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Mechanism of Heat Transfer in Packed Beds Having Fused

and Unfused Layers

Takashi SUGIYAMA, Jun-ichiro YAGI, and Yasuo OMORI

Synopsis:

Model experiments at low temperature were carried out for the simultaneous gas flow and heat trans-
fer in the packed beds which have the double structure of fused and unfused layers providing different
resistances to gas flow in order to elucidate the mechanism of heat transfer in the fused zone in the

blast furnace.

Temperature changes were observed at various positions in the bed with unfused layer of spherical
alumina and fused layer which was made of polystyrene particles.

In the case of the low degree of fusion, the fused layer is considered to be heated up principally by
heat exchange between gas and solid, because the preheated gas can flow through the fused layer. On
the other hand, for the high degree of fusion, temperature decreases from the boundary between fused

and unfused layers to the core of the fused layer.
transfer from the alumina layer to the fused layer.

This temperature gradient allows conductive heat

The experimental results show good agreement with the values predicted from the mathematical
model which has been developed in the previous paper.
Furthermore, the effective thermal conductivity of the fused layer was measured with various degree

of fusion.
fusion.
matical model.
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Results obtained was expressed by an empirical equation with respect to the degree of
The equation was used for the prediction of temperature changes in the bed by the mathe-
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Fig. 1. Experimental apparatus for the measurements of temperature
and pressure in packed beds.
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Fig. 2. Equipment for the preparation of the fused
polystyrene layer.
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Table 1. Principal experimental variables for the measurement of
temperature and pressure.

Run No. 1|2]3l4‘5]617
Measurement Temperature
Inlet gas flow rate

{ L/sec) 8.88117.76 {17.76 |17.76 |17.76 |17.76 |17.76

Material

Polystyrene S%?Jér

Fused | yoid fraction € {0.25

0.32 {0.25 {019 {016 | O 0.38

layer
Degree of fusion %}0.22

0221040 |049 | 1.0 | O

cm
Particle diameter dpl 0.36

0.36 |0.36 |0.36 |0.36 | - |0.39

Alumina layer

dp=102cm ,

€=0.237

—_ 15 —



344 g% & W

m 65 4 (1979) %3 =

DZEMETHS. Table ] WEBREMZTRT.

4. X B & R

Fig. 3~9 w4 DL CEBRATIROIEE DHAL
B TOREE(ER L.

ABFAOAREEDEE LOSKHE T, oF&ExHE
35 b I BRI A 1 AR E2SFTE O EIC 2 L7k
Mot cEXRIALL, BESIAON ARECEDE

ey RS PN AN YL NS Y

Tee WIVRH Tr XAV CERTHTED L.
41 BMEROEE

RIS AlZE LCuiows 9 =0 o ERFHOEAE
TOREELOEREL Fig.3 wr L. FEFHD
EDNMBEIZ BT HRBEOREZELELRLTE Y, BRE
FIAWCRESTIIZ E A ETINT Edibnd. FiEEN
DE XFEC T B EME COREELY Fig. 4 xR
L7z, BRETE O TEH2 b B [ CRENIEA EF L
TWBZ Edbhnb. =0 OBEITRERICR LcEHR
HEPDLHL?D XOCEEBA D I F¥ALTRRTE
D, BEBEGIHENE B —RRECL>TWS.
Zhiest LT 9 =0.49 0BA&ORIERE ic ks 5 B
JiE ¥ X OGN B0 5 BALE COEE L OHEIER
% Fig. 5, 6 R L ERF A -FaER L 7 v
I FRBOBRSMEI R, BERBINEL LD
TPOL D ERB LTS, FOFRERIMD &P A
HOTRERBEABLIDOWT S, (Fig. 5) FioF
JHF B TIIREIE B O PR L b R oFrERe
e TR Y, BUIEERBOWES 13T TRl BT b
LAM~BETHZ E2RLTW%. Fig. 3~6 NEE
ZAL BRI R = 7 0 BB DB R OWRE O &
R —F UL TnB, Lo CHBEITOEREL L0
CHDLDORBRT — 2 b T 3 L, BESEA TV
W ITBIER N b L v AR, H A - RITHEO

1.0 o i
~~ E
f Intet /7
~ gas temp.,
-~ 1,
Y 7
[ S
1 ’
@ / X
£ o5 ! —
: I, i ]
— ’
= ',’ o r=0mm {0090
] ’ a r=9
2 /L e r=17 +.. °
= / 000 O
- Y x  Boundary 1%
v L
o N L 1 ! L .
0 1 2 3

trte (=)
Fig. 3. Temperature changes at various positions
in the radial direction in polystyrene layer
without fusion.
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Fig. 4. Temperature changes at various positions
in the axial direction in polystyrene layer
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Fig. 6. Temperature changes at various positions
in the axial direction fused polystyrene
layer at »=0.49.
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Fig. 7. Effect of the degree of fusion on temper-
ature change in fused layer.
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Fig. 8. Effect of the material composing fused
layer on the temperature change at 5 =0.
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Fig. 9. Effect of flow rate on the temperature
change in fused layer.

DEVI L BFEBEbIT, MNTFHREROERC & %
MBDBRNBKECZ EERLTHSB. Linl, ~va
ERCIAE LIeiB R ED 2 X\ HEETH B 1DfE L
TeRBHE ORI T X Iehvote, ¥ BRI S AN E
DBEWMIL TV D 0IHE T F i X 2284 R b
E L.
43 AOHIFREDOEE

Fig. 9 2s B A 0 7 AMBEAEINT 512 Uie 230 TRt
JE~DEEGEREIIHEIM LT3 & &% 5.

5. HXEFLCEKBYIab—2 gy

AREBRD X 5T DRI D 2B LI BT
B 77 AR % BRI BT 5 WER B R ck
THZLAEETHD, M TIRNIBY, Fh iz
BaZR LR EF A% TTY I alb—y g vET
Wy B OBAMEE IR 2 S L E L bh 5.

|
|
_®‘__'
|

. N @eoopo | -
- ® e
—— 4 S/ 0-000=m—0n, —1 @
S | L
Gas

Fig, 10. Temperature distributions for the gas flow
rate of 8.9 1/s at the steady state.

— 17 —



346 # & M

% 65 4 (1979) %53 =

W C RO R RT bih, B, FARE, E
HREET % 400 2 ORMS TER T BRI L
T PEB AR L. & 2 T 7 VSRR L5285k
SR ER T CHER L, B O EER - ERER
DI E TR Dk,

5.1 FEREBCBITIZRENHELEROREBEGREY

FFHERETF MG TR T EYHEER X OEEER
ENNBE LI BN, FO—DTh5EREDORIEEERR
DExEOED X I LTED .

M U ERERE BT, EFREens LBR
MRS ECESEELIMNIIE A CE—RBERC D, B
EEO L TN FER TOLREIRSCPET TS5 &b
Motz ERLCBESHO—FI% Fig. 10 RT.

= OBESAR D HREE B AR Ll i Lichs 2T
B DRIBEREE he & RD. TOHER L&
hy 13 (2) RTEDLIIS.

RG, 7@mu< G,
G-+T-_)dr
< 2 ) Tein \ & “faT,) ¢

hy=— (2)

L
l[o(T{—ngdz

EEEOEHEIILE ISR 4 B0 h HREC LS
HEED 5 BIEORLOBEERE T LU, IMEEEZR
Tom & LT, ThbOMEERE>T (2) REBER
oL, hw ZRDI. j(:@/{ﬁi:;% hy & 1LT 1.794%x10-4
cal/cm?*s° C & H 1.

5.2 BEBOHEVWRGEROUE

Vet \em Lin WIRIRIE i 81T 5 B A EMRE R O JIE
W TIE 304 < OBFFR B 510 ~19 . Kunil & Swmi-
THID (322 0.26~0.476 OFEEBI 2\ THEIE
EEREZET AT O R RERB LTS, o
CLSMIBE DB T B AR & LT EREBR 1
LMAEELY B LR AESEER L TR, EHE
2% 0.26 X b/hx & oot B A AT o e NRLF 23

2z Fused particles

Unfused
tayer

(01000100]0)
olelelelele)e

|
n

O
@
@)
O
=0
- O
e
AN

Fig. 11. Schematic model of heat transfer in the
fused layer.

ADTREERARE L O\ 5. Flosok, EHPIIEAME
DEBBEE L EE LT B0, HELTEHT 555 10E
WL BF—F—E LT5.

Fig. 11 2RhEEREHOERRS Y KA Rb LI
LoTH DA, AEEEOBEMEIORERT LB T
B KA L HRER (), @ MEBHREELSER
MER (ks), @ =— 7A@ L MEE L OBERECR
HIEE (ko) ZEBTHLERDS. FTHORKLT
BEEEERBESIIEE C I o CEME AR TL L
THY, BHEEER ks (ZAERgC I DOTRELYE
BIhb.

Lo LEEEB S & b7k 5 fEoZbicE B Licht
BT & A E TR

F & TRGEBOBEBFEERIT I I THZER 7 DF)
R& BRI X o TkedTe.

5.2.1 JHIEEE

s 8 OB R BR BRI E & O R X 0T
HZE Uiz, ERRSVEHIME 4 ORISR i X8 limass
50 x 50mm T XA 50mm oI E RY AF vV
Bk (3.6mmg) HFAT2L D, ZOREOEIITE 20
mm & LI RE SV, EIRBEE R oL E T
DRI EMNTE D X 5 L. EHERE & L CliE
H\E UCE X2 100mm D§y 7w » 7 Z8E LA &
Rkt BENIL L 2L 2. EBFEx Fig. 12 @R
T Xy AR R CEERR LT ey 2 BE
H, FTEesAMoKASE, Eific 200W Ov—RA e —
A BHDALIEBD 7 v 7 BRI, BT EEE &
ARTATEENETAIF - )V r—F - 753 —T

Heater (200W)

507 — Cu plate
Ly pate
: 095908 I/i/ Castable refractries
® i Alumino silicate fiber
3(, |~—< Pb block
(=) P w T
I //4 i
L /,/A |7 Thermocouples
R N t~.: é IA' ..‘ ..
2 = P
B
A [ ey Y
i ~~__Water cooler
i t
Water

Fig. 12. Experimental apparatus for the measure-
ment of effective thermal conductivity of
fused layer.

— 18 —

<« -

A -

s



i

Ls

N

MERIBRBICR Y 55 g E 347

Wi Lz, DWW TEMEMBLTEHEBH T Lic &
D, 1RTEDET S » 7 A%ED. 2~3h BREE T
EFREBICE L TSR A DO EEYBE R ORE
DA HIE L.

5.2.2 JERR

BB OBMRERE by, BEREOBBEER
ks L, ThETho My T HESh - RENR S
AT/ A sta, AT/A) juse &5 E ko ZEEEITH D
2B (Pp Tik 0.0823cal/cm - s- °C), ks 11(3)Ri
IoTkRDdDBNS.

ks=key(AT/Al)staf (AT/AL) fuse +++eveee+-(3)

b LAIEED DO BYREN I BA G R—SE b OB
3 2k UCTERC I Ui udis bicuwas, 8
BEXERD DT FhCnie. BB &Rs
DEGAR T ER L IBREHERA» DHETRETH D
2, ZZTCREHEOLDEMRIEUY L. Z0kdictd
UCHRBRERB/INTHD EHEIRS.

AV RAF Vv VvRERBOBL ORIER K LCRIE L
BRECEROME ks HHMWE (1=1.0) OBEER

kp TEKTALL Fig. 13 @R L. %S Uk 1RER

BHRTHB kp=1.16x10-3 cal/cm-5-°C i\ 7.
ks/kp txyp OHIME & S BEERBMERL, 5%
BHEGEMT 5 &, ARBMER IS (4)RTED
INs.
ks/kp=0.2839240.5129 40,205 wveveeerenee (4)

Z DFERD DRELE Lic WRIRE OB EEERIL 4
CEE LIEEDIRIE 1/5 Ofid R LIz ¥7-AF v L
AEER (SUS304) 2 bhsFEBEFA—HE» S D
7wy 72ER L CRBEOBIEEIT O/ h 1/5 0
B AN L.

o 1.0
£
- L
@
£ ~
s
!
O ~
2
T a
& x
hod —
T a 05
x
1]
v
22
S = O Polystyrene
‘w D e Stainless steel
€3 3 (SuS 304)
o
£ ¢ 0 o el . L . . N
a S 0 05 10

Degree of fusion 7 (-)

Fig. 13. Relationship between effective thermal
conductivity of fused layer and degree
of fusion.

5-3 BAEIEXEFNICEBZHEEORE

BB D LB X oC JIE I h s BEEORERESRNK
hy B X OBEFTIRBOA/BEEE bk & AT KN
ET MO LR I NI E S OBREE & T DEREY
HB Lz, 7eBEFAd, 73 +BofiaEEse
Kuni and Smrrald DREHNCEHE LT3,
KUMEL FTEMOEBIT 1 =0.4 DBAK FIT 5F
HBE R VAL COEERE ORRIZ bic oW TH b
iz, FERO 1B% Fig. 14(a)~(c)imim L.

FTRERE L7V B EDOER (2) BT iksh
FEIEAEREHDTEI—~FK LTS, D871
IFREFRE (b)) KB CIRETHEBEDOFAE DI
HHV OB TILEEFROREARNAE L, BA
R DUEOHLTHOT I Lo CRENTE D 29
T ERRIMEC B 2 WO REHE R ER TS & ovis
DE—=H LB EBELLRD. FRERALE(c)
IR B RO O R M U % S R O AR — s
REDFRHEEEX bR BD, B RTEEREF LI
LHREEREEMEE BB~ ER LTS & ¥
Wr S HERE T OZBUIPRIES -t EL bR,

100

:J (a)

©

3

B .

= —

e 55530

o Qoopo

= cobo
L:
3000

3
v
2
g
@
Q.
&€
g
ot R . . . .
0 1600 2000 3000
100
— - (c)
&£
o A8
3
B s0 °°4L$Lr——
g 3 Cal. ocdo
g {;os o
b= 00p O
ot :
0 10G0 2000 3000
Time {sec)

Fig. 14. Comparison of observed and computed
temperature changes at 7=0.40, (a)
at the boundary between fused and
unfused layers, (b) in the alumina layer,
(c¢) in the fused layer.

— 19 —



348 G : M w654 (1979) w32

e Tyin: RIEBAO T A ORE (°C)
6. ¥ = Toout : EIRBIL O F A DIRE (°C)
U s v Tpe: A0 4 A FIFE L °C)
%F@M%E%{%&%wvwﬁm T DRI T e o I c)
RN ATIEBLREL, OFERBMET A Y T, : SR (°c)
il LR O REE S B+ 2 BlEERAY T2, £ Z : mEAmomEE (cm)
DIERREE L NET BEBD 2 5 = X a & LTEMER g0t A L TV I W O 2 B ()
i A - EREOREROBRNTR THH L i*f:f’f PEmHE E:i

B B i T o e 7R X o

¥ oEhERE O BYBRER ks 10B JIETREER

RREROTHMARR k¥ LETRAEK Yy O 1) I oF, W M ks, 61 (1975), p. 301

BHRIIBHERR T OXF ORI TEPLINE Z LA
oDz,
ky/ky=0.283721+0.5125-+0.205
¥ o, FPHEEEREF AKX BEHEMEE OERT
VB —B R B, - ORI O E T D
FLThBHZ EERLTS.

AFROETED I, KBRBOHEIEE L Tl
WICHIL R SRS BB EATR REERER LT
CEEEMEE, BERELHRE, #BEE B o Hll
KEBTHM FHHE B#EEBLH DEE L ET.

) 5
(cal/g-°C)
(g/ cm?-s)

Cg: ¥ ADHE

Go: ERBAR N AOEEEE

huy © %G BED RIGEEARE (cal/cm?-s-°C)

ke = [EHEHH O BMEEE (cal/cm-s-°C)

kp:p=1.0 iT k17 5B RUR O BUZ TR
(cal/cm-s-°C)

ks : M7ETB O FXHBRER (cal/cm-s-°C)

L:EEROES (cm)
r o1 5 A PEEE (cm)
R : FEROEE (cm)
t : BRERE (s)
te: AR K ARESTFREME (75°C) 2 FF 5k

(s)
Tom ¢ SLERIREE °C)
Ty : TRBN Y ARE (°C)

2)
3)

4)
5)
6)
7)
8)
9)
10)
11)
12)

13)
14)

15)

16)

_ 90 —

S OSF, W BE: gk, 61 (1975), p. 787
A. K. Laairt and V. Sesmapri: JISI, 207
(1969), p. 293

V. Stanex and J. Szekery: Can. J. Chem.
Eng., 51 (1973), p. 22

J. Rapestrock and R. JesHar: Chem. Ing.
Tech., 43 ((1971), p. 355

J. Rapestock and R. JesHar: Chem. Ing.
Tech., 43 (1971), p. 1304

J. Yact and J. Szekery: Trans. ISIJ, 17
(1977), p. 569, p. 576
TIEEESE, FHHE—:
S 432

FRFE—, TTHHESE, FHE—: 2R M %
No. 1428 (1977)

ALK R SR SRR K P e R, 32 (1976), p. 32
D. Kunu and J. M. Swmita: AIChEJ, 6
(1960), p. 71

EA %%, EFFERE: LI, 18 (1954), p.
576

Ai o eI, 21 (1957), p. 472
ML, BEER: LT, 24 (1960), p.
12

R 3R, FIEmK, BAERE, BLUEH:
T2, 35 (1971), p. 1354

il &, AKIE—ES, KHEF: ghefl, 64
(1978), p. 1676.

gk, 63 (1977),

&

Ey




