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Study on the Water Spray Cooling of Steel Plate at High Tempeature

Synopsis:

Masashi MITSUTSUKA

The cooling process of plain carbon steel plate was studied. A plate of 28 x 220 x 220 mm?3 size was
heated up to 930°C and then cooled by water spray from both sides; the temperature of cooling water

was 38°C. The results obtained are as follows;

1. The heat transfer coefficient a' decreases gradually as the temperature of cooled surface @ is raised
when water flow rate of spray W is large, while in the case where W is small, the coefficient decreases

abruptly with the elevation of 8; over 300°C.

2. The relation between a' and W is described as “a’e W#” in the case of W>5x10-¢ //cm-?min,
and values of n are divided into two groups according to the boiling condition of cooling water, i. e. groups

of value having 0'3~0'5 and 0-5~0-8.

3. The relation between the mean heat transfer coefficient @ and W is described as “‘@oc W0-65~0-75%

in the case of W>5x10-¢%{/cm?-min.

4. The relation between a and cooling water temperature 6 (°C) is described as “aec [l —(5~8) X

10-3¢w]” in the case of W=0"060~0'062 {/cm? min.

5. When W is large, the cooling rate V' is hardly influenced by 65, but increases abruptly for 85 lower
than about 500°C when W is small. Furthermore, V' decreases regardless of W, in such a temperature

region that the transformation heat is evolved.

6. The relation between the mean cooling rate 7 and W is described as “T o< W0-6~0-7 in the case of

W=5%x10-4~8x10-2 //cm? min.

7. The relation between 7 and @ (°C) is described as “Jec[1—(45—55) x 1073 w]” in the case

of W=0060~0062 {/cm?-min.

8. It is deduced that “spray cooling is a sort of turbulent flow cooling” from the quantitative relation
between the water flow rate of spray W and heat transfer coefficient a, i. e. “ac W*” where values of n

is about 0-5~08.

(Received Aug. 3, 1968)
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Fig. 2. Cooling sample (Unit : mm).
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Notation :

6(x,t) : Temp. of sample at x=x and t=¢,°C

0(x'f4,t) ¢ 4 at x/l=x"/4 and t=¢,°C

0 : Temp. of insulated surface (=6(0/4,7)),°C

@s: 7 of cooling surface (=¢(4/4,t)),°C

0w : 7 of cooling water, °C

t : Time from cooling start, sec

x : Distance from insulated surface, mm

a : Heat transfer coefficient between cooling surface and spray
kcal/m?-hr-deg

2,p,¢,a : Thermal conductivity, density, heat capacity and

thermal-diffusivity of sample c.g.s

Fig. 3. Model for calculating heat transfer
coefficient.
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Fig. 4. Relation between steel temperature and

heat capacity of steel.
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Fig. 5. Influence of cooling surface temperature on the heat

transfer coefficient.
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Fig. 6. Relation between steel temperature and
heat capacity.
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Fig. 7. Relanon between water flow rate and heat transfer coefficient.
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Sample : carbon steel
Cooling method : spraying from upper and lower sides. 4 s
5 | Cooling surface temp. : 920 = (300 ~400) °C < Q 5
Initial temp.: 920 °C g \/fv(
Water temp.: 38 °C o 08‘80
Specific heat : QI8 c.g.s ﬁo
Thermol conductivity : 008 ¢.g.s o | ©
21— Density : 77 c.g.s o=, 2.
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g - o] o 084
o a . 3
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-~ 83 5 / %‘,
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[ S ///
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5 10 4/ / Z < _ "/R 10°
B / / - g |
5 Left side // 77 .-
= scale P
g s iV 5
= // /
c 24
b5
= / No. Cooling surfoce temp. Empirical formula
/; | 920—(600~785)°C dy= 411XIO> W
c 4 2 » —(500~600) » =11 75x0* W | 2
~ 3 . —(400~500)« * =1650X0° WO
/ 4 . —=(300~400): - =937 X0 WO
10 P 5 » —=(200~300): -+ =197 x0* w0
6 + —{( 90~200)* =2695xI0° W
5 = ] - 1 I I - ] 5
5 10 2 5 10 2 5 10 2

Water flow rate of spray ,

w (em -min)

Fig. 8. Relation between water flow rate and heat transfer coefficient.

Table 1. Constant C in empirical formula?a,;;=
070 —=0C CWn when n=0'65 and 0-70.
~°
o=1"° \ |
o)
\ Cooling surface NIOStb bl Value of C
Cceo + temperature (°C) probable
. value of n 1 =065 | n =0-70
< Empiricol formulo : \ ’
Iy gy, cw’
Tnitol temp. - 920°C 920~ 880’”288% 0651 [2:68, 104325 x 101
S . ) v — ~ . . X # . N
S o050 Cooling s;r;%cifgr:p : \ // — (300~400) 0686 1'66:>< 7 2'052>< 4
— (400~500) 0-694 1'34gx 7 {1°69,x 7
© //—>(500~600) 0-643 1'2lyx 7 |1°53;x #
’/—>(600~785) 0-451 1'19¢x # |1°565x #
040
0 200 400 600 - 800 as;s » Mean heat transfer coefficient (kcal/m?2-hr-
Cooling surface temp. 6, (°C) deg)

Fig. 9. Relation between temperature region and

exponent of water flow rate of spray.

W : Water flow rate of spray (I/cm?2- min)

=LV
REEIZ DT ofod Fo B A% R T, BRENEREE O — 77, WM CHMTLIE VLTI, BEIOEBS 2 RT
CREREA fa,ﬁ%&&ﬁuit@v.bﬁL,&ﬁ fEIRE LTSRN (5 < OEEEEE) Ok
NEVEEITHE, BRNOEEAER, $10~%100deg FVHZ 2% 0. F7-, WOBULBE, F— 25 F4
/em WLET B L, (FEMEBEOEEOFE I, £ MRS, ZREMAOE LTRSS 5 2 L a3 %y
OELEDERE L THLONABZERLAVIONE O XS RBihd 5, EEAE», ZEEEL EOwE

— 89



1464 #%® & W %= 54 & (1968) El4=
BESSERBENTOEEREE TR TT5HOTYE T5ConT, aRAKRGERW=0)DEIESL.
BREREZRDDH L, EHLEERTHS. -5 l’ﬁlw%@ﬂ!‘oﬁ[ﬁ'\@m%i’ﬂg a1 3,
4-2.1 mAFKE & FHMEREE L ORRK qroca - 4G oo -~ (11-a)
4.1.3 TR LI XS5, 2FLOEBKEW LEUE uw4@%§ﬁmﬁ%%ﬁ@mﬁ
BN OZEEE ¢ 13,
AF;Z’;”;‘;:":‘?;Z';{" Q2 oc A+ DB/ errerreieniniennn s (11-b)
Wwow>w, = v e w” 0 Ymx (96/9x : EMRR DIRE SED)
. (0<n<1) ThDH. BHERFED 06/ox 25 L, BhRDER D
2 % R b,
%>§» =g T PP ¢ § 19
5 -2 Eleb. ZZTRL 30/0x BHIRTHE2D, ¢25 @
$E5 VERLAD. Aoz, WHBHRESDERLEDLE
§§§ =N w W s o LIREDT, aldRE <D, ThicD
S cooling NT A0S Iey, $#RF, AR~OEREREL, b
Woter flow rate of spray, W (arbitrary log scole} FOEAILIVbITTHD. DT L1, BEEEVIC
Fig. 10. General patterns between water flow rate FEBHFET S L2 b TRT.
and heat transfer coefficient and cooling BREATE (AT —S I R EE A 14 mm) 55, FWIE
e B AT £ T T B0 FHMEER T/ O
ERa kORI, Fig. 10 KRT X5, Widd— JEERO—#% Fig. 11 @rid. Zofethos— %

e (LAFEER/KE We &3l BlEasE,
Wr OEUGRMBEIEL, W<Wc OFERATIE, WisEd

o oS

P, AFUEHICEWTIE, We 55§9 5x10-4//cm?.
minTHob E, We<W OFEFNTIE ao/s FIHARE

10° T T T T T T T 10*
Sample * corbon sieel
Cooling method : spraying from upper and lower sides. /
51 Insuloted surface temp. : 920 —~400°C P T S
Initial temp.:920°C o >®
Water temp. : 38°C
Specific heat 1018 c.g.s . .8
S e} 2

2 — Thermal conductivity : 008
Density 77 .
Thermal diffusivity : O0577 *

IO: I ‘ I

Right side scale

Meon heat transfer coefficient, &, (keal/ne-hrdeg)

-~
2 — Forced oir cooling o7 // 7 % ’\\ 2
e Y N\,
/| el Pt
7 g
o -~ 3
lo:g} d 8 803 v /// /’/ <~ IOz
Left side scale /%‘ gl
~
5Kl \ // // 5
B, 74
No. Insulated

~ Empirical formulo
surface temp.

920+800°C . &o,=0762x10° WO

i
> 2 + =700 - =409 x10* W 42
P4 3 . =800+  : =2064xI0° WO
| 12 4 .+ =500 * + 22076 x10° W
, Lo 5 + —=400:  * =2227xi0° W™ .
10 2.5 74 # sid 6 .+ —300° * =2866 x10° W™ 10
4 ——ab, Left side 7 + —200 v =3418 x10° WO
33— scale
5 L | L 1 I I
10 2 5 10 2 5 10 2 5 10 2
Water flow rote of spray , W {(Vem? -min)
Fig. 11. Relation between water flow rate and heat transfer coefficient.
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EEERO AT VEEICET MR 1465
Table 2. C and =n in empirical formula ay;y =CW?n.
Group® Insulated surface Most probable value C when n is constant
=3
temperature (°C) " c n —0°65 2 —0-70
920 — 200 073, 4854 104 5-28, % 104 4235 < 104
7 —— 300 074 378, x 7 396, % 7 318, x #
7 —— 400 0'743 3'OO:><// 3‘143)(’/ 2'51;><//
A # — 500 075, 2:67sx 7 2:669% 7 2-149x #
7 -—— 600 076, 2:69y%x 7 2:503%x # 2:00;x 7
7 —— 700 0666 1'803X 4 2'613)( ” 2'099)( ”
# ——— 800 0-57, 1°01,x 7 2:164% # 1473, < 7
920 — 200 0°69; 3:4lsx 104 4:42; % 10¢ 3:54, %104
# —— 300 071, 2:866x 7 339y x # 2:725x 7
7 —— 400 0°705 2:22,x 7 2:7lyx 7 2-17¢x #
B 7 —— 500 072 2:07gx 7. 2:3l,x # 1-85;¢ 7
# —— 600 074, 2:06,x # 2°169%x 7 1-73,x 7
7 —— 700 0-64; 1409 # 2:24,x 7 179 7
v —— 800 055, 0'762><// 1'815XI/ 1'455)(”
920 — 200 066, 2:47,x 104 3-68,x 104 2°95, x 10¢
7 —— 300 0-67 2:07;x 7 2-85;x 7 2:284x 7
# —— 400 0'682 1°72,x 7 2'27:><// l'82i)><’/
C 7 —— 500 0°70,4 157, x # 1-92,x # 1-54,x #
7 —— 600 071, 1:524x # 1-79,x # 1-43gx 7
# —— 700 0°60,4 0°965x # 1°79% 7 144, 7
7 —— 800 0°53, 0:60sx 7 1-583x # 1°26¢% #
920 — 200 0°66, 2+83;x 104 4-103x 104 3-29, 104
# —— 300 0°69, 2-563x 7 3-34,x 7 2:68,x 7
7 —— 400 0° 706 2-3lgx # 2-8l;x 7 2:25;x 7
D # —— 500 0-73; 2-43,x 7 2:59;x 7 2:079x 7
7 —— 600 0-76; 281, x # 260, X 7 2:09o % #
7 —— 700 0695 2335)(/, 2'974)(// 2’385)(”
7 —— 800 0-66, 1-83;x 7 2:649%x 7 2°12,x #
*¥) Group A : C=0"20, 2=008, o=7"7, a =0-0519;
4 B:#7=018, #=008, »=7'7, »=00577,
” C:7=016, #=008, »=7"7, #=0"0649,
4 D : Using temperature compensated values
[C]=cal/g-deg, [ 2]=cal/cm-sec-deg, [p])=g/cm3, [a]=cm?/sec
**) [aos4] @ kcal/m2-hr-deg, [W]= [ /cm?2- min
08 ‘
13 920°C) & W Lok, (I2)ROBGBOFELET S
a0/ i=CW# - (12) _o__-—o———-°70)'(
ZEpbinh. We<W OREILSS 50 HOF — 2% e |/" Z&D
VT, UDHDC L nske, Table 27T, ik o O [ & oo™
- =
Foa OFMITIE LTI, WO MR = LT, s | A\
B HE BRME HE REIAEER 2 | Empiicol formula Zo, = CW”
A 0-20 0-08 7.7 0°0519. L%‘ - Insulated surface temp. :
s 920 =g °C A
B 018 008 77 00577, p S pCc A i
. . . . ° 77 020 008
C (_)Al6 \ 0-08 77 0-0649, a 77 018 008 cg.s o
D SHoOmEECE CTHIIE Ly‘:w&ﬂﬁ%{iﬁﬁ o 77 016 008
D 4 _Jm b ;?FHI’\f:- I/VCD*EM n lli F]g :—74‘_?_ x 5 OS5F—x 77 C.A "| COmpenSO’ed values
N~ z.:: a
s 0°65~0°75 T b, WIEAmIRE A 600°C DAL T 500 200 600 800
BT D AL, 4-1-3 LiZEFRICERTH 0, E 72, Insulated surface temp., 6 (°C)
FICEBCLDL DL Bbhd. Fig. 12. Relation between temperature region and

WAZ, ¥HIE & BIEEIREE IC DV R oD 7 ISR &

exponent of water flow rate of spray.
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% 54 £ (1968) pla=

E%’: Qy/4 & Qo/a %kl:éi“‘*s“é 3:: )
W=1

i FEE i ) w=1 w=i
x10-3 x10-2 x10-t
920 {a0,4 130~140 #3 700 %5 3700
—(500~600)°C oy ;¢ %y 140 # 600 %9 2700
agse  200~300 1100 5500

920 ~1500 ~7000
—(200~3C0) aase #9210 #5950 5 4000

THD, Xoja/Aass V&, W=1X10"3 O F Z3i5E 10
THBHH, W ptEkT32o0nT, 1'0 X hAEik
L. Iid, WHEKT BICoRT, BEE & SHEO
BEEZPKELLD, Tihbb, W=1x10"% T 10
~30, W=1x10-2 Tix 50~80, W=1x10-1 <{Z100
~300deg 75545, BIBAEE HIET DA AIEIIEE
FEORECIREHEIGEL TV HRDTHE. Thdx
@ DEFCIELTE, W Ok Xc+4EsL 53
T B

W, BESHEAICE 2T, (12)XOWOHEs n BRIk
HDOTHE, HREIWLTRNETHE2S, n=065%&
0°70(—E{H) It DV TR C &3k, Table 2 1057 .
COERPL, BROZ ETEH DA, BEAEEETNE <
BHIONT, aos DWEKTSHTLdbrs.

4-2-2 BEK &R EBUZRER L ORE

ATV DIKIR L BMZER & OBIRIZ, HIEREELB R
TE50h5, PROVEMCESLZENTFREINS. Tb
L, BT D EEOBREE aww 13, ELETIC (13)

a’r,ot.a1=asubcool+aboil"'arad ""“"""'(]3)

RTRDOTLENTESD. TITT, adsubcoor VEAKFEDE
8, avoil VEZKIFED W, area IEKEZIRL TD 5L
S X 5EMREEZEDLYT. UDRITEHWT, KiFDE
EEVX, a@subeool @Iﬁacﬁgﬁ‘ﬂ_ébﬁﬁﬁ>%, Qtotal Va,
_@subeool K Aboil iﬁ’.l’; Qsubeool K trad B, 77—
NVIBEZDEE 2 F T T, @subeool = &boil = araa 75 b,
T NVEEEDREEZTD.

SRED AT VEBRTIE, KEEEETERE OFHRE K
DI h b, LETTa o7 EBRERY BVWT,
ZOBFRATINS. 40§ X150mm @ 18-8 A% G =
TU GERSHE ZREHE) TRHEL-EBD LS L
T HHERT DG & BZER L OB%IX, Fig. 13 TRE
nod. COEBROEHFIE, R OWERIRE . 1000+ 20°
C, MWEN 2~5kg/cm?, /X v—HURRREHED
100 mm, FAZEEVAHBIED S 9sec D FIHETH
%. 9sec {HOMBIRLIREEL, 870~950°C & 7o b
HHEEIRE Y 500~700°C ThHot- LHEINS. Fh
WA, WENEIC BT 5 AGHOKEER, KIEBENE ST
i, KA EEFNRE £ TRIBL AV O bICEHHE?» ik

Meon heat transfer coefficient,

x
o O
<

|
s R N

oy

~E ‘\\\\o
\\%L\>‘\§~~ o~

E-N

4
[
/
O—-p+4—04

W
<

~

l <j::}f’)<\§§Q;N

Meon heat transfer coefficient, &g keol/mz. hr.deg)

21 No. Water flow rote Dischorge pressures ' \T 3
() 0294 emtmin 50 Ka/em \v 2
. i P
@ oss . a0 Sproy
'™ @) oeze - 30 o cooling
, @) oles o, 20 +
X101 (5) 0060~0062  065~0185 - Jet cooling
" \ A ; )

(e}

20 30 40 50 60 70 80
Water temperature, 8y (°C)
Fig. 13. Relation between water temperature in
spraying nozzle and heat transfer co-
efficient.

(keol/mz. hr.deg )
IS

“%

w
%O/(8
o

[5] ]
o
o
o [} o
o \
Woter flow rote:

0060 ~0062 /em? min
Discharge pressure :
— 065 ~ 085 kg/em?
Cooling method : jet
Empiricol formulg: |
&=4800 (1-65x10°8,)
| |
20 40 60 80 00

Water temperature, 8, (°C)

N

o

Fig. 14. Relation between water temperature and
heat transfer ccefficient.

Wi D, IRAAE WV E ST, BFEEICEEL
Th, WA R S 5 KGRI & 5Tk A IS
IR SR TV REE W e h DEELDL NS,
Fig. 13 12X % &, AP LR (377 — ViREZHH
L) FTHEONT, BZEEI/NS L LDOTWBED, &
T ADAD asubcoor BT HIHEZEZ NS,
SFi, SEEFURES Yy MNERIL L E 07k
B EEEEE L ORIRE Fig. 14 ORTO0. Z0ER
DEHENT,  WIHREEN 920°C, REHJEHA 0°5~0°9
kg/cm2, s Xv—FRIRIEESESS 100 mm, BZEENE
BIEATIR B (R4 50 A HIMRIERE A & 500°C ¥ TR F
TAMOEHETHS. BiEES 500°C THETFT5
FRERFRZ 25~31sec, £ & X OEMIEEIT170~280
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GBI O A7 V«‘%iﬂkﬁéﬁﬁ'éﬁﬁﬂ '

°C Thotirb, TOBZERITIE, YTy FHPIEE
LI DB & M7 B\ ER G, LIRS & IEIRRE D IRAE .
EBTRTEENTVS. Fhdx, W=0060~0 062
[/em? minD & x o MSHOBZEED, W=0 23~
0°26 1 /cm? min D2 FLEH (SEHIEE T 1000—
(500~700)°C) DELIFITHL <o DEEZLD
ns.

=T, KR 0w LEVEERa & ORI, TFig. 13&
Fig. 14 225, fEANICAH)RTEDLES. KOfHIZ,

27 LB yﬁxm3001‘
/;;/bmin K =6~8x10-3 <C-1.
THH. (KA 5, @suvcools Aboil, Arad @j\%d
52 ERTER VD, KIBEOEERPLE D AEV
ZEPD, @l TS asuncoot DEEIGHAE
WZEEHEETES. ()R, BHFEHS LROKIED
EFIHEONIRL, S, TIEFEHATDICHEL T,
Gtra SR L A g fotun
43 PHELMEEREOBR
HOHIREEHAOFEHETER a kb L&, B
OPEEOETHIC X 2T, BOENLENARELD &I

FTTICFER L /2. 7o e 2, HECHEV R IEEOEE
Bond a L0B%RIE, Fig. lbpX5icisd. DM
WWHEWT, FEICHV S EEHEL L I RiER A C &

1o BoN% a % ac L, E %@fﬁd,h,m&
45 &, Fig. 15 i, i
AZZQEQ&%Km{a:GNj&%E>E
b :C<Cr 55 ac<ar
B.C=C 0oL Xk {a P22, T b ac<ay
b < e H ac>a;
SOHBRELTE, A-a OBAICE, BEE
T b —ERHNORHBAENERLL LI KE LA
T ORErb, ac>ar Eigh, B-adiFainz, #2®E
NOEMRITZ EMSLL L E <, Tabh, WHmEE 2
FRSAEE L BT OEP L, ac<lay 5.

Eln D

REMA ST o5, AR LT 5 iREEmR T
W, —EYE9T, Co<Cr 755 /)>l?;, ac<lay LB M
DIREE RIS B IMOERE 7L, SO/ EEE IS
EOTHEMIILD Y, XOL, IALOMRIEREE
TV D & ARDBICIWLT, MAROKRY

AVRYS S D -1 /ui*‘é SRSy AN wai, a v
IR E R it ([fT oD 2 45

3
1 P ¥ Fe P
RE R T B = R~ A

f oo

LT, SR
v
1

Py

3000 — r I
o Initial temperoture : 930°C E
3 Time from 930°C fo 500°C in insuloted
% . surface : 40 sec
[ Thickness of sample : 28mm
238 Water temp. : 38°C
s~ Density : 77 9/cm®
T & 2000
'5 [ - -
Q-
5
e Z
S
£ -
S
1000 :
‘ ol16 . o8 020 o022
‘Heat copacity  (cal/g.ceg )
Fig: 15. Relation between heat capacity and ther-

mal conductivity of sample and mean

heat transfer coefficient.

5- %5#%%&0%.—:—; (@)
SAEEREIC DT

B EROEHICAVICER T — 2 2# 5T, WK
W, e FIEE 6, GIRES 28mm, FEEEH),
WEK - KR Ow IR OBENEE V 5 2 Ry

7z ViR AP Sk, 40;<50°C prEo V
V- O; ¢+ 4t/2) —6;(t—4t/2) 48 - (15)

(t+4t/2) — (t—4t/2) 4t
EWIGENEE V', 40;2100°0C DL &0 V & Figdh
MEEV &S &KLz
51 WAFMEECDNT

5:-1-1 SRHURE & S HEE & OR%

AP UOEEHKEWH 59%10-% [/cm?- min T, ¥

HIRESRLDLED 0; & V' LO%% Fig. 16 12
FE. CORPE, D) V' 6;=200~450°C i T

FiokEWZ &, 1) V'3 0;=550~700°C oHi#HT
INEZ L, D) VX 6 BRI, FIHLREEITIE
EAEBERLITVZE, iv) W=0, TiibbEReH
LSO Vv, 6 MR BIToRT, BI
BT s L ¥mbhrn. 1) lZOoWTlE, 6; & 0s&
DERE, "

g;(°C) 200 300 400 500

fs(°CHY 170~180 260~270 360~370 460~475
TdhbHHb, 6;=200~450°C D L &1, 05 =170~420
°C TV, AKiEH UG A L 7E 7 B IE KR &
H7: VIAKREL, ) 2w Tid, ZoRE§E<T
W, KA ELREEOREE IS D, Lok, ZTREEAHIL
ENLfh, VoS arBFanivd. dil) 2o

T, 2 SEBAA~OmERE S, KD MBS

ISR ML Dz, JEREORETIEEAEED
N WLOEELZLNL. v) IZ2nwTid, W=0o0i
EITVE, KIEOBNE I & BEMESR <, & <A EXTR

— 43 _.
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Differential cooling rote per 50 deg of insulated surfoce (deg/sec)

Differential cooling rote per 50 deg of insuloted surfoce (deg9/sec)

Temperature of insulated surface

°c)

Fig. 16. Effect of sample temperature on the cooling rate,

30 T T
Somple : Low carbon steel
Thickness of sample : 28mm
Cooling method : sproying from upper
25— ond lower sides.
Discharge pressure : 5O k9/cm?2
Initiol temperature : 920°C T
—= Moximum volue . -
— Mean % [ -
20 | —= Minimun 4 - 1
I -
W : Woter flow rote \I />/ \o..—- N
of sproy e
15 ('/cmz~min) —_ —A —_— — 4________._X
-2 ?
W=43~53x10 -1
(n=5) 1 1+
To) — L
W=56~59x10" N
{(n=5) U
51 w=43~56x0" S
= ]
(n=5) 0 \
% \\%
Notural air
—0
cooling (n7=3) \H—‘ﬁ-'—-ﬁ—-i—d~~ - _.--g——-x
o) i l o =X e X e Ko e X e = = X e X o T
0 200 400 600 800
Temperature of insulated surface (°c)
Fig. 17. Influence of water boiling and transformation heat of steel on the cooling rate.

& & % 54 £ (1968) H|i4=
[ I
A
/ \ Saomple : Low corbon steel —
Thickness of somple : 28 mm
Cooling method : spraying from upper ond
lower sides
A/f;\"/‘\ Q Water flow rote of sproy : 588 xI1G° Vem2- min —
VRN vA A Discharge pressure : 50 kg/cm?
A 1A \
; A4 AN \ Initial temp.  Cooling method
AR YA o 0 :1220°C Woter spraying ]
T N ¢——0 : |020 v
nro LN 0----0 : 920 * .
[/ A \o \ o———-9 : 820 *
o Pd \\ \ \h\ ) ‘ A A 1 620 ¢ " |
7 - ANRN ' 4--~-a : 525 ’
,/ / }5 \ \ A i 425 s
s A ," \\ Am===A @ 325 v
£ f o x "}- 920 - Air cooling
/) Y \\ \ X——===x' -]
i o0
' P “\ \ \; e O~
' AN \ \ e
4 1A / %
4 . N =37
\ \\ "<\ ed
“'\ \\. o
~ — =y Forced air li
\A>A‘:-4'—— - orced air cooling —
O e T L= (17 ~31 M Veme- in)
o =X .
W R WV e ™~ Notural cooling
o e oo o MR S e . o 1
o 200 400 600 800 1000 1200
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CEoT, AER~DEZEN fTRbNE P, 0iHET
THREONT V! d/hssdbdThs. LAEDOKER
»h, WMEKSTS L EFTE, HOREN 400~500°C
EL T LITRD DS DL LMED LT LA b

5.

5-1-2 MEAKE LS ENEE L oRR

Fig. 17 WWRIEEGOKEW LGWELERE V' L O
b, V'IEWELHBHEEIGABE SN, Z 0
5. THEEMAER (Fig. 5) LilBloas (Fig.

6) »HLHMETES. Thbb, > LOMHEE
g vx, e (1l-a) XTHRbpIh, W=43~53x
10-8 [ /cm?- minD &IV, WHIEOIEE 0s 3E <
BT OoNT, a'BEFACELTELL ¢ HIRER
FCHELTbE T Do Ly, Fhewzx, V' 3E
REBMD N HREFHRE TER T 5blrTH L. W=56~
59%x10-3 OEAITIE, s »% 400°C LTI/ b &, Os
PETT 5 oNT o PEET S V' HEEER
B0, PETIT AL ONTAMTLIbIITHL. LDk
&, FREBOMIWEESRET V' 3/h&d{ks. W=
0°43~0-56 X 103D A1, Hibigic kv, Ktk
THREN X OWhsbrou i, 6 » 300°C LLTFiZie D

7R

Wi V! B s 21RERA, b bAER
DR L W & O B%RIE

4-3~ 56~
5°6%x10-¢ 5-9x10-2
8;(°C) 650~750 650~750 600~650
f5(°C)

43~
5:3x10-2

500~550

200~-370

W{l/cm?-min) 0

630~740 620~.790

THh, Wfbij(% BT O2NT, Tibb V! @iﬁj:
WCoNT, TAESHHIBEEIMERIBAIC TS T & H5E2
bihs.
5.2 EHHHERECDNT
5:2-1 WEHIKE L FigEnEE & OBk
Fig. 10 iZRL 72X 5T, MEEKEWHL S
WHEEVIIHEAT LR, WoelktW—-00

530~.600

{75 &,

BT,

R U le—EEES< . —F, WEBGERLD

BfR 5, W=W,~WgOHBERN T, TR Vix
V =CWn - (16)
(0<n<l)

(1)K TEDLED Z ENHRTE S,

B 28mm DREMRE, 920°C 62 FLmHIL
7o & EOW L FERGENERE Vso—wo (KIEATAS 800°C
76 300°C FCRETT5HOEEGENEE) & OREER

Th, V' 3ETENTLICTER. % Fig. 18 \Z/Rd. ZOMRMOT—2rb, Wi=

> T l 1 | |
. Sample : Low corbon steel
9 Thickness of sample : 28mm
3 Initia! femperature : 920°C x )&S;f %
2 2 Cooling method : spraying from upper ond lower sides — @XOB X0 o,%;{f
o Water temperature : 38°C %fgx Xk XX
o X 50
B o 9% ~°

|
o 10 [e] o O‘/ «
[8) .
Q

o
8 o /o/o
0] [e) /
E S o 7
4 /
g / ®
b
T jolglie]
@ o/
3 2 ©
3 Forced air cooling le °%0
£ (r7~3"1 ¥ Vemz min) //n
B o / o S0 N O -----Water sproy cooling {
s 1O | X-+---Water jet coo
2] o o oter jet cooling
o 3} ° 8 o ®-——-- Air cooling
= .
o
8 5
c
3
= Notural coolin
m/ °
2 - - . "
io* 2 5 16’ 2 5 ic* 2 5 o} 2 5
Water fiow rate of sproy or jet { i/em2- min}
Fig. 18. Experimental result of spray and jet cooling.
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Table 3. Most probable C and n values in empiri-
cal formula Tgyyoe=CWn,

Insulated surface temp. (°C) C n
800 — 200 0°76¢x 102! 0°55.
7 — 300 0'932)( 4 0599
7 —— 400 0'970X 4 0627
7 — 500 1'115)(’/ : 0667
7 —— 600 1:37sx # 071,
s — 700 1°09;x # 0-62,
* Thickness of carbon steel plate : 28 mm
'8 -
Empirical formua l
Veoo—e6 = C W”
Thickness of sample : 28 mm
16 |~ Initial temperdture : 920°C
Cooling method : spraying from upper ond lower o
Water temperature : 38°€ sides.
\0\ | Exponent
o 14 ~I_ "=9™
€ o o
o
% v2 ) i 4
o -
~. \d—oes /
o C
0 0
O ——— .
n =060
x10° °\ /
o8 [~
200 400 600 800
Insuloted surface temp. of sample  (°C)
Fig. 19. Relation between exponent and constant

in empirical formula,

5x10-4, Wy=8x10-21/cm?2.- min T3 % Z & pibh
5. W=W,~Wyx OFFIC>WT, U)RDC & nx
sk, Table 3 WiRY. ZDEHPD, i 0°55~0'70
ThdT &, 0; L n:DFEFKI Fig. 9 LIFFERLCTD
5T &, 7, ThoDMADL, BMEEROHALRFILC
THHZ EHPbhrd. ne—BLLZEED C DL

Fig. 19 1WRT. ZOBRKIBE Ve, 13 0i=450
~600°C D EIFAT/IhE &, THIILHE ﬁmmm&ﬁmL
BOogHLEzbhb.

I W>IWy TBIEZWET & DRREAND D, U
Ty NAH®DF — 2%, Fig. 18 chnx 7. Fig.18
by BAFEORL DHEOTEWESTT o 5 by
5L, FIUHMEWTESZE, Voo 13, WSWhitE
WCIE, Sk 32~38°C /sec i, W<W. itiwnT
K, BB HFSOIE 0°28°C /sec GRS T & A
5.

V5.2.2 @ik 4R & TS EERE & OBk
SRR ULSHERTIE, BHKEIE 0w & EES
EETV & OBERIBEIEL K »oho T, EX28mmo)

S E ETHEALI T » MEHD Lzt EoiER (Fig.

20) ZRAWTHRET 5. i, FEEREE T o Wi,
4.2.2 HEHBINIWw. Fig. 20 itX %5, 0w &7 &

EECERL TWB Z k. Thbb,

: : T T T
25 8 Water flow rate : ]
a8 0060 ~0062 Vem?- min
-~ \ . Cooling method : jet
& RY Sample thickness : 28mm
§§ 20 _G_QX‘:‘_Empmcol formula : -
o~ N, r=2zel- 50x10° @)
= ~o.
Fol ) o< °
3 g, o\o\\,)
5 § 5 o Ngo
§|§ 3 "\.
* : /go0~500 S .
© : V800300 ° \
10 I
(0] 20 40 60 80 100

°Cy

Fig. 20. Relation between water temperature and

Water temperature €
cooling rate.

DOBERIT, 0w & @ EOFNEELTE D, ERINC

Voo (1—Kbw)
W, (ANRTCRLTZENTE, K Offilz 4'5~55%
10-3°C -1 TH3B. X FLVBHCEBWTEL, Wi s
i, ANROE3 TR BIDEEXLNDA, Wi
DI EERIANROB A DL DB EEB L & bFE 2
bihd.

6. & T U

VIHIREE 920°C, ~Fi: 28 X220 % 220 mm o j 24045
ZIKFITHREL T, 7kiE 38°C, MEHUES 2:0~5"5kg
fem? DRFL (—HU T 5 b) TETESLHHL K
fER, 2¥FD T Eibiror.

6-1 EEERIZDNT

i) MEEFKEW LEVZER o LOBIKE, o'Wz
OBERH D, nik 0°5~08 & 0°3~0'4 D L—F
whhrhbz k.

i) i) ORI, 27 VBHIILREHO —EL 2

kb T .

i) BHEIRE 0s & o OBERIE, S — VBB
a'tx s 7% 200
°C fHETHEA, 600°C B THRMETL D, ﬁmmﬁw
BRELLBIC>NT, BRACTFhsZ L. .
iv) WHDio W&y, a' i3, 05<300~400°C 0
HETREKE VW, DL, ZOREFE TS T 500k
m Gu%%mtﬁ . .
6-2 FHMEERIZDNT
1) WAKEW L THEZER @ & ORIICIL, G
OEGERH D, nOfEIE, 0065~075 THBEHZ L.
i) WHUKAIE fw & a & ORIIKIE, acc(1—Kiw)
DEERB D, WHSWE X1TiE, KOER5~8x10-3
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°C-t THnrZ L.
iii) 0w 2% 38°C D4
LizZ k.

wwoWwC, 1) ofREEEL

W) a #RDBGEETE, FOERTCHEVLYEED
B X2>TEONsENERDL T L.
V) « ¥, IREMMSEIE S TAND SR T, K&
>

6-3 SIMEEICDNVT

1) EHRE 0 LSS INEE V' L oB%RE, Wo
RESTHEEINDTE, Thhbb, V' @BWHEWE
S, 0OEELXDHITVZITN VD, WhHbiwe &
ITiE, 0 <400°C & hkE <A b, ¥72W=0
DEETE, ORAELEBIEHoNT, BFombT sz
L.

) WESEAELERET L Officid, W=>5x10-+~8
X10-2 ] /cm? minDHFIPHNIZ B NT, VeWr DB
MHH, nofEiyx 06~07 THBHZ L,

i) EX 28mm ORI OWT, i) OEREERL
L7z &.

) fw 2V EDORIIIE Ve (1—Kiw) OBEEMNDD
Uy MEHOEE (W=0060~0062 [ /cm?- min),

DT 4°5~5-5x10-3°C -t THH o k.

V) BHENEEE W0 LWooeo DFEITIE, B
BEIKELe—FEiES3<{ T k.

FbhOCAMELXZRTT2CHD, BRAWEZV

P ISV B R BRFTER I 7EFA & BEKE, EREZOW
%, %Eﬁﬁf%%?ﬂéL“Cb‘f:f:\ﬂf:?miﬂ%ﬁlﬁﬁiﬁﬁ%i(ﬁ?é
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