Journal of Technical Education Science No.35A(01/2016)
Ho Chi Minh City University of Technology and Education

VEHICLE CABIN ROOF THERMAL SHIELD
USING PHASE CHANGE MATERIAL

CHONG NONG MAI XE OTO SU DUNG VAT LIEU CHUYEN PHA

Nguyen Vu Lan
Ho Chi Minh City University of Technology and Education

Received 15/12/2015, Peer reviewed 04/01/2016, Accepted for publication 11/01/2016.
ABSTRACT

This paper presents amelioration for vehicle roofing design to improve its total thermal
resistance. The key concept is to utilize phase change material properties to trap the heat from
solar radiation and then release it back to the environment by means of the naturally favored
external convection when the vehicle is running or during the nocturnal cycle. Experimental
and numerical analyses have been conducted to compare the thermal performance of the new
design and the normal roofing with different colors. A general mathematic equation system has
also been derived for the thermal process through of the roof. Results show that the new design
could effectively reduce the downward heat flow from the roof into the cabin. As a consequence,
the cooling load of the cabin is significantly lower.

Keywords: Cool roof, solar roof, vehicle roof
TOM TAT

Bai bdo nay gidi thiéu mét gidi phdp thiét ké méi cho mdi xe 6t6 nham cdi thién nhiét
tro cua lop mdai xe. Diém dic biét chinh cua thiét ké la viéc tan dung nhitng ddc tinh cua vat
liéu chuyén pha dé thu toan bg nhiét lrong tir birc xq mdt troi lén mdi sau do giai phong nguoc
nhi¢t lwong nay ra moi truong thong qua co ché truyen nhiét doi lwu cudng bire xay ra khi xe
chay hodc vao khoang thoi gian tit ning vé dém. Céc nghién ctru thuc nghiém va mé phong
deéu duwegc thue hién dé so sanh tinh ndang cia thiét ké moi so véi cau triic mdi thong thuong cia
cdc xe 6t6 voi nhifng mau son khac nhau. Tdc gia da thiét lap mot hé phuong trinh toan hoc
tong qudt md ta qua trinh trao d6i nhiét ing vdi thiét ké nay. Két qua cho thdy thiét ké méi givip
gidm thiéu rdt hiéu qua dong nhiét xuyén qua mdi vao trong xe. Do do, nhién liéu tiéu thu cho
viéc diéu hoa nhiét do xe ciing sé diroc giam thiéu dang ké.

Tir khoa: Kiéu mai mat, Mdai nang luwong mdt troi, Mdi xe oto

1. INTRODUCTION

A vehicle roof, like a metal sheet roof
of a house, may receive a incident solar radi-
ation up to more than 1000W/m? in clear sky
conditions and from 20% to 95% of this ra-
diation may be absorbed [1]. In recent years,
many approaches of designing roofing struc-
ture have been obtained in order to utilize the
incident solar irradiation on the roof area and/
or to reduce downward heat flow from roof
into cabin space. The main methods can be
classified into 2 groups. The first group bases
on the concept of minimizing solar radiation
absorption of the roof layer, such as attaching
solar collectors and photovoltaic systems to

cover the roof surface area. In this way, the in-
cident infrared radiation is not only prevented
from reaching the roof, but also collected to
produce electricity to supply to vehicle [2~5].
Meanwhile the second group uses modifica-
tion of thermal properties of the roofing layer.
Light painting colors of the roof can obvious-
ly reflect more and absorb less solar radiation.
Unfortunately, the painting color of a car af-
fects much on its beauty and price. For many
vehicle designs, black color is more impres-
sive than others. Addition of more insulation
materials into the roof could help to increase
thermal resistance of the roof [6]. Usually, air
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conditioner is used to cool down the cabin
while heat from the roof'is still flowing down-
ward. Obviously, if thermal resistance of the
roof is improved, less energy will be consu-
med for the cooling purpose. Normal roofing
structure of modern vehicles is illustrated as
in Fig. 1.

Phase change materials (PCMs) were
first used for thermal storage in 1980 [7]. The
special ability of changing phase and absor-
bing/releasing heat of PCMs makes them be-
come very useful in attempts of maintaining
constant temperature condition or shifting
the peak time of thermal load in a space [8].
In this paper, the new design was developed
from the normal roof structure of vehicles
available in modern markets. A phase change
material has been inserted in between insula-
tor layer(s) and the upper metal sheet layer. It
is expected to show that phase change proper-
ties of PCM may not only be utilized to store
thermal energy as in heat storage applications
[9~11] but also to improve thermal insulation
effect of the PCM combined roofing structure.
Fig. 2 illustrates the design. The vehicle roo-
fing material is the standard and real roof of
Toyota sedan cars in the market. Four diffe-
rent colors including black, grey, yellow and
white have been tested. Each sample having a
dimension of 0.6m x 0.6m is placed horizon-
tally under a simulated solar radiation using
high power electrical lights. In order to enable
new product development with as little cost as
possible without the need of building up other
prototype models, this paper has also built up
mathematic equations to be used in further
analysis of the design. As a result, with related
data assumption, a suitable amount of PCM
for the roof to obtain an expected room tem-
perature and an appropriate PCM distribution
inside the roof may be found. The precision of
the simulation models has also been tested by
experimental data to prove that they may be
used to develop designing and manufacturing
of advanced vehicle roof.
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Fig 1. Layer structure of normal vehicle
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Fig 2. Novel design structure of the vehicle roof

2. EXPERIMENT SETUP

The experimental system consists of
different models of car roof acting as the roof
of a small-scale isolated room, temperature
data acquisition system using thermal couples
and a solar radiation simulating system. A so-
lar simulation system is constructed to supply
a constant radiation power incident on to the
roofing surface. It includes 4 halogen lamps of
electric power of S00W/110V. In order to gain
a consistent assumption of the solar radiation
on the roofing surface, the lights are fixed at
constant distance and with the same supplied
power so that the average incident radiation
is kept equal to 950W/m? when they are all
turned on. Besides, temperature of the ambi-
ent air surrounding the whole experimental
system is always kept to be around 25°C. The
small—scale insulated room, which has dimen-
sions of 600mm x 600mm % 600mm, is con-
structed by using 60mm thick porous thermal
insulator plates to cover at the bottom and 4
lateral sides of the room which make sure that
heat loss from the air inside the room to out-
side ambient air is negligible. The top side is
covered by one of the models of the roofing in
each experiment.

In order to make sure that under the
same experimental condition the new model
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has a better thermal resistance than other mo-
dels which are available in market, the models
of each color (black, grey, yellow and white)
used for testing include: a normal model (#1)
which is the normal car roof; and a new model
(#2) inside which a layer of PCM39D (2kg)
is inserted (Fig. 2). Table 1 shows the thermal
parameters of materials used to make expe-
riment models. Absorptivity values of black,
grey, yellow and white painting colors are
0.95; 0.85; 0.55 and 0.40, repectively.

T-type thermocouples with error of
+0.2°C are used to measure surface temperatu-
res of the upper and lower metal sheet layers,
of surfaces of PCM layer, of insulation layer
and of the ambient air. The thermocouples are
connected to an ADAM recorder which is in
turn connected to the computer via RS232 se-
rial connection. A typical arrangement of ther-
mal couples in the experiment of model (#2),
which consists of PCM, is shown in Fig. 2.

Table 1. Material parameters used in the experiment models

. Density | Thermal conduc- Specific Melting Thickness
Material | o) | tiviey W/mk)) | P20 1 emp. ¢0)
(kg.K)) (mm)

1. PCM39D 800 (--)? (---)* » 39 10

2. Car roof 7861.2112 51.92112 0.51102 - 1

3. Normal insu- 40 0.015 0.8 - 7
lator

4. Air 1.0 0.026!"! 1.0 - 540

*Refer to Eq. (9) and Eq. (10)

3. MATHEMATIC FORMULATION

Convection and radiation from upper
roof surface to the surrounding ambient air
are considered in thermal response analyses of
roof models with/without PCM. Heat conduc-
tion solution is obtained for the solid layers, li-
quid/solid PCM and for air space inside the in-
sulated room (since the heat flux is transferred
downward, which impedes convection effect).
The solid layers are assumed to have constant
thermal parameters (except the PCM layer)
and to be in good thermal contact, which me-
ans that the interface resistance is zero. Due
to the very small thickness of the metal layers
(0.3mm), PCM layer (in case PCM models
are tested) (7mm) and insulator layer (Smm),
heat loss on the horizontal direction is negli-
gible. Thus, a 1D heat transfer model can be
employed here. Accordingly, equations (1) to
(2) are used to form the mathematic model of
the heat transfer process in the roofing without
any internal heat source. The outer surface of

the roofing model is subjected to the simula-
ted solar radiation Q_,_, external convection
and surface to ambient radiation q_,. Eq. (1)
is the governing partial differential equation
(PDE) at this surface. For the solid layers and
the insulator(s), only heat conduction is consi-
dered as shown in Eq. (2).

al;
_kmcl:ll(§l - = 0 501ar ™ Urad _hcx(TI _Ta) (1)
T (x,1) O*T.(x,1)
C =k L 2
pl i dT 1 5X2 ( )

Where in, a is absorptivity, x and t are
the space and time coordinates, respectively;
the index i indicates the i layer; T. is the tem-
perature of the i layer; p, C, k and k__ are
the density, the specific heat and the thermal
conductivity of the i layer material or metal
layer, respectively.

Although transient value of convective
heat transfer coefficient of roofing surface can

be calculated more precisely during the nu-
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merical simulation process, it is necessary to
estimate its approximated average value and
thus the external convection rate of the roof
during experiments can be evaluated. When
no external wind exists, according to G.N.
Tiwari [14], a roughly approximated value
of the external convective heat transfer coef-
ficient for the external facing—upward hori-
zontal roof surface is determined from Eq. (3)
and (4). With the characteristic dimension X =
(L, + B,)/2 = 0.6m, this gives an average h_
of 6.7351 W/m’K in a temperature range of
25-95°C with an average ambient temperature
of 25°C.

erPrzwxPr (3)
Hg
h,, =0.14><§><(G1‘Pr)1 ’ (4)

When external wind occurs, the empiri-
cal values in W/m?K of the external convecti-
ve coefficient can be derived from the method
of [to et al. [15] as in Eq. (5).

N 8053 if v>2(m/s) s
o 112.249‘><v”(‘“5 if v<2(m/s) )

Wherein v is the external wind speed
(m/s).

The radiation rate (q_ ) is given by Eq.
(6) and radiation heat transfer coefficient is gi-
ven by Eq. (7).

by =eo(T2, + T2 [Ty +T, ) (7

Wherein e is the surface emissivity, s is
the Stefan—Boltzmann constant, and TSky 1S the
sky temperature which is approximately equal
to (T, —12) [16].

The melting and solidifying processes
of PCM are treated in terms of the variation
of the specific heat value of the PCM in which
the change of latent heat capacity is already
included. Here the effective heat capacity mo-
del is used [17]. Heat transfer equation in the
PCM layer is shown as Eq. (8), in which equi-
valent thermal conductivity k., and effective
specific heat Cp,,, of PCM are functions of
nodal temperature. Eq. (9) shows the func-
tion of k., [W/(m.K)] basing on the thermal
conductivity of PCM in solid state and liquid
state, respectively. Cp,,, [kJ/(kg.K)] can be
approximately modified into a stepwise form
as in Eq. (10). It is important to notice that
the following assumptions have been used: (1)
density of the PCM is constant in both phases,
(i1) there is no volume change during the pha-
se transitions and (iii) thermal conductivity
and effective specific heat are constant in the
solid phase and liquid phase. The insignificant
convection effect inside the thin layer of li-
quid PCM in the roofing is neglected due to its
small (less than 1cm) thickness and is repre-
sented by the equivalent thermal conductivity
at liquid phase k, .

T(x.1) 2'T(x,7)

4 4 6 PrenCPpens =Ko P (8)
qmd = SG(TI - Tsl\} ) ( ) dr o
k S-PCM T< Tmclt-min
k M —K
_ L-PCM S—PCM
k PCM — k S-PCM T T (T - Tmelt—min) Tmelt-min <T< Tmelt-max (9)
melt-max ~ * meltmin
k L-PCM Tmelt-max <T
("pS—PCM T< Tmelt—min
- H Cps penitCPrpont
L&CM = T T + 2 Tmelt—min = T = Tmeltmax ( 1 0)

(7 meltmax 1116111111'.11)

(’pS-PCl\I Tmel%max <T
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For the used PCM, thermal conductivity and
effective specific heat values are:

0.17 T<31143K
kpoy =1 021 31145KT<31345K  (9a)
025 3134K <T
1.7 T<3l14XK
Cpo=1458 311 45KT<3134XK  (10a)
1.9  T>3134XK

Because the proposed PCM—based roo-
fing simulation is a transient process, initial
and boundary conditions must be set approp-
riately before the calculation starts. With refe-
rence to the coordinate origin indicated in Fig.
4, initial conditions are: initial temperature of
all layers is 298.15K and Q_, (t=0) = 950W/
m?. The simulation is conducted during time
periodt£t_ (s).

When the incident solar radiation oc-
curs on the roof surface, T, is higher than the
melting temperature T of the PCM inside
the roofing (T, > T ) as well as the ambient
temperature (T, > T ), heat can be transferred
from the top surface downward through the
PCM layer to the bottom surface. This results
in melting of the PCM. When there is no solar
radiation on the roof surface, the top surface
will be cooled down fastest and heat from in-
side air and the PCM will be released upward
from the top. For models of roofing without
PCM, equations from (1) to (7) are applied,
while for models of roofing with PCM, equa-
tions from (1) to (10) are applied. Simulation
has been executed by COMSOL Multiphy-
sics software with changeable time step size
to investigate the system. Convergence has
also been checked at each time step with the
convergence criterion of 107, It is noted that
since the experiments were done with indoor
condition (wherein the ambient temperature
was constant at 25°C), the value of T in Eq.
(7) was thus set at 25°C.

Considering that the inside air of the
insulated room is adiabatic with outside am-
bience during the whole experiment process,
the amount of heat gets into the isolated room

through its roof model can be represented by
the indoor temperature. Obviously, for the
same desired indoor temperature 25°C, re-
quired energy for air conditioning inside the
room will be reduced if the difference between
the instant room temperature and the desired
value is less. Eq. (11) and Eq. (12) show the
energy saving rate x(%) of heat coming into
the room when using normal model (E
and the new model (E

normal)
PCM) :
tstop
B Jlllﬂil‘ 'Lpaj.r' (Ti—PCM - Ti—desi.re d)dt
PCM _ t=0
t
Elmnnal stop .
_[Inair '(“p aire (Tifnonnal_ Ti{le sil‘ed)dt

(=0
Z (T_pem—k — Tizdesirea JAL
I

Z (Ti—normal— i Ti—desired )At
i

(11)

50 = 1-—EL

normal

(12)

Wherein, T, is the desired tempera-
ture to be maintained inside the cabin; T, .,
. is the temperature of the isolated—room air
when using PCM roof and T, ormal is the tem-

perature of the isolated—room air when using
normal roof at each step of data acquisition At.

4. RESULTS AND DISCUSSION
4.1. Experimental results and analysis

Eight-hour measurements were recor-
ded to analyze the roof models in this paper.
The experimental data file contains: (a) time
period since start up in seconds, each period
was 20s and (b) the instantaneous tempera-
ture on all channels at the end of each period.
Fig. 5 shows plots of temperature variation
comparison over time for the yellow models
with and without PCM at top surface, bottom
surface and indoor air, respectively no exter-
nal wind was allowed. The effect of external
wind (5.5m/s) on the thermal performance of
the yellow models is shown in Fig. 6. In each
of these plots, T indicates the ambient tem-
perature of the surrounding air; T, indicates
the temperature of the uppermost surface of
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the roofing; T, indicates the temperature of
the lowermost surface of the roofing and T, in-
dicates the average air temperature inside the
1solated room; the term “normal” indicates
the normal model without PCM and the term
“PCM” indicates the new design. In all expe-
riments, surrounding air temperature was kept
constantly at 25°C; lights were turned on to
heat up the models for 4 hours and successi-
vely turned off for the next 4 hours for cooling
period.

It was not surprised to see that the mea-
sured temperature values in these experiments
were all higher than their actual values in the
real outdoor weather condition. It was be-
cause the experiments were conducted indoor
without external wind and under a simulated
1000W/m? solar radiation, which is equivalent
to solar radiation of a very clear sky day. As a
result, only a small part of the absorbed heat
on the roof was released back to outside ambi-
ance due to natural convection and radiation,
while its main part was transferred into the
cabin through the roof. This was also the har-
shest weather condition in which heat transfer
rate through the roof into a cabin would be the
most. Obviously, if a roof design could work
well in such condition, it would be an excel-
lent solution in the normal weather condition
which was less stifling. Besides, this experi-
mental condition could help to reduce unex-
pected interfering parameters and thus thermal
response comparison among models would be
more precise. Moreover, further predictions
for the new design in varied conditions could
be obtained from numerical analyses.

It can be seen from the experiment data
(Fig. 3) that the temperature value at measu-
red points were higher in the normal roof mo-
del than in the PCM model. It revealed that
the addition of the PCM layer truly increased
the total thermal resistance of the roof. Fur-
thermore, this thermal resistance increment
was not a constant value but a nonlinear one
due to the phase change process of the PCM.
During the melting process of the PCM, the
heat flow was absorbed completely and only

a small heat flow got into the room under the
limit of the melting temperature of the PCM.
This fact also suggested the use of PCM ha-
ving melting temperature closer to the desired
room temperature (e.g. 25°C) in order to lower
down the heat flow rate getting into the room
during the melting process. However, choo-
sing lower melting temperature PCM would
lead to a shorter melting process as the PCM
layer would receive bigger heat flow which
was proportional to the temperature diffe-
rence between the roof surface and the PCM
layer. This conclusion was also approved by
the simulation results in section 4.2.1.

It was also found that the melting period
of PCM lasted longest for the case of white
color model and shortest for the case of black
color model. It was obviously because the ab-
sorptivity of the black model was the highest
and that of the white model was the lowest out
of the 4 model colors (Table 2), thus a big-
ger downward heat flow was obtained in the
black model than in the white model. When
the melting process ended, PCM layer could
not trap the downward heat flow significantly.
And the inside room air temperature increa-
sed with almost the same rate as in case of the
normal roof. This was a very important notice
for designing the PCM roof in such a way that
the amount of PCM should be chosen proper-
ly so that it could be enough to maintain the
melting process as long as possible (e.g. du-
ring the time that the car is parked under the
sun). This time period was assumed here to be
4 hours.

120
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—T2PCM
~——T1 normal
—T1PCM
—Ta

Temperature ("C)

0:00 1:00 2:00 3:00 4:00 5:00 6:00 7:00 8:00
Time (hours)

Figure 3. Temperature responses of yellow
roof models with/without PCM (no external
wind)
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The melting period of PCM was pro-
longed significantly when external wind blew
over the roof surface (Fig. 4) at the rate of
Sm/s. (This condition may happen with nor-
mal breezing or when the car runs at rather
low speed.) It was because convective heat
loss would increase much more than that in
the experiment condition without external
wind. Consequently, the downward heat flow
was much less too. Thus heat absorption abili-
ty of the same amount of PCM increased. This
was revealed from the value of the indoor air
temperature in Fig. 4. Such result may give
another suggestion about the designed amount
of PCM basing on the weather condition at a
specific area. Less PCM could be used when
more external wind was available.

Although PCM did help to reduce heat
flow into the cabin during the heat period, the
heat amount it absorbed may also transfer into
the cabin even when there was no incident so-
lar radiation on the roof. This could be seen
from the cooling period in both Fig. 3 and Fig.
4. Fortunately, since the top side of the roof
cooled down fast when the solar radiation was
off, the stored heat inside PCM could also be
released upward back to the ambiance. Coo-
ling effect in this direction would be favored
more thanks to the forced convection made by
external wind (if available) (Fig. 4). For this
reason, the total heat entering the cabin during
the whole 8-hour period through the PCM roof
was much less than that through the normal
roof. Experiment results of all models with
four colors are summarized in Table 2. The
temperature values in this table were derived
after 4 hours of heating. The energy saving ra-
tio was quite high for all of the models. This
proved that the new roof design would really
help to reduce significantly the fuel consump-
tion for cabin air conditioning purpose.

4.2. Numerical results and analysis

Basing on equations and values derived
in Section 2, simulating models have been

established by COMSOL Multiphysics soft-
ware.

In order to estimate eftect of the melting

temperature of PCM on the thermal perfor-
mance of the new design, three different mel-

ting temperature values were assumed for the
used PCM, which were 30°C, 39°C and 50°C,
respectively. The simulations were computed
with the assumption of no external wind and
all other thermal parameters were kept the
same. Results (Table 3) showed that the lo-
wer the melting temperature, the shorter the
melting process. The period in which the iso-
lated-room air received heat was longer, thus
it reached to a higher maximum value. Howe-
ver, the energy saving ratio was higher for the
lower melting temperature.

Table 4 shows the effect of latent heat
capacity of the installed PCM. It is clear that
the higher the value of the latent heat capacity
of the PCM is, the more heat can be trapped
and the longer the melting period is. As a re-
sult, the designed weight of PCM in the new
roof model to maintain the same melting peri-
od in the same weather condition would vary
according to the latent heat capacity. Besides,
the energy saving ratio was also higher in
case of the higher latent capacity of PCM. To
compare, all simulations here were conducted
with the assumption of no external wind and
all other thermal parameters were kept the
same with PCM 39D.

As the ambient temperature increased,
heat loss from the roof to surrounding am-
biance was less. Accordingly, the downward
heat flow into the room became stronger. Besi-
des, when the ambient temperature was higher
than the melting temperture of PCM, it was
also surrounding air to contribute heat into the
cabin during the cooling period. In this case,
the stored heat in PCM would not be able to
be released back to outside air. For this rea-
son, the melting temperature of PCM should
be chosen depending on the weather condition
where the design would be applied. The simu-
lations here were computed with PCM 39D
without external wind and all other thermal
parameters were kept the same. Table 5 shows
the variation of energy saving ratio according
to the variation of ambient temperature.

External wind contributed excellently
to the thermal performance of the new de-
sign (Table 6). It was because with the help of
external wind, forced convection took place
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more strongly on the surface of the roof. This
resulted in much lower downward heat flow
during heating period and much higher up-
ward heat loss from the roof to the ambient
air during the cooling process. Accordingly,
the space inside the cabin did receive less heat
in the whole heating — cooling cycle, thus the
energy saving ratio was quite high. The simu-
lations here were computed with PCM 39D
with different external wind velocities while
all other thermal parameters were kept the
same.
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Figure 4. Temperature responses of yellow
roof model with/without PCM (with external

wind)
Table 2. Experiment result comparison
External . 0 0 0 o
Color wind WithPCM T, (°C) T,(°C) T, (°C) x(%)
Black No Yes 113.5 65.2 49.2
Black No No 1132 79.1 563 2324
Grey Yes Yes 57.1 32.9 30.8
Grey Yes No 56.9 459 37.9 40.06
Grey No Yes 108.7 60.6 44.5
Grey No No 1062 749 54 40.04
Yellow Yes Yes 573 329 30.8
Yellow Yes No 511 421 362 3931
Yellow No Yes 96.7 54 41.4
Yellow No No 96.4  66.5 49.1 30.71
White No Yes 92.1 525 40.1
White No No 90 63.9 474 3890
Table 3. Effect of melting temperature of pcm
Color External | With PCM PCM melting Melting peri- | x(%)
wind temperature (°C) od (min)
Grey No Yes 30 31 46.56
Grey No Yes 39% 40 40.03
Grey No Yes 50 47 32.04
(* experimental
condition)
Table 4. Effect of latent heat capacity of pcm
Color External wind With PCM Latent heat (kJ/kg) Melting period x(%)
(min)
Grey No Yes 60 23 21.13
Grey No Yes ]-* 40 40.03
Grey No Yes 120 66 62.04

(* experimental condition)
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Table 5. Effect of ambient temperature

Color External wind With Ambient temperature x(%)
PCM O
Grey No Yes 25% 40.03
Grey No Yes 35 38.13
Grey No Yes 45 32.04
(* experimental condition)
Table 6. Lffect of external wind speed
Color External With PCM Wind speed (m/s) Wind speed x(%)
wind (km/h)
Grey Yes Yes 5* 18 40.06
Grey Yes Yes 10 36 70.71
Grey Yes Yes 15 54 88.90

(* experimental condition)

5. CONCLUSION

In this paper, a new design of roofing
for vehicles was made by inserting a layer of
PCM to the roof structure in order to reduce
the heat transferred through the roof into the
cabin space. Both experimental and numeri-
cal results have shown that the new design has
a better thermal performance than the normal
roof structure of available vehicles in the mar-
ket. In the above-mentioned experiment con-
dition, the new design may help to reduce up
to about 40% of the energy amount required
for cooling down the heat entering into the
cabin from the roof. In case external wind is
present due to natural wind or movement of
the car in use, even higher saving rate could be

achieved. The paper also suggests the trends
and conditions for choosing the most suitable
PCM type and amount in real design accord-
ing to the weather condition such as ambi-
ent temperature, melting temperature and la-
tent heat capacity. This is a promising design
which could be massively produced due to its
simple structure and reasonable price.
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