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Theoretical Analysis and Model Experiment on Thermosolutal Convection

during Unidirectional Solidification in the Vertical Direction

Keiji OKUMURA, Mamoru KUWABARA, Kensuke SASSA and Iwao MUCHI

Synopsis :

Double diffusive phenomena which causes various types of convection in a fluid phase stems from two
coexisting diffusive components with different diffusivities relating to heat or mass. Typical convection
regimes due to the double diffusive phenomena are the finger interface and the diffusive interface.

On the basis of a set of governing equations which describes the double diffusive phenomena, thermal
Rayleigh number (Rar) and solutal Rayleigh number (Rac) were extracted as the controlling dimensionless
numbers. Various convection regimes were classified on a Ra; vs. Rac diagram. A cold model experi-
ment using NH,Cl-H;0 system has been conducted to confirm the relationship on the Rar vs. Rac diagram.
Transitional changes in the finger and the diffusive interfaces were visualized by the shadowgraph method.
The convection regimes observed in the experimental system were successfully simulated by numerical com-
putation of the governing equations.

Double diffusive phenomena during unidirectional solidification in the vertical direction was investigated
based on both the numerical simulations and experiments for the NH4Cl-H,O system and Sn-Pb system.
Observations and theoretical predictions suggested that finger type upward flows which selectively grow in
liquid phase in the first stage of solidification induce channels in mushy zone and which in turn resulted in.
freckles in solidified ingot.

Key words : solidification ; convection ; double diffusion ; finger interface ; diffusive interface ; visualization ;
mathematical model ; freckle ; segregation.

1. ¥ = ENTv:5%%, Finger interface (ZF83 5558, 8 XU,
T = TESEIC BT DRI % .
FEAIE R MERIHOREC BT, [k 50 B —HAEEC BV CREBIFRNICT v ¥ R

A, HH0VIEEEDLSOBECHTEICE > THEMA TR
B&¥5 L&, BAELLHRIBIEED DV IZAHY
BEORY—FHEFERTAHI LD BY. Zoxtiiix
—MRICITERITR EEZ SN TWA LS, WL BEICK
HLAEEQGRO 0, ZEHEHEASE (Double diffu-
sive phenomena)®? ™ R ETWAHEEZ LN AL, _H
WHBG L&, BEVWHAOERBOENIZED, Elh
D% WEFIE L EKES S, MEAEBMICAERKT S
HeE<Thsb BEERHFDEVIZLD, Diffusive inter-
face & Finger interface ® "M A H 5. ik, —E
BRI, v/ ORESCHRIETH: &EOMEEL G
W LT, HhERYBRE R R O E T I ERRI AR

MER L, WMEAEWLERICT7 Ly 2 (Freckle)®
EVIRMBEFIRTAHIENDHDH. TOKBEREICEL
T, #£3%, NH,Cl-H,0 27719 Na,CO5;-H,0 %'V ¢
DIERBEBEHMERSITbObA TS, W 5104,
NH,Cl-H,O0 ZDOBEIER* 1TV, F¥ Y AVBLUF
DELFLTOMBONHE PL—F—FICX>TEEL
7z, FORER, Fx v ANVHERT BLENCE, BBt
HFH O LEEE T Finger M ERFEAR WIS, £h
BT v P ANVEEOBRIC LS LHEEI N, ZOE
AR _ENHHRR THARBEARICERAL TS L
Exbhb. (ER, BRIEERRICE T DR R OBIE
W, EREEHEAC O W P L - =TI ¢, F

BF 634F 4 AARHHEAE

IZTHRE WEFI 63 £ 4 A 13 H5fF (Received Apr. 13, 1988)

* ZHERAEKEEE (Graduate School, Nagoya University, Furo-cho Chikusa-ku Nagoya 464 )
*2 ZHBRFIY¥E (Faculty of Engineering, Nagoya University)

*3 mHBRFELIFER TH A



FE— SR B 1T B B E I U O BT & HRISER 619

72, WABRIC DWW TR FL—H—Ed710 Lo v Py
57V b T&k, 22T, MALEER
CHES CBARPIIE R BB T B 001}, BB O
BEELA RFWCTHRILTESL Y v FY 79 7EFER
TWwhA, 7Ly 2 VIER L EB)T % BAHR OIS T
ik, Yr P77 7ECLOTHRRIICHAEL 28E
v, LaL, AEREHAVWAEREERT, Fr v
FNVEIDRAT O BRBRE I L2 HREYY 1dh s, —
H, BT Ial—Ya i, BRKEHNORME
DWW TITbRTWAEY, EHEFORFEIZDWTIEK
F—HmBEEIC BT A ERS R ERNR E LR %
BWCTIBESEFNLE . 28, thoH2&D T, Fin-
ger interface * MFEMICHH L -HFREI AL -6 %
‘/,16)17).

FE TR, BEE-HAREICAONDE TV y 7V D
A % Finger Bl LRI L BED ), “HEILHHAROEH
HAyo®at+5. 9, NH,CI-H,0 REEBERIEE %
fTv, EHRROMRTBET S, Ric, “EL#HAR %
FRALL, BlE XMWY 5EATHIC LD THRORR
ot s, T, BFEHNEFNVICED  Finger B
R OBEETE 21TV, BTERER & RIREREEROIER
LOREBRE EITY. 51, Sn-PbROER ot
AWBAL_EBHHABICOWTHB L ERICESNT
BT 5.

2. —EHFRKOKEA

Wi, EEREEICEE L TS FREIAREEICK
BLTWAEE*£2% (Fig. 1(a)t. LEAEKIE,
KR, TR SR SRBEORTYWH OB EHL
TEZAEEICR, HLBEEOREE SN, FREE
LtoFBNTFAITTRIrOOMBIC L SDTLEAT S, £
7-REBETOREHF B EBICLAEHIC L2 Tkl
T5. COBGOLTRBRARRETHSH, ZORMA
% Diffusive interface & \» 9.

xic, LREHER, HiEECTBMER KEFEOZ
BhAEBL-RE2ELSL (Fig. 1(b)). REICHMALE
Bipshnb s &, REE LIS 5HAKT ADREIXTRE
DR O Fifk & OB X VKT T 5205, WEOWLER
BB SR BIC T/ E WIBRICIE, ADTHE N
mL, ABETETTRLEI ETH. —F, kLR
BUCXoOTREETOREKFBICREICHLETES
ETHENMEL. DX BFE, FREEHN R EE
W3t LTRELETH D, COARRERICL>TET S

P oot fr>0, Bc>0, Le>1 DBEFI2WTHIRT 2 (%
DREFIHER).

Diffusive interface (a)

phase 1

Low temperature
A Low concentration

phase 2 B
High temperature
High concentration

Finger interface (b)

phase 1
High temperature
High concentration

phase 2

Low temperature
Low concentration

Fig. 1. Schematic illustration of double diffusive
phenomena for the case where 87>0, 8c>0 and Le
>1. '
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Photo. 1. Transitional change in finger interface
visualized by shadowgraph method ((a) 120s, (b)
300s, (c) 600s, (d) 900s).
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Photo. 2. Transitional change in finger interface
in the large magnification ({a) 1740s, (b) 2 640s,
(c) 3600s).
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Table 1. Classification of double diffusive phe-
nomena.
Unstable Stable
stratification stratification
20 oo _ 90
oz >0 82_0 az<0
Rar>0 Rac>0 Finger Finger Stable
Rar>0 Rac<0 — - Stable
Rar<0 Rac>0 Natural — —
Rar<0 Rac<0 Natural Diffusive Diffusive
Rar>0 — — Stable
Rar=0 Rac=0 — Stable -
Ra7<0 Natural — —
Rac>0 Natural — —
Rar=0 Rac=0 — Stable -
Rac<0 — — Stable
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=0) T, Rac>0 DB IEIEEDRMAKI EHIZHKB
LT, BEIALEIHMLTED, BEZCLLIEE
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Fig. 2. Schematic diagram of double diffusive
phenomena. .
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. g):L_O wTO ;
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L
Y/////////////// YL
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Fig. 3. Boundary conditions for finger interface
simulation.
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WBicEHTH L, t=2.55s %0 (a) Tid, HHET
HEtH s AR (Hp0) DEEAIV/NE W02, KHIm
FECHEDOSEIRIOTEBY, FEELRIKEE 2o
Twh, ¥£72, ZOOIHHIEEICBROREIRD
bhh, 7.5s BOM (b) Tk, ZOARRKEREDIE
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7= Td»%. Fig. 513, Rar=1.9X 10", Rac=1.5
X100 0L xDFHEKETDHY, Fig. 5 12H~T Rar
B2 2L ADFBERTHS. Fig. 5 LAk
12, 2.5s BICIHHT EIS/NS 2B\BYERBET S, 0
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fﬁLgé 20 0hecn

b) /
Y 150000 o

/ 3,12x10

/

/]

Y

S\

Rar=9.6%10% Rac=1.5X107

Fig. 4. Computed results for finger interface ((a)
2.5s, (b) 7.5s).

(a) | .

Rar=1.9X107, Rac=1.5%107
Fig. 5. Computed results for stable state ((a)
2.5s, (b) 10s).

Thid, BEACIAEBEAELDOEEEICLLEEE
DHFBFRECLDI EFHFFR SN TR D70 LR
EhB, 2% 0, HEMECHHE S R AMRIER, iR
EThH, BEIBHROBEL Y REVADICKEREYL
FEoTwa eEZLNSL, 82T, Finger interface %
HER S wEMtid, Rapr> Rac THAHLEZAH. &
DILIZ4-2HDOERE—ETA.

7+ 3, Diffusive interface 234 L 7= 3-2 Hi O KIBAE
RIEBRRIZDOWTOFELITOH, £ OXitksirH
BlTeazzickbh, BENETFTV, BXY, BRERE
EoReE s R I N

5. RE7O0tRICH T2 _EHERR

CEIBBERIR L BEOAREERBOEGT TRE
FTAHIEIIHEBLT, BE 7o tAICBITHRBENOS
BEMMIC2>WTEET 5. 3-1 Hi<Tid, NH,CI-H,0
ARV TEBEORBEMEER2{To 445, ZITRE
EREMNF LTS
5-1 —HRREREE

Sn-Pb &4 (LR 456.5 K, LMK 38.1 wt%
Pb) W T —HEEEERRLITo . Fig. 6 IIEE

Lifting device
with speed controller

:
VCA thermocouples

i / Alumina tube

/heslstance furnace

/ Crucible
(Pyrex glass)

Sn-Pb alloy

— Detachable
i Il / enclosure

Fig. 6. Experimental apparatus for unidirectional
solidification.

OISR 2 R IKPUMBIFE O LERIC A BEEE L RE L,
BTRLEAEDIEFOMNER2, EEICRETELIICL
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10 % m/s DEREEE CRE S, BB TH 453K,
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min fRFE L7225, ThRFYF514 b2 +aBEEE5
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Photo. 3 i3, —HM&H &7/ Sn-Pb A& LBDR
FAEETHA. KEAABOKRFTIFYFIM4 1+ THSD
A, FOHIZ, Ay —VIFTLICBE R T LV v 2
VHEER LTS, ZOEF2HKL7Z2O% Photo. 4
TdHA. Photo. 4 o hbhb LI, 7L v 7 ViiEE
DF v FIA M, Fig 7 2R+ LI, 7
Ly 2 VOERAFICEET A LS CRELTEBY, 7
YFIA P ORETBBEHF~NOBBOEFERT 40D
Fo Y RAUBERLR T LB RSN, TOKRE
LTHEBRLAEF Y v AV EERIC7Ly 7V E LTHE
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EFflbansr eE2ZONL., RERTIE, 7Ly 2 Vi35
DITBEMICIE > THEBR L7225, BERITE T K54 MY
AL 2o TwB e E LR, KBIEHI/NE L A5
7oz, BHROEFIEE SN LR SN S, Photo.
54, REOT2S 3.5em O L 5 OREE O
BERT. (a) &, HE@EOFREOMBROBEET,
TEFIANARO 73R TV F 94 M OREWIE <A Y
+5. (b) 7Ly 7 VEORBITEOEE R4, 4
IERIFR DT~ F o4 MVEEPER S h, oMk
LOWS P EERBR SR

5-2 REMBICHTIBEMNRDOLI2L—-2 3>
i, 1B TRLAE(1)~(5)RTHD. oh
LRI, KEBRTHRHALZ Sn-Pb &2 0WHE &,
5:1 HilI/R L 72 EBROBIESM £ 5 2 TRITIE, —kR

Photo. 3. Overview of the surface of solidified
Sn-Pb ingot.

Photo. 4. Photograph of a freckle formed in
dendrite matrix.

BEERICB T A2EENMAOBMBIEHEE S I 2 L—}
T&5h %8B, HBEETHHRIE, # 6.25mm, % 25
mm O ZRITCOELAFERE L, EHEHEBII T FREh» o
BEFCL L7 4B, REBRRTOBRITEKE, Rac=
1.5% 10%, Rap=4.2X10%, Le=3.6 X 10°, Pr=
2.3X1072ThHot. BHEEHRIT A1=0.03s & L
7z,

BEFtE Lo THE LN, BEBGR 0.81s O
N, RBE, BE, BEIOVWTOZEEH % Fig
IR Y. BEFET, KEOALERBICLOT,
Finger Bl FR AR L T 5. £ I3 EERH K
EWeoIC, RESICEBTA L, dRiIcL A8
BR/hE L, FRBOBRE L2V, 2040, i
BERICILFEEECELLST, EFRSERELTVWAES
2%. Fig. 8 26, &R TLEBUMIZB VT,
Finger Bl FRRABET LI EPHL P E LD/ &
DR, BREFHNOBEESEBICF v 2L %

Dendrite

L1

Freckle

Fig. 7. Schematic view of directional structure of
dendrite around a freckle.

Photo. 5. Comparison of microstructures in (a)
matrix and (b) freckle areas.
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Fig. 8. Computed results for finger interface
formation in the case of unidirectional solidification
of Sn-Pb system.
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