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Abstract

In the present work, oil shale lump pyrolysis apparatus was used to
measure weight loss and intraparticle temperature profile for the lumps
(20—50 mm in diameter) of Fushun oil shale and Estonian oil shale
which is called kukersite. A pyrolysis model was uniquely developed
which took into account both the pyrolysis reaction and intraparticle
heat transfer. On the basis of experimental data, oil shale pyrolysis
kinetic parameters were then determined by using the developed model.
Furthermore, the effects of various variables (temperature, lump size
and heating rate) on oil shale pyrolysis were investigated during experi-
mentation. It was found that model predictions agree reasonably well
with experimental data.
(Keywords: oli shale lump; model temperature gradient)

Introduction

Up to now, only two countries in the world, China and (former) USSR
(in particular Estonia), have oil shale industry in operation since decades
ago. In the recent years, cooperation between two countries on the
. research and development of oil shale has been enhanced. Therefore,
it is very necessary to carry out sopme research work on the comparison
of the pyrolysis of oil shale from China and Estonia.

In the oil shale retorting processes, 0il shale lumps rather than fines
have been usually used as feedstock. Frrom previous studies [1—38], it is
found that the pyrolysis of oil shale lumps is much more complicated
than pyrolysis of oil shale fines. The former involves not only chemical
reactions, but also heat transfer, mass transfer, sample disintegra-
tion, etc. Because of poor thermoconductivity of oil shale, intraparticle
heat transfer becomes the controlling step during the pyrolysis of oil
shale lumps. Evidently, the investigation on intraparticle heat conduc-
tion will be the key to the overall pyrolysis of oil shale lumps.

In spite of the rather extensive reseiarch in this field, no one has
developed a comprehensive model which takes into account both the
pyrolysis reaction and heat transfer within the lump. Although a lot
of work on the pyrolysis of oil shale fine:ss has been performed at home
and abroad, oil shale fines are not representative of the lumps that
are used in the present retorting processes. Consequently, research
work for developing a model to describe the retorting of oil shale lumps
is of significance for the design and operation of oil shale retorts.
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Experimental

1. Apparatus

In this study, the experimental apparatus was specially designed and
constructed to obtain weight loss and intraparticle temperature profile.
The schematic diagram of the apparatus is shown in Fig. 1.
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Fig. 1. Schematic diagram of experimental apparatus: I — gas
carrier; 2 — flowmeter; 3 — gas preheater; 4 — thermocouple;
5 — temperature controller; 6 — cooling water; 7 — load cell;

8 — sample; 9 — reactor; 10 — recorder; 11 — electrostatic preci-
pitator; 12 — ice bath; 13 — mass flowmeter; 14 — G. C.; 15 — vent
Puc. 1. TlpuHnunuanbHas CXeMa anmapaTypsl AJsd DKCIePUMEHTa:

1 — HocHuTenb rasa; 2 — pacxojgoMep; 3 — IojorpeBaTesb raza; 4 —
TepMonapa; 5 — peryJjasaTop TeMmepaTyphl; 6 — oxXJaXkzalomias BOJAa;
7 — cexnus sarpysku; 8 — obpasen; 9 — peakTop; 10 — perucTpu-
pylomuii npubop; 11 — sJIeKTPOCTAaTHYECKUH ocaguTenb; 12 — jmemsa- .
Had BaHHa; 13 — pacxosoMep JJifA ONpeAeIeHnsd MOTepHu Macchl; 15 —
BEHTUJISIUOHHOE OTBEPCTHE

Experimentation was divided into two parts: determination of weight
loss and measurement of temperature gradients within the lump. In the
first part, a single oil shale sample was supported in a stainless steel
mesh basket which was suspended by a stainless steel rod from a load
cell mounted at the top of the reactor. The load cell which measured
sample weight loss was interfaced with a recorder which converted
the signal into weight readings. In the second part, under the same
experimental conditions, three microthermocouples were inserted into
the center, half radius and at the surface of sample, respectively, to
obtain the local temperature profile.

2. Main experimental conditions

Sample: Fushun oil shale (China) and kukersite (Estonia)

Sample shape: regular cylinder

Sample size: 20 mm, 30 mm, 40 mm, 50 mm, in diameter and in height.
Heating rate: 2 °C/min and 5 °C/min

Final temperature: 550 °C—600 °C

Gas carrier: nitrogen with high purity
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Table 1. Analysis data of Fushun oil shale and kukersite

Tabauya 1. OCHOBHBIE XapaKTEepPHCTHKH (DYyIIYHHCKOrO ropiodyero CIaHIa H
KyKepcuTa

Fushun oil shale  Kukersite

Fischer assay, wt%:

0il 8.14 23.60
Pyrolysis water 6.53 1.80
Char 82.21 69.50
Gas 3.12 5.10
Proximate analysis, wt%:
Wolatile matter 17.51 38.80
Moisture 4.15 —
Ash - | 73.86 50.50
CO; ; / 2.40 19.00
Pyrolysis reaction heat, kJ/kg 312.75 249.70

Table 2. Thef'mophysical properties of Fushun oil shale and kukersite

Tabauuya 2. Tennodusudeckue CBOMCTBA (DyIIyHBCKOr0 roprdYero CjIaHIa
H KyKepCHTa

Indices Temperature, °C

150 200 250 300 350 400 450 500 550 600

Fushun, oil shale

Cps, kJ/(kg-K) 1.40 1,55 1.66. 1.77 .1,.94 220 2.61 ..3.21 407 5:21
a X 10%, m?/s 35.86 34.66 33.46 32.27 31.07 29.87 28.67 27.47 26.27 25.08
Kukersite

Cps, kJ/(kg-K) 10654118 +41.21" “1.:82. 1:62/+31.856:- 243, ~1.64 136 1.29
a X 108, m?/s — 19.0 — 178 — 15.1 — 146 — 25.6

3. Sample properties

The properties of oil shale samples are summarized in Tables 1 and 2
[4—6].

4. Experimental data

The typical weight loss data are shown in Fig. 2

Model and theory

1. Kinetic equations

According to the mass action law, the overall first order reaction equa-
tion for solid fuel pyrolysis can be written as follows:

dX/dt — Ae—E/RT(1 — X) (1)

In the consideration of constant heating condition, dT/dt = B, the
integration of eq. (1) gives eq. (2):

1—X=exp[— 1/p - ART?/(E + 2RT) - exp (—E/RT)] (2)
Substition of eq. (2) into eq. (1) yiélds the pyrolysis rate:

dX/dt — A - exp[—E/RT — ART?/(E + 2RT) - 1/B X
X exp (—E/RT)]
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Weight loss fraction X

340 420 500 580
Surface temperature T',, °C

Fig. 2. Weight loss fraction vs. sample surface temperature for
Fushun oil shale lump (A4) and for kukersite lump (B) with different
diameters: I — 20 mm; 2 — 30 mm; 3 — 40 mm; 4 — 50 mm (heating
rate 2 °C/min)

Puc. 2. 3aBUCHUMOCTh IOTEPH MAacCChl OT TeMIEpPATyphl IIOBEPXHOCTH
KycKa AnsA QymyHbCKOro roprouero cianna (A) u kykepcura (B) mpu
Pas3yIMYHBIX AuaMeTpax KyckoB: I — 20 mm; 2 — 30 mm; 3 — 40 mm;
4 — 50 MM (ckopocTs Harpesa 2 °C/mMuH)

During the pyrolysis of lumped oil shale, internal tempratures at dif-
ferent locations are not uniform. As a result, pyrolysis conversion X
is a function of radius r. Volume average X of local conversion X can
be expressed by eq. (4):

1—X= 3/R8'[5‘0(1 HiX)ridr (4)

X can be experimentally obtained as a function of the temperature
of oil shale lump surface.

2. Heat transfer equation
The heat balance of the internal control volume can be expressed by
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the summation of thermal conduction, heat consumed by reaction and
heat accumulated in the control volume as shown in the following
equation:

9T /3t = a/r® - 3/8r (r* - BT/3r) — AH/C,,- dX/dt (5)
The initial condition is: t =0, T = T (6)
and the boundary condition is: r =Ry, T = T, + Bt (7

For the convenience of calculation, a, AH, C,s and dx/dt are appro-
ximately assumed as constants. Consequently, the analytical solution
of eq. () can be obtained as follows:

T =Ty + Bt — 2/n* (BR}/a + R}/a - AH/C,, - dx/dt) X
X = {(—1)"+1/n? . Sin (nn r/Ro)/(nar/Ro) [1 — exp (— n’n® X

n—1

X a/Rj - 1)1} (8)

In eq. (8), Ry represents spherical radius. The equivalent radius of a
regular cylinder can be expressed below:

Rcylinder = 0.8736 Rsphere (9)

Equations (4) to (8) are a group of simultaneous equations. Kinetic
parameters and internal temperature distribution will be determined
by solving eq. (4) to (8).

Results and discussion

1. Effects of experiment conditions on oil shale pyrolysis

Effective factors on oil shale lump pyrolysis include usually tempe-
rature, lump size, heating rate, etc. From the experimental results,
several conclusions are as follows:

(1) A larger lump size and a higher heating rate will make the intra-
partical temperature gradient bigger and thus result in a higher initial
and final pyrolysis temperature, due to the poor thermal conductivity
of oil shale lump. Therefore, in oil shale lump retorting. processes, if
heating rate will be increased to raise unit’s capability, a higher tem-
perature has to be chosen as the final retorting temperature and the
oil shale must be heated at that temperature for a sufficient time.
Otherwise, the retorting process will be incomplete, which may result in
lower shale oil yield.

(2) With a rise in surface temperature of oil shale lump, intraparticle
temperature gradient will increase gradually. The temperature gradient
reaches maximum near the highest pyrolysis rate, which may be attri-
buted to the considerable pyrolysis reaction heat. From this pheno-
menon, it is clear that internal thermal conduction is a controlling step
in overall pyrolysis of oil shale lump.

(3) Internal temperature gradient depends on the thermal conductivity
of oil shale lump. For Fushun oil shale with the lump size of 50 mm,
maximum temperature difference between surface and center is about
311) °(i 7a‘i; éhe heating rate of 2°C/min, while for kukersite, it is
abou s 01

2. Kinetic parameters of oil shale pyrolysis
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When oil shale fines (<< 0.075 mm) were under pyrolysis, temperature
gradient within oil shale sample was negligible. So, intrinsic kinetic
equation can be used to reat experimental data in a reasonable way.
However, in the case of oil shale lumps, there exist considerable intra-
particle temperature gradients which are the function of lump dia-
meter and pyrolysis time. Consequently, a comprehensive model involv-
ing pyrolysis kinetics and heat transfer has to be developed to obtain
the kinetic parameters and intraparticle temperature profile.

In this study, kinetic equations [eq. (1) to (4)] and heat conduction
equation [eq. (8)] were solved simultaneously to fit experimental data
concenrning weight loss and temperature profile. The typical results
are shown in Table 3.

From the results in Table 3, the main points are summarized as fol-
lows.

Table 3. Kinetic parameters of Fushun oil shale and kukersite at heating
rate of 2 °C/min

Ta6auya 3. Kaaernueckne mapameTpsl GyImIyHBECKOro roprodyero CIaHIA H
KYKepCHTa IpH Harpese co ckopocteio 2 °C/mun

Lump Fushun oil shale Kukersite )
size, mm

E,kJ/mol A,s1 F E,kJ/mol A,s1 F
20 101.72 1.975 X 10* 0.026 150.00 3.241 X 107 0.031
30 109.75 7.518 X 10* 0.034 145.58 1.634 X 107 0.038
40 109.32 6.642 X 10* 0.032 156.73 4,193 X 107 0.042
50 111.58 8.355 X 10* 0.041 152.35 2.534 X 107 0.029

(1) Relative deviations F are reasonably low (<< 5 9%), which implies
that the derived comprehensive model involving internal temperature
gradients can be suitably used to characterize the pyrolysis of oil shale
lumps.

(2) Heating rate and lump size have little effect on kinetic parameters
of oil shale lumps. For that reason, the kinetic results from this study
can be taken as intrinsic kinetic parameters which is independent of
temperature gradient.

(3) During the pyrolysis of oil shale lumps, apparent activation energy
for kukersite proved to be higher than that for Fushun oil shale.

3. Intraparticle temperature profile

As mentioned above, the kinetic parameters were obtained by using the
solutions of simultaneous equations. In the meantime, intraparticle
temperature profile was determined as well. The typical results from
experiment and calculation are summarized in Tables 4 and 5.

It can be seen from the data listed in Tables 4 and 5 that the larger
the lump the greater the temperature difference from surface to the
center. Therefore, it is clear that the effect of lump size is very signifi-
cant on the pyrolysis of oil shale lump.

Model predictions give a satisfactory fit to experimental data in
constant. heating stage. But, at isothermal stage above 550 °C, devia-
tions between experimental and calculated data become high, which is
possibly caused by the imperfectness of the model.
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Table 4. Temperature difference between surface and center of Fushun
oil shale lumps (heating rate 2 °C/min)

Tabruya 4. PazaAna MesXAy TeMIepaTypaMH IOBEPXHOCTH H IEHTPAa KYCKOB
KyKepcHTa (CKOopocTs Harpepa 2 °C/MuH)

Surface ¢, mm
tempera-
ture, °C 20 30 40 50

Expt. Cale. Expt. Cale. Expt. Cale. Expt. Calec.

150 3.0 1.9 4.0 4.4 8.0 7.8 11.0 13.0
200 3.0 2:1 5.0 4.6 8.0 8.3 12.0 13.2
250 3.0 2.3 5.0 4.8 8.0 8.7 12.0 13.5
300 3.0 2.2 6.0 5.0 9.0 9.2 13.0 14.6
350 3.0 2.9 6.0 6.2 10.0 11.5 15.0 15.9
400 4.0 4.5 7.0 9.0 12.0 14.7 20.0 21.2
450 4.0 54 9.0 12.0 18.0 20.0 31.0 33.0
500 4.0 3.2 . 12.0 8.0 20.0 15T 31.0 34.2
550 3.0 2.4 10.0 8.0 20.0 15.0 26.0 24.0
Isothermal heating at 550°C

10 min 2.0 0 3.0 0 11.0 1.5 18.0 4.0
30 min 0 0 1.0 0 4.0 0.9 11.0 2.0
50 min 0 0 0 0 1.0 0 5.0 0

Table 5. Temperature difference between surface and center of kukersite lumps
(heating rate 2 °C/min)

Tabruya 5. PasEuna MekQy TeMOepaTypaMH IOBEPXHOCTH H LIEHTPa KYCKOB
KykepcHTa (CKopocTs Harpesa 2 °C/mun)

Surface ¢, mm
tempera-
rature, °C 20 30 40 50

Expt. Cale. Expt. Cale. Expt. Cale. Expt. Calec.

150 5.0 3.8 9.0 8.2 12.0 16.3 26.0 25.5
200 5.0 3.5 9.0 8.0 14.0 15.4 26.0 241
250 6.0 3.9 10.0 8.9 16.0 15.6 26.0 24.3
300 6.0 4.2 10.0 ‘9.0 17.0 16.5 28.0 28.8
350 7.0 4.8 12.0 11.0 19.0 18.5 32.0 35.0
400 8.0 6.9 15.0 13.2 22.0 26.5 38.9 42.0
450 14.0 12.5 29.0 26.5 35.0 33.5 54.0 58.6
500 15.0 10.6 30.0 26.0 420 39.2 74.0 70.0
550 8.0 4.5 19.0 11.5 32.0 . 257 50.0 39.1
Isothermal heating at 550°C

10 min 3.0 0 10.0 0 20.0 6.0 34.0 12.0
30 min 1.0 0 4.0 0 10.0 3.0 22.0 5.0
50 min 0 0 2.0 0 5.0 0 10.0 0

Under the condition that heating rate is 2 °C/min, and isothermal
above 550 °C, the center temperature gets to 550 °C after more than
one hour heating for a lump 50 mm in diameter, but the same center
temperature will reach after 10 minutes heating for a lump 20 mm in
diameter. This fact points out that this delay in retorting process can
result in the burning of oil product to decrease oil yield. Also, oil released
from the center of lump will be exposed to very high temperature as it
escapes from the lump. As a result, further cracking of shale oil will be
enhanced.
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During the pyrolysis of oil shale lumps, kukersite has a larger tempera-
ture gradient than Fushun oil shale. For instance, at heating rate of
2 °C/min, maximum temperature difference of kukersite (60 mm in dia-
meter) is up to 74 °C while for Fushun oil shale it is 31 °C. This is pro-
bably caused by poorer thermoconductivity of kukersite (see Table 2).
As a result, retorting for kukersite will need high final temperature
and longer retention.

Conclusion

1. The pyrolysis of Fushun oil shale and kukersite lumps was studied
by using a single-lump reactor. A comprehensive model involving pyro-
lysis reaction and heat transfer was developed.

2. Kinetic parameters are the same for different lump sizes, which
implies that it is a successful attempt to model lump-size oil shale pyro-
lysis by means of Arrhenius equation with the effects of intraparticle
heat transfer taken into consideration.

3. Intraparticle heat transfer is a dominant factor in the pyrolysis of
oil shale lumps. The results indicate that a higher heating rate and
a larger lump size will make the intraparticle temperature gradient
bigger.

4. The model predictions and experimental data basically agree with
each other, which shows that the comprehensive model developed can
be reasonably used to characterize the pyrolysis of oil shale lumps.

5. Kukersite has a larger temperature gradient than Fushun oil shale
due to poorer thermoconductivity of kukersite.

Nomenclature
a — thermal diffusivity (m?/s)
A — Arrhenius frequency factor (s—1!)
C,; — heat capacity of oil shale [kJ/(kg-K)]
E — apparent activation energy (kJ/mol)
F — relative deviation
r — radial distance (mm)
R, — radius of oil shale lump (mm)
R — gas constant [8.314 J/(mol-K)]
t — time (s)
T — temperature (K)
Ty — room temperature (°C)
T, — surface temperature of sample (°C)
X — conversion fraction of oil shale pyrolysis, as a function of tempera-
ture T and radius r
X — average conversion fraction for the whole oil shale lump
B — heating rate (°C/min)
AH — pyrolysis heat (kJ/kg) .
0s — solid density of oil shale lump (kg/m?)

JIH DYH-AHb, AHD [34-JTHHb

HCCJIEJOBAHHE IIHPOJIM3A KPYIIHOKYCKOBOI'O ®YIIYHCKOI'O
TOPIOYEr'O CJIAHIDA M 3CTOHCKOTIO CJIAHIDA-KYKEPCHUTA

Pesrome

O6BIYHO 151 mepepaboTKU rOpOYMX CJIAHIEB MCIOJB3YETCS MEJIKOKYCKOBOM cia-
HeIl U CJaHIeBas MeyioYb. [IMpoJiu3 KPYMHOKYCKOBOTO I'OPIOYEro CIaHIA Ipej-
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craBiasieT coboif GoJyiee CIOMKHBIH NIPOIECC: HAPAAY C XMMHUYECKUMU DPEaKIUAMH,
ero COCTABJAIIIUMU SABJSIOTCS IIPOLECCH TENmJOo- ¥ Maccolepejfayu, HU3Meybye-
HHE KYCKOB U [Jp. 3

W3-3a HUBKOH yAeNbHOH TEMJIONPOBOLHOCTA TOPIOYEro CJaHIa pelaliuM
daxTOpOM NpPHM NMUPOJNK3E KPYIHOKYCKOBOTO CJaHIa CTAHOBHUTCH TeIJolepenada
BHYTpU dYacTuubl. OfHAKO, HECMOTPSA Ha HHTEHCHUBHBIE MCCIEJOBAHHS, OO CHX
mop He yjajioch pa3paboTaTh MOZENb, B KOTOPOHX OZHOBDPEMEHHO YYHMTBIBAJIHCH
6Bl KaK peakIus NUPOJHM3a, TAK W TeIlJjomepefada B KYCKe.

Ilns HacTosAlmero wuccienoBaHusi Oblya paspaboraHa ammapatypa (puc. 1)
LIS OIpejeeHusl IOTEPU MacChl U U3MEHEHHsS TeMIIepaTyphl BHYTDU YaCTHIIEHI.

W3 06pa3noB (YIIyHBCKOrO CJIAHIIA M BCTOHCKOIO KYKepcuTa OBIJIM HM3roTOB-
JIeHBl IUJIUHAPHI C OAUHAKOBBIMM BbICOTOM u pumamerpom: 20, 30, 40 u 50 mMm.
YcoBus 3KCIEepUMEHTa OBIIM CIEAYIOIIUMH: CKOpOCTh HarpeBa 2 miu 5 °C/MuH,
KoHeuHas TemmepaTypa Harpesa 550—600 °C, ras-HocuTesb — a30T BBICOKOH
YUCTOTEI. .

CgoiicTBa 00pa3i[0B roplOYMX CJIAHIEB OXapaKTepHU30BaHBI B Tabaumax 1 u 2;
Impolecc IMOTEePH MAacChl HUJIIIOCTPUDPYET pHC. 2.

B pesysnbTaTe IpOBEAEHHOI'O HWCCIEAOBaHUS ObLIAa paspaboTaHa MOJENb, OXBa-
THIBAIOIIAA KaK DPEaKIUI0 IHPOJIM3a, TAK M IIPOLECC TeIJonepesadu.

Kak oxaszasioch, KyCKH Da3JMYHBIX DPa3MEPOB UMEIOT OJMHAKOBHEIE KHHETHYE-
CKMe IIapaMeTphl, ¥ 5TO yKa3biBaeT Ha TO, YTO ypaBHeHHEe AppeHHuyca MPUMEHUMO
U [JIA MOJEeJIMPOBAHUA IIPoIecca IMHUPOJH3a KPYIHOKYCKOBOTO CJIaHIA IIPHU yCJIO-
BUM, YTO IIPM BTOM yYHTHIBaeTcsd 3(D(DEKT BHYTPHUKYCKOBON TEIJIONEpPENAUH.

BHYTpUKYyCKOBas TEIJIONPOBOLHOCTH ABJIAETCH AOMUHUDPYIOIIUM (PAaKTOPOM IIpH
OUPOJM3€e KYCKOBOTO CjaHIa. deM BBIIIEé CKOPOCTh NOABEMa TEMIEDPATYyDHI H
Gonbllle pazMep KyCKa, TEM BhIlIe TEMIEPATYDHBIM TpafHeHT B HeM.

PacueTrHbie 3HadeHHud, NOJyYEeHHBIE HA OCHOBE pas3paboTAHHOM MOJENH, U DKC-
[epUMeHTabHbIe JaHHBIE B OCHOBHOM COOTBETCTBYIOT APYT APYLY, YTO MOATBEDIK-
aeT NPUMEHHUMOCTh 0O0ule#l Mojenu IS XapaKTePUCTUKHM IHPOJIM3a KPYIIHO-
KYCKOBOT'O IOPIOYEro CjaaHIia.

Ilo npuymHe MeHBIIEH TEMJIONPOBOLAHOCTH, KYKEDCHT MMeeT 6o0jiee BBICOKHH
TeMIepaTypHBIA IDafUeHT, 4eM y (QyIIyHBCKOrO CJIAHIA.
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