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(a) 1800s

(b) 5400s

[sotherms Velocity
(c) 10800s

Fig.4.2.1 Isotherms and velocity fields by analysis for two elliptical tubes.
(@=0.7, 5= 0° Dy =0 mm, Dy =80 mm, Tp; =4 °C, T},1 =-5.0 °C, T}2 = -5.0°C)
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9000s

10800s

Fig.4.2.2 Transient of freezing front contours by analysis for two elliptical tubes.
(a=0.7, pg = 0° Dx=0 mm, Dy =80 mm, T =4 °C, T;,; =-5.0 °C, T;2 = -5.0 °C)
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Fig.4.2.3 Time history of water temperature by analysis for two elliptical tubes.
(@=0.7, g =0° Dy=0mm, D, =80 mm, T;»i =4 °C, T;,; =-5.0 °C, T;2 = -5.0 °C)
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Fig.4.2.4 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(a=0.7, pg=0°, Dy =0mm, D, =80 mm, T} =4 °C, T;) =-5.0 °C, T2 = -5.0 °C)
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(a) 1800s

(b) 5400s

Isotherms Velocity
(c) 10800s

Fig.4.2.5 Isotherms and velocity fields by analysis for two elliptical tubes.
(@=0.7, pg=0° Dy =20 mm, D), = 80 mm, Tini =4 °C, T;1 =-5.0 °C, T;2 =-5.0 °C)
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Fig.4.2.6 Transient of freezing front contours by analysis for two elliptical tubes.
(@=0.7, pg=0°, Dy =20 mm, D, = 80 mm, Tim =4 °C, T;,; =-5.0 °C, T}, =-5.0 °C)
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Fig.4.2.7 Time history of water temperature by analysis for two elliptical tubes.
(@=0.7, oy =0°, Dy =20 mm, D, = 80 mm, Tin; =4 °C, T;,; =-5.0 °C, T;2 = -5.0 °C)
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Fig.4.2.8 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(a=0.7, ¢;=0° Dy=20mm, Dy, =80 mm, Tiw=4 C,T,1=-5.0 'C, T12=-5.0 C)
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(a) 1800s

(b) 5400s

Isotherms Velocity
' (c) 10800s
Fig.4.2.9 Isotherms and velocity fields by analysis for two elliptical tubes.
(=07, pg = 0°, Dy =40 mm, D, =80 mm, Tin; = 4 °C, T;,1 = -5.0 °C, T;» =-5.0 °C)
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10800s

Fig.4.2.10 Transient of freezing front contours by analysis for two elliptical tubes.
(a=0.7, pg= 0° Dy=40 mm, Dy = 80 mm, T; =4 °C, T;1 =-5.0 °C, T;» =-5.0 °C)

‘ T : [ 1 ; T
4 Upper -
S_{ Middle
& ...... nger
23 .
S ]
Q)

S -
S

& o
5 1

31 -
= |

S | - ] h ¢ L
O 5¢00 16600 15000 20000

Timels]
Fig.4.2.11 Time history of water temperature by analysis for two elliptical tubes.
(a=0.7, pg=0° D =40 mm, D, =80 mm, Tin, =4 °C, T;,; =-5.0 °C, T;2 =-5.0 °C)
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Fig.4.2.12 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(0=0.7, pg=0° Dy =40 mm, D, =80 mm, T =4 °C, T;,1 =-5.0 °C, T;» = -5.0 °C)
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Fig.4.2.13 Comparison of freezing fraction ratio by analysis for two elliptical tubes.
(=07, pg=0° Ty =4°C, T,y =-50°C, T1n=-5.0 °C)
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(a) 1800s

(b) 5400s

S

Isotherms

(c) 10800s

Velocity

Fig.4.2.14 Isotherms and velocity fields by analysis for two elliptical tubes.
(6= 0.7, pg=90°, Dy =0 mm, Dy =80 mm, T =4 °C, T,y =-5.0 °C, T;2 =-5.0 °C)
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5400s
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Fig.4.2.15 Transient of freezing front contours by analysis for two elliptical tubes.
(= 0.7, gg=90°, Dy =0 mm, Dy = 80 mm, T =4 °C, T;,1 =-5.0 °C, T;2 =-5.0 °C)
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Fig.4.2.16 Time history of water temperature by analysis for two elliptical tubes.
(@=0.7, pg = 90° D=0 mm, Dy = 80 mm, Tji =4 °C, T1,1 =-5.0 °C, T12 =-5.0 °C)
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Fig.4.2.17 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(a=0.7, pg=90°, Dy =0 mm, Dy =80 mm, Ti =4 °C, T;1 =-5.0°C, T;2 =-5.0 °C)
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(a) 1800s

(b) 5400s

Isotherms Velocity
(c) 10800s

Fig.4.2.18 Isotherms and velocity fields by analysis for two elliptical tubes.
(a=0.7, pg=90°, Dy =20 mm, D, =806 mm, Ti; =4 °C, T, = -5.0 °C, T;» =-5.0 °C)
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108005

Fig.4.2.19 Transient of freezing front contours by analysis for two elliptical tubes.
(@=0.7, pg=90°, Dy =20 mm, Dy = 80 mm, T =4 °C, T;,; =-5.0 °C, T2 = -5.0 °C)
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Fig.4.2.20 Time history of water temperature by analysis for two elliptical tubes.
(a=0.7, pg=90°, Dy =20 mm, D, = 80 mm, Tj =4 °C, T;,1 =-5.0 °C, T;» =-5.0 °C)
85



EEN
I

W
]

[E—
|

Freezing fraction ratio
[\
|

H

I B ! . L
10000 15000 20000
Timels]

0 5000

Fig.4.2.21 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(0=0.7, pg=90° Dy =20 mm, D, =80 mm, T =4 °C, T;1 =-5.0 °C, T2 = -5.0 °C)
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(a) 1800s

(b) 54005

[sotherms Velocity
(c) 10800s

Fig.4.2.22 Isotherms and velocity fields by analysis for two elliptical tubes.
(a=0.7, pg= 90°, Dy =40 mm, Dy = 80 mm, T;; =4 °C, 7,1 =-5.0 °C, T;2=-5.0 °C)
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10800s

Fig.4.2.23 Transient of freezing front contours by analysis for two elliptical tubes.
(a=0.7, pg=90°, Dy =40 mm, D, =80 mm, T =4 °C, T;1 = -5.0 °C, T;» = -5.0 °C)
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Fig.4.2.24 Time history of water temperature by analysis for two elliptical tubes.
(@=0.7, pg= 90°, Dy =40 mm, Dy =80 mm, T =4 °C, T;,1 =-5.0 °C, T;2=-5.0 °C)
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Fig.4.2.25 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(a=0.7, pg=90°, Dy =40 mm, Dy = 80 mm, Tini =4 °C, T;,; =-5.0 °C, T;2 =-5.0 °C)
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Fig.4.2.26 Comparisoh of freezing fraction ratio by analysis for two elliptical tubes
(a=0.7, pg=90° Tini=4°C, T;,1 =-5.0°C, T;2 = -5.0 °C)

89



4.2.2 Tpi=T7 °COEBENT BT B EAHARAT

(1) ¥8A% (@=0.7, ¢;,=0°) Di=0mm, D,=80mm DHEE

[ 4227 ZREORFFROBNER NREB 477, K 4227()TlE, THEENE
BEATHY, BEESRUTORITITEA ERVIRIEETH D Z LW D0 5. 2T, Tw
=7°COEMETIE, 4 CHEETHAEIND L EHIZEENEML, AERELY L E
72B7HTHD. BEAESNTEEE o2k, ETHAOESICERTS. 20
%, SOIKHEAISN A4 CUTE o2 KIE, BERGOZECINETEILEICAEAR
ALY SRR, LREZBDHLI72DH. ZOFEFIEIK42270)70 6 R CTERAS.
THLAEE, L2V ERFROEBVDEL 720, K4.227c) T LA XER & 722
D, FETEROEE TIIN2 D EABHE R ZOFEER TIHEGEN R L2 5.

X 4228 {ZIIARROLREFEREORMEEZTRT. Kb FTRENXERZ 1800
BETE, THE TEKBEELTWD I EXbMn5. UL, BEREICLY £
AP ZEEIZ 7225 TL B &, EHE TOKRKDEENEDL I IZRIBETRARONS.

B 4229 IZITAKIBORERE(LE AT, KiRE 5, HE, TEE 3 o0fEEkx RS
&, 2000 FBAHED B 4000 FHE O T EEKENEEIZ TR > TWE DR b5,
ThE, FIEIKIED TCnbiEE A 720, BEISNTMENRTREKE b, Fok,
FBERENSEZ 2720 EFMIZEIVFDL Y, FELEHICER L TOEBLWIREDS
HNET LIz THD.

X 4.2.30 \ZIXEEE RO AR, 1800 BT 5 5000 RO F THREEDEE
WEL T2 o TV BIEEFNSND. ZORRHOHRNEZ A2 L BEREIRI » T
D, TERNO EEHR~GIVEDASH L LTWS, EREFE~ETID B o870k
X, ThETE EEENCER L TWEBEhWREEZ AT ALERH S 70, BEA
ETRPLEMRENTRLRW. CHABFREEZ2Y, BEOBENSEZ o TWDEE
ZHiD. 5000 FHLIEE, EBEEEOHEME (HE) BERDZENbhd.

(2) FEAE (6=0.7, ¢g=0°) D,=20mm, Dy=280 mm DBRE

K 4231 ICEREALREBATORNGEEOCRBESEZRT. (HWOBA L REICK
4231@)TiE, TRESXEMTHY, & LEHUTOFIVUIITEAERWVRETSH D
TEBLPDL. THLEE, LIE2WZ ERREOBWAR 2D, ERWNXER &
D, ETEHROBIHL TIZRVIEIAIE 2o TWD, ZTOFRFE, K4.2310b)~
42310055,

X 4.2.32 |[ZIIAREOREFEF @ ORI E R . ERRZIZOVTUI(DNDBE &
[FRRIC TEE CEKPERE L, BERKERIZ LY ERRAFRMIZ2-T< 5L, £
BHE TOKOEEDELR L S IC 2B FRRAbN5.

90



4233 IIIAKIBEDOBME A TRT. ()DOHE LT, TEHKEN TR LT W
EDhING.

X 4.2.34 |21 IBEE R OBFME 27T, (H)DHE L FENT 1800 BfIrh & 5000 #
i E CEREEEDE 22D, 5000 LIMEE, EEESROEME (HE) NLERs 2 &
WHind.

(B) #MH%E (=07, ¢¢=0°) D:=40mm, D,=80 mmHH

X 4235 [ZIZRROZREFEF CORNERVBESZRT. (DOBE LRFEIZK
4235@)TlE, THMAXENTHY, ELEHMTORNTIEEAERWVIRETH S
ZERbLD»L. T, K42350UTEB VT, (1), QK £77, FEOEE RN
ZEWRLMPDL. TRUBRE, LTEWI EFROBVAERL Y, EEWRENSKEA L A
D, ETEHMOBFKLTIEINR Y ENBHEL o TWAD., ZOFEFIE, K 4.2.350),
42350 Bbnnd.

4236 IZIEHRRORERE R EORHEZ 7T, BREHRSIC OV TIXW0), QDE
B LEABRICTHE CEKDEE L, BEKEBICL Y EREIRNIC->T B L,
FHECOKOEESEL L IR THRALNA.

X 4237 \[ZWIKIBRORFME{L 279, (1), QDA L, EEEE TN OKIE
NERANCTNDZ ENbND.

42383 IITEEEORMZAELERT. (1), QDAL 1800 BTN S 5000 F
FHE £ THEEERHEESIEL 22 5 0loxt L, T OSE0EATT 1800 FHFEN 5 4000 FoaF
TE CEEEENES 25 2 Ebnd.

[ 4.2.39 1 X(1)~@)PHEE T I61T 5 A7K 5 M EhE BREE OB E R OB A b R
ZORMNG, T b DEMEFKIEG REFEEME Di=0mm, Di=20mm OFE IR
WCEWVWRRNLRD 72D, Dy=40mm ¥ THEEEZ & 2 SBERMERTDH I LIRS
ns.

INODFERNPDL, a=07, ¢,=0" OFHETTIED=0mm, Dy=20mm DHEE
T, KBEOZECREERICENR LNAVD, Di=40mm £ THEEEZ 5L, K
ERNOKBOIE TR ZEGLT AN TE, FRIEL, BERSERTSHZ &
DIDINA.

91



(4) FEME (=07, ¢,=90°) Dy=0mm, D;=80mm DHE

(YDOHE EREHET, BBEAEZ p,=90° Bl SEHEOREL TR, K 4.2.40
WCREBRFEE COMNWER TRESZ7T. (DOHE &, X424000280T
(WDHFBE LY FTERENREWZ EXbn5d. 21k, Y CHRA SN FZHRERE ORD
BAEZp=90°2T52 LT, g=01Y) ERRRBTFONRTLE DR EEX
Lis., ZALIEE, LW EEROBWREL Y, ERRAXEMNE Y, &
TEMROFEIE TNV HENABTFL 2o TV, ZOBEFII)DBEESLEETH .

4241 IIERFHORERBRAAORBALEEZTT. WEREIZOWVWTIEQG) ERET
THETEKBHEEL, BERRBICLY ERRAEERIC-TL DL, EHET
DIKDOERENET X IR DFEFRROND.

[ 4.2.42 IZ AR OB L 2R 9. (DWOHE L, SEMICKERNOKENT
MOV, Zhud, BEEAE =900 T2 & CHRAIShEREIZL 5 EREE
BT oNTLEY, B EHOENDREZQHAITL2EMR P ND-DEEEL LN
5.

X 4.2.43 IZITEBERORREILETRT. 2000 FHED S 5000 FHHTE Tl R EE
DB B N,

(5) FEME (=07, 9,=90°) Dy=20mm, Dy=80mm DHFE

B 4.2.44 [ZIXREHORFEFMATORNBE CRESZTT. (DOBHE L FREICK
4244@) T, TREAXEMTHY, EFEHMTORNITIZEAERVRETHS
ZEnhnn. IALEE, LEWI EEROBWRELS Y, ERHAKEM E 2
D, FFEMMOMEE CII BRSNS TR &2 B,

X 4.2.45 [ZIIREB 2 EFBRE OB EZTRT. BERZICOWTII@DEA &
FHRICTHE TEOKRRE L, BERERIZLY ERENEEMICR-~TS 5L, &
HE CTOKDEEMED LD ICRIEFNREND.

B 4.2.46 \ZITAKE DRI ERT. GOBE LR, BEACERRONLR -
7=, 70, QDBE LS, KEROKEBER TR OIZ W EXbrb.

(X 4.2.47 (2125 E R OB L 2R, 2000 BAHEM 5 5000 B E CREEE
NEELRDZ ENbMA.

6) FEME (=07, pg=90°) Dy=40mm, Dy=80 mm &

4 4.2.48 IZIIREBHRER CTOWMNBE R TRESZRT. O)OHBE LRFECK
4248)Tit, THEEAZRMTHY, ThUBZ, EREHERAZEMELRY, FTH
DR TITBMRE N KE R L 72 5.

4249 [ZITRKBIR2FHERE ORFH B AR T. BRREZIZ OV TIE@), 5D
G EERICTHE CTEOKDBEEL, BERBICL Y ERBENEMIZR-TL 5 L,
FHECOXKOEENEDL L HICRDEFRRLNS.

92



X 4.2.50 \ZITKEOBEBZELEZRT. @), G)DBE L, G TR OKIR
MEENZT BB ERDLNE. T2, QYDBE L, KERNOKEN TN VIZL
WZ ENbnD

X 4.2.51% l+@ﬁ#F’ﬁZ{h#fT'9“ 2000 T A B 5000 FHHIT F CoRRE R E
D33 < 7‘;25 N 73nb7bx7

B 4.2.52 X(1)~@)DIFE T I3 D E KI5 el ] BEHE O SR B SR OB L 2 7R T
ZOME, TALb 044 ;tvkiFjir?f{é]FéJEE%% Dy=0mm, D,=20mm OFEIT4F
[BEWRERNE D20, Dy=40mm £ THEEZ & 2 L BRIRPEATAZ ENRE
no.

INLDFERND, =07, ¢,=90°" OFEHFETTia=07, ¢=0 OFELFERZ
Dy=0mm, Dx=20mm DHFEE T, KEOE(LRLEBERIZENR BNV, Dy
=40mm £ THEEEZ & 2 &, KENOKEDETERM2EMHETA2ZENTE, Zh
i I t?lzﬁﬁitmjﬂ“za ZEnbhmns. £, (D~C)DBE L R, KIERDKIE
MTERDIZWT EHhibnd.



(a) 1800s
3
(b) 3600s
mm/s
3 3
Isotherms Velocity
(c) 10800s

Fig.4.2.27 Isotherms and velocity fields by analysis for two elliptical tubes.
(a=0.7, pg=0° Dy =0 mm, Dy =80 mm, Tin="7 °C, T;,; =-5.0 °C, T;2 =-5.0 °C)
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Fig.4.2.28 Transient of freezing front contours by analysis for two elliptical tubes.
(@=0.7, pg=0° Dy=0 mm, D, = 80 mm, Tini=7 °C, T;,1 =-5.0 °C, T;2 =-5.0 °C)
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Fig.4.2.29 Time history of water temperature by analysis for two elliptical tubes.
(a=0.7, pg=0° Dx=0mm, D, = 80 mm, Tini =7 °C, T;,1 =-5.0 °C, T;2=-5.0 °C)
93



I
{

(S

JE—

Freezing fraction ratio
o

]

0

|
5000

I : - 1
1606006 15000
Timels]

20000

Fig.4.2.30 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(a=10.7, g =0° Dy=0mm, D, =80 mm, Ti;=7°C, T;,; =-5.0 °C, T;2 =-5.0 °C)
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[ Isotherms and velocity fields by analysis for two elliptical tubes.

0.7, 92 =0°, Dx=20 mm, Dy =80 mm, Tin; =7 °C, Ty1 =-5.0 °C, T =-5.0 °C)
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16800s

Fig.4.2.32 Transient of freezing front contours by analysis for two elliptical tubes.
(a=0.7, pg= 0% Dy =20 mm, D, =80 mm, T3 =7 °C, 71,1 =-5.0 °C, T}, =-5.0 °C)
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Fig.4.2.33 Time history of water temperature by analysis for two elliptical tubes.
(a=0.7, g =0° Dy =20 mm, Dy =80 mm, T =7 °C, T;,1 =-5.0 °C, T} =-5.0 °C)
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Fig.4.2.34 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(0=0.7, pg = 0°, Dy =20 mm, Dy = 80 mm, T =7 °C, T;,1 =-5.0 °C, T;2 = -5.0 °C)
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Fig.4.2.36 Transient of freezing front contours by analysis for two elliptical tubes.
(@=0.7, pg=0°, Dy=40 mm, D, = 80 mm, T =7 °C, T;1 =-5.0 °C, T}2 = -5.0 °C)
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Fig.4.2.37 Time history of water temperature by analysis for two elliptical tubes.
(a=0.7, pg=0° Dx=40 mm, D, =80 mm, T; = 7 °C, T;1 =-5.0 °C, T2 =-5.0 °C)
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Fig.4.2.38 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(= 0.7, pg = 0° Dy =40 mm, Dy = 80 mm, T =7 °C, T;,1 =-5.0 °C, T;2=-5.0 °C)
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Fig.4.2.39 Comparison of freezing fraction by analysis for two elliptical tubes.
(@=0.7, gg=0° T3 =7°C, Ty =-5.0 °C, T}2 = -5.0 °C)
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Fig.4.2.40 Isotherms and velocity fields by analysis for two elliptical tubes.

(a=0.7, pg=90° Dy =0 mm, Dy =80 mm, Ty =7 °C, T},1 = -5.0 °C, T;2 = -5.0 °C)
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Fig.4.2.41 Transient of freezing front contours by analysis for two elliptical tubes.
(a=10.7, pg=90° D, =0 mm, D, =80 mm, Ty =7 °C, T;,1 =-5.0 °C, T2 = -5.0 °C)
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Fig.4.2.42 Time history of water temperature by analysis for two elliptical tubes.
(a=0.7, g =90° Dy =0mm, D, =80 mm, T;; =7 °C, T;,1 =-5.0 °C, T;» =-5.0 °C)
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Fig.4.2.43 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(0= 0.7, pg=90°, Dy =0 mm, Dy =80 mm, T;; =7 °C, T;,; =-5.0 °C, T;2 = -5.0 °C)
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Fig.4.2.44 Isotherms and velocity fields by analysis for two elliptical tubes.
(a=0.7, pg=90°, Dy =20 mm, Dy =80 mm, T =7 °C, T;,) =-5.0 °C, T;2 = -5.0 °C)
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Fig.4.2.45 Transient of freezing front contours by analysis for two elliptical tubes.
(0=0.7, pg = 90°, Dy =20 mm, D, =80 mm, Tjn; =7 °C, T;,1 =-5.0 °C, T;p = -5.0 °C)

m T

o

.......
.,

e,
L

[\

Water temperature[ C]

~
R
e
L S
~~~~~~~

. { ,
0 5000 10000
Time|s]
Fig.4.2.46 Time history of water temperature by analysis for two elliptical tubes.
(@=0.7, pg=90°, Dy =20 mm, Dy = 80 mm, T =7 °C, 71,1 = -5.0 °C, T;2 = -5.0 °C)
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Fig.4.2.47 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(a=0.7, pg=90°, Dy =20 mm, Dy, = 80 mm, T; =7 °C, T;n =-5.0 °C, T;2 = -5.0 °C)
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Fig.4.2.49 Transient of freezing front contours by analysis for two elliptical tubes.

(= 0.7, 9z = 90°, Dy = 40 mm, D, = 80 mm, Tji =7 °C, Tp1 = -5.0 °C, T,2 = -5.0 °C)
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Fig.4.2.50 Time history of water temperature by analysis for two elliptical tubes.
(a=0.7, pg = 90°, Dy =40 mm, D, = 80 mm, T;,; =7 °C, T;,1 = -5.0 °C, T;2 = -5.0 °C)
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Fig.4.2.51 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(a=0.7, pg=90°, Dy =40 mm, D, = 80 mm, T =7 °C, T;,1 =-5.0 °C, Ty2 = -5.0 °C)
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Fig.4.2.52 Comparison of freezing fraction by analysis for two elliptical tubes
(a=0.7,0,=90° Tyi=7°C, T,1 =-5.0 °C, T;2 =-5.0 °C)
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Fig.4.2.53 Comparison of freezing fraction ratio by circular and elliptical tubes for two tubes.
(Dx=0mm, Dy =80 mm, Tini =4 °C, T}1 =-5.0 °C, T;2 =-5.0 °C)
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Fig.4.2.54 Comparison of freezing fraction ratio by circular and elliptical tubes for two tubes.
(Dx =20 mm, Dy, =80 mm, Ty =4 °C, T;1 =-5.0 °C, T;2 = -5.0 °C)
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Fig.4.2.55 Comparison of freezing fraction ratio by circular and elliptical tubes for two tubes.
(Dx =40 mm, Dy = 80 mm, T =4 °C, T11 =-5.0°C, T;» = -5.0 °C)
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Fig.4.2.56 Comparison of freezing fraction ratio by circular and elliptical tubes for two tubes.
(Dx=0mm, D, =80 mm, T =7 °C, T;) =-5.0 °C, T;2 = -5.0 °C)
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Fig.4.2.57 Comparison of freezing fraction ratio by circular and elliptical tubes for two tubes.
(Dx =20 mm, Dy =80 mm, Tini="7°C, 71 =-5.0 °C, T;2=-5.0 °C)
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Fig.4.2.58 Comparison of freezing fraction ratio by circular and elliptical tubes for two tubes.
(Dy =40 mm, Dy = 80 mm, T, =7 °C, T;y =-5.0 °C, T;p = -5.0 °C)
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Fig.4.3.1 Isotherms and velocity fields by analysis for two elliptical tubes.
(a=0.7, pg=0°, Dy=0mm, D, = 80 mm, Tini =4 °C, T;1 =-5.0 °C, T;2 = -5.0 °C)
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Fig.4.3.2 Transient of freezing front contours by analysis for two elliptical tubes.
(a=0.7, pg=0° Dy=0mm, D, =80 mm, T =4°C, T;,; =-5.0 °C, T;p = -5.0 °C)
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Fig.4.3.3 Time history of water temperature by analysis for two elliptical tubes.
(@=0.7, pg=0° Dy=0mm, Dy = 80 mm, Tin; =4 °C, T;,1 =-5.0 °C, T;» =-5.0 °C)
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Fig.4.3.4 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(a=0.7, pg=0° D=0 mm, D, =80 mm, Tj; =4 °C, T;,1 =-5.0 °C, T;2 = -5.0 °C)
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Fig.4.3.5 Isotherms and velocity fields by analysis for two elliptical tubes.
(@=0.7, 9o = 0°, Dr = 20 mm, D, = 80 mm, T} =4 °C, T;,1 = -5.0 °C, T2 =-5.0 °C)
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Fig.4.3.6 Transient of freezing front contours by analysis for two elliptical tubes.
(@=0.7, gz = 0° Dy =20 mm, D, =80 mm, T =4 °C, T;1 =-5.0 °C, T2 =-5.0 °C)
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Fig.4.3.7 Time history of water temperature by analysis for two elliptical tubes.

(@=0.7, pg = 0°, Dy =20 mm, D, =80 mm, Ti = 4 °C, T,1 = -5.0 °C, T,2 = -5.0 °C)
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Fig.4.3.8 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(a=0.7, pg=0°, Dy =20 mm, Dy = 80 mm, T =4 °C, T;1 =-5.0 °C, T;2 =-5.0 °C)



0
() 1800s

mmy/s

5

Isotherms Velocity
(c) 10800s

Fig.4.3.9 Isotherms and velocity fields by analysis for two elliptical tubes.
(a=0.7, gg= 0°, Dy =40 mm, D, = 80 mm, Tini =4 °C, T;,1 =-5.0 °C, T;2 = -5.0 °C)



Fig.4.3.10 Transient of freezing front contours by analysis for two elliptical tubes.
(0=0.7, pg= 0°, Dy =40 mm, Dy = 80 mm, Ty =4 °C, T;,1 =-5.0 °C, T;2 =-5.0 °C)
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Fig.4.3.11 Time history of water temperature by analysis for two elliptical tubes.
(a@=0.7, pg = 0°, D= 40 mm, Dy = 80 mm, T =4 °C, T11 = -5.0 °C, T2 = -5.0 °C)
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Fig.4.3.12 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(a=0.7, pg=0° Dy =40 mm, Dy =80 mm, T =4 °C, T;,1 =-5.0 °C, T;» =-5.0 °C)
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Fig.4.3.13 Comparison of freezing fraction ratio by analysis for two elliptical tubes.
(@=0.7, g;=0° T =4 °C, T,y =-5.0 °C, T12 = -5.0 °C)
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Fig.4.3.14 Isotherms and velocity fields by analysis for two elliptical tubes.
(a=10.7, pg=90°, Dy=0mm, D, =80 mm, Tj =4 °C, T;,1 =-5.0 °C, T;» = -5.0 °C)
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Fig.4.3.15 Transient of freezing front contours by analysis for two elliptical tubes.
(a=0.7, pg = 90°, Dy =0 mm, Dy =80 mm, Tjy=4 °C, T},; =-5.0 °C, T;» = -5.0 °C)
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Fig.4.3.16 Time history of water temperature by analysis for two elliptical tubes.
(a=0.7, g = 90° Dy =0 mm, Dy =80 mm, T =4 °C, T;1 = -5.0 °C, T;2 = -5.0 °C)
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Fig.4.3.17 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(@=0.7, pg=90° D=0 mm, Dy =80 mm, T;; =4 °C, T;; =-5.0 °C, T;2 = -5.0 °C)
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Fig.4.3.18 Isotherms and velocity fields by analysis for two elliptical tubes.
0.7, pg=90°, Dy =20 mm, D, = 80 mm, T =4 °C, T;,; =-5.0 °C, T;2» =-5.0 °C)
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Fig.4.3.19 Transient of freezing front contours by analysis for two elliptical tubes.
(@=0.7, pz = 90°, Dy =20 mm, Dy =80 mm, Tin; =4 °C, Ty1 = -5.0 °C, T2 = -5.0 °C)

¥ l L ‘ i i N H ‘

****** Upper -
—Middle .

(O8] EAN
] ! I ,,,:?:/)J

[\

Water temperature| C]|
1

s
o e
> w
-

k1

]
0 5000

L T

! . [
10000 15060 20000
Time[s]
Fig.4.3.20 Time history of water temperature by analysis for two elliptical tubes.
(@=0.7, pg=90° Dy=20 mm, Dy = 80 mm, T =4 °C, T}, = -5.0 °C, T;2 = -5.0 °C)
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Fig.4.3.21 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(00=0.7, pg = 90°, Dy =20 mm, Dy = 80 mm, T =4 °C, 7,1 =-5.0 °C, T;2=-5.0 °C)
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Fig.4.3.22 Isotherms and velocity fields by analysis for two elliptical tubes.
(a=0.7, pg=90°, Dy =40 mm, D, = 80 mm, Tim =4 °C, T;,; = -5.0 °C, T;» = -5.0 °C)
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Fig.4.3.23 Transient of freezing front contours by analysis for two elliptical tubes.
(¢=10.7, pg = 90°, Dy =40 mm, D, = 80 mm, T}, =4 °C, T;,; =-5.0 °C, T;» = -5.0 °C)
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Fig.4.3.24 Time history of water temperature by analysis for two elliptical tubes.
(a=0.7, pg = 90°, Dy =40 mm, D) = 80 mm, Tini =4 °C, T;,1 =-5.0 °C, T}» = -5.0 °C)
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Fig.4.3.25 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(a=0.7, g =90°, Dy =40 mm, Dy = 80 mm, T =4 °C, T;,1 = -5.0 °C, T2 =-5.0 °C)
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Fig.4.3.26 Comparison of freezing fraction ratio by analysis for two elliptical tubes.
(=07, 9g=90° Tii=4°C, T;) =-5.0 °C, T;2 = -5.0 °C)
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Fig.4.3.27 Isotherms and velocity fields by analysis for two elliptical tubes.
(@a=0.7, pg=0° Dy =0 mm, Dy =80 mm, Tj; = 7 °C, T, = -5.0 °C, T}z =-5.0 °C)
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Fig.4.3.28 Transient of freezing front contours by analysis for two elliptical tubes.
(a=0.7, pg = 0° Dy =0 mm, Dy =80 mm, T =7 °C, T;,1 =-5.0 °C, 712 = -5.0 °C)
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Fig.4.3.29 Time history of water temperature by analysis for two elliptical tubes.
(@=0.7, pg=0°, Dy =0 mm, D, =80 mm, T =7 °C, T;,1 = -5.0 °C, T;2 =-5.0 °C)
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Fig.4.3.30 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(@=0.7, pg=0° Dy=0mm, D, = 80 mm, Ti; =7 °C, T;1 =-5.0 °C, T} =-5.0 °C)
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Fig.4.3.31 Isotherms and velocity fields by analysis for two elliptical tubes.
(a=0.7, pg=0° Dy =20 mm, D, = 80 mm, Ti; =7 °C, Ty =-5.0 °C, T;» =-5.0 °C)
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Fig.4.3.32 Transient of freezing front contours by analysis for two elliptical tubes.
(a=10.7, pg=0°, Dy =20 mm, D, =80 mm, T =7 °C, T;,1 =-5.0 °C, T;2» =-5.0 °C)
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Fig.4.3.33 Time history of water temperature by analysis for two elliptical tubes.
(@=0.7, pg=0°, Dy=20 mm, D, = 80 mm, T =7 °C, T;1 =-5.0 °C, T2 =-5.0 °C)
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Fig.4.3.34 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(@=0.7, pg=0°, Dy=20 mm, Dy =80 mm, T =7 °C, T;,1 =-5.0 °C, T;2=-5.0 °C).

146



[sotherms Velocity
(c) 10800s

Fig.4.3.35 Isotherms and velocity fields by analysis for two elliptical tubes.
(@=0.7, pg=0° Dy =40 mm, D, =80 mm, T}, =7 °C, T;,1 =-5.0°C, T;2 = -5.0 °C)

147



Fig.4.3.36 Transient of freezing front contours by analysis for two elliptical tubes.
(a=0.7, pg=0°, Dy =40 mm, D, = 80 mm, Timi =7 °C, T;,1 =-5.0°C, T;2 = -5.0 °C)
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Fig.4.3.37 Time history of water temperature by analysis for two elliptical tubes.
(@=0.7, pg=0° Dy=40 mm, D, = 80 mm, Ty =7 °C, T;,; =-5.0°C, T2 =-5.0 °C)
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Fig.4.3.38 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(a=0.7, p,=0° Dy=40 mm, Dy = 80 mm, T =7 °C, T;,1 =-5.0°C, T;» = -5.0 °C)
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Fig.4.3.39 Comparison of freezing fraction ratio by analysis for two elliptical tubes.
(=07, 0;=0° Tpi=7°C, T;; =-5.0°C, T;p = -5.0 °C)
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Fig.4.3.40 Isotherms and velocity fields by analysis for two elliptical tubes.
(a=0.7, pg=90°, Dy =0 mm, Dy =80 mm, Tin=7°C, Tj1 =-5.0 °C, T}z = -5.0 °C)
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Fig.4.3.41 Transient of freezing front contours by analysis for two elliptical tubes.
(a=10.7, 9g=90°, Dy =0 mm, Dy =80 mm, Ty =7 °C, Ty = -5.0 °C, T;2 =-5.0 °C)
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Fig.4.3.42 Time history of water temperature by analysis for two elliptical tubes.
(00=0.7, ¢z =90° Dy=0mm, Dy =80 mm, T =7 °C, T;1 =-5.0 °C, ;2 =-5.0 °C)
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Fig.4.3.43 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(@=0.7, pg=90° Dy = 0 mm, D, = 80 mm, Tini="7°C, T;,1 =-5.0 °C, T;2 = -5.0 °C)
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Fig.4.3.44 Isotherms and velocity fields by analysis for two elliptical tubes.
(a=0.7, pg = 90°, Dy =20 mm, D)= 80 mm, Tim; =7 °C,

T,1=-5.0°C, T;p=-5.0 °C)
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Fig.4.3.45 Transient of freezing front contours by analysis for two elliptical tubes.
(e=0.7, pg = 90°, Dy =20 mm, Dy =80 mm, Ty =7 °C, T},1 =-5.0 °C, Ti2 = -5.0 °C)
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Fig.4.3.46 Time history of water temperature by analysis for two elliptical tubes.
(a=10.7, pg = 90°, D =20 mm, D, =80 mm, T =7 °C, T} = -5.0 °C, T;2 = -5.0 °C)
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Fig.4.3.47 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(a=0.7, pg=90°, Dy=20 mm, Dy =80 mm, Tji =7 °C, T;,1 =-5.0 °C, T;2 =-5.0 °C)

155



Isotherms Velocity
(c) 10800s

Fig.4.3.48 Velocity fields and isotherms by analysis for two elliptical tubes.
(0=0.7, pg=90° Dy =40 mm, Dy = 80 mm, T =7 °C, T;,; =-5.0 °C, T;2 = -5.0 °C)
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Fig.4.3.49 Transient of freezing front contours by analysis for two elliptical tubes.
(a=0.7, pg = 90°, Dy =40 mm, Dy = 80 mm, Tjn=7°C, T;1 =-5.0 °C, T;2 =-5.0 °C)
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Fig.4.3.50 Time history of water temperature by analysis for two elliptical tubes.
(a=0.7, pg=90° Dy =40 mm, Dy = 80 mm, T3 =7 °C, T;,; =-5.0 °C, Ty2 = -5.0 °C)
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Fig.4.3.51 Time history of freezing fraction ratio by analysis for two elliptical tubes.
(a=0.7, pg=906°, Dy =40 mm, D, =80 mm, Tiny =7 °C, T;,1 =-5.0 °C, T;» =-5.0 °C)
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Fig.4.3.52 Comparison of freezing fraction ratio by analysis for two elliptical tubes.
(a=0.7, gg=90°, Tini="T7°C, T;1 = -5.0 °C, T\2 = -5.0 °C)
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Fig.4.3.53 Comparison of freezing fraction ratio by circular and elliptical tubes for two tubes.
(Dx=0mm, Dy= 80 mm, Tin; =4 °C, Tr) =-5.0 °C, T1p = -5.0 °C)

(P 9]
f

[

Freezing fraction ratio
[\
I

I
I

~~~~~~ Vertical type |
——Circular tubes
...... H orlz()ntal type

0

5000 10@0@ 15000 20000
Time[s]

Fig.4.3.54 Comparison of freezing fraction ratio by circular and elliptical tubes for two tubes.
(Dx =20 mm, D, =80 mm, Tin; =4 °C, 711 =-5.0 °C, T;2 = -5.0°C)
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Fig.4.3.55 Comparison of freezing fraction ratio by circular and elliptical tubes for two tubes.
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(Ds =40 mm, Dy =80 mm, Tin; =4 °C, T;1 =-5.0°C, T;» = -5.0 °C)
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Fig.4.3.56 Comparison of freezing fraction ratic by circular and elliptical tubes for two tubes.
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(Dx=0mm, Dy=80 mm, Ty =7 °C, T1 =-5.0 °C, T;2 =-5.0 °C)
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Fig.4.3.57 Comparison of freezing fraction ratio by circular and elliptical tubes for two tubes.
(Dy =20 mm, Dy =80 mm, T} =7 °C, Tp,1 =-5.0 °C, T;2 = -5.0 °C)
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Fig.4.3.58 Comparison of freezing fraction ratio by circular and elliptical tubes for two tubes.
(Dxy =40 mm, Dy =80 mm, Tiny =7 °C, 71,1 =-5.0 °C, T2 = -5.0 °C)
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Fig.4.4.1 Comparison of water temperature by analysis for two elliptical tubes.
(a=10.7, pg=0°, Dy =40 mm, D, = 80 mm, T = 4 °C)
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Fig.4.4.3 Comparison of freezing fraction ratio by analysis for two elliptical tubes.
(= 0.7, gg1 = g2 = 0°, Dy = 0 mm, D, = §0 mm)
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Fig.4.4.4 Comparison of freezing fraction ratio by analysis for two elliptical tubes.
(a=0.7, pg1 = gz = 0°, Dy = 20 mm, D), = 80 mm)
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Fig.4.4.5 Comparison of freezing fraction ratio by analysis for two elliptical tubes.

(a=0.7, pg1 = @g2 = 0°, Dy =40 mm, D, = §0 mm)
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Fig.4.4.6 Comparison of freezing fraction ratio by analysis for two elliptical tubes.
(a=0.7, gz1 = @g2 = 90°, Dy = 0 mm, D, = 80 mm)
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Fig.4.4.7 Comparison of freezing fraction ratio by analysis for two elliptical tubes.
(o= 0.7, gg1 = pg2 = 90°, Dy =20 mm, D, = 80 mm)
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Fig.4.4.8 Comparison of freezing fraction ratio by analysis for two elliptical tubes.
(6= 0.7, pg1 = @g2 = 90°, Dy = 40 mm, D, = 80 mm)
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DEBEELVEWVWEZE, K0T AT NEOWERIIR L TOREEZZITIZ2<
W2 ENREBEZONDTZW, 4°CUTOHEIHS, KEKROHEREET H.

PLbib, TEHEZMIAES THESEIZAVIAEE RV EREERZDEED
BFFE TRV 450> S HAKIE Thi =4 °C, KV A X X=180 mm, Y=270 mm, /K
L7 R EEEE Dy = 40 mm, FEMAERE (pe=90°) &\ D FER R bEBFEOHK
MRIAD T2, ZDX D 7&K ERDOENBIICELEL TS,
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