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Fig. 1 Schematic diagram of bubble column under
high pressure
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Fig. 7 Longitudinal distribution of gas holdup
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Table 1 Experimental conditions and keys for

Figs. 14 to 16
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Key () (m) (K) (MPa) (@ly Lauid Method Authors
) 8 6 289- 30 0.05 CRO DP present

573 authors
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723
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373~ 30 0.05 CRO QM
573
6 673 30 0.05 DAO QM
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6
6

<4 <0 o e oe O

645 17.4 solvent

24 18.7 301 13- 0.17 CRO DP Mochida?
323 23.5

24 18.7 573 23.5 0.17 DAO DP

6.6 700- 13.6- 0.55 slurty RT Tarmy, et
722 17 al®
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722 17

1200 753 753 31 slurty Kiirten®V

DP; differntial pressure, QM; gas quenching,
RT; radioactive tracer
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Fig. 17 Arrhenius plots of rate constants for Tai-
heiyo coal with DAO and red mud/sulfur
catalyst
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Table 2 Experimental conditions for measure-
ments of the kinetics of Taiheiyo coal
hydrogenation using the preheater

RUN number RUN-1 RUN-2 RUN-3
Experimental conditions
Temperature* (K) 655 655 655
Pressure (MPa) 30 30 30
Recycle gas rate (Ncm?®/s) 6555 8361 11667
Slurry feed rate (g/s) 2.26 2.26 2.28
£q1 0.43 0.45 0.5
Gr1 353 341 308
Yield (wt%, d.a.f. base)
Gas 1.78 1.8 1.95
Water 1.45 1.82 2.33
TI** (=Ca) 76.4 77 78.6
TS*** 24.6 23 21.4
Total 104.2 103.60 104.3
H, consumption 3.66 3.59 3.42

(wt%, d.a.f. base)

* averaged values of temperature in the longitudinal
direction at the preheater

** Toluene insolubles

***Toluene solubles

ERERERIEBT AT ARV Ty FOEBREERIL 5
TEHRE LTz, 6B LU 6% Table 2 IZ7RT,

AW TIRIELR MG TH 5 TR O RICHENTIZ,
BB EER RSB TV EEA L, 2O
RFxATEREN S,

CA1: CAlO/{l—'—l{l,(eR/N)}N (11)
Caz= CAzo/{1+kz((7R/N)}N 12)
Ca = Car +Ca (13)

ZITCRERV,OTFREBIEEOR L 24KHE V,/N O
SEEEAEPETIC NHEEGEIATWwE O LRET
b EREL, &7, ARBCKIED X 52, KIGHE
EEHBO/NS WG, RICEITREGRECIE LA SKE
L7en®oN T, FHRARE S FAORESFE10ESL,

N=10& LTz, FEER = S HRIOFEERE I, WES A%
HfES L TR DTz F72, Cares Caso B AROEES LU
HIGESOEETHY, HH bV F—DB—ETH 5
EWVIREI Lz dS o TRFHERD T T OE%E B v
726

Car0=0.61, Cup=0.31 {14

Table 2 ¥ & Uf Table 3 120.1ton/day &1t 7 1 & A
DEBRGEM L WEIGE %, Table 4 I TFHEBOFES FA
DIRESH R RT . FEERE S AMORKIGHKERE (C,)
W ZOBRESAACEINT, 5 1 XD Egs(6), (9)—19
PIEXFEA L CIEEEAHE 2T, FESEHDO (N=10)
TOED Table 2 R L7-FEHELHED L —HT 3
ki ZRKD2, Fig. 17 CBZD LI LTKRDI k' &
BAREIGEHRTRD EER LT ANV F =2 5ROz k)’
b7y Uiz, £z, BRI IS WCHED {KRE
BOAHEBETH S, ChER5 Lk IZ kK ICHEATH
1HFRE <, KJIGEWEIRS Z Ed3bhn b, k, k'O

Table 3 Experimental conditions for the experi-
ments of coal liquefaction

RUN number RUN-4 RUN-5 RUN-6
Experimental conditions
Temperature* (K) 720 729 724
Pressure (MPa) 30 30 30
Recycle gas rate (Ncm?®/s) 5639 8611 11250
Slurry feed rate (g/s) 2.36 2.28 2.36
&5 0.38 0.46 0.52
&gz 0.11 0.16 0.2
Or1 368 332 284
Oro 1835 1799 1656
Yield (wt%, d.a.f. base)
Gas 6.69 6.48 6.09
Water 12.09 9.38 10.86
0il 35.31 44.97 38.08
Residue*** 47.46 40.14 42.14
Total 101.5 101 108.6
H, consumption 4.96 5.99 6.08

(wt9%, d.a.f. base)

* averaged values of temperature in the longitudinal
direction at the reactor

** IBP-811K

**+Jnreacted coal+ Toluene solubles (811K-)
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Table 4 Axial distribution of temperature at the

Table 5 Observed frequency factors and activa-
tion energies of Taiheiyo coal with DAO
and red mud/sulphur

preheator
Run No. Run-1 Run-2 Run-3 Run-4 Run-5 Run-6
Temperature
(K)

463 488 503 473 478 482
560 570 590 600 605 610
642 647 652 643 649 650
651 661 657 646 653 653
658 666 662 649 656 655
665 669 666 652 658 657
670 672 669 654 660 658
674 674 671 656 661 659
676 674 672 656 661 659
676 674 673 656 661 659
676 674 673 656 661 659

*dimensionless length from bottom of the preheator
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Fig. 18 Longitudinal distribution of temperature
and dimensionless concentration of un-
converted coal at the preheater
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Fig. 19 Effect of residence time of slurry on coal
conversion for Taiheiyo coal at the reactor
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Three-Phase Flow Characteristics in a Direct Coal
Liquefaction Reactor

Key Words: High pressure, Bubble column,Gas holdup, Jet, Simultaneous injection nozzle, Bubble
size, Bubble velocity, Coal liquefaction, Slurry reactor, Reaction rate constant, Coal
conversion

Kiyoshi Idogawa

Coal is thought to the most important energy resources to replace petroleum because accessible coal reserves
are greater than those of petroleum and their production districts are found all over the world. Furthermore,
using coal, with liquefaction technology is expected to produce oil to replace petroleum to maintain consistence
with the existing petroleum energy utilization system. In the process of coal liquefaction, a liquefaction reaction
including preheating is the main process. The slurry made by mixing coal particlrs and part of the coal liquids
after being preheated are fed into a liquefaction reactor through the reactor bottom together with pressurized
hydrogen gas. Hydrogen gas, in the form of bubbles ascends in the reactor under hith temperature and hith
pressure, and mixes the slurry. Therefore gas holdup governs the residence time or the mixing of the slurry, so
the gas holdup in a reactor is indispensable knowledge for designing a reactor and its operation. However. mainly
because of the difficulty in operating an experimental system and measurements under the high pressure and high
temperature conditions mentioned above, a very limited number of papers have been published so far on the flow
behavior in liquefaction reactors. In the present work, the flow characteristics of bubbles and the gas holdup were
measured using a cold model of a liquefaction reactor under a variety of operating conditions, the effect of pressure
on flow characteristics of bubbles was elucidated, and also a liquefaction experiment was conducted using a batch
reactor and a continuous reactor of a bench-scale liquefaction process, and by this means the effect of flow
characteristics on the liquefaction reaction were elucidated.
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BT, T, AW TIREIKA DRI % fEf -
U 72z A Bl OBLE R 23R E L, MR D wTRE
L7z,

2. BXBRMAOREE

Table 1 1%, # 7 4 KHFEERM»SRETIHERIK(T

Table 1 Chemical composition of coal ash

Components FAY (%) S? (%)
Sio, 47.07 48.07
Al,O, 30.01 26.12
Fe,0;, 4.87 7.92
CaO 4.50 7.92
MgO 1.37 1.60
K,0 0.79 0.63
Na,O 1.15 1.28
TiO, 1.45 1.30
C 5.25 4.02
S 0.16 0.07

1) fly ash, 2):slag
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Fig. 1 Production prosess of the
desulfurization absorbent

CO,
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CO,
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Fig. 2 Morphological structure of fly ash and SO:

absorbent
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Fig.3 Testing system for evalution of SO.

removal
1: Flow meter, 8: Cook,
2: Gas cylinder, 9: Thermocouple,
3; Steamer, 10: Moisture remover,
4: Gas mixer, 11: Gas sampling unit,
5: Manometer, 12: Analyzer of SO2, NO, CO2, and Oz,
6: Furnace, 13: Recoder,
7: Sample holder, 14: Scrubber

D(SO,) : Btk O H A D SO, 5 & (mg)
4, BRCEE

1) BtHgelc5 A 2 EF

BRI LT, YO L) ZEATFHEEL Twa e
PRET 5 L3, MRRIGERAT S5 2 CEER
EThDB, FDID, BFRMAOENER, HBREHEEE
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Fig. 4 Absortbent characteristic of SO; absorbent.
curing time: 10 hrs., curing temperature: 120°C,
absorption condition:

S§02: 900ppm, NO: 450ppm, CO2: 13%, O2: 10%,
H20: 10%, reaction temperature: 165°C

SO: absorbent
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Fig. 5 X-ray diffraction pattern of SO, absorbent
and spent SO.: absorbent.

O a-8i02, A:3A1203+2Si02, [1:CaCO3, @:CaSOs,
V:Ca(OH)2, A:CaeAl2(S04)3(OH)12 * 25H20 or
6Ca0 - Al20s * 3S0s * 31H20
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Fi

g.6 Correlation between curing time and SO:
removal efficiency for coal ash samples.
curing temperature: 120°C,
absorption condition:
SOz 900ppm, NO: 450ppm, CO2: 13%, O2: 6%,
H20: 10%, reaction temperature: 165°C
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Fig. 7 Correlation between curing temperature
and SO removal efficiency for different
coal ash samples.

curing time: 10 hrs.,

absorption condition:
S02: 900ppm, NO: 450ppm, CO2: 13%, O2: 6%,
H20: 10%, reaction temperature: 165°C

Table 2 Elution elements in water of coal ash

No Si Al Ca Mg K Na Fe o
) 100g coal ash/1 dm® water, (mg) P

1 68.2 11.6 132.0 5.6 11.3 77.5 — 9.8

2 13.0 2.0 76.3 0.2 2.2 12.6 0.2 8.7

3 22.9 55.4 637.9 12.1 20.6 31.0 23.0 13.3

1: Fly ash (Philippines), 2: Slag (Philippines),
3: Fly ash (Thailand)

$, BHHESENERIID 5,

HRKCH U CHKA 2 BRI T 5 ~35wt% (Ca0 #1
H) OHETEE R L EORMAINY T AEE SO,
=T O %% Fig. 8 1R LTz, CaO WIMES#720~30
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EHMEF L2 TH S I, o, Cal WhNE =%
T35 2 & T CaCO;DERERC Z EMNARETH %o

AR ISP OEERRE L SOREEROME % Fig. 9
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Bo Y, ERERESKE L, SFAET SO
EEPEAEETT, LHL, 2000CEL T ClkBiAKEE T
KT B MALOFEST T TH Y, Kxhic220°CEAET
FAFII O OH ¥ X S A DS R & b 72 5 YUED
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Fig. 10 1213, Bif#AIORE %0.5~5.0mm % T5 k&
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Fig. 8 Correlation between CaO content and SO.
removal efficiency for different coal ash
samples.

curing temperature: 120°C, curing time: 10 hrs.,
absorption condition:
SO2: 900ppm, NO: 450ppm, CO2: 13%, Oz 6%,
H20: 10%, reaction temperature: 165°C
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Fig. 9 Correlation between SO. removal efficiency
and drying temperature, surface area.

curing temperature:
A, A:80°C, O, @: 120°C,

curing time: 10hrs,

absorption condition:
SOz 900ppm, NO: 450ppm, CO2: 13%, O2: 6%,
H20: 10%, reaction temperature: 165°C
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Fig. 10 Correlation between SO. removal effi-
ciency and absorbent particle size.
curing temperature:
A, A:80C, O, @: 120C,
curing time: 10hrs,
drying temperature:
A, A:150C, O, @: 200C,
absorption condition:
SOz: 900ppm, NO: 450ppm, CO2: 13%, Oz 6%,
H20: 10%, reaction temperature: 165°C
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Fig. 11 Correlation between SO, concentration
and absorption rate.
curing temperature: 120°C, curing time: 10hrs.,
absorption condition:
S02: 900ppm, NO: 450ppm, CO2: 13%, O2: 6%,
H20: 10%, reaction temperature: 165°C
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Fig. 12 Correlation between SO. removal effi-
ciency and reaction temperature of flue
gas.

curing temperature: A: 80°C, O: 120°C,

curing time: 10hrs,

absorption condition:
S02: 900ppm, NO: 450ppm, CO2: 13%, O2: 6%,
H20: 10%
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Fig. 13 Correlation between SO0, removal effi-
ciency and reaction time for gas
composion.

curing temperature: 120°C, curing time: 10hrs,
absorption condition:
S02: 900ppm, NO: 450ppm, COz: 13%, O2: 6%,
H20: 10%, reaction temperature: 165°C
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Highly Active Absorbent for SOz Removal Produced from Coal Ash

Key Words: Coal ash, Limestone, Carbonic acid gas, Hot water curing, Desulfurization absorbent

Katsutoshi Yamada, Shohei Takeda, Takashi Tsurue, Yoshio Noda and Kozo Ishizaki

Coal ash and limestone were used as raw materials for preparation of highly active absorbent for SO, removal.
The effects of varying the operating parameters such as curing temperature, curing time drying temperature and
lime (CaO) content of the absorbent were investigated using a testing system for evalution of SO, removal.

The SO, and NO absorption characteristies, the morphological structure and x-ray diffraction pattarn of the
SO, absorbents were determined. The composition and temperature of the simulated mixed gas used in the testing
system for evalution of SO, removal were varied in order to determine their effects on SO, removal efficiency.
Among the coal ashes, fly ash exhibited the highest SO, removal efficiency. The SO, removal efficiency is closely
dependent on the basic condition during the preparation process of the absorbent. The SO, absorption activity
increases with increased reaction temperature until it reaches a maximam 120°C for fly ash with a curing time of
10 hours. From experiment, the rate of absorption of SO, from the flue gas (SO, concentration: 150 to 900 ppm)
is 0.93. The produced absorbent exhibited high efficiency not only for SO, removal at temperatures ranging from
100 to 165°C of the gas mixture. In the spent absorbent, some new peaks of x-ray diffraction pattarn were formed
at d(Cu-Ka) =5.60, 4.055 and 2.56. These peaks indicate the presence of ettringite, [CasAl, (SO,) s (OH) ,,+25H,0
or 6Ca0+Al,0,°350,+31H,0] while the peaks at d(Cu-Ka)=3.50, 2.86, 2.33, 2.20 and 1.868 indicate the
presence of CaS0O,.
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Fig. 1 Schematic diagram of the experimental apparatus
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D=10.1mm, WELl.0mm) 2§ E L, HADBEX
M (£K2.5m) & TNERET (£K8.0mm, L/D=
800) #& 1z, ERED S EFRFHETAT ) — 2 MET 5
T E—F Wiy —AMEEE = 7 o A8 (ERE
$0.58mm) & v TESBEC W H & T, Sy
F7 74 MEOR—Z MRE X > N 8L CEE, %
FHE T, £ —F — DS K R (B X 40mm) THE W,
BRICIIRREIR2KkW ORMER 2Bz, HEK
HOBELELZY, BRI L 2BHRRIN % FEo7
MCPCM A 2 V) — DRETFENRE T, 3NN TH#
FCER LBV, ZD7e®, TIEOTRBENSAERD 2
LT ORETHEZT o7, BhARICE —5 —
ZEL, FEANCEBEAREREE X Lz, Ldio T,
INEARR 1 ARBRES it U C ERIRRI 10408 (& KR

800mm) SN TWwb, —EREDRAT ) -2 —EHRET
TRED & R 7AREE THIEA X 2 BRI 2 & EREER L
7zo INBXEZ@BL 72 X 5 ) — 3 FHEl o FEhnEa X
ERCREKRH BRI LABREARTSE (NE 4100
mm, REX110mm) KHALEE SIS, HIEAX R
D T E 2 BEFB/NIHE B Sz 5 K0 T BE
BN THEE NS REOFEHELEHTRD L, BER
BORAT ) —HANREROLTHRCHML TRI TS
D, IR T 8 ~108Th 5, T I IMEX
MOEREZ AL L TEES KL BPEREBICEL
TR AEBRADOZEAEBN OB EREH +0.1K/30sec LL
W (BRENEORAKREZ. 2K DUF) WWRE LI REE
THAMS NIz, LI h o T, ABNCERE LA T ) —
DB L X 5 TMEOBEREEZERN S W EEZ 6N
%o PLEDHFET & o THEIS 7 & B [ b i
TO TofES3fiERD 1z, EHERE AT 5 T B
Bt (FAFE0.5mm, JIS0.48%) &R O Fkz
gL, AR SE CEMBIC0EFRT Twb, B
FHAALE O T &K BTG T O E O FH51E %
iz, 2 TORERID 55 CdADKES & S
THRIELBICED T onTwb, 72, EHREEE
TETE LR ARL N EHNEERE S
SUS304D BB R 2 EEL CHETKRD2e AT Y —
RNOREEIEE T 2720, HBRE W IREENEE S
T 272D OEEFL ($1.0mm) SRR (B REIFE800
mm) KON TW5B,

2.2 HEME

KERTH S 12 BT 2 B RROHERE 1D w
TAGEK E |V iz FRET 21T - 72, TRBIE 8L %5
L TRD I EEBIREUZ Blausius T +3.6% LA T
—H LTz, &7, BEEEL v —5 —EhifE»r o5t
NBE—3 DREBRE L AKEKRIZEZ SWBE L DY
B BT L, MBIy 2B, NEBTIIES
NRHHERE S THEZEOKA S MCPCM 2 5V —D#
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— Nuxc=0.0087 Rebx 0979
(derived from Eq.(3),(4))
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Corrected local Nusselt number, Nuxc
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Fig. 2 Local Nusselt numbers of tap water correct-
ed for radial and axial viscosity changes

versus local Reynolds numbers

d

Fig. 3 Microscopic picture of MCPCM slurry (a
305K) ‘

ZALERRT &8 B NED S, EEED S OB q, TR E
e h, TOw, EFERAAB I UCHRNAROHREDY)
MEEZELASER T & 721>, Choi & (Choi and Cho, 1995)
FERIRO A & ZIIBMEN THE L ERO /AR £
VN Nu 20T, Fifks LTkzRHWE EqB)DE
B r@lE L Twa,

Nty =0.00425Ren " Pry ** (swx/ 770x) ~ (3)
EQEDBFL A4 2 VK8 Repss 75 > bV Prog B
L OB 4 I3 RIE CORESTFERE Tk L UER
BEE R T IS L72ETH %, Fig. 2 IFHIE S -8
EEEE hEAWT EQ)TRD 5N B EIEX 2V MK
Nu, * RenfHIZ LT 7uy b LR TH 5,

6 0.4
N =B G /mon [-] )

Nuy 3 EEFEORBREEZE B X RN AGRD 7T
¥ M NVBOBELDFEERRWTEIELETH S, %72,
BT Q IINEGhER 2 EE L IR ETH 2
BB H D OBANETH %, AEKROYM:
B SCHkE (JSME Data Book, 1986) % Fiv>"C Nug %
R T-EER, HIE X BRI h 1 E £ 15% DN T
Eq.3c—8 L7z,

. Table 1 Physical properties of MCPCM particle
and MCPCM slurry {solid/liquid PCM)
Water MCP‘CIM M?PCM
(300K) particle slurry
e A/ (E=15 vol96)
Mass density 997 1,000 998
[(kg-m~2] 936 988
Specific heat 4,180 1,754 3,824
’ [Jekg'-K™] 2,014 3,854
Thermal conductivity 0.610 0.310 0.566
[Wem™-K!] 0.144 0.534
Latent heat .= 167 21.8
[kJkg™]

Table 2 Equations of physical properties

Mass density

— PmeCme +pDCmecm + PiCt

» ‘ e 100
Thermal conductivity
2k +k,+2¢(k,—
of MCPCM slurry ky=k; 21' _I_ITP _ZqS((I <p_1k;)
(Maxwell, 1954) ke ko = g (kp — ks
Thermal conductivity 1 1 d.—d
_ ! D pem

of MCPCM particle
(Goel et al.,, 1994)

Specific heat

Kody  Kpemdpem  Kmedpdem

—_ CpemCPpem + Cme CPme
100
\ (100 ~—Cpem — Cme)Cpf

Cps

T

100

Table 3 Apparent viscosity of MCPCM slurry (at

283 K)

Particles concentration Apparent viscosity
______________ Flvol%) | oz lmPassl
0 1.30
7.0 1.73
12.0 2.52
15.0 3.38

2 « 3 MCPCM X5 1) —O¥iklE

Fig. 3 {2 BRI fivs 72 MCPCM R 7V — D BEMEHE T
H%EZRT, PCM & UTHIEISY D n-A4 7 57 4 > (RS
Tn=300.9K, @@'AE 1=223.1k]J/kg (SEHIfHE) ) & v,
h P VEEM RN X 7 3 VRE R vz (Yamagi-
shi et al., 1996), MCPCM D8 IZ IS % v T
2, IR FEE dp=6.3um (R FREHIFI2~10um, KE
0.1xm BT, #HIEEREOXR FEE0.35) ORHIK T
FA T ) —hTCRIEFRSEERRL, WEN TR TS
WECZHBMLUEHENTHZ EFZ 55, Table 11
MCPCM B X UR T Y —DEE, H#, BREFEB LV
BEEE T D5, WAEBRREEERETPHWVTE
BL-ETHY, ffEAT Y —ORERAEOVIERE
SCERE(The Soc. Thermophysical Properties, 1994;
Inaba et al., 1995) %\ Table 2 IR THN OFT
RKDOTWB, AT Y —HORFHFERE F I3, PCM #3E
FREEDOR FHEE B L R a N/ AT V) — OEEAE
SIEEL, EBRIXF = 7~15v0ol.% DHiFH TiT- 72,

A5 ) —HE IR FAEBRES LA ) —REICK
EKAELI-{EE e B, Table 3 i3l —EE [Hlimk;
HEHOWTHE LM TIREF EAZ Y —0R» TR
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Fig. 4 Experimental rheograms of MCPCM slurry
for the different particles concentrations.
Solid line illustrates the rheogram for
Newtonian fluid.
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Fig. 5 Friction factor-Reynolds number chart for
MCPCM slurry (F=15 vol.%, T,=283K)

. DBRZRT  MTFREOHRIZIF>TAT Y —0
ROHEE LR T2, NTEESHENELS, K7
SEREN RIF MM TOR 7 ) —Fh Tk, X5
U —HEEE L BRE BN DR R e iREAR (B % 213
i) & OBRKZ ED= 2 — b AL FRICE Y B
WISTHTRERIGE N E {, OB RE LR > TR
HOFRREESPIH S N2 ERDCH 2 Z EBMESHT
w3 (Audeetal, 1971), Fig.4 1325 Y —D+ AW
By LR AW » DBMR 2 LI HRTH 2, FIF
RE F=15vol. %A TDO AT V) —iZ, r Oz DT
y ERIRICIER T % = = — b U HifA L U T OR51E
HERLT, Fig. 5 1& MCPCM A 2 U — (F=15v0l.%)
ERE ST TROLEEBREf v A VA Re D
BIfRTdH 5, %0 8, Re i Table 3 D Rb i kEE 5, % FH
WTEHLTWS, 27 U —DEFREEE Re=250081 F
B WTEE L TR, BEERE 13 Blausius R0
EIZR =B LT, Lzhdo> T, EBIC vz MCPCM
A7V —FZa— MR E LTORD T MSERETH
BLEZ N5, Fig. 6 IZKEE 7B LAY —Ha

_. 40 T T T T T T T T
@ MCPCM slurry (15 vol.%) .
g Relative viscosity 730 =
Eaol e .
B — S
& 2
> ‘D
o0k 20 8
8 2
2 ot >
z Tap water 1
§10r 5
© 1.0 @&
§_. } (JSME Data Book, 1986) ‘——l
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Temperature [K]

Fig. 6 Effect of temperature on apparent viscosity

of 15 vol.% MCPCM slurry and relative

viscosity
313 . r r

g o Ts Q=50kW,F=12vol% ](@)

X —— Tocal U=125m/sec ..o

g - ~0- Tb (Tap water) g8

£ 303t T
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o 7000 e ) ]
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o=z (Rebx = 7360~8650)
2= 5000 1
]
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L
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Fig. 7 (a) Measured bulk temperature T, and cal-
culated bulk temperature T.., profiles of
12.0 vol.% MCPCM slurry. (b) Heat transfer
coefficients hy, hy.., comparison.

IREEE 7o & EEREEE e (= /7)) OBEREMZRT,
PCM DR AT TRAEZEALIC £ 5 B AR L O34
T pfECEFTOZA (93 %) BED-NEH, R
7V K LR L iEAEREE S L, pERIEE—E
BEERLUF.

BRENTR T EBRER L OHEICAWESEEERE S
S UBRERROERBEOE T, A7) —WEED
REZEEEAL CTERT 57012, KOBYLRME K,
BLUKRKE »DREZEL, B X OE—-WELE(LIcfES
PCM OMEEZED AR FEE LI, LichS>T, X7
VRl DB TIER L TRD 2 E 22 AW
TCom=n & LCTEHELTWS, 25 Y —DFEHFHE G
BEUVHERE m IREEELENIL, PCM MEFERHE
RETORAT ) —FEERACTHE L, BFFVA VR
E Reps = pox 0D/ 70 E EE L 720

3. RRBERBLIUER

Fig. 7(a) I INEAGABRER & M — s Tl 2 GEk s &
U'MCPCM 27 ) — (KFIEE F=12vol.%) DRAF
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Table 4 Calculated bulk temperature Tu... equa-
tions and length of each region in Fig.
7(a)

(Region 1:0=X<L,))

~ Q X
Toear(x)=Ts+ li'ICpb L (5)
L= PCTa=Tu) o
(Region II: L, =X<L,+L,)
Tbcal(X) = Tm (7)
L,  mCoeml
s et ®
(Region III: L, +L,<X)
_ | Q x— (L, +L,)
Tbcal(x) - Tm T rthcmA. L (9)
L,=L—(L,+L,) {10

PR Ty %2R $ . MCPCM R 5 1) —® T B IZRBRESA
O s BE L, BUEMEE B CIREREERIN O 22
THHEHEERL T 2, RN R T FHEAE Toe 3, B
DOEMEE, 1 ~II2 DWW T Table 4 D% (Milligan et
al., 1994; Choi et al., 1994) ZHWTEIEINETH
%o EHEME Ty X8 % O MCPCM DEEE B L& OREhFEH
BlS T, CHREFICITON 256, T8bbEEICB T
WEEIAS 72 <, BRI R R BLEE AR T 95 &
RELTEONLMETH 5, Mk TFTH 5ELD
MCPCM DFHZALSE T I E T 2R HER & &%
ZoNnblew, ThafEl TEO RAMEMIZR—EL
Twd, 1211, SEREOBERDE CIXERE L 5HE
X ORI ENE U ZNIZBESRHIE TOZ2EM
SRREORE L Vi3 L 2 EBORF ORI &S T
PO EMEENE B X R THN PCM F OBEEME D ZE
& o TREM EDRE TH 2BEORHEIBHETDH 5
Z & (Yoshida, 1990), %7z, BEEIZB W TEGE GA
BEIES K) B’@D o3 ZENFERTHZ EFEZON
b, BERAEDAT ) —REENKE LD, FHE]
TRER LT ORE SRS T OB T b EEELER
EREMEMEERS, LIdoT, GLREAS NS
MCPCM O @l fiR, THEEFE DS HRRE I 2 581213 Tl
Toea (OEWEZRT EEZ 6N 588, BEHID I DICH
BEENC AR S BRI 2 <, Told Tocar & D EWETH
EENDEEZOND, Z DAL, Goel 5 (Goel et al.,
1994) DIMETHIMWMEI N TV 5,

Fig. 7(b) 3B A DBRERK TH 5. BlITREND
BRI he ZEBED & DERIE q L BEERE Tux
BLUEHHEE T bx2HWTEW)TRD &t
ETH5,

m:ﬁz%?;~ 10
BIRD £ 80, EQUIHF O Ty 3 IREEH R 5 R
SFEBNTHEESI N 29, EBICITENR T\ ORIEAL
B L0 TR~ (E TOREMETH S, MCPCM

A7) —EHOIEROBS, A7V —PEREIEME
DOLREFBALE CHREIL CEBRRNTRAS LSO
RERIN iz MCPCM @ iR h D 522 C BRI HS HEAT
TLIEWEZONDE, 2D, TodBld TulE & FAL
& DO EFE THE S 2 EORAFHIEE L v {E»E
BT ZENTEEN, hfEEEELVENETKD 5
NAEMZH D L HEINS,

MCPCM A Z ) —® hfl 1& ToxB & U Tocarf 25 il
I DI DN THEARL, Toan BRI EIZEL 2
i (x/D=223) L CHRAMEZ R L7z, Thik, A7
U —RE D R HE o TEELEE TRl RN % Bl
T 2% MCPCM R FDEHH% < 2D, ZOffEicsn
TA TV —DE I CpenRK E R DI EF
Zohb, Thbb, BERNOEE CERIFRED
KT 2RNERICRZTDTHSL, ZOMELYT
T, HELNET LR T OEEEEE AT 5 /2
DI Cpe iZWA L, BMRERBITER L T 5, FRO
hyea fEE ToeafEICXET 5 MCPCM R 7V — D&k
EE2HAWTEQRC Lo THESAIETHY, HEL
BREDR ORI TFAT ) —CHET A TH 5, he & hyea
B LTS, ATV —Hoek FORMER (x/D>
500) 12 IZFHZ LB DR 720 72 DT hy b hyeat 12T
WEZR U2, BLE» s, HEGERRORZEC X 23U
FERBOBEARMEM I hy & hyea DI B W THETDH
D, HZL2HELBRWATIV—DHHELEEL T
MCPCM DOHHZE(LER DO FE W & 2 REEERHE
DoNLEREE ST, H—WHETTN S AKEKE DL
BT, RFRACHD RAEMEDMARDHIZ, HE
{b% b 2 WA I BMEEREOMEL B 5, Lo L,
MR CREEEESIR I & > TA TV —DOERER
PSR DTN T D,

Fig.8 13, BAANQ 2 ETFT 3 ¥R TH %, Fig.
8(a)icRT LBV, EED O DRGNS ERFA
DA T ) —REEINES WS TIEEGSEIOZE /NS

Bulk temperature
To [K]

F = 12 vol.%, U = 1.25 m/sec " (b)
= oog [ = 7860~8650 (Q=5.0kW,

Heat transfer coefficient

3000 L L L
0 200 400 600 800

Distance from the inlet of test section (x/D) [-]

Fig. 8 (a)Measured bulk temperature T, profiles of
12.0 vol.% MCPCM slurry for the same flow
rates. Heating rates were 2.2, 3.4, 5.0kW.
(b} Heat transfer coefficients hy



L E TR FERTIRET2E  (1999)

8000 IS F 7 oval %] j
——F=12.0vol.%
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) U = 1,54 m/sec
oo e (Rem = 9311 ~11020)
§x 6000 v B 1
S o O--mn 7 U= 1.35 m/sec ' O ~0
5 E 5000} (Rees = 11094~12962) 0~~~
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< = g (Rew=5294~6329)
ST 4000 LN
BL i
T
3000 =0, 7
s [a=somw]
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Distance from the inlet of test section (x/D) [-]
@ AN during phase change (Region II)
Fig. 9 Heat transfer coefficients h, of 7.0(O), 12.0
(A}, 15.0(0) vol.% slurries for the different
Reynolds numbers Re,.

8000
F =12 vol.% (Rebx = 9311~11020)
7000 (G = 1.54 mysec) ]
I=
2.
o= 4
£ 6000
o,
)
3 E 5000 1
2z (Rebx = 9325~12535)
-
+5 & 4000 ]
@
T v v
3000F £ - 15 vol.% (Rebx = 5294 ~6329)
[ (T = 1.25 m/sec) (Revx = 5167 ~8075)
1 1 1
0 200 400 600 800

__ Distance from the inlet of test section (x /D) [-]
C® Q=5.0kW, A A Q=8.8kW
Fig. 10 Heat transfer coefficients h, of 12.0, 15.0
vol.% slurries with the heating rates of
5.0, 8.8kW.
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O Melted particles
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Fig. 11 Schematic diagram of the postulated tur-
bulent exchange and MCPCM slurry melt-
ing process.
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YRR L, MHEICHEOCBREREEA T 2 KENE
R DFERIWRENT VS,

Fig. 9 i3k FIEE F=12.0vol.% D A 7 U —DF 5
HazZELSE, V4 VA Re® F=7.0, 15.0
volL.YG DR ATV — L [FFRE L /2 FCEMmER R
1% B U 7oA T 5 o IR LTz Rew B 13 5ABRER

AOBLIUVHEOTCOETH 3,48, BASI(Q=5.0kW)
BLUOREBRLAOTORZ Y —BE (T,=297K) iXH—
& UJzo %72, Fig. 7(a) T LS8R L e in 3 % FHE1 L
BHOHIEELEEYD TR LUK, RenEMNIZIZR—D%H
ETRRFEET bbb PCM EBENEWIE SHELE
BOEEPKE L, hEOMAEMEIKREL 25, —H,
ATV —DFHTEGWMET T 2 & hJEOEKZE(LH
MNEl s, ThiE, RenfBEDETEHES>TAT Y —H
NOFLAIHMER T 2R E LT, BEARMHZDEFD
W o ERETFEC AT 2R FEEDMER T 2 720 2E
BIEERESIIZ 55 e BFEREEZ NS, F=
15.0vol.% D& 1E PCM BENR b EWws, iR F
V— X DKEERFE WD I CENFARE T D Re,f8iX
&L B E>ThfEDHAELBZZNIZEKRE
S REBRVERER>TWS, %B, @RTFOHEEE
CEERBOMMSED 5D DR, A7) —RED
ERICHEVEESET L, Ren E0EiNT 2420 TH
5, BlED X >z, HERICHES EREESROEAR W
FEIOENOBE KT T 5 Z LR E T,

Fig. 100 3B AT Q 2 RE LB EDRERTH %,
QEDOI K-> T hEDHEAZEIZ/NE S Bo T
%, IR, Fig11 WRT EBVEMODBE LBV TE
BETBE WA L 2B OBE EAREA TN QE
OEIMZ > THAL, Eq2)TRE N 2 ELK L L
Cper; COMBEALHTERDBEZA THPERT /R L L
T CpesfBEWET T2 ENERTH 3 LR TE 2.
BROFEED Colvin & (Colvin et al., 1992) DEBFHiFEER
THHEENR T3,

&

FZEAL RS MCPCM R 7 1) —OELI VG R %
EERHNCRE L /2o ELIR OB E B T MCPCM O
RO E & 2 IEZRBOER T 2b b REE
ERIRDFEL S Nz RTFBEOBEIMIFENA T Y —0D

BAZIEAL, BRVEECHS T 2B E
BAREL RS, LhL, ATV —HEOMIMICHENTEA
DEAMER L, WO FLED» S ERELLECHRAL
THEMTZ2AZ ) —BEBMMET T2, 20Dk, ATV —
MEDRE SN DB A T ADBHE, Bk 7
ErmED 5 EMEEMEERSIR OBRIITENS S 720,
27z, BAAD Q O¥ERIZHE-> TRBVEERI RS 2 51
B, EEEHESEE R 2B IZHEMBFEH 72D
DIHEE DRI E > TREVEESR DG S L 2
B FRTE D GREENR YIS CED LD
WHEOKE RHHE(WE % A % 7% £ O MCPCM A
) —EROMELREFICAT Y —2HWEY AT A
BU 2 ERE R CORELNEERE LR S,



v A 70l TeNGEEE A Z ) — OREH R EEE R

[ B AWSRIGEES TEEME - 2 — Y vy
A VEEO—BRE L THIZANF — « EEFITRESHER
¥tE (NEDO) »o@ErA:NF -ty —2EBUTE
FEENFEMLI- D TH Y, BAREMICEHRL 27,

%72, MCPCM Rz L TWHZE Y S Fus s
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Nomenclature

¢ =concentration Lwt.%]
Cp =specific heat [J-kg™]
Cper: =effective specific heat of MCPCM slurry in

Eq.(2) [Jokg™']
D =internal diameter of tube [m]
d, - =MCPCM particles mean diameter [m]
F  =volume concentration of particles [vol.%]
f =friction factor [—]
L =total length of test section or length of each

region in Fig. 7(a) [m]
h  =heat transfer coefficient [Wem~2-K™]
hy =value defined in Eq.(l]) [Wem~2-K™1]
hyea: =calculated value with Eq.(3) [Wem2-K~]
k  =thermal conductivity [(Wem K]
m =mass flow rate [kges™]
Nu =Nusselt number (=hD/k) [—]
Nuye =corrected local Nusselt number in Eq.4) [—]
Pr =Prantle number (=Cpz/k) [—]
Q =heat input (W]
qw =wall heat flux [Wem~2]
Re =Reynolds number (=piD/7) [—]
T, =measured local bulk temperature (K]

Tyear =calculated value with Eq.s in Table 4 K]
Tn =melting point of phase change material [K]

@  =average velocity [mes™']
x  =axial distance from the inlet of testsection
[m]
vy  =shear rate [s7]
A T =temperature difference in Eq.(2) K]
¢  =fraction of MCPCMs undergoing phase chan-
gein Eq.(2) [—]
»  =viscosity [Pa-s]
7.~ —apparent viscosity of MCPCM slurry [Pa-s]
7 =relative viscosity [—]
A =heat of fusion" [J-kg™]
p  =mass density [kgem™2]
7z  =shear stress [Pa]
¢  =volume fraction of particles [—]
<Subscripts>

1,2,3=region I, II, Il in Fig. 7(a), respectively

b =value at bulk temperature

f =working fluid (water)

i =inlet of test section

me =wall material of MCPCM

) =particle (core material and wall)

pcm =phase change material core
w =value at inner wall temperature of tube
X =local
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Forced Convection Heat Transfer with
Microencapsulated Phase-Change-Material Slurries:
Turbulent Flow in a Circular Tube

Key Words: microcapsule, phase change material, slurry, heat transfer, turbulent

YASUSHI YAMAGISHI', TOMOHISA SUGENO?!, HIROMI TAKEUCHI?,
and ALEXANDER T, PYATENKO?

'Daido Hoxan Inc., Chitose, Japan, 066
2Hokkaido National Industrial Research Institute, Sappovo 062

An experimental study using a slurry of micro-encapsulated phase change material (MCPCM) in water is
conducted in order to investigate the increase in convection heat transfer coefficients of slurry flows as well as the
increase in thermal capacity of a slurry by using the latent heat from a solid-liquid phase change material (PCM).
Experiments were done for turbulent, hydrodynamically fully developed flows in a circular tube with constant wall
heat flux. Local convective heat transfer coefficients were measured along the heating test section in order to
study the effects of the melting phenomena inside MCPCMs. Experimental data are presented for various particle
concentrations, slurry flow rates, and heating rates. Results show that an increase in the local convective heat
transfer coefficient is found when the MCPCMs melted. Enhancement of heat transfer due to phase change is
affected to varying degrees by Reynolds numbers of slurry flows, the fraction of PCM which is solid phase and
heating rates. This paper provides and presents an explanation on the physical mechanism of the convective heat
transfer enhancement due to the phase change of MCPCMs and a set of data available for the adjustments of
system operating conditions for optimum heat transfer performance.
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