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Tech Publications Ltd, 2011: pp. 1375-1378.
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ESE
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— B.J. Manning, P.R. Bender, S.A. Cote, R.A. Lewis, A.R. Sakulich, R.B. Mallick, Assessing the
feasibility of incorporating phase change material in hot mix asphalt, Sustain. Cities Soc. 19

(2015) 11-16.
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— M. Bueno, M.R. Kakar, Z.

Refaa, J. Worlitschek, A. Stamatiou, M.N. Partl,

Modification of

asphalt mixtures for cold regions using microencapsulated phase change materials, Sci. Rep.

9 (2019) 20342.
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— X20lM olAZE ZFo| REMSZ MUHIESHZAMO olo|IRY&5tE HEZIHZIS AMSSHA
2 479 d&s gItstuxt &
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— PCM2| &2 FI/ISEHH2=2 =0 AS (PCM/binder ratio = 0.5)
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- By
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40
Arwa = TRET ml
Hasting = BETS W
&

et Flesy |/l Ends Up
d

Coaling
1a -—
iefam = EEN W)
4w BT g
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Mineral
(Reference)

PCM (0ry)

POV (Wet)

Ma, S. Chen, Y. Ren, X. Zhou, The thermoregulation effect of microencapsulated
phase—change materials in an asphalt mixture, Constr. Build. Mater. 231 (2020) 117186.
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— 5C micro-PCM OtAZE Zot=1nt AbtotALE 23HE9| iP0|7F 7be AA HENRE. 0.5% S
Bl micro-PCM OtAEE ZetE0| ChE AlHo| Hlwstd o E2 AnE HERHAS. ol2s Zxt
E5E 0o|A2Y s MHIEEE2 2ExE R0 U ngi et AS
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— M. Bueno, M.R. Kakar, Z. Refaa, J. Worlitschek, A. Stamatiou, M.N. Partl, Modification of
Rep.

asphalt mixtures for cold regions using microencapsulated phase change materials, Sci.

9 (2019) 20342.
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— Dlo| A2 st &HEEd H E2IHZE HIF olAEES RESSA SHS THAF|V] et d& &
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xS
- 23}
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mastics with mineral and PCM mastics with mineral and PCM
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Zt Hiolef & ZAMoll AtSE AlZHE HlolH

4.17
5.28
5.28
4.17
4.17
5.56
5.28
3.61
3.61
4.72
4.72
4.72
4.72
6.11
6.11
5.50
6.11
6.11
6.11
5.28
5.50
5.50
3.61
4.17

- D 12X
— 1XIele] A5 E WHAS ofAZE ZFo X st 2 Z¥E 2
= Ues 2Z e (XY D5 E(Heat flow) HE A Zro| gt
CB_T:i oT (1)
P ot 8z \ 8z
07| M,
¢, specific heat capacity(Jkg 'K ')
k . thermal conductivity( Wm ‘K1)
T: Temperature(C)
at: time step(s)
dz: depth increment(m)
p o density(kgm ™ *)
ZA 2E e
— Z&E FIOAM dAHAH =AHe| do|S(heat flux) (Q)2 ENY SAIE, HIUIESAMY,
SAE S Moxto] o5 dofLio, Al(2)f &S

0.00
0.00
0.00
0.00
0.00
0.00
0.00
138.99
237.86
327.53
398.26
443.37
458.86
443.37
398.26
327.53
237.86
138.99
0.00
0.00
0.00
0.00
0.00
0.00
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Q: q, + q—
0{7| A,
Q
4qy
q
qc
qe

4.~ 4.

© total boundary heat flux( Wm ?)
: absorbed heat flux( Wm™ ?)

longwave length radiation input( Wn™ 2)

: heat convection( W™ ?)
S emit radiation to the surrounding environment( Wim 2

= 0ppenlée, + 1= 8 )+ L= 0)pyce, .

, O7IM 7.t = FALE

=
=

~
S

of &

E2ZF(Effective Volumetric Heat Capacity :

P//
07| M,
p : density (kgm ?)
Cpesr @ effective heat capacity (Jkg 'K~ 1)
& : PCM volume (%)
& : PCM volume fraction (%)
Pac : density of asphalt concrete (kgm™ ®)
— MB35 SR WX T OfAZE ZAO| AMET = Hu| HEobof| o5 Al(4)2b ZHo| LIEHE £ 2
k
eff 30
=1+ (4)
kAC kPC]lJ+2kAC o
kPUJ/_kAC
07| M,
ks effective thermal conductivity ( Wm 'K~ 1)
k4o : thermal conductivity of asphalt concrete ( Wim 'K~
& : PCM volume (%)
kpcar @ thermal conductivity of PCM ( Wm™ ‘K1)

— Ao (Maxwell model)2 AHSIEZR RI|Jf 25% 0|2t H o Ml He =z
Bl 22o MEE82 MHsl 22| WAFEn DA FE0| AX|sh= Fmlof H|wsl
(Al(5))
kpeyr = &k + (1= Ok, (5)
07| A,

kpcar: thermal conductivity of PCM ( Wim ‘K1)

& : PCM volume fraction (%)

Kk, thermal conductivity at liquid state ( Wim 'K~ 1)
ks 1 thermal conductivity at solid state ( Wm ‘K 1!)

3

rok




3]
|'>
[o}
HU
el
m
-
oo
el
E
s
ok
1o
FH
e
rlo
1=
)
=
N
0jo

0, 7'< T,, Solidphase

T
(D=1 7—= T. < T< T, Mshyphase (6)
l

1, T > T, Liquidphase

04| A,

7T : Temperature (C)
T. : Temperature when PCM changes to solid (C)
7, : Temperature when PCM changes to liquid (C)

AHEE Y OIALE EFo| YAHS HUME

rr

A7) 2ol 2 = U

iff]

aT o aT a¢
P ot 5( eff@) Oppenlyr (7)
07| M

p : density (kgm™ ?)

Cpesr o effective heat capacity (Jkg” 'K 1)
® : PCM volume (%)

& PCM volume fraction (%)

Pac : density of asphalt concrete (kgm ™ *)
L : latent heat fusion of PCM (Jg~ ')

d¢ : PCM volume fraction

dt . time step (s)

— ofrEEZo| AME SNl AME, T, UE, oOFAHESS| MHE B USLE(k, 2, ¢
(i=1,2,3--,n))S otz 2ol LIEFHAS. MATLAB R2020bE E-&5t0{ Fx|si4 LEAS 512

k2054

ky.z.0,.4

;\ -Jl})nll‘-:!
i} v

= ATO0ME ofAEE EFO| UAXC
incremental recursive model)& AFSSHA

Mdef= 4 (8)at 23

-1 LA N W gh-g
PCM( Ar )Az_ki( yp —k —oppend| ——— Az (8)

0f7|A,
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p  density (kgm ?)

Cperr o effective heat capacity (Jkg 'K 1)
& @ PCM volume (%)
&  PCM volume fraction (%)

pac  density of asphalt concrete (kgm™ *)
L : latent heat fusion of PCM (Jg~ ')

i . thermal conductivity at layer ¢

-th

At : time step (s)
Az © depth increasement (mm)

TP temperature of layer i
77 : temperature of layer i

th at time pt1

thoat time p

TP, . temperature of layer i—1'" at time p

T', | : temperature of layer i+1'" at time p
: PCM volume fraction of layer i+1'" at time p
& PCM volume fraction of layer i'" at time p

=17 ., - 17 -1, gri-g
Pcp‘//( Al ) = ki( Az ) kz( Az ) (DPPCML(At)AZ (9)
m=1,2,3
017[ A,
p  density (kgm ?)
Cpesr o effective heat capacity (Jkg 'K~ 1')
& : PCM volume (%)
& © PCM volume fraction (%)
Pac : density of asphalt concrete (kgm ™ *)
L latent heat fusion of PCM (Jg ')
k; : thermal conductivity at layer ;"
At : time step (s)
Az © depth increasement (mm)
7" temperature of layer " at time mHl
T7" : temperature of layer i'" at time m
TP | : temperature of layer i—1"" at time p
TP | : temperature of layer i+1" at time p
€1 PCM volume fraction of layer i+1'" at intermediate time m+1
& : PCM volume fraction of layer " at time p
— A(2)e] AAHEAS BS5&F(heat flux)E 124st0] FHeAD ofATE XY EF2 A(10)&0]
A = AUS
p+1__ gp _ 7P p__ p+1__ op
ppﬁ(z*lh T ) Z_ki’ﬂA;ZJZ)_k(/EAA§+1)_¢pr;(6 Atg)ZX_FQ (10)
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i
Ao

p  density (kgm ?)
Cperr o effective heat capacity (Jkg 'K 1)
o : PCM volume (%)
&  PCM volume fraction (%)
pac  density of asphalt concrete (kgm™ *)
L latent heat fusion of PCM (Jg~ ')
k; : thermal conductivity at layer 4"
At : time step (s)
Az © depth increasement (mm)
TP temperature of layer i'" at time p+1
TP : temperature of layer i'" at time p
TP | : temperature of layer i—1" at time p
T', | : temperature of layer i+1'" at time p
éf“ : PCM volume fraction of layer i+1" at time p
P : PCM volume fraction of layer i'" at time p
@) : total heat flux at upper boundary
- A-1-@ FEM %! S8 YWHAZ 0|8t dSMNH ZAL
= =X PCMS o S5H7] 21E oA
— 20104 12¢ 5 ZUEZZ& X[do| J|= o|olE (o] AlZtE Ti7| 25, HIZESE | Ef = ALY)
st z™ PCMS ZX™SaX} &
g Temperaturea:!dso!arradia!ion
A
e ¢ 7 %
g4 \ / X—s =
2 S | \ 5
g ‘\ ff \.‘. \\ %
2010 128 5 Uz z&tXx|de| 7= O|H
— OIAHE I¥of st M5l 22 ALEZ(Case 1-Case 3), AH{st 2% (Case 4 — Case 6),
ZtA(Case 7 — Case 9)ol 22 FO T ZAF =ZolAe =He| PCME BU42n, ZAf
2 cks3 &5
TRl BAIEA
T2 PCM E2(¢) S ™( 1) HE(7) e 23(1)
Control case 0 % - - -
A3 25 case 1 0.5% 3 -8 50
Siat case 2 1.0% 3 -8 50
= case 3 1.5% 3 -8 50
case 4 1.5% 8 3 50
AHSE 2% | case 5 1.5% 5 -10 50
case 6 1.5% -3 -8 50
case 7 1.5% 3 -8 100
e 2 case 8 1.5% 3 -8 150
case 9 1.5% 3 -8 200
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— dl ofAEE EJ2|EL} PCMol| 2l 7HAIE ofAEE EIEZ|EQ AlZto| w2 2E HIIE ZA}
& O|E &Sdll 222k gtul J== AoM 2EXtolol ot WA HA2E TE X1 AlZHl Of
M HEE

- ZARE 42 Z2HEHE FHLA2EAM O7] 2EE 2 g
ATmin = mln(ﬂur >_ T;ir

- 2EAfolof o8t WA fy|2zol ot IMD EESREIM Alole| HEo=z Helgt
AE(’:Z<]¥UT‘ ﬂzr)XAt

- HA2F T2 XY AlZHD,,)2 EHAHI|ISEe} HATEE2E ot XAzt

— Alg Z3l= ofell Eef Zo| LIEtUS

x4 2t
T AT, (C) A (C.h) D, (h)
Control case 0 0.14 36.19 1.12
Arei 3 23 case 1 1.78 67.76 1.65
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Project | Apply Phase Change Material in Asphalt Pavement
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Introduction
g =2 This program used to analysis the effect of Phase Change Material
(PCM) on temperature response of asphalt oavement The
1 properties of PCN. (e.0., phase change temperalure, latent heat,
et i volurte content) can be adjusted inthis program, The results can be
: usedto oplimize e phese change material cantentin asphalt
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Guideline
Stept Sten2 Step3.
Inputthe Chooge time step Load weather data
termalphysical and numbe- of file. Calculaiton.
properties of pavemsnt layer for Save figure, 2xport
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Mix types ) a A 1] Y C. C SE
PG 64-22 1159 740 018 -099 -0.42 36.67 191.26 1.12
CaCOs-uPCM-25% 14.15 20.19 461 -175 -0.39 17.44 146.55 1.26
CaCOz-uPCM-75% 1379 19.13 386 -141 -0.43 13.58 115.06 1.15
SiO,-uPCM-2.5% 753 1389 136 -1.75 -0.39 17.14 123.15 1.13
SiO,-uPCM-7.5% 6.00 1251 071 -111 -0.29 15.46 134.04 1.21
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Temperature respone of CTR00 sample
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Air void versus compaction gyration
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Log frequency (He)
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249 Mt X5 A (IDEAL-CT, CT Index)

- AlE e

— OIAZE Z3HEo| dd XMaeMES
5104 IDEAL T 2749 Mg A" (IDEAL-CT)

o A S
2 4+

[== e
85t0d AA 150mm, =0| 62.5mme S A|REE S3E 711% =2 ClASIFen], 2 bigte 3
7 olMe ANZRE Fd|E
- 92 220 M PCM &EH0| ofAZE =5tEo 4¥ ANetMo o|xl= &S "HIlsH| flsto] AlY
2Z= 4CE Mg
— A Ho M stE-HYE ZUEHE 3 J[FsI¥ 20, Fuje 2 HATE HIEHSZ ot AZ2 ALS
5ty 79 XM& X|=(CTindex)& At=gt
G l
f 75
CT, X | —= (15)
Index |m75 D
07| A,
G, © o HX| (J/mm?)
_P85_P65.- 2= o= =l= 5 sl=o y =CF AlO| H{& <
mo = .zt otE o|F stE0| =[O stEel 75% =E Alel st 727
l85_l65
p, : o} s5tF ol &0l 2 &F2 x% & mel HF (N)
I, - Z|th 3t& ol= st&EOo| zf st&ELl x% & mhel H2 (mm)
— EOAMUE(ITS)E 1245t0f ofel AlS ALSSHo] ZHFHJABLZ(TS)E AtEE
2P
ITS=—— (16)
w Dt
017] A,
175 @ ZHHAZZE (N/mm?)
P . ZfstE (N)
t AR EA (mm)
II- Fr I ¥
(a) IDEAL-CT Al (b) st&E-H#¢l M
— b a8 3 2ol #¥ XM X 4=(CTindex)E AZE5t7| 25 IDEAL-CT A& Z2a S JHErst

=S Tt 2= S thel 1.5%, 2.5%2 = Huj 2]

=

=

T75t7| ?lal DTS-30(Dynamic Testing System 30k) ZHH|E Al
SR AIHZALE 0|&510{ CTindexs 7IAHet

Soff M3[CHEZIE At




3]

Indirect Tensile Asphalt Cracking Test (IDEAL-CT)
Version 01 November 5
"Developed by Tam M. Phan, Road Pavement Laboratory, Kunsan Natoral Uriversity

Properties
PojectNeme [ Blackce
Sampe Name  [A215
Diameter (mm) 150
Height (mm) 62
Dsformation (mm)  Load (kN)
00010 01079
00025 01290
0007 0.1839
00131 02626
00183 02058
00238 03450
0027 03890
00327 04305
00359 0422
00408 05098
00438 05367
00400 04770

00384 04435
00385, 04551 ~

s

2020
Ele Edt Yiew Inen Jooks Desitop Window Hep

NEds 808/ kE
Lo

tax Load———— %~ |

PPPBSY
25 4 \
it PPPTS%
J
n ! PPPESY

15 2 25 3 35 4 45 5
Deformation (mm)

)
0 05 1
Maximum Load (kN)

Maximum Deformation (mm)

Work Fracture (kKNmm) 80.95
Fracture Energy (kJ/im"2). 66
CT_index & 5 Maximum Maximum Work frac Fracture E CT_Index

27.77003 4.471993 60.99309 6.558397 4.999604

- Algzn

.
Import data via excel file (*.xlsx,*.csv)

IDEAL-CT A& =272

— PCM2 Z&st of2ZE 2atE2 4¥ XN& X5(CTindex)2t ZHY AL E(ITS)= ch2 T8 &
— PCM &2 1.5%E &7IISt A115, A215, B115, C115 E&=0| cf2 =gr=2cct 7Y NM& X =7}
=5
— 47}X| PCM & B1 Z&=0| 7.882 J}& &2 $£=XE LIl A1Zt A2 =Z5H=0| Z+2Zt 7.54,
7212 4 £
— A™2T 4ColM PCM & 1.5% =et=2 7Hy 2z Z=(TS)7F 37 5H =M, B115 =2&=0|
1.91MPaZ 7t& =2 71y oz 45 et
10 ('}‘,-,_,',é., zlnd[Indircct!I;:nsilcstrln:ngtham { & . . 20
B (T,
I (TS
1.8

1.6

g

p3

6 £
. g

4 g

i z

~ B

=3

4 14 2

2

£

E

2 12

oL - 1.0

000 AllS A215 BIIS Clls Al25 A225 BI125 C125
HPCM modified apshalt mixtures
CTindex & ITS AlEl Z1H(47TC)
— Ch& 82 PCM =& 1.5%E x2tet ofAHE Set=2| st&5-Hel sud
E Zg=Ect PCM E20| ¢4 2 LIEIHE AE 2 5 U3,
— 3 PCM BY 25%F Eost Sa2ol 51E-H9 THS Yut olATE EEESI bl
S Llety

LIERLHD] UHF of AT
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pPCM content: 1.5% uPCM content: 2.5%

—— (0
== Al
—— A2
== Bi
- Cl

Load (kN)
Load (kN)

Displacement (mm)

.5% (b) PCM &2 2.5%

— OIAZE =3E9 HZE2 7Y XNYHd2 ofaHE =grEel Iz 3 HIAHFE A["o| JtsEt
OT(Overlay Tester) &H|E AlZ5t01 HIHE

— OlATE Z&2o mz FY NEM2 HItsty| 98] X oMol chstE AMSHAEHS

— AERs MUECHTIE ARSI X 150mmel ASHez S3E 7+1%=2 CHEsSIF 20|, Ao

Stk ZAIA 37(21 2ol 150mm, £ 75mm, =0| 38mm=Z A&

2 4£1CoAM 22 3.3756mme £ =2 HYE Holsto] Agsi¥ e, = #H2l= 3.375mm

Al
2l

— AZ22o| |0 5tF oiH] 99% #As5IRS I SIE MstE =&

— AMEES Edll stE5-Hel 5M 2 CFE(Critical fracture energy index : A T o HX| X|==) kS
HASIF o] 5t5-HQ M2 Aol olZt LT E HAtSt=H Al2d

— CFE= st&-%9 SMo| otelfl Mo siEstnd, & ZE= otz Alnf Zo| z|of st chHX o

2 A (mm)
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- A3
— it oz o4 X|(CFE)&t0l 25 =7 0 LU7X| 25 ol|X| 7t HE
— otz T Zol A1 E=S0| JHE s 2
— CFEZtel 2<% Co 2&H=20| 423J/mm? o] A1 EE20| 689)/mm’Z | =2 CFE#S 2
— C1 E¢20| 389J/mm?22 7}z &2 CFEZHS LEIHI 20, ol IDEAL-CT AlgHolAM e &
npep A x| gt
" Load-displacement response curve at 4° C Critical Fracture Energy 4 C 800
PN Ty pes u:l' :
e—e [0 w—e Bl 00
—a A —a ]
i e
—4 A - g
e a0 8
3 g
= T
Cl ] ;
I
240 E
108
: — T TTOTRTI ;
(i) 05 .0 1.5 20 25 10 1.5
Displacement|mm} HPCM types
Che StE Aot Al 2zt
- B-1-® 204N Hot
. Al g
— OfAZE =3tE9 224 HIIE flsl sZ-83l(Freezing-Thawing) M&M AlEE AAl=
— Alge| 37|& AZ 100mm, £0| 62mm, B3 7+1%E M3|CH7|E ol gstof il gt
— SZ-38l TH 2 —18TOM 24A12F SZ F 24CollM 24A|2F ol &
— 3 IRLE AlE Mol 60T FEoIA 2A12F SOk £ T
— ZHE ol& ZE A2 25TOoIM 50.8mm/mine| ZStEE Z=Z0|AM A= o], AFIEHO|M StE-
WOl S
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BN 3FT cycles
I 5 FT cycles

Tensile strength ratio (%)

O (B-2) AlY4EA &5
. AlE e
— AMH Mol =HZ =Mt FIIZE =EE PCM =28=9 &<Z(latent heat) =ofe| &4
2AM3s17| sl =& &
— PCMe| Z7| g3tE "HIlsh| 915t 2021HE 1€ 30YFE 7€ 127X oF 6707t AL
= TS 5 i ofAHE E=FEES bt ofAHE =2FE2 CTR-old, PCM =2&=& PCM-old
O% HI|5t1 F JHo| MER ofAHE Z3H=E(CTR-new, PCM-new)2 Z=H|&t
— FI7|= 50X50X5cm, =& 7x1%% gASE SEl2E HMZASID Thermocouples E
10cm Zlolof of &gt
— 48A|1ZF et A9 2k w38 ZYHEE & 7|F5t0d Thermocouple?l 7|s& =telgt
— Cla O8of Zo| ZAL A2 =742 A2t AIFHOoIHAM EHAEZE H2-Itde FIE Saf =24
HE ¥ 75595
— HZt-Ttd b
- 1CHA @ 21 ColA -5 CE 2A[ZF St ™5 UL T 6412 S 7A
— 2CHA @ 21 CHkR| 2A12F St ™St Tt
- 3CHA 1 13TC/hre| B HHat HE=2 5T HA
Temp profile of cooling-heating process
o

Ay Alg x4

Temperature (°C

maintance
o

6.0 8.0 LLLXH] 120 140

Tueme (haours)

@2t-7td Z2 el

00 40
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Ec

=13
=}

1 (latent heat)

e LIEHY

71 Al

=

— 7| 227t

1(latent heat)2 Y=

ol
0%

<k
ol
ol
=
11
K-
ol
100
30

&l
K4

L
ot

—
I[e}

(PCM)O|

25 -5COolA 64|

=2
=

A
(latent heat)

]
tH

H

2-3C =4 £58HE

!

hy

=2
o =

(PCM)O| &t (latent heat)

~ dnxoz PCM-old EEEe

1
I}

oF
1]

£ 51

=18
o

Indoor temperature response of pPCM maodified AC slabs

= Airtemp.

=== UPCM-new

— (CTR-new

=== uPCM-old

CTR-old

“I6h

15h

14h

13h

20 -
15 1

(2, ) amyesadwa g

38

36

34

32

30

2

26

24

=]

Time (hour)

21

5|
[ =]

DAF ALLYA

O (B-3) Pilot A8 4Z&

— AlE

21 <

S

Nz ok

u-

— AR 9|

7ol

i

1

4510 AR E

OFAl
oS

to{ 48A|zk =S¢t

°

H ot = AuiolM 25+1CE FA

1o

b

°

ojof iz

|
iz

| ™3 10mm

22 -200~1370C2|
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Thermoreader

) | uPCM Slab P — 2021-02-03 10:35:47

e AlE Alel Al

o

— AlEZED, 98 11AIRE 23 5AJIK| ofAZE RIz|e s P 25 olaZES FY
o Bl ZAIEES B0 e OfY] 2EEct B SHE
qeiLt, 7120] 5T O|3t2 WOiXlE ORZIFEE PCME EEEH ofAZE ZI2|E sejsol A
2 wastol ZH 28 2T B/ RAISE HS BEY & AAS

= = = = (il (il il Bl
k=]
e |
OIAZE EFZ|E SeElE Al

oE
do
2
x

A
e
o
0F
My O
_o'h
_9- 1
o

|>
e

Im
Hl
0
Mo
H1

d
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Temperature (“C)

Outdoor temperature response of pPCM modified AC slabs

40 T ;
3l — CTR-0cm - - uPCM-lecm
| . 1) Y R - = CTR-lecm —— Airtemp.
(‘] r —  pPCM-0cm
" e O o s
_I -
-2t
_.IO . u | . - - e
11:00 AM 11:00 AM 11:00 AM 11:00 AM 11:00 AM 11:00 AM 11:00 AM 11:00 AM
Jan. 30" Jan. 31" Feb. 1* Feb. 2™ Feb. 3" Feb. 4'" Feb, 5'" Feb. 6!

Time (hour)

el Al Z3f

OfAEE
=32 E(E8h

Control Skab |8
S %
L 20210203 10:39:11

Mol Al B
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O (C1) MHEIER H= H&st
- C1-0® AHHSEHA M=

= AMest 22 IR

— MB{3=2Z (phase change material : PCM)2 S&st 2E0M 2Eo| H3t glo] Aol M|,
WO Z|MZ, = O diif wEo=z A (R, YEl)7t HotHM B2 €2 5 £ UES F
Ues BHEXM, SEN E£= ExH 7|5 st 22 2olste H2ZE AHEHoZE F2o 2 N
sttt e of wEsts 25 =F J|ls=22¢Y

— AMHSIA] ZE2 o HX| Ao ZRct dets sh=d Lo Hls| HHEE2 AHs 2TolM Al
ol A F=Hidfo| of{X| M& s=xut wE sHE JHX|7| 2ol 7|& ES 0|8st= olHX| Het
LM E Hcf B V|lse &

— At 7|MII SESt= MEfY of Aol Z SRS MHSIEHZ AESHH XIFAHX(G)7F 2
7MY mf, =&o| ofE7| 2o LetMoz DAL} WHI SES= AEfolM FLEMo| U= A
HEEE0| T2 ALSH

- S S HAHAUE

— AMHEEA2 2% Hato| w2l M Al | 4X|E wESIHL §55H0d T2 WS Stle =
2

- 227t £ of AHEAEE0| HoHX[E S5t LAHOM WHZ HHEisio] FHREE SHEA
=

- =25

RELEASE

> Al
FAL
Zst
LtE}

Paak temperature: 47 “C

g ooe
=
E ooef
B \
G 004 / "
: -
£ om < J\‘.__R___
/"'-’ M2 iy
T /T,-/ {Latent hoat) —
002" i, T_=17.9
2% 0 = - - . |
Temperature ('C)
I - )
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—

Yoo

xx =

MUz 2H BR

ParaffinA|
Paraffiinil PCM2 C13— C28 Elsl=2AZ2 O|FHH g0 Zo|7F 40X Al
o7t Eotet, 22T U st xo 2 80| 7tsstnd stetetd M| HISM, HHE AL

g oy o HEol US

m]
i

Non—paraffin|

Fatty acids, Glycols, Poly aclochols, Esters, Ethers S5 S&4 X|&o|L} LHF5, OKIR, T2
So| AlEgMeeds /AFZ oKX= X|git FEMEREZ Cl2- C22 EEeaZ 0|20 o]
Zo|7F 2X|H 282l AMO|AET I EItstn, 2EHR7} S0 Citst 2o XA 82

0| 7tssto] =fete o FHol U=

|-'|_

MM HEA

c o,

, b AR ohE Y

F7|H PCM (Inorganic PCMs)
2I1A PCM2 #=3l¥(Salt hydrate) 22 EXLHo| F7|L (inorganic salts)zt skt o] At 28 A

I e =2 58 &AL wEsts o™ 5, &hdo| 2ofrtny 7714 PCMol| HIsH =
2 &E E2 gL HEE XD et #MHMIIHOAM nidZtRd HAUEE, MR
s =g|st EMZ SAdl JIX|2 US

=2 (Eutectics)Al

5 IRl olMe MZ CtE AMH#HSIEZR0| XX df A MES0| 22l AL 22 wE A
5h7F LofLix] &1 X7 M FTMHMESl Must 2T HCE B 2EoAM obx| B SR
gdojLtE Aoz, F2 R7|IA7IEIS EFE0| AIEEL RI|/H-F7(A4ZF 282 22 A77F A
] e

EMH 7=

At SE Ztod QIET| T =2 23

PCME i &slslH, £A7|50| 1= shell materialol o UM FEAHEgS XA =HO WU=s5
o= QlEtu| &Alo| E7fu|gt

Btst=4-9| 20| AMEo|n Zof 2g7|e| H|g2 &2 22

=X7F nelgo| =M™ 4S5M(Stacking)ol EotX| Fij= s}t ZA KRl HX[7F 2oty &
MM DM Z AMHsEIHEHM UAA XRollH X2 ZAZ0| Zrolx ZHEo| ZfolEl.

H=3t Hh30| Jtseh A EE2

&5t 82 A mf, PCMO| W&ol stelE = A2 MEo PCM-A&ZL SEME J1X ot
st

PCMO| ZH&2| central coreZ Xig|let &= A0{of stof PCM ARxM e ME#=EF AEtL] =X|7} 312 =
E=R St %_'.:_ Helo So{zZtct X2t &5 HHAL g0l XLEx|A S&sto] AX A o]

‘WEst = PCM2 ‘Y3 ™ PCVMO| Hlah attst 222t H2E = AS
=2l Shellel FH, 2HEE ol w2t W=k PCM dst 25 HolX|l= 8¢
PCM =2t Hh3ol| AFEE= HI7HA S0l ol Hsst HMuts CfE M2 LEE 5 US

OIAEE ZFASl 2E(150C)E AEY + Uc HEd e =22
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2MA

ro
r
0

— Tetradecane

| 5

H E2td A el 2 3%t
U T+xz= 2

o
=

-
T

- B E2HAQl 2Abs 307He| SadAtet 1474 EtRXE TS0 S44702 HAE FHEH

- HIE2tHAel ZXtoll= & 4372 stefZ ol A2, ol 137Hef vz etat 1174 ctdZ et
o2 TME

- 28ld EUE sE32 6Toln AdestREE 220T

- et 194.07/g

Enthalpy (normalized): 194.07 Jig
0 Onsetx 443°C

Heat Flow (Normalized)a (W/9)

Peak temperature: 11.02 °C

-60 -40 =20 0 20 490 60 80
Exolp Temperature T (°C)

DSC X Z 1 (Tetreadecane)

- 2 aslilz= HIEztH Aol A|XFALHE ZHE X H (Differential Scanning Calorimetry ; DSC)Z ztof|

= -3-*._1 JejZE LtEH.

-4 MEZt HstErol £ o ol2= ™, T ‘Peak temperature’ol siEst= =7}
=S 9|E'|3FEE1I ek 11 CE LIEH D, 2SI F=X2t= 2f 5013 X0|E EXRS

- BEMAIRS & BEM A 52 FE, 24 |9 conditionsol [HE XO[E Hol=Xle FF H3F
I} 2elo| g2

— 1-Decanol+Lauric acid mixture

- DecanolZ} Lauric acide= Zt &Ate| EZ3tESIE-AE Zotst & EtAo| JHTF 242 10702t 12702
M BATEIL FAbStD, Ztzke|l EFo| Il M Zg7|el YISt FtESAT| £ Saty
Ol of% =o} 7|2t HoAl M s SEE 5= US

- 1-Decanol®} lauric acide| =&t =2 Saff Mvs 225 =

- 1-Decanol?| ==& 7C 0|0 Xfeidtst2 = 255CO|X Lauric acid®l s=&2 44T

— 1-Decanol + lauric acid mixture®| AET 188J/g




- 1-Decanol(MP 77TC), Lauric acid(MP 44¢C)e & 22 Egie mf, Z2e| s 2 AlgX|1
H Y2 22dM =222 == &

°F 2
— 1-DecanolZ} lauric acidel Z&=2 AHSEE(PCM)e T/

Enthy ramelzed 16835
Onset x-1.06°C

Heat Flow (Normalized) (W/g)

Peak temperature: 1.83 °C

60 -0 20 0 2 I [ 80
Temperature T (°C)

DSC =& Zz}( 7-Decanol+lauric acid E&E)

— Polyethylene glycol

Polyethylene glycolel =82 -50~65T
- MHSIR2ES] M7t Y nEEM SEF0|EZ CltstH S0 7lse A2 =2 of A=
Hoz & &

- Yest ofele =AY

2RHAE M AtE

— 1AMAZoll= SR 2T A 522 (Phase Change Material : PCM)ES & ool 748 & &5t
A2 MHSH| st HES} Mg AP D zEHMoZ= HAMAMZE =Eo0| Jisstn AH#s}
25 g0 2 AT Mgst 222 ZEz|o|2al 22| Z(Polyetylene Glycol : PEG)S AR stE7Z! 9|
MzE Ad-™e

PEG
i .
A= =M ZI : PEGs

— 2ol Oz 2 AFo| Al2E = AHEIEZRQl PEGsV) OfAEE EFF 2XolM AEY = UK
golsty| el =2 M (Thermo Gravimetric Analysis ; TGA)EME s ZAzle

— PEGsE 0CHE 10CH# A& A7 = Of 400C7HX] =&t Z1} 200CHHKR = 5%UH =2 FAHZE AT

2 o 2N PEGsE OIAHEE E3 2TolA F25 dE = Us ME22=s HE

_47_



od): 108.00 Jig

Heat Flow (Normalized)Q (Wig)

Exalp Temperature T (C)

DSC 5&EZ X : PEGs / =C 10C

% 10Ce $E2 258 0|1 RENA A2 HolgE 2EIT} 4BFE 2o

31CE 7|2YD R} 51Usts UM Peak2EE -17.78CE 7188

0.5+

0.0

Heat Flow (Nomalized)Q (Wig)

0.5+

ExoUp Temperature T ("C)

DSC E&Z 1t : PEGs / &Y 5T

M @2 dolez 2t Aasts T

= [
7t st&sts FZHollM Peak2=E -14.05CE 7|5&

P BX e
Calorimetry : DSC)2 0| &3st0{ =& 27 ot 5 S 2 2o &G g2 F sY ¢t 2F
°H00J/gRdE =telet

— ZAlO =He| wW3al =

- C-1-@ &5t
» AHSIEA TS o] BF/
— Direct incorporation : XA E= 2LAS] PCME AT FelstHLE, =Zgtst= dhal

p=
™
=

oo
olole]§

(olele] b
(olele] b
OO0O0O|

Oz O
o O}

olele]f
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A
E=
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=
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oo
il
>
N
rir
0z
1=

— Immersion : Ct=

PLBA LBl ELLLELL

— —

=% Material e
p‘::M'II;TI:rI"lI'IT|'1T|"l
— Macro—encapsulation PCM : 52 mjd S9o| 7o PCME2 Y+ g4l
PCM ~— BTl

— Micro—encapsulation PCM : PCM2 CoreZ 350 Shell2 ZM= &5l 24|

Shell

-

- VS
N

Microencapsulated PCM
- PCM 7I37l& &ollA g Hset &4 1,000um O|ate 2 M =st= 7ta37|&0 tialiA= 22{stx] 2%k

ooy, HEXMOZ A== Microencapsulated PCM7ta# & E5l% S

- OfAEE =Z3=2 4o 7ZHYstX| = MolM =27ol 2 £ Al FEo| D2 HE £ JUESF
st7| floff d4¥sty 1E AXIAYIR Jiscle AE FEE &

- MPCMT =& Z4lofl M8 s5E2(PCM, Phase Change Material)o| Xi2|stAH = I FHes 4E
(shel)o| ol M= F=E 7HA. Shell2 =tetd FH s &S M= Hol2=2 25* detel =
& A ZHofi (Steric effect)E& &otstH, Ch2 HEflY UHECH T3 (spear shape) M FEHX obH

Mol o g8
- MPCM9e| &=
— Core material

Core material + Shell material
PCM + PCMZ} shell2 ZA|7|= &tet2Z (ex. AHEAH)
— Shell material = & (Core material2 ol M= A&l
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L ; \.‘:! 7Y ’:# QI
| Surfactants ,h,‘E»H
\ /i m,;} 5
te3? T s
Paraffindroplet Paratfin micell

f" - '\ﬁ 5. Ca"4CO,)—5 CaCO, Shell
Y1l >

atl .1.. -LE‘EU—; Na O,

POM &3 28 ofA

 JSEHH MY
— Tetradecane : CaCO3; encapsulated PCM
- Tetradecane2 HHEBAMHZ Zo| T3t AlZ] & Hsids
CaCOsE Shell Mateial2 8t &=t
- CaCOsE Shell material2 AF23F Microencapsulated PCM M Z=2}d

—I>
J=°=
m
>
T
Im
on
4>
0f0
2
jo
o
0f0
o
)

i

‘Water+Surfactants+
Tetradecane

Filtering & Waching Centrifugal separating

CaC0s encapsulated PCM =&

— Tetradecane : SiO» encapsulated PCM
— Tetradecane2 AHEMHMZ S0l FstAZI T M2|FIE Shell Mateial 2

o
i
>
ol

Water +Ethanol+

CTAB + Tetra decan Emulsion
e Filter,
o 1 wash

Dry in oven
359,

Si0, encapsulated PCM =X

— 1-Decanol+Lauric acid &= : Melamine—urea—formaldehyde Resin encapsulated PCM

- Melamine-urea—formaldehydeZt PCMZt &XtZt ZgtEl AEfoll M resine| HM0| ofrted, o] I &
Xt7b shell2 ol ==, hydrophobicst AMZo| o st Etste=4=z2 FHE PCME2
hydrophilicgt Melamine—urea—formaldehydeS Bi&3lod 2XI7F &2 O|R A £+ gl

- w2tM ZM(alcohol) Z&E7|E 712l 1-Decanolzt sz o|F(o|=23ho| SMo| off HE = U

lauric acid& Al2g

rir
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MUF-resing Shell material 2 A& Microencapsulated PCM H| Z=1HE

@ Urea, melamine, formaldehyde, &M< =&l (Reactor 1)

@ 70° C stir.(Reactor 1)

® Acidic condition22 pH =X (Reactor 1)

@ 1-Decanol} lauric acidZ2f=0ll SDBS, 1,3-benzenediol, NH4CI =&l (Reactor 2)
® ‘Reactor 1 & ‘Reactor 2° ol dropping.

® 70° C2 52 =, 3h. stir.

@ ofZk(filtration), washing by D.I.water

At 70° C, drying over 6h.

— 1AHA ol = Micro—encapsulation 2 & 0|&35t0{ PCM2 Core235+04 Shell2 PCM& ZM= A+

S2 80| 1 Rt S AHA
=M &0l et
£ AMlduol AHAel M=chtof

PCM Aol 2} Shell 77| =0 2 M =Lt s882

0 Bz do AKX = BSHEO OI27(7HX| B2 HFIt Y st=
Micro—encapsulation 22 x| 7IX|= A ZSHEO|X| 221 0
eS| = X ot EEhE

2XHA £ oAM= Porous meterial& O|83t0] PEGsE meteriallioll 2| dispersion Al7|= WS

tee

-

m]

Porous material2 W&l &
£ ™= Shel% P_FE

=
H|
—

oo zte THo| Bo| AU SHS Usted, PEGsE PCM2Z st
2hHo| obd Inorganic porous material€ Shell2 30 material L2l
dispersiondto At 517} X|&Mo=z dojd £ JYEE 3

T2 AY £ D pcMItel E2Mo| f%45t0 SAlo| AXMESl A=
m

terial Z2AM =& ME T

®m|

Porous material : Silica
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Exa Up

L

=

Tima (min}

A=zZEM AL Silica

Heat Flow (Wig)

+ 8
260

Uiiiraal V. S0 TA Inglisnants

— Alg|7} ct5o 2= AXIF Fot FAMXIEO|A(Scannig Eletron Microscope : SEM)
LF Al2|7toll PCMO| MASIAl dispersion = O|Fol= 20nme| LAF AO|= MEZR

70| &olg

(o]

A2

ot

th

o

o
=3

Bl

0
A

0z

0z

— 2|o| Jef=Z&= PCMe| Shell &2 ste 22717t ofAEE =23 2ZoA AZ 5= U=X &elst
71 el AdEZHEM (Thermo Gravimetric Analysis ; TGA)EAH S st Azl

— Al2|F7}E 120COlM 202 £S5t 0|F 150COIAM 3AIZE 712 &5+ Z1f 100{2 St FAHZEA
7 2 7% AR UL == A2 el = AYD 0| 150TCH Al 3AZtSCH =& Alofl= & &
271 Ho| AojLiX| 222 Eoll olAZE ZZE 2ZoME HAEY F s MEE EHohE

— PEGSE Inorganic porous materialol 0= XM T dispersionsliof &X|, =Ml ks AHE st7| ¢
oF Cikst v S| E JIX| 1 AME S R et

— PCM2e| 20| Mo{X|H =2 EHMo| =24 ofo|AJt MME mf ol X|dst7| fls PCMo| && &
T U= FHLoHX| 7t Mo XA H

— ZAZHS =0[7| M= Prous material W50l Jhsst B2 PCMO| Uofof SHX|TF L 2o LT
ofo| PCMO| UES A= ShellZA 2| Porous materialol 27F oLt o|Zd 2 PCMe| &2 0]
o = AS

m Ho
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NAFALTHE AR
SEESEE S

Eg/gdel uol 2 7|Ee 0 iy 2 e =g

2 + S MHsEH(PCM) 2K 2 7B Reol AusiENel MUY U =X 52 5L
32 St

= o

» A|XPFANLE =™ (Differential Scanning Calorimetry ; DSC) & Z 1}

— Tetradecane : CaCOs encapsulated PCM

Enthalpy (normaized): 69212 Jig
Onsetx 402°C

Heat Flow (Normalized) (Wig)

Peak temperature: 6.29°C

60 -0 20 4 2 40 0 8

Temperature T (C)

DSC =& Z1}(CaC0; encapsulated PCM)

B[}

2l J2iZ+= ‘CaCO; encapsulated tetradecane’, H Ez2lHA 22 core material2, CaCO; &
shell material2 2t2+ AL&siiA 22 PCMZ &0l ek DSCEAXIE

‘Peak temperature’o 3l &st= #il(*—?EE)E °F 6.3CULI, PCM
H e ool s Estes AntE LERY

JtE2xelst7| ™ H Ez2HH A elel ‘Peak temperature’(5=3)2l 2F 11 CHLCF 2 5C AE U2 =2

=
=
ol
a
Ms

FoM SEEE 7IXHAM EdoXx|E 258 = US
CaCOj3 encapsulated tetradecane2 <F 69J/ge| ZHAMETE LIEIHS. &35 M Tetradecane2|
ZrA ol EbT] (2F 194J/g)oll HI|GH 2F 36%0 SHEsl= SE8LES EHE = ASS &l

Tetradecane : SiO, encapsulated PCM
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fapy (normalzed): 99,573 Jig
geix 370°C

Hest Flow (Normalized)a (Wig)

Peak temperature: 6.71°C

-0 k) 0 2 40 0 80
EroUp Temperature 7 (°C)

DSC =& Z 3} : SI0, encapsulated PCM
2] Je2i =+ ‘SIO, encapsulated tetradecane’, & H Ez2iH|7ZHIClE core material2, SIO, £ shell
material2 ZtZ+ AL €2 PCMZ S0l CHEt DSCEAMALE
‘Peak temperature’of| GH%*%FE TR (sed™)E ¢ 6.7CHI, PCM &0l of
Heotol| sl &5t AtE LIEHH
T3 Helstz| M H EztdlA el ‘Peak temperature’(5=&)el 2F 11 CELCE of 4T FE &2 2
oM s=8E JHEXHAM EHoH|X|IE

B I S e R — 3

xlel 1~7¢ce

rot

2

K

a=2 =2

o 100J/g°l FEAYTE LIEAUT. 2
PCM ShellollAl PCMO| AtX[St= H|SO0| =

&3l M Tetradecane2| ZIAHAUELT|(2F 194J/g)oll H|FH
1 Shell2 Aidez O oA MME ZHez FHE

1-Decanol+Lauric acid &= : Melamine—urea—formaldehyde Resin encapsulated PCM

Enthalpy (normaized): 88,585 Jig
Onsetx -163°C

Heat Flow (Normalizedia (W/g)

Peak temperature 6.42 °C

60 -0 20 o 20 40 60 80
Bolp Temperature T (°C)

DSC & Z X2l : Melamine-urea—-formaldehyde
Resin encapsulated PCM

=

?l 3ef == ‘MUF-resin encapsulated 1-Decanol and lauric acid’, & 1-Decanol®} lauric acid
mixtureE core material2, MUF-resing shell material2 ZtZt ALSsiM @2 PCMZH &0 Cfst
DSC&4 Jef=¢]

‘Peak temperature’= 2f 6.4CULL, PCMZH &0 Cfst SEH o == ZADE LIEHH

73X elst?| ™ ‘“1-Decanol & lauric acid’” mixture 2| ‘Peak temperature’(5=%&)¢l 2F 2CECt
°F 4~5T =2 220 M s=-S LIEY

o TR = —]

‘MUF-resin encapsulated 1-Decanol & lauric acid’= 2F 89J/g2| EIAELE LIENHS. &St
M 'PCM mixture’e| ZrHQMErm|(2F 188J/g)oll HIaH <F 47%0f sl 88Ls SHEY &+ UASS

Hl

Lo
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» BAZZEAM (Thermo Gravimetric Analysis ; TGA)

— Jbedof ogh 2ol B WEE FMso] BB WHOR AuKoz BT Jido o FE
sl v e 2o Zgo| Lasl st ol ofF 2Ho B Wslel NS FHEORN AR
Sy daMoz SMsiol YRsl TM2 BHS. o FEsl Do J|Estol B Wt Yoju
£ 2ZolM AlE2We ¥ SN2 YT, = ool I HEZo| WA Fol thatod X
ste vl8S 2HE 2 dT0ME PCMO| £2 250 ofAZE BEED i AlREHE M2 2
okstol AIBTIROIA ZolEIx| 2T SHYBHAIE TGASE S Sol Jhsste= &

» A2 M (Thermo Gravimetric Analysis ; TGA) &X ZH1}

— Tetradecane : CaCOj3; encapsulated PCM

Comment: 400 (20 /min),120 -10min, 150 -180min hole N2purge 100mLimin Instrument: SDT Q600 V20.9 Build 20 Comment: 400 (20 /min) N2 purge 100mL/min Instrument: SDT Q600 V20.9 Build 20

45 1

4.708%

Weight (%)
5
&
Heat Flow (Wig)
Weight (%)
8
&
g
Heat Flow (Wig)

T T 25 40 T T T T T 44
50 100 150 200 250 50 100 150 200 250 300 350 400

Universal V4 5A TA Instruments Ex0Up Temperature (°C) Universal V4 5A TA Instruments

o Up Time (min)

MZ3} #1 : CaC0; encapsulated PCM TGA EXZ 2} #2 : CaC0s encapsulated PCM

o

_'
oD
=
i}

ro

— CaCOzZ shell& 0|2 PCMU &S 1
HY S ol 2 Aol 12 obMMo| st SEx|2l

—

Ao

50COIAM 3AIZE FAIstE EA =0 5%0[LH2| FHEA
150 CoM 10%0lHe] FHHLE 5

d

AlZl= 2ot

- 0COlAl 400C7HX| 20CEH 2 S2& st 23 of 250CHX|= 5%UH2lel FAHZEAIE dss &
4= 0| TetradecanesS ZE T 78| CaCO; capsule® T2 EZ Al ZQst 129 stHoAM A
M Mol ASE ol & = US

— Tetradecane : SiO, encapsulated PCM
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Fesrs

heoso &

baras

]
2
8
E]

Temperature ! (‘C) ety Temperature 1 ('C)

TGA ™ Z2} #1 : Si0, encapsulated PCM TGA ™ Z 3| #2 : Si0, encapsulated PCM

M

SiO.2 shell2 Ol PCMZ &2 2 & =0l oM FAHRIE oLty Ao 53
80~130C TZtollM FAHH2IF weA DA=HJAD 130T ofFo= 2435 FHALIE LojLt=

S A O o
s = AUS.
x

S0, @ Yol 2 E-EH%EE&IHH;IEé%‘%ﬂﬂf(}&{) Zatol A of A o
e stEozM TR0l LA HoR HUlEX|Y ARANNIS 1 242 O 97 2HS &
=707 SlsiME 150ColMel LMol @TE 2R S0, WasE M| YsiMs Foiael

ol77t W

1-Decanol+Lauric acid &= : Melamine—urea—formaldehyde Resin encapsulated PCM

Comment t: 400 (20 /min), 120 -10min, 150 -180min hold N2 purge. Instrument: SDT Q600 V20.9 Build 20

80
F4s

60|

a0

Weight (%)
Heat Flow (Wig)

40

R

F3s
20

0

3.0

50 160 150 200 250 360 ) 400

Ex0Up Temperature (°C) Universal V4 5A TA Instruments

TGA EX™Z 1} : Melamine-urea-formaldehyde
Resin encapsulated PCM

MUF-resinQ £ shell& O|& PCMZI&2 150COIM 3AIZF 7X|St= 2 ZZAHAA 2F 70%2] F7

Z4AaE HoyF USF

MUF-resin@2 ‘1-Decanol & lauric acid mixture’s ZE S 82| resin capsule® 100CH= =

Aol M= ALEO| ofEE = AUASE 5*‘?_'

stE7|ol AMHst=Hoo|l o F ofA

2 EetE

TGA AlE Z3t & 160C o|2tollM B ZA80| 10% 0|tz EHE= AR 2, stE7| =
ols

2% 25 80CE 5t%2 M, LHAfE st de2 ol
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o|Z& (Scanning Eletron Microsope ; SEM)
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. SiO» encapsulated PCM

— Tetradecane




Signal A = ntens

Hag= 60.00KX

Signal A = fokans

EMT= 1500k WD = 7.7 mm

Hag= 1500 X

EHT= 15004V WD= 7.8 mm

F Si0, encapsulated PCM

=lod &
=gl

ofl

X2 7

£ ARxlzt opzh

CaCOa ?:I"

o
= —

<

1l

. Melamine—urea—formaldehyde Resin encapsulated PCM

— Decanol+Lauric acid

o
N
o
3
3
=]
S
o)
o
=)
L
(&)
x
=
o
rod
4
£
£
S
©
2
=
©
=4
<<
[%]
=z
=]
X

1.00pm

KUNSAN 3.0kV 8.0mm x30.0k SE(U) 09/03/2020

ol
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|
Z0
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N Ao

o

N

Heat Flow (Normalized) @ (Wig)

alized) 60.690 Jig
c

Enthalpy (normalized): 57.888 Jfg

Peak temperature: 8.08 °C

10

o Up ® B ° Temperature T (°C) *
DSC EX™Z 1} : Silica Shelled PEGs / &% 9T
of £ ZE 2L E 0| IFHM 2 HOIEHZE 2E7} MSsts F2HollAl Peak2kEs
71830 257} stdsts FUoA Peak2E= -7.94TCE 7|58
] //
) vaz-\ g:\\:;\zw;gvﬂm@zem 58.513 ig
\ /
DSC EXMZ1} : Silica Shelled PEGs / 2E 7T
of £ 2 REE 0|1 YFHM 2 HOIHZE 2EJ} M&5st= F2H0A Peak2E &
JIE D 257} stdstE oM Peak2&E = -6.88CE 7|5&
% Eninalpy (romaleod): 60160 Jg
Loa 5 ; - 5 7 b
DSC EXMZ1} : Silica Shelled PEGs / 2% 5T
of £EE 2 REE 0|1 YFHM 2 HOIHZE 2EI} M&5st= F2H0A Peak2E &
71230 257} stUSts F2UolA Peak2E= -5.22CE 7|5¢
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Peak temperature: -3.26 °C

Onsst x

Heat Flow (Normalized) Q (Wig)
°
om
m
& s
8

Temperature T (°C)

DSC E™Z1t : Silica Shelled PEGs / 22 3T

2o 30 £EE SEE £0/1 HEMHA ¥ COlHE 2EJt M45E TUA Peak2EE
5.80CE 7IZ23 1 257} s1dsts T2olM Peak2EZE -3.26CE 7|24

— fl9| 47X FHZME Hot 2Tt SEe 4 HHTs S5 E &5 dsTUolAMet 5
oMo 3L Peak 2T ALO|7L E0{EE W22 EHCHE
OlAHES AHMZ =3 ofo|A7t Llsts d&o| BH[F0f EH sdoMe A= otz 2 10
£, 7. 5k 32 £ 2 2ZIt 2P SlEtets 2ol gicks S8 12i5to] Aol
st A& I g & UAEF SePie S22 {ie S8 23 122 71510 &
SH2o2 DSC 58 aAle

Peak temperature: 0.92 °C

Extialy (rumeltan); 00650 Jy
Onset . 4.64°C

Enthalpy (normalized): 59.355 Jig

Onsetx 3,04 °C

Heat Flow (Normalized) Q (Wig)

Peak temperature: 3.80 °C

20 -0 0 10 2 20 0
Temperature T (*C)

DSC £ ZT : Silica Shelled PEGs / & 1T

258 0|2 IFHM 22 HOolHE 2571 455ts FUollM Peak2EE
7

- E —
3.80CE 7|53 2E7} stdsts FUolA Peak2E= 0.62TE

to] £ 2 FEPUIALE "OX|X|= ‘E;EE MM =2 HE5tAH E

Ao A At strt ot Ho 2 of o
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A o ir
3. dA7etniN e = Zut I 7 SN HT
1) elpas Ao
(1) MMA ARt
O (A1) Fstea &4
- A-1-0 1047t 224
— Wunderground #AIOIEE ALE310] 7| H|O|E{E &gt
— H|O|E= 1999H R & 2019d Xl 20HZEe| 7|F HIO|EHE 0|2 3sI¥en], O & 20109 FE 2019
H7EX| 10422 Ho|[E{E MEdsto =A%
— AlZHE h|o|Hodl= AlZh, 7|2, 5 2 LAt ZeHE
=2 E 2047 Ho|Ef & EAMofl ALSE A|ZHE
Hlol&
— 1Xelel ¥ds 5 HHAZS ofAEE ZZ MIEsto] 2ol mE EIEHE 252 EEREE o5
= A= Z2E g
A 2% Jl8a
- A-1-@ FEM % €58 YWHAIS o|Sct dSMM DAL
— 20104 12¢ 52 ZEZIEX|Ae| J|=HO|E{(0fA|ZHE Oi7|2 %, HIRES S, EfUdSAIE)E 245}]
o =& PCMZ2 ZX™SIaAF &

Tompuesturs and siar radation

K

20104 12¢ 5¢

HEIEX|He| 7|=HlolH
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— PCM ALSE, A5 25, € 371X HFE 23st0] 22237t af, St
FA2Eo X9 gh2 ZHSI¥ 0] 222 ot met &S
X5l A A1}
TE AT (C)| A (C.h) D,,(h)
Control case 0 0.14 36.19 1.12
Arm s} 23 | Case 1 1.78 67.76 | 1.65
. case 2 1.85 69.43 1.67
=< case 3 2.86 72.33 2.56
case 4 2.34 65.67 1.24
MBS 25 | case b 2.22 63.34 1.98
case 6 2.34 58.64 1.34
case 7 2.92 73.45 2.65
&Md =2 | case 8 2.98 77.23 2.78
case 9 2.97 79.34 2.89
December 6™, 2010
° PCM: 1.6% ; 3->-8 °C; 50 Jig
0 10ﬁme(h)15 20
Temperature response of
Case 3
— Case 30| &Yt PCMZ=A & FL2BEZIHAT,,)7t 2.86T o|¥2n, BIIRE
3T.h, 23 ofo|A MMX|ed2 2F 2A1ZF 3022 LIEIH
- A-1-@ E ofo|A X8 MEsIEZE 2 e MY
— Jjet=El Z2A| 2Hst] 2 PCM ZHMA ZZ2OM S MatlabS &-&stof zljgtet
O (A-2) ofALERto| 53 M5 HIL
- A-2-0O AN "It
— M E7J} 500cP(0.5Pas) ™ol ofAZE HME J|&2 3000cP(3Pa-s) o|RteZ
ALE0| OfAZE FEof Yo orER2 AEZ o|X|X| 2ol &AM AEFS FX| &

ro
02
12
N




Frequency = 1 Hz
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Xtod = d}
=

S AIE egof acol cEeige o

—
E5l0f A|2Q| 252 o 1.5C ZIHA|Z

— Si0, PCME2 7.5% A2t 4=

S et AL gLol 55kPaollA 40kPaE Z=Histod Z

Mol MY 2 Hoz me

G'siné Ztol 7HEF Lol XMe 7

|
=

- A-2-® 25 ds5 ¥I}t

80 . -
I PG 64-22 (b) .
) C2C0,2.5%

2

[ CaCO,-75%
OlATES M2 BE MEA I

70 -

I 510,2.5%
S0 | o 5i0,-7.5%

EN
(=)}

0 -2
Temperatures (°C)

— —5COIM 0.5% PCMO| Z&t=0f A= OofAEE Z8tE A|RE 1T Fof LUt ofAHE EZo=En
TAter 2 EXS. BtHol 1% PCMZ} 1.5% PCMO| EZ&t= 0] U= ofATE Z8E2 bt of
2EE o= H|Wsto] 2~3C EUS

— -7.5CHM 1% PCMZ}t 1.5% PCM A[Z(PCM10, PCM15)= UHIotAEE Z3EHCE 2f 3~3.5
T HE =*20| ol PCMO| €& wEst A2z 2 + U2

— —10COllA 1.5% PCM(PCM15) AlZ2= bt ofARE ZeEECH 25T =Us

O (B-1) ofAEE

B-1-® CHEA
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rfol
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3

=5 g9lo
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which were approximately 0.2-0.5C. The high aceuracy of
the model may come from the indoor conditions, where
temperature and wind speed highly controlled the effect
of solar radiation and long wave length radiation were
mitigated.

Fig. 11 Comparison between Predicted and Measured Temperature
of (2) CTROO, (b) PCMOS, () PCMIO, (d) PCMIS

5. Conclusions
In this study, a numerical heat transfer model was

established to evaluate the effect of phase change material in

asphalt conerete under low temperature. The optimum PCM
design ool was developed to select the optimal PCM content
in asphalt concrete by considering real weather conditions.

“The findings of this study can be summarized as follows:

« It is able to predict the temperature of PCM-modified
asphalt pavement by numerical method. The effect of PCM
on asphalt concrete can be taken as effective volumetric
heat capacity, while the volume fraction of PCM can be
caleulated using an iterative method.

« The numerical analysis results showed that incorporating
PCM in asphalt mixtures can slow down the cooling
temperature of the pavement, resulting in a delay in the
formation of black ice.

« The aceuracy of the numerical model was confirmed by
the high agreement between the measured and predicted
values.

« This research provides a numerical tool for simulating and
predicting the temperature of PCM modified under real

weather conditions.
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« The SI0,-uPCM acquired a higher latent heat of 99.94 Jjg
(Re = 52.9%) compared to that of CaCOs-#PCM, which was
7183 JIg (R = 37.9%). However, the CaC0;-PCM presented bet-
ter_thermal stability than SiO,-#PCM at high temperature
(160 C).

« Due to the micro-size of WPCM, containing 7.5% yPCM did not
affect the rotational viscosity of asphalt binder at high temper-
ature (135 °C),

« At low temperature, the incorporation of PCMs could reduce
the stiffness of asphalt binder. The calculated G*sin values of
WPCMs modified asphalt binder were lower than that of conven-
tional asphalt binder. In other words, the utilization of appro-
priate uPCM could improve the low temperature cracking
resistance.

« The low-temperature sweep test results showed that the
dynamic modulus of modified binders strongly decreased dur-
ing phase transition. Due to the release of latent heat, the tem-
perature of the whole asphalt binder sample was increased by
1.5 °C, which is significantly beneficial in mitigating black ice
formation,

In genera, this study provides a method to synthesize uPCMs
for heat energy storage. The thermal stability and latent heat stor-
age of WPCM were acceptable. The addition of WPCM could enhance
the low temperature cracking resistance of asphalt binder. It
should be noted that more analysis on the effect WPCMs on asphalt
mixture should be considered in further research,
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