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HIGHLIGHTS

® PCM with bidirectional thermal regulation was designed and fabricated successfully.
® Heat transfer in thermal protective clothing containing PCM layer was investigated.
o Effects of PCM layer on thermal protection and thermal hazard were examined.

® PCM showed great potential applications for intelligent thermal protective clothing.

ARTICLE INFO ABSTRACT

Coating of fabric by organic phase change materials (PCMs) loaded with paraffin wax changed thermal prop-
erties of the fabric. The PCM coated fabric with intelligent bidirectional thermal regulation was designed and
prepared. The basic and thermal physical properties of the PCM coated fabric were measured. The PCM layer
was incorporated into thermal protective clothing, and the thermal protective performance was evaluated under
hot contact exposure. High thermal capacity of PCM increased the potential of thermal protective clothing for
heat accumulation during the hot contact exposure, but also modified heat release from the thermal protective
clothing after the end of exposure. The incorporation of the PCM coated fabric increased greatly the thermal
protective performance during the heat exposure, which was influenced by melt temperature, PCM content and
enthalphy. The thermal hazardous effect caused by the PCM coated fabric was slightly increased, but presenting
no significant correlation with the skin absorbed thermal energy after the exposure. Therefore, the PCM showed
great potential applications for developing intelligent thermal protective clothing. The conclusions obtained
from this study contributed to development of PCM with high thermal capacity and low heat release suitable for
the thermal protective clothing.
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1. Introduction

Phase change material (PCM) can absorb, store and release large
amounts of latent heat during the process of physical state change from
solid to liquid or liquid to gas or vice versa [1,2]. The intelligent
thermal regulation properties of PCM are attracting increasing attention
to enhance the energy utilization efficiency and the thermal regulation.
Microencapsulated PCM possessing excellent capacity of latent thermal
energy storage has gained a considerable development in fundamental
researches, such as solar-thermal conversion systems [3], thermal en-
ergy storage [4,5], encapsulated autonomic healing materials [6,7],
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photochromic materials [8,9], reversibly thermochromic materials
[10]. In recent decades, carbon black loaded organic phase change
material was developed to enhance thermal conductivity and photo-
thermal efficiency and identify a promising application in latent heat
thermal energy storage [11,12].

Various types of PCMs have long been used in clothing as a means of
body heat regulation for comfort enhancement, such as sportswear for
ice climbing, space suits and gloves. These materials absorb the heat
generated by a human body during action and release the heat when
cooled. More recently, microencapsulated PCMs have seen application
in textile design for energy absorbing clothing for thermal hazardous
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environments, such as flash fire, thermal radiation, and thermal con-
vection [13-18]. Zhao et al. [13] investigated the effect of the in-
corporated PCM layer on thermal protective performance of firefighting
protective clothing. The impregnation of cotton fabric by the PCM in-
creased the thermal energy storage, thus improving the thermal pro-
tective performance. The influences of basic properties of PCM on the
thermal protective performance, such as mass, melt temperature and
entrapping position, were further examined under low-level, medium-
level and high-level thermal radition [14-16,19]. Geng et al. [20]
prepared a series of reversible thermochromic microencapsulated PCMs
with excellent latent heat storage-release performance, and showing
great potential in thermal protective clothing. In addition, Wan et al.
[16] designed a new cooling garment equiping with PCMs and venti-
lating fan that greatly improved human thermal comfort in hot en-
vironment.

The PCM presents a process of heat charging and discharging cycle
[21]. The absorb of thermal energy in the PCM during the heat ex-
posure is the charging process, while the discharge of thermal energy
after the heat exposure is the discharging process. However, these
studies ignored the effect of discharge of thermal storage in the PCM on
human safety. Some studies in recent years reported that the thermal
protective clothing exerted the thermal hazardous effect on wearer
when it should be providing the thermal protection [22]. This was due
to the fact that the thermal energy stored in the clothing was discharged
to the human body after the exposure, thus exacerbating skin burn
injury [23,24]. The discharging of stored thermal energy in the clothing
was demonstrated to be related to fabric thickness, density, thermal
capacity, air gap size, moisture content and applied pressure to the
fabric [23-26]. The incorporation of PCMs increased the stored thermal
energy in the clothing, which could enhance the thermal hazardous
effect. Thus, the thermal hazardous effect of the PCMs should be further
investigated for comprehensively assessing the application of PCMs in
the thermal protective clothing.

Additionally, the previous studies applied the PCMs to the thermal
protective clothing exposing to flame and thermal radiation exposures.
There existed few studies regarding the incorporation of PCMs in the
thermal protective clothing exposed to hot contact surface. Reports on
the etiology of injuries to firefighters indicate that about 15% of injured
firefighters received contact or compression burns [27]. The clothing
under the hot contact exposure was compressed, thus affecting the
thermal physical properties and heat transfer of clothing. Convective
and radiative heat transfer were the dominant heat transfer mode for
flame and thermal radiation exposures, while the thermal energy was
mainly transferred by conduction for the hot contact exposure. There-
fore, it was crucial to examine the influence of PCM on the conductive
heat transfer under the hot contact exposure.

The objective of the study was to obtain the most suitable PCM for
increasing the thermal protective performance and decreasing the

Table 1
Basic properties of single-layer fabric.

thermal hazardous effect of clothing. The paper presented the micro-
encapsulated PCMs with four kinds of melt temperatures that were
coated to a flame-resistant fabric. Thermal physical properties for the
PCM coated fabric were measured. The PCM layer was entrapped into
the thermal protective clothing, exposing to the hot contact surface.
The effect of PCM layer on the heat transfer in the clothing were in-
vestigated. The bidirectional thermal regulation for the PCM layer was
analyzed in detail. The finding obtained from this study contributed to
development of intelligent thermal protective clothing for increasing
the thermal comfort of firefighter and decreasing the skin burn due to
overheating.

2. Materials and methods
2.1. Materials

2.1.1. PCM

Paraffins are commonly used for clothing thermal regulation due to
their compatibility, nonsupercooling, and high heat storage capacity.
The paraffin was enclosed in microcapsule for greatly decreasing the
leakage. In this study, four types of paraffins with different melt tem-
peratures (25 °C, 30 °C, 35 °C, 42 °C) were selected. These melt tem-
peratures were less than the temperature of skin burn threshold (44 °C)
for absorbing more thermal energy before the skin burn, thus mini-
mizing the skin burn [28].

2.1.2. Thermal protective clothing

Thermal protective clothing is commonly comprised of an outer
shell (OS), a moisture barrier (MB) and a thermal liner (TL). The PCM
was coated to a flame-resistant fabric (substrate) as a PCM layer that
was entrapped into the innermost layer of thermal protective clothing
(see Fig. 1). The basic specifcations are listed in Table 1. The mass per
unit area was tested based on an electronic scale tester, conformed with
standard ASTM D3776-96. In accordance with standard ASTM D1777-
96, the thickness of test specimen was measured under a pressure of
1 kPa. The air permeability of the PCM coated fabric was measured
under a pressure drop of 200 Pa using a Frazier Air Permeability Tester,
according to EN ISO 9237.

2.2. Preparation of PCM coated fabrics

For preparing uniform and stable PCM coated fabric, a process flow
diagram is designed in Fig. 2. The substrate needed to be well-pressed
before use. The coating slurry was prepared by mixing microcapsule
suspension, thickner, adhesive and water. The thickner (HEUR-B) was
used to mix all components for speeding up the uniform dispersion and
maintaining the surface smooth. The percentages of these components
were different in the coating slurry, as listed in Table 2. The coating

Fabric type  Fiber content

Fabric structure

Mass (g/m?)  Thickness (mm) Air permeability (mm/s)

oS Nomex IITA Twill 164 0.32 195.9
MB Nomex/Kevlar (PTFE) Hydroentanglement felt with PTFE 112 0.55 1.2

TL 100% Meta-aramid + 50% Nomex/50% flame-resistant viscose ~Needle-punched nonwoven + plain 143 1.66 1034.8
Substrate Nomex IITA Twill 229 0.49 81.8
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Fig. 2. Formation process of PCM coated fabric.

Table 2
Coating slurry with different contents of PCM.

Number Phase change temperature (°C) PCM content Moisture content
PCM-25a 25 25% 55%
PCM-25b 25 35% 45%
PCM-25c¢ 25 45% 35%
PCM-30a 30 25% 55%
PCM-30b 30 35% 45%
PCM-30c 30 45% 35%
PCM-35a 35 25% 55%
PCM-35b 35 35% 45%
PCM-35c 35 45% 35%
PCM-42a 42 25% 55%
PCM-42b 42 35% 45%
PCM-42c 42 45% 35%

slurry was coated onto the surface of substrate by using a Rapid la-
boratory coating machine (Werner Mathis AG, Switzerland). Fabric
specimens were coated by taking different amounts of PCM at a con-
stant machine setting, as shown in Table 2. The thickness and the mass
of coated fabric were used for quantitatively evaluating the uniform
dispersion. The coated fabric was pre-heated at 100 °C for 15 min and
then dried at 120 °C for 3 min. The coated fabric was required to be
placed in drying oven for 24 h. The moisture in the coated fabric was
evaporated completely in the drying process.

2.3. Methods
2.3.1. Measurement of basic properties
The basic properties of the PCM coated fabric are listed in Table 3.

The mass per unit area (substrate and PCM), thickness, air permeability

Table 3
Basic properties of PCM coated fabrics.

of the PCM coated fabric were measured according to the mentioned
methods in the Section 2.1.2. Breaking strengths in warp and weft of
the PCM coated fabric were tested by an electronic universal testing
machine (model INSTRON-6025). The mechanical strength for the PCM
coated fabric was marginally larger than no coated fabric, while the
coating technique sharply decreased the air permeability. This in-
dicated that the coating did not significantly affect the mechanical
properties of substrate fabric.

2.3.2. Measurement of thermal physical properties
(1) Coefficient of thermal conductivity

Table 4 shows the thermal conductivity of the PCM coated fabrics.
The thermal conductivity of textile fabric is widely determined under a
steady-state heat flux by a guarded-hot-plate apparatus (KESF-TLIIL).
The test apparatus is comprised of a hot plate, a guard heater, and a
cold plate. According to standard ASTM D1518-2014, the hot and cold
plates maintained the boundary conditions constants (35 and 25 °C) in
the superior and inferior surfaces of specimen. In the ideal case, the
plates were in perfect thermal contact with the specimen and the heat
flow through it was one-dimensional and independent of time. The heat
flow was from the hot plate to the cold plate along the direction of
specimen thickness. Under these conditions, the apparent thermal
conductivity (A) of the PCM coated fabrics was determined from the
heat flux (q) through it, the temperature difference (T;, — T,.) between
the hot and cold plates, and the thickness (L) of the PCM layer, written
as:

1=
A(T, - To) 1)

PCM number Mass per unit area (g/m?) Thickness (mm) Air permeability (mm/s) Breaking strength
Warp Weft

PCMO 229 (2) 0.49 (0.01) 81.8 (2.5) 1494 (117) 1000 (59)
PCM-25a 522 (10) 0.70 (0.02) 0.0 (0.0) 1616 (27) 1185 (8)
PCM-25b 539 (6) 0.74 (0.02) 0.0 (0.0) 1635 (14) 1147 (43)
PCM-25¢ 550 (43) 0.80 (0.04) 0.0 (0.0) 1643 (17) 1183 (21)
PCM-30a 454 (2) 0.74 (0.02) 0.0 (0.0) 1628 (21) 1121 (12)
PCM-30b 497 (11) 0.73 (0.02) 0.0 (0.0) 1646 (30) 978 (15)
PCM-30c 493 (7) 0.76 (0.02) 0.0 (0.0) 1581 (30) 1172 (33)
PCM-35a 462 (6) 0.75 (0.04) 0.1 (0.2) 1622 (21) 1155 (11)
PCM-35b 515 (11) 0.78 (0.04) 0.0 (0.0) 1615 (23) 1136 (12)
PCM-35c¢ 521 (7) 0.79 (0.02) 0.0 (0.1) 1625 (10) 1093 (19)
PCM-42a 451 (8) 0.72 (0.03) 0.0 (0.0) 1611 (15) 1132 (12)
PCM-42b 459 (2) 0.70 (0.04) 0.0 (0.0) 1602 (32) 1165 (16)
PCM-42¢ 504 (9) 0.73 (0.04) 0.0 (0.0) 1551 (30) 1171 (17)

Note: the value in the bracket is standard error.
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Table 4

Thermal physical properties of the PCM coated fabric.
PCM Melt Peak Phase- Thermal
number temperature temperature transition conductivity

range (°C) Q) enthalpy (J/ (W/(mK))
)

PCMO - - - 0.050
PCM-25a 9.0-34.2 26.4 46.7 0.071
PCM-25b  8.8-33.7 26.7 46.9 0.086
PCM-25¢  9.2-40.0 26.6 63.9 0.077
PCM-30a  23.4-40.2 33.3 106.7 0.094
PCM-30b  21.3-42.4 35.2 120.6 0.083
PCM-30c  20.4-41.2 33.3 114.9 0.080
PCM-35a  32.5-52.5 43.3 63.9 0.074
PCM-35b  29.2-50.1 41.1 104.5 0.072
PCM-35c  28.6-52.3 41.5 144.9 0.075
PCM-42a  34.0-52.8 45.5 86.0 0.072
PCM-42b  33.3-55.3 45.6 100.6 0.072
PCM-42c  34.5-55.8 47.1 107.0 0.067

where A is the area of the hot plate (0.0025), m?.
(2) Melt temperature and latent heat

Differential scanning calorimetry (DSC) is commonly used to de-
termine latent heat, melt range and specific heat. The test apparatus
consists of three different main components: the instrument itself con-
taining all the system electronics, the cell monitoring the heat flow and
temperature, and the cooling accessory. The DSC was purged with dry
nitrogen throughout the experiment. The empty specimen holder, the
sapphire standard and the specimen holder plus lid were weighed, re-
spectively. The same reference specimen holder plus lid were used for
the sapphire standard run and for the test specimen run. The DSC test
chamber was cooled, and maintained isothermally at the temperature
of —20 °C for at least 4 min to establish equilibrium. The test specimen
was heated from the initial to final temperature (80 °C) at a rate of
10 °C/min. The thermal curve during the heating phase was continually
recorded, and a steady-state isothermal baseline at the upper tem-
perature limit was recorded. Based on the thermal curve, the enthalpy
of phase change and specific heat capacity were calculated. The cal-
culated equations were obtained from standard ASTM E1269. Table 4
lists the enthalpy and the melt range for different PCM contents and
melt temperatures.

2.3.3. Evaluation of thermal protective performance against hot surface
contact

A bench top tester was used to assess the thermal protective per-
formance of fabric system incorporating the PCM layer against hot
surface contact, as shown in Fig. 3 [29]. The test apparatus is comprised
of a heat source, a specimen fixed component, a pressure controller and
a data acquisition system. The heat source includes a hot plate and a
surface plate (aluminium) with a wide of 140 by 140 mm. The hot plate
with a controlled temperature was employed to simulate hot object
hazards due to contact or compression. The pressure controller was
connected to an air pump for regulating the applied pressure to the
specimen. Skin-simulant sensor behind the specimen was used to record
the change of skin temperature as the sensor housing is construct of
Macor®, an inorganic material having similar thermal physical prop-
erties with human skin. The skin-simulant sensor enclosing with the
specimen was moved up and down under the driving force of air pump.
The test specimen was insulated from the hot plate by using a heat
insulation plate for ceasing the exposure, which aimed to ensure the
heat exposure duration.

The developed test apparatus is required by standard ASTM F1060.
The thermal protective performance test was conducted in a climate
chamber with 25 °C temperature and 65% relative humidity. According
to the standard ASTM F1060, the exposure intensity was calibrated
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Fig. 3. Schematic diagram of thermal protective performance tester.

before mounting the testing sample. The hot plate required at least
15 min to reach a required temperature of 316 °C. After completing the
calibration, the skin-simulant sensor and the test specimen were moved
down for initialing the heat exposure. The heat exposure time was 60 s.
After the heat exposure of 60 s, the copper calorimeter and the test
specimen were moved up, and the temperature data was recorded
continually for 540 s as a cooling phase. In addition, the temperature
changes on the PCM layer were measured by T-type thermocouple with
a diameter of 0.1 mm (OMEGA, Engineering, USA) (see Fig. 1). The
thermocouple attachment method was described in detail in Lawson’s
study [30]. Each specimen was tested three times and the average value
was calculated.

The temperature on the skin-simulant sensor was input to skin bio-
heat transfer model for calculating the skin temperature in deeper-layer
tissues. The heat transfer within the skin tissues was assumed as a
transient one-dimensional heat diffusion problem. According to stan-
dard ASTM F1930-18, the skin bio-heat transfer model that considered
the enhanced heat transfer due to changing blood flow in the dermis
and subcutaneous layers is written as,

d

oT oT
sin_=_ksin_ + h—T
(pepsic 3 6x( o ax) wy (pep)y (Tp — T)

(2)
where pyq, and (cp)sin are the density and specific heat of each layer
skin tissue, pp and (c,), are the density and specific heat of blood, re-
spectively, w, is the rate of blood perfusion at dermis layer and sub-
cutaneous tissue, and T}, is the blood temperature. The properties and
parameters of each skin layer in skin heat transfer model were obtained
from standard ASTM F1930-18.

The temperature histories versus time in different skin layers were
calculated by the equation (2). Skin burn injury could take place when
the basal layer or the dermal layer temperature reached 44 °C [27].
Henriques burn integral model was employed to predict 2nd and 3rd
degree skin burns, given by,

t AE
Q= j()' Pexp(~— )dt @)
where Q is a quantitative measure of burn damage at the basal layer or
at any depth in the dermis, R is the universal gas constant, T is the
absolute temperature at the basal layer or at any depth in the dermis,
and t is the total time for which T is above 44 °C. The temperatures of
more than 44 °C at the epidermis-dermis interface and the dermis—
subcutaneous tissue interface were input into the equation (3) to cal-
culate the burn damage (€2). These constants for calculation of Q2 could
be obtained in ASTM F2731-11. When the Q reaches a value of 1 at the
epidermis—dermis interface and the dermis-subcutaneous tissue inter-
face, the corresponding times are treated as 2nd and 3rd degree burn
times, respectively. The predicted skin burn times were used to evaluate
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the thermal protective performance of the fabric under hot surface
contact.

2.3.4. Calculation of stored and discharged thermal energy

The performance of bidirectional thermal regulation of PCM layer
includes the thermal protective performance and the thermal hazardous
effect. In this study, the stored thermal energy during the exposure and
the time to skin burn was used to assess the thermal protective per-
formance of the PCM layer. The transferred thermal energy to skin after
the exposure was used to evaluate the thermal hazardous effect of
clothing.

The heat flux through the test specimen (q(t)) was calculated by the
temperature changes on the sensor’s surface according to Duhamel’s
theorem, written as,

_ /@(1 M)
1=k e @

where p, k and ¢, are the density, thermal conductivity and specific heat
of the skin simulant sensor, respectively, T; is the initial temperature on
the sensor’s surface, and T;(t) is the transient temperature versus time t
on the sensor’s surface. The absorbed thermal energy by skin (Qgq) is
written as,

t
Qu = D, q(t)At
0 5)
where A\t is the time difference.
The stored and discharged thermal energy in the PCM layer due to
the sensible heat was calculated by the temperature changes on the
PCM layer, written as,

AT () + AT(t)
2 (6)

where Qgy(t) is the accumulative stored thermal energy, ppem and cyem
are the density and specific heat of the skin simulant sensor, respec-
tively, Ly is the thickness of the PCM layer, A T;(t) and AT(t) are the
temperature difference at different times for both sides of PCM layer,
respectively.

The latent thermal energy (Q;x(t)) for the PCM layer could be cal-
culated by the phase-transition enthalpy (E,cn,) and the mass of PCM
(Mye).

Qrr(t) = mpcmEpcm @

QSH (t ) = Ppcm Cpcmchm

3. Results and discussion
3.1. Effect of PCM on thermal protective performance

The effect of the PCM layer on the thermal protective performance
was examined firstly before analyzing the thermal regulation perfor-
mance. Fig. 4 shows second-degree skin burn times with different PCM
contents and melt temperatures. It was clear that the second-degree
skin burn time for these coated fabrics ranged from 25.5 s to 31.8 s. The
average value (29.3 s) of the second-degree skin burn time was 66%
greater than non-coated fabric (17.7 s). This implied that the in-
corporation of PCM layer greatly improved the thermal protective
performance under the hot contact exposure.

In addition, it was observed that the time to casue second-degree
skin burn increased with the PCM content for the same melt tempera-
ture. The correlation coefficient between the time to skin burn and the
PCM content was 0.651 (p < 0.05), indicating a statistically positive
correlation. The PCM layer with higher PCM content stored more
thermal energy. For the same PCM content, the PCM layer with melt
temperature of 35 °C provided the highest thermal protective perfor-
mance, and secondly was the PCM layer with melt temperature of 42 °C.
The time to skin burn presented a significant correlation with the
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Fig. 4. Second-degree skin burn times for different PCM contents and melt
temperatures.

enthalphy of phase change (r = 0.602, p < 0.05). The rising of the
enthalphy could increase the thermal protective performance.
Therefore, the PCM layer with melt temperature of 35 °C and 45% PCM
content was the most suitable for incorporating into the thermal pro-
tective clothing. The increases of the PCM content and the enthalphy
could further improve the thermal protective performance. The melt
temperature of PCM presented no significant correlation with the skin
burn time.

3.2. Effect of PCM on heat transfer through thermal protective clothing

The skin burn times for all samples occurred in heat exposure phase.
The PCM layer only absorbed thermal energy during the phase. Thus, it
was hard to analyze the effect of heat release from the PCM layer on the
skin burn. For analyzing the combined effects of stored and released
thermal energy, Fig. 5 shows the temperature changes on the outer
surface of PCM layer and the skin surface. It was clear that the tem-
peratures of the PCM layer and the skin surface increased rapidly
during the heat exposure, and then decreased substantially after the
exposure. For different contents of PCM, the temperatures for the PCM
layer at the end of heat exposure (60 s) ranged from 138.6 to 187.8 °C.
The temperatures on the skin surface at the 60 s were in between 53.4
and 56.1 °C. With regard to non-coated fabric, the temperatures of the
fabric layer and the skin surface increased to 157.1 and 75.6 °C, re-
spectively. The temperature of the skin surface was around 20 °C higher
for non-coated fabric. This indicated that the incorporation of the PCM
layer obviously decreased the heat transfer through the thermal pro-
tective clothing. The PCM layer absorbed a large amount of thermal
energy through solid-liquid transition, thus reducing the thermal en-
ergy transferring to the skin surface and the skin temperature. How-
ever, more thermal energy in the PCM layer was absorbed during the
exposure comparing to the non-coated fabric, thus increasing the tem-
perature of the PCM layer. Therefore, the temperatures for these PCM
layers (30, 35 and 42 °C melt temperatures) were higher than that for
non-coated fabric (see Table 5). The PCM layer with phase change
temperature of 25 °C demonstrated an opposite trend. The reason might
be that the phase change initialed before the heat exposure, and the
PCM layer stored thermal energy from the surrounding environment
(not from the hot surface). Thus, the PCM layer with phase change
temperature of 25 °C could stored less thermal energy during the ex-
posure comparing to these PCM layers with different phase change
temperatures.

After the exposure, the PCM layer could discharge the stored
thermal energy to the skin surface for slowing down the temperature
drop. It was found that the skin temperature for the non-coated fabric
decreased by 20.1 °C from 60 to 120 s. In the same duration, the 4.1 °C
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Fig. 5. Changes in PCM temperature and skin temperature with PCM content.
Table 5 skin temperature. The skin temperature for the non-coated fabric was

Temperature changes in PCM layer and skin surface.

Temperature changes (60-600 s) °C

Fabric system  Temperature changes (0-60 s)

C

PCM layer Skin surface PCM layer Skin surface
NO PCM 140.0 52.3 -122.6 -31.5
PCM-25-25%  139.0 34.8 -121.2 -14.9
PCM-25-35%  128.2 31.3 —111.0 —-12.1
PCM-25-45%  130.1 31.1 -112.8 -12.3
PCM-30-25%  173.4 33.3 —157.7 -14.8
PCM-30-35%  155.2 32.3 —140.0 —-14.9
PCM-30-45%  123.3 32.7 —108.3 —-15.9
PCM-35-25%  148.6 32.7 —134.8 —14.5
PCM-35-35%  144.1 31.2 -129.1 -13.8
PCM-35-45%  169.7 31.9 —153.9 —13.8
PCM-42-25%  165.0 33.8 —148.3 -14.8
PCM-42-35%  175.8 33.4 —159.9 -14.0
PCM-42-45%  153.9 30.3 —142.0 —-14.0

Note: Positive value indicates the temperature rise; Negative value indicates the
temperature drop.

decline was the biggest drop in the skin temperature for the PCM layer.
The decline rate for the non-coated fabric was significantly greater than
the PCM coated fabrics. This indicated that the releasing thermal en-
ergy from the PCM layer decreased the skin cooling at the initial mo-
ment of cooling phase. However, the skin temperature for the non-
coated fabric was still higher than 50 °C at the 300 s, while the skin
temperature was lower than 50 °C for all PCM coated fabrics. It was
deduced that the skin cooling was quicker for the fabric system con-
taining the PCM layer with the rising of cooling time.

Fig. 6 shows the effect of melt temperature on PCM temperature and

——NO PCM

PCM-25-45%
PCM-30-45%
PCM-35-45%
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PCM temperat

0
Time (s)
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still far more than that for the PCM coated fabrics. However, the skin
temperatures for all PCM layers were approximately equal. This in-
dicated that the change of melt temperature did not affect significantly
the skin temperature. The PCM temperature presented a great differ-
ence with the rising of melt temperature. The PCM layer with melt
temperatures of 35 and 42 °C presented higher PCM temperature, which
was related to the thermal conductivity and the melt temperature. Be-
cause more thermal energy was stored in the PCM layer with melt
temperatures of 35 and 42 °C, thus increasing the temperature of the
PCM layer.

In addition, Table 5 listed the temperature changes in the PCM layer
and the skin surface during and after the heat exposures. For examining
the effects of melt temperature and PCM content on the temperature
change, the correlation analysis was conducted in statistic. The tem-
perature change of the PCM layer during the heat exposure presented a
highly positive correlation with the melt temperature (r 0.645,
P < 0.05). Besides, the increased melt temperature significantly en-
hanced the temperature changes after the exposure (r 0.682,
P < 0.05). However, there had no obvious correlation between the
temperature change of skin surface and the melt temperature. This was
because the capacity of storing thermal energy for the PCM layer was
determined by many factors, such as enthalphy of phase change, melt
temperature and PCM content. Besides, the melt temperature did not
increase the enthalphy of phase change according to the Table 4.

The PCM content exterted an important effect on the temperature
change of PCM layer during the exposure, but there had no linear
correlation between them. The temperature change on the skin surface
during the exposure decreased significantly with the PCM content
(P < 0.05). After the exposure, it was found that the temperature
changes for the PCM layer and the skin surface both showed a decrease
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Fig. 6. Changes in PCM temperature and skin temperature with melt temperature.
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Fig. 7. Thermal curves with different melt temperatures under 45% PCM content.

over the rising of PCM content. This was because that the larger PCM
content could increase the stored thermal energy, thus decreasing the
thermal energy transferred to the skin surface.

3.3. Bidirectional thermal regulation of PCM

The Section 3.2 discussed the effect of PCM layer on the heat
transfer through the fabric system. For further analyzing the bidirec-
tional thermal regulation of PCM, the thermal curves with temperature
for the PCM layer are showed in Fig. 7. It was clear that each thermal
curve had an endothermic peak (or called mushy zone). The initial and
end points of endothermic peak are inflection points, which indicates
the initial and end of phase change. The reference line was obtained by
connecting initial and end points of endothermic peak. The dash area of
the endothermic peak under the reference line was used to calculate the
enthalpy of phase change.

For example, the endothermic peak for the PCM layer with 25 °C
melt temperature ranged from 9.2 to 40.0 °C, which means the occur-
ance of solid-liquid phase change in the melt range. The lowest point for
the endothermic peak indicated the largest rate of absorbed heat, cor-
responding to the temperature of 26.6 °C. In addition, there existed
other endothermic peak before 9.2 °C that was called the phase tran-
sition of solid-solid. Thus, the PCM layer with melt temperature of 25 °C
might not stored much heat in the heat exposure, since the environ-
mental temperature under the hot contact exposure was around 22 °C.
Likewise, the PCM layer with melt temperature of 30 °C initialed to
stored heat before the heat exposure, thus decreasing the capacity of
storing thermal anergy. The temperature ranges of endothermic peak
for melt temperatures of 35 and 42 °C were both more than the initial

temperature, meaning that the corresponding PCM layers could absorb
more thermal energy under the hot contact exposure.

The endothermic peaks for these PCM layers presented an obvious
change with the melt temperature. The increased melt temperature
could rise the largest rate of storing heat and the corresponding tem-
perature. The enthalpy of phase change showed an overall increase
with the PCM content (Table 4). The enthalpy of phase change for PCM
layer of 25 °C melt temperature was lowest in all three kinds of PCM
contents, indicating the lowest capacity of storing thermal energy.

The performance of bidirectional thermal regulation includes the
thermal protective performance and the thermal hazardous effect. The
stored thermal energy during the exposure was used to assess the
thermal protective performance of the PCM layer. According to the
above results, the stored thermal energy consisting of latent heat and
sensible heat for the PCM layer and the skin absorbed thermal energy
during the heat exposure were both calculated [17]. It was found that
the phase change for all PCMs from the solid to liquid was completed
below 60 °C (see Fig. 7). However, the PCM temperature during the
exposure was more than 140 °C (see Figs. 5 and 6). Therefore, it was
assumed that the PCM was purely liquid during the exposure. The ab-
sorbed thermal energy by skin during the exposure was 56.0 J/cm? for
non-coated fabric, which was far more than the PCM coated fabrics in
Fig. 8(b). The PCM layer during the exposure decreased the skin ab-
sorbed thermal energy by around 40%. This was because the PCM layer
stored the thermal energy due to the sensible heat (SH) and the latent
heat (LH). The total stored thermal energy for these PCM layers ranged
from 8.9 to 14.89 J/cm?, which accounted for 26.3% and 46.3% of the
skin absorbed energy. As a result, the thermal storage of the PCM layer
was extremely important in decreasing the heat transfer to skin.
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Fig. 8. Thermal energy absorbed by PCM layer (a) and skin layer (b) during the heat exposure.

Moreover, it was found that the stored thermal energy for the PCM
layer increased with the PCM content except for the PCM layer with
melt temperature of 30 °C. However, the rising of PCM content de-
creased the absorbed thermal energy by skin. It was deduced that there
had a negative relation between the stored thermal energy for the PCM
layer and the absorbed thermal energy by skin.

After the heat exposure, the released thermal energy from the PCM
layer could quicken up heat transfer and exterted a thermal hazardous
effect on human skin. The thermal hazardous effect was analyzed by
calculating the skin absorbed thermal energy and the discharged
thermal energy from the PCM layer in Fig. 9. The absorbed thermal
energy by skin after the exposure was 65.1 J/cm? for non-coated fabric,
which was slightly less than these PCM coated fabrics (65.4-74.5 J/
cm?). It could be inferred that the incorpation of the PCM layer in-
creased the thermal energy releasing to skin after the exposure.

Fig. 9(a) shows the discharge of thermal energy from the PCM layer.
As the temperature of PCM layer at the end of heat exposure was more
than 40 °C, the phase change from liquid to solid was not actuated for
most of PCMs. Therefore, the released thermal energy included sensible
heat and latent heat. The released thermal energy presented a positive
correlation with the stored thermal energy, indicating that the more
stored thermal energy would result in more heat release. However, the
skin absorbed thermal energy showed a decrease with the PCM content,

S =) oo

Thermal energy (J/cm?)

[\S)

25°C 30°C 35°C 42 °C
Melt temperature
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Fig. 9. Thermal energy released by PCM layer (a) and absorbed by skin layer (b) after the heat exposure.

and had a conflict relation with the released thermal energy. The reason
might be that the released thermal energy accounting for 9.6% to
14.0% of total skin absorbed thermal energy was simultaneously
transmitted to the outer environment and the skin surface. Besides, the
PCM layer with larger thermal conductivity increased the cooling rate
of skin. Therefore, the release of thermal energy from the PCM layer
could aggravate the thermal hazardous effect, but had no significant
correlation with the skin absorbed thermal energy.

4. Conclusions

Heat transfer in the PCM layer due to the bidirectional thermal
regulation (stored and discharged thermal energy) was obviously dis-
tinct from the traditional thermal protective fabrics. During the ex-
posure, the PCM layer for different PCM contents could absorb thermal
energy of 8.9-14.89 J/cm? through the sensible and latent heat. The
skin absorbed thermal energy due to the incorporation of the PCM layer
was decreased by around 40%. Therefore, the incorporation of the PCM
layer greatly improved the thermal protective performance under hot
surface exposure that was related to PCM content, enthalphy and melt
temperature.

After the exposure, the PCM layer became a passive heat source that
could discharge the thermal energy to the skin surface. The thermal
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energy of only 6.15-9.67 J/cm? was discharged from the PCM layer,
which accounted for 9.6 —14.0% of total thermal energy absorbed by
skin. As the discharged thermal energy was simultaneously transmitted
to the outer environment and the skin surface, the incorporation of the
PCM layer decreased the skin cooling rate mainly in the initial of
cooling phase. The PCM layer slightly aggravated the thermal ha-
zardous effect on a human body, but presenting no significant corre-
lation with the skin absorbed thermal energy.

The PCM layer with melt temperature of 35 °C and 45% PCM con-
tent was the most suitable for incorporating into the thermal protective
clothing, which was influenced by melt temperature, PCM content and
enthalphy. The findings obtained from this study contributed to further
development of PCM used for thermal protective clothing. However,
four kinds of melt temperature and three kinds of PCM content were
selected in this study, which caused difficulties in quantitatively ana-
lyzing the optimum parameter of PCM. More experimental specimens
should be prepared and heat tranfer model in the intelligent thermal
protective clothing should be developed to obtain the optimum design
parameter of PCM. Furthermore, the thermal protective clothing in-
corporating the PCM layer should be developed to conduct a human
trial, thus further investigating clothing thermal comfort, ergonomics,
and durability.
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