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Abstract

This study is to determine the effects of PCM concentration on the temperature changes of the air layers of
a garment when the environmental temperature changes. The selected PCM was Nonadecane and coated on
cotton fabrics with PCM concentrations 10%, 20%, and 30%. The temperature changes of the air layers
between fabrics were measured by Human-Clothing-Environment Simulator which measure a dynamic heat
transfer. After stabilizing at 34°C for 1 hour, the multi layered garment system were exposed to 5°C or 10°C
for 30 minutes and then, exposed to 34°C for 30minutes. The results like following could be obtained. When
the environmental temperature changed high to low, temperature of the air layer increased by heating effect of
PCM. In the contrast, when the environmental temperature changed low to high, the temperature increase of
the air layer was delayed because of cooling effect by PCM. Also, the more concentration of PCM, the bigger
the heating effect. Cooling effect showed more clearly at PCM concentration 20%. The temperature
differences of the air layers between with PCM fabrics and with non-PCM fabrics were bigger at 10°C than at
5°C. Consequently, though PCM has influenced on the temperature of the air layer by heating and cooling
effect, those effects haven't shown in all layers equally. It was shown that the effect of PCM varied according
to the layer in the case of multi layered garment system and heat gain as well as heat loss in the outermost
layer had to be taken into account.
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L. Introduction the body to the environment through the garment so
that humans feel satisfaction in the physical, physio-
When heat and moisture transfer efficiently from logical, and psychological aspects, it is said that this

kind of wearing situation is ‘comfort’. However, if
E-mail: uhwas@hanmail.net the environmental temperature changes suddenly,
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(KRF-2007-331-C00299). mal impact and feel discomfort. Therefore, the devel-
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opment of intelligent fabrics or garments which can
adjust and maintain comfort during a sensible tem-
perature transient 1s very important and necessary. It
is Phase Change Material(PCM) that can help a
wearer keep comfort when the environmental tem-
perature changes.

Phase change is a process of going from one phys-
ical state to another. PCMs are materials that can
- absorb, store and release large amounts of energy, in
the form of latent heat, over a narrowly defined phase
change range, while that material changes state.

Phase Change Materials use chemical bonds to
store and release heat. When the melting temperature
is attained during a heating process, the phase change
from solid to liquid occurs and the PCM absorbs a
large amount of latent heat from the surrounding
environment. Energy is absorbed by the materal and
1s used to break down the bonding responsible for the
solid structure. This heat is then stored in the PCM
and subsequently released in a cooling process start-
ing at the PCM's crystallization temperature. The
latent heat will be released to the surroundings when
the material cools down. During the entire phase
change process, the temperature of the PCM as well
as the surrounding substrate remains constant. When
the phase change is complete, continued heating/cool-
ing results in a further temperature increase/decrease
(Mikinen, 2006).

A PCM fabric can act as a transient thermal barrier
from cold or hot environments. When a PCM fabric
1s subjected to a hot environment, PCM will absorb
this transient heat during the phase change, and it
will prevent the temperature of the fabric from rising
at the melting point of the PCM. This phase change
produces a temporary cooling effect in the clothing
layers. In a similar manner, when a PCM fabric is
subjected to a cold environment, the PCM releases
the stored heat and -a temporary warming effect
occurs in the clothing layers. This heat exchange pro-
duces a buffering effect in clothing layers, minimiz-
ing changes in skin temperature. The active thermal
insulation effect of the PCM results in a substantial
improvement of the garment's thermo-physiological
wearing comfort(Ghali et al., 2004).

The best-known PCM is water. In addition to

water, more than 500 natural and synthetic PCMs

‘already exist in various forms in nature(Pause, 1995).
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Researches on phase change materials have con-
centrated on the materials such as linear crystalline
alkyl hydrocarbons, fatty acids and esters, polyethyl-
ene glycols(PEG), quaternary ammonium clathrates
and semi-clathrates, hydrated inorganic salts and
eutectic alloys.

In these days alkyl hydrocarbons are used exclu-
sively. The alkyl hydrocarbons are chemically stable,
non-corrosive, non-toxic, non-hygroscopic and exhibit
no supercooling properties. Paraffins are also inex-
pensive and have a high latent heat per unit weight.
They also have disadvantages such as low thermal
conductivity, high changes in volume during phase
change and flammability(Bendkowska, 2006).

Studies on the effect of PCMs on heat transfer
from the body during sensible temperature transient
were conducted by many researchers. .

Vigo and Frost(1982, 1983, 1985) have incorporated
some of these phase change materials into textile
fibers and have shown the transitions by differential
scanning calorimetry(DSC). Pause(2003) recorded skin
temperatures and moisture contents in the microcli-
mate during wearing trials at 21°C, 40%RH. The
results showed that cooling effect by heat absorption
of the PCM induced a substantial delay in the tem-
perature increase and the delay increased signifi-
cantly smaller amount of moisture build up in the
microclimate.

McCullough and Shim(2006) measured the effect
of layers of PCM clothing materials on reducing the
heat loss or gain, using an PU foam containing 60%
microPCM. The results indicated that the heating and
cooling effects lasted approximately 15 minutes and
the released heat depended on the number of PCM
layers, their orientation to the body and the amount
of body surface area covered by PCM garments.
Also they conducted an experiment on the effect of
PCM-ski ensembles on the comfort of subjects dur-
ing exercise, and they found no appreciable effect of
PCM material on comfort compared to non-PCM ski
clothing.

Ghali et al.(2004) analysed the effect of microPCM
on the thermal performance of fabric during periodic
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ventilation. Their results indicated that microPCMs
in fabric causes a temporary heating effect when sub-
jected to a sudden environmental change. Li and
Zhu(2004) also made the mathematical model of
heat and moisture transfer in microPCM textiles.
They compared the predictions of temperature changes
during combined moisture and temperature transients
with experimental measurements and found reason-
able agreements.

Most of the PCM that treated in the researches
have been octadecane(Choi et al, 2004; Ghali et al.,
2004; McCullough & Shim, 2006; Zhang et al.,
2006). Octadecane is representative material of com-
mercially available PCM based on paraffin-waxes
and microcapsule technology and has also been used
in clothes for heating or cooling applications. Tr, and
Tc of PCM is very important since PCM's thermal
insulation effect is dependent on temperature. The
closer to body temperature the phase change temper-
ature is, the larger possibility of the occurrence of
phase change. T, and T. of octadecane is 28.2°C and
25.4°C while Ty, and T. of nonadecane is 32.1°C and
26.4°C(Mikinen, 2006). From a practical point of
view, nonadecane is a more efficient PCM. Never-
theless, for there is no any research about nonade-
cane, it neeeds to study about that.

The garments made with PCMs will keep a person
warm longer than conventional insulations when worn
in cold environments. However, in order for PCMs to
improve the thermal comfort characteristics of a
clothing ensemble in a cold environment, they must
produce enough heat in the garment. The efficiency
of these effects and their duration are mainly depen-
dent on the thermal capacity of the PCM and, hence,
the applied PCM quantity. Consequently, the effects
of PCM concentration of the clothing ensemble
needs to be examined(Bendkowska, 2006).

Therefore, in this study, it is to investigate the

effects of PCM concentration on the air layers of the
garment system using nonadecane. When a garment
system is composed of multi layered, all layers
wouldn't be affected by PCM. In a condition which
the environmental temperature changes from high to
low and the opposite, it is to determine the effects of
PCM concentration on the temperature changes of
the air layers of a garment by Human-Clothing-Envi-
ronment Simulator which measure a dynamic heat
transfer.

II. Materials and Methods

100% cotton fabric(thickness 0.48mm, weight 275g/
m’) was treated with PCM by Shillananotech Inc. at
three different levels. Coating mixture concentration,
the ratio of microcapsule to binder, were 1:9(10%), 2:8
(20%) and 3:7(30%). The selected PCM was Nonade-
cane(CyoHyg, Ty 32.1°C, T 26.4°C)(Mikinen, 2006)
and the physical properties of the fabric treated with
PCM are shown in <Table 1>.

Human-Clothing-Environment(HCE) Simulator
developed by Functional Texitle System Research
Lab in Yonsei University was used for the tests(Fig.
1)(Kim et al., 2003). HCE simulator consists of two
chambers which provide warm and cold environ-
ments and a testing part which includes a hot plate
and acryl rings for attaching sensors and fabrics.
Temperature of the hot plate was 34+ 0.5°C. Cotton
fabrics untreated and treated with microPCMs com-
posed 4 layers of a garment and the 1st layer was the
nearest layer to the hot plate(Fig. 2).

The temperature changes of the air layers between
fabrics were measured every 15 seconds and pre-
sented in a graph by the average of three tests. After
stabilizing at 34°C for 1 hour, the multi layered gar-
ment system were exposed to 5°C or 10°C for 30
minutes and then, exposed to 34°C for 30 minutes.

Table 1. Characteristics of specimen

Specimen Fiber Finich PCM Thickness | Weight Add-on
P Content(%) s Conc.(%) (mm) (g/mz) (%)
Cotton with Cotton Nonadecane(10~15um), 10 0.49 297.1 8.0
PCM (100) Binder(acryl, 250nm), 20 0.51 1280 1972
Knife Coating(150yard/m, 120°C) 30 0.52 L T,
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Fig. 1. Human-clothing-environment(HCE) simulator.

40
35
€ 30| %0
9 .. ) N . ' ,’a-:'
= 1 NIl f.‘——1stlayeerCM®
© 25 " @ — - 2nd layer w PCM® 1
@ N T --” -« » 3rd layer w PCM®
Q. .. | — - 4th layer w PCM®
qE) 20 KL ! —— 1st iayer w/o PCM []
— R - ® — = 2nd layer wfo PCM
1 : Hot Plate 15| oo T T dlaverwio BUM Y|
2, 3,4, 5, 6 : Frames for Sensors and Test Fabrics Y
_ o 0 5 10 15 20 25 30 35 40 45 50 55 60 65
Fig. 2. Sensors and test fabrics in the garment system. . .
Time(min.)
40 Fig. 4. Temperature changes of the air layers of a
garment at PCM conc. 20%(environmental
35 E=x temperature changes : 34°C—5°C—34°C).
%) .'. " ‘ = -
-...a_; 30 " \.\“. *n.-- Q‘/‘( 40
= . cw, A* | = 1st layer w PCM®D
£ 95 A ¥ - w1 — — 2nd layer w PCM®
5 . e -@_”-;» - - - 3rd layer w PCM® 35
4 \Y f — - 4th layer w PCM@ — "
e 4. | = 1st{ayer w/o PCM '
E) 20 S , — -2nd igyer wio PCM «Si 30+
"‘-..._‘H“ : - - - 3rd layer w/o PCM O = e, im0 < #ol— 1stlayer w PCM®
15 = %D- = — - 4th layer w/fo PCM % . & ‘of - —2nd layer w PCM®@)|
= e e I o - - = 3rd layer w PCM®
 J P U — i sl 8_ ! = - 4th layer w PCM@
0 5 10 15 20 25 30 35 40 45 50 55 60 65 § 20 |- o [ |2 oo g wio oM |
: : i~ @ - - - 3rd layer wio PCM
Time(min.) -3 B t B I:::r wio PCM
Fig. 3. Temperature changes of the air layers of a
o ) 10 b
garment at PCM conc. 10%(environmental 0 5 10 15 20 25 30 35 40 45 50 55 60 65

temperature changes : 34°C—5°C—34°C). Time(min.)
Fig. 5. Temperature changes of the air layers of a

garment at PCM conc. 30%(environmental
temperature changes : 34°C—5°C—34°C).

II1. Results and Discussion

1. Heating Effect by PCM
perature(5°C). As a result, at 10% concentration,
there was no big differences between the air layers
with PCM fabrics and the ones with non-PCM fab-
rics(Fig. 3).

In the case of 20%<Fig. 4> and 30%<Fig. 5>, the

To examine the effects of PCM on the air layers,
the temperature changes of the air layer in a garment
system were measured as the environment condition
changed from high temperature(34°C) to low tem-
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temperature of the air layers with PCM fabrics was
higher than the temperature of the air layers with
non-PCM fabrics. This can be explained as heating
effect by PCM. Changing liquid into solid and releas-
ing latent heat around 26.4°C which is a crystalliza-
.tion point of nonadecane, PCM would increase the
temperature of the air layer. The phenomenon results
in the temperature differences between the air layers
with PCM fabrics and with non-PCM fabrics.

PCM did not have influence on all air layers equally.
The temperature differences between the air layers
with PCM and the ones with non-PCM were not the
same(Fig. 4 and 5). The temperature differences of
the 1Ist and the 4th air layer were smaller than the
ones of the 2nd and the 3rd air layer. Considering that
the temperature of the air layer continued to display
over 31°C, it can be conjectured that PCM in the 1st
fabrics did not occur the phase change and stayed in
the liquid state even when the garment system
exposed to the cold environment. However, the tem-
perature of the 1st air layer with PCM showed to be
higher than the one with non PCM due to heat insula-
tion by the released heat by PCM of the 3rd and 4th
fabrics. The temperature differences were also small
in the 4th air layer. Even though PCM in the 4th fab-
ric released heat through the phase change around at
the crystallization temperature, the temperature dif-
ferences were not so big because the layer was the
outermost layer and a portion of the released heat
would be lost to the low temperature environment.

Comparing <Fig. 3, 4 and 5>, it seems obvious
that the higher concentration of PCM, the higher
temperature differences of the air layers. It can be

known that the more concentration of PCM, the
greater heating effect. These contents are summa-
rized into <Table 2>. It can be found that the more
concentration of PCM, the bigger average and maxi-
mum temperature differences between the air layers
with PCM fabrics and the ones with non-PCM fab-
rics. When the concentration was higher, the time of
the maximum temperature differences showed to be
later because there was more PCM in the fabric.

The temperature changes of a garment's air layers
were also measured as the environment condition
was changed from high temperature(34°C) to low
temperature(10°C). The results are graphed in <Fig.
6, 7 and 8>.

The test results shown in <Fig. 6, 7 and 8> indicate
similar trends that the temperature of the air layers
did not display distinct differences between with
PCM and with non-PCM at PCM concentration 10%
while it showed outstanding differences at 20% and
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Fig. 6. Temperature changes of the air layers of a

garment at PCM conc. 10%(environmental
temperature changes : 34°C—10°C—34°C).

Table 2. Temperature differences of the air-layers in a garment system according to PCM concentrations(environ-

mental temp. change : 34°C—5°C)

1st layer 2nd layer 3rd layer 4th layer
10% | 20% | 30% | 10% | 20% | 30% | 10% | 20% | 30% | 10% | 20% | 30%
maximum temp.’C) | 0.19 | 0.68 | 0.69 | 034 | 1.08 | 1.24| 0.56 | 1.30 { 1.37 | 0.63{ 0.90 | 1.06
temp. difference™ | time**(min.) | 4.75 | 6.75 | 675 | 450 | 9.75 {1225 | 450 | 85 | 85 | 1.75] 275 | 275
average temp. difference*(°C) 003 | 052 | 057 | 020 | 0.86 | 1.03| 022 | 1.04 | 1.12 | -0.03 | 0.57 | 0.69
ﬁ?ﬁ;;ﬂ?ﬁfﬁﬁﬁ%fiﬁfﬁe* 125 | 075 | 1.00 | 1.00 | 0.75 | 075| 025 | 0.25 | 025 | 0.00| 0.00 | 0.00

*temp. difference=temperatures of the air-layers with PCM treated fabrics-temperatures of the air-layers with non-PCM fabrics
**time : lapsed time since an environmental temperature has changed to 5°C
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30%.

As the environment temperature was higher, the
temperatures of the air layers were greater than the
ones at 5°C. The less extreme the environmental tem-
perature, the more effective the insulation becomes.

Even if all of the fabrics in a garment system were
treated with PCM, not all of the PCM would go
through phase changes when the garment system
went from an warm environment to a cold environ-
ment. The PCM closest to the body(hot plate) will
probably remain close to skin temperature and stay in
the liquid state.

To the contrary, PCM in the 4th fabric layer will
get cold and solidify, thus producing some heat but,
the heat would be transferred to the outside. It is the
reason that the 1st and 4th air layers showed smaller
temperature differences than the 2nd and the 3rd air
layers.

The temperature differences between with PCM
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Fig. 7. Temperature changes of the air layers of a

garment at PCM conc. 20%(environmental
temperature changes : 34°C—10°C—34°C).

fabrics and with non-PCM fabrics tended to be pro-
portional to the concentration of PCM, similar to the
results of 5°C(Table 3).

At the environment temperature 5°C, regardless of
PCM concentrations, the temperature differences
between with PCM and with non-PCM were highest
in the 3rd air layer and, at 10°C, they were in the 2nd
air layer.

2. Cooling Eftect by PCM

As the environmental temperature changes low
(5°C or 10°C) to high(34°C), the temperature of the
air layer with PCM fabrics increased more slowly
and showed to be lower(Fig. 3-8).

At 10% concentration<Fig. 3>, it was difficult to
find out the heating effect by PCM but was easy to
look up the cooling effect. It is thought that the 1st
fabric layer hasn't experienced the phase change
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garment at PCM conc. 30%(environmental
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Table 3. Temperature differences of the air-layers in a garment system according to PCM concentrations(environ-

mental temp. change : 34°C—10°C)

1st layer 2nd layer 3rd layer 4th layer
10% | 20% | 30% | 10% | 20% | 30% | 10% | 20% | 30% | 10% { 20% | 30%
maximum temp.(°C) 036 | 084 | 082 | 060 | 121|137 | 045 | 1.09| 1.23 | 0.26 | 0.88 | 0.93
temp. difference* time**(min.) | 425 | 6.75 | 6.75 | 7.5 |12.25{12.25| 5.50 | 10.75|10.75| 2.00 | 3.25 | 3.50
average temp.
gifference*(C) 027 1 0711070 | 052 | 098] 1.17 | 034 | 087 | 1.03 | -0.03| 0.62 | 0.57
1 L3 - *
time** when a temp. difference 000 | 075 1 075 [ 025 | 0.75] 075 | 050 | 0.50] 0.50 | 0.50 | 0.00 | 0.25
begins to be over 0.1 'C(min)

*temp. difference=temperatures of the air-layers with PCM treated fabrics-temperatures of the air-layers with non-PCM fabrics
**time : lapsed time since an environmental temperature has changed to 10°C
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Table 4. Temperature differences of the air-layers in a garment system according to PCM concentrations(environ-

mental temp. change : 5°C—34°C)

1st layer

2nd layer 3rd layer 4th layer

10% | 20% | 30%

10% | 20% | 30% | 10% | 20% | 30% | 10% | 20% | 30%

maximum temp.("C) 049 | 0.69 | 0.65

066 | 1.07 | 096 | 0.84 | 1.19 | 1.01 | 097 | 099 | 0.71

temp. difference*

time**(min.) | 3.75 | 9.00 | 8.00

425 | 825 | 725 1375|725 | 725 | 200 | 550 | 575

average temp. difference*(°C) 0.33 | 047 | 043

time** when the temp. of the 4th layer
begins to be over the temp.
of the 3rd layer(min)

043 | 073 | 060 | 053 | 0.83 | 061 | 059 | 0.72 | 0.41

3.50 | 3.25 | 3.00

*temp. difference=temperatures of the air-layers with PCM treated fabrics-temperatures of the air-layers with non-PCM fabrics
**time : lapsed time since an environmental temperature has changed to 34°C

Table 5. Temperature differences of the air-layers in a garment system according to PCM concentrations(environ-

mental temp. change : 10°C—34°C)

1st layer

2nd layer 3rd layer 4th layer

10% | 20% | 30%

10% | 20% | 30% | 10% | 20% | 30% | 10% | 20% | 30%

temp.("C) 0.16 | 0.66 | 0.62

maximuim

034 | 1.03 | 095} 039 | 1.04 | 0.97 | 0.56 | 0.96 | 0.87

temp. difference* time**(min.) | 3.50 | 8.75 | 8.75

475 950 | 9.00 | 5.00 | 6.50 | 6.50 | 1.50 | 4.50 | 4.75

average temp.

difference*(°C) 0.06 | 042 | 0.36

0.17 | 0.68 | 0.56 | 024 | 0.73 { 0.61 | 0.35 | 0.64 | 0.58

time** when the temp. of the 4th layer
begins to be over the temp.
of the 3rd layer(min)

3.50 | 3.25 | 3.50

*temp. difference=temperatures of the air-layers with PCM treated fabrics-temperatures of the air-layers with non-PCM fabrics
**time : lapsed time since an environmental temperature has changed to 34°C

since the melting temperature of nonadecane is
32.1°C. Changing solid phase to liquid phase and
absorbing latent heat in the 2nd fabric layer, PCM
began to delay the temperature increase of the 2nd air
layer after 2-3 minutes exposure to high temperature
environment. Temperature differences between with
PCM fabrics and with non-PCM fabrics are pre-
sented in <Table 4 and 5>.

Interestingly, the temperature of the 4th air layer
was higher than the one of the 3rd air layer since 3-3.5
minutes. In <Fig. 3>, as the garment system is exposed
to 34°C, it can be seen that the temperature change in
the air layer begins from the 4th air layer and pro-
ceeds in the order of the 3rd, 2nd, 1st air layer. The
high temperature of the 4th air layer seems to origi-
nate from the fact that the 4th air layer is the outer-
most layer and gains heat from outer environment.

As the temperature difference between the air layer
and environment is small, the results of 10°C showed
smaller the maximum and average temperature dif-

~ 997 —

ferences and a shorter time which the maximum tem-
perature difference displayed, in comparison with the
results of 5°C.

IV. Conclusions

In order to investigate the heating effect and cool-
ing effect by PCM concentration changes, the tem-
peratures of the air layers were measured using the
HCE simulator and the conclusions as follows were
obtained.

1. When the environmental temperature changed
from high to low, changing liquid phase to solid phase
and releasing heat, PCM made the temperature of the
air layer increase. On the contrary, when the environ-
mental temperature changed from low to high, chang-
ing solid phase to liquid phase and absorbing heat,
PCM delayed the temperature increase of the air layer.

2. It was founded that the more concentration of
PCM, the bigger the heating effect. Cooling effect
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showed more clearly at PCM concentration 20% .

3. Even if the increase of concentration of PCM
induced the increase of heating effect and cooling
effect, when PCM concentration increased from 10%
to 20% improved the effects more highly than when
the concentration increased from 20% to 30%.

4. Even though the cold conditions changed from
5°C to 10°C, the temperature changes by PCM con-
centrations indicated similar trends.

5. Though PCM has influenced on the temperature
of the air layer by heating and cooling effect, those
effects haven't shown in all layers equally. It was
revealed that the effect of PCM varied according to
the layer in the case of multi layered garment system
and heat gain as well as heat loss in the outermost
layer had to be taken into account.
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