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Abstract: The purpose of this study is developing a latent heat storage system that uses waste heat from factories

Keywords:

in the temperature range 100-200°C as a heat source. Mannitol and a mixture of mannitol and erythri-

tol, which are sugar alcohols, were used as phase
change materials (PCMs). We also studied a direct
contact heat exchange method with lower thermal
resistance.

The solidification behavior was examined in de-
tail using a test section consisting of a Pyrex glass
tube with one nozzle hole for injecting heat transfer
oil. The tube had an inner diameter of 87 mm and
height of 300 mm. There was a nozzle plate with
one hole that had a diameter of 2 mm in the lower
part of the test section, and heat was transferred
to the PCM by injecting heat transfer oil from the
hole.

The findings were the following. The heat transfer
oil droplets from the hole start to solidify on the
upper surface of the heat storage material. As time
elapses, solidification starts near the nozzle plate.
The oil droplet diameter increases with increas-
ing flow rate. The diameter of the liquid column
increases owing to solidification near the nozzle
plate. The initial solidification shape of the man-
nitol—erythritol mixture (70% mannitol and 30%
erythritol) is different from that of the mannitol. In
addition, the observed solidification has a different
shape depending on the flow rate.

phase change material; mannitol; erythritol; mix-
ture; latent heat storage system; direct contact so-
lidification.
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Solidification Behavior for Direct Contact between Sugar-alcohol Latent-heat Storage Materials and Heat Transfer Oil

Akihiko HoriBE and Yutaka YAMADA

1. ¥8

FTAE, BRI 3 OL X — D RNEFW 2 i R F i 7 23 dH B e
WA L 25> Tl 0, SEHZE 2 & O pEEPEESO AR FH B4
IANFE—OHEMEFHERR IR TS, 20L&k %
I AL F — PRI, B AEBNKE W20, REN
IZTAF — MG 5 72013 B T 3L ¥ — & —BE I
EADTLNRELEMS 27 LOBBBVLETH 5,

FEETEIZE, WEORMEZLAFIHL T AL X —
& A DWHEGEE B OMZ AR L TR 3L ¥ —
AELDBBER LT a2 RIS 2L FE R
ENdb B, IBEEHIHAL AR K OHAERY D O
I F -DIFEFRNSKE L, HEGEEEKS (Phase Change
Material, A FPCM & Fr$ %) Ol EMHE LR E I
Ko THMET2EHENEE 5, HEEECET 50
FOWE LTid, BgoitEsHE LT, F8KT
L — D BRI EIC BT AR Y RNEIZ T 4 VAT B
F 21— T EFIML 2 BREROMEY M Tbh Ty
%o, 7z, AR EYRER DK PCM N O A R R
LE LDDIZT T T 74 MRRFREREI—R v F
Fa—TEBRML =05, BXUOPCMEHT / - <4
rah IO 5L LBk b 5.

— ), BB EX S HiEO DL LT, REEXEE
FUZ AT & 0 BIEKPT O /)N Qo e il X B i 2 B 5
DH4 OB X T 5, Bl Z21E, EEEMRZERER
T DL & K O e O B A3 12 B B RIFSE S =,
SR & [ R O B B TIE PCM A A LR T-R00Kkok: T & U
ZE RO E I MEFEEY 1= X 2 RS 7 & HEiE Y X h
TW5, PCMIER%E BBEENICEN T 5 AT, PCM
7 A VR A IR & A X ¢ 5 T 21T kD ERIRIC
FEE X H AR kX T 0D, X1, JHRETS
PCMIZDWTIZ, BN 48°COFHIiE T V) v & 5 KM
L BB O T A EGE R RS S8C ORERE T L )
2 3 KR O B & DEHFETH OBIZR'Y, FlH18C D

ANF T A RIS K B I R s 4
DIMERZ I T 2 WMER L I N TN 5,

150°C P2 O il BEE A B & 3 2 LB S i s 2
FLELTE, PCMIZTY 2 F =L E&EHWza Yy 5 F#k
MR 2T L0 & H & LT, KPR L
FENTOPCM & FERD 2 ZNAFZ 0S4 T 5 EH U 7284
il & OFFEE O W Y 2 EE M HA RN T B PCM
O EEI] - R OOV 23 A7 R0 S Mg L B8 B AF 2 2 A
BEINTWD, FEE5E, HEOEMRHRI BN TESRT
I AN FRE S 5 T 812 & > TEEEN R I B
WA ISR U ZZHADT ) 20 b =)L OFH - B2
DB L OBB I OW T S s LT E 222,
Tk, TVZY F=IE, @S T=119C, HEEL=
320 kikgDEmWVBEE AR OB T L - L TH D, H
N TEBEBIM T H 205, YL EL DEE» B D
100°C ~200°C DIREHAIZ THA 2 HE TOFERIZE L TH
af 2 e85 72012, Rk BE 7 v 3 — VT 12l
HAEHATE~v Y= b= (T,=168C, L=303.2klkg), ¥
KT Y ZY) =&y = = LOREIE T
BB GG B B A 1T 5 T E 722,

TN E TOW TIXFHEE B 2 fHE U 7= 8180 Bt
ML Z RS 72 ) TR 84 T TOERBENFEICiTTbh
T & 723, PR O Bt E B3 M &
MECT D 5728, Bl & B 7 )L 2 — )L R PCM D Bz i 25
FUIOWTEWFE Z R AN LW, FRIC, EEMENIZS
BDWMPEDBAFAET 5 7212, WS & 7= BUR O ) 25 8
R PCM O EEE B O M2 RN HEETH D, HR %8
45 L CORBEE K> T0 5, KIFZE CIREHWEIZ T 5
ZMfFE AL, SOhEE X2 5l —DL 352 &
T, PCM /1 % Jit 4 2 BB o G 2 IR T el R0 3 kA o ik
[ 2B B OBIGE & AT\, BRI ORI 2 HiE L
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2. EREHMBEIUOHESF
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TR AMIE OB AR IR PCM BEIR 2 Wi, Wi b b T
PCM 23 EEE L 22 23 6 PCM & B oo i imi & ¢ LA
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Fig. 1. DSC analysis result of PCM mixture: mannitol 70
mass% and erythrytol 30%2>. (Online version in color.)
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FLIR I O WM % Fig 41278 97, FBRREE LGB, &
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O 7z, RO RENIE Fig 5 ISR WD Th 5. ik
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Fig. 2. Test section of a direct-contact heat-exchange system®.
(Online version in color.)
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Fig. 3. Solidification behavior of PCM mixture in a direct-
contact heat-exchange vessel*®. (Online version in color.)
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Fig. 4. Schematic diagram of experimental apparatus. (Online
version in color.)
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Fig. 5. Details of test section. (Online version in color.)
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Fig. 6. Solidification behavior of PCM mixture: mannitol 70
mass% and erythrytol 30%, at oil flow rate: f;;=50 g/min.
(Online version in color.)
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E2SEHEREAREL T LW BN ER I AW &
MR E N2, &> T, BMIOEEEREDRA Fii e Ad
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Fig. 7. (a) Oil droplet floating in PCM liquid, (b) Solidification
behavior at the interface between PCM and heat transfer
oil. (Online version is color.)
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2 min 4 min
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Fig. 8. Solidification behavior of mannitol at oil flow rate:
f.i=50 g/min. (Online version in color.)

O 70% mixture, f,;= 50g/min
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Fig. 9. Time histories of oil droplet diameter. (Online version in
color.)
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Fig. 10. Relationship between oil droplet diameter and PCM
lower temperature. (Online version in color.)
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Fig. 11. Time histories of oil column and PCM solid diameter.
(Online version in color.)
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Fig. 12. Oil column and PCM solid near the nozzle plate. (Online
version in color.)
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Fig. 13. Visual observations on primary solidification of PCMs:
70% mixture, mannitol, and erythiritol. (Online version
in color.)
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Fig. 14. Visual observations on solidification of PCMs
under static conditions: 70% mixture, mannitol, and
erythiritol. (Online version in color.)
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Fig. 15. Cross-sectional photograph of PCM solidification layer.

525 I



I 526

$% & 88 Tetsu-to-Hagané Vol. 106 (2020) No. 8

(&, EESIEIE & PCM B ORI K 0 Bl L, TE
WERE SR PR I BE[E U 72 PCM A S OB % 2 Z & TRz
PR B L 72720 Ch B EeEIZONS,

WMEICXBBIROENE LTI, FHZT0%EAMIZB W
T, for=150 g/min DEFHEE L FUEREG O Je 58 A3 % 12 BEE L
TWABDIZR L, £,=150 g/min D35 13 Sl A5 12 B
LTHDERMERTE S, ZhIX, MESDPEVEAR
B & BRI A TR S ORI AV RIS 4 5 2 & T
B O W & 1T, BERE L 72 PCMISIY - THMET AN
BT AR L T DIZR L, RS AKX WIES
iE, B L 72 PCM & SRS L 0 B T8k
ELhB T LT, HIEBEICHEATER S hTn 2k
i2kdeEi6n%,

72, vV = LDf, =50 gminiZB T, HRET
WEEH2DIZ 40 LT 54, ZHIEFig8lomL 72k
12, BEREIRE ISP BB FIRIC TREE L 222 &1tk B &
FEiohbd, ks, ZOMEANLS, =150 g/min DIGA & ARk
T&H D, Fig15 (d) 12T, SRIEISH L CRATFIANS
TMIZR LT3 Z L AfERL T3,

5. #&

i

AR TEFET LI - LRECHE~Y Y= b=, &
Uyt =&z 2 b= LOREWEHHL -E
BRI EERY 27 20O EH L L, BEEZEE0
SRR N R A 155 720, BRI L% — 2 & L2
(L3 % F O CEMESH O W) & % 30kt O B[22 B DS %
15720 Z DFE, LT ORRLE S iz,

(1) EBEMIIIE L FLA> & WK 12 G & T B Lim A
SREERMAET 5, 72, BERIRGBIZMEY, 2 LG
25 & EEE B S B o WA IZ TR ORI 0
BAKU, WHZ 7, XN TGEEOEERIC & > THEABE K
T3,

LR IRIZ B0 T, BREEE OB & Rk, <
Y= b=, Y ZY b =B KTT0%RAWTIE,
W E DD OPIEDREEDOIIRNE L 5 T & HM e &
Niz, TN 6 OERPNEIEPEMECE RO RO % FUEIK
BEOBREED BN EAD I ERHEEI NS, FE
HOZEMTIZ, PCMO BRI HE L2 EET I L, vV
= N =R T0% REW E W B 4E, £ FUEIREERE %
HIHET 5 Z L REE XN B,

BEESOMEIIREIZL > TRAZBIRERL, HiE
ANENGA M D, KEVWEATHRFDIZS
FUEIROF IR E B,

—
N
~

—~
(O8]
=

10

HEE

AWFFED ISR, LK FKFbe AR RN A
L WIS RROW 10 Licirbihviz, 22128 K
kDB AR,

X 73

1) D.Lee and C.Kang: J. Mech. Sci. Technol., 33(2019), 6085.

2 ) H.J.A Juaifer, M.B.Ayani and M.Poursadegh: J. Therm. Anal. Calorim.,
140(2020), 905. https://doi.org/10.1007/s10973-020-09275-w

3) AJahangiri and O.Ahmadi: J. Therm. Anal. Calorim., 137(2019),
2073.

4 ) M.Dhandayuthabani, S.Jegadheeswaran, V.Vijayan and A.G.Antony:
J. Therm. Anal. Calorim., 139(2020), 2181. https://doi.org/10.1007/
$10973-019-08625-7

5)JJi, Y.Wang, X.Zhang, Y.Chen, J.M.Munyalo and S.Liu: J. Mater.
Sci., 55(2020), 2994.

6 ) R.Matsukage, F.Abe and T.Makuta: Adv. Exp. Mech., 3(2018), 43.

7) S.Valizadeh, M.Ehsani and M.T.Angaji: Heat Mass Transf.,
56(2020), 575.

8 ) T.Kiatsiriroat, S.Vithayasai, N.Vorayos, A.Nuntaphan and N.Vorayos:
Energy Convers. Manag., 44(2003), 497.

9)Y.Zhang, L.Su, K.Dong and T.Liu: Energy Procedia, 158(2019),
4495.

10) H.Inaba and K.Sato: JSME Int. J. Ser. B Fluids Therm. Eng.,
40(1997), 607.

11) S.Aoyama and H.Inaba: Trans. Jpn. Soc. Refrig. Air Cond. Eng.,
18(2001), 21 (in Japanese).

12) H.Inaba and K.Sato: Trans. Jpn. Soc. Mech. Eng., 60(1994), 4236 (in
Japanese).

13) H.Inaba and K.Sato: Int. J. Heat Mass Transf., 40(2000), 1135.

14) Y.Nakao, G.Tanaka and M.Hishida: Trans. Jpn. Soc. Mech. Eng.,
7(2004), 758 (in Japanese).

15) T.Kiatsiriroat, J.Tiansuwan, T.Suparos and K.N.Thalang: Renew.
Energy, 20(2000), 195.

16) H.Nogami, K.Ikeuchi and K.Sato: ISLJ Int., 50(2010), 1270.

17) T.Kawanami, R.Hirai, K.Shirai and S.Hirasawa: J. Therm. Sci.
Technol., 12(2017), JTST0036.

18) A.Kaizawa, H.Kamano, A.Kawai, T.Jozuka, T.Senda, N.Maruoka
and T.Akiyama: Energy Convers. Manag., 49(2008), 698.

19) T.Nomura, M.Tsubota, A.Sagara and N.Okinaka: Appl. Therm. Eng.,
58(2013), 108.

20) T.Nomura, M.Tsubota, N.Okinaka and T.Akiyama:
55(2015), 441.

21) A.Horibe, H.Jang, N.Haruki and K.Takahashi: Therm. Sci. Eng.,
21(2013), 83 (in Japanese).

22) A.Horibe, H.Jang, N.Haruki, Y.Sano, H.Habara and K.Takahashi: /nt.
J. Heat Mass Transf., 82(2015), 259.

23) A.Horibe, J.S.Yu, N.Haruki, A.Kaneda, A.Machida and M.Kato:
Netsu Bussei, 25(2011), 136 (in Japanese).

24)J.S.Yu, A.Horibe, N.Haruki, A.Machida and M.Kato: Heat Mass
Transf., 52(2016), 2563.

25) T.T.Naing, A.Horibe, N.Haruki and Y.Yamada: Therm. Sci. Eng.,
26(2018), 19.

ISIJ Int.,


https://doi.org/10.1007/s10973-019-08625-7
https://doi.org/10.1007/s10973-019-08625-7

