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Abst rac t -  Pressure fluctuations in a three phase bubble column reactor operating at relatively low pressure (92 KPa) 
have been analyzed by adopting the spectral and fractal analyses to get the engineering informations for the on-line con- 
trol and fault diagnosis of the reactors. The mean value, standard deviation, skewness and kurtosis of the pressure fluc- 
tuations have been obtained, q~e local fractal dimension has been determined from the Pox diagram obtained by means 
of the rescaled range analysis of the pressure fluctuations based on the fractional Brownian motion. The local fractal di- 
mension of pressure fluctuations has increased and thus the pressure fluctuation signals have become less persistent and ir- 
regular, with increases in the, gas flow rate reaction temperature, particle size and solid content in the slurry phase. The 
local ffactal dimension has been well correl~:ted in terms of the ~perating variables. 
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I N T R O D U C T I O N  

Bubble columns have been widely adopted for reactors and 
contactors by taking advantage of their several unique features 

such as effective gas-liquid or gas-liquid-solid ccmtact, high 
rates of heat and mass transfer, simple construction and easy 

continuous operations [Shah et al., 1982; Deckwer, 1992; Deckw- 

er and Schumpe, 1993; Kim and Kang, 1905]. Since the bub- 

ble column generally comprises gas bubbles as a dispersed 
phase flowing upward in the continuous liquid me:tium, it can 

be utilized effectively as a reactor to remove the water vapor 

continuously generated during the dehydration of ortho-boric 

acid [Shim et al., 1994; Kang et al., 1995a]. AlthoJgh the per- 

formance of b,abble column reactor operating at at~:~ospheric or 
higher pressures has been studied by several investigators[Shah 

et al., 1982; Idogawa et al., 1986; Kang et al., 199(I; Suh et al.. 

1991; Deckwcr and Schumpe, 1993], there has been little ~,t- 

tempt focused its attention on the bubble column reactor or con- 
tactor operating at relatively low pressure as in Ihe case of 

dehydration of ortho-boric acid [Kang et al., 1994, 1995]. 

In the bubble column reactor, bubble properties h~ve been re- 

garded as the fatal elements to determine the hydrodynamic 

characteristics of it. Thus, several investigatc~rs [Yu and Kim, 

1991; Prince and Blanck, 1990] have examined the bubble prop- 
erties and its flow behavior in bubble columns. However, the 

effects of bubble properties on the performance of bubble 

column reacto:rs or contactors have not been well recognized 
until now because of highly complicated, nonlinear and sto- 

chastic behavior of bubbles in the column. 
Recent works on the multiphase flow systems [Fan et al., 

1990, 1993, 1995; Yashima et al., 1992; Kwon et al., 1994; 
Kang et al., 1994, 1995b: Drahos et al., 1992; Luewisuthichat 

et al., 1995] have indicated that the concept c,f fractional 

"To whom all correspondences should be addressed. 

Brownian motion can be applicable to the analysis of the 
overall multiphase flow behavior in the three phase bubble 

column reactor. 

In the present study, the pressure fluctuations in three phase 
bubble column reactor, which is operating at low pressure to 
perform the dehydration of ortho-boric acid, have been analyz- 

ed by resorting to the spectral and fractal analyses. The mean 

value, standard deviation, skewness and kurtosis of the pres- 

sure fluctuatiom; have been obtained. The local fractal di- 
mension has been determined from the Pox diagram obtained 

by means of the rescaled range analysis of the pressure fluc- 

tuations based on the concept of fractional Brownian motion. 
The local fractal dimension has been correlated in terms of the 

operating variables. The resulzs can servc us with engineering 

informations on the on-line control and fault diagnosis of the 
three phase bubble column reactor. 

ANALYSIS 

1. Spectral Analysis 
The pressure fluctuation signals, X(t), which can represent 

the historical random data can be effectively processed by 

means of spectral analysis [Bendart and Piersal, 198(/; Yoon et 

al., 1995]. 
The mean value of the ensemble of the pressure fluctuations 

.can be obtained as Eq. (1) 

x.  = [~ x~t)P(X) dx (1) 

Where P(X : t) is the first probability density function. 
If the P(X:t )  is independent of time it can be written as P 

(X), and the system is ergodic and stationary state. Then, the 

�9 mean value, wtriance, skewness and kurtosi.s of the X(t) can be 
calculated from the following equations, respectively 
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X M = f_~ X (t)P(t) dx (2) 

f" dx (3) 

S = 1 ~_~,(X_X M)3P(X) dx (4) 

1 
K = ~- j_,o(X-XM)'P(X) dx (5) 

2. Fractal  Analysis 
The sample of the subrecord and sample sequential range 

have been defined and constructed to obtain the fractal di- 
mension of pressure fluctuations [Feder, 1988; Fan et al., 1990, 
1993; Kang et al., 1994, 1995b]. For a given time series of the 
recorded pressure fluctuations, X(t), evenly spaced in time 
from t=l to t=T, their mean values within the subrecord from 
time (t+l) to time (t+" 0 have been obtained. And the cu- 
mulative departures of X(t+u) from the mean, <X(t)>,, for the 
subrecord have been determined as Eq. (6). 

C(t,u) = [X'(t + u ) -  X'(t)] - (u/r)[X'(t+ 0-X ' ( t ) ]  (6) 

where X'(t) is defined as 

X'(t) = ~ X(u) (7) 
u=l  

The sample :sequential range, R(t, x), is defined as the dif- 
ference between the maximum and the minimum values of the 
cumulative departure of X(t+u) from the mean for the sub- 
record. 

Moreover, the sample sequential variance of the subrecord 
from time (t+l) to (t+" 0 can be written as 

t+r  [- 1 t+z -]2 

s~(  t, 0 = • :~: X2(u) - L r/@ : "  _l X X(u) /  (8) 
u=t+l  u 

Thus, the ratio, R(t, "0/S(t, x) can be obtained and is termed the 
rescaled range. This ratio has been found as a power function 
of x [Feder, 1988] as, 

R(t, ~') o,: z 2-D, (9) 
S(t, r) 

where Dr is the local fractal dimension of the time series. 

E X P E R I M E N T  

Experiments were carded out in a Plexiglas column (0.05 m 
i.d.• 1 m high) as can be seen in Fig. 1. A sintered plate 
which was made of 0.1 mm glass powder served as the gas dis- 
tributor. The distributor was situated between the main column 
and a 0.1 m high stainless steel distributor box into which the 
air was fed from the compressor. The air was filtered and con-. 
trolled by mean,; of an air filter and regulator, and its flow rate, 
was measured by a calibrated rotameter connected to the feed 

line. 
A condenser was installed at the top of the column, and it: 

was connected to a three-neck flask and a two-neck flask or- 
derly to obtain the water evaporated. The air in the sealed 
column was withdrawn by means of a vacuum pump con- 
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Fig. 1. Schematic dmgram of experimental apparatus. 
1. Reactor 12. Digital relay 
2. Distributor 13. Temperature 
3. Rotameter 14. Reflux condenser 
4. Pressure tap 15. 3-neck flask 
5. Pressure transducer 16. Filter & regulator 
6. Amplifier 17. Vacuum pump 
7. Oscilloscope 18. Controller 
8. Filter 19. Heating mantle 
9. A/D convener 20. Feed inlet 

10. Computer 21. Pressure gauge 
11. Thermocouple 

nected to the end of the two-neck flask to maintain the reaction 
pressure at a constant value. 

To adjust the reaction temperature the column was fitted 
with a heating mantle which was controlled by a temperature 
control system. The particle size of the ortho boric acid was in 
the range of 0.09-0.6• 10 3 m, and n-paraffin liquid had a den- 
sity of 820 kg/m 3 and a surface tension of 22.01 • 10 3 N/m. 
The flow rate of oil-free compressed air was in the range of 
0.03-0.08 m/s, and the range of reaction temperature was 125- 
145~ The reaction pressure was maintained at 92 KPa, which 
was known to be the optimum condition in the continuous stirr- 
ed tank reactor [Kodo'et al., 1975; Kang et al., 1995a]. The sol- 
id content in the slurry phase was varied from 8 to 38 wt% of 
the liquid phase. 

The pressure fluctuations were measured by pressure sensor 
(Copel Electronics) through pressure taps located at 0.05 m and 
0.1 m from the distributor, at the wall of the column. The pres- 
sure transducer produced an output voltage proportional to the 
pressure fluctuation signal. The signal was processed by a data 
acquisition system (PCLS-805) and a personal computer. The 
voltage-time signals, corresponding to the pressure-time signal, 
were sampled at a rate of 0.03 sec and stored in the data ac- 
quisition system. A typical sample comprized 3000 points. This 
combination of sampling rate and sample length ensured that 
the full spectrum of hydrodynamic signals, typically 30 Hz, 
was captured from the three-phase bubble column reactor. 

RESULTS AND DISCUSSION 

Typical pressure fluctuation signals in three phase bubble 
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Fig. 2. Typical examples of pressure fluctuations from three 
phase bubble column reactors (Uc,=0.06 m/s, t=40 min, P= 
92 KPa, S=28 wt%, d~=2.15 • 10 'm). 
(A) T=125~C, (B) T=135"C, (C) T= 145~ 

column reactors operating at relatively low pressure (92 KPa) 

can be seen in Fig. 2. The operating pressure of this study has 

been maintained at 92 KPa, since this condition has been 

known to be optimum for the dehydration of ortho boric acid 

[Kodo et al., 1975; Kang et al., 1995@ It can be seen in this 

figure that the ~ariation of reaction temperature can affect the 
pressure fluctuations and thus hydrodynamics of multiphase 

flow in the bubble column reactor. 

Effects of gas flow rate, U,;, on the characteristics of pres- 

sure fluctuations such as mean value, standard deviation, skew- 

ness and kurtosis can be seen in Fig. 3. It can be indicated 

from these figures that the mean value, standard deviation and 

skewness of the pressure fluctuations in the test section have in- 

creased, while the kurtosis of them has decreased, with an in- 

crease in the gas flow rate. The increase of mean va~.ue can be 

due to that the fraction of the boric acid particle can increase 

in the test section owing to the increase, of bed expansion with 

increasing the gas flow rate in the column. The increases of 

standard deviation and skewness with gas flow can be ex- 

plained that the increase of gas flow rate results in the in- 

creases in the volume and number of bubbles existing in the 

bubble column, which can lead to the more vigorous contact 

among multiphases, and thus the distribution of bubble size is 

less uniform and more fluctuating. The broad bubbl~ size dis- 

tribution results in the decrease in the kurtosis of pressure fluc-. 

tuation signals as can be seen in the figure. 
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Fig. 3. Effects of  U~ on median, standard deviation, skewness 
and kurtosis of  pressure fluctuations from three phase 
bubble column reactors (t=40 min, P=92 KPa, S=28 wt%, 
T=I40oc). 
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Fig. 4. Effects of  T on median, standard deviation, skewness 
and kurtosis of  pressure fluctuations from three phase 
bubble column reactors (U~;=0.06 n~'s, t=40 min, P=92 
KPa, S=28 wt%). 
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Effects of reaction temperature on the characteristics of pres- 

sure fluctuations in the bubble column reactor can be seen in 

Fig. 4. Note in this figure that the mean value is not affected 

significantly, however, the standard deviation and kurtosis have 

increased but the skewness has decreased with an increase in 

the reaction temperature. It can be anticipated from these fig- 

ures that the increase of reaction temperature can lead to more 

rapid reaction among multiphases, however, it can not affect 

the phase holdup in the test section. And the pressure fluc- 

tuations become symmetric and the distribution of it become 

Korean J. ('h. E.(Vol. 13, No. 3/ 
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Fig. 5. Effects o f  d ,  on median, standard deviation, skewness 
and kurtosis of  pressure fluctuations from three phase 
bubble column reactors (UG=0.06 m/s, t=40 rain, P=92 
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narrow, with an increase in the reaction temperature. 
In a given gas flow rate, the increase of particle size can in- 

crease the mean value of pressure fluctuations only slightly and 

it has increased the standard deviation, while it has decreased 

the skewness and kurtosis of pressure fluctuations, as can be 
seen in Fig. 5. These implies that the increase of particle size 

of ortho boric acid makes the pressure fluctuations in the bub- 
ble column reactor less symmetric and more scattered from the 

mean position. 
Effects of solid content in the slurry phase on the pressure 

fluctuations can be seen in Fig. 6. In these figures, the standard 
deviation and kurtosis of pressure fluctuations have increased, 

~Q 

1 oo n., 

10 

0'3 
I00 

10 

5'3 

1 O0 

T=125 ~ 

O 
O 

o 

i , , , , , 
. . . . . .  I I  I ~ ', ~ ', ; ' ,  

T=135 

0 

~ 

0 0 000s 

t I t " t l ; ' ,  I I ; ~ ; I t  

T=145 ~ 

o O o 

o J  

] 0  i , , . . . . .  l . . . .  i i i 

lO lOO 

Time lag [s] 
Fig. 7. Pox diagram of pressure fluctuations with the variation 

of reaction temperature from three phase bubble column 
reactors (Uc=0.06 m/s, P=92 KPa, t=40 rain, S=28 wt%, 
d~=2.15 • 10 4m). 

while the skewness of them has decreased, with an increase in 
the weight percent of ortho boric acid to the normal paraffin. It 

can be noted from these figures that the pressure fluctuations 
become symmetric and the narrow distributed but the bubble 

size would be larger, with increasing the solid content in the 

slurry phase. 
The complex and irregular behavior of pressure fluctuations 

can be analyzed more conveniently and quantitatively by resort- 
ing to the fracta] analysis; the pressure fluctuation signals have 

been analyzed by construction of the sample and rescaled ranges, 

to obtain the Pox diagram representing the non-linear behavior 
of the signals [Fan et al., 1990, 1991, 1993; Kwon et al., 11994]. 

As can be seen in Fig. 7, the resultant rescaled range, R/S, cor- 

relates almost linearly with the time lag, from which the in- 
dividual value of the local fractal dimension has been re- 

covered by adopting the regression method. 
Fig. 8 shows the effects of gas flow rate on the local fractal 

dimension of pressure fluctuations in the bubble column reac- 

tor. In this figure, the local fractal dimension increased with in- 
creasing gas flow rate in all the cases studied. This trend of 

fractal dimension can also be anticipated from Fig. 3. This 
trend means that the inner structure of the hydrodynamic behav- 
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tuations from three phase bubble column reactors (Un= 
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ior of the bubble column reactor becomes less persistent owing 

to the relative vigorous contact among gas, liquid and solid 
phases, with an increase in the gas flow rate [Kwon et ah, 

1994; Kang et al., 1994, 1995b]. In other words, the informaL- 

tions in the pressure fluctuations become more complex and i~- 

regular with increasing the gas flow rate. This can be due to 

that the frequency and size of rising bubbles in the column in- 
crease with increasing gas flow rate; the former increases the 

frequency and :he latter increases the amplitude of the pressure 

fluctuation signals as in the cases of bubble column operating 

at atmospheric 'pressure [Kwon et al., 1994; Kang et ah, 1994]. 

The resultant quantative effects of reaction temperature on 
the local fractai dimension of pressure fluctuations can be seen 

in Fig. 9. Although the effects of reaction temperature is re- 

latively small, the similar increase trend of local fractal di- 
mension with reaction temperature can be observed. This iis 

also consistent with the results of spectral analysis (Fig. 4). 
This can be attributed to the fact that the higher temperature 

can let the water generated during the reaction evaporate more 

easily [Kang et al., 1995a]. 
Effects of particle size and solid content in the slurry phase 

on the local fractal dimension of pressure fluctuations can be 
seen in Fig. 10 and 11, respectively. In these figures, the D~ 

values have increased gradually with increasing particle size 

and solid content, respectively. As in the cases of spectral 

analysis, these trends can mainly be attributed to the bubbling 
phenomena in the bubble column reactor. In the slurry, phase 

containing the relatively large solid particles, the energy re- 

quired for the bubbling can be larger than that required for the 
relatively small solid particles in the slurry phase; the more en- 
ergy dissipation and the more complex conlact between phases 

would occur for the more larger particles in a given bubbling 

condition. Thus, the informations inhering Ln the pressure fluc- 

tuation signals become less persistent with increasing the par- 

ticle size in the slurry phase. The effects of solid content in 

Korean J. Ch. E.(Vol. 13, No. 3) 
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slurry phase on the local fractal dimension of pressure fluc- 
tuations can be similar to those of particle size, because the en- 
ergy dissipation during the bubbling can be larger in the bub- 
ble column with higher solid content than that in the column 
with lower solid content [Lindner et al., 1988; Kawase and 
Moo-Young, 1989]. 

The resultant local fractal dimension has been correlated in 
terms of dimensionless groups as Eq. (10), 

S ~176176176 (10) D~ = 1.132 ~ ~ o  

with the correlation coefficient of 0.906. 
As can be seen in Fig. 12, Eq. (10) has been well fitted with 

the experimentally obtained values. 

CONCLUSION 

Pressure fluctuation in three phase bubble column reactor 
operating at low pressure have been effectively analysed by 
resorting to the :stochastic method such as spectral and fractal 
analyses. The local fractal dimension of pressure fluctuations 
has increased with increases in the gas flow rate, reaction tem- 
perature, particle size and solid content in the slurry phase; the 
pressure fluctuations has become less persistent with increasing 
them. The effect:; of gas flow rate on the pressure fluctuations 
and thus hydrodynamics has been dominant over other three 
operating variables. 

The local fractal dimension of pressure fluctuations has been 
well correlated with the operating variables. 
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NOMENCLATURE 

C(t, u) : cumulative departure of X(t+u) from the mean 

D~ : local fractal dimension 
dp : particle diameter [m] 
K : kurtosis of X(t) 
P : reaction pressure [Pa] 
P(X) : probability density function 
P(X: t) : first probability density function 
R(t, x) : sample sequential range for lag x 
S : solid content in the slurry phase [wt%] 
S : skewness of X(t) 
S2(t, x) : sample sequential variance 
t : time [sec] 
T - 
T,, : 

Uo : 
Xu : 
X(t ) :  

reaction temperature [~ 
ambient temperature [~ 
gas flow rate [m/s] 
mean value of X(t) IV] 
time series of pressure fluctuations [V] 

Greek Letters 
"~ :time lag [sec] 
c:  :variance 
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