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Boiling Phenomena and Effects of Water Temperature on Heat Transfer
in the Process of Immersion Cooling of a Heated Steel Plate

Synopsis:

Masashi MITSUTSUKA and Keiji Fukupa

In order to apply an immersion cooling to the manufacturing process of iron and steel, it is necessary to
clarify the characteristics of the immersion method. As the first step, the boiling phenomena and cooling
abilities were investigated for a steel plate of about 930°Cl immersed into the still water of 20~90°C. The

results obtained are as follows:

(1) When a plate is immersed, nucleate boiling begins from the edge of a plate and subsequently travels

to the center.

(2) When a plate is horizontally immersed, the lower surface of the plate is covered with stable vapor film.
Consequently, the released heat from the lower surface is smaller than the upper.
(3) When a 28x 220 x 220 mm? plate is vertically immersed, the heat transfer coefficient o between the

plate and water is a function of surface temperature 0; and water temperature 6.
Here, 4, B, and K are constants which depend on 6.

following equation.
a=[10(4+8-8)].[1-K
[«]: kcal/ m?-h-.deg,

(Gw-—26ﬂ
[0s; 0Ou] :

These are related by the

{4) « reaches a maximum in the 6 1ange from 200 to 300°C and its value is 7~~10x 10%kcal/m?-h-deg

in the 0, range from 20 to 30°C.
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Chemical composition (wt%)
C:0.14 Si:0.44
$:0.010 Ni:0.02
Al : 0.082 Cu : 0.043

Symbol
A : Austenite, A : Bainite, M : Martensite, P : Pearlite

Fig. L.

Mn; 1.21
Cr:0.21

P:0.015
V :0.043

CCT curve of specimen,
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7o Tk, (3)RNOERRML, ROXSiEHT 5.
Aticar : 38 i KEOFHET (2) X2 R THET
DT EEFE

[
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6<870°C mE 4
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6>870°C 04
2=0,040+2_57.10-5.9........................(4_2)
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t :0sec
@: 928C @: 865 @ 697 @: 392
@: 92¢ ®: 869 @ : 764 ®: 440
@ : 925 ®: 822 ®@: 476 @: 275

(0 Water temperature | 27C

Q@: 905 C @: 717 @) : 01 @: 319
®@: 906 @ : 70t @ : 508 @: 246
®: 911 ®: 664 ®: 375 @ 198

() Water temperature ! 657

Note
Specimen : 18-8 steel, 20mmt X 200mmw X400mmh, Initial temp, of specimen : 920~930°C
Temp. measuring position : @--++--70mm from upper edge, @-----Middle of height,
@erere 70mm from lower edge, @~@--+ Middle of thickness

Shutter speed : 1/1 000 s

Cooling method : vertically immersed, t: time from immersion (s)

Photo. 1. Boiling state in a process of immersion cooling into still water, (x9/10)

EEFIEICE AT L FEEE LC, ZREEE MRS
Frer “PREAZREEN » OB 0N D A Cp R
WhHERESEZLNS. SEIOa T, Cp 2/
IRY At

SRIOERBRTHEONAEHME, Fig. 1o CCT o
FEO~@DMICHFET 5. Lodd2T, EEHEOKH

BEEMAE, FEIREBX D2 DEBHI TS Fh
px, 20 CCT »5, (5)RDXS5, Cp ZERIL
L, ZOX”MSELNRSE Cp ZAVWERETHS. L
Cop=Sf (GREL, WHBEE) - (5)
L, BE(S)RE, EREEhTwinv. LisoT,
AITEBREIC X D, SEOREAAINEE (00 - 23~30
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Temperature ¢ (C) Note
Specimen . low carbon steel
Note 28X 220 220 mnr®

Cy : Specific heat in a state of equilibrium

Cap : Apparent specific heat in a cooling proccss Initial temp of specimen: 915~930C

Formulas of Cap : Water temp, 3‘23~3OTC. )
Temp. range Cap Temp. measuring position:
0m350°C Cap=0.110+8.57-10-50 95~140mm from lower edge
350~400# 7 —=.—(.42041.60-10-36 Cooling method : vertically immersed
400~4757 # =0.220 . A i .
475~5307 # =0.773—1.164-10-3.¢ Fig. 3. Relation between a and @; for immersion
530~ 7 =0.156 cooling of steel plate into still water.
Fig. 2. Apparent specific heat of low carbon ] )
steel in cooling process. vi) 0w DBMEWIEE, B RGN, 2ol
Ly as ,
s EMbIND

°C) WIBE KT AFRESELND Cop &, REAR

3.2 BE S MEmER
oBAEE Ltk (Fig. 2888). 2o Cp kad RERE L MEEE

BHH RV, 1L K~ D RS EI DB, 3.1 i sk L-3
‘ K (WS — 2 OFHE) i, 5, LEDSORIRE
R ERER i VTR RO BUMEEE a & G 5 ERIC I3 5ER
DB L PV N, BIE LizsRdhigs B L.
3.1 BRIBR BHHPV H7E N S a2 B L
5 7k ~ D TS HIBIRC 55 5 MR T O i o

B S %& Photo. 1 it RT. SAROEFZT HFOHG LI
BT H7-%, 20mmt X200 mmw X400 mmh ¢ 18-8

SR % FAV Ao JKIR 0w 13, 27 £ 65°CTHBH. Thb

DEEMD, - -
1) #abigiE, TFim & mAR> SEE D, Pl EET
okT 3‘% &-a 200 ]

i) FETRHARRALS, BiRRERcIsE, 0w MK
WIAIZE, B D D EBESBED 2 &,

i) 0o PAEVIEE, REEZNE, e ELR
Thibhnrr, 2~3sBITlE, Wmir SEBEI KB E
D, ¥ 20s X, WM CHBEISECDLZ &,

10+

Cooling rate of 172 1 (800—500C) (deg./ sec)

5 | I i i 1
) 0o BECES, #7105 E T, 2EILEIUR 0 20 40 60 & 100 120
. K Water temperature (C)
ThBbhT\W5d, T, Tig & mElE» S Note
BsIEE 0, BV — o pBRA Rl ERCEL Z L. % O e O Jipating 0d
Sl *RIRpC Kb R A £330 C ® : Adhesion of rust before heating and
t: E»Eu {’ﬁfﬁ‘t [:]B:Vli:b &{ﬁ'ﬂgb i@ Z)ﬁ =38 &%hf;&. wn;s;?;g S:':lse aft::eco:fi;;g
Wk, Exper imental condition: same as Fig 3
v) BFLEEOWEKT, ARLENDL, HREO L Fig. 4. Influence of water temperature on
FERTC X 2T, BFLL ERETHZ L, cooling effect.
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12[ 1 ler 1 8T ]
£
= 10F -+ 10F 41 s 1
= 000 ° °
o, 8F co 7 8r oo 1 4F h
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é 2 8 o © ° ° o
é’ 6 ° o 1 6 °° 4 8F g -1
8 o ° % : &2 ° °
s
41 § ° -1 4 o <8, go o 1 2I -
° o
] ° o o
2l o_| 2L 4 1F ° o o]
X108 X103 X10°
0 L 1 1 1 0 ! 1 1 I 0 I 1 t 1
0 20 40 60 80 100 O 20 40 60 80 100 O 20 40 60 80 100

Water temperature o

Note
Pxperimental condition

same as Fig 8

Fig. 5. Relation between a and #, for immersion cooling of steel plate into still water.

KHERE 0s & o OBRE Fig. 3Itmy. ZOR» D,

i) a VX, 6 A 200~300°C ol cd o bA
<BEEREEEMThaicoh T T8z &,

i) 8w » 23~30°C DIGE, aOFAHEIE, 7~10x
103 kcal/m2-h.deg TH5Z &,
Db,
3.3 KEDEE

IKIR Ouw DPEHHNERE V RBMRER o K RIETHE Y
Fig. 4 ~5iCR¥. ZhLDOE»5,

i) Vix, 6w D LRI >R TS L, $FiC 6,>50~
60°C OFHTIRART A Z &,

i) eald, FMWMEE 6, OVWHrESHEIC VT D,
0w D LR Oo>NTHAS TS L,

iii) SCOMFE LIRETHE-SH LcRE OV I,
DD PI T &,
L ENbRrS.

4. #E =

41 BLKBRFHEEORR

BIRERZ L KICEECZNTT 5 &, LOHEK,
PR EEPEI[BE TEsbh b N, HERPER
REER LT v 519, 2 ORS CRSAES BN m
h, HhEI GEED, TOER, ZORHOREEE
CHETT5. SEOX S, BROKWAWERY EE
TIRET BIAIE, BRI, WM biaE Y, B
R Efic Y. ZhiTw L, HEORE R OEH AT,
R, THI— 70 E 0, BRx ERRICEDLY.
G BEVEE, LI, DIRE SRS EA LRD
LRBEVDIE, TOWSH, I AEREESLE

BKIC FFbRT WHRkdE FELbh3., Llok>
W, BRI & S b AT RN H T B I-A D% ENE X111,
MOMMESE “WHOoLE/H” CEKEFETS. o
B4R, EXFHE (GOF : 20mm) OBEEEH, IR
F#E (B :20mm) ofrh I DAkEv, EWS5d)5
DEBFERE S —FT 5.

Ow PMEVIHEIE, »5EHIEEE, rhhikemT
B LA LRIRICEIBIEA IR E 525, ThIL, EIEES
LTOMBI X » T, L5, (FiEFRBCRRE I H
ET B EEZILNS. ZRIEF LT, 0, BEVE
B ERBRISED SR VDI, EEREEZN LTORK
BEMBLL VD T, FEEELERV DALY, KLE
L TORMBMIC X » Trhhe EES S RE £ CH T
DERIC, WEHR»BIEE O KIBEN O SBET
BB EHZILNS. LD T, b LEmXEmo
HE BRI EECENT 5 60, 5RM%,
ERFFC AT TSR Z 5 d o LIl h 5.

—7, WIKIK RN T 5 5Aw, A EmET
Ferk LosRAilE, 24— Xl AT 5%, FHEO
THITEF LIz v Lo, - 0w BEWEE, 3t
BTFEE, BREMLE LRGBS bhs, ok
R, Fig. 6ITRT XS5, AHOBFEEHFROBESHIT
IERMRT Y, 6w BEVE “THEH>HR” OFEEHE
DRIBILDHD. dbAA, KFEFHEOEHETD,
R ISR SR E D RS @ o CEL S, F0E
vy, PUREE DIZIRE L.

IED X S5Bhd S, GBEREHE L/KICIZESH
THHEEORNEBES N, BEBHCSVTE, BEi
LEHMEHTRT, B HRIIERIRICAL D, KER
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Time from immersion {sec)

Note
Temp. measuring position :
@+ lmm from upper surface
@:-eeee Middle of thickness
@--+-~lmm from upper surface
Temp. of specimen : average of two experiments
Specimen; low corbon steel 28x220x 220mm3
Cooling method; horizontally immersed

Fig. 6. Cooling curves of, steel  plate ;hozizontally
immersed into still water.
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I 1 1 t T T T i 1 i

3
@
N Note .
§ 8 ©—«—=~ Spray cooling ;
-
= ® ~—~~Multi-jet - Imrcs;:ﬁng s
L nunaneen |\ E o3 ﬁ"F‘m
§ 2F o N N
1 N
& vl ag 0 g
= ® o
Q o
} 5k ° 8 ©° ]
- o ©
° °
@
= ° o L
~ -~
w 2 ° °
& Forced o °
air cooling ° ° °
g 10° g0 © n
s b
g el o 8°g8
> 5[ n
< ko}——Natwal cooli
3 1 . It coo| e ! ) ) ‘ 1 ' i
10 2 5§ 1070 2 5 w2 2 5 0t 2 5

Water flux (L/cmmin)

Experimental condition :
Immersion.----- same as Fig. 3
Others.ee-ee coolants was impinged on both sides of a
specimen hozizontally set and temperatrre
of coolants was about 38°C

Fig. 7. Comparison of the immersion method
with others about cooling ability.

RV, BEEFHAMEAHRT, EiHFmmIE
kB, LiedDT, +XTOHMDIRES % E—1t
F I PRIC T DI, SHEKOE N IS LB
% (GefhBsh8).
42 BRESNELMOSHELOLE

41 gl Lo X 51, BiESROE kAKIZE S
TR, HANOREIC X - THHOINGHHERTS. L
1280, BEWEIEE & thOWwEIEE & OB EIRE N % Heik
THZERETH L. EBEOSBRUNITR 2 AP LA
BHES Y - o PEHIIW, BB (RS E~HE:) S
& KR EREHRE) 25, SEOFESHEITERL
Kb, WEOWHEE V (1/2 t ~800—-500°C) %t

@
bl
g
s
=
g
&
Time
{a) Cooling airve
@
&
€)
Os
() Heat transfer coefficient
Note
® 0.2~0.5t from edge of specimen
@ 2~4t "
@ 7~10t ”

a is calculated by assuming that heat flow in
spcimen is one dimension.
CT : characteristic temperature

Fig. 8. A schematic representation of the in-
fluence of temperature measuring posi-
tion to a.

fs

Note

@ Use of Cap ,» 0w :20~807C
® #  Cap,» 7 . high temp,
® 2 C , s :20~30T

Fig. 9. A schematic representation of the influence
of specific heat to a obtained.

L, Fig. 7emd (RERE: A7 v1Ev =0 b
K, RETEE).

ORI X B E, FEGHOV I, EWiKREE 1 ~
2m3¥/m2- min DR T LA RLEY = v FEHIOE L ITIE
HELUWABETARE V. L, TOHEE, 28x220X
220mm3 HEHZ DWW TCDHRWI DL LTHD. Thbd
by, RENBKELEDTH, AT LA4RE0 v PEH
DVIE, BEAEEL WD, BHREAHOVIY, b
MEL D Pl X ka5, Fig. 71, hb
OEHEOSHHFEN & i § 5 KR BEZ L FE 25X
EThH5.
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Table 1. Constant of the experimental equation of & which represents the efects of
#s and @, in a process of immersion cooling into still water.

Surface temp. Value of constants -

08 (OC) A B ' K

50~ 90 2.640x10° +5.271x10-32 1.00x10-2

90~110 0.917 424 .41 1.00
110~150 3.179 +3.845 1.00
150~200 3.416 +2.267 0.92
200~250 3.628 1,204 0.90
250~-300 3.929 +0.000 0.90
300~350 4.256 —1.087 0.92
350~400 4.454 —1.653 1.00
400~450 4.540 —1.868 1.09
450~-500 4.571 —1.938 1.17
500~-550 4,571 —1.938 1.21
550~-600 4.406 —1.638 1.23
600~650 4.513 —1.816 1.24
650~-700 4.336 —1.543 1.25
700~750 4.364 —1.584 1.25
750~800 3.960 —1.045 1.25

Experimental equation : a=[10(4+8-0)].[1— K- (0, —26)], [a] : kcal/m?-h-deg, [, 0,] : °C

4.3 BEEROFHE

4-1 fiCil Lc X 5%, BIRMIRE LR
BIGAITIE, NG — 2SR & i o
Lo b, WMASLBIC & » TEHdIERET 5 (Fig. 8
(@&W). TORKR, F—ERNTE LR HEdhiR
LHHEL7aTh, Fig. 8(b)DX SKHRETHHES
HmZ5.

—F, FUCHHEEE» 58615 aThH, FHECHY
DHEC X - T, BONDERBRETS. #lx1E, Fig.
20 Cy & Cop W PI%k Fig. 9TRYT. T
BT, amax. XIERAID ald, Gy 2HWS L,
0s DEFICONTHRT 52, G 2HEVWSE, @%T
EATE X D/hEL, @ETIIREL KRS (B oFig.
S5FR). Thit, G #Bv3 &, @FTIE, EFTIX
ZEREEAZ FUH LTV Bl 7275, BRI B Liswv 2
LiITT B0, BoNbald, EEXV/AELAD, &
hicx LT, @ETi, LELEERFNLRI 500, &
bhball, EEIDKELLS.

Pl X 5ShsEégis s, BiRAREFILKCGET 5
Fr O S » SHET % o 13, BMEBLEkRTE, “#
ZER” v zhvrdahiyv. Thdpx, “Bzng
B LWESGAE, EREFL a0 TS HEZ BT
RETH5.

44 REMBELAGCER

B LGS ERFD a v, Fig. 3ICRT X 51z 65, 2%
200~300°C EFETHRACLS. ZOBKEE, K R
Tleokkho BE&BOREdLER, SHALY BTk
78RR KRR T D RO KOG HEE S X CFEE

LT 27 SR DK iiED R FE his 2 S 5 I BIRET
E5.

Fig. 3 LFig. 51X %L, adNNIVFIhlkhkE
WA, ZOREE, MEoREMER (SRR y -
978), Bt OliR . (HEBIE SR & BExT DR S o Ry
B S X P aDHHELR S CXbbDEELLND.

Wi, Fig. 30 a % ZHEECHVWS D, TORE
WEHIILT5. 0 & 50deg TEHIZEYID, FDOKR
NTH, 0s & loga OBHRIIEMREIEET 5. Lihs
2T, WEDOBERE,

log @=A+B-fseerriemrieriniinnieniiiiiiinnn(6)
A4, B: g
L%, 0.0 FEMIzDWT, A& B %k, Table 1
CRY. ZORIZEXBE, atk, 0 OLFRONT,
0,<250°C Ci3&BE L, 0,>300°C Cikilfilgkd %

B, ()RBXUERD(7)~(8)Rix—fixtkeH
LTw5A, Table | A4, BxXOKofEl, 46
IS LW ER RO ORI S TH 5.
4-5 KR&BEEF ;

SEAELY PEELY OMEIL LB L, HIROBRESY
KPR T HREORFEIRER, 0., OLEBIZoh T
T35 OB RErodHk~omESRE (1
AR X BRI D) 25, 6w D LF T3 oh TR
HSFTBIEERLTVWS. SEOEERICL S L, Fig. 4
~SEHRT XS, NIVXEKENR, Vall, &
HofEmE LT, 0o OEFiT >R TEASL, FHoV I3,
0,>50~60°C OHEHHTEMT S, TP X, ®BILH
ZHAIE T HEHFHMIBVTIL, 0, O LEZ Y 40~
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50°C LT RETH 5.

Wi, EHEEEICHVSD, 0o & a DR (k3
e fvER) BT 5. (6)XoF Bk LRk, 0
% 50deg TEWEASL, ERMICOWT, 0w & a DB
HEEREFEL, 00 :26°C 2HEHZ LT, HEOH

HEERLT DL,
a=ag- [1—K- (8 —26)] ---eomvvvemeernnne (7))
K : 8
LB, TIT a tl, Op:26°CoaThD. HIRE

ERo K offiz Table 1154, KiZ, 7KIEHSEHE)
Yoo BIETREE AR T

0s » K OG> 5, el JET 0., OFEE, O
150~350°C AT LD & b/ (K /), 00k
Hiooh T+ s o & (K K) bbb, ZoHE
e LT, 65 150~350°C ¢, R TRk
P LS KT 2005, 0w OREDBENINEL,
TRUTH L, s : BIRTYE, 6. ORI >N THERE
HECAETEP LI N LT L B0, 0 ORELIR
K FTBHLDEEZEZLND.

—75, (6)FE, 0, :23~30°C CHILTH»5, %
DOHEEEY 26°C £35&, (6)ErLHELNS ad,
(7D ags E—FT 5. Lica>T, (6)X#&(7)K
WHRATS &,

a=100A+B-01.[1 —K- (0, —26)] ------vveree (8)
LB, Isk, Table | Off, RESNAEHDOL L
T bh iz ER,LEBLNA EEfIiCLTHL.
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F M 2 2 ST RO IR R L HHNEE S = FH
57, §930°C I HnEL L 78tk % 20~90°C D1k
KIS BEBREIT LV, RO REE-.

(1) EEHEOHRR

(1) SRy ZE IR T 5546, Ehig», =
T & W IS E D, BblE S — ik B
s

(i) AIRREWHSHESARVWE S, EHELE
54E, (1)DRERET HH, EKELZM L TOINS
L E2T, BHOEBNEHSHPEHEEE LGS THRTY 5
&, FIEFC LT TRAE RIS,

(i)  ZHucxt L, KIS E WA AT,
Mg — o OEFTIC L DT, s,

(2) KFHEDBR

(1) BIRPREZKERET 256, HBbER, Lk

il

THEDWE»SIEE D, RREficEL.

(i) EmECRAEUAEIT, 2 &— R ES
TS5, THOZHIE, B THICERMEET .

(i) (i)oFER, ETHOBHSBICENSLET, K
BEBEWIEE, TOEEIPLYRELLD.

(3) ()& (2)niER, BREBELARIC I BN
IRESTE, FEERETE, B EEA M, &3
I IEst R, AKFEWE TR, 18 EEFHEEER, &
HF I IE RS2 5.

(4) FESMOGEFENZ, HBoXE SKET
BN E D, 28X220% 220 mm3 §HH D EE EEDOBEE,
HATKIRERE 1~2m3/m?- min BEORA L4 P40
=y FERIEIZES L. (Fo5L 00 : 20~30°C)

(5) FEESHMOEHFENE, KED EFIZ >N TH
AL, iz 50~60°C DL ETIX&RT 5

(6) RIESHBGOMZER a vk, HBEMIEE 0
LIkiE Ou WARIEL, Os: 200~300°C TRAIC D,
Ouw: 20~30°C &, TOfEIE, 7~10x103kcal/m2.
h-deg T3 5.

(7) 28x220x220 mm? A FEICEE T D55
O a (fR32HE) %, 0, & 0, OBFKLE LTkD,

a=[10(A+B0)].[1 —K-(f,—26)]
A, B, K: ¥ (Table 1)
[a] : kcal/m2-h-deg
[0s, 041 :°C
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