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Abstract—Temperature fluctuations and heat transfer characteristics were investigated in a fluidized-bed combustor
of 0.102m ID and 2.5m in height, which was designed for waste oil combustion. Effects of excess air (Ag), injection
height (H,) and feeding rate of waste oil (Qg) on the mean bed temperature (Tg), Kolmogorov entropy (K,) of phase
space portraits and heat transfer coefficient (Up) in the fluidized-bed combustor were determined. T increased, but
K, and U, decreased with increasing Ac. K, had alocal minimum, but Tz and U, had a maximum at H, of 0.4 m. T,
increased, but K, had a minimum and U, had a maximum with increasing Q- in the combustor. T, K, and U, obtained
at the optimum operating condition (A:=40%, H,=0.4 m, Q-=30 g/min) were about 855 °C, 22 bits's and 382 W/m?K,

respectively.
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INTRODUCTION

Disposa of indudrid hazardous wagtes has become an impor-
tant public concern in view of environmenta protection. Combus-
tion of wagte ail is one of the appropriate methods insteed of land-
fill, epecidly conddering the hegting vaue of wagte ail (10,000
ked/kg) [Saxenaand Jotshi, 1996; Chu, 1999). There are many ad-
vantages in goplying fluidization technology to the combustion of
indudria hazardous wastes such as wagte oils, dudge, plagtics and
tires, dnce the wastes can be wdl digpersed and mixed with bed
meterids by means of fluidizing air [Lee and Chun, 1993; Anthony,
1995, Gu e d., 2002].

However, there has been rdatively little atention given to the
characterigtics of wadte oil combustion in afluidized bed. Eventhe
fundamentd characteristics of hydrodynamics and hegt transfer in
the combugtor have not been well understood, because the com-
bugtion sysem is much too complicated, irregular and random to
meesure and andyze eedly. The hydrodynamics and transport phe-
nomena in multiphase flow sysems have been successfully ana-
lyzed and described by means of the chaatic parameters [Kikuchi
et d., 1997; Zijerveld et d., 1998; Kang et d., 1996, 1999, 2000].
It can be understood that the combustion of wadte ail is quite dif-
ferent from thet of the other solid westes

In the present study, thus, the characteridics of temperature fluc-
tuations and hegt trandfer in a fluidized-bed combustor have been
invesigated by adopting somewhat the noble chaos theory. More
specificdly, the time series of temperature fluctuations, which can
visudize the gas-0lid thermd flow behavior in the fluidized-bed
combusgtor directly, were measured and andyzed by means of chaos
andyds to visudize them as the phase space portraits and Kol-
mogorov entropy. In addition, effects of excess ar (Ag), injection
height (H,) and feeding rate (Q-) of waste oil on the mean bed tem-
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perature (Ts), Kalmogorov entropy (K,) of phase space portraits as
well as on the heat trandfer coefficient (U,) in the combustor were
determined. The results of this Sudy can be used to determine the
optimum conditions for the combustion of wage ail in afluidized-
bed combustor.

ANALYSIS

1. Phase Space Portraits

Multidimensionad phase space portraits can be congructed from
the temperature difference fluctuation time series by means of the
time delay method [Packard et d., 1980; Roux et d., 1983]. Thet is,
the experimentally obtained time-series sgndl, X(t), is digitized with
atime step of At; the resultant (m+1) values of the signdl, X(i At),
aedoredfori=0, 1,2, ..., m.

Thus, the vector time seriesis defined as

Z®=[X(i &Y, X(i At+1), ..., X(i At+(p-1)7)],
i=0,1,2, ..., [m-(p-DK (1)

where 7=k At, k=1, 2, 3, ... and p is the dimension of the vector,
Z(t). Therefore, moving dong with time t, a series of p-dimen-
sond vectors representing the p-dimensond portrait of the sysem
can be obtained. Occagondly, pisrefared to asthe embedded phase
pace dimension of the recongtructed trgjectory or etractor.

2. Kolmogorov Entropy (K»,)

K, has been known to be used for a direct measure of the gen-
eration rate of information of a sysem, since it can be used more
eedly to scae the time dependent behavior of multi phase flow sys-
tems [Van der Stappen et d., 1992; Huilin et d., 1995]. K, can be
edimated by congdering the fraction of pairs (N) separated by a
digance given smdler than agiven r,, in an embedding dimenson
p asfollows.

N(ro, p) Hexp(=Kp1) @
where Tistimedday in the recongrudtion. Adudly, therete of growth
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of the distance between two initidly daose points on the attractor
can be measured by counting the number of steps, At, intimewhere
the distance between the points can be followed dong the attractor
before it becomes larger than some prescribed digance (r,). This
discrete number of gepsis exponentidly distributed with a cumu-
letive probability digtribution N(r,, p) such as Eq. (2). For adisspa
tive ordered or periodic system, the Kolmogorov entropy is zero,
indicating that no information is generated as the system evolvesin
time. The sysem is sad to be predictable a any time. A random
system has a K,=c0, making the system totally unpredictable even
after the next time gep.

EXPERIMENTAL

Experimentswere carried out in afluidized-bed combustor whose
indde diameter is 0.102m and 25m in height. A schemdic dia
gram of the experimental apparatus is shown in Fg. 1. The com-
bustor condgts of a wind box, digtributor, spray nozzles, riser and
cyclone. Specificaly, the lower bed dageis0.102m D and 1.5m
in height and the upper free board is 0.203 m-ID and 1 m in height.
Perforated plate containing 36 evenly spaced holes of 2mm diam-
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Fig. 1. Experimental apparatus.

1. Main column 10. Thermocouple

2. Air compressor 11. Pressure tap

3. Pressure regulator 12. Hest exchanger
4. Vdve 13.TIC

5. Rotameter 14. A/D converter
6. Air preheater 15. Computer

7. Digtributor 16. Sampling hole
8. Waste ail tank 17. Cyclone

9. Injection nozzle
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Table 1. Physical and chemical properties of waste ail
Viscosity at 40 °C [cP] 240

HHV [kcal/kg] 10640

Flash point [°C] 180

Ultimate analysis C:84.62, H:11.41, N:0.08, S:0.05, 0:0.67

eter sved as an air distributor, where 400-mesh dainless Sed sreen
was atached to support the bed maerids The soray nozzle was
used to goray the wadte ail into the bed, and it had 5 holes of 1 mm
in diameter.

Wedte resdud oil and compressed air were supplied in the ranges
from 10 to 40 g/min and from 0.6 to 3.5 /s, respectively. The bed
meaterid was silica sand whose diameter range was from 500 to 600
pm (d, =556 pum) and density was 2,500 kg/n®, respectively. The
datic bed height of the bed materid was 0.5 m. Physicd and chem-
ica properties of waste oil are shown in Table 1.

In garting up of the combustor, the bed temperature was con-
trolled by means of aPID control system with a heater of 8kKW ca
pecity. The temperature was measured by means of K-type ther-
mocouples, which were mounted dong the wall of the bed with a
02mintervd in the axid direction. To measure the pressure varia
tion in the bed pressure, tgps were dso inddled at the wall of the
bed with 20.2m height intervd in the opposite Side from the tem-
perature measuring system.

The output sgnds from the thermocouples were processed by
means of adata acquistion sygem (Data Precison Modd, DT3001)
and a persond computer. The voltage-time signds, corresponding
to the temperature-time fluctuations, were sampled & arate of 0.002
sec and trandered to the data acquistion sysem. The totd sam+
pling time was 10 sec with 5,000 deta points. This combinetion of
sampling rate and time can detect the full spectrum of temperature
sgnds (500 Hz) in a multiphase flow system [Karamavruc et d.,
1995; Kang et d., 1996, 1999, 2000].

The immersed heat exchanger was inddled 0.3 m from the air
digtributor. The heat transfer coeffidients between the heat exchanger
and the bed were determined by Eq. (3) from the total amount of
heet trandfer and logarithmic mean value of temperature difference
between them.

AT, —AT,
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RESULTS AND DISCUSSION

Effects of gasvelodity (Ug) on the pressure drop (AP) and itsfluc-
tuations are shown in FHg. 2. In this figure, the minimum fluidiza:
tion velocity (U,,) can be detected eadily from the variation of pres-
aure fluctuation Sgnas That is, the AP-fluctuations were not Sg-
nificant in fixed bed conditions, however, the AP in the bed began
to fluctuate dramatically a the beginning of fluidization. The U,
of bed materid has been determined from thisinformation.

Since the temperature of the bed interior could vary as a result
of combustion behavior, the combustion characterigtics can be de-
<cribed more conveniently by andyzing the temperature fluctuations
aswdl as pressure Sgndsin the combudor [Weghmare et dl., 1998;
Kim et d., 2001]. A typicd example of temperature fluctuations
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Fig. 2. Effects of U on the AP in fluidized-bed combustor.
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Fig. 3. Typical examples of temperature fluctuations in the com-
busgtor (Ag=20%, H,=0.2 m).

with the variation of Q- can be seenin Fg. 3. In thisfigure, theam-
plitude and frequency of temperature fluctuation in the combustor
change with dtering the operating condiitions. Note that, in addi-
tion, the meen vaue of temperature in the combugtor in a given con-
dition was determined from these T-fluctuation data. To visudize

Feeding Rate 10 [g/min] Feeding Rate 20 {g/min]

0.035}
0.030 1 /
0.025 / 1

0.035 + /

0.030

X [t+t

/.

0.025¢  Feeding Rate 30 [g/min] Feeding Rate 40 [g/min]

0035 0025 0030  0.035
X[t]

0.025 0.030

Fig. 4. Typical examples of phase space portraits of temperature
fluctuations (Ag=20%, H,=0.2 m).

the characterigtics of temperature fluctuations in the phase space,
these fluctuations of temperature were reorganized by means of phase
pace portratsin the recondructed trgectory.

Fig.4 shows a typicd example of atractor of the temperature
fluctuetions in the fluidized-bed combustor. It can be noted in this
figure that the increase of Q: can increase the temperature due to
the increase of calorific v ue generated during agiven combustion
time. And thus, the phase space portrait was moved to the upper
region in the phase gpace with increasing the Q.. In addition, the
behavior of the temperature fluctuations becomes regular and sta-
ble when the feeding rate of wadte ail increases from 10 g/min up
to 30 g/min; however, it becomes irregular and unpredictable with
further increase of feeding rate (Q-=40 g/min). Thisis because the
attractor becomes less scattered with increasing the feeding rate,
wheress it tends to be scattered with a further increase of feeding
rate. It has been understood that the shape and position of the at-
tractor in the phase space hdlp in identifying the underlying sys-
tems with their physca events [Packard et d., 1980; Kang et 4.,
2000; Kim et d., 2001]. The reason can be atributed to the unburmed
weadte ail in the combusgtor. This enables us, thus, to Sate thet the
optimum Q- of waste ail in this system would be around 30 g/min
to maintain the relatively stable combusgtion condition.

The characteridtics of temperature fluctuations in the combustor
can be ducidated quantitetively by means of K.. It was understood
that K, isfinite and postive for a chactic system. The system can
be predicted to some extert for amal time step; however, for large
time delays the gate of the system is not effectively predictable. K,
therefore can provide a direct measure for the dynamicd tempera-
ture fluctuation behavior in fluidized-bed combustor.

Fg. 5 showsthe efects of A (or Ug) on T and K, of phase space
portraits in the combugtor. The amount of A was obtained from
the stoichiometric oxygen (or air) baance for the combustion of
wagteail. Inthisfigure, K, decreases, but T, increases with increes-
ing A¢ inthe combustor. It can be noted that T, and K, do not change
congderably when the excess air is 40-60%. This means thet the

Korean J. Chem. Eng.(Val. 21, No. 5)



=
2
[
o
P
3

@
Q.

60

o
(=1

'
(=]

©w
(=1

N
(=1

Kolmogorov Entropy, K, [bits/s]

©
(=1
=1

@
(=1
(=3
T
I

T\

Temperature, T,[°C]
Temperature, T, [°C]

Gas velocity, U, [mys]

017 0?8 019 1&0
600 I 1. 1 1

0 20 40 60

Excess air, A_[%]
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behavior of temperature fluctuations in the bed of combustor be-
comes more regular, stable and predictable. And, the excess air of
40-60% is sufficient for the complete combustion of waste ail in
the bed. From these reaults, it is ressonable to gate thet the opti-
mum amount of excess air would be 40-60% in this system.

It has been understood that the combustion characterigtics of lig-
uid fuels are dependent on the atomization or spray of fuels. The
pray properties aswell as the dynamics of air flow have been im-
portant agpectsin determining the mixing pettern in diffuson flames
[Bdlegter et d., 1994; Umemuraet d., 1994; Takami et d., 1997].
However, in the fluidized bed combugtor, the combugtion charac-
teridtics can be dependent on the H, of waste ail rather then the spray
qudity, since the weste ail should be well digtributed a optimum
H,, contacted and mixed with bed materias by means of fluidizing
ar for an eficient combustion. Thus, the effects of H, on the be-
havior of temperature fluctuations were examined.

Effects of H, of waste oil on T, and K, can be seenin Fig. 6. In
this figure, K, exhibits alocad minimum, but T, decreases gradu-
aly, with the increase of H, in the combustor. Note that K, has a
locd minimum when the H, is around 0.4-0.6 m from the ges dis-
tributor. In addition, T, does not decrease Sgnificantly when the oil
injection height is 0.2-0.4 m. Thus it can be anticipated that the opti-
mum injection height of wagte ail would be around 0.4 m from the
digtributor to maintain the relatively stable temperature fluctuaions
without congderable decrease of T, Thiscould be, of course, rdated
to the height of combustion region where the vigorous contacting
and mixing between the wagte ail and the bed materid would oocur
by means of fluidizing air, because the desired combustion zoneis
located in the expanded bed region. It ssems to be important to let
the temperature fluctuations in the combustor become more regu-
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Fig. 6. Effectsof H, on T and K, in the combustor (A-=40%).
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lar and stable for the waste ol to be wdl mixed and contacted with
bed materid and thus for the stable combustion.
Effects of Q- on Ty and K, can be seenin Fg. 7. In thisfigure,
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K, attainsitslocad minimum a Qg of 30 g/min, but T isincreased,
with increesing Q.- of weste ail in the fluidized-bed combustor. It
can be noted from this figure that the optimum vaue of Q- would
be 30 g/min under the operating condition of this Sudy to maintain
ardaively sable as well as high bed temperature in the combus-
tor. This has been anticipated from the visudization of phase space
portrait of temperature fluctuationsin the beds (Fg. 4).

Effects of Ag on U, in the combustor can be seen in Fig. 8. U,
decreased with incressing Ag. It can be explained as the decresse
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Fig. 8. Effects of A on U, in the combustor (Q-=30 g/min).
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Fig. 9. Effectsof H, on U, in the combustor (A.=40%).
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of contacting frequency between the heat exchanger surface and
solid particdle with increesing Ug (or Ag). Ug has an effect only on
the heet transfer through changes in the solids concentration, Snce
the solids concentration decreases with increasing Ug. It is gener-
aly accepted that the overdl heat trander coefficient between an
immersed surface and a gasfluidized can be expressed as the sum
of the particle convective, gas convective and radiative transfer co-
fidents. Also, it has been shown by many researchersthet the dom-
inant heet transfer mechaniam in the fluidized bed is the solid par-
ticle convection [ Yates, 1996; Maand Zhu, 2000].

Effects of H, on U, in the combugtor can be seen in Fig. 9. As
expected, U, has aloca maximum at H, of 0.4 m. Therefore, the
optimum H, of waste ail would be around 0.4 m from the digtribu-
tor to maintain the rlaively high U, and gable K, (Fig. 6). Effects
of Q= on U,, ds0, can be seenin Fig. 10. U, vdue atainsits locd
maximum at Qg of 30 g/min in the fluidized-bed combudor. It is
interesting to note that the optimum vaue of Q- would be 30 g/min
to maintain the releively high U, and gable K, under the operating
condition of thisstudy (Fg. 7).

CONCLUSON

The characteridtics of the temperature fluctuations and hest trans-
fer in afluidized-bed combustor have been successfully described
by means of T;, K, and U,,. T increased, but K, and U, decressed
with increesing Ac. K, had aloca minimum, but T, and U, had a
maximum a H, of 0.4 m. T increased, but K, had a minimum and
U, had amaximum with increasing Q: in the combustor. Ty, K, and
U, obtained a the optimum operating condition (A<=40%, H=04m,
Q-=30g/min) were about 855°C, 22 hitg's and 382 W/nK, respec-
tively. The reaults of this sudy can be used to determine the opti-
mum condition of fluidized-bed combustor for the combusgtion of
waste ail and design aswell as scae-up of the combusgtor.
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NOMENCLATURE

Ae  excessar [%]

A, :outsideareaof tube [n]

C,. : specific heat of water [Jkg K]

d : distance on the attractor

H, :injection height of waste oil [m]

K, :Kolmogorov entropy [bits/s]

m  : number of data point

M, :flow rate of cooling water[kg/s]

P :embedding dimension

Q: :feedingratio of waste oil [g/min]

r : distance on attractor [-]

t (time[g

AT : temperature difference [°C]

AT, :logarithmic mean temperature difference [°C]
AT, :temperature difference through inside fluid [°C]
AT, :temperature difference through outside fluid [°C]
U, :overdl heat transfer coefficient [W/m? K]

X :reconstructed state vector

Greek Letter
T :time delay
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