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Development of Multi-point Heat Flux Measurement for Steel Quenching

Jungho Lee’, Dong-Wook Oh, Kyu Hyung Do, Tae Hoon Kim
Korea Institute of Machinery and Materials (KIMM), 171, Jang-dong, Yuseong-gu, Daejeon 305-343, Korea

Abstract

The demand on quantitative measurement of the heat flux is motivated in making higher-quality steel

product through a water quenching process of plate mill. To improve a spatial degree of heat flux measurement,
the multi-point heat flux measurement was carried out by a unique experimental technique that has a combina-
tion of the existing single-point heat flux gauge. The corresponding heat flux can be easily determined by Fou-
rier's law in a conventional way. The multi-point heat flux gauge developed in this study can be applicable to
measure the surface heat flux, the surface heat transfer coefficient during a water quenching applications of steel-
making process. The results exhibit different heat transfer regimes; such as single-phase forced convection,
nucleate boiling, and film boiling, that are occurred in close proximity on the multi-point heat flux gauge quenched

by water impinging jet.

(Received May 9, 2012, Revised June 24, 2012; Accepted July 7, 2012)
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Fig. 1. Geometric design for heating simulation of
multi-point heat flux gauge.
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Fig. 2. Electric heating simulation of multi-point heat flux gauge for 2 x 2 cartridge heaters.
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Fig. 5. Photo of the multi-point heat flux gauge.

|:| Jet Nozzle

>

d

Tiis & @ @ & & & @
lmmig ~Ey— Oy~ 6y - ) 3 [0}

5O

o
==

3 mm 5 mm

TL T2 T3 T4 T5 T6 T7 T8 T9

Fig. 6. Location of installed thermocouples in the
heat flux gauge.

4 4 Sl
Fig. -2 FREAlo)Rel AXE 97l Al

Ry

o] AN 9AS HAFT Y} 18709 I



186 AT - 9L - =73 - ZEE

e B BEe] 7k Aol E e
2 77 oz wEle] glck. 53] F ko 2ol
GH%e 2Pk vl AHgEE 9ag ]

T6 AHFE T9 A7HA= 5 mm A0 2 Hjx| =
ATk o] Aol QA e AlE B2e] A
F AHOERE 57 WEFe 2 1mmé 2mm 9
ol AX|E AT}, ]9} o] FAREEeZ ] 27)9)
gy oz HE Id¥g SAL Fd HAS
o]83tutt. 4714 Felol] WS A dEolA ]
Y FAIATE HLo] ThsskAe, A7 Wz
Ay 22 vPgPdElY 12 W #AY E%
ZHo|| A Fog ARRE o] gt

B ATollA A EXEE O ERSAINE
o] &3 sy S Falo HAS A8st the
7} o] Al F& 4= ot

T - T
qE_kii - —k( upperAX Iower) (3)

3714 ke QAEE, ATE o Ga&A01A19
7124} AFelM SH L5 Ao), e I G
EAleIA] Z4 EAY Alole] AR 1.0 mmE
LRt ojije] 2= Aol ATE EfEAI01A19]
T1 AZIAMNE T9 A7A] Gxd) <] T 719
9] ol GritiellA Bojzl 2= zjolZ AR EC)
ole} o] vy FfrEAlelAel EHAA 1 mm E

o R AN AT exE 12 7ldETH
wE o] AR B A=} FAE
7H4 oFell 8ol 7FEsitt.

3. Y &RSAH0IX| M8 21t

31 SENE 3% W

B Aol e o EfAleIRlE SEAE

T W 283t Eis S8 gk A8
HESGT TEAE 3% W 1202 71Ed
o EgAlolAe] el 4 7kl 9l AE
7t 25T o WAske g5 W2l wE A A
FE & WRko 2o] IS AR o2 S

B AFolM AMeE FEAE F5 ¥z 28X
o] JMg=e Fig. 7o 2 Jept ok A33x=
ez, B, A7), AE =5, o S
EAlo)#], 2=]aL HlolE FHEAZ FA3E o U
P22 05°C HHoE 725 YA Aol
F Jom, 1007 TR 2E|IQlEA 7 AREE 5
o] glom Wzre] 71 9 Wzhs BZFo= 10
kWe] 2713|819} WE7|= 450 ot 2Hs-RA)
Jd W= AAGTTF7E 9F 100m 91 94F o
BZ(Grundfos®A} CRN 1-15)0 98] =22 o|%
et o] W] Wk fe 39 Bt 05%
0] A7) AR5 (Toshiba®AF GF630A/LF600)=
53 g B FEAE 35 W A A

Eleclromagnelic

Flowmeler
J'f\
T 7 —
N
Jet
Nozzle e
Heater
Controfier
L = Pump
Constant
. Cartridge Healers Temperature
Reservair

T Multi-point

Heat Fiux Gauge

Fig. 7. Schematic of experimental apparatus for jet impingement quenching.



7 AEe o A 4 Ve 187

B Jzee] AFFEE 297 LPM o2 Wizl
17°C o= 1750}%1 o] wje] FEA|
E9] #o]E= 4 (Reynolds number)= 20,000 ©]
ot AAGF SAAAM] Ed== <F 0.8%°]H,
olE= 9] BIw= oF 3%0]t}. Fig. 70 vehd
ule} o] FEAEE A wdsiAl 718d A
GHEAI01R] 9] Aol S0z BAREL g =
o S7ERE =W Alel9] AE 300 mmE
ARSI, FEAE =22 W] 3mm 9 98

F%O op

-
T

T4 Y7 248 o daSAoIRE J4 ¥
AGA| o] A3 &, 71do] AlztEar E‘r %ﬂ_w’t
Alo]A] AlH B9 i 257} 900°C A== A

Ril=as %7‘% A2 }Sat}. TE
= v ERSA01A9] el 2]
P%}Wi ) ‘%H | V#%D}. ol W thd &t
EAO1A UiFe] 42 tE 943 9l ARelA e
G &2 AR Wslel weh Zbzke] AHoA 9
S5 BEE oIy 27 AgsHAl e, 2=
HolEE 2 F 1072 S5 Azt =z A%
At

3 2 ZENE

FEAE ot 3

Wd TEE]L %xﬂ%ﬁ FE Z ggos 49
o GREAI01AY Altel| W =

8 UrE}Ur Atk FEAE F& %a% o S

Alolx]e] L7} 900°Coll & 283 7Y

3} iEoﬂ ]EE—]O 1;q1 ;\]xlgﬁ 2% ﬂ El_‘_ln:ﬁﬂ/\‘]

ol Aol AXF T, 5 EHSE
2 1*}0}951‘:}. Z ko 2 o] g7)9 11%% @iﬂ@
SFHE Holxl AgE =& AHo=E
FAIE A b ZAEQ T1 A r/d 0ol
A=Az, FAFeZHE 30 mm BoH T9 A&
r/d = 100 32},

FEAE 55 o] AlRtEEA A o2 HE
T W2to] AlRtEo] F Weko 2 W7t 527
R FEAES % W7 & T wgom
asial S-S & ¢ Stk 53] Ao ZRH
t/d = 57 Wzto] F45H BAEkS & 4
2 3o 2 HolARg Wrto] XA38] gHEs &

1000 -

Re = 20,000
r/d=0
- = —=rd=1
- — rd=2
_— - - rd=3
— - - - rd=4

©
S
S
y

@
S
S

N
S
S

— — - - rd=5

— — . =67
— — r/d=8.3
————— 17d=10

Y
1<)
S

Surface Temperature (°C)
A o
s 8
s 8

@
S
S

N
S
S

S
S
T

o

Time (sec)

Fig. 8. Time-resolved temperature distributions.

Re = 20,000
r/d=0
- = —=rd=1
s — rid=2
- - r/d=3
- - r/d=4
- rld=5
- - r/d=6.7
— — r/d=8.3
r/d=10

Surface Heat Flux (MW/m’)

Time (sec)

Fig. 9. Time-resolved surface heat flux distributions.

At} AAHANA = Yol A)F = &
lﬂoﬂ FHELE7F 900°CellA 200°C olek= &
Zte] Rlol, Wte] A2k 450l o v B
o] UERdS ok 4= Stk ole} 2o] B A
oJXg olg3te] AL HESe] F& Wzl 2
Qs Selo) % ool W W e 2
& o ok wEbA 71Ee] ddAM Y e I
LA01A7} Zhe 24 IAS FRI 5 Sk,

Fig. 9= Tl SREAICIAIE o8-8t ol =13
oA Felel WAL ol8s Y 29T BR&S
ARE Wigtel] wheh YeplaL Qlok. Ho) dfgo] 2
Asl= AL Julstes YA E-7S(critical heat
flux)2 “gAZoAA 7 WA Ve, & ko s
Uolz 52 S vehte 22 ¢ 5 ok Ho)
A& 7] wEg AR oF 54MW/m2§

zzo]

==



188 AT - 9L . Y -

Surface Heat Flux (MW/m’)

200 300 400 500 600

700 800 900 1000
Surface Temperature (°C)

Fig. 10. Heat flux curve for jet impingement quenching.

7 FA vear, A 7 EolXl vd =
10 91 AT oF 25 MW/m’2 3ol Hls|
2t olate] AVIE RS & 4 Utk wWEA] A
Zb wslel] mE & ko 2o nlF AN S A
2 g2A vepdt), AARCM e SEAE o3
w4 Wo] Al AL wlg- g ARt 3 Bl
A&H o WAllshs AS & 4 Atk FAHNA
H12 77k r/d = 571 W2to] Alteiekat
oF 3% A& olujel] 8] nlF o] WA= A
S A F Aok AARAA HlaA Blold ¢/
d = 10014 FEANE 231 F45 Wzto] A2t
Hoj Ffgo] sk A EREe vl
A BAERRS o ¢ e, WA A ASelle
A&2 07 Bt HlFe] ofsf A=A AT Algte]
At o]Fe ol HlE 17]al 3 BlF @ite]
AER= AL Fels & OlE]—
Fig. 10& o ER&EACIAE
o] Efg S _HLO#% AUt

rR

s Fe o
2

o
é‘.:
E&
41
N
x
=
° 2
_>.:
P
l=J
m

= zm i Sz 9 1 Aol 600~
700°C AolollA] WAt RS o 4 glek. AA
SNHS] W7t RS S thie] 71 Aol
A Rt Qe @ HiEe] wlske ewsh A9
ARG 2 & 5 A [6:8). AAT FlE Aol
A eht 9] gk HAIgolA mad ol

el
ﬂé ] 400~500°C ©]a}e] v+

sl1g 4 . WA

FEAIAE o183 &

I PR %%%EP

4.4 E

H AellM= 900°C oV a2 FHellA ddA
M F2 AL T e 2 REAlCIAY] F

A 59 AR FA) 990 I A
BAe] 45 W7k e 9Ae) Pgelne] duee
YUAO2 T &+ AC O BiACIAE 7
waigich. A B GagAlele] A Bl

UE B @) u AEEO S Fol 7Y 71
o Was x0e ARAA, T BigAlelAel
A e B85 T Fhel AP HRs
k. meb) 2 7o A Bl GfsAel)
€ 8 AZ3Y $4, 99, 44, el 9

{;]_43] 707@;@__; X—LQ_E]— I o]g E,liu]- o}_
I Q227 8= %XM s A8
7

= X AABAR AUR|7 e eI uE
& FaA R Al e A7) A
Ho g |l om, olof] AL =Hu),

int=}

m
rat

1. I. Mizikar : Iron and Steel Engineer, (1970) 53.

2. D. H. Wolf, E P. Incropera, and R. Viskanta :
Advances in Heat Transfer, 23 (1993) 1.

3. SJ. Chen and A. A. Tseng : Int. J. Heat Fluid Flow,
13 (1992) 358.

4. J. Lee : J. the Korean Society for Heat Treatment,
23 (2010) 323.

5. W. H. McAdams : Heat Transmission, 3™ Edition,
McGraw-Hill, New York, Chap. 7 (1954).



73 AAE o A S Vs 189
6. N. Hatta, J. Kokado, K. Hanasaki, H. Takuda, and M. 8. D. A. Zumbrunnen, E P. Incropera and R. Viskanta :

Nakazawa : Tetsu-to-Hagane, 68 (1982). Experimental Thermal and Fluid Science, 3 (1990)
7. N. Hatta, J. Kokado, H. Takuda, J. Harada, and K. 202.

Hiraku : Arch. Eisenhttenwes, 55 (1984).



