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Measurement of Heat Transfer Rate between Particle and Fluid
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in Counter-current Moving Beds
Synopsis :

For heat transfer between particles and fluid stream in industrial moving beds like as blast furnace and
shaft furnace for direct reduction, the significant discrepancy has been reported between actual heat
transfer rate and that estimated by empirical correlations.

Three modes of steady-state heat transfer experiments have been carried out between nitrogen stream

and hematite pellets in a laboratory scale counter-current moving bed reactor.

Longitudinal distribution of

both pellet and gas temperatures were measured by sheathed thermocouples inserted at the center of the

pellet and protruded from inner wall by 5 mm, respectively.
found within the pellet because of Bi<<0.15 where Bi is Biot number.

bed was also measured by a heat flow meter.

In the measurements, thermal gradient was not
Heat loss through the wall of the

The observed results have been correlated in terms of Nusselt, Reynolds and Prandtl numbers to give :

Nu= 2.0 + 0.39 Pr'/3Rep'/? (150< Rep< 400)

The coefficient 0.39 obtained here is considerably small compared with those of reported correlations.
Key words : ironmaking ; direct reduction; moving bed; counter-current; heat exchange; heat transfer

coefficient ; empirical correlation.
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Table 1. Chemical composition and physical
properties of iron oxide pellet used.

Chemical composition (mass% )
T. Fe FeO Ca0O Si0, Alz03 MgO
65.90 0.85 2.68 2.59 0.49 0.06

Drying period over 378 K as pretreatment(h); >24

Diameter range(m); 1.2 to 1.4X1072

Weight mean diameter(m); 1.35X1072

Ratio of tube diameter to pellet diameter(—); 9.6

Apparent density(kgm %) ; 3.85X10%

Effective thermal conductivity(Wm 1K ™1);
k=apt o)X T+aX T2+ azX T3+ gy X T*
@=9.872 ¢=—1.235X1072 4;=—1.388%1077
a3=4.225%107% g4=—2.198x10"

WA 63 F 11 AXZERARICTHRE FHOTE 9 A 26 HRAF (Received Sep. 26,1989)
* BV KSR BT 7EFT (Research Institute of Mineral Dressing and Metallurgy, Tohoku University, 2-1-1 Katahira

Aoba-ku Sendai 980)

*2 ALK EFLBIMATCRT T8 (Research Institute of Mineral Dressing and Metallurgy, Tohoku University)
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Fig. 2. Schematic diagram of the upper part of
the experimental apparatus.

Table 2. Velocity of the pellet with thermocouple.

Units Run 14 Run 18 Run 24
Initial position m 2.795 2.645 2.595
Final position m 0.145 —0.070 —0.205
Total time s 7 856 8760 8580
Velocity m/s 2.910E-04 2.762 E-04 2.946 E-04
Velocity *? m/s 2.908 E-04 2.856 E-04 2,999 E-04
Difference % 0.1 -3.3 -1.8

*  Obtained from final position of the pellet
Calculated by weight gain of the pellets in the product storage
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Fig. 3. Change of pellet temperature with time.
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Fig. 4. Longitudinal distribution of gas and pellet
temperatures.
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Table 3. Gas temperature calculated by heat
balance model.
Run 14
No. T; (K) T, (K) T,— T;(K) T, (K)
1 1235.2 1213.0 — 1235.2*
2 1043.0 1038.0 3.5 1046.5
3 892.0 884.0 3.6 895.6
4 802.0 792.0 3.3 805.3
5 704.0 690.0 3.2 707.2
6 604.0 577.0 4.0 608.0
Run 18
No. T;(K) T,(K) T,— T;(K) T, (K)
1 1235.7 1071.0 — 1235.7*
2 770.0 713.0 17.1 787.1
3 607.0 565.0 7.0 614.0
4 508.0 475.0 3.5 511.5
5 435.0 408.0 1.9 436.9
6 369.0 345.0 1.1 370.1
Run 24
No T;(K) T.(K) Ty~ T;(K) T, (K)
1 1193.3 1167.0 — 1193.3*
2 1111.0 1100.0 8.3 1119.3
3 1039.0 1025.0 8.8 1047.8
4 966.0 945.0 10.6 976.6
5 903.0 873.0 12.5 915.5
6 817.0 767.0 15.3 832.3

* Estimated value
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Table 4. Sectional heat balances during the heat transfer experiments.

Experimental variables Run 14 Run 18 Run 24 Units
Flow rate 420.1 304.29 507.13 NI/ min(STP)
Charging rate 0.4917 0.4829 0.5070 kg/min
Heat absorbed by solid{ @)
¢ -0.35m 1772 3240 702 W
0.35-0.70 m 1460 1196 764 W
0.70-1.05m 828 686 790 W
1.05-1.40m 880 491 689 W
1.40-1.75m 927 446 976 w
Heat given up by gas(Q,)
0 -0.35m 1967 3331 933 W
0.35-0.70 m 1539 1233 894 w
0.70-1.05m 906 717 880 W
1.05-1.40m 972 515 750 w
1.40-1.75m 971 457 1011 W
Measured heat loss( Qpos)
0 -0.35m 195 91 231 W
0.35-0.70 m 164 73 199 W
0.70-1.05m 133 56 167 W
1.05-1.40m 101 38 134 w
1.40-1.75m 70 20 102 W
Total heat loss 663 278 833 w
Percentage of heat loss 5.5 3.2 6.0 %
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Table 5. Heat transfer model and fundamental
equations.

Gas in plug flow

Solid temperature with
radial symmetry

-0-@-©-@-0-

OT,  ahy(Ty— Ty) +4U(T,— T,)/D

2 Gy (Cy+ TydC,/dT,)

9T, 1 © 5 9T,
oCg = r o (W e )

3. BERIRICL SMEEFRBOMR

RERE DRF T 5 — RICBFME T VIZLT 0K
TIZH EDWCEH L7,

(1)TABIURL y PEEX PN THS.

(2R TFHOBSHRERIEHTE S,

(3P FHOBREIWMBTE S,

(4 )R-FAORES A FELRNTH 5.

(5)BJBLREH AFHBADO AN SHEL 5.

R % Table 5 CR"T. BMEMBITICB VTR FR
BB EARE by, 3(5 )R TEHATEDLLIEL ¢ %
N X—F—E LCEIE L.

Nu=2.0+aPrl/3Rep1/2 ............................ (6)

e EHO (BT LRV) FRAREERKE L TRERE
FEH» S 2=2.0~0.35m ODEHHETEBELSHADY I a
L—vavitEs oo 7. ERMELEEED 7 4
F4 7, R TR T % ¢ (Root-mean-square-
error) 2> HAEMB # EH L@ « 2HE L 2.

6=[<1/N)£' (l_Tmlc/Tobs)Z]}/Z ................. (7)
EHF—-F L LTRIFRERLV y FOBEFRFNRICD
WTSBIU 34 HO0EF39 xR L .

. 5t H &£ 2

4-1 HEYIalL—as@R
FAELAEEHNE Fig. 8 I0RT. Zh60E»5
a D #EfEIX Runl4, 18,24 I2BWT, #hFh 0.30,
0.42, 0.44 X 2o 7. ZOMOFEKRELAEEED
H# % Fig. 9~11 ISR, WFhb—Hz2BRVwTk
W—HERLTWS., HEDO/-DICHREICIZEFED(8)
AL BEEREROR L. COREKRE b, 27K
ETELHOICME L FNIRESHERESRL-T
w5,

ENu=2.O+0.75Prl/3Repl/2 ......................... ( 8)
Fig. 12 (S &EERIC BT S b, &£ A5 Bi Ok
GHFE R L7z, REBR IR T ONTIEEED & BB

540

520

500

T (K)

4801

460

3501

To (K)

330

310

600

Te(K)

580r

560!
Q 0.2 04 06 08

Fig. 8. Error map in the plot of a versus outlet
gas temperature.

2.
- Tcnlc
* Tg
16+ "
121 1
£
N o8} .
By Shirai’s eq.
0.4} N
Heating zone °c°'
0 L 4 1 1 “*-
300 500 700 900 1100 1300
T (K)

Fig. 9. Comparison between observed and calcu-
lated temperature distributions for Run 14.

BEMOLEDHObT BioERzVTFRD 0.15 DITF

TCHEBIEHSIER Th Y, WFRE L PO 0REE

R rBETH - 7.



RABERE < B AR T RAERERAEE OWE 853

T T T T

2.0g
- T<:u|c 1
* T

° Ts
16

-—By Shirai's eq.

1.2

z {(m)

08

0.4 " N
Heating° °, 2Zone
O L L 1 ° ] _’A‘.
300 500 700 900 1100 1300
T(K)

Fig. 10. Comparison between observed and calcu-
lated temperature distributions for Run 18.

20—

16+

1.2

z(m)

04t

. -3
Heating zone o

]

o
I A4 1 o ]

0
300 500 700 SO0 1100 1300
T (K)

Fig. 11. Comparison between observed and calcu-
lated temperature distributions for Run 24.

4-2 MOXRALOHB

KIBRIZ BT BV L D HDOERR & OB ¥ Fig. 13
R LE. 2o b EBRIIEERE IR T HA
EBEREIN L DVDELDEFRLTVAS,
BB X PEREGOHED IS, ZERTHHEOEN

T EER

hp (W ni2K™)
20 30 40 50

20

z{m)

08

04¢F

Fig. 12. Longitudinal distribution of Bi and A,.
107

—

f—w Single particle]
F1:Ranz(1952) S:Ranz & Marshail ¢,
F2:Wakao(1978) (1952)

F3: Shirai (1956)

’T F4:Malling & Thodos(1365) -
_ F5 :(ng_t’:ét)achqryyc & Pei Fti >"
s 10 ! R4 Run24 4

-/ rd
- Wovngbed| . Fudzedbed £
Sissometal. ,f(Kunii& Levenspiel _

: (967 | -0 (1969) |

1 10 107 10’

Reo (=)

Fig. 13. Heat transfer coefficients reported up to
the date.

WKERRTHEELZONSL, /-, KB, KEE
B89 % Kunu-Levenspiet'® OR B RLTH S, BEE
2B LT id Sissom & Jackson'® o F— ¥ i & T
WADRTHAH., B—RTICH L CIREORTRE L
D3k 7 Ranz & Marsuant!? 12 & 2 (9 A5k
ENTWVT, 52, Raz® 3 ZoX+ BB OEE
HEE L (10)R %2R L. ZoORIEERB *FHET 50
HROBFEDRENZLZEEEDIETHD L LTRKDLNT:
AT, ZREIRKEVBESICRIOEEREEL 6~7/FICF
FALESESEHD ICL0IEHI TR,
Nu———2.0+0.6Pr1/3Re,,1/2 ............................ (9)
Nu=2.0+0.6Pr1/3(9><Rep)1/2 .................... (10)
ER2 KV A 2V BB T Nu $0h® 2 LU IS
¥ DL ICEME D, BROERT -5 EHERL
(1A TH—ICHHB L. wmL A 2 VX sEE (185



854 g L @ 76 M (1990) £ 6 F

< Re, <8500) i2xf ¥4 53X & L Tid Mame &
Tuovos®™ ® (12) XA dH 5. KBEH TORE L LT
BuattacHaryya & Pei?? ik 377K L F CHKRFEEK 1 0
A opF2MHALTO3)XeR/B L. ZoKITHE
FI/NS WA IRTAS, THRTF B OBZE RS OF
BiRELILLZDTHHELTWS,

Nu=‘—2.0+1.lPr1/3Rep°‘6 ............................ (11D)
JH=0.763Re,,0‘472/6 ................................... (12)
JH——‘O.OIS(AT/Reme)O‘ZS ............................ (13)

(4.2< Ar/Re,,,°<103)

AREBRFER G Fig. 13 1RLAN, MoBERBICB
LEBRID S 0.2~0.3 /N8 EEZRL, HERD
EBAOBBHIRECTH -2, T2, B—RT0(9)X
LD HRRNEETH 5 72,

) 5. % =

T BN ATHE—RTE2MEAT 58, BT Nk
R FRIECRAEZ & 1), BREBICW» I L0 Eik
EREAFETH-OLEVICEA L, L ALkBED
HEMCRERIPEL B0 52 0NT 5 2 &5
ERTWVWAY, ()R IhSNE*EBBETTEHL
7 NuBERLTWA, LT, TORICBITAIE
BHSF L DFEMICRRT A0, EREOX ) ICE
TR E BB L WA o DIEBFROME LTEZ B
EMAHEHE s T 52,

53, Ramacnanpran & 2% [ ERIEHF % Bl —iEH I
HMEE BCEREL, BRFIHFMICH R LR LImEL 7235
EOFAOHTOE b DRI NuBOSH 2 8 L
oo B E LT Re, WTHEBEY & - CETE L
#, Fig. 4 ITRT L) A B o TnDE, T4b
b, E2KFORAT Nu B3 VKT ORBT Nu Buclt

20 L T T
—_—
! =00
N
1 i
2 WO e
averaged
v N\ 2
2
Rep=200, Pr=0.7
O 1 i 1
0 90 180
(front) (rear)

© (degrees)

Fig. 14. Local Nusselt numbers for two spheres®*.

NERBHIDEL, BRELUTEY Nu B » 2 /s
WE & & o7z, C OMEENITSIERE O £ 9 ISR EREE AT
INEVIZETERT S, EBEOEERBPICB W TIIZERA
WNEL B DEBICEHES T HRFE Y O A DT OFEED L
ATH-0—FWICHBTE RV, ZOX)ICKER
POKF B —RFOEHEBEL R o TwbH 2 Ll
BCEDL. —F, BRTAICLLE—RTFOMAGHE
SIEHBC(I)RTHHTEL Z LR ST
%% 22T, BT ICHETAROBHITIERE D
WHTEDLIRETH LR % 5.
Nu=2.0+aPr'3(mX Re,,)l/z ...................... (14)
TIC, ¥ oa, mid EREEHTOQOX I DAEN T
ENTFRENSLEDT, n<0.6, 1<m=<9 & %5, L=F -
T, (M)RIZEB NuBid n, mDKEESIZXST,
AEBRBROL I, B—RF0(9)RICLS Nulik
NHHAELBNBELILERELTNS,

6 #B B8

ERENHREONFRBEB I BVT, AvF¥ A X
Vy beBEVALFEHELBGRILORL 5 3EEOEER
ST CHATMERY B %72, WHHO N ZRE,
RLy MREBIXUVHBBLAET -/ »0BEIBICBITA
BFRABRGERE L RO, EBRERL TS L
DTk e %o 7.

Nu=2.0+0.39Pr'?Re,'?

CORI DB NBIEBRBEAEROER, HES
NAHEIZS 5X0.2~0.38TH - 7.

AHFFE D — L AR AR R B & (B8A 61 4
BE—iEge (C) 61550490 3 X UM IERIRZE (A) 61750682)
KEoTiITbh7bDTHAZ 2R LTHELERT
%, ¥, REBOFETIZH-NTHHVELFWEER
FE (B oKz VAREH), AFIER (FiKE
B BUEMIERT), LR, TRE (& HICEILKEKR
2k DERICEHT 5.

! g
a: BAARREL 72 0 ORER (=6(1—¢)/d,8) (m°m™?)
A: KEHE (m?)
Ar: Td 2 72 (=d g0, 0)/ 1?) (—)
Bi: 4% (=hyd,/k) (—)
s HAE (Jkg7'K™H)
C,: RVl y FH# (Jkg7'K™Y)
d,: VB ERE : (m)
d,: RTEZE (m)
D: KinEE (m)
fo: WA EOTREEY (—)
foi by P OBERE (=1) (=)
G,: BEHE (kgm *s™ 1)



BIFX B EIE (2 35V 2 R F AR BRSO il E 855

h : BAR EARRE 2R R (Wm 2K ™Y)
h, : BLF AR BURERE (Wmn 2K™1)
AH : REFLC X 5 RB8HEE (=0) (Jm™2)
Ju: JAF (=Nu-Pr 3Re, ") (—)
ky: W ABYTER (Wm™1K™?)
kg: RV oy NEMEBLEE (Wm K1)
n: EEEHR (—)
N:7—%% (—)
Nu: %yt bk (=hd,/k)(—)
m: EEEH (—)
Pr: 75 b vk (=Cou/k)(—)
Qross  JFBED & DBIAL (Wm™2)
r: XUy AEFEJ A P (m)
Re, : KiFL 4 7 V¥ (=d,G/u)(—)
Re,, : BIEKTF L A /) VX8 (=Re,/(1—¢)) (—)
t: B (s)
T, : KRiRE (K)
Teure : STHIRE (K)
T,: A EE (K)
T; : BESHRERE (K)
Toss - I IREE (K)
T,: VL y MEE (K)
T,: XV vy PRERE (K)
U: 1FBED & ORBIERELAE (Wm 2K ™)
x: B (m)
z: BEEE S (m)
a: (6)X0fe%k (—)
o, : WARIE (=0)(—)
g HADBHE (=0) (—)
& BRENREOBEE (—)
0: AT 77 BIY<rEH (5.67032X1078)
- (Wm 2K™%)
A BENOBGEE (W 1K)
w5 (Pas)
0y : MAEE (kgm™3)
o,: Ly NEE (kgm™3)
$: XLy MEREEE (—)

X 13
1) PHEEEF, FHE— $E 8, 66 (1980), p. 1898
2) N. Wakao, K. KATo and N. FuruYa: Int. J. Heat Mass
Transfer, 12 (1969), p. 118

3) D. Kunit and M. Suzukr: Int. J. Heat Mass Transfer, 10
(1967), p. 845

4) D. N. GUNN and J. F. C. de Souza: Chem. Eng. Sci., 29
(1974), p. 1363

5) ik EE, £ OSF, W R84, 72 (1986),
p. 2048

6) EAREH, BAGILTER: Sk EM R, 35 (1974),
p. 147

7) BAEILTER, HERER, AHIER, GHEBE, SESH:
L4, 66 (1980), p. 1985

8) AARME—ER, BAGILER, BILAE: R KSR &H,
42 (1986), p. 91

9) KIr—7k: b B TE (LFETHBE®) (1987), p. 89

10) R. HiLPERT: Forsch. Gebiete Ingenieurw., 4 (1933),
p. 215

11) Thermophysical Properties of High Temperature Solid
Materials (1972), ed. by Y. S. TOULOUKIAN, p. 233
[ Thermophysical Properties Research Center, Purdue
University]

12) I BaRIN and O. KNAck: Thermochemical Properties of
Inorganic Substances (1973)[Springer- Verlag, Berlin]

13) B3 BE: ALFTH L AL, Vol. 1 (1956), p. 216
[fbseT#EH]

14) J. SzExeLY, J. W. Evans and H. Y. SoHN: Gas-Solid
Reactions (1976), p. 51 [Academic Press]

15) D. Kunii and O. LEVENSPIEL: Fluidization Engineering
(1969) [John Wiley]

16) L. E. SissoM and T. W. Jackson: J. Heat Transfer,
Trans. ASME (1967), p. 1

17) W. E. RANZ and W. R. MARSHALL: Chem. Eng. Progr., 48
(1952), p. 141, p- 173

18) W. E. RaNz: Chem. Eng. Progr., 48 (1952), p. 247

19) EFHKRE: BMROBFZ, 15 (1963), p. 1289

20) FHRLIE: {b¥ T2, 42 (1978), p. 414

21) G. F. MALLING and G. THopos: Int. J. Heat Mass
Transfer, 10 (1965), p. 489

22) D. BHATTACHARYYA and D. C. T. PEl: Chem. Eng. Sci.,
30 (1975), p. 293

23) AR HABMFESEE, 1 (1987), p. 118

24) R. S. RAMACHANDRAN, C. KLEINSTREUER and T. Y. WaNG:
Numerical Heat Transfer, 15A (1989), p. 471

125) BIRFR, KIIKE, WEHLTER, SARIE—ER:

e Totk =z, 2 (1989), p. 81




