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BRI A7 B, BT Fe A E B O(RER, RBIRIRE
EEPAFET D, FRC, ERRMENBICTHE I NS
DIETE H IR R AR RS A 5T 2 2 &2,
BRI 2T DD DTZDICEETH S,

BRI (R JE DA O ki R 2E B ONid LS # — 122N T,
INFETIHLEZLLOMENRZRE N TS, Ranz and
Marshall? ¥ [ZER D> © DR FEEBREITOFHEPICH 5 B —ER
OEFI AR BR E R OFH AN Z L L7-. Wakao and
Kaguei |3 CHRICHE STV B RBRT — & 238 L TRz
T FEIEE O FRH HR AR E R OFH H R Z 2 L. Inabe
and Fukuda®” |3fmEVGEBR 21T W ERIVRL T 28 Fe il & 7= 35 2L
PN D s e FMA R OF R A& {ER L7z, Ozaki and
Inaba® [T BT 7L & W 2 SEREAT I & 0 BRR s )E
ORHIXHRAMREREZFHR L, ERELE BT %
s L7z, Taneda” X°Fujita and Watanabe® (3 Hi—EKJE © D
nRF—r b )NV E OBERIZOWTHRE L.
Tsuji et al.? ' VXFEN TN ATZ2DDERE Y OFi %
— U RIETERBIR OB, ZHORI B3R I
1o G DAL Z — o ORI ESRRE R A W5 L.

ARFFETIE, WAL O I H—ERIS K O Fe e 112
TV VIREE TERIRMIR S 5 A 72356 O SRR BV 1
DN, SIRITARAEM S R 2 L—a VIc K W RET 5
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1. FRAE

AMFIETIE, SROCBIRIRMENT Y 7 - [STAR-CCM + |
WS BRI A BRIAREE VTV DL fifbT S
BIL, FREMEMER, BT, EEEEE, PME—E,
LA v 2B ET 5D, BEDOIENT D ERIRM N
WEHIAFTET 256 OMESACHEES M A /TS
EFNE LT, FEPICEROZER 22T, BRRoZE/H
ORMITIEY 7 LOBEmBEREHE2 52 THEL, ik
MR OIREFRIT T oo, FilkidEx e L,
TEANIREE 7a=300K, B p=1.18 kg/m’, LL#\ Cp=1000
J/ (kg K), HEMEAREC p=1.86X10° Pa s, BMrER 1 =
0.0260 W/(m K), EROEALE D = 10 mm, FEEE &A%
PREER SR E LT, BRI OB 7o i it 4012,
FICHRE—ESM BEEROFKEE Tv =400 K) &L,
BURHR S (BEEKOKEZ ¢ = 13000 W/m?), H2DHW
TG 2 2 7 IEE R FHRILN A T > 7 0.05 s,
B R 7 v 7 2 LI RAE R EH 20008 & L, JiRAVOIREE
AT %L B L7 < 72 D EFIRRE (3 s BLE) @
A RDT.

2. H—IROFEMHER

EP, BEYI 2L —Ya v OREE KRS S
WIS, IROVFEH IR DERIRIR S L IF (BT D 54
DR E AT OF R 24T 5. Figures 1 & 212FHH
ETVE PRI O A v ¥ 2 B R T FREE O IE50 mm,
EE 50 mm, &F 150 mm, EROELL 10 mm, FEABERE
LERPLLE ORREE 25 mmE L7z, BRBEHIIFEOA v =
fIfE 0.1 mm, FEAKHOREKA > 2filE 5 mmé Liz.
A ¥ 2 B D EHEREIE28000TH 5. ZER DA RE
v=01 1 10 n/s IZZ{LSETEHHE L. ThE
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A V2T Re(=pvD/p) = 63.4, 634, 6340i272%.
ERE O PYIEYEER o, IZEREWROTEEE 7w, 22505
AR Ta, BREEBEORER ¢ FRKERA 4 £,
WA TRDTZ.

v - 2

_ Y (1)
" AT,-T,)

BRE O RITEMERIER o 1, ERICET 2 MENOIRES
Bl B RO 7 RATERIR, & OREEE & RAZEZE D
B2 > TR L7=. Figure 3IZRd & 912, MiADHR
nhHmERTME 0, wnFmEF Ol e L Claldsd 5
¢ REHRTD.

Figures 4512, WAME v=1m/s (Re = 634), ERFE
R 400K —EDRMITHOWT, BRiFLE 8 5 KW
DFEER 7 VI & Fkh OWRE DA 2~y FidE~s
M VAESCHRNC A ST 2 OIZIE V. PRI IER B
RIBOTRNNRY = BHOENDD (A v ¥ REIRELRIC
XA TN 2 &R FIK & B D), nsE IR I LT3
5 Z &ideinoT-. Figures 6L 718, MAHEE v=1n/s,
BRFEIRE 400 K —EDFRMFITHOWT, EkFEE O [ATEM=
EEONME, WEOTRNLE R TAE 0 L OBFRETRT.
JAPTEMR R LA T A Ll e LTRSS A ¢
FINZIZIFE—ETh L. iR TR Lilox
HCTREL, ROFEOHTH D THhS<RoTWVLH Z &
MinD. Figure 812, TAKE v=1mn/s, EKERHIDOEGR
13000 W/m* —E DERMFIZOWT, ERE O & fr#vsE
RLAEOWN L T AE 0 L ORMRERT. Bk Oz
Wit — T etk D Figure 81X Bk K il i — & 41 DFigure 7 &

Fig.1 Calculation model of single sphere

Fig. 2 Calculation mesh in center cross section of duct for
calculation of single sphere

::>6¢

Flow

Fig.3 Angles fand ¢
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Velocity (m/s)
0.0014582 0.24421 0.48696 0.72971 097246 1.2152

Fig. 4 Velocity vector for single sphere (Re=634)

Temperature (K)

300.00 319.89 339.79 359.68 379.67 399.46

Fig.5 Temperature distribution in fluid for single sphere
(Re=634, T,,=400K)

—

Flow

Heat transfer

coef. (W/m?K) 15 86.91

Fi

—

g. 6 Local heat transfer coefficient of single sphere
(Re=634, T,,=400K)

90

Heat transfer coefficient (W/m2K)

0 30 60 90

Angle 6(° )

120 150 180

Fig. 7 Relation between local heat transfer coefficient and
angle from flow direction for single sphere (Re=634,
T,~=400K)
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FER CHERTH A Z bbb, BRKi O EMRESR
@, W FERE OB —E &M (Figure 8) DA 39 W/ (m?
K), BRELmIEE—ERM (Figure 7) OFAEIT 46 W/ (m? K)
THY, RERVPEREEIRE —ESRHDTRD LRE .
(Figure 8D FETAMRER % BT 2 & R RzE=R
Bh ol KEL 7250, ()T XV ERE M O R EE 2
> TEHBMBRERZ RO D55 IR ERITN S <
72 %.) Figure 912, BRE WL 400K —EDEIFIZBNT,
TMAHEZ 0.1~10m/s IZEXFRMERNS, LA /L
¥ Re (zpvD/p) LBV NE M Fa,b/h) OBIR
2% & OGS % 7~ 7. Ranz and Marshall? (2 L 0 $=E S
T B R B— Bk D iR ] ek i BMm 2 0 B#R N % Figure 9
AR DIEHE TR,
Nu=2+0.6Re"* Pr®>”

(0.6 < Pr< 380, 1< Re < 10°)
ZIZT, PAXT TV A TH D, ARFHREFERE L Ranz and
Marshal 1?1 & W 2R SN2 BBREK (Ba. (2)) 1X10%FEHE
DET—HLTEY, AEEMTORBEIT s THL L
WhoTz.

3. BZHOHLIFTEINGEDHERR

@)

WA, T35 O I F e B IE (T IR AR CERR A i
DA TG DTRENAT EIBESA O A LT ). BER
ik & L CFigure 1013 LA FHEEE B 2 5. Witk
OFiH I E LT, Figure 10IC#R A O KEITRIHHAT A
BHEUEL L, SOICHAORAITRIRNITAB L RET
5. WRAVIT A LENL ST HE - OBIE O XA T T Y
T O et AR N & B3O DERBFN F I ES] LT
AHHLOTHD. ZiUE, WL FEEENAALRFRND
RIGE B/ NERBER A R b REVWHHTH L. Kb
ZEMIERLA i b R E W2 DRI OETREINS e b ik
NeTWhmEEZ bND. N ITABILE LT D
T2 HaTH D, £io, AEEMITICT, BREERD
BT A4METAy v a 5B L THBERVWHEL TS Z LR
Nt Tdh 77, EFE 10mn OFKEEROMIZ 1 mm O
MEZEF-HAEEEL L, 512 0.2 mm ORRRHIE 22T
T-BEOFFE BIT 5. Figures 11& 1213V A TER & Bk
DOENZ 1 mm ORI %220 7258 OFET TV L R
DA v v ayE BT, TRl O & SFBER G & LTz,
WA ANZAFE L, 35 H DOERNZEDOFI O NI H HER
DEFITENE B X THRFT 5. RO 15.6 mm, &3
11 mm, 2% 103 mm, BROERE 10 mm, JEALEREE 151
HOBRFLE DR 25 mme L7z, BREMITED A v =
fIbE 0.1 mm, JRARFORKA Y = lfE 2mm & L7z, X
v ¥ 2 B O EHERENL120000TH D . 22RO THAEE &
v=0.1, 1, 10 n/siCZ{L S CFHALL GRoBERE D %
RER I L LEGEIL, FREN LA NV ZHUT Re=63. 4,
634, 63401272 %) . ERIRDIIKRDIENGLIEIE, 400 K ORE
—ERM L, REOEFH%Z g = 13000 W/m® —EFKMA TR
RBaITo 7. BiFIRH%ANC & 2 BROFEET L o THAIE DI
DR 72 72018, BURER L RO D 1ODEKTE
FEMEAGIRIC U, hOERZ MBI Lo Rat b 1T o 72
BEROFHEMEESE o, , TN FMERTHE 0, Nl
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Heat transfer coefficient (W/m2K)
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o

40
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0
0 30 60 90 120 150 180
Angle 6(° )

Fig. 8 Relation between local heat transfer coefficient and
angle from flow direction for single sphere (Re=634, ¢ =

13000 W/m?)
100
Calculation
results
] \ =7 <
=10
Eq. of Ranz®
1
10 100 1000 10000

Re

Fig. 9 Relation between Nusselt number and Reynolds

number for single sphere

Flow B

Fig. 10 Flow directions A and B in face-centered cubic cell

Fig. 11 Calculation model of lined spheres (flow direction A,

clearance 1 mm)

Fig. 12 Calculation mesh in center cross section of duct for
calculation of lined spheres (flow direction A, clearance 1 mm)
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mAHLEE LCEERT 2/ ¢ 2 EDTERT, ko
HBAELFEILTHD.

Figures 13 & 1412, FALF A, EREEROMIC 1 mmoDBRH]
2T TE, MAEE vr=1mn/s Re = 634), +_XTD
EROFZ IR 400 K DLMFITHONT, B %18 5 KT
HEOFHS Y FVE &SRB ORESAK % RS, FRiEN
7 VXY, 3FIHDEKIZOWT, NG ORTEET 0=
45° JIBIZHTFIDOER & ERO PR & BiedL 2 5RO FiEAu A T2 L
TWBHZ LR35, Figures 1581612, 351 H DERDH
ERE 400 K & L, oIS L LicBa 0, 351
HORER O RFIBMEESE o ONAIR E, kORI L
RYAE 0 LOBRERT (B ¢ TR LIHE).
JAPTEMEER [ IFigure 1312 THAVAMEZE L TV B ERS OfE
BREL, MEOTHNLRTAME 0=45 ITTHRICKE L
2o TNWDZ ENND. Figure 1712, #HIO1ERO H 3w
I 400K & L, foERIIMESGME LI2GE 0, 510
EROVLBARER o, LFIFRG L OBKRE O L BanE
TR, REROFRMEE 400K & L, MAZKIREEME
ST BB DOERD WL BURESR L F|F 5 & OBRE O & &
BO—HHRTRT. ERORE LR O ORAZKIRE
o I B HN O FHBMRERIIE T 5. £, 2FKO%
MREE 400K & L, &4 Z L ICZEKIRE R ZMIE L
BHNDERD L RYRESE & FIFK & OBRE AR & RED
Wi CRd. ZERIBE EASORMIEN, #isE COBRRE
WZE o Tl (I8 15.6 mm, & 11 mm) ZiRi 525K D
YRR ERS T ERIBENE T B LB TTR D
BHIDOIEROHFMIEEE 400 K & LI2fEHR (OF) L2EK
B R ZMIE L7z fE R (AFD) 125 H 2RV CiziE—
FHLTWD. 25N HIZ DWW CIEZERIRE EH O IE D EE
KL TCERDoTITeD LBV D. FHEYRERIL3SH M
BHRE Lo TWD. ZHUEsH EICxE L 151 H <251 H
IFEROFTTICH DR~ DN OEF R D72 <, Ei451H
ITERDOBZ OBV & Bbhd. £/2, ZZIZiX
SEHIZR MRS R AR & 22\ 28, Figure 118 FEEICHAL 1A
12651 E L, 55IHOEROAFREIRE 400K & L, flioEkix
WIEASAt: & LT D, 551H OEROFHEMRESR 89

Velocity (m/s)
1.9370 2.

0.0013956 0.96920 3.8726 4.8404

Fig. 13 Velocity vector for lined spheres (Re=634)

Temperature (K)

300.00 319.97 339.94 359.91 379.88 399.84

Fig. 14 Temperature distribution in fluid for lined spheres
(Re=634, T,,=400K)
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Flow

Heat transfer
coef. (W/m2K) 1

[ |
3.24 236.01

15
spheres (Re=634)

Heat transfer coefficient (W/m2K)

20

90 120
Angle 6(° )

0 30 60 150

Local heat transfer coefficient of 3rd sphere in lined

180

Fig. 16 Relation between local heat transfer coefficient and

Fig.

100

Fig. 18

Average heat transfer
coefficient (W/m2K)

E
o
T

angle from flow direction for 3rd sphere (Re=634)
100

Heating one sphere

~ o ©
o o o
T T
1

T and correct fluid

e ~, temp. rise

[=2]
o
T

Heating all spheres'\ 'Q\

without correct fluid ~
temp. rise '~

a
o
T

- 4iHeating all spheres

X

w
o

0 1 2
Row number

17

and row number in lined spheres (Re=634)

4

Relation between average heat transfer coefficient

|
Eq. of Wakaﬁ‘)“

for packed | e
particles :

Calculation
results for
3rd sphere

I
Eq. of Zukauskas'?

for :tube bundle
|
Eq. of Ranz®) |
for single sphére
|

Re 1000

number for 3rd sphere in lined spheres

10000

Relation between Nusselt number and Reynolds
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W/ (m* K) IEFigure 170351 H O FH)EREEER 91 W/ (n* K)
LIFERLCTH o7, T7205, Figure 170351 H 0 F-H)#L
RERIIEFICZEOINONTICH DEROLHICEVWE S
R5. Fio, 3FNHOEDHRKEDOEGEHR 13000 W/m* —iE
DEMEOZAEIC 8T W/ m* K) THY, KRERWVHPERE R
E—EEEDT D LRE ST

Figure 18iZ, 3%IH OERDOA KM 400 K & U754k
BN, MAEES 0. 1~10m/s OB 2 =3HERE RN S,

LA IV Re (=pvD/p) & BB MR Nu Fa,b/2)
DORRICE & D7 #i B %2777, Ranz and Marshall® B —Ek
DO (Eq. (2)) HFigure 18IZHARADAEHR T/~ 9". Wakao and
Kaguei? 12 & 0 2R & T 2 IR DR Fe g O &t

(KEFE+30%) HFigure 18124 D — sigHi TR T,

Nu=2+1.1Re** Pr’** (3)

(10 < Re < 109
Zukauskas®’ |2 X W IRE SR TV B KRKO T BEHI O M &
BEDFHEH Figure 18ICFH D R CRd.

Nu=04Re,, " Pr*(Pr/Pr, )'*

(10* < Re,,, < 2x10°, (Y/X) > 2)

T T, Rey,, 1 EE/NREWIEA COEEEZFE ST LA /L
¥, Pro& Pr, EERIEE R OBEEREICKS T 57T
ML, (VX)) 1R OFRIVCE S TN LR F I OB E
FOTH D, AFHHHERIZRanz and Marshall® 0 B —Ek D
A (Eq. (2) EVK220MTHY, Zukauskas® O T Bl
FOMEREOR (Bq. (4)) LVKL UED M TH Y, Wakao
and Kaguei® O} ¥ I O FHHA (Bq. (3)) DKIT0%D M
ThHDHI ENDLND.

Figure 1912, WMAME v =1 m/s , 35 HOEKOHFKE
IEE 400K & L, MiORKIIWESEMEL L2haIc T, B
ROBOMAZ 1 mm 205 0.2 mm (L SH7=HED3
SIH OB ERZRM 1 nm OENLOETERLE
FERART. B 0.2 mm (28 < 20D & A2 bR 2 sl
MREL 2D, FRICTNAE LT D55 O RFTEMRER H
K&L 725, ZOEELY, BRES 0 mm TEE BB
L7235 E I P BMR R AR 1 omDfE & 0 91, 66512
RAHZEPHEEINS. (BHE 1 mm&0.2 mOFERL Y,
B LG A EHET S 2 L1200 T, BEUIBRM PR
5y TR < BICEAOTEDS K EWVE TITRbi b7z

(4)

20
5
@ 18
c
£ <
(0]
T 814
o o
K]
2 12
o
1.0 )
0 0.2 04 0.6 0.8 1

Clearance among spheres (mm)

Fig. 19 Relation heat transfer coefficient and clearance among
spheres
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Fig. 20 Calculation model of lined spheres (flow direction B,

clearance 1 mm)

=
Velocity (m/s)
0.74609 1.4910 22360 2.9809

00011473 3.7259

Fig. 21 Velocity vector for lined spheres (flow direction B,
Re=634)

4 \ - e
O )

Yoo/ '

Temperature ()
300.00 319.96 339.92 359.87 379.83 399.79
|

Fig. 22 Temperature distribution in fluid for lined spheres
(flow direction B, Re=634)

Heat transfer

coef. (W/m2K)'™'? 181,44

Fig. 23 Local heat transfer coefficient of 3rd sphere in lined

spheres (flow direction B, Re=634

Heat transfer coefficient (W/m2K)

0 30

Fig. 24 Relation between local heat transfer coefficient and
angle from flow direction for 3rd sphere in lined spheres s
(flow direction B, Re=634)
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W, FHEMREROHEEMIC OV IR E REER RN &
Bbhd.) ZiFigure 18127C, BRI 1 mmoD F5R0HE I3
Wakao and Kaguei? D% ¥ I8 O FH R OMT0% D M
ThBHIFREE B, B ERDEER U7z i G085
G O BYREIR T Wakao and Kaguei® O ki1 FEIHJE D Ff
B E10%DET—HT DL Ldbh otz

WIZ, Figure 10128 L7V MBOSA Z a4 5.
Figure 20124V 7 MIBCER & BRORIZ 1 mmD PR & 2815 7=
LA OHEET VERT. Figures 21£2212, HiiALFMB,
EREEROMNC 1 mmODBRRE & 2217 723854, MABEE v=1n/s,
T_NTOEROFREEE 400K OEMEITHOWT, B E
2K OFEER S b VK L R O 3 A X A RT
Figures 23 24|12, 341 H OO ALK EIRE 400 K & L,
M DBRITWESAT: & LIz 5A @, 35 H OERE HE O R
ER g O E, WIEOTRILE RTHE 6 L OBRE
Y (ABEE ¢ HIISTEE LK) . Figure 11& EROBLE 2
BT B 12 DI BTG R D 4y Afi D3 Figures 1516 & 135
BN, TRANEZE L TV B ORITEYRERS K E N
ZEIEFELTH D, 35 HOED FHBYRESE 87 W/ (n K)
RN FMADYEA (Figure 17) OBFAEO 91 W/ (m? K) & 1%
EEICCTHoTz.

L

il

PRALSS D HIT B —ER s 1 UV FE B & (AT L VR RE TER
KRN L HA A TE35E O FREIR AR IOV T, 2R
B I 2L —va R VBE L, N ofim e 57,
(1) H—IRoRmOFHEYREROF AR RIL Ranz and
Marshall” |2 & Y 2% s 72 BE (Ba. (2)) £4910%
DFAET—ET 5.

BB FR AR CERR IR A L HOE A 723555 D FK i D
JRFTEMAESR (TFNAEZE L T 55 O R pr#vsiE
RPRERZRZ U,

BB FR AR CER IR A L HOE A 723555 D FK i D
MR TFER O F RS 13X Wakao and Kaguei® ORi1-F8
HEOFHHEKX (Eq. (3) EM10%DET—ETS.

2

(€))

Nomenclature

A = surface area of sphere [m?]
Cp = specific heat [J/(kg K)]
D = diameter of sphere [m]
Nu = Nusselt number (=a,0/1) [-]
Pr = Plandtl number [-]

= heat transfer rate [W]
q = heat flux [W/m?]
Re = Reynolds number (=pvi)/1) []
T, = inlet temperature of air K]
T, = average wall temperature of sphere [K]
a = heat transfer coefficient [W/(m? K)]
a, = average heat transfer coefficient [W/(m? K)]
¢ = angle around flow direction (Fig. 3) [°1
v = velocity [m/s]
A = thermal conductivity [W/(m K)]

33

®

)

5)

7)

8)

9)

10)

11)

12)

28~34 E (2010)

viscosity [Pa s]
density [kg/m®]
angle from flow direction (Fig. 3) [°]
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Numerical Analysis of Forced Convection Heat Transfer around
Sphere-Particles Packed in Fluid Flow

Shigeki HIRASAWA', Tsuyoshi KAWANAMI', Shigeki HIRANO', and
Tomoharu KINOSHITA'

'Graduate School of Engineering, Department of Mechanical Engineering

Key words: Forced Convection Heat Transfer Coefficient, Sphere-Particles, Particle Packed Beds, Closest Packed

Structure Arrangement, Thermo Fluid Numerical Analysis

To enhance performance of magnetic refrigerator using active magnetic refrigerator, it is important to make
clear the forced convection heat transfer phenomena around sphere particles packed in fluid flow. We
calculated forced convection heat transfer coefficient of a single sphere and packed sphere-particles near the
closest packed structure arrangement of 10 mm sphere-diameter in air flow with Reynolds number 63 - 6340
using 3-dimensional thermo fluid computation code, and following results are obtained. Our calculation results
of the average heat transfer coefficient of a single sphere agree with the correlation equation proposed by Ranz
and Marshall. Local heat transfer coefficient is high at portions where local flow collides the surface of sphere.
Our calculation results of the average heat transfer coefficient of packed sphere-particles are close to the

correlation equation proposed by Wakao and Kaguei.
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