadings and imposed heat fluxes.
The y-axis represents the ratio of the accumulated latent heat to
the cumulative loss of heat to the surrounding air. This ratio
continued to evolve as the temperature of the plate built up.
This ratio reached a peak at 29 °C, with a shift of up to 1 °C for
high values of imposed heat flux and PCM loading. Subse-
quently, the ratio continued to drop, suggesting that heat loss to
the surroundings is the dominant mechanism of thermal
regulation over the latent heat of phase change. Even when the
surface temperature reached 32 °C, the cumulative contribution
of latent-heat-based accumulation was about 3.5 times the
cumulative loss of heat to the surrounding air. For a low heat
flux, the ratio was about 1.6, since a fraction of in-place PCM did
not melt (Fig. 8 and Table 2) within the time frame of the

Table 2 Melting of the PCM due to the absorption of latent heat
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experiment. The reason becomes obvious from Fig. 10(b), where
the average temperature of the plate (which is the arithmetic
mean of the two temperatures at the lower and upper faces of
the plate) is plotted as a function of the surface temperature. For

Energy stored as latent heat

PCM loading per

Imposed heat unit area of

per unit mass of PCM
(k] kg™) till the end of

Time over which
the melting took

% Of in-place PCM
melted till the end

flux (W m™2) plate (kg m~?) the experiment of the experiment place (s)
62.5 1.08 82.40 47.49 3180
93.75 1.08 121.82 70.20 2610
125 1.08 152.25 87.74 2250
250 1.08 163.24 94.08 1130
350 1.08 170.43 98.23 560
125 2.16 122.12 70.38 3200
125 0.54 159.25 91.78 880
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the same surface temperature, the average temperature was
a few degrees higher when a greater heat flux was imposed. The
higher average temperature created a higher gradient across the
MPCM shell, which resulted in faster melting of the PCM. At
lower imposed flux, the gradient was lower, leading to slower
melting or partial melting before an equilibrium in imposed
heat flux and heat loss to surrounding static air was established.
This aspect raised an important balancing issue of the imposed
heat flux, PCM loading, and ambient air temperature for
maximum utilization of the PCM.

Fig. 11 shows the effect of thermal cycling on the performance
of the MPCM in the embedded state. The cycling involved toggling
between 24 °C and 34 °C at an overall rate of 0.17 °C min™" for
heating beyond ambient temperature, and 0.067 °C min™ " for
cooling below ambient temperature. The plateau in the tempera-
ture profile, which was found to be a signature of a thermal
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Fig. 11 Temperature profiles of the paint surface at an imposed heat
flux of 125 W m~2 and a PCM loading of 1.08 kg m~2 after multiple
melt—freeze cycles.

regulation based on the latent heat of the phase change, as di-
scussed in the previous paragraphs, was clearly evident in all the
thermal cycling stages (Fig. 11). A small hysteresis could not be
ruled out, though the change in temperature of the paint layer did
not exceed 1 °C even after 200 cycles. Furthermore, given the
duration of the experiment (15 weeks) with heat loss depending on
small fluctuations in ambient temperature and humidity, and the
variation in properties of commercial-grade paint across the
cycles, the hysteresis, if present at all, due to changes in micro-
particles, can be neglected. Table 3 summarizes the performance
of the MPCM as determined in this study, embedded in the paint
layer, and compares the results with those of other PCM micro-
capsules reported in the literature. Given that the DSC measure-
ments were not performed at the same scan rate by the previous
researchers, a direct comparison is difficult. However, even at
a higher scan rate, the results from the present research (58.92 J
¢! heat storage of the composite paint layer at scan rates as high
as 10 °C min~ ") appear quite promising. The cycling stability was
found to be superior compared to other reported values. It should
be noted that the small and uniform size of the particles enables
access to hard-to-reach places on a substrate, making this scheme
ideally suited for power electronics, wearable electronics, satellite
instrumentation, home appliances, and defense artillery. In
contrast, the studies by previous groups focused on building
materials and macro-encapsulation approaches. The use of such
encapsulated particles at the 100 nm scale in paint formulations
for electronic cooling applications is rarely reported, which
demonstrates the uniqueness of this work. With this in perspec-
tive, a sincere attempt was made in this study to estimate the
contribution of the phase change enthalpy of the PCM to heat
regulation by the composite paint layer. It may once again be
underscored that the choice of non-flammable inorganic salt
hydrate as the PCM in this study reduces the risk of thermal
runaway, which is crucial for certain applications.

The results so far have convincingly demonstrated the
passive control of temperature by the MPCM, as embedded in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 On-off heating cycles at an imposed flux of 200 W m~2.

the paint layer to counter a heat flux on the order of 10°-10°> W
m 2. The build-up of temperature was suppressed, and the
plate temperature could be held at a near-ambient value over
a period of hour(s). In the published literature, similar
requirements were echoed for temperature control of power
electronics,® wearable electronics,** instruments in satellites,*
home appliances, defense artilleries, and other instruments
running on intermittent mode with typical run times of hours.
Therefore, the MPCM embedded in the paint layer on the device
fits such requirements. The distributed placement of MPCM
particles on the sub-micrometer scale is ideally suited for
controlling hotspots, which is difficult to address through
lumped use of PCM, or by introducing fins and/or fans.

Fig. 12 shows the thermal regulation process over five
consecutive on-off cycles. The PCM loading as MPCM in the

paint layer was 1.08 kg m~>, and the imposed heat flux on the

other face of the aluminium plate was 200 W m™ > For
comparison, the baseline data involving a paint layer without
any MPCM was presented for the first two cycles. A comparison
of the surface temperatures in the two cases shows a suppres-
sion of peak temperature by 10 °C due to the presence of MPCM.
This figure also demonstrates that, even though the plateau
phase occurred over a short period in each heating cycle, the
resultant effect on the peak temperature of the surface could be
substantial. The novel use of electrohydrodynamic splitting to
produce highly uniform MPCM particles in this study avoids
issues associated with emulsification chemistry, excessive
chemical usage, and process scale-up. The use of inorganic
electrolytes with zero flammability adds to the promise of this
scheme.

Conclusions

The article demonstrates a thermal regulation process using
microencapsulated PCM embedded in a paint layer on a panel
that was heated externally. The following conclusions can be
made from this study.
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(i) Uniform MPCM particles could be generated by electro-
hydrodynamic splitting of a core-sheath filament comprising
CaCl,-6H,0 as the PCM at the core and the RF precursor sol in
the sheath as the encapsulant. The solvent in the RF phase was
acetone, and HCI catalyzed the reaction, leading to the forma-
tion of a rigid gel within 20 minutes. The flow rates of the two
phases, the applied electric field, and the delay between mixing
of the RF precursor and the atomization were tuned for
continuous generation of microcapsules with a diameter of
398 nm and a shell thickness of 26.5 nm. The DSC data showed
melting of the PCM inside the MPCM in the embedded state at
nearly the same temperature as the melting point of the PCM, at
a DSC scan rate of 5 °C min ™. The enthalpy of phase change for
the composite particle was recorded by DSC as 116.74 kJ kg™ ".

(ii) When the paint surface was held open to the atmosphere,
the heat loss to static air in the atmosphere provided
a suppression effect on the temperature build-up. However, the
effect was not significant compared to the heat absorbed by the
PCM as latent heat while in an embedded state.

(iii) A relation between the extent of PCM melting, the
externally imposed heat flux, and the ambient temperature was
evident from this study. When the imposed flux was small, and
PCM loading was substantial, before complete melting of the in-
place PCM, the imposed flux and the loss to the surrounding air
reached a near equilibrium at a slightly elevated surface
temperature. Since the plate temperature was slightly above the
melting point of the PCM, further melting of the PCM would be
too slow to show up within the time frame of the experiment.
For a moderate heat flux (e.g., 125 W m™?), a PCM loading of
1.08 kg m~>, and an ambient temperature of 25 °C, this issue
did not arise, and 87.74% in-place PCM was found to have
melted.

(iv) When the heating was continued for a substantial period
beyond the complete melting of PCM, heat loss to the
surrounding static air provided a thermo-regulation effect.
However, the absorption of heat in the form of latent heat far
outweighed the cumulative heat loss to air over the entire
experimental run.

(v) The PCM loading was varied by increasing the paint layer
thickness. Greater PCM loading helped in holding the plate
temperature near the melting point of the PCM for a longer
period, which has been demonstrated in this article.

(vi) The coated plate was subjected to multiple melt-freeze
cycles. After 200 cycles, no hysteresis in the temperature profile
was observed.

The thermal control demonstrated in this article is consis-
tent with the requirements articulated by previous researchers
in the context of power electronics, wearable electronics,
instrumentation in satellites, home appliances, and batteries.
The highly scalable and environmentally friendly scheme of
making the MPCM with inorganic PCM of zero flammability
offers significant promise for further exploration.
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