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Abstract:

Keywords:

The spray cooling of moving hot solids is widely performed in the steel industry. Understanding flow and
heat transfer when droplets impinge on moving hot solids is important. By simultaneous visualization
with flash photography and temperature measurement using thermography, the flow and heat transfer of
a droplet train obliquely impinging on a moving solid at high temperatures was experimentally investi-
gated. A rectangular test piece (SUS303) was heated to 500 °C at a moving velocity of 0.25-1.5 m/s. The
test liquid was water at approximately 25 °C. The pre-impact droplet diameter, impact velocity, and in-
ter-spacing between two successive droplets were 0.69 mm, 2.2 m/s, and 2.23 mm, respectively. The tilt
and torsional angles were 50° and —30-60°, respectively. No coalescence of droplets was observed; the
droplets deformed independently on the moving solid, even though the torsional angle generated a veloc-
ity component along the width of the solid. The surface temperature of solid after droplet impingements
depended on the experimental conditions. Wavy temperature profile was obtained when the moving dis-
tance of solid was large during two successive collisions. The temperature changed continuously for the
small distances. In this regard, a simple model considering droplet movement, collisional deformation
behavior, and solid migration can explain this phenomenon by the overlap of the cooling regions of the
droplets. Furthermore, experimental and numerical analyses show that the heat removal rate of individual
droplets is constant at approximately 12.5 MW/m? and depends on the total contact time when multiple
droplets collide.
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Flow Visualization and Heat Transfer Characteristics of Droplet Train Obliquely Impinging on a Moving Hot Solid

Katsutoshi TATEBE, Shunsuke Funta and Hitoshi FuiimoTo
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Fig. 1. Schematic of spray cooling. (Online version in color.)
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Fig. 2. Schematic of experimental apparatus. (Online version in color.)



X 0H0.69 mmTH - 7=, 5, WO OWEIHEbE 3LV
TRODEN, N1 msThH o7, £77, REWE TGO
T I V cos 50°, AR QI FETHED, ik
& )16=0.0728 N/'m, %% p=1000 kg/m’ &l 72 = —
IN=RWe=pD (V cos 50°) Y 13%9 19 TH - 7=,

EREA, =Ny D — Z BN L 2B R
HRBELOREI Y bu— 5 THRKIN S, INESEEERD
JERIZE X150 mm X E 15 mm X & & 30 mm D E 5K T,
MBHESUS303 Th 5, 7 OMMEVGEIERZ L, &Ra#E
DAITINERRIE X N TH D, Z OO FMFEH
&, 0.3 pm TREM Ot & 11T S, RIBEE X 13582~
3umTdH o 720 BPIPEICB U T, ARERR O REHEIIE 1Z
Wi Tdh 72, LALENS, E{bF2 Vv R0Da—F 1 v
20300 KIZ 3513 2 BALHCEIE# 3.3 mm’/s” T, [HlEE T
SUS303 & 1D\ ySUS304 (34.07 mm*/s™ TH % Z & »
5, ZIFMAETHBH LE L LS, MEGRAOEREIZ,
MEG BRI DIAAZ T T VO E - ) v Db —
2 % PIDHIHI 2 Y b v — F k5 KON B EGE X (R
££0.3 mm O K AUEGE ) THEBEL 72, R TIE, REL
CIERERERT D PRI EE LD & HorERosk
fEE LT, 500C & U 7=o BEHR™ O KMEHOHIE THIV 7=
IR —F 2 T 7 4 —TIE, WEI/IRELS2 pm & JEH
IZ/NE N T ERREZ A, RS RER A3 Y 10 ms & RS D
WEfIbE e, &0 & K& <, BERN Z2 W R 50 & JllE © &
B, 2 2T, BRI/ VRIS — €T
74— &L, ZOXNEY —E ST 7 4 — DRl

@ Direction of solid movement

RS B e i 65 P~ MERHE 72 2 WG S O SR B T L ds KO R

22Tk X%, AITINIR D A =IZBI L T, 1t #£0.94
O HRARER A [ER RN S ISR AL U, FE8R T LI lnlE
L7z,
ZOMESEKE, V=77 F 22 —4 FIZEREIHh
5, MAEEEKZ, YIHREIZSWTET77F 2240
Uil ERE S TR 0, FEERBAGIE 512 & 0 EIREES 5 0
MU, — B IR & AR X R A il L, ko L C
ik 5, RER T, FEREE V13025 m/s~1.5 m/sD
fETE L E /2,
2.2 REBLICREDRESX

TEREE L, TREIBIEFH O SR A x 7, 2 i e
ADOY —F2 T 74—, A b a RN, KR E O 5
BETHR IS, SHEN AT L2 ba R (Fv /v
7Ty v a) id, MEGEA SR LICREL 2, b —
YT T 4 — I ITEHNEZE RO FICERE L 72, IR
RO Th S, £, FEHKFMA2 psEA D Z b uak
ErEdEN A I p o EhFBESIC L D EfES ¢
720 TOBE, ¥ v v & — M AR, KO A 2.8 ICREL,
WIS T 9 5 2 & T, Figl3lomd &9 &2 ba Rk
ORI TBN L -l Boh b, %72, Wiz b
FThLEEMHETRLEIZE S 78, Bl H 4 O
BHEY—FEST 74 =128 AL, A buRFBEKZICHE
FERE ARG 5 KoL, s ot A2 L
IZHERE L 528 5 Fig 4 IR RIMRE A a2 o605 K5
12U 72, s, 2 U RRAOAMIZ & 5T, WEHERS
HUTHBE RIFEX W 2130 DD PiiEE iR L

- Dlmcl:lpn of solid movement

o

(b)p=0°

(#) Direction of solid movement

(c) p =30°

(d) ¢ =60°

Fig. 3. Flow visualization results for varying torsional angle, ¢, at ¥, = 1.5 m/s : (a) ¢ =—30°, (b) ¢ = 0°, (c) ¢ = 30°, (d) ¢ = 60°.

37

595 I



I 596

§% &4 Tetsu-to-Hagané Vol. 109 (2023) No. 7

TWa,

BEE A A S-S T T 4 —OWBIZROMD T
Hb, T, EEES A FITELTE, 7L —4L—MiE
60 fps, ML 2560 X2048 €27 LILTH 5, g 7 £
T & EH B2 s O FREEAY 450 mm T, fREFA69.4 mm
X521 mmZADT, 1¥2 ¥ 30 yum TH %, ZHIZB
Ui, WEmsI o fils, &S BBRRIOR % & &, WiiTic
TIE L TRI LY YAKOBRENEL, TOKE X
ThHBTEEMER LI, RIS, Y—FFF 7 4 —IZBILT
&, RS AHERE09~1. 7T umDEFRIL V¥ T, %
Dt V3 ORI 100 ps &R O Mk, X 0
LN X, =S REEE, 0.4 mrad £ 5%, EERUE, 320 X
202 YL THY, $y—FF T T 4 —DL Y X Em» S

INEG T A2 R O BEEE IR 500 mm TH 5728, 1E2 ¢
NEH02mm Th 5, ZHUEI L T, Figd SN § 24 (5§
OMBAGIEKROIEE E o vt L BEOBREHIEL, ZDKE
ETHD I &xfEan Lz, S MERE I LTI, #R
HWEOL4% AN TH S, 7L —2o L — ML TIE

BT A A 7 & OREFHRED 728, 60 fps IZFE L7z,

3. BREEE
3-1 BESREGNENERTIRHIIOERENRE

EE)

Fig3128 AL D fellki % al LA R 2R 4, Bdhk
BV, % 1.5m/sT, RLCDfMeE—30°~60° DfiPH T4k &
B 7z, WA ORI T IZH25CTH 72, Bk, RC D MAp
=0° LISV DS, WENERIEREE R 5 K5 ICR A B RIS
BIL CiE, REBRIZACD fe=0" I2RE AT AA 5 0]
LT3 Th5, ZhiZthn, AL L filp=0° LIS
DEAE TR DIERNT T B A, T Fud s & 2k
ZADETNDE20Th 5, WRIHEITEG LT & 0 S
MCHEZE L, ElREARE LTIk & BRIE A & HARIRIc 21t
SHLEDB O 72, D%, FERIRITHE A - 721,
FHTEINZ & 0 PGHE LT OERIZ ISR 5 8 5% il i
B2 BRI L, BghE TI2mh - THBLL 72, 7=,
ERUZBWT, WA, {fl 4% O Wi 23 37 1
%, B, KBELTNBZERnh5, Zhid, KFEEEE
IZFB T BRU D fe=90" 1Y $ 2 BEH™ OREH & [Fkk

Moving velocity, V, , m/s

0.5
 mm |(b)-,

5 mm

o

Torsional angle, ¢,

(y) Continuous
distribution

/
Temperature
drop area I

----------

/
Temperature
drop area

1 1.25

5 mm

@

460 510

Moving direction

Fig. 4. Surface temperature measurement results with varying torsional angle, ¢, and moving velocity, V..

38



THD, AU AICK > THEERBEFEIZKNE ZE T L
"ol
3-2 BESREGFNMARERTIRBEIHISTRTIEE
VRl

Fig.4 (%, T892 Sl R\ Wiy % fiioe & g 72 B
B RIMRE 5T dh 5. BEREE V, % 0.25~1.5 m/s DH#i
FT, AL D fpx—30°~60° DHEIPHTEAL X ¥ 7=, WiiF
FIDOAKILT 13K 25C TdH - 7=, dhERE T & 2 IRt
5720, LRI 50C TH— L 72, ERRIRE 56
BWT, FEA» 6 EBICis - TER & oo 2 B &
{IREB AT TH B, 72, BREH ISR SRk
ESHERET LT 58, WA EZE LT 5T
BB, %DM K OB P RENHTY, e ClE
FHU T, WIS & > Tkl & 7z bk s [ A
OB THIZ N &2 5 [HF A & OBHE THEL T 5
I TH B,
if,@ﬁﬂ@@%%%@%%@ﬁmﬁﬁtﬁﬁﬁé
&, ERoBE HIMZzIEELNT ST & kL,
BN L TR Z e nh 5, LT, l@ﬁﬁ
z%%%%%&%aehémﬁ%# BT, EgR o
RHPEREZE VNS < WIS IFE A L2 - Tnb e
Abhbd, Zhid, %ﬁ” DFEF & FIRET, Wi & [ A
IZZERIBEDIFAE L, 7 DZEKDREE D ARDKEE 12 XTIk
ﬁ INENWT BT & 5T, K L EARRI ) < REPEREEIG
NANENT2DTH B, ZOWEFHORERD? S &, Wil
LRGSR & RIS, PR & RO B2 R A28 478 LT
5T NG5, Lid-> T, fiEEERIG T IEITE 7%
WEE L THRE L 2B oW o T o4 %
L, RCODAEMTZFHETERLTEIEELEN D,
WIZ, Figd DWE 53 E BB TH 52, 2D0DFHT
Wia & L7z, 1D HIZ, Figd (a) ®Figd () D& S %A

FEBY i [ PR MERHET 2 B 5 O P dh nl U s L UM

Fig.4 (y) OBEXIX 23R 3 WE 01 22 5 12 [ iR O B 8 /7 1) 12
e U TR ICE LT B HEIKS NI &5 & DT
b 5o WHITHERI MG SN T2 DT, ll4 DOWER A
WHILU 2R E s 5 7272012 C-eELZ 6N 5,20
H i, Fig4 (k) R Fig4 (x) DX & Fig4 (z) OB H
TN T2 0% | [ AR D R B 5 10 RS & AR SR Y & 72
IZHHAET BRI S S M RTER E N5 DTH 5,
Zhu, 4 OWIZ & > Tl S 7z ik A sy U, &
ROk oklzdIlEUeEILNE, UEDKSIC
TeA D2, RFEEFENITA L D ARLHEEEEIZ X 5
HHIZE b6 T, BN RIMIEESMISEVNAET
Too R TIE, HHMICHTED X5 RIREFHAE LN
B5MEL =N =T 9 TERME, HBED KD KWL S MG
ENBEMERAAREEMERZEE L, ZORE XD
ZALICEAL T3 -3 TEH L,
3.3 BERBRTEHOA-—N—Jv 7% MEBEPTEHED
FEHEANZX L

X —3— Ty TEM & R A SR O T, RS O
EEMbE & EARORBOMEEHICE28DEEA LN
%, Thbb, #iEd 520 HOEXEEZ A 72K, 1 DHD
WA TR U 72 B T2, 22 H O 5 i
R TIPELEIZNEINTREDZEELLND, 2C
T, WO E), WEOEREE%¥E), o KO kORE)
EEELBSEIFETILC, & 5 BEIRE O &
T O 5 2 W O PN E & HEE T 5 €T & R
L, X =3=F o TR LB RO RAE X I = X 4

EEELT,
9, WK IS E RG22 B AF N L

 FINZ 350 T, AR ORAI S 351 2 Wi OV IE & 12l
HiE TS 2ETVEME L, ZOETLDAL X =
% Fig.5 128§ N H O WA S IS L, 2 O

t=0 > t=1y > 1=t
N+1th droplet
V4 z z
’\\ 9 A A A .
. Nth droplet Nth droplet
N+1th droplet Nth droplet
5 [7 — / N+1th droplet
V sin@ x Yaa X X
Y 4 Y a Y 4
Yeal| Yeal @D Yeal 7@;'
""""" d =
Ya );( T i ): ......... dieadingN+1 _Z(
q/ ,KJ dtrailing,N dleading,N f dtrailing,N+1
@

Fig. 5. Simplified dynamics model. (Online version in color.)

39

597 I



I 598

$% & $@ Tetsu-to-Hagané Vol. 109 (2023) No. 7

AW EA 58T 5 £ TOMM L E TEEZ 5, e}
0, AL 0D Ao CERL THEE U 72 080 5 VX oo i 92
W O [E R TR K 2 T DKV sin 0 TE L 528 5
WoTwadtEZziohs, Zhid, 3-1B&k03-2kD
[ 75 A 11 2 B S IR RE T & 2 R ST, WaEnE 13RS B[]
RE ORVEEE 213 & A E 2 $ICERm L S B L
TWB720Th b, ORI LIZEH T 2 EHOZETEEE)
1, 7 OWE S TIIERRETE Th 5 Z £ 23555 T
55, LMo, & 5040 CORMO LR & [Ek e
DA,

()C—I7sin05in(pt)2 +(y—I7sin900s¢)t)2 :D(t)z /4

L5, TIT, WO FEMEHORZLTH 2 D)
IZBIL, AFEEL2 GHIETSEZENTE LN 2Y, FikHE
PR D HL— i 22 DT 2 BB § 5 h D W28 D
BRASR 6525 2 L2 L7z, BARIIZE, BEARmEE 2
500°C & A% C, Wit do & OV ARTANC $ 14 22 7 17l O T
T2 VA TR & )% 0 Hatta 5 O FEERAS R T H AL,
ARFEERIZ 51 DGO NLAY D RO RFHZIZIIE RN & &
Z, Hatta 5 OFEEFEHR %

K,-K
I+exp(—K,*K,))| =K, —21)
_x +( ( } 5)){ ! 1+exp(K4*K6)

1 =
VeosOt
1+exp[K3( 5 —KSD

(Kz_Kl)

l-ke)cp[l(4 [KG - Vc%@@tn
-(3)

THEPLL 720 A (3) 1, WHOPEL D RO RFHZAL 2,
FREHEN 0T, ZORISTEITIRL, FRMEISEL 2,
HBEREZNTWHET S & SIS TS &S Hatta 5 DFE
BRAS RO A KRB L T3, 2 2T, Hatta 5 DFEERTIE
WEEMHEELDT, 0=0"Th b, A 3) DELREZE, wAIL
BOED, . EMADWHED DI E 7 = — N =B We %
WTCEYR L =458, K,=D,../D, K,=0.81, K,=39We "7,
K, =36, Ks=—48, K,=056W"* & 75 5 72, &1, D,/
DIZBI LTI, Hatta 5 22K L 7928

Dgt)
D

+

Dﬁ”" =0.093we"™ +1

= (4)

HW5B Z LT, Fig6 (a) — (c) I2/” 3 & 5 IZHatta b D
FERAE R A MR TE 2, &, K& KM
& LTI, Fig6 (b) DWe=201D#RTH5%, ZI T,
Hatta 5 DFEERTIE, WO D K & %5 - 727413,
TR & ME DT E Tl 7 <, WO IRAEEHIE LT
2728, WA BET BB520 & - T, FZRRIE,
Ji9 2 BRI HEnE & AR R T b 5 728, 23D 130

40

Thb, 7T, KiisCTIIIRKIEA O FRIZEE L 2251,
W BEE T 2RI Co L 5 5 & 5 I —WBIBCTEBIL
Tz ks, WRIMAEZE L THh 6 B¢ % £ CORM 123
L i3, Hatta b DFEER

tr

B =1.25We" -
D/ VcosO

- (5)

AWz, ZORER, KX TOWRMEE ORI,
Fig.6 (d) &7 %, WEMHEEDOUE TOFE TRz & 51257
T DX R T O 5§28 CEE D AL E O H 2 AL VR
22 L CHh 5 O IEHE 5 R A AT b 5 S 6 16 7
EIZWEETH 55, KRELIIEA D& LT 5 720121l
U7z ZDREE, DIDIZKI1.94, FEHERZ£120.077TH D,
Fig.6 (d) {2 &k 2 KILA D ELFAIFTKE SMHHEIE 20
Z L AMERL 72,

WIS, BRI OMENC X 288 EE 2 50, KEBETO
RO I i ST D AL O T, [EEE LD B 30851
P v (2 36 1 2 W O B2 i O R ZE (b 2 Tl T & h
1, IR PR O A — 3N — T o TR L O S %
AT ZENTEDZEEZELOND, My, 2551 50
D 1R M D x FEATAT 1B O 1% ST & dyiyn, (1), WIS HLIE %
dleading(t) 358,02 &b

— . D(t)2 _ 2
9 vaiing (t) =V sin@singr — 4 (ycal —V sin0 cos (pt)
- (6)

_ . D(t)2 _ 2
rging (1) =V sin O sin ot + T—(ycal —V sin@ cos (pt)
-(7)
LD, XGB) - () 2WHTHI L TRDEZ LN TE S,
& 51T, W T IR b 1, TR IS S 5 728, 1
HOWE #7251 t=0 s & U 7250 NlE H O Wi
DEEFRATE S,

dtrai]ing,N (t) =V sin0 Sinq)(t —(N—l)td)

—\/DE:)Z (Ve —I7sin9coscp(t—(N—l)td))2

dleading,N (Z) = VSinOsin(p(z_(N_l)td)

- (9)

+\/%t)2 - (ycal ~Vsin@cos(t—(N-1), ))2

LB B, 72720, TAUITRIE U 7= [E AR T 0 R O 4% fil i
PIC® 5. WEERE NI & HEE § 21213, KSR 23 il
U7 ALE D AR OBENZ B E) 2 L EE L T h
Bab5k0, 22T, AR 2 N HIZHZRL 7
WU D U FE I I8 0D 1 7 VT X ging v (€) & BT 75V 0 0, g v
(O BERDESIZHE ATz £F, BITOLE X gy (O (X HETH



O A% R O 5 J5 N g (1) & BRI ] ACRD il O 3 1
R IRk D BT A0 A3 AR D RSB ZPEOFEB) U 7= (i D/ X
WEDThB728,

3 xlrailing,N (t - At) + VsAt
xlrai in, t)=Min
: g’N( ) { dtrailing,N (t)
LB 5, BT RLE Xicqqing v (¢) VIR O F2 Mk FH O BT 5
L digaing v (1) & ACFY T DI B N K D17 1718 A R 8 L
TREDORKENES Th D729,

xeain, t—At +KAt
xleading.N (t) = MCZX{ - g(»;I (d' N (1)
eading,

Elde X —N=7 v 7§ 2 HEEIIC A % 2 X NEH O
WA TS 2 WL R T IR B 75 T 1 X i v (0) & N+ 1
H O WGBS % i BT 35 0 B 7 67 1 X aging vt (1) D
KNBEBRTIRE S, T bbb, KK S j:x[railing.N(t) >

3 D =0.34 mm, V=148 nvs, 6=0°
— 2
pD(Vcos8)
we =P ) _ 403
25 B o
"

0.5 Plot : Experimental results®
Line : Eq. 3)
0 1 1 1
o 1 2 3 4 5
t/D/V cos@
(a)
3 D = 0.40 mm, V=2.40 m/s, § =0°
— 2
25 } We = p—D(V:;os 9) =32

05 | Plot : Experimental results®
Line : Eq. (3)
0 L 1 1 1
0 1 2 _3 4 5
t/D/V cos@
(c)

FEBY i [ PR MERHET 2 B 5 O P dh nl U s L UM

Xeagmnet () THIUE, WEFRE TR E 22 53, # I HEL
W2 AR S N BB st b 2 E L 5N 5,

AGFSCTE, W RRICHEA B 00 Tk & IS BT
AR E B LHA, Fig(d) & 0 Tt =1 & % 314
TOFig SITRINE y,, = L02MeD 5 U7z, Fig71s
TNTHEES B 2 WG DU I B T P D REZE (L A BB L 72
FER & 0, M 5 2 WO M N HEIPH O E 2 D O
BEEL 72, MiEtfE, X (10) & LK (1) » 6t &
N5 LA DNE v, (35 5 BURIE D% TT I E X g & HIST
V7 1 Xeaging € BT N H O 3T V22 L 72 B 2 5 0
VORI TH B, 72, At=1/1000& L 7=, &d, ThEl L
ML L TEETEBRIIEDS AW L 2R L T 5,
Wl DEEH 5 BEBE T 2 % TOWER % N B 0 W » 2
LWl & t=0s & LT, diwd 5 20O R T #HipH
AREL 7255 H, Fig7 (a) DR LD Ae=30°, BEI#E
V,=1.5 m/s DFERPNT & 5 ISR T k2 — U E &

3 D = 0.40 mm. ¥=1.90 s, 6 =0°

_ 2
we =PRI7C030) _ 504
25 F 0

0.5 Plot : Experimental results®
Line : Eq. (3)
O L L I
0 1 2 3 4 5
t/D/V cosf
(b)
3 D =0.69 mm, V=2.21 mys, 8 = 50°

— 2
we =PI 0s0) _ 1o,

t/D/V cos@

(d) Results used in the model

Fig. 6. Approximate results for time variation of droplet contact area : (a) We = 10.3, (b) We = 20.1, (c) We = 32, (d) Results used in the

model.
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Fig. 7. Prediction results using the model: (a) Example calculation
for discrete distribution conditions ¢ = 30° V, = 1.5
m/s, (b) Example calculation for partially overlapping
conditions ¢ = 0°, V, = 1.5 m/s, (c) Example calculation
for always overlapping conditions ¢ = =30°, V,= 0.5 m/s.
(Online version in color.)
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temperature distributions.
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Fig. 8. Longitudinal temperature distribution: (a) ¢ = 30°, V, =
1.5 m/s, (b) ¢ =0° V,=1.5m/s. (c) p =—30° V,= 0.5 m/s.
(Online version in color.)
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Fig. 9. Example of calculating the time variation of a point on
a solid surface and the existence area of a droplet (¢ =
60°, V.= 0.25 m/s). (Online version in color.)
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Fig. 10. Relationship between passing time and moving velocity
of solid with varying torsional angles. (Online version
in color.)
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Fig. 12. Schematic of the three-dimensional model and boundary conditions. (Online version in color.)
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