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The Development of Coal Liquefaction Technology
and Its Related Research Activities
in the Government Industrial Development Laboratory, Hokkaido

Ryoichi YOSHIDA

SYNOPSIS : Overviewing a world-wide trend in the development of coal liquefaction
technology to utilize coal as liquid, the following is observed. In the U.S. the oper-
ational research of a 250t/d pilot plant of the EDS process, a 200t/d pilot plant of the
H-Coal process, and 50t/d and 30t/d pilot plants of the SRC 1/II processes have been
completed. The construction of a database based on operaticnal studies of these pilot
plants is proceeding. The liquefaction technology will be able in the future to move
easily to a commercial stage as occasion demands. Furthermore, from the point of
view to improve these existing liquefaction processes, a two stage liquefaction process
is being studied at a 6t/d plant in Alabama, and a co-processing process is being
studied using bench-scale units. In West Germany the operational research of a 200t/
d pilot plant has also finishied, and the pilot plant is now used to hydrocrack petroleum
resid as a preliminary study to investigate co-processing. In the United Kingdom a 2.
5t/d plant is at the stage of shake-down operation, and in the USSR a 5t/d brown coal
liquefaction plant is being operated.

On the other hand, in Japan as part of the Sunshine project a 50t/d pilot plant of
the Brown Coal Liquefaction Process is being operated at Morwell, Victoria in
Australia. Regarding the Bituminous Coal Liquefaction Process, a 150t/d pilot plant
is being designed based on the NEDO Liquefaction Process. As part of a support
study of the Bituminous Coal Liquefaction Process, a 1t/d PSU plant is being operated.
In the Government Industrial Development Laboratory, Hokkaido, the following
subjects are carrying out to support the development of liquefaction technology in
Japan ;

1) Relationship between chemical structure of coal and its reactivity for liquefaction

2) Elucidation of coal liquefaction mechanisms

3) Development of catalysts for liquefaction

4) Secondary treatment of coal-derived liquids

5) Separation and recovery of valuable speciality chemicals

6) Studies on liquefaction and co-processing by using batch autoclaves and a 0.1t/d

bech-scale unit
7) Studies on chemical engineering data related to the liquefaction reactor
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Table 1l Analysis of Point of Ayr coal

Proximate(%)

Moisture 4,
Ash 11.
Fixed carbon 49.
Volatile matter 31.

el WO

Ultimate(%, dmmf)

(Organic)
1

Macerals (%)
Vitrinite 61

Exinite

Fine macrinite

Massive macrinite

Fusinite 1
Coal shale

auZoma
Nomo o

WVWOoOh~TUn

Table 2 LSE process yields”

Extraction
Filter cake 18.6
Heterogases 5.4
Cy gas 8.0
cg - 58070 4.1
Hydrocracking
Heterogases 5.2
C gas 9.1
~ 5800 26.1
230 -~ 450°C 20.3
> 450°C 9.4
Overall vields
Filter cake 18.6
Heterogases 10.6
C gas 17.1
~ 540% 30.2
2§o - 450°C 20.3
> 450°C 9.4
Total yields 106.2
H, consumption 6.2

* wt%, dmmf coal basis

Table 3 Anlysis of coal solution and product distillates

Extraction Hydrocracker
Coal solution distillate distillate
Dlstlllatlon(%i
- 250°C 3.0 62 56
230 - "3505¢ 39.6 39 41
> 350°C 57.2 0.2 2

Elemental

H (%) 8.2 11.0 11.8

N (ppm) 4000 1000 600

S (ppm) 2000 2200 30
H distribution (%)

Aromatic 27

a-position 22

Naphthenic 15

p~position 26

r-position 9
Saturates (%) 13.2
Alkanes (%) 2,2
Preasphaltene (%) 9.2
Asphaltene (%) 10.9

EENT L —~HEHBN3wt %IEKkHFRLTRE
PHDboThHY, C-250°C Bas5ewt %, 250
-350°C B dlwt % &% - TH 0, 350°C LLED
Bri3smeEERL kv, BizZnsBHmaKkE
EHEBIIN 8wt RICLEL, —HFERTFER
600ppm, FHZH & I330ppm L2 7% <, BWHTE
HMEEDGNI EbLP L,

Table 412, EERBEFHDSIEE R L 72, FHnIC

1E L 72 1EIRE R o ih s i 12 558 280-5500C T d

0, ZOHEENCIFI.5wt %D KFEFHERE17.0wt
B DEARILAFRE 5 (86wt %5y 702877 4
V) HEENTWDE, TRA77LT LU L
TAT77NTriEmETENTwZa v, BFHO®
Wiz, 24 E T2, 0008 OEERB TIITREE
b —E BT TE L 2 L DTRES LT
B



ERART O ZOBNETRE L 2R, V¢
DODREEZELD66-68% T 5 2 & A8 L »
2% 77,

2:3 EEEHomEity
LSE 7' 0+ 2T, 1ERIEF O A T
TOARDIEEL LU FoBEo MR, Fiz

Table 4 Analysis of recycle solvent

Dlstlllatlon (%)

- 250°C 2.4
2§o - 350°C 53.6
> 350°C 43.9
Elemental
H (%) 9.5
N  (ppm) 600
S (ppm) 70

42 Sl N H distribution (%)
BN L BGRHNFICKRE CRET L) Aroretie 19
b, FOEROERZHE? 72 20%zE | %2 o-position 25

. Naphthenic 18
EEIZRTRTH B, —HERER RS L B-position 26
. P . r-position 12

TR, KRICTEORIGEEE GRS

. . . Saturates (%) 17.2

v MREIZX - TikE 5, CRE T4, REfNE Alkanes (%) 2.4

. N N . NP e Preasphalt % 0.4
WOEERER S Eia e A5 BT I T TIEER Asphaitene g%g 10
Table 5 Product yields of LSE process
under various reaction conditions
Run 1 2 3 4 5 6 7 8
Temp. (°C) 425 425 410 425 450 425 425 425
Press. (bar) 210 210 210 210 210 210 210 210
Rel.feed rate 1 1 1 1 1 1 0.5 0.5
Cat. cce  ccs cc8 cc8 ccs CC20 CC20 CC26
Pitch conc.(%) 7 30 37 32 37 35 36 30
Yield($% dmmf coal)
Hetercgas 11 11 11 11 12 11 11 11
Cc,-C, gas 12 11 10 13 22 10 12 17
Light dist. 37 34 34 39 42 26 32 42
(IBP-250°C)
Solvent 1 11 3 3 0 11 7 18
(250-475°C)
Pitch(475°C+) 27 20 29 21 12 30 26 0
Filter cake 17 18 18 19 18 16 17 18
Hydrogen 5.0 5.2 4.7 5.4 6.0 4.4 5.0 5.9
H content of 11.6 12.0 11.8 12.0 11.6 10.4 10.7 11.§
light dist. (%)
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Table 6 Conditions of operation for ITSL systems

Process Wilsonville Lummus LSE

Thermal stage

Temp. (°C) 440 449 410

Press.(psi.Ha) 2460 2000 220(N3)

Coal space rate 44 210 -

(lb/h.ft )
Solvent/coal. 1.8/1 1.8/1 2/1
450°C+ content 50-60 30-40 40-50
{(Solvent ) (wtd)

Resi. time(min) 15 2.5 60

Catalytic stage

Reactor No. 1 3 1

Reactor type Ebulated Ebulated Trickle

Catalyst type Ni/Mo/Al.,0 Ni/Mo/Al,O AKZO 153

Temp. (°C) 3sd 09 400/425

Press. (psi) -1 2600 2700 3000

Space vel.(h ™) 1.01 0.8 0.5

450°C+ content 63 55 50-60

(Feed) (wt%)

ITSL system

Scale(t/d) 2,5 0.25 0.01

Solid separation Critical Anti-solvent Filtra-
solvent deashing tion

deashing




Table 7 Yield

comparisons for ITSL systems

Process Wilsonville Lummus LSE
Thermal stage

Heterogas S 5 8
Cl—C gas 5 2 5
ct “460°c 9 4 9
2?0—454°C 15 6 2
454°C+ 13 21 6
Solid 7 8 9
Total 58 46 39
Feed to cat. stage 44 57 61
Catalytic staqge

Heterogas 6 10 7
Cy-C, gas 2 5 2
cl-"%60°c 7 23 14
280-454°C 23 21 26
454°C+ 8 0 13
Total 46 59 68
454°C+ conversion 36 57 42
Overall

Heterogas 15 15 15
Cl—C gas 7 7 7
cl “460°c 16 27 23
220—454°C 38 27 28
454°C+ 21 21 25
Solid 7 8 9
H, consumption 5.1 5.2 §.0
H%drogen utilization

efficiency 10.6 10.4 8.5

(C5—454°C/H2 consump . )

Table 8 Preasphaltene content in hydro-
cracker feedstocks and products

Process Wilsonville Lurumus LSE
feedstock

Preasphaltene(wt%) 19 35 16

H-aromaticity(%) 34 45 ND

Solid conc. (wt$) 0.1 5-8 1.5
Product

Preasphaltene(wt$) 13 22 2

H-aromaticity(%) 22 37 17
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Table 9 Test conditions of Kohlesl PDU
liquefaction plant

RANGE TYPICAL
OF EXPERIENCE ~ OF PROCESS
PRESSURE MPa 15 ... 40 30
TEMPERATURE ‘C 410 ... 485 475
REACTOR VOLUME Hr b
SPECIF.COAL FEED RATE  kg/ltrhr 0.35..12 0.5
SOLVENT/COAL RATIO ka'kg 14 14

SOLVENT TYPE Distlilate Recycle QIf

CATALYST Varlous Tasted Red Mud

FEED COAL
Volatlle Matter, % d.a.f.

Varlous Tested
235 .55

Ruhr Bltuminous
36...39
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Fig. 6 Kohledl process with integrated
gross and net oil refining (IGORY)
(1) Coal slurry preparation, (2)
Reactor, (3) Hot separator, (4, 5)
Intermediate and cold strippers, (6)
Vacuum flash unit, (7, 8) Fixed-bed
catalytic reactors
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Fig. 7 Hydrogenation results from PDU
test runs with various refining
modes

slurry feed rate, 1.33kg/l, hr; Pre-
ssure, 30 MPa
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Development of Coal Liguefaction Processes
in England and West Germany

Tadashi YOSHIDA

Synopsis

The collaborative work for the development of coal liquefaction processes were
undertaken with Coal Research Establishment (CRE) of British Coal Corporation,
England and Bergbau-Forschung GmbH (BF), West Germany under the EC-Japan
Joint Research Program for EC Researchers. The present report describes the outline
and test results of coal liquefaction processes which have been developed in CRE and
BF.

The CRE Liquid Solvent Extraction (LSE) process, which is a thermal extraction
~hydrocracking two stage process, aims at the production of transportation fuels from
British bituminous coals. The process consists of thermal extraction without hydro-
gen gas followed by a fixed-bed hydrocracker. The process performance was tested
under various reaction conditions and the control of recycle solvent quality was found
to be very important for the successful operation of the process. Furthermore, the
process performance of LSE was found to be comparable to those of Wilsonville and
Lummus two-stage liquefaction processes in the United States.

The BF Kohleol process is essentially based on IG process, but is more advant-
ageous in terms of the use of flash evaporator for solid separation, reduced hydrogen
pressure from 700 to 300 bar, pressure gasification of organic residue to make hydro-
gen, etc. The Integrated Gross Qil Refining (IGOR*) process, which is a modified
Kohlesl process, is characterized by two fixed-bed hydrorefining reactor placed after
hot and intermediate separators, respectively. The C4* oil yield was increased from
55 to 61% on daf coal base and the content of heteroatoms in product oil was
significantly reduced by this modification. Furthermore, the IGOR* mode was scaled
up to 200T/d pilot plant and the process performance of IGOR* was found to be
superior to those of SRC II, EDS and H-Coal processes.
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THE DEVELOPMENT OF COAL GASIFICATION TECHNOLOGY AND
RESEARCH ACTIVITIES OF GOVERNMENT INDUSTRIAL
DEVELOPMENT LABORATORY, HOKKAIDO (GIDLH)

Kunihiro KITANO

The object of development of coal gasification technology is to provide the
alternative energy resources and industrial materials. In Japan, pilot scale gasifiers,
such as IGC and HYCOL, are under construction. One of the key subjects of there
developments is to establish the system to process various coals. Consequently, it is
important to study the properties of various coals.

In this review, knowledges which have been obtained at GIDLH in regard to coal
pyrolysis, char reactivity and ash fusion characteristic are described.



NITRIC OXIDE EMISSION FROM FLUIDIZED BED AND
CIRCULATING FLUIDIZED BED COAL COMBUSTORS*

Toshimasa HIRaMA and Tadatoshi CHIBA**

ABSTRACT

Systematic measurements were made on the nitric oxide (NQOx) emission levels
from different types of experimental fluidized bed coal combustors; three bubbling
bed combustors (FBC) and a circulating bed combustor (CFBC). Among the FBC
types, the lowest emission level was observed in the case of a dual-bed mode with
staging air supply. The emission level from the CFBC combustion was as low as that
from the dual-bed combustion when silica sand particles were used as a circulating
solid. However, a remarkably higher emission level was observed when fresh lime-
stone particles were employed. This difference in the emission levels dependent on
the circulating solid could qualitatively be explained by the reaction model previously
proposed by the authors.

INTRODUCTION

Current bubbling fluidiued bed coal combustion technology has exhibited a high capability
for NOx emission control, and the mechanism of NOy emission has extensively been investigat-
ed from various aspects [1]. As a bubbling fluidized bed combustion (FBC) system, there have
been two different types of combustors, one being a single-bed type and another a dual-bed
type. The latter type, the Function-Allotted Dual FBC, was proposed by the authors and has
been proven to have an excellent function for achieving combustion with high efficiency and
less emission of pollutants [2,3].

On the other hand, the circulating fluidized bed combustion (CFBC) has become popular in
many countries due to its relevance for high flexibility to fuel, high combustion efficiency, and
high limestone utilization compared to FBC [4,5]. Nonetheless, compared with the bubbling
fluidized bed combustion, little information has been reported so far concerning NOy emission
and its mechanism.

In the present paper, a result of comparison is described among NOy emission levels from
three different types of FBCs and a CFBC. Furthermore, differences in the mechanisms of
NOy formation and reduction in the CFBC is discussed on the basis of our previous studies on
the bubbling fluidized bed combustion, and a simple explanation is provided for NOy emission
from the latter.

* This paper was presented at the Korea-Japan Symposium on Fluidization, on 6th August, 1987, and printed

in “Fluidization '87, -Korea and Japan-", ed. by W.H. Park and S.D. Kim, Pang Han Publishing Company,
p. 270 (1987)

**Coal Research Institute, Hokkaido University
Kita-ku, Sapporo 060, Japan



EXPERIMENTAL

Schematic diagrams of presently employed experimental combustors are shown in Figs. 1
and 2. The bubbling fluidized bed combustor (Fig. 1) has a 0.25m square cross-section and is
sectioned into a lower and an upper bed by a stainless steel plate with 25 caps, which both gas
and particles are allowed to pass. The air distributor for the lower bed is a conical perforated
plate. Coal was pneumatically fed into the lower bed through a screw feeder. The secondary
air, when used, was injected into the freeboard of the lower bed at a height 2.0m above the
perforated plate distributor. Some experiments were carried out without the upper cap-type

flue gas

.

fine ash
10mm i.d.

: [3.5mm /

waterl|:
:/i/’ﬂo O

-
secondary

LT

(

primary air

Fig. 1 Diagramatic scheme of bubbling fluidized bed combustor
(FBC)
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Fig. 2 Schematic diagram of circulating fluidized bed com-
bustor (CFBC)

TABLE 1. Results of analyses of Coals Used

Taiheiyo m-Taiheiyc Datong

Proximate {(wt%)

Moisture 5.3 5.3 5.6
Ash 1l4.6 32.9 7.1
Volatile 43.7 39.0 31.0
Fixed Carbon 36.4 22.8 56.3
Ultimate (wt%)
c 62.3 46.7 71.1
H 4.9 3.9 3.9
O 11.7 10.4 10.7
N 0.7 0.7 0.9
S 0.3 0.1 0.7
High Heating Value
(x10% kJ/kg-coal} 2.63 2.05 2.86




distributor, i.e. in a single-bed mode. Therefore, with the apparatus, three different modes of
combustion could be tested; 1) a single bed without the secondary air injection (single-bed
single-stage combustion), 2) a single bed with the secondary air injection (single-bed two-stage
combustion), and 3) two beds in series with the secondary air injection (dual-bed two-stage
combustion).

The experimental circulating fluidized bed combustor (Fig. 2) consists of a riser, a down-
comer, a N-shaped pneumatic valve and three cyclones. The inner diameter and the height of
the riser are 0.07 and 5.0m, respectively. The downcomer has an inner diameter of 0.127m and
a height of 2.0m. The solid particles separated in the primary and secondary cyclones were
recycled to the downcomer, and were fluidized at a velocity slightly higher than the incipient
fluidization velocity to feed the circulating solid particles smoothly into the riser without
agglomeration.

Three kinds of coals were employed in the present experiment. They were middling
Taiheiyo coal (m-Taiheiyo), Taiheiyo coal and Datong coal. The results of proximate and
ultimate analyses of them are listed in Tablel. As coal samples in the FBC experiments,
under 5mm m-Taiheiyo and Datong coals were used, while, in the CFBC experiments, Taiheiyo
coal and Datong coals were used after sizing under 2mm. Silica sand particles with the mean
size of 0.7mm and the incipient gas fluidization velocity of 0.45m/s were used as a bed material
(BM) of the FBC. In addition, as a circulating solid (CS) in the CFBC, silica sand particles of
0.19mm in diameter and limestone particles of 0.4mm were used to examine their catalytic
effects on NOy emission. The content of calcium oxide in the limestone was about 54%.

The ranges of operating variables in the present experiments are summarized in Table 2.
Since the solid circulation rate could not be measured directly during the CEFBC experiments,
its range in the table was estimated from a separate experiment using a transparent cold model
equipment. The air feed rate to the downcomer ranged from 5 to 10% of the total air feed
rate. The total pressure drop through the riser, AP:, was 100 to 500mm Aq. The analysis of
NOy concentration was continuously conducted using a non-diffusion type infrared analyzer.
Gas chromatography was employed for intermittent analysis of CO, CO,, CH,, O,, H,, and N,
and a detecting tube method was adopted for NH; analysis.

TABLE 2. Range of Experimental Variables

Bubbling FBC Circulating FBC

Bed Temperature, °c 850 800, 850

superficial Gas Velocity, m/s 0.9 to 2.1 6 to 10

Bed Height, m lower: 0.5 -
upperx: 0.3

Coal Feed Rate, kg/h 11 to 14 3 to 5

Estimated Solid Circulation
Rate, kg m 25”1 - 50 to 120




RESULTS AND DISCUSSION
NOyx Emission from Bubbling FBC

Fig. 3 shows NOy emission levels in the single-bed combustion of m-Taiheiyo and Datong
coals. The emission level for Datong coal was much lower than that for Taiheiyo coal. This
difference in the emission levels can be attributed to the difference in the concentrations of NQOy
reducing agents, such as the unburnt char particles and carbon monoxide within the combustor.
In practice, the combustion efficiency for Datong coal was 80 to 85%, which was much lower
than the value of 999% for Taiheiyo coal.

The results for the two-stage combustion in the single-bed and dual-bed are shown in Fig.
4. In all cases, NOy emission levels are effectively suppressed by the air staging. It is also
clear from the figure that the dual-bed cambustion shows capability of NOy reduction to an
extent greater than the single-bed combustion. This is due to NOyx reduction by fine char
particles captured in the upper-bed materials, as has been reported by the authors [6] [

r—a 400_1/ T T T 'B‘ T T T
i , & FBC
8 FBC, single-stage o two-stage combustion at 850C
> combustion at 850C > 400k 1 )
ko) L o m-Taiheiyo Datong
- - _ @) _ Q,
g m-Taiheiyo é i Cop=3.6% Co, =459 |
O- 4 jS— )
— d c single-bed - le-bod
5 200F Datong . 2 single-be
B o 200 1 .
[ o
] —
= Q
o Q
§ single-bed ° dual-bed - dual-bed
Z BM : silica sand 2 | BM - silica sand ,
=z 0L | | 0.6 1.0 0.6 1.0
02 4 6 8 primary air/total air [—]

residual O, conc., Co, [%]

Fig. 3 Nitric oxide (NOx) emission from single-
bed single-stage FBC

Fig. 4 NOx emission from two-stage FBC

NO, Emission from CFBC

The relationship between the NOx concentration in the flue gas and the total air ratio, A,
is shown in Fig.5 for the single-stage combustion using the silica sand particles as the
circulating solid. Though not shown in the figure, the combustion efficiencies for Taiheiyo
coal (T-800 and T-850) were comparable to those in the bubbling FBCs, i.e. more than 989, and
those for Datong coal (D-800 and D-850) were 95 to 99%, which is much higher than in the case
of the bubbling FBC combustion. Also, in this case, the fractions of unburnt coal particles
recirculated were 0.8 and 1.2 wt% for T-800 and D-800 combustions, respectively. From the
figure, the NOy emission levels are shown to be much lower than those from the single-stage
FBC (Fig. 3), and to be almost the same as those observed in the two-stage combustion (Fig. 4).
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To explain these lower NOyx emission levels in the CFBC combustion, the concentration
profiles of NOy and NH; in the combustor were measured. The results are shown in Fig. 6. It
is obvious from the figure that the NOx reduction proceeds in the riser and the primary cyclone
whereas only a little formation of NH;, which might reduce NOy, is detected in the riser. This
suggests that NOy in the combustor is mainly reduced by the unburnt char particles, the holdup
of which in the CFBC is apparently greater by recirculation than in the FBC.

Thus, from expectation that the char holdup simply increases with the total solid holdup,
the effect of the unburnt char holdup in the riser on NOy reduction was examined in terms of
the total pressure drop through the riser. Fig. 7 describes the results for cases where the silica
sand and limestone particles were used as the circulating solid. As expected, the NOy emission
level decreases slightly with the pressure drop when the silica sand particles are the CS (black
circles). However, when the limestone with a mean fractional sulfation, acasos, 0f about 15%
is used (open triangles), the NOy emission level is almost invariable with the total pressure drop.
Furthermore, an unexpectedly high emission level is seen for the limestone particles with @casos
less than 5%, and the emission level in this case increases fairly rapidly with the total pressure
drop and levels out at ca. 280ppm. These results imply that the catalytic effects differ between
the circulating solids.

According to our previous studies on NOyx emission from FBCs [3,6,7], calcium oxide has
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Fig. 7 Effects on NOx emission of the types of circulating solids
and solid hold up in the riser



a high catalytic activity for NOy formation from NH, delivered from coal volatiles. The
reaction mechanisms are briefly summarized in Table 3. Under O, atmosphere and without
any solid particles (in homogeneous reaction systems), NH; decomposition proceeds very
slowly. When solid particles are added, both the NH; decomposition and NO formation from
NH, are accelerated by catalytic effects of the solid. With addition of silica sand particles to
a NI, NO,”0, system, the NH; decomposition is more accelerated than the NO formation
from NH, and consequently, NO emission is suppressed. On the other hand, when calcium

oxide particles are added, both reactions are further accelerated and NO emission is increased
as a result of a preferential acceleration of the NO formation by the particles. This catalytic
effect of the latter particles has recently been shown to disappear when the mean fractional
sulfation exceeds about 10% [8].

On the basis of the above experimental findings, the mechanisms of NOyx formation and
reduction are diagramatically illustrated in Fig, 8. When fresh calcium oxide particles are the
circulating, the oxidation of coal derived NH; to NOx proceeds preferentially by the catalytic

TABLE 3. Summary of Catalytic Effect of Solid Particles on Ammonia
Decomposition and Oxidation [7]

empty
NHy + 09 —=  NH3 decomposition
(homogeneous) (slow)

with silica sand

NHy + NO + Oy NO decrease
or empty
with Cal
NH3 + Oy NO formation
(heterogeneous) (fast)
with Cal
NHy + NO + O5 NO increase
Ns Ny N.(S,

coal-N

a) C8:.Cal b) CS:8i0, or Casl,

Fig. 8 A model for NH; decomposition and NOx formation



effect of the particles. On the other hand, when silica sand and,”or partially sulfated calcium
oxide particles are the circulating solid, the rate of the catalytic oxidation is much slower than
that with fresh calcium oxide. This gives rise to the difference in NO4 emission levels between
the cases of silica sand and limestone as the circulating solid : the lower the Ca,~S mole ratio
is, the lower the NOy emission. The data recently reported by Leckner and Amand [9], which
shows the lower emission levels from their CFBC, can also be explained by the differences in
the catalytic effect depending on the calcium oxide concentration in the circulating solid.

On the contrary, the catalytic effect of limestone particles as noted above has not been
reported in cases of bubbling-fluidized single-bed combustion. This might be because most of
NH; from coal volatiles would generate in the dense bed region where the atmosphere is
oxygen-deficient.

CONCLUSIONS

NOx emission levels from three different types of bubbling fluidized aeds and from a
circulating fludidzed bed were measured using experimental combustors and the catalytic
effects of circulating solids in CFBC on NOy formation and reduction were examined on the
basis of our experimental findings.

(1) In the bubbling fluidized bed combustion, the highest capability for the abatement of NOy
emission was obtained in the case of the dual-bed two-stage combuston. This is due in part
to NH; decomposition and to reduction of NOx by fine char particles captured in the upper
bed. '

(2) In the circulating fludidzed bed combustion, NOy emission level depended on the properties
of the circulating solid. When silica sand andor limestone particles with a fractional
sulfation of about 15% were used, the emission level was much lower than that from the
bubbling fluidiued bed combustion without air staging, and was almost the same as that from
the dual-bed two-stage combustion. However, a higher emission level was observed with
fresh limestone particles having average fractional sulfation less than 59%.

(3)  This difference in the emission levels depending on the circulating solid could qualitatively
be explained by catalytic effects of calcium oxide particles on oxidation of NH; to NO, and
it was shown to be essential for lower NOy emission in a circulating fluidized bed combustion
to circulate solids with lower Ca,”S mole ratio.
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Tablel Water samples from the liquefaction of different coals
and analysis of coals
Ultimate analysis
Sample No. Coal ( wt%, d.m.f. coal basis )
¢ I 0 N S
R701~R703 Yallourn 86.2 3.9 29.4 0.5 -
R801~R803 Soya-Koishi 72.0 5.5 21.1 1.3 0.1
R605, R901~R009, RSLL Taihelyo 76.6 6.2 15.9 1.2 0.1
11303 loronai 81.1 6.5 10.9 1.3 0.2
R805 Shin-Yubari 87.4 6.2 4.6 1.8 0.04

A ALRERERYE



Table 2 Reaction conditions of the coal liquefaction

Sample No. Temperature Pressure Mean residence
(°C) ( kg/cm?® ) time* ( min )
R605 450 300 36.4
R701 401 300 37.7
R702 450 300 37.3
R703 450 300 21.8
R801 401 300 35.0
R802 438 300 34.4
R803 435 297 35.2
R805 450 297 37.2
R801 400 300 37.1
R902 400 295 39.3
RS03 401 300 29.2
R904 403 300 22.8
RG05 402 300 52.2
R906 451 299 37.17
RI07 450 300 30.1
R908 453 295 23.8
R909 451 300 38.3
R911 449 300 39.6
R1303 450 304 53.5

Calculated from the values of feed rate of coal paste, specific
gravity of the paste(1.0), gas hold-up(0.1) and reactor volume(4.91).

BEFTICHE - THRES 241772, Table Liz &
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LTl (FREZLSwt %), Bl U CH
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CIZEREAER 1 ERE L 225, ZoEEICBTS
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BXU7 2/ — VEBEOELIZMEMENS% L
TTH-72,

2:2 BFHE
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fzhFE RO GC o & A\ 720 T GC-MS
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2 X% ) T—# A, Ny, 50ml/min ; #ig, 60°
C (4min)—200°C, 7.5°C/min , #tHi%s, FID . %
&, BEGCTA
B : # 3 2, Chromosorb 101, 80/100mesh,



dmme X2m A7 7 A #i&, 150°C —200°C, 8°C/
min ; filiz A rEL

C A7 24, PEG1000(15%) on Uniport B, 60/
80mesh, 3mmé¢ X2m 47 2 ; &8, 60°C (2min)
—=120°C, 5°C/min ; fliz A * FL
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ArREL
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Lo THEIL 72 3 DDEST D> NTHRD 2 H 2 7
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Table 3 Quality of product waters

{ ng/1 excepl pE )

Sample ho

huraseter

REBS k701 R702 R703 RB0Y R802 2803 Rans R&01 Reo2 R903 BI04 RSO3 R90B R&GT R908 R30§ Rall R1303
PH 10.0 5.5 8.8 8.3 10.0 w1 10.1 10.2 10.3 9.9 9.8 8.8 1041 10.3 10.3 10.1 10.2 10.3 8.9
Ic* 5,200 100 4,200 1,890 £,300 7,200 6,200 7,300 6,000 4,400 3,800 1.500 3,803 5,100 4,600 9,300 5.200 5,500 1.400
TOC 26,300 37,500 23,300 31,800 25,700 25,300 26,400 37.800 25,500 24400 24,200 26,700 22.000 26,760 25,400 21,500 20,800 25,500 22,000
CODec. 71,400 120,000 120,000 132,000 84,100 81,800 84,400 112,000 54,100 BL700 62.800 79.600 53,200 69,300 64,800 56,600 54,800 E6.000 56,400
CODnn 40,500 26,300 25,300 22,400 37,600 37,300 37,000 55,800 9,500 20400 25,808 31.500 21,800 20,700 1,300 20.500 18,300 18,000 33,300
NHa-N 13,700 4,500 10,500 8,000 13.200 20.700 20.400 £3,100 15,000 11,000 10,800 9.700 9.000 12,000 10,800 22,400 15,400 IE,100 3,400
CN- 2 3 3 3 2 7 7 8 3 3 2 irace 3 § 2 4 3 I trace
SCN- 46 trace 2 1 51 3t 32 150 100 8 ® 58 & 56 7 43 58 58 82
s trace trace trace trace 10 1 10 trage  trace  tmace 4 trace 3 trace  Armce  trace  trace  trace  trace

* Iporganic carbon
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Fig. 1 Gas chromatograms of the three
fractions of R806
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Tabie 4 GC-MS identification of organic compounds present in
product water R906
GC El mass spectra,
Peak* Compound m/e (relative abundance %)
1 Phenol M* : 94(100)
(+0-Cresol) 66(13), 65(4, 108(2), 107(1)
2 m & p—Cresol M* : 108(100)
107(94), 79(9), 77(9), 109(2)
3 3,5-Xylenol M*:122(48)

4 Cyclohexanol M* : 100{1)
57(100), 82(56), 44(13), 72(9), 56(7), 41(3)
5 Pyrrole M* : 67(100)
41(23), 40(15), 39(14)
6 Pyridine M* 2 79(100)
52(33), 51(9), 78(5). 53(4)
7 Aniline M* : 93(100)
66(25), 65(4), 92(2)
8 o-Toluidine M* 1 107(100)

107(100), 77(5), 79(2), 78(1)

106(94), 79(4), 77(3)

* Refers to numbered GC peaks in Fig. 1.

Table 5 Organic compounds present in product waters

(ngfl)
Semple Xo.

Compounds
RE05 R70L K702 no R801 reo2 k803 R30S R30I %802 R903 R904 RS05 PS0B R907 RS08 RO0E ROL}  RI303
Poeno) 14,800 7,400 7,300 5,800 13.900 14,100 14,400 23,800  2.400 7,100 §.400 12,500 8,000 7,800 7.000 5,700 7,100 6,100 14,000
cCresol 82 430 430 420 590 620 680 1,300 180 860 830 1,200 728 €50 550 500 53¢ 500 960
»{reso] 1,600 120 890 660 1,600 1,200 1,500 1,300 150 30 84 1,200 &30 70 g10 570 600 310 2,000
w{resol 1,100 850 720 580 1,500 1,600 1,200 gzt 13r 430 0 1,000 520 540 420 430 420 420 1,050
3.5-%ylenc} 1900 0 20 » 220 8 100 1t <1t 40 65 45 8 80 60 - B0 60 60 180
Crclohexano) pEL] 250 850 390 5] 20 20 100 26 30 280 160 330 i 220 200 200 180 &
Pyridine 20 350 Faig 330 35 50 45 i0 45 160 & 50 ol 120 170 140 130 150 <10
Byrrole 40 - 70 8 pd 160 130 a0 110 2006 130 100 180 300 300 310 236 0 85
Anilipe 1 {5 5 40 180 280 250 280 L& 136 110 k(] 17 160 140 150 150 150 45
oJoluidine 2] 15 20 15 65 80 k! 80 46 £ 5 40 70 0 65 60 70 60 15
Acelonitrile 1,400 780 1700 1,700 300 2,400 2.200 1.600 1300 1400 820 880 1,000 1,700 1,400 1,800 2,300  2.400 150
Propionitrile 20 150 3 2.} 18 370 370 200 400 360 240 150 42 850 210 710 820 1.000 30
‘dethano] 180 8,100 8,100 £,500 1,600 1,100 1,200 120 &0 il 80 150 120 120 120 100 100 100 15
Ltbano] 1,100 220 1.400 500 230 300 290 1,100 ane B40 520 310 520 1,300 1,000 670 %60 760 160
Propanal 180 600 570 2,100 8 120 100 480 130 280 150 600 30 290 530 350 430 “o 280
I1so-Propancl 2,100 1,400 2,300 2,400 510 140 160 1,500 1.800 1,800 1,050 950 1,460 2,300 1,700 1,800 2,200 2,000 980
Acetone 2,700 13,400  13.400  18.000 2,700 3.200 3.100 Mo 3.%0 4.200 3,800 2,900 2,600 3,800 5,000 5,300 5,300 5,800 3
¥ethylethyl 760 3,100 4,400 {.000 750 860 80 0 1,800 2,300 1,700 1,000 1,800 2,100 2,600 2,500 2,900 3,100 130

ke tone

Diethy) ketone 210 340 50 B0 30 180 180 130 n AL 280 170 400 800 800 450 o 750 ]
Acetic acid 540 17,100 5,600 16,000 . 506 5,100 6.200 730 4200 3,900 5,800 10,700 1,300 180 20 1,300 630 1,100 50
Propionic acid B40 5.300 2,600 5,800 3,220 2,400 2,800 150 2000 1,500 2,300 £,300 650 120 630 960 440 910 ]
E-Bulyric acid 320 1400 830 2.000 1,200 720 980 80 440 410 560 1,300 3 20 100 220 70 70 20
1so-Butyric acid 260 30 400 650 290 220 300 90 30 %0 400 850 150 B 160 260 90 90 %
Yarelic acid 210 430 % 850 760 320 480 <10 120 120 260 860 10 10 i 10 10 15 20
ise-Varelic acid 230 210 240 §10 o3 200 2% 70 Mo 0 X0 00 20 10 30 ] 25 25 2
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Characterization and Treatment of Product
Waters from Coal Liquefaction

Kozo IsHIZAKI, Hidetoshi MATSUYAMA, Tadashi YOSHIDA
and Yosuke MAEKAWA

SYNOPSIS

Product waters from the direct liquefaction of five coals of different ranks were
analyzed and 65 to 95% of organic compounds based on total organic carbon (TOC)
were identified. The product waters had high values of chemical oxygen demand
(CODer : 53,000-132,000mg/ 7). They contained high concentrations of ammonia (NH,
~N : 3,400-22,500mg/l) and phenol (2,400-23,900mg//), and also contained a wide
variety of organic compounds such as cresols, xylenols, pyridine, pyrrole, aniline,
toluidines, acetonitrile, cyclohexanol, volatile fatty acids, alcohols and ketones. The
composition of organic constituents correlated at least partly with the ranks of coals.
In addition to the analysis, a laboratory study was performed to determine biological
treatability of the product waters. The study showed that a dilution of at least 10 to
20 times was necessary, depending on the waters, to attain the efficient removals of
CODcr and the organic constituents with batch treatment.
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Biodegradability of organic compounds in coal conversion wastewater
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Abstract
Biodegradability of twelve organic compounds found in coal liquefaction wastewater was examined
by using acclimated activated sludge. The compounds tested were phenol, three isomers of cresol,
cyclohexanol, 3,5-xvlenol, aniline, o-toluidine, pyridine, a-picoline, quinoline and pyrrole.

The results are as follows:

1) The limit concentration of each compounds for biodegradation were determined. The limit
concentrations ranged from 100mg-1~! (o-toluidine and 3,5-xylenol) to 4000mg-1"" (pyridine).

2) The limit concentration of a compound in the presense of other one became lower than that of the
compound alone. Namely, the additive effects of inhibition were seemed to exist.

3) The activated sludge acclimated to a high concentration of a compound obtained higher resistivity

to a certain degree.

Key words: biodegradation, coal liquefaction wastewater, refractory compound, biochemical

oxygen demand.
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Table 1 Composition of synthetic wastewater

Phenol 180mg  ¢-Toluidine 20mg
o-Cresol 40mg  m-Toluidine 10mg
m-Cresol 30mg  p-Toluidine 10mg
p-Cresol 40mg  Acetic acid 60mg
3,5-Xylenol 10mg  Propionic acid 30mg
2,3-Xylenol 10mg  Ethanol 24mg
Acetonitrile 50mg  n-Propanol 10mg
Propionitrile 30mg  iso-Propanol 10mg
Cyclohexanol 40mg  Acetone 23mg
Cyclohexanone 20mg  NH,Cl 190mg
Methylcyclohexanol 20mg  KH,PO, 136mg
Pyridine 20mg  Na,HPO, 142mg
a-Picoline 10mg  FeCl, 0.87mg
B-Picoline 10mg  Tap water 1 liter
¥-Picoline 10mg pH 7.0
Quinoline 20mg  CODc(theoretical)=1800mg-1*
Aniline 40mg  COD{observed)=1450mg+}™?
Pyrrole 40mg
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Table 2 Composition of in-

organic nutritive salts

KH,PO, 1900mg-1-
Na,HPO, 2600mg+1-!
NH.,Cl 190mg-1!
Ca(Cl,*2H,0 ITmg-1""
MgS0,+7H,0 100mg=1""
FeCl, 1.5mg-1"!
I
g 1500
o Endogenous respiration
S »
%1000* - -
e 1
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c s
<) P
O 5001 /
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[ /
2 /
) o 1 1 1
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Time Cd 1

Fig. 1 Endogenous respiration of inoculumn.
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Fig. 2 Biodegradability of phenols.
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Fig. 3 Biodegradability of organonitrogen compounds.
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Table 3 Limit concentration for biodegradability
* values are not necessarily the limit concen-

trations

Compound T(}rlrllsg 'v;i()lgk Liter(arilt'itéx:elz_\lf)alues
Phenol 900 1,000, 2,000®
0-Cresol 900 66819
m-Cresol 1,000 50020
p-Cresol 1,000 5002
Cyclohexanol 2,000 200 as COD*#*
3,5-Xylenol 100 —
Aniline 1,200 200 as COD2*
o-Toluidine 100 2620
Pyridine 4,000 1,200%2% 79023 150029+
a-Picoline 250 2,000
Quinoline 400 —
Pyrrole 2,000 —_—

Table 4 Observed biochemical oxygen demand of organic compounds. Values in () are
calculated from the oxygen consumption including endogenous respiration

ThOD. ThOD. B.OD B.OD./ThOD. B.OD./ThOD.

Substrate (mg/mg)  (mg/mg) (mg/mg) (%) (%)

N_>N03 N_’NHQ £ N—)NO3 N—DNH;;

1.70 71.4
Phenol 2.38 — (1.83) (76.9)
o-Cresol 2.52 — (g % (gg %)
m-Cresol 2.52 — (3:98) (§§;§)
p-Cresol 2.52 (igg) (;?g)
3,5-Xylenol 2.62 — (% %8) (g(z) g)
Cyclohexanol 2.72 — & ) ?8) (Esig :g)

. 1.70 53.5 70.5
Aniline 3.18 2.41 (1.78) (56.0) (73.9)
o-Toluidine 3.21 2.54 a7 L) )

o 1.74 5.4 78.0
Pyridine 3.14 2.23 (1.78) (56.7) (79.8)
a-Picoline 3.18 2.41 (g gg) (gg 8) (ggé)
Quinoline sot 2es 1 &) @9

1.41 43.6 65.6
Pyrrole 3.22 2.15 (1.50) (46.6) (69.8)
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Table 1 Analyses of samples

Peat POM20 POM25
Proximate analysis [wt% ]
Moisture 38.9 31.4 25.1
Volatile matter 35.4 46.9 54.9
Fixed carbon 12.4 9.6 8.1
Ash 13.3 12.1 11.9
Ultimate analysis [wt%, daf]
C 54.9 61.1 62.1
H 5.1 8.2 7.1
N 1.4 1.0 0.9
0] 38.3 29.4 29.6
S 0.3 0.3 0.3
Heating value [kcal/kg] 3,100 4,500 5,100
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Energy Recovery Technology from Peat

Hideo HoSODA

The development of utilization of Hokkaido peat would leads to the establishment of
the one of alternative energy resources.

In this study, the original peat contained 90% moisture. A way of preparing handy
solid fuel was by mixing waste oil and 50% dehydrated peat. This solid fuel was examined
in fluidized bed combustion and gasification. The stable combustion and over 98% com-
bustion efficiency were obtained in the fluidized combustion tests. In the fluidized bed
gasification tests, about 1,400kcal/Nm® product gas and 40~45% cold conversion
efficiency.

Peat is the one of most important hydrocarbon source in the same way as petroleum
and coal. It would become one of feasible local energy resources for heating system by
combining with cogeneration system.
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Table 1 Properties of raw materials used
for gasification.

Sampie Saw Cassava Copra Coir

dust bagasse meal dust

Moisiure (wi%6) 8~38 13.9 8.4 14.8

Volatile matter (wt%s) 86~89 86.1 80.6 70.5

Fixed carbon  (wi%) | B8.4~12.9 | 11.6 3.8 19.6
Ash (w36 0.5~2.2 2.6~3.2[5.1~5.6 1 8.3~9.9

Ultimate analysis

C (wt%%) 50.0 14.8 18.8 51.5
il (wt%) 6.8 6.8 4.5 5.8
0 (wt%%) 42.7 45.8 10.7 34.3
Ash (wi%) 0.5 2.6 5.1 8.3

Heating value (keal/kg) | 4,370~4,470 | 4,230 4,730 4,080

Bulk density (g/ml) | 0.24~0.83 0.35 0.57 0.10

Average diameter  C(am) | 0.4 ~0.7 1.35 1.20 0.66
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Table 2 Properties of fluidizing sand em-

ployed
Chemical Silica sand
composition Olivin sand
(Toyoura) | (Souma)

Si0s (Wt 96) 10~44 92.6 §7.0

Fes0q (Wi%) 0.16~1.70 0.7

AM204 (w128} 0.5~0.9 3.8 »

Cal (wt%6) 0.2~0.5 0.5

Mgl (wt3) 16~43 0.5 -
Ignition loss (wt%) 0.5~1.5 0.4
Bulk density (g/mi) 1.98 2.22 1.47
Particle size (mm) |0.05~1.G8 0.05~0.50 | 0.05~1.08
Average diameter(nm) 0.89 0.32 0.90
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Schematic diagram of continuous fluidized bed method
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Table 3 Composition, H.V, Qg, cold gas efficiency ; Hc of produced gas by air

gasification of cellulosic wastes

Raw ty F Uair Gas coaposition (voi%) v Qs He
material Bed temp. | Feed rate {d.p)
99 (kgsnr) | (em/sec) | He 0 Ty CoHi Colfls Calls Cifly  COy 0 Nz (keale') | (Rmd7kg) | (=D
815~-830 1.6 9.8 13.3 2.2 1. .04 11.0 0.05 68.3 910 2.82 0.59
Saw dust 760780 2.2 ” 19.0 3.0 o0.88 g.18 11.0 0.6 &l.1 1,19 2.28 G.62
660~720 3.4 8.3 21,5 3.2 0.9 0.0 0.30 1.7 o1l 5.8 1,350 1.33 0.41
Coir dust T70~850 2.1 8.2 7.1 13.2 3.4 1.3 - 0.15 12.5 0.33  Gt.3 (170 2.17 0.62
720~800 4.3 7 0.8 14.7 3,0 |I,[ 0,17 0,16 15.4 0.28 52.2 1,300 .24 0.40
790~845 3.4 13.¢ 6.8 [6.5 2.6 1.4 0.08 0.07 11.5 G2.0 1,190 2.07 0.58
Cassava 798~810" 5.2 ” 8.6 22.3 3.4 .8 0.07 0.86 0.19  IL.5 52.1 1,600 1.6t 0.61°
bagasse 760~1795" 8.2 ” 9.1 24.4 3.8 1.5 0.05 0.32 1L.6 - 49.6 1,700 1.43 0.57"
740~790° 7.1 ” 3.8 2.4 3.8 |.5 0.30 0.02 0.38 12.0 0.4] 48.2 1,738 1.28 0.53°
905~920 4.2 14.3 7.2 183 3.0 2.3 - c.14 1.0 - 81.0 1,350 4.50
Copra meal { 875~890 1.2 ” 8.4 18.5 3.9 3.1 0.21 0.2t 1.0 0.7 3545 1,750 -1 0.43
850~-872 7.2 " 2.9 8.4 3.7 2.5 0.37 0.07 (1.8 - 3.5 1,633 0.41

t Used heater for keeping lhe bed temperature
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Table 4 Fuel gas characteristics

Gas Composition (vol %) Higher heating

Gas value
Hz CHs | CoHlg | CsHg | C4Hso | CD 0, | N2 |Others (kcal/Nm3)
Natural gas (124) - |99.0 - - - - 0.5] 0.4 9.1 9,400
Natural gas (134) - {87.5¢ 5.7 6.0 0.8 - - - - 11,000
Propane - - - 197.7 0.9 - - - 1.4 24,000
Butane - - - 1.6 97.5 - - - 0.9 30,600
Town Gas (6B) 37.2 1 26.7 - 1.3 0.5 4.6 {10.1112.7 2.1 5,000
Town Gas (6C) 46.0 | 22.0 - 0.5 1.0 5.0110.0| 10.90 2.0 4,500
Digestion Gas 3.0 60.0 - - - - 132.0) 5.0 - 5,500
Eruduged (5‘as 5.0 3.0 - |]0.18 - 19.0 | 11.0 | 61.4 | 0.42 1,190
Saw dust

A —F2ic L FHEABELTIZLicL
720
HALY D OERHE, 1EHL ) DBENE
B2 BEHEBEERL W, KAV TEEN S,
w=532 100
7

W B ESS (kcal/PS - h)

n.HAIY Y OBME (%)

—BEENZ A T P DIE4A1,850~2,400keal/
PS-h» B EnTwa, iz, HEHEND
FAMEBEIZRANVTERE NS,

QA RiEEE (Nm*/h)

P xrvrHh (PS)

H, : 2B FESE (kcal/Nm?)
EREIFRALLV 2 vizonwT, Hhal)
—ATHSHLP.G E#HEE L T0.3kw AR
T CREEEIT, ERL ) BB BRI
IZn > P DBRE L KO L 25, WHEIEEE
13#1,830kcal /PS+h, x> ¥ > N EFNER35% 5%
"otz RATLP.GE2HERL 2 EBOEY
) —A2 &KL TLP.GOEAEELK
RMHEFETEEL TAR EZ A, £ EEIN
THTH -7, RETOHESR, Zox ookl
WEEIIH1,830kcal/PS-h TH D, KH o)) —
HADBEIZE o HMRA LT AR TIZNE
LBESWHLE N W b ol £ TH
ExgmicRea ) rAage Ry 7 ThEL 2

voflE T A A RA L, FORKRE, Zokik
THEEATEEE 20 D, 1,200kcal/Nm?P oMl # v 1)
—AATL TP BT A TEDRMA
Lef#re, LarL, 2oL i uE o) —F2T
[FHHAE T 2 KRIE & D 1,200mmH,0 Ll EF <
THLENH 5T,

442 A RIZ & HERENABR
TRABER» 6, RS AL ARERBRET
B REZMELTEEX > 7L 7 —IlEATEHZ
Ll DZE»LB/LNIZERS A (1,100
kcal/Nm?®) Z 8t & U TR AT - 24558, £E)
B BABEESMETIISH 54 BB L TA
F— Ty THIRTH - 2. HEAER% Table
502md, AMiCIIBRE—F—FFERLL, &
EBEHIFHIC BT, 6000W OBRICBIT 2 %
BHYFEH,900~1,950kcal/PS-h, => 2> d
BhE32~BR /L E 0 ) =T ADEE &

Table 5 Application test of gas fuel pro-
duct from saw dust

Exp. | Feed rate of Remarks
No. | produced gas to 4 v H (electric
engine. (I/min) | (mm Ho0) (voits) <hertz) | heater load)

1 39 500 10
2 20 700 g0
3 50 800 70
1 59 1,000 75
5 60 1,000 85 45 300w
8 70 1,200> 100 5135 300w
7 T2 1,200> 100 52.0 600w

{Exp.condition : t, = 750°C, F = 2.7kg/hr, H.V =1,100 keal/Nm®)
+ Feed rate to start the engine.
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Gasification of Cellulosic Wastes for Power Generation

Masakatsu MIURA, Kazuhiko NIIKAWA

The gasification studies on the selected cellulosic wastes (Saw dust, Coir dust,
Copra meal and Cassava bagasse) by fluidized bed method were investigated to
determine the ideal conditions and variables suitable for generating power.

The results on the steam gasification showed that at varying bed temperature
ranging from 750 to 900°C, gas product with high H, and CO content (more than 70%)
having high heating value (2,500~3,700kcal) were obtained.

The ranges of heating values of the produced gas obtained from air gasification at
appropriate operating condition were 1,000~1,350kcal for saw dust, 1,170~1,300kcal
for coir dust, 1,200~1,700kcal for cassava bagasse, and 1,350~1,800kcal for copra
meal.

Preliminary test run of the gas engine was done by charging LPG mixed with air
to determine the minimum practical heating value for smooth operation. Results of
the test run showed that 1,200kcal was minimum heating value with gas pressure of
about 1,200mm H,O to maintain the smooth operation.

Based on the data from the preliminary test, the gas fuel products generated from
saw dust were tested on the gas engine. Results showed that low calorie gas products
with heating value as low as 1,100kcal can be utilized to run a gas engine for generation
of electric power.
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Tablel Properties of Coal Tar Pitch

(1) Elemental analysis

Carbon: 92.45% Hydrogen: 5.28% Others: 2.27%

(2)
Mw s

Molecular weight
285 {(based on GPC)

(3) Hydrogen distributionl4)

Ha: 82.6% Hoa: 9.9% HB: 2.9% Hf: 4.6%

DT & (oL 72,

ZnCl; © RGO D,

ZnCLIFHE MR | IRRREE O LIS AR
R ER 7R R AN, B L TERRR
B L CTHB0% DB FSRFHEFIE20L, #
300°C, KERIMFTEEL2H D,

Pt-Si0,/AL O, © B b B &K EE R IR
Si0,/ALO, (Si0, | ALLO;=72:28, H#EH N-
631-HN) BEKZH#H AL 2D H, 110C THE L,
2 512400°C, KERFPRTRT L2,

Co-Mo-Si0,/ALO, T %) 7T BT v
B EMHB ISV DT E Y 2 KB
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Table 2 Hyrocracking Results of Coal Tar Pitch

Catalyst T?Tgi & Iiﬂ? SaTé§S§tal. Hz(;?ggted Ga?wgrgguced Appzw%ogyersion*
Znc, 00 1 10/7 0.063 16.8 (39.0)
i, 450 1 07 0.070 26.1 (55:8)
ﬁgg}geogarbon 400 ! 10/3 0,034 7.2 (g;g)
izg}@eogarbon 450 1 1073 0.043 17,0 (%g)
gti:'lgga-l\]umina 400 1 10/3 0.018 4.1 (l?g)
2?1?2&41 umina 450 1 10/3 0.040 23.5 (gg)
g?{?gagzlumina 400 ! 10/3 0.024 4.6 (;gg)
g?;?gag:‘lumina 450 ! 10/3 0.063 16.4 (%'2)
Il 0 ebon 0 5 10/3 0.045 14.8 090)
o M umina 400 5 10/3 0.042 9.6 (gﬁ:g)

* 1 wt % of fractions distilled at 250°C(350°C)
H, reacted Iz — 1 0.063
éE %? ?é 0.018
(g,g) Co-Mo on 9.A. 0.024
Incl 16.8
Gas produced znmnE L
Pt S.A, 4.1
(Wt°l°) Co-o on S.A. 4.6
. InCl 56,0
Frac.tlon to el A7 ]
Pt anF.A.  16.0
250 C(wt*l) Co-gﬂ on 5.A. 12,0
Fraction to  |ggol o
y P 7.5
BSOC(Wt°,°} Co-:g on S$.A, 50.5

Fig. 1 Comparison of Catalytic Activities

at 400°C for 1lhr.

in liquid products.

Inciz ] 0.070
H, reacted [Ttz on it 0.043
Pt on S.A. 0.040
(g/g) Co=Mo_on S.A. ] 0.083
Incly | 28.1
Gas produced [ iy on A.C.[ 170
° Pt on $.A. 23.8
(wt°f) Co-¥a_on S.A{ 15.4
. inClg | s2.5
Fraction to ZnCl, on AlC.  27.5
0 ° Pt on S5.A. 21.8
250°C(wt°h) Co-Ha on S.A 3.5
. inGig 93.5 |
Fraction to 7aCl2 on ALC. 1 76.5
e ° Pt on S.A. ] 7.3
350 C{wt%) Co-M0 on S.A. 1 8.4

Fig. 2 Comparison of Catalytic Activities
at 450°C for 1lhr.
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B IE BE400°C TR EE 2 AT 2 & (X
1), BUBKFER, FAERE, BT (K
BHUR 2 & B L 72 BOR S i d $250°C & 55
&, B0CEFEESTHILT 2 &, BEELEGHE
BRI T Z NS DEE A & A TEER
IZEWDT, EiEETKE SR - L CIEH
L7z Z LD HERE NS, RICTILS OEEDE
BB IR (L SR REE VR R AL T A 0, Co-Mo-
Si0,/A1,0; & Pt-Si0,/AlLO, B T 3 AL Ay 32
WA, FFRlE LTl Co-Mo-Si0,/AlL0,, Pt
~Si0,/ALOsDNEE 7 5,

RBIEEA50°C, GRS 1 B D& T ok
RTRMBIEE 2 L T4 (X2), HRELIESS
BB L D LB ICEERETH L L0
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Table 3 Composition of Gaseous Product

BOCHTEEVE N Ehs, T L=
WD EMEFFIE Co-Mo-Si0,/AL0,, Ya{bissin
FEMER, Pt-Si0/ALO, &% A 5,

7o, RILKER, 7 RERE, 250C 8 LU
350°C B EMEE O RIGBEIC L 2 nEs %
400°C £450°C THELT % &, IR(bmeR Rt & 0
b Si0/ALO, RBEHIC B W TEEETH 1), S
HEDRERFE 3B LS MIER L N 4 Si0,/
ALO, RAEEC 35 TR E v, B0 EE 45 b o
REEFIEI BV E DR TL 52,

51T, BiRT 2 L) ICBE{LhE % RS
FAFRDI-CH,o/n-CHp BN TAL & (&
3), BRUEIC ISR AT ESC B 2 & A s
b

ERIEILESBIES L U - TASF R Y0
TRERBR D SHRENE, TN L4 2BE LT
RHET 2720002 DL A 2D R bt s
EL72Y, ZonAg 2Bk TET L7
VAT FEESP RIS R EELT 22 L ic L -
CHEBT 2 0T, B AR BRES Bl o) 1
BHEIIAEWICERL £ o5, LaLay
b, REBIERITRT L 5 I 2 BT o
EAERIR LD & BB R BV THEER R 1L
b, ZOERBIZ, REEH »HHETETL WS Z
EERIGIPE y FE Vi R ESEFRTR DT
EARE COWE - RS HH I L - L 2% 5
EhD &, RS L ORI B v T
PR & L TR 5 AR LTRSS B

Catalyst Rt CH, czﬂrﬁnposég:{;n él:glox)vcwm CHyp T-Colty, "Cafio/Ctro
Inc1, 400 1 36,7 2.9 22.6 4.1 12,4 0.3 2.2 3.02
e, 450 1 36.7 239 25.2 3,6 9.0 0.2 1.4 2.50
gzg}gaigd Carbon 100 1 39,01 26.0 7.1 140 1.8 0.9 1.1 0.13
Egﬂgaggd carbon 459 1 389 285 182 12:8 1.9 0.7 1.0 0.15
g}:l?ga—ﬁ\lumina 400 1 4,4 30,5 4.2 9. 0.8 0.6 0.7 0.09
o Alumina 450 1 46.5 30,7 4.4 68 0.9 0.3 0.3 0.13
g?;:’gagz’lumina 400 1 39.2 3.2 155 1.4 0.5 0.8 0.5 0.04
o o mina 450 1 4.9 30.5 173 7.0 0.6 0.3 0.2 0.08
2 o 900 5 36.6  29.5 18,8 127 1.2 0.4 0.7 0.09
to-Mo on 400 § 35.7  29.6 18.9 14.0 0.8 0.7 0.2 0.06

Silica-Alumina
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Fig. 5 Distillation Curves of Hydrocracked Liquids of Pitch,

produced at 400 and

450°C.
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Peak Mass

NO Number Compound
1 58 C4—paraffins 55
2 72 Cs—paraffins 56
3 72 Cs—paraffins 57
4 70 Cyclopentane 58
S 86 C6~paraffins 59
6 84 Methylcyclopentane 60
? 78 Benzene 61
8 84 Cyclohexane 62
9 B6 C6~paraffins 63
10 98 Dimethylcyclopentane 64
11 98 Methylcyclohexane 65
12 98 Dimethylcyclopentane 66
13 92 Toluene 67
14 112 Trimethylcyclopentane 68
15 112 Dimethylcyclohexane 69
16 112 Trimethylcyclopentane 70
17 112 Trimethylcyclopentane 71
18 112 Ethylcyclohexane 72
19 126 Trimethylcyclohexane 73
20 106 Ethylbenzene 74
21 126 Trimethylcyclohexane 75
22 106 Xylene 76
23 114 Cswparaffins 77
24 126 Trimethylcyclohexane 78
25 106 Xylene 79
26 126 Methyl,ethylcyclohexane gg
27 126 C3-alkylcyclohexane 8l
28 126 C3—alkylcyclohexane 82
29 120 C3—a1kylbenzene 83
30 126 C3—alkylcyclohexane 84
31 120 Ca-alkylbenzene 85
32 120 n-Propylbenzene 86
33 1290 iso-Propylbenzene 87
34 120 Ca—alkylbenzene 88
35 134 Cq—alkylbenzene B9
36 118 Indane 90
37 134 Cq—nlkylbenzene 91
38 134 n~Buthylbenzene 92
39 134 C4—alky1benzene 93
40 132 Methylindane 54
41 138 Decalin 95
42 148 Dimethylindane 96
43 148 Cs—alkylbenzene 97
44 152 Methyldecalin 98
45 132 Methylindane 99
46 l48 Cs—alkylbenzene 100
47 132 Methylindane 101
48 132 Tetralin 102
49 146 Dimethylindane 103
50 148 Cs—alkylbenzene 104
51 128 Naphthalene
52 1486 Dimethylindane 105
53 146 Dimethylindane 106
54 146 Methyltetralin 107

146
146
160
162
146
160
162
142
160
142
160
174
160
158
154
168
156
174
172
188
154
168
168
188
172
166
168
182
182
i80
180
184
202
186
196
182
178
194
19¢
192
192
202
206
208
208
216
204
202

222
202
216
228
252

Methyltetralin
Hethyltetralin
Dimethyltetralin
Cs—élkylbenzene
Methyltetralin
Dimethyltetralin
C6~a1kyltetralin
Methylnaphthalene
C,-alkyltetralin
Methylnaphthalene
Cz-alkyltetralin
C3—alkyltetralin
Cz—alkyltetralin
Tetrahydroacenaphthene
Biphenyl
Methylacenaphthene
C2—alkylnaphthalene
Ca—alkyltetralin
Methyltetrahydroacenaphthene
Cd-alkyltetralin
Acenaphthene
Methylacenaphthene
Benzindane
C4—alky1tetralin
Hexahydrofluorene
Fluorene

Benzindane
Methylbenzindane
Methylbenzindane
Methylfluorene
Dihydroanthrzcene
C4—alky1naphthalene
Cs-alkyltetralin
Octahydroanthracene
Cz-alkylfluorene
Tetrahydroanthracene
Anthracene
Methyldihydxoanthracene
Methyltertahydroanthracene
Methylanthracene
Methylanthracene
Cz—alkyldihydroanthracene
Tetrahydropyrene
Cz-alkyldihydroanthracene
Hexahydropyrene
Cz—alkylanthracene
Dihydropyrene

Pyrene

Ca—alkyldihydroanthracene
Fluoranthene

Methylpyrene

Chrysene or Tetracene

Benzpyrene
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Peak

Mass

NO. Number Compounds

1 28,32 Air

2 44 Ca-paraffin

3 58 C4q-paraffin

4 58 C4-paraffin

5 72 Cy-paraffin

6 72 Cs-paraffin

7 72 Cg-paraffin

8 70 Cyclopentane

9 86 Cﬁ-paraffin

10 84 Methylcyclopentane
11 78 Benzene

12 98 Dimethylcyclopentane
13 98 Methylcyclohexane
14 92 Toluene

15 112 Dimethylecyclohexane
16 112 Trimethylcyclopentane
17 112 Ethylcyclohexane
18 106 Ethylbenzene

19 106 Dimethylbenzene

20 112 Dimethylcyclohexane
21 106 Dimethylbenzene

22 120 Cy-alkylbenzene

23 126 Cy~alkylecyclohexane
24 120 Cjy-alkylbenzene

25 120 Ca-alkylbenzene
26 120 N-propylbenzene
27 120 Iso-propylbenzene
28 120 Cy-alkylbenzene
29 120 C3i-alkylbenzene
30 120 C3-alkylbenzene
31 120 Cy-alkylbenzene
32 134 Cq-alkylbenzene
33 118 Indane

34 138 t-Decalin

35 132 Methylindane

36 138 s—-Decalin

37 134 C4-alkylbenzene
38 148 Cg-alkylbenzene
39 132 Methylindane

40 132 Methylindane

41 132 Tetralin

42 146 Dimethylindane

43 162 Cg-alkylbenzene
44 128 Naphthalene

45 146 Methyltetralin

46 146 Cy-alkylindane

47 146 Cop-alkylindane

48 146 Methyltetralin

49 160 Dimethyltetralin
50 146 Methyltetralin

51
52
53
54
55
56
57
58
59
60

61
62
63
64
65
66
67
8
69

70
71
72
73
74
75
76
77
78

79 .

80
81
B2
B3
84
85
-1
87
88
89
90

91
92
93
94
95
96
97
98
99
100

142
160
142

160
154
160
174
170

154
168
188
172
le68

202
184
166
182
182
182
180
186
182
180
l82
194
178
178
192
210
208
182
206
204
208
208

202
204
202
202
204

236

Methylnaphthalene
Cy-alkyltetralin
Methylnaphthalene
?
Ethyltetralin
Biphenyl
Co-alkyltetralin
Cy-alkyltetralin
Csz—alkylnaphthalene
?

?
Acenaphthene
Methylacenaphthene
Cyq-alkyltetralin
Hexahydrofluorene
Benzindane
?
?
Cgs-alkyltetralin
C4-alkylnaphthalene
Fluorene
Methylbenzindane
Methylbenzindane
Methylbenzindane
Dihydroanthracene
Octahydroanthracene
Methylbenzindane
Methylfluorene
Tetrahydroanthracene
Methyldihydroanthracene
Anthracene
Phenanthrene
Methylanthracene
Cp-alkyltetrahydroanthracene
Co-alkyldihydroanthracene
Methylanthracene
Tetrahydropyrene
?
Co-alkyltetrahydroanthracene
C,-alkyltetrahydroanthracene

?
Dihydropyrene
Pyrene
?
?
?
Cy-alkyldihydroanthracene
?

?
?



Table 4 Type Analysis of Hydrocracked Liquid Products of

Coal Tar Pitch

(1) (2) (3)

(4) (5) (6) (7) (8) (9) (10)
paraffi Cyclopa Monocyc Bicycli Indane Tricycl Benzind Biphen Acenaph Others
-raffins lic aro ¢ aroma derivat ic arom ane der yl thene

tics ives atics

jvative

Catalyst {E@?'&'{gri Par

matics
InCl, 400 1 5.0 156 19.6
ZnC12 450 1 6.4 16.0 24,0
§221€eogarbon 400 1 0.8 4.4 5,3
igglaeogarbon 430 i 1.3 6.5 8.7
gglﬁza-Alumina 400 ! 0.3 0.7 4,0
Shica-Alumina 50 ] 1.6 6.1 8.4
g?i?iaezlumina 400 1 0.4 2.3 4,3
g?i?iagxlumina 450 1 1.9 4.9 13.9
iggleengarbon 400 5 3.0 7.1 7.4
Co-Mo on 400 5 21 7.8 0.8

Silica-Alumina

Coal Tar Pitch

16.2 10.8 8.7 8.3 1.1 1.3 12.4
14.3 9.1 8.1 8.2 0.8 1.3 10.7
17.3 3.1 25,1 14.4 5.1 0.6 23.9
20.3 3.3 22.5 13.5 2.4 1.4 20.1
17.6 2.6 28.1 14.5 2.6 1.0 28.6
22.8 4.6 21.5 13.7 1.9 1.4 18.0
17.6 2.6 28.1 14.5 2.6 1.0 26.6
20.0 3.8 22.2 12.1 1.5 1.4 18.3
19.5 4.0 20.1 15.7 5.0 0.8 17.4
21.0 4.3 16.9 13.5 5.2 i.8 16.6

4,5 39.4 3.2 0.5 3.3 49.1

(W) :2,3,4,5,6,7,9
(2) : 8, 10, 12,.13, 15, 16, 20, 23, 34, 36

(3) : 11, 14, 17, 18, 19, 21, 22, 24, 25, 26, 27, 28, 29, 30, 31, 32, 37, 38, 43
(4} : 41, a4, 45, 48, 49, 50, 51, 52, b3, 55, 57, 58, 59, 64, 69, 70

(5) : 33, 35, 39, 40, 42, 46, 47

(6) : 75, 76, 79, 80, 81, 82, 83, 84, 85, 89, 90, 97
(7).: 65, 66, 71, 72, 73, 74, 77, 78

{B) : 56

{9) : 62, 63

(10) : 86, 87, 88, 92, 93, 94, 95, 96, 98, 99, 100

( Above numbers are corresponding to the peak numbers of the gas=chromatogram )
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Hydrocracking of High-temperature Coal Tar Pitch
Comparison of Catalytic Activities and Analysis
of Hydrocracked Products

Mikio MORITA and Kunio HIROSAWA

The production of high-temperature coal tars amount to about 2.5 million ton/
yvear, which are effectively used as chemical feedstock and fuel. And these are
expected in the near future to make their importance increase as one of petroleum
alternative sources. But the coal tars are multi-component complexes. So that, in
order to promote their effective use it is necessary to establish new processes such as,
for an example, reforming.

On the standpoint, we studied the hydrocraking of a high-temperature coal tar
pitch which constitutes more than 509% of coal tars to convert it into low-boiling
fraction. That is to say, together with a comparison of hydrocraking activities of
catalysts such as molten zinc chloride, zinc chloride supported active carbon, Pt-Si0,/
ALO, and Co-Mo-SiQ,/Al,O,, the hydrocracked products are analyzed, mainly by use
of GC and GC/MS.



1. #
KIBABBO A EEEELZFERL T3 HE
b FoiskEED FIoT 2 &, REEDLOR
FORCELEAIZL S, ZOREHL2RT
R 7arErAVTHEL, BUREERNI
ETzrict ) EBRREEATRINS, BRR
BEICIEAEREEICREFTRTH 5 WIET
ZDMBENFEL U bH, NTFEERTLIZ
EHTEL SFRIEREEL Lo CRIMS 2.
2P, ED L kA H = XA TEREHERATT
HINBPIZOCTOMBEI AT, RMENDEZ
AEREE L L TIERERERS Z7—5H50IE7
I FOBRBIFFICEESRLN TS, 2D X
9 B A S, TORELTEERHEL,ICL, R
FENE A L VIR BEEREE L L THATS
7o DB R DA SATHN T3
TEIRTEEIB I, HLiENE, [—JL(/IL%‘}JEE &
CHEBHREED 3 DORBIKENH L5, FHRT
REEASE AR T AL > TEE T s
M= m@%ﬁ%&i?”kwvﬁﬁ L, 5

il

BiERE L L2 X 0REBEEIC DL TEEY
%)O
TSR ERE Sy, EAERIRBE AR

BOWMEIL T THTCEL, ZOWFRDERILIR

Fixed Bubbeless

Bubbling Slugging Turbulent

NEIRLOTHD, BINTHVLNT 52
BER - PR 7EHERSHRTHAT iﬁ
A HIEERBFEEICERROKERIESE LA

i1 b, FOME, BREEIETTE2Y P,
BRL-FEVERDREFEY, FHAR AR
LA, BERUMNOREOBEREE LTI, HFEK,
HUT KD B W3 &V o 72 KEAIE & MR & 27
HFLNE, Larl, mEsLFETE Mg
RoilTs), 8L To—REIHE -, L2
7o T, BEBRRETHESIRBEMOIEL DY,
SEITHIC 51T 5 ERBAENE — R TnERD

CLREE T A,

FES FNBERATHRENIEERRE A
L, BAOHTFEMICL 2REERE T, 7
DFER, FEEARTHREBITIIRFBAETED 590
RTOBRRZEOCATL L ITE» 2L~ TEEE
VDEBILTLEIBELHDZ b7,
Lo e 2 8ES 2 12— icr»r 2 D oEhh
PIMETH D,

Z 2T, BRREEORRE AL T8 &
DIENEIAVNS () BRIE LI CWORFIEER
HHTRBFZHEEL, ToRE, BB L UBRE
%’l’%(:owﬂﬁ%ﬂ‘bfzc

LITIIBIR LB G o Bk e, FREiE e iads

Fast Dilute

Increasing Gas Velocity

Fig. 1

Flow regimes of gas-solid two phase flow



DRFEHES & R TR BT RS £ H V2
EFRPRBUC DV TR, ﬁ@mrmz$»%uﬁ

ROMBEICERTEE 2 AL L 22 80T 2,

2. EERMEEOMEN{LIRRE

21 EBRKBRODE L BENRELIRE
7 A TSEERE OB X b % ) BT IE & SRR
B O 2 BRI Fig. LI $, 5ED
MAILISRE LM ETH S, Z DT Grace? 2
Wiz Mz 8E > Dilute (HEHER) M
2LOTHL, BRAOREREIIRFOE BE
ﬁiwﬁzgﬁﬁﬁ’iof%mTé“m?,:
NEDMERFIZL > TS TLOBEZEI LW
KEEL & 5, Fixed IE]EE) 3 ZEENT & A
EFENYGETH S, Bubbeless (lZ5R/E) 13312
M RLTF & REMET 53546, BRICREITER
TAZ LU BERTARETHL, —RICEET
TIERENI20~1003 7 2 > DR F T DREN
#> 5, Bubbling (SRiBFHEIE) (358 HEREE
T 2Bk i R B LREE U LR TR S
NERETHE, ZomebikEizM» < &1 5
& grid region (4L fEFHIE), bubbling
region (FENEFEE) B L Uf freeboard region (7
) —R— FiEi#) o 3ol E 5, Slugging
(R v X7 HmERg) 3, YARBRELSL
ICHEIMEE3 R/RIBESEREITITHELWKES
i2% b Z0IRETH S, Turbulent (BLIATEEY
JB) i3, BHOREHRIETEEMbIREIC LD
LR, REPAERTELEYETRETDH
Lo TR, [EHRBETALND LD LBE
IR LI e L3 v, Fast (SR
BIfE) 13, BIFOMEKEEL M2 B ALRIERE
DA T EF~EE 3, TEICE £
HES a0 Fr@dfs 3 s5aicElY
JLRETH S, MEPREIIRFEREL L O
ZIBEEE IR E CRET 5. BRICIIRTFRE
DENT TR —HBEWEIAL T X LIRS
RFHRAERI N, o TFRFAERLZ) R
L7258 THT M 2ADBENRIFICTH
i’LZa EWwbhbNTw5, Dilute (2, BREEDEHE
CEAVLNDRENREET, KRTFH7 A%
éhﬁxkﬁ%tmzu/7 REDIRF TN E
RETH D,

—100—

2L ) EERE LR, ELRRE LR
CHEMEREOMICTFET 5, UL, b
DTS CETEEM L LDOTHD, FALK
FEHNT, EDLHDBEET, £y v-o7RIE
EHTREMETIUTSERBCRESGE L5
DWW TIRERY TV, EERE{LREIZDOWT
REWLHREBICLDERE T 7RSS —I2DOWT
NEZFEENT 5,

Yerushalmi & Cankult®|, Z2fEEE470.95L1T
T, RTEREVAS WEA 2 HETREE & T8
LTwWa, HhdT, FALBEEE)NF 3 —%>

tfi LI EBRIC T 2 3E Uy (W2 EE) L
EOER TR RBCRAEIZ 22 5 LT\ B,
LT, SEREMERETERTORY) v 73R E L
H2 R TOREEED 1 +—5—FWEr L5
ELTEY, TOMAICITAI—HEnEA}
S ADFHEREL T3, £, EERHIL
KETEADEE RIFAMEIZ, 7727 —5
i 2A b T AL WAERIERBEREE HITT
Wb,

Li & Kwauk™i3d, 7 2B HEHKE <, K
FREREFARE WL S THICBRELZE S
EEICABLMAL AT 5 HERE 2 SERE{LR
RErEEm L, AR & SEERE mEic LT, AL
TREMLIREE D 2 Wi ARk e 2 FC T 511
KRR ZRL Twd

Rhodes & Geldarts)ﬂi i B LR RE 13 A 2 28
BB HLREREWREICBIY, FAEE
WEH L W THRREOAEICE DR NEERD
HEVEE T WL ) TRETHL LERL Ty
b, B ATIRDERITAT D7 7 AT — DI
FEHTWBL00, 2 v 7THENKRENI ZIC
BEL Ti, Yerushalmi 60 L9l 77429 —
FEREEL < Th, BICEEAROKNFRE
DAL — W LR T E, FLARDHE TR
PHBE LR TRESAOBICE W TIE, BiETE
N2y THRELEZ ZDITEERTH D LIEH
LTva,

ZORFRFEORN FIBESAICEL T
Gajdos & Bierl2*XEBEN#H R H, BN
FOLPEEORCEBLETH D, ThzmBE
TRITFHTET L E ) &I Tn 5
Z & #mL, Yerushalmi 5 AFERT L L)% 7
TAZ DL CERERBRONEL GTEL T



5500

P

0

Test section
(100mm 1D)

Expansion tube
Cyclone

Hopper

Solid flow meter

Fluidized bed
(200mm 1D)

Distributor

Bal| valve

Pressure tap
Orifice meter
Blower

Lr

=
fum]
-—

(unit: mm)
7
10 11
' S
i+ ks 11
U10 =

Fig. 2 Schematic diagram of the experi-
mental apparatus for solid circu-
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Tabie 1 Particle properties used for basic experiments
Material Og dp umf ut Emf
kg.m-3 um m-s-1 m-g-1 -
FCC 1080 69 0.002 0.16
Zircon sand 4700 130 0.032 1.2 0.41
Aluminum 2700 422 0.20 1.1 0.56
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Fig. 3 Size distributions of FCC, Zircon
sand and Aluminum
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Fig. 4 Arrangement of flow visualization
system
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Table 2 Particle properties used for heat exchangers

Material do Ps Unf Gmt Cps Emf Ps
ater! £m kgom™2 m-s™' kgm2s'kd-kg'K  — —
Glass beads 347 2620 017 0.221 0.75 0.46 0.94
Silica sand 383 26800 0.14 0.182 0.80 0.46 0.79
AS beads 282 1070 0.04 0.053 1.35 0.44 0.90
3 -
4 " .
1 1. fluidized bed
\ 2. test tube
3 3. coolant
4, constant temperature
tank
5. distributor
6. plenum chamber
7. valve
8. orifice
9. blower
6 7
8

temperature-humidity controlled room
H, = 309 ~1009%
T, = 243K ~ 333K

Fig. 11 Schematic diagram of the experimental apparatus of the fluidized bed heat exchanger
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Fig. 12 Size distributions for silica sand,
Glass beads and As beads
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Fig. 13 Schematic of the heat transfer tube
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NOTATION
A = surface area of heat transfer tube, m?
C,y = specific heat of fluidized air at constant pressure, kJ/ (kg-K)
C,s = specific heat of solid particles, kJ/(kgK)
D diameter of test section, mm
d = tube diameter with frost, mm
d = particle diameter, m

=
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mean particle diameter defined by equation (1),

tube diameter,

superficial mass fluidized air velocity,

solid circulation rate,

height of equipment,

relative humidity of the temperature-humidity controlled room,
relative humidity at the inlet of the fluidized bed,
relative humidity at the inlet of the riser,

heat transfer coefficient,

average heat transfer coefficient,

thermal conductivity of air,

thermal conductivity of particles,

average Nusselt number = (ha..do)/kq,

pressure,

Prandtle number = {ucy:) ks,

electrical power supplied to the heater,

Reynolds number = (douopr)/x.

temperature of the temperature-humidity controlled room,
temperature of coolant,

air temperature at the inlet of the fludidzed bed,

air temperature at the inlet of the riser,

air temperature at the outlet of the riser,

air temperature under the distributor,

reference temperature,

temperature of solid particles at the bottom of the moving bed,
temperature of solid particles at the top of the moving bed,
surface temperature of the heat tranfer tube,

time,

onset gas velocity of dilute transport fluidization,
onset gas velocity of fast fluidization,

tranport velocity,

superficial gas velocity in riser,

onset gas velocity of minimum bubbling fluidization,
onset gas velocity of bubbleless state,

onset gas velocity of slugging fluidization,

onset gas velocity of turbulent fluidization,

gas velocity,

choking velocity,

superficial air velocity in the riser,

superficial air velocity in the moving bed,

minimum fluidized velocity,

mean linear velocity of descending particles,
terminal velocity of a falling particle,

superficial gas velocity,

weight fraction of particles in a specified size range,
height along equipment,

void fraction in a bed at minimum fluidizing,

air viscosity,

air density,

particle density,

sphericity of a particle,

pressure drop of fluidized bed,
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Basic Studies on Circulating Fluidized beds and Its

Application to a Heat Exchanger

Hiromi TAKEUCHI

Abstract

Basic studies on circulating fluidized beds were performed. And it is concluded
that the regime of fast fluidization is characterized by two velocities, Ugr and Upr,
based on new data from measurement of the static pressure distribution in the bed
under a wide range of the solid rate controlled independently of the gas velocity. In
the state of fast fluidization, the pressure of densely packed cluster of soldids near the
center core part of the bed is ascertained by means of flow visualization.

On the other hand, the circulating fluidized bed was applied to a new heat collector
from the air without experiencing frost problems. Because, in cold regions, how to
prevent and/or remove the frost layer deposited on the cooling surface of the eva-
porator is an especially important problem. The fluidized bed heat exchanger can
prevent and/or remove a frost layer, and promises a high value of heat tranfer
coefficient between the air and the cooling surface of the evaporator. But the
fluidized bed has two disadvantages. Firstly, it requires a high pressure drop for its
distributor. Secondly, if a small diameter and weight particles are used for the
fluidized particles, frost formation on cooling surfaces will be promoted.

Taking account of such defects of the fluidized bed, a new solid circulating heat
collector was devised. It consisted of a moving bed and a riser, with solid particles
circulating between them. The cooling surfaces of the evaporator were inserted into
the moving bed in order to prevent frost formation. Using a small apparatus, experi-
mental studies were performed to clarify the characteristics of solid circulation, heat
transfer and frost prevention.
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