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Effect of Water Temperature on Cooling Capacity in Water
Cooling of Hot Steels
Masashi MITSUTSUKA and Keiji Fukupa
Synopsis :

In water cooling of hot steels, a cooling capacity (H) is influenced by water temperature(d,). The au-
thors analyzed the effect of water temperature on the cooling capacity by using the data of authors’ and
other reseachers’ experiments. The coefficient of water temperature Rb [°C '], which is the contribution
factor of water temperature to the cooling capacity, is defined as Rb=[H(6,+A8)—H(6,—A60)]1/[H(6,)
X 2+A 8], where 8, and A 8 are basic temperature and temperature difference from 8,, respectively. By
introducing the idea of Rb, the effect of 6, on H in many experiments has been analysed systematically.

The mian results obtained are as follows :

1) The values of Ry s (8, : 30, A8:5), which correspond to the typical temperature of cooling water in

production mills, exist within the range of —0.01 to —0.02°C™ .

change F(1 to 2)% with +1°C variation of 8,,.

This result means that the values of H

2) The absolute Ry, 5-value of laminar coolings is larger than that of spray coolings.

3) It seems that the values of Rb are influenced by sizes and surface conditions of a steel to be cooled,
flow conditions of cooling water on a cooled surface, and so on.
Key words : water cooling ; cooling capacity ; water temperature ; hot steel ; heat transfer ; laminar cooling ;

spray cooling.
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Table 2. Experimental conditions of the experi-
ments used for this analysis.

Cooli Water Specimen Results
No. Reseacher gﬂ) temp. pecin *2) | used for
methed °Cl material work™d
Si Authors? FCS 10-35 | SUS304 Fig. 1
S2 Authors) . | FCS 10-35 | SUS304 Fig. 1
S3 Authors? M-J 4-95 LC-steel Fig. 20
S4 Authors? M-J 4-95 LC-steel Fig. 14
S5 Authors?® | FS 20-80 | SUS304 Fig. 13
S6 KoroTkov? | Jet 20-80 | C-steel Fig. 37
S7T™M Authors? FS 27-35 | LC-steel Fig. 3
S8M Authors FS 24-32 | C-steel Original

SLIM | Authors? CL+FCS| 17-42 | LC-steel Fig. 4

. . . , 5) _ _
/J‘?izﬂé: & & % l‘? < )’ ﬁ@ﬂr Iz 1%)3‘% T 2 F— % }) z *—EE L1 KuNioka RL 15-80 L.C-steel Table 2
L2 SHIRAIWA® | S-RL 20-61 | Copper Fig. 10,13
. .. ;: 7) - -
Table 1. The range of experimental conditions L3 Oromo S-RL 550 | SUS Eq.1
used for this analysis. L4 Yanac® S-CL 10-80 | Copper Fig. 15,16
Item Condition L5M Mivake? RL 45 LC-steel | Eq.3
Water temperature, 4, (°C) 10 to 50 8! Authors!® |1 23-93 | LC-steel Fig. 4
Water flux density, W (1/m?-min) 300 to 1000 12 Authors!? I 23-93 | LC-steel Fig. 5
Cooled surface temperature, 6, (°C) 500 to 700
- F1 Authors WF 35-80 SUS304 Original

Temperature range of cooling rate, V, and , mean
heat transfer coefficient, & (°C)

Initial temperature
to 500 (at 1/21)

Cooled surface condition Oxided surface

Specimen size (mm) Approx. 50 (Width

or diameter)

*1) FCS : Full Cone Spray, FS : Flat Spray, M-J : Multiple Jet, CL
: Curtain Laminar, RL : Rod Laminar, S: Single, I : Immersion,
WF : Water Flow

*2) L,C: Low Carbon, C : Carbon

*3) The figure, table and equation number here denote that in the
reference, which is used for this work, respectively
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Table 3. Empirical equations used for this

analysis.

Symbol Equation R30s

S1 Wu: 200 hu= 611— 060 6, —0.0075
Wu: 400 hu=1240— 6.0 0, rch
Wu: 600 hu=1844—12.4 6, (B’B)

Wu: 800 hu=2504—20. 46’
Wu:1000 hu=3166—27. 60

S2 Wu: 200 hu= 659— 2.40, —0.0119
Wu: 400 hu=1374—10.46, (RB)

Wu: 600 hu=2130—20.06,
Wu: 800 hu=2914—-30.46,
Wu:1000 hu=3724—42.446,

S3 V=18.43—0.0741 6,—1.32-1074 4,2 —0.0051
S4 h=4967—44.0 6,+0.128 4,2 —0.0096
S5 Wu : 1880 h=3276—19.0 6,—0.070 8,2 —0.0048
Wu : 2280 A=3813— 8.8 6,—0.217 6,2 (RB)
Wu : 2 640 h=3 605—47.9 6,—0.893 6,2
Wu : 2640 h=4 351—33.1 6,—0.746 6,2
S6 h=1170—8.83 6, —0.0098
S7TM | hu=1740—21.2 6, —0.0192
S8M | hu+t he=1713—19.18, —0.0168
SLIM | V=33.39—0.400 6, —0.0187
L1 8, : 600 hoc(100— 6,,)0565 —0.0063

L2 r: 0, 8,:20—40 ¢g=6.67+ 106— 8.1-10%6, —0.0305
r: 0,8,:40—60 ¢=5.79- 10 — 5.9-104, (Rb)
r: 10, 6, : 21—38 g=9.38-106—18.5-10%6,,
r:10, 6, : 38—61 q=4.61-105— 6.0-10%6,
L3 6, : 600 Voc (100— 6,,)1-85 —0.0264
14 =0 log(q)=6.9460—7.69-10"34, —0.0180
1=50+100 log(q)=6.6234—7.95-10~%6, (RB)
L5M | goc(2.50—1.15-10g(4,))06%5 —0.0135
11 V=27.77—0.168 6,—8.11-10*6,2 —0.0098
12 ©h=8742—131.0 6,+0.484 6,2 —0.0194
F1 log(k)=3.8598—0.01612 6, —0.0373
. (Raos)

*)  Rags denotes the value of Rbat 6b: 30 and 44:5°C
*2) Suffix u and / denote the upper and lower surface, respectively
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Fig. 1. Relation between basic water temperature,

6,, and coefficient of water temperature, Rg, s, in
several modes of water cooling.
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Fig. 2. Example of cooling capacity ratio, Co, /30
in several modes of water cooling.in which 30 and
8, are basic and arbitrary water temperature.
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1 1
08 20 30 40
6, (T)
Fig. 3. Values of average cooling capacity

ratio,Cg, /30. in which 30 and 6, are basic arbitrary
water temperature, and #n is a number of data.
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: Spray cooling (L) [l : Total of M

: Spray cooling (L+M) O : Total of L

: Laminar cooling (L) @ : Total of L+M

: Laminar cooling (L. +M)

: Mill test L : Lab. test

Fig. 4. Relation between basic water temperature,
O, and average coefficient of water temperature,

Kg,5.
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gt =qf-FC+ qc-(1 — FC)
TIT, qe/gf=10 T 5L, (12)Fud (13)ick 5.

gt =qc-[FC/10+ (1 — FC)]=¢qc-(1—0.9-FC)

................................................... (]3)

L7zds2T, FCH 1% E#T 5 L, qt i3 0.9% KB
5. 6,k FC ¥ OxInERIEARBELZSD, 6,0 £1% D
LEHC LT, FCH £(1-2)% LT 5D LET
%L, RbofEiz —0.009- —0.018°C™ ' &t %5k, ITD
iz, Fig. 1 % Fig. 2 D& ZZFELTH 5.

PO RA, S, Rb DE~D FCEBIOE G
i, KOBEBEBOZhIDKEVWI L bLA. 2k
ZiE, 6,:30°C Of, BiHOFSHIL 80-90%, %E
NDEFNIF 10-20% L HEESND.
4.3 KEFRBOEDOHHE

(1) KiRtREDEHE

Table 3 1Z/R$ & 9 12, HEBRNOER L, (14), (15)
F7203 (1) TREN TV 5.

H(gx) =@t DBy cerereereeerieiiiiiiiiiiiiiaiienn (14)
H(B) = a+ b8+ Co8 -oreerrmvereemsmnnsnannans (15)
10g [H(B)] = @ + by ooveeeeemeeermmmmnenennennnns (16)

a, b, c: T, 0.:LEKE
Q)R & (16)R 2> T, 6,:10 & 50°C (3 d 5
H#%##h#h HI0O 3 X ¥ H0 £+ 5% &, Rb[=
(dH/d8,)/H] &, (17) 7213 (18)aic % 5.
(14)5X
- Rb=[1—k]/[40(1.25k—0.25) + (1—k]6.]

(16) X
: Rb =—[In (10)]-[(1og (k) / 40] -=--eeveeeenes (18)
ChHORFO ik, HI0 & H50 okt (H10/H50)
Thsb. (17) & 1), HEIE L7 RbDfE%R Fig. 5
WRT. TS,

1) (WXo84a, | Rb| nfiix, 6,0 LFHIION
THATLIE, bbb, 6, OLERIZONT dH/dE,
R—E 7, HAWA T A0 | Rb| WEAT AL,

2) (16)RXDPE4, | Rb| ofiid, 6, 0BEE ST
T—EETHDHI L,

3) | Rb| ofiix, EiClBILTWKRT B L, §
bt, 6,0 FRIHIETAS HORVEEHRKE WIE
&, | Rb| DfEIZKENZ L,

4) k:1.5-2.0 ¥4, 6,:30 i23xthisd 5 | Rb | @
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o -0.01

(dH/d8,)/H) (¢!
o
<
&

“-0.02
-1

~0.025

0, (C)

‘Eq AN ———IEq (9
k * Cooling capacity ratio [H (10)./H (50) }

Fig. 5. Relation between water temperature, 4,,
and coefficiet of water temperature, Rb, which is
calculated from the equation (17) and (18).

ftiix, 0.010-0.018°C™ ' m#EPHWICHEET S 2 &, #F
bhrb.

Fig. 4 ® Kg,5 O & Fig. 5 ® Rb D% L+ 5
&, BREBRO kOfid 1.5-2.0 O#EANICHERET S =
&, Thbb, 6,510 526 50°C $TLERETSE, H
DfEIZ 33-50% BEBLTHZ Labr b,

(2 )KimtRE o HlE il

6, 5% 30 DA, Fig 1 0L B E, BEERD Rgs O
filiix, —0.005-0.026 TH ", Fig. 4 i2& b &, &EE,
INEBRBLO T KERD K5 DEIZ, ZhEH —
0.014 (n:16), —0.017 (n:4) BLV —0.013 (n: 12)
Thh. Fig5i0Lns, choi2dind s k Offil,
EEBR 1.8, INER H1IBIUIFRER H
1.7 % 5.

FEDZ, RIS K5 X Koo PiEE LT, —
0.015 # VT & 724% (6,£1°C DEEZx L, H it
F1.5% Z8y), ZofHix, EFEERD Kypos DEICITL.
BEATRERIC L B &, WEISRAIC XS T, Rb ofEdME
TAHLHZEN, REIEERMEKESTLEE, 6>8
500 T, &2 W:300-1000 D34, Ksos DffE, —
0.014- — 0.017 DEHHFNICHFHETHLDOEE L LN S,

| Raopo | & | Ksono | D12, #HEN | Raos | &
| Kzos | o Z 0L ETFREVH, EREETHEOMIZ
BIZRILTH B, LA LTEN

( 3)KimfR o KB

Fig. 1 i2&5 &, BEBRO | Ras | Ofiix, 6, ok
HizonT, ©,:20-40 oHENTIRIIEL, @6, >
#150°C OFEHTRALTb. QOBE, 6, roii

Table 4. Comparison of

coefficient

of water

temperature, Rg, 5, at stagnation zone with water
flow zone in laminar and water flow cooling.

y Rgys(°C™1)
(o(b:) Exp. No.
Stagnation zone Water flow zone
2 L2(Rod) —0.0191(r=0) —0.0418(7=10)
L4(Curtain) —0.0177(1=0) —0.0183(¢=50)
L2 —0.0201 —0.0319
40 L4 —0.0177 —0.0183
F1 — ~0.0373(1=100+200)

*) r and [ denote the distance from a stagnation point and line, re-

spectively [mm]

WS b, BREFER SR T kb0, His
ARTAHBIIHELTWELDEEZ HNS,

Fig. 112k 5%, S4, L4 8L Fl 0 | Rays | O
i3, 0, 0BBL 2w, L4 & Fl o4, EEBRAH
(16)XDED /-0, (dH/dE,)/H iz—E & %5 ((18)5;
ZH). ¥/, L5M @ | Reps | O fliix, 0, » LRIz
NTHR L Th5B2%, Zhid, EEBo 6, #Fs k7
DIHRZZBHBEELIONRSD (BHRXiCLsE 6,:
45°C THEER). EBAH (4)RXOWOBEE, | Ras |
DfEE, GOERIZONTHWATSEI LIC%s ((17)
RBH).

(4)&H®E & KBAK

Fig 4 12&5 &, 73FGHD | Kops | OflEiiE, 27
L—GHOZR XD K&V, [l HEO KT O RS
BAKEHELTYWES, T4bb, 27L—TiF, $H
KSB/NKE I E S e, TREEFIC 3T — IS S h
HOIAL, 73FTiE, GHAKOSEIZIMZ S5k
BRIREO I RFEOHATICERHICHESShs, T3
F DG, BANEHZR L 2B HKIERAE LR RN S 25,
COV—rTRIEKGHIC RS, BIEREEH, K
W~ Lk — v OWAT H &L 7 L2
(Oy F339) & L4 (H—F>53F), BLUOHK
&H (F1) @ Res D% Table 4 (2R3, =0+
£2&, FIFGHD | Ras | DfEE, KV — >
WRS—>ThHY, TLHAGHOD | Ros | DfER
0.0373 L K&\, L7d2T, KkvV—>® | Rb| D
s, HEY - DZRIDHHIIKEV D EEZ
Shs (FEHSIZECOBRLOBEIAHETHS).

7 I FHHOEBEEICIE, HE— LRS-
DENFIROBREZEENESIH TS, ZhixfL, 27
L— G HTRAKBEAGHEEE I HRT 5. Lo T,
73IFHHO | RO | DA 7L —HHO R X 0
HWHICKEL RBDbDOEEZBND,
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(5) 3 VERDKimbAL

Fig. 4 1258+ X512, | Ksos | Offid, I VEER>
SKREERTHS. BIFICHVGHEEORRIE, IVE
B (FESE) : A7 L—50%, T3+ 50%, =ihixdt

L, 9KRER (8 THEHz&EL) : 27 L — 50%,
534 33%, BiE 1% THH LIHFE>2T, WED
Kb 1233 25 iENFLSLIEFTIFHELVHDEEZLD
nas.

TN CHRE XSO, 1-5m &L, b
BEHOBEE, 731FTHRATL—TbEMMEFEIIT
LRAKGHOFGEIL, INVER>SIKERTHS.
OBEA, | Kb| ofEn, I VEER> T KERIILS
FEHRo—>EEZbn5. ROT GHOEE (I VEER
® 5 75% & ROT), SH it EWFIEEDOERICKSE
EhanzH, 25— VvoftEgER, FFABOERED
Ll A7 — VONERED ROIZRITTEBEIAHL
2 (4-1 BH), ZOHRLH I VD | Kb | OfEOBEKIE
HO—22 2 TWAHEDOhbHNEn.,

E2ELE, BEVEELo I (Fi12 ROT LEH) 0
HHRIFIER IS Kzos 2 Kzo10 DEL LT, —0.015°C™!
PEELCEX. COBERHRBALAER IVoEHN
Wik Eick>T 0, HEELLBATSH, ROT T3
EWDIBEOMTROET %, BEWTIRIER (CRY)
DWAEIETAHIENTEL. CORELERTH L,
B cEBoNIIN (n:4) D Ksos & Kzon0 DE —
0.0171 HEEIEW D EEZONSL. DX %
Biir s, BROELEBME*HRITIHE (K
ROT & E#), Ksos & Ksoio ®fEE, —0.015- —
0.018 PHAENHFAET LN EEZ LN,

5 #

$rt o TMCP FIAKG 2 RIC LT, Kilk 0, 255GH
B HicRITTHE%E, EELOT— 5 L RFEAXHO
F— & HWVTE L. BITCBEL T, HickiE
+ 6, nEBLRTKEBEK RO['C'] %, Rb=[H
(6,4 A6) — H (6,— AB)]/[H(8,) X 2-40] D X 5 2,
KiBHWIER %, H(0,)=H(6,)[1+Rb-(6,—6,)] ®
X ER L (0, KR, O FEEKE, A46:0,
2o 0kiEE [°Cl, K,: PoykiamE [(C1). £
HRIROEBNTHA.

1) Rb itz K EBOBTKIBIZER B, Raos
(6,:30, AB:5) OffIX, — 0.005- —0.03 DHFHAAIZ
HAET D, T bbb, K + U'CEET 5L, GH
BEJIiE F (0.5-3)% L&) T %.

2) Rsos OFHMEIE, 2FEER: —0.0143 (n:16),

il

5 REB:—0.0133 (n:12), BXU I NVEE: —
0.0171 (n:4) TH5H (n: EEE¥).

3) I (B ROT, EMBIEERML &) D Raos
OffiE, —0.015- —0.018 LiEFE S 5.

4) HBEHED Rios DEXFHETCHETHE, T
IFSATL—Th5.

5) | Raps | DD % < 1, 0, ® EHIZo N Tl
ThH. Thbt, GFERETAHL, HORBAEEEH#H
WIs.

ABATICERL, BELF— 7 2FHSE TV EEVE
BUBOEHIEBKELET.

i 5
6,, 6, 0.:—fkHy, iy X OTEKE[C]
A6 6, 5 D kiEE [°C]
W : gtk g e [1/m? min]
H: s3geh [—]
q : B K [keal/m?-h]
h, h:B7EHEE [keal/m2 h-°C]
V: e g [°C/s]
Coy 00 @iﬂﬁ'@ﬁkb [—]
Czo30 : 0::20, 0,:30°C D& HIEEHLOME [—]
Rb, m, Kb, Ry, ao: KGRI [ocﬁl]
Rsos: 8,:30, A6:5°C DKIBHEEOMHE [C']
Ksos : 65:30, Af:5°C OFIKiRMEIKNME [°C')
k:6,:10 & 50°C i2xflis+ % Hokt (H (10)/H (50))
S, L I F:x7L—, 53F, BilibLUHASH
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