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Heat Transfer between Liquid.and a Sphere in Bubbling Flow

Manabu IcucHl, Munekazu OHMI, Masamichi YARIYAMA and Jun-ichi TANI

Synopsis :

The characteristics of bubbling flow of air and water approaching an ice sphere were made clear by
means of the photographic recording method and the electroresistivity probe technique. The melting proc-
ess of the ice sphere was recorded by a video camera and the local Nusselt number Nu, was determined
from a change in local radius with the aid of a digitizer supported by a large scale computer. Here, the ini-
-tial radius of sphere was used as a representative length. The measured values of Nu, increased apprecia-
bly all over the surface of the sphere compared to the values in single phase flow of water. As a result,
the mean Nusselt number Nu averaged over the surface also increased. The increasing rate of Nu de-
creased gradually with the passing frequency of bubbles 7, and finally the effect of bubbles on Nu
diminished. The effect of the Reynolds number based on the cross-sectional mean velocity of water and the
initial diameter of sphere decreased with an increase in 7.

Key word : steelmaking ; injection ; bubbling flow ; heat transfer ; Nusselt number ; sphere.

1. #&

BER, BIANET—DBE,»L, REELILOF
HAXKEDAZ Z v 7OHFIBAEZTRRIZT S0,
2 F IS CWGA AT 5 2 LI XD CEB DB IR
HEEFLEMEFH L L OBEEOREIRASR

il

TWwaBYD L L, EkFAWAALDBEEICRITTE.

BIZOWTELRDFELIFRINTWED 25, £8D
S8 Y A AT o RN K308 7 AN AP 0 AR TS
WOTD 32 DRFEICBWVTYH, SBOBRICE
BREBRO S HBROE ) ORIBE &R OREN
SHBENRTWRWEDIIZ, RENAR2ELIZEED
T 7g vy,

A7 T 2 OEOIALBNIE L LT, KEKEKE
Huwia— )V FEFLVEREHSR LT 5205,  TRIER
WEAkE &, GREIKERICHZDBEOME LFER ED
REARERETNA ) 2 C, BROYICB T KK
Xy MNEEFHE L, RIBOEZREE LKk FIHHE
FRIZHE D LA 7 N ZEHIKERDBRE v TIIARRIC
BITTHBEHESPIIT 5.

2. EREEERAERX
2-1 TAMRER
EERICHVAKERIX, 2010Eo-Y v R VERICER

2mm DXFHEEFPOHT-b0%2B L LT, GHED

BUOKE TR L. KERICFHRARA L I-5E, BfR
EVHBEINDEREDG S D720, B4+ v KEEZER

YT, FEERVCHER L. KREBROBEREEH
3.3em THYH, ¥FAwHm LoEFmIC 10° MkE Tl
ELBEROFHEE, S DR &, TXTOKERIC
SVT £5% LIKCHD 7. '

Fig. 1 ICEBEEOBME 2 /RT. FHKME KK
ThbH. ~y FF¥rricixEshno 3 EprosiEicdk
KEORPHY, Tho%HMATAILICED, Ny F
ONEZ AEREICELLIB. Ny Ry vopoH—
v \DOEHREEICHRIT 4 o0H4FD S b 3 0EIE
BEEZTCREBG, AV 7420 RBELZ. Thd
DHERFICLDELOKKE Qw " KETRETH 5.
BREMREVERPICEL L2V L ZERBETHIEL
7z, REERTIE Qu= (0~0.700) X10°cm®/s TH 1,
KOWETIEE V,, LS4 TAE DIckS LA

IEf0 61 4£ 7 A 29 H4+ (Received July 29, 1986)

* KR KZFILE#E TiE (Faculty of Engineering, Osaka University, 2-1 Yamadaoka Suita 565)

*2 KIEAZ TiE (Osaka University)

*3 (FREEIZE (BR) BB SEAT (Kashima Works, Sumitomo Metal Industries, Ltd. )

*4 R AZFKFER (Graduate School, Osaka University)

<

E

e




-

)

SIFNZ BT B IR & AR O BIRE 1497

Supporting rod

Water

Head tank, /

\ lce sphere
/ o
N (oo}
‘1 S Reservoir ~
i 7]
S = o video
< : § camera
’1{ B Control o
ol  Water exit |° Bubbles orifirces/ 2
© . o Acrylic ol &
g e ° pipe 2
- E 279 hie injector -
87 ool <A gyrge tank
v
8 .,
o
550 1:'6000 210 Fig. 1. Experimental apparatus.
Q 180°
o-—Bubble
A
L ]
j._‘”—'_‘_'*_Air
!
l l — 90°
No.1
—f) I N
| OV ] ?)
Air 0o ¢ 0%
S — 00— Air
<] o o QJ
x |
T
No.2

Fig. 2. Schematic diagram of bubble generators.
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Fig. 4. The circuit of electroresistivity probe.
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Fig. 5. Output signal of electroresistivity probe.

Table 1. Main experimental conditions.

QX107% | Qwx 1073 3 3! Air
Run (cms/s) (cms/s) ReX 10 Rep, X 10 injector
! 0 0 0
0.102 1.26 0.526
3. | 0.0m 0.406 5.01 2.09 No. 1
4 0.692 8.54 3.67
5 0 0 0
0.102 1.26 0.52
7 0.224 0.406 5.01 2.09 No. 1
8 0.692 8.54 3.67
9 0 0 0
10 0.102 1.26 0.526
11 0.460 0.406 5.01 2.09 No. 2
12 0.692 8,54 3.67
1 Y02 y 5
0. 1.26 0.526
15 0.700 0.406 5.01 2.09 No. 2
16 0.692 8.54 3.67
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Fig. 6. Histogram of bubble diameter.
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Fig. 9. Mean inclined angle of bubbles approach-
ing an ice sphere.
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Fig. 10. Distribution of passing frequency of bub-
bles approaching an ice sphere.

LhOTBY, Qw i QPHEEBRIILALALRRV,
LD CAREBESGETTHE, Qw & QHFELTDH
BIFFLAE S LBREZFORBAFFELMEE £ H 2 TK
HRICH-BHI LA,

3-2 SUBEBHEESH

BREWE AN OSIEEBHEE n, ®540 & Table 1 DV
FROLETTHERCEICE L UIITIFHRe oM & %
DTWwA, LT ORI duLEhicB L Oz FERE
DEXFH LD TH S, Fig 10 12 n, DFH &R
F (r: BREE, R: RBEKOPE). Q CX5%Eft
BREWVDY, QuOEBIHTDALRR .




1500 % 8§ B34 (1987) £ 11 B

KERD 5B EIE /R<0.4 THAHIS, KERTbHD
MABIBRERBOES) poiEETH L, BbIC
/R=0.2 DREHFEDHAICLOTEREND., = DM
T 0, 3—FEOITHLDITIESDVTWB EARL LT
E25). 0=/R=0.2 D ny, TWEHFHL7ME 7 %
QWX LTRHIZFig. 11 0k 5124 5b. 2 TRIE
DURE 1dy 57/6 1 my & T T HIEKERIC B 72 B KT R
DB A. YWHEICIE Q, X bkEkicEEDL -5
RAKEDIE D HEREBO» S, UTORFTE Q,
DRDLYIC 7 EHVD,

3-3 BAX YN Ny, EEHX &IV M Nu (S
HTBFRER (KEHEEOSES)

3-3-1 Xtk & BHMH

Fig. 12 {ZK ARG A TER ST B KIKD Nug 2777
Z 2T Re, WKIROMAELE Dy=2Ro & KDOEMTTH

15
vt
= L Key : same as in Fig.10
IS
a  §
10—
I a8
o
5+
- s
O— ! ! ] ! I
0 0.4 0.8

Q3 x1072(cm3/s)

Fig. 11. Relation between the flow rate of air and
mean passing frequency of bubbles.

200 F

‘to 0

NUg
&
o

IN B
100 F “a Q o B A

0 180 360

Fig. 12. Local Nusselt number of ice sphere at
various values of Reynolds number.

FEERE V,, (em/s) #REFEELTHL A IVIH
2RoV,./v TH YO, Prizko7Ts5 v b Vv #C,/x T
H5hH. v BKOBKE (cm?/s), #, EKOHMER
# (P), C, dKkDIEh (cal/g’C) THBH. T ZiTid
RERWVA, PEOBIERIFNRFHO 0=0° & 180°
ZRESERERLCEHIC BT S) CEALTEAESKRR
SR DT WA, Z OXFMEIESIRIRIC B 5 EBE
BIZOWTHHILTAHDT, WTFD Nug DEIE 6 =0°
~350° > 10° T & KD 22 PIEME ® AR FR R L E T
SEHLEERLTWA, 2720 0 =180° iZ &%
2mm DXHHESEDH B0, ZOMETOMBIIIIFED
FbyoErAHL .

SEOERIC L AHEHMED 161% Fig. 13 1RY. &
HEGIIDH DL HESDXDKREVIFEETH A, Eh
DFNTOERFHTCINLD b RIFLBEREIRS
nrz. .

3:3:2 IHBROZE :

kEKiz Fig. 1 @& 512 6 =180° OALETHREL Tw
B, ZRENZOEED Nug CEE® RITT S
ENREZONRS., FITKEERNCERL R (6=
90°) THXFL-L &DFERELELL (Fig 14). W
RMRICIBEALEIRL, IFHEOPEIEH LTIV
LWnwz b,

3:3:3  Nug BT 2EROFIFRAER L DOLLEK

Fig. 15 T Merk OERUEATREY » REBRIER L ¥ 1L
BLZ HaERERBERICED SRBERET N
PROLH, ZOEEETRIHES (0 =0) »5ik
CHERBI A ONMLE (0=90°) £ TOHPML»EIETE
Z, ZOBIFROENDSIEFIT/NEWE &, FHER
BAERP LT, LABPRVBEORVETHD LD
NTWBI, Re, <2.00X10° D EM & §HEMEIX X <

100
3 Re, = 4.80x10°
< g e
2 ¥
=
50 |-
O {
0 90 180
8 (deg)

Fig. 13. The reproducibility of local Nusselt num-
ber data. .

<4

A

4




Y

i

[

ARV BT B IR & AR OB RE 1501

1ool> | Supporting rod
oa ‘ Vertical
= e A | Horizontal
3 AA&QA
% L AAA Aﬂ
3 4 a
< Repx1073:"
50 480 % 2
0.710
4 &, 4
iioQogggo AAA
- o 0glos&
099900
O | I |
0 90 180
0 (deg)
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Fig. 16. Comparison of mean Nusselt number data.
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Fig. 17. Local Nusselt number in single phase
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Fig. 18. Local Nusselt number in bubbling flow
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local Nusselt number in still water.
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Fig. 21. Mean Nusselt number in bubbling flow.

LFRENDONDEBIRESREDTEENH 5.
(4) LA ) VX% Re, % Nug \Z R IT§ 8

n FHAKICLT Re, 22 728 EORKER % Fig. 20
IRT. HARR O Fig. 17 L BT SO 2% X9 12,
HWHFNT BT Re, 75 Nuy (2 BITT R I KBEFRO
BEXDRDLEDINAEL, M HREL2BIEE Re, O
BEINEL D, 72771 Re, ML & b ICEKOF
BOTERTDOBENDHEL 2 DD T, T DFEH Fig. 20
WRLEROBERICHOTRICEDLNS.

342 FHRX N MK Nu

Nu % %, 124t LT Fig. 21 (8T, 89 2 — % —2ik
Re, %3 BA 7. BETX » £V b Nug 1220V Cih <7z
X312, B ObTHOEIMILD, VwTFhoD Re, D Nu
HEFHEML 0L, R T—EECHEET AL
BITFOENDB. T D/MEVE EIZIE Re, DfHIEIC
X% NuOABEIBELHTH S, B OWEME &b
MEDEFFEFIIE LS.

1. & B

Table 1 OFERBREMAT T, 2HBEORERTELN
7SR DKERICEZ T B RO RIS TR FE,
BRI M ERE dsp TERME L T#HY 0.7cm, HZEME I
16" LIZ L ALYRULTHD. Lidto THREKICTH
=¥ HHIOFEEIEEEE 7 & VA 2 W XE Re, %
NG A —FH —ZF, Ty & Re, 75X v £ PEIC KT
THEBLRANL., BON-ELEEE2ILDBEUTD
kI3 nn.

(1) KEOHFEHEICXOTHEAX vV b Nuy i3
KEREHIZ D7D THEFEFCHEMT 5. ThixEBOEHR
ERIBITTHE S NEEEBIC X o CEREKRHE EOERE
HEL 2D EEHIT, KELHOBRBERIBA T 5 %
FOBRICEDTRIS., COFKRELLTEYX » 2L
M & Nu 38005 5.

(2) Nuix 7 oMo N T, Fig. 21 2R+ &5
IR UHDKE LSBT 505, R C—EEIEEE, R
BOEBEIRMTAHLICRS.

(3) Rep 7 Nu l2 RITTHBI 7y AP S L E &
WEHZICHNS., LA L n, OBINE &b ICFDEEIR
BEALERTELL) IR A,

X 73

1) EHEEH: g8, 71 (1985), S918

2) VAEHRERER: gk 88, 71 (1985), S920

3) &IHEA: 4 100 - 101 ETE LR SHAMTEE (B4 EMin
&) (1984), p. 65

4) Y.-C. Yen: Int. J. Heat Mass Transfer, 18 (1975),
p. 917

5) J. SzekiLy, T. LEHNER and C. W. CHANG: Ironmaking
Steelmaking, 6 (1979), p. 285

6) S. TanicucHi, M. OnmMi, S. IsHIURA and S. YAMAUCHL:
Trans. Iron Steel Inst. Jpn., 23 (1983), p. 565

7) S. TaniGucHl, M. OuMmi and S. IsHIURA: Trans. Iron Steel
Inst. Jpn., 23 (1983), p. 571

8) K. SexocucHl, H. Fukul, T. MaTsuokA and K. NISHIKAWA:
Bulletin of the JSME, 18 (1975), p- 391

9) H. SCHLICHTING: Boundary-Layer Theory, 6th ed. (1968),
p. 228 [McGraw-Hill]

10) H. J MErk: J. Fluid Mech., 5 (1959), p. 460

11) Big #, BEIEA, WIES, ZHEH: B RERES
FRHEBHE, 46 (1980), p. 944

12) A. KLEm: J. Fluids Eng., Trans. ASME, 103 (1981),
p. 243 )

13) G. C. VLIET and G. LEPPERT: J. Heat Transfer, Trans.
ASME, 83 (1961), p. 163

14) tEHEZ, FA—ME: {LFEITE, 24 (1960), p. 134

15) F. H. GARNER and R. D. GRAFTON: Proc. Roy. Soc., A224,
64 (1954), p- 64

16) HH¥EA, F HEXR, LHFEK BEBWMERFZCEBR,
49 (1983), p. 1904

— 61—



