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NOMENCLATURE

T : temperature
S : heat source

k. : thermal conductivity of thermal storage brick

r : radial coordinate

z : coordinate in the axial direction

k, : thermal conductivity of cement mortar

k. : thermal conductivity of microcapsule

¢ : volumetric concentration of microcapsules

Q : heat transfer rate

o. - density of microcapsule

V. : volume change rate of the solid phase in microcapsule

A : latent heat of phase change material

T, : melting temperature of microcapsule
7, - interface location in a microcapsule

t : time

R, : radius of microcapsule

m : mass flow rate of heat transfer fluid
C, : specific heat of heat transfer fluid
T, : temperature of heat transfer fluid

U : U-value

,vi_



T,, ! average pipe temperature

D : pipe diameter

L : pipe length

T ,, : pipe inlet temperature

T.. : pipe outlet temperature

A, : pipe surface area

Bi. : microcapsule Biot number

h. : microcapsule heat transfer coefficient

NTU : number of thermal units

e . effectiveness

- vil -



SUMMARY

The utilization of microencapsulated phase change materials(PCMs)
provides several advantages over conventional PCM application. The
heat storage system, as well as heat recovery system, can be built to a
smaller size than the normal systems for a given thermal cycling
capacity. This microencapsulated PCM technique has not yet been
commercialized, however.

In this work sodium acetate trihydrate(CH3COONa - 3H.0) was selected
for the PCM and was encapsulated. This microencapsulated PCM was
mixed with cement mortar for utilization as a floor heating system.

In this experiment performed here the main purpose was to investigate
the thermal performance of a storage brick with microencapsulated PCM
concentration. The thermal performance of this storage brick is
dependent on PCM concentration, flow rate and cooling temperature of
the heat transfer fluid, etc.

The results showed that cycle time was shortened as the PCM content
was increased and as the mass flow rate was increased. The same
effect was obtained when the cooling temperature was decreased.

For each thermal storage brick the overall heat transfer
coefficient(U-value) was constant for a 0% brick, but was increased
with time for the bricks containing microencapsulated PCM.

For the same mass flow rate, as the cooling temperature decreased, the
amount of heat withdrawn increased, and in particular a critical cooling
temperature was found for each thermal storage brick.

The average effectiveness of each thermal storage brick was found to

be approximately 48%, 51% and 58% respectively.
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eed AAAZNCE A2 AYAAY 7ML} FFH fuixo] g A4
°of axHx g, o F JguUA: DAYyl e} f2v ALEA 9 SXof
AeF I FHAY FF2E Ao ALHA Ed. 23 oy B A-
AA FFE-AGA ALES FAHAA AYA a9 FF5 e AH, 3
A, o2 BEIAJ 2% B2 duAst EgEAHoR ¥zt E. 1
g YA E B #AsT AFF AYAZ o] 8387 A dyx ¢
A3 AGA AHEAZA AIA AFA2AE ALLEte] g AUAE AT
g Pez AF3e Ao JUAE B &Aoo ALEEE BYF 9 o)
o 283 £8A R4YA ARZE ustel A8 E AYsn A JuE =
Yoz ugaH} FHANE 43I AY a3E A2 oy @ X
A% A AAIAE AFse PPL Y ddA AF(sensible heat
storage)®} FY oA A #F(latent heat storage)e] Yr}. VY ojux A4F
S AR A &x Fsoz A AdUAE AFsE PPoln FA AF
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gy dE AZLS AF vld 257 A5 wE AEAE FA Fge
2 ddo] 275 ol AF A2 AVE Eolt AARE BA 89, 1
g3 A FE3E Aol AZLEE AL BEEAY ol AW AL AH
S(heat flux)e| A7t @k, oo vt Fd AFL oux AF A}
A7] Wi F9x9 ¥3E 3A Y + Ut Table 1& A B o) %
& AAAG YA vl FAs BAS ol 8F AS F9x9 ¥ E 9 454
AE 29 771 Ad. 283 A AT 2xojA AU E AFsa 34
g 571 doeee AP A4S Yo} Rz AEH S Foln &5 AFH
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Table 1. Material volume required for the thermal
energy storage of 106KJ

Rock 33m’
Water 13m’
Salt hydrate 2.8m’

ojgid FHAAZL FAEAZE FIAE AILEA Ha HAY FAA A
S A2 Yo ARHEZ vl F2F Aol

g Y gos A4 F e ALE(-5C~120C) 44 942 =
2 8849 S 7IA+= 4wzt 2 4A(phase change material :PCM)& o8 7}%
e olE EF BEFE o8¥ F dv AL oiyg. iy FAA:
YA FA 2= FEUNS /HAT QY] WE 949 25 FFEFH ALE 53
d & I A 2x FF A + gQornz s} 2% £33 2
d o2k FFol OE AL, Y &% FF Y] 2= 1F¥F 29 5
& 4S 7 A 9. 2d9A ZFHAQ FEA Hd9o] W5 Aol Table 2
 ALE 598%x9 2xUAE YehdlL 3 Table 3& olg @ A28 %
8ol A3 Fust EA FHE HAFTT.

ol2d s 249 ALY dFsy AA HAGMulk)PHS v AAE
gz ds 5 dd. 3zt 8329 v M7= sH(microcapsulization)d 43
3 243 &2 799 UFoz AME 71&S G HId: e @
92 g3 AFol Immollle g2 73 Ho JWs EAS IYAIE
ZlEol /ARG, A3 EAL vANES Axd o]8F B9 AdWA
Hol AANEz ZF F Bd dd dgHAde] FAHN FE9 Fux JEP
g A E%E A& £ A vAP=s FHst 2L JFE W
Abulk) P9 PCME o8¢ FE N2d9 FAFCE AAA AFES 7
Adal F3 &8 Fobo I3t E olFUd. F, EolY ¥EFT AZAAY
Augr] IAED, dIE 257 FE=x 5o ol & 7HsAol g =



Table 2. Heat storage uses and temperature range

| 2%(T)

s 0~15

4 Y ¥ (Heat Pump) ¥ 9 15~30
HIgd 59 15~50

a8 40~60

Ly 70~80

3Js71 44 80~120

Table 3. Phase change materials

5 3 £83(C) Z A (cal/g)
NaS0410H20 32.2 42.0
R NazHPO412H:0 36.0 63.0
TrdTE CaCl:6H,0 36.0 456
CH3COONa3H.0 58.0 63.0
C2sHss 61.4 39.1
Ca4Hso 50.6 38.7
i Ca2Hus 440 375
CaoHas2 364 59.1
Stearic Acid 69.0 48.4
875 Myristic Acid 57.0 47.0
Lauric Acid 42~44 42 .4
Capric Acid 315 36.4




EH9 gt g FIdE o]f3 £ WYL 1940 Fukig Ars)
Aol 19708t F A9 ofuR s s FHowmA Lo WAL FHYu).

Fd 242 A8 AR Ao B AT ARZE FAs 249 wa
(bulk) A& o] 88 B 99 AL S s 228 vAF 799 A&

2 AFRso o8 &8 FHE 5 5 U

Masayuki Kamimoto(1980)% 2 NaNOs(sodium nitrate)®t NaNO3;e] &3
28 2HQAAEY &7 A3 A Bo] FA4S FHEE U £
ZoA B AAQFFEL FAG vlA(FT7) 2AD AT 59 EA9 dAx

TE o4 Wy 24¥H Wyoz Yt M= vas.

A. Abhat(1983)= A28(0~120TC) FEA T7#E EHstxu ojgd AY
Ao gl &3 FA dAA xAEAG.

Ahmet Kurklu(1996)= ¥ 4z 93T duQd ¥ & QA48 e 3
AAZ171 At FHx9 dWAHo] 27 Koz 4452 FIXNE P 59
ZE ARSFAL ol FAx 4TS NTURHA g3llH Frhsdd.

Mehmet Esen(1996)52 W3t 83& A5 A9 olgd 4%y o
HE A AT 5o RS Puo FAx FXA HH S Agy 3
Hol &AM FAst 249 A% AN AL LS AU

Morrison(1978)% 2 3718 ¥4d<9 vAZ & aYd Fdx) 59 A=
Na»SOs - 10H20(sodium sulphate decahydrate)E A}& & ZA$ A8 AL
delo Zdxo vAN ¥FE 4z Y 57 U FHGA 428 A8 F
22 29 £ UAd32 Badd. =3 A2 dAY vfYP2 A4S B S
Z1Ee] Y £z A ¥ dF 2v A Y 5 Yo A

Y. Cao®t A. Faghri(1991)& 203t 83 S /3 FAdx9 A5S 47
oz MY Fst BAo Aasies 49 A9 ¥ Prye 35
A dAGd dE S =gt

AWAo R, £5(1992)52> F7 AEAAd FEE YR AnF AR =5
Aog JAAFG AYd S o) f e vthdFte] AW REE PHFY.



Takeo S. Saitoh(1996)%5 > n-octadecane2 A}§3ta} 2| &o]48mm, Z o} 7}
I50mm<el ¥Fd AEH4 AFol 90mme FINEY = FAHoA A
=429 AA v &o] Fo, Ste, Grn®} 42 TR JAE TN AAdFH
A AT 289 9IS v,

Yasushi Yamagishi(1990)5 <2 5 F#< #2398 5~1000me] g3 2
719l nAYES ARt vAdE A7) 42 AL 54 A A3 5m
9| A71E e vAN&Eo] 5000 Alo]E AFL Ax FxHoz Ads
A A 5 A ASE gAY aYga oldd nAREe Fad
=2 FHd Fdxd §F 54 U

P. Charunyakorn(1991)s & 93 YEUA dAY vl IFA wyR&
std 4z 840 &8 58 & o, oo qFd AL S4o) B A}
S T3] o9 T2 P ZAXE AL Lo o4 HS Fo WSHE
2 € #(Stefan) 79 "MW &2 Fxoln FA(single phase) 5 R} 2~4
ol £ 9f%(heat flux)S Yetdg i 3¢t

#3194(1998)5 & Aol AF Q) CHs(CHz)1:COOH(Myristic acid)& | Al
PER AZs olfd MAAYES FR/T vy g Fu3 &9 Fo
A4S s vAdE 3ol dHay HES FHF FRe] A &
Aol B¢ AT E +P3Ug.

et o] A EA g A7 BF a1 A 9% EH0 g
A7 Abulk)FH] §8& A7t R P, aga vfP& BT
A34E a2 &84 FAHE F7IRdE= A% AA P& A9 S0 dig A
TEAolA.

3. ¢ 85X

AT FFAME ¢ 5 UKo PCM o] & 7l&L £49 A9} 54 BAo

4 83 gee) PCME ©| 8 59 AlARS0] 58 o|F31 AY. 2y 4
A&3het PCMS $-83ok: wle thdate] QA vjAs Ay Y2AA ARF



R AT v TUAIN: Wgor APHm a1, A (thermal mass)ZA
Ao vpeheboly WY it ZAAMR o4 54 5 + . Ea #
dY HFAANAAS AETFxA HEF F¢ FQ UEs 5o AAs 2AL
FHAAZE o] & bl dF ARt APFolrh. AAY BYA N2 A
< HFAS AETXAE o) Y5HHUS 2 o) 83 A2 o 2N uAgA
€& FFE S A EANE s dYeid.

Az Iyt FAAE] Ast 255 ol 43le ABe FxA AL
Adsts ddolgAor d9 Yugd A4 Fo] Ho] ZAXMH B F3
o] 87, A G WA AU IH}A(overheating) o2 QA A& A
Al 259 2 W3 Loz AALYY @7 Bdd AAold. by ZY
AE ol 8@ FAMY HLo2 71EY 59 PP dHS MY FASA
o $27F 7hsd 3 s RESE AP AT QY AR BE HZ Auy
3 YE 2 2FEE A2 X444 FAS aRHe #A ssEg.

G2td 2 dFdAE A& PCMS AJHE 229 E3sia A2
o wiehdo] A 437 AHAM A8 AN s EAHL FHdnA FU.
T 9 A2de] 24FFLEE ANEA AU A9 57-60T
ojmz W37t 58T CH3;COONa - 3H,O(sodium acetate trihydrate)
At 73 vAREs AzdAxn, 289 nigddwe L7 Y@
A AR vARES FHE FLEHS AU, AFE Q8] 1)
ARde 73, 442 A {3, A3 79 ddexed e z98
ol A% Hrle #d g dFAG.
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O. ol &4 w7

ZAuee] 3933 JAFL PR ARE FHBol B ALHUYS
BA37] Aol Fig. 19 2ot 220 dg F44e AmpPae
Edad 983 2y

ks 9T

r Jdr

2

2 AL+ (2 )+ 2 (kS5 +5=0 1)

o714 St FIEY Yo EAsE vANs AW AZF ZY 1S
of 98 43S ZdI. ADAA dAE AF k= gtz og AAE B
gz dAx Agddes da2n. vAfE F5F0 9E 432 uddd 94
EAge 9249 Aoz g Hridg.

2+ k) hmt2c(k ) bp—1)
2tk /kp— clk./lm—1)

ky= (2)

AN S3Fos dAxe 7 7 BFgogo dAx HHN F
A 5 g 7HgE A H()elA 233 o] AtetAd.

vARE WelAe] 3as #APS neld SIS XWE7] AMA Fig. 29
2& EAS dAsAd. S vAAREdA 14T dBE3H 98y
uAEe] e o7 gAdAG.

aez vAREdA 14T AL L e g5 o] xHAG.

3)

Q=p V.A=4xk(T,— T) 1—(1723 )75t



Tin

Heat transfer section

t—» 2

Fig. 1. Heat transfer of storage brick containing
microencapsulated phase change material

Interface

Fig. 2. Freezing in microencapsulated phase change

material
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71l V.= i4(solid phase) AA W3EL FHAIY.

V.,=—47rr,d7’;& (4)

NARE YolA a4} AFE FRIYFE AR 9A, L, GSH 2
o] Fo]A 4} .(P. Charunyakorn, et al., 1991)

t=0- r,)2+(— r,2)B.—1)/3 (5)

A7lAA & TR Aoz Ka /(RHNCAT.— D/A)2 EAHA=

B kJhR,=1/Bi;2 E@9Y. 2822 S } 23 o] FojAY,

(Tm_n 'y
R  1-(1-B)7y

S=QN=3ck, (6)

A7l A N& £92 BAAY 3 nANEe] AFE Jedg,
WAAE WM $3 HAA ol Ze AWY BANozye A
o

4 xR r,0.= [ Qat @

Z 3o FAsiAAo] o FLdS Yl 8% 32 nAPgEd AR
E Zet=29o Aol 9% A A S ¥ Yo} (P. Charunyakorn, et al,

£2 39899 39434 FAHHA FAH AAEHE FAs7] 9
ste] NTURHol 98 QZ88S Frhstr] 98 o123 s4o|g.



FEEYS VIR2AZE FRL SAAL tA dA Fddan dAE L F
BFRge 7R Y BFes JEdudE JHAY Sl g3 22 Wyew
9899 14 542 £48Ad.

54 Mt Al QAdD v A AL EL g3 Po] xdH

al,

dg=mC,dT, (8)

aen 39892 Azt 7Y% EUdAY AL gL ol
zad

dq=UdA(T,— T,) (9)

71NN dA=zDdLZ =% 4L GANES Yed,
4@ (98 s,

mC,dT,= UrDdL(T,— T,) (10)
dTw _ xDU —

o7 FdHAG.
A7l A H(IDE Y74 70 dilA ARsd 2(12)9 2,

(Taut— Tav,p) _ UrDL
(Tin_ Tav,p) o n.zC, 12)

In

A@®)E FB - 29 diAA AES sd 403)3% 2o



q= "‘,C’( To,,g_ T ,',,) (13)

A12)9 4(13)& =#¥3sd LMTD(Logarithmic Mean Temperature
Difference)& X @3 33 22 42 dAdEY.

¢=UA,(LMTD) .
_ (Tow— T”’)
9714, LMTD= 1o < Tou= Tar,y)
(T,‘,._ Tav.ll)

2(14)& A48t AP¥A9 UR(U-value)2 AAY 4 A3 o)y U
&9 Z3%=2 NTU(Number of Thermal Units)9] /138 =98 4 g}

UA,
mC,

NTU= (15)

olfl@d NTU: °l&3og ZAEYA HdZ AR 7@ AdAFH 4A
AZE & Ae AUAZF) v E BIsE F A S (effectiveness)E A 9 @}

e=1—exp(—NTU) (16)

714X q, U, NTU, €9 @S2 Adol we @sin olgfd =& AL
7] A B3 A7 53 A% to] dHfA dFddn 1P L A
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m 23 22 2 439 3y

1. 4¥sty oMY= = A |Y

et U8 FIEYA AHSE FWsEA, CH3(CH2)1:COOHE Fig. 3%
#go] 2xgo] FYPA 939 14322 PMMA(Poly Methyl Methacrylate)
AY2E 8 2o ¢X(wax)AW, GA AFHo2 33 PMMARY S #
o224 £&-54A PCM9 AAF ¥& & BAd 71AY 2= 34
g ol @ IYAE WAHA @ WAL WA, WSy, WFAe F2 2~
ZHo] PPN HAF AZolx AF JAEI F2 JNAH BFEI} $57%
AAolojof s, WEYAHA F71(water vapor) F3}4do] Rolo} 3= AL
FFHA71= PMMAE A9aA AAG(FIFAUA71&A T4, 1996) 183
Azd vAQEe] 933 5492 Table 29 2.

2.65 mm

Fig. 3. Three film layers in microcapsule

_12_



Table 4. Thermodynamic properties of the
microencapsulated PCM

£53 58 T
A7 2.65 mm
EA:! 272.44 k])/kg

H (2 A) 2.79 kJ/kg - K
LEICE D) 3.68 k]/kg - K
dAEE(A) 0.55 W/m - K
A (2A) 1.45 g/cot
#yYzt e ¢ 10 T
AARYZ & 2.4 mm/sec

2. U3y oHMYs Ax=2H

Fig. 4= 253 vAfdE AxYYP S ngEg. 719

of ojsiq g3fd Y 2HdL

ZlEA 4, 1996)

P

Ml = (heating bend)

=ES T HEHoRZA FYYAE A3}
31 A3 7] & vl (organic solvent)ol A ZA(gel)d At A o 3} 7] (sieving)
& Fotd 4 @ 2719 YA E AdEa YA A7 o] Qe Su=s
#9374 A (Rotor-Tangential Coater)ol FUF o2 A P& 9L 3
3 HFAHoZ PMMAYZL &350 Qe &vlodA 29& s, (FFd17

| PEHAXIHE |

Melting

Heating 11—

Sieving® B &
Hgs 3012
[IPUNSE- ]

00

Organic Solvent(0°C)

| Wax Coating | | Polymer Coating |
Granulator Granulator
©Ooo ©0Ooo
00 Oqp OO0 O

Q0. 00

QR:0:00

Wax in Solvent

Polymer in Solvent

Fig. 4. Schematic diagram of

the continuous production of PCM core
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3. RLEY NF

Axd 488y vARE(0=265mm)9 EAH L AIAEHS AF37] 9
8o Ad FEEYL vAREFd ANAE Beg2(NAERY=1:3)9 #Y3}
A &} 50x50x300mme] 27|12 AP, adn vARE F53
A e 28I HEEAS dolry] YA 229 Nzde uags
AA ¥ (0, 10, 15, 20%)E Ze FIEY 48 AFsAd. £9 2 3¢9 F
¢ FEEH A8 Adse AR THTE ALY 44D oA}
53258 AL ¢+ 7B (0=6.35mm)S AlE3AT. Fig. 5= A
g ZEEYY RYH} AP mE AIEYSE =AZsr] Y QA
(T-type)el $1x1E Yeld Zolal Fig. 62 AR Ed8g o xAojg, A
Adio i FUY AERGE 7129 A2 HFdRe] 2x¥¥E 23
71 A MAE o)FAR. F, FIEY FAAA M= Fgoz AR ®
|, ZAE yie g 22 wixE A,

9 A-Ad A= AREER Y EY 123 949 fAV s2E 7Y
Edo] AARE F AU ¢ B-BolA= S8} SAAMRE 125mm?Q
Aol 2tz AAddE FA}AT. oldP A AARELE WAPES
ol e FAE RN dAREE MRS Y FIEY
Be gE Aol Axd FdEY arlg A ¥ o H@gogo 9

g9rng= 7tz Az Bgege] dAddoe] st4d Aoy g ol

93 BAA A8FS AAE] A F9EHE 9 s=2: A5 H
Aol 2xE FAsZ Astqd dol= Q]9 FFol  HAAd(sheath
thermocouple probe : ®15mm)E A X3 g},

Azd FIEY2 59 2 HIA 4N #FAHo29 AEHNES H2 847
A A FA A (fiber wool, t=25mm)s FHL &%}
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300mm ' ) 50mm
< A—A Section > < B—B Section >

Fig. 5. Thermal storage brick and thermocouple positions

Fig. 6. Photograph of the thermal storage brick
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4. MY HX|

AUy vARES FRE 948G ALEN S ZAE YA Fig. 7
o 2 dYFAE F48%3 Fig. 8 AFY Y AANLE NagFE= Al A
olt}.

9449 FHM2 & A8¢ 4¥AN: ASHRAE STANDARD 941 -
1985(RA 9NE Ediz MA 2 AFsgon, FAdLYe F7)Azk(cycle
time), 83, #% 2232 29 WIS ARFA T 5 U

A3ZA 7484 3A F&48v, HVAC, 719 2 ¥z} 87, HVACA
712 b= A F2AWE 98 £9 2D WA HYL £Pa=q
Aol HPASF S0 BHAYe B QXS Zolxw ZABYY T8
Atole] F & A& A4S (Overall Heat Loss Coefficient)?] W32 H2rz 3
7] fldtd 3G AL EE FAGEE Y.

Ztzbe]l A E S g¥u]7] B (Distribution manifold)2. 2 @AZAst X Ao
A FA 225 % FASYR G AF ZHEYAoldE FFAS
dxste] zhzte] ALY sl R FFolA YL FHY £ Y=
st 12a A8 E dAG FAL WlFdde 2AY RAS HgFd A
i1 A%y BAAE #RE7) dat FAZZAE $39 AzY FHSES
AH&-3H A ot

F2An ] dALEE {FAS] QN HVACRES MR o vy
F2AY <ol YA At AR AFE 3o Pul9 LxJ HPLE
% xS A% 222V JHA MEHES Sy deAne exst ¥y
TERG 3g F4 A A9 s FFHEE AQsYT. ol FFo
Fdiwoln B o A dFLERYG B HS$ Fdxo= Mus} Ry
o HVACH- oA 439 8o F22¢q Adn@rE 3o 323 HAYL
g xS 3¢ S¥xols Muy} @I EE Y}

9599 %9 A4 Hot Circulator® %39, AT 253 =298y

Tt 58 F UAA A2 A HAL Refrigerating Circulatorol A A3
TER dAY FAM7 sEXE A Y.

flo

o

)
o
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ﬁ—' ——— " 980mm -

[ Exhoust Manifold EEm—
R —
- 3‘ Chilier
. o { 7 l 3RT
; @ 16C oairs —™\430-60 Liter
| HAC | e L
| Chiler | & ) :
| aouer |G (0] 2 ©) @ ‘
! 3 ‘
| S
. : {Hot
‘ 1/C points | R —'")l_Orcula?Of
F,,,{30-6{) Liter
Insuaton 50 mm// -4 ~
| 1 0
T Fiow Meter : | e
Brick :
Heat Storage ‘ ‘
D 20% Brick
@ 15% rick __ .
@ 10% Brick . _______Distribution manifold ;
@ 0% Brick

Fig. 7. Schematic diagram of the test facilities

Fig. 8. Photograph of experimental apparatus
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TEA% FAEY YT e FAsA HANAT A9} BAW
2 ¥ 9= Table 59 #t}.

Table 5. The accuracy and precision of the instruments

a3 ¥ A% =
eE +05T +0.2T
L= +0.1T +0.1T
% +1.0% +1.0%

5. MUY

F98599 4TS Frarl A4 AYg $HS ASHRAE STANDARD
94.1-1985(RA 9 E 71F22 sdd. RE AL 9P BAdANFPo g
TEEY. FAAFL AG FAVE SEY 2 AZEE HAHo)n @
d A2 A AV FHdEYo 2R AL dFEE AL 9w

EE Adel oA FdEH 25X Ay Ao APz FA o} sy
SAEYS T3 s2¢ A9 FAC ALREIS A8 oo . =,
A3 2HE FA37] st AAG FAE N3 T 7Y 219 2w
7b £05Tel3t7t 513 AEZXE Tl A% &@AA

A FA9 APHELS FE L A ANAFTd o] L1% oz Wy
u 33 =d g 53

A dNE8 % AY7|NEA dAGgo] L25%0 i W o FA
FH Addd =2 3. a2y 98 ZAA HYFe ow
Aol 38 5 Qo] & &AL dod + Uk

A Aol Fustrt ARA oz YAEE &7 JAAN Hox 54}
o]F9 Azt AL AYHA £YF F YL A}

F71 AbE A7l A AEAH-S d7] F7)(short cycle)st F7] F7)
(long cycle) #4 ANPoz FALY & A7 e S48}
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=2
L

d

> a7 F7]

O QNP 3t7] AsA dBg o7l A8 94F 102 ol o
71 N3E Zed. o] girIAREgL REdY, FxE 5L 50 P&
Zeol  dojol o}

@ 59 NY7Bes YD NN Tout = Ti + ATY o Fgdr},

Q@ FHEANY =dAA P FL& FFo|l WE AU 108 Fo dr]A
2 ZEd. o WAL HAAY V1S 9§ dAng) Aojrlg 2
a7] 91 ou)7|3tel}

@ ¥ NP7Ito 2 FYd AHE Tout = Tind W g8},

O~@33 S 58 & FJ(cycle)Z FFo).
2 AFAN AT Y £ Table 69 AAH Uk, F%F ¥zt w

£2u9 39 R 4 Y5 45T FUA Y 25 Asd) ge
5e FA.

Table 6. Experimental conditions

o %4 I |
5% .
AT+ &5 A+ 2=
210 in, 0.3 ¢ i
02 £/min /min 70T 20T, 15T, 10T
0.4 £ /min, 0.5 £ /min
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V. 43 A3 2 24

NAfeS FFE FIEY T HUtE A 4PN 598 F
7I(cycle time)ll @& F+ F8& AF=2 vAfs $7F, 73, FIA &
Y22 A3 o2fd WF e disiy S48 59 2 39 4%,
3 A ADA S (overall heat transfer coefficient), & & % (effectiveness)S

H7tst A

1. RgE8 /g U WwIdSKY

vAdE d7FS 4AY R A8 EA & VAAY FE & n3sd
dAsol . AN £EE FHE 2 HESAHL vARE R/ Fol
0%, 10%, 15%, 20% (A A n)2 dA s P34t FFA: 59 2 3
dAARZA A& FAstn 3= At 2 dFE vAERZ 02¢/min~05
¢ /min(0.1 £ /min }Z)ez HARFHAYG. agdn FIAAI2H qUAE AL S
71 Al E 48 3Fete vido]l astn 48 3T JAHNA 9
&2 A9 #FA2x %N g=A deyez $AdRYA FHEAde
¥ 37258 10T, 15T, 20Tl disfix A8S +h5A0.

Fig. 9v= 4349 {FA7F s2¢& F@ FAUAAMY 2% W E RogFa 9]
9. SEAAA 0%l A FF 479 FHEY BTN FEYA ¥R
X7t A Ed 29 BEAAE JA 0%l AATF F UL}
A3%do =28s A%t Fig. 103 Fig. 112 §%Fo| 03¢ /minolx
d AAZA QJFLEEE 70T, FEAAAA AFLEVH 15T AS 5988 U
H(w=125mm) &= E vt do. FAAZA vAYE] Faste



E=EAA =dsted e AR SFEHEARE FRF 0%)S 708, W)
AAE FHFol 10%% B2 100%, 15% 882 1208, 283 20%88 S
1602°] F#&Ad. F vlAMAPAEH/ T Fol 71 7% 25357 £571 =9
A Yt o2 AiAE vAPES FHTFo2 HA vAfREN S AR
e AIE 982 37 AEY Ao AlgHdd. $ARZA o 3080
A & FRY  FAEYA ol 257t EAE7) ARRT 60¥0
A3d 9 g & 2xxE RAYG. F, vARE S AAE EE=9 £33
Ve AF FIdaFAE vAQEe] FNst 2N YEE Ao oty 1
ojstol A A&AHoz FAdaAIN FFE HAF S 2%, Fig. 129 Fig. 13
£ AN £QEY FA(w=25mm)e] 2% WAHE Ygyxn Y. F
AARZA 10%% 15% FHEY 2237 £5¢ H&T 4FS AT U4
HE FwFol 20%A A7t A3 =2 AN AY 2AG. FAAH &
Ex vARES FHEA @2 B vay 2 9 A fFAES aut
oji@d A= vMAEL v A LA, 71E9 Y o] 84 updhdge
FA7 d+ EARE HY(overheating) AL WAY 4 Q31 22 ¥}
TR MR Fos dIHA FEANLD 5 AL Ao ARHUG. B #
Ax 59 A4 AR AE FHFol TS E $IAR) FHEA
3 Y71E2AXEGBOT)AA Zescd A ARS 1Y vAfdE FHFol
0% E3o] 45%, 10%E 3] 60, 15%E3 o] 65%, 133 20%E 2] 80
ol £285A9. 28 WS ARFA 4080 FAF F 4 I EYA)
o] =7t F7heta oF 60%ol AAF F HAAE BAFAG. olHF A
T W25 ded AFe oF 108 AxY A AAIAF L nAF
Aok, F, 385 AL PAAY L AFRFA dAD KA z2E FEBR
B goz Azte] wil A&£H o2 o]Fojx: 60Fo] AAF F URo
FEHALolo A ARzt o] 71 uF Aoz ARHJAY. aYn vARE
S o8 A HAARA 233 £57 =B R AR A 2%
A FA" 5 A

Fig. 14 vARE FFFol ©t& 54 Ad] dF 9 &% ¥3E B9
T2 Ad. aPAAM & F Ko WES A FFA 60%0) FHAF F 2 F
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duHAolo 2xWMEIt YA E BAFUn 90¥o] A oFHEHE W
3} Fo] ZAAFE BAFAY.

Fig. 15¢ 4349 A7 s2¢ 73 4343 g 25 ¥3E 19
F3 g, FIAF FAF YRl 2xFujst U BHAol 2 7
MR 3, o AAE daF(heat flux)S 2 £JEH dially 7Y
A Yoy oy GG dd o] Fe# o ASFE F4rdy] wEo]
o 223 0%EHI 20%EE Alele] 2xTHlE ABEY 20%E3] 0%
Eug 2x7u7l Ma2gdes AL 4 F ARG, ol Aol 20%E 3]
0%52rg e AL onddg.

Fig. 167 Fig. 172 43 A +¢ ¥Z2%x7t 15Co|x vAAQs A7 F
o] 10%2 £gEHo| FFWsld] AT UiNe XA LxWHE BoFa g
. 3ol FESFE dAdD T dAD AT TR dsto A5
713to] ot WAAIBo] FHAE AT Table 72 FHYAL=71 15T
3 uAAE FHFol 20% FAEY FFAste diF FrIA%e] A
. oI FAAARLE FAEA A S FEEYY FH2E7 vAfRE] A
3} 2= (58TIAA F7tsted Aee Aoz FgE A A 35+ 22
AY ANz F 20CAA Asscd e Aoz FogdAd. 53 FFol
0.4¢/min¥ @} 052/min¥d e A F7] ANNFH 2ER X oA Fof
2 RoFx gt F FIAEHAAN 4L 5 AAA 739 A B
H7 EA4F S BAFAY.

Table 7. Cycle time on the variation of mass flow rate
(PCM concentration:20%, cooling temperature:15T)

T F %94 A 7H(min) 9 A] ZFH(min)
0.2 £ /min 270 240
0.3 £ /min 240 190
0.4 £ /min 180 180
0.5 £ /min 180 160

Fig. 18% Fig. 19¢ 9 34AA 4+2%=7t 70T, +%°] 0.2¢/minY =3
A FAAAA FY AL "N vAfE F{HFo) 20%Y FAEY
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o WHeEs EUeEARE vehin Aok aPlN & 4 AR AAY
A FAYRLE R 58 LEZes w3k Abo] Avtel wa} 2tz
o eEAE 3718 HAh oW ARz Aste) ALY WA exE
2A AR A4 #A 77 AR 2Y 4 A

1) 438

Fig. 20& W2 27} 15T, ®%°] 0.2¢/min ZANA HAHFA Az
Wit qd 43S FA7E F9EHoz2 R 5 944982 YgHu
UG ol AAGEL FH Y- EF 2xAY Y52 Fo|X: Jo|x
B2 2= vARE FHFod gk wEA g@d. AR A Y
AL ES SANG, AtFEd AT FFEa A13) oA AL
d. F AL EL AtES AT AFEATY oY F NP L AtS
W AA dRAFez AN 2AE Y 5 Ad. B HYAAME At=1mine
2 AAsAd. 2gx ot AL ERRE HAZ F&F AqUAE AN
7] Al G354 S AHE s AT

Q= 121 ”-'Cp( Tot— T i)t (17)

43 a2geA & F X vARAE FHFol S BN F
Zbstdnt. a3 @AV 27)d AADEL Z A8 diAlA vk
A D& BEstY Ate] Ade] met vAfRE FFFeo] dE £IEYE A
ol dAGEL AAolE HAY. o T AL A& ol Yz &F
S g3l 5 AHdolg.

Table 8 vIMAE FFF w2kA 97] 2=B0TI7AA Zastcd 2
1 238 A4AD A Add Ao,
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Table 8. Integrated withdrawal energy with
PCM concentration

nAfEe dHF B F
0% 45 Wh
10% 58 Wh
20% 82 Wh

Fig. 212 v AA& 7430l 20%0lx ¥zt 2571 20T AP AN
oz WE RAF Y. {FFo FNEFE WAAUYAL: Bade
AYE RAFAYG. BAAURAE 3ol TARFF YAz YAAYA
o] 50%°l4& Wdan oldd ARz Ao WAy E FIFRIGE g -
EFF 2xAo] wlg NAHA BFHFE A F AU

Fig. 22 ¥4 &% Y3l g d43498S Yelx g, ¥z 2571
$E 75 A28 A JEHRYG. F dAY v ¥4 258 A &
Aoz M FHEYoRYH dS 5 %ol F7sA A9, =@ 3
T Aol M2 o2 ugYEo]l & A o W Azt #4ZL AFE £
At.
olg|d HAGE S At dsA AY¥EHH Z+ Fr] F IFFS AN
A=d o] & AR A Table 99 vt Yz} &%x7F 10CTQA F 99 20T
A& A¥Rd BIdFLE 4Whe ol E BAYG. {9 Wdexs 1S
5 EEae] 227t AANER dAYES 5718 8. 53, 4z
TA AeE 02 A9d B33 2 944988 BaFUrt

o 4y 2 A
- J-[)Il
r\

=]

=7 2

Table 9. Discharging time and integrated withdrawal energy
for heat transfer fluid cooling temperatures
(PCM concentration:20%, flow rate:0.2 ¢ /min,
heating temperature:70T)

AT 2= Bd A1ZH(min) ¥ (Wh)
10T 45min 117.0 Wh
15T 50min 99.1 Wh
20T 55min 73.0 Wh
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Fig. 9. Pipe surface temperature of the thermal storage brick



Temperature[TC]

Temperature[ C]

65

55 -

Heating temperature=70T I
Cooling temperature=15T¢
Flow rate=0.3 L/min

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, .- _ -

i

e - - — - !

|

16 il L S SN S — 1 TR

e ALY 30 50 70 20 1o 130 150 170 190 210 230 250 2T
Time[min]
L TAO0%PCM O~ 10%PCM_ O 15%PCM -8 20%PCM_ |

Fig. 10. Temperature variation of the internal position
in storage brick during charging process

o S e e e .
60 - - _ S — e e R
55 - L Heating temperature=70'C o
Cooling temperature=157C
50 - Flow rate=0.3 L/min
45 - - - - - - S e s -
40 -
a5 - .
20 -
25
20 - N
] 10 x 50 n €N 110 10 10 17 10 20 20 20 n 20 310
Time[min]

[+ 0%PCM o 10%PCM o 15%PCM  -&- 20%PCM

Fig. 11. Temperature variation of the internal position
in storage brick during discharging process
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Temperature[ T]

Temperature[ T]

i it T

i
Heating temperature=70<T
P A /G o Cooling temperature=15T ~ ) B
| | Flow rate=0.3 L/min ‘
35 = - - - S - - -1
i 1
| ‘ ‘ .
30 o “ - s L - e o S - - - - T e
25.. - = 777;,.‘7L7 — — = — 1 o —- = = - — - i -
I I I I
I I
20 - - S e Lem - - - - -
; :
15 [ SR | T _ 1 i | I L L _
] 10 30 50 70 90 10 130 150 170 190 210 230 250 270
Time[min]

L& 0% PCM —0—10% PCM -G~ 15% PCM_ & 20% PCM |

Fig. 12. Surface temperature variation of the thermal storage brick
during charging process

65 s o e ‘ L e SR,

. oo T T T Heating temperature=707T CoT o
Cooling temperature=15T
e Flow rate=0.3 L/min - -

20 - G - e —
-
A A H B "
i S R e T
15 R s U
0 0 30 50 70 %0 110 130 150 170 190 210 230 250 270 200 a0
Time[min}
L BOXPOM e JOXPOM  o-15wPCM @ 20%PCM

Fig. 13. Surface temperature variation of the thermal storage brick
during discharging process
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Fig. 14. Temperature variation on the storage brick surface
temperature : 15T, flow rate : 0.3 £ /min,
PCM concentration:20%)
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Fig. 15. Temperature variation with pipe radial distance
(cooling temperature : 15T, flow rate : 0.3 £ /min)
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Fig. 16. Internal temperature variation for different mass flow rates
(heating temperature : 70T, cooling temperature : 15T)
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Temperature[ C]

15 —mm A . S

Fig. 17. Surface temperature variation for different mass flow rates
(heating temperature : 70T, cooling temperature : 15T)
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Temperature[ C]
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Time[min]

Fig. 18. Temperature variation of the internal position in thermal storage brick
for different cooling temperatures during discharging process
(PCM concentration:20%, flow rate:0.2 £ /min,
heating temperature: 70TC)
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Fig. 19. Surface temperature variation of the thermal storage brick
for different cooling temperatures during discharging process
(PCM concentration:20%, flow rate:0.2 £ /min,
heating temperature:70TC)
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Heat transfer rate[W]

Time[min] )
@ Q%) W Q10%) A A20%)

Fig. 20. Heat transfer rate with time for different PCM concentrations

during discharging process
(cooling temperature : 15T, flow rate : 0.2 £ /min)



Heat transfer rate[W]
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Time[min]

Fig. 21. Released energy rate for different mass flow rates
(PCM concentration:20%, heating temperature:70T,
cooling temperature:20TC)



Heat transfer rate[W]
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Fig. 22. Heat transfer rate for different cooling temperatures
during discharging process
(PCM concentration:20%, flow rate:0.2 £ /min,
heating temperature:70TC, environment temperature:29T)



2. 2% A™Y A4 (Overall heat transfer coefficient : U-value)

SEEY9 BIdAAAN 2AY FA/ 2= PR FUM] £ AA
g A )44 FgE 9.

Fig. 232 #4¥Z2x7 15C, +%°] 03¢/min Y =AM £3
QASAF(URY W3 NdFa g, &5 SAEY(FHEF 0%)S AT
of AAHAE AR UGS FAsE e njANEL FHF 2TQRHYL A
o W}t Frtee AFE HAFAY. o= Aol o] we AW @
o @ FIE AL KA A5 o) QY- T XY Ugezm
YeEtdA dd. $h733 270 vAAE d5Fo) e BYE Uge
A st} Azte] Ago] wal ol RAT 10%9 20%E A AS o 100
2ol AP F 4dAY @Gl =2 FF¥L vYd. agdm 10%2H
20% = Aol Ugte] Aoluth: viMAE S5 digd o7t o 200W/
mMCAE FU.

Fig. 24= 949 {7} 325 73 038 39 Ao g U
gl WstE Yedn A, 2PN ¢ F 5ol A8 i A
ol Wl¢ AA Yeido. F, T} AAD A0l AFL A2
Wy-ol AR g v wl$ Ao FEBH FABY Yoy URY Aol
£ 2988 Uy gdAANe Uzt xolnd wl$ A Jebdd. Faw
o AAEEE FAEYY ALY a2 2 o ¢ 27| T 7o
o % dAYS FAY 5 dd. Y= Bi=hL/ke o) wj$ Anz =
AdEHUF M 2% Fule vl$ 82 4 F . gutFHow mgAEL
drgeos AN FALEY AsE AAeE EA AL £ doy An 1
HANE B Ro] &58H 10%22S vus) ¥ o 723 ¥ =9
28 WF Alelo Ugte Ful: A Hkai 20%2HA AS o] ngE =
2R oE AR PE2 R A dAETANY FAE g
T Ao AlgHUY.

Fig. 26w WaaA3A 242 A F997 &5 e 29889 yg
ol MaE el Yo Alzte] maty Uge Zrsta 4Ud¥d exg
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T5 UgE A Jeid. Fig. 258 29 vAQ84 $5Fo] 2842
2R HEA AL A ¥ 257 252 Uge Zsidg. a9
THEZE E571 20T A5 80%ol A#d F URS R28: AL v
AFAG. F, D A2AAN 4G FaE AR AL H5EE A
ZE7E ol d 2500 2 AL AUAE FARA 35 5 S yE
At

Fig. 262 d4Adg vjA9 {3¥d 259 54299 nAAE 3430 o

UtS BoFa gl 20% $989A 43S 944 v 499z e
7 & 5% Uge Z28 d9d. 224 10% 29892 39 992z
E57H 10T 3% B 15CQ 297 Ugel 238 o E=td. ol d A}
A2 Adte] vAAs FHFo gl AL d5a: v HA 2x8 2
A% 5 AAY. 3, Fig. 259 Fig. 269 A3} ZA2dL vn40s F53
o Wty A& s A &x9 A% (upper limit value)d} 3H3x)
(lower limit value)?7} EA¢S ¢ + AU},
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U—value[(W/m' C]

10 140 150

Fig. 23. U-value with time for different PCM concentrations
(cooling temperature : 15T, flow rate : 0.3 £ /min)
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U-value[W/m' C]

140 -

8 8 8

8

Fig. 24. U-value with dimensionless distance
(heating temperature:70C, cooling temperature:15T,
flow rate:0.2 £ /min)
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U-value[W/m C]

S

10 20 0 40 50 ﬁ)_ 0 a0 0 100 110
Time[min]

*10C _ ®15C  a2T

Fig. 25. U-value for different cooling temperatures
(PCM concentration:20%, flow rate:0.2 £ /min,
heating temperature:70TC, environment temperature:29C)
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Fig. 26. U-value variation with cooling temperature
(flow rate:0.2 £ /min, heating temperature:70TC,
environment temperature:29T)
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3. 8 x (Effectiveness)

FEET $29EY 9452 9757 9@ A2 A olgxez 5989
A Hd2Z AF 7@ AUAZ A AR 7Hs@d AU Z vz Pog
.

Fig. 27& vARE #F5FA B A (effectiveness)& BAFa 9.
FEEE 22 QAGASA vyFoz, vAYE $RFo) /1842 §1
EE F7H8e 2% 23 T EA(HRF 0% 10%EY349) FaE
ol 3.3%°l L 20%E¥HA9 FALE o) 10.1%E YeErY.

Fig. 282 "AAE F7IF4 A4 FdBA L= 4 g 5989
o F#ASE Yz . wAAE FHFo 20% FIEYL 99
257t F7hA W R vl v4gAs FHFo) 10%2 FAEHA
4% #9942 x 15CTY 47 10TY WRg A Jdexg. o@ Ixne
FZAAGAT7E QD A AHAAD. F, ARE FHFA "GN
42 5= MAe JALx(critical temperature)’t &2 ¢ + AY.
2t Ao d@ FEAEE vARE 7 F 20%°)2 F9IL 257 10T Y
9 63%= 713 =%o.
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Fig. 27. Average effectiveness with PCM concentration

(heating temperature:70C, cooling temperature:15T
flow rate:0.2 £ /min)
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Fig. 28. Average effectiveness with cooling temperature
(flow rate:0.2 £ /min, heating temperature:70T,
environment temperature:29T)



DAREes FHE L FEEYY 59 2 39 NYLS 4F uARE
3ol de 4719 FAEYA dHA 73T 49 g3 gL dEL =&
.

1. 34899 £9 9 B9 ANz(cycle time)e YAAE F7Fo] Z7H%
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