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Abslrac t -For  the practical application of a tlu-ee-phase bubble cohmm as a reactor in the dehydi-afion of ortho-bofic 
acid, we investigated the bubble distribution and its effects on the reaction in a three-phase bubble coluran reactor 
(0.102 m ID. 2.0 m in height) operating at relatively low pressure (below the atmospheric pressure). Effects ofreac- 
lion time, temperature, gas vdocity, partide size ~KI gas injection mode (even, wall-side, centt-al ~KI asymmetric distribu- 
tion) on the fi-actional conversion of the reaction were detelmmed. The complicated bubble distribution as well as bub- 
bling phenomena in the reactor were diagnosed and interpreted by means of the attractor trajectories and correlation 
dimension which were obtained from the resultant pressure fluctuations. The fi-actional conversion was closely related 
to the a~-actor shape or con-elation dimension of the pressure fluctuations ix the reactol: The fractional conversion ix 
the case of even distribution of gas injection exhibited the highest value in all cases studied~ at which the attractor of 
pressure fluctuations was less scattered in the phase space, while their correlation dimension had the lowest value. 
When the gas was injected by means of wall-side distribution, the conversion level was higher than that in case of cen- 
tral or asymmetric distribution mode. Although a fluid-solid heterogeneous reaction model can be applicable to the 
reaction, deviations from the model become considerable when the gas injection mode changes from even to wall- 
side, cen~al or asymmetric mode, orderly. 

Key words: Dehydration, Boric Acid, Bubble Disbibutiol~ Pressure Huctuations, Chaos Analysis, Tt~-ee Phase, Bubble 
Colarm~ Reactor 

INTRODUCTION 

Bubbling phenomena in a bubble column reactor have been 
imown to be one of the most important factors in determining the 
heat and mass Wansfer rates as well as the fi-actional conversion level, 
thereby deteamining the perfonnance of bubble colunm reactors or 
contactors. Therefore, several investigators have studied bubbling 
phenomena in bubble column reactors [Idogawa et al., 1986; Deck- 
wer et al., 1993; Kang et al., 1999a, 21X~)]. In spite of many investi- 
gations on pressurized bubble columns, relatively little attention has 
been focussed on the hy&odynanlics or peffonnance of the bubble 
column operating at low pressure, which is often encountered in 

chemical and mechanical processes [Kodo et al., 1975; Kang et al., 
1995]. Moreovm; most investigations tkave not considered the ef- 
fects of distributor or bubble distribution at the distributor on the 
hy&odynanlics and b-ansport phenomena in the colunu~ although 
the effects should not be ignored [Lanauze and Hams, 1974; Tsuge 
and Hibino, 1983; Kang et al., 1999a]. 

For the practical application of a bubble column as a reactor o1 a 
contactor, the bubble distribution and its effects on the bubbling 
phenomena as well as the reaction conversion level have to be di- 
agnosed~ especially when Opel-ating at low pressure. Specifically, 
in conducting the dehydration of Ol~o-boric acig inff'ormation on 
the bubble disbibuticn in the reactor is indispensable, because the 
removal of water vapor generated &a-ing the reaction by means of 
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iising bubbles is one of the hnportant factors in cletennining the con- 
version level of the reaction [Kang et al., 1995]. Tbus, for the pos- 
sibility that a ttnee-pha,se bubble colunm is applicable as a reactor 
in conducting the dehydration of oltho-boric acid~ the bubble distribu- 
tion and its effects on the reaction at relatively low pressure Ibelow 
the atmospheric pressure I have to be azMyzed, because those are 
directly related to the removal of water vapor in the reactor. 

However, the bubbling phenomena in the three-phase bubble col- 
umn reactor are highly complicate& stochastic and non-linear. For- 
tunately, the complex and irregular multiphase contacting and bub- 
bling behavior in cl3alalnic mtfltiphase flow systems tkave been suc- 
cessfiflly described and analyzed by adopting the deterministic chaos 
theory [Drahos et al., 1992; Kang et al., 1996a, b, 1999b; Kikuchi 
et al., 1997; Km~ and Han, 1999; Lee et al., 2001]. 

In the present study, therefore, bubble distribution and bubbling 
phenomena in a ttn-ee-pt~se bubble coltam~ reactor opera[ing N low 
pressure have been diagnosed and interpreted by analyzing the re- 
sultant pressure fluctuations in the reactor based on the determinis- 
tic chaos theory. Also, effects of bubble distribution and bubbling 
phenomena on the conversion level of the reaction have been dis- 

cussed. 

ANALYSIS 

1. Phase Space Portraits 
Multidimensional phase-space pom-aits can be cons~ucted from 

the pressure fluc~ation time series by means of the time delay meth- 
od [Packard et al., 1980; Rotxx et al., 1983]. That is, the experi- 



176 S.J. Kim et al. 

mentally obtained time-series signal, X(tl, is digitized with a lkne 
step of At; the resultant Im+l ~ values of the signal, X(iAtl, are stored 
for 

i=0, 1, 2, A, m. 

C(r) = l i m l F  ltmlber of pairs (i,j) 7 
...... m-'~hose distance Iz,(t)-z/t)l<~ 

Formally, 

(2) 

Thus, the vector thne series is defined as 

Z (t)=[X(i-At), X(i.At+vL A, X(i.At+(l:> 1).v)], 
i 0 , 1 , 2 , A , [ m  (p 1)k], (1) 

where, "c k.At, k 1, 2, 3 .. . .  

and p is the dilnension of the vectol, ZItl. Therefore, moving along 
with time t, a series of p-dilnensional vectors representing the p- 
dimensional portrait of the system can be obtained Occasionally, p 
is refen-ed to as the embedded pha,se-space dilnensic~l of the re- 
constructed trajectory or attractor. 
2.  C o r r e l a t i o n  D i m e n s i o n  

To estimate the correlation dimension of the lime series X(t~, their 
trajectories, reconstructed by resorting to time embedding, have been 
used From the trajectories of the vector time series the correlation 
integl-al (the space conelation fttnctionl of the process, C(rl, is de- 
freed as [Gcassbelger and Procaccia, 1983; Ablaham et al., 1986] 

C ( r ) : l i m l ~ H [ r  Iz,(tl Z/tI l l , iej  
m-r 

(3) 

where m is the number of data points, and H is Heavyside func- 
flog which can be expressed as: 

H[r-lZ,(t)-Z/t)l] ={  10 if r>lZ'(t)-Z/t)lotherwise (4) 

The correlation integral, CIr), has been found to be a power fiJnc- 
tion of r  for small r's: 

C(r)=!&c (5) 

The slope of the plot ofln C(r) vs. In r is an estimate of D~, which 
is temled as the con-elatic~l dimension, for the given embedded space 
dimensio,~, p. 
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Fig.  1. (a)  E x p e r i m e n t a l  apparatus .  
1. Reactor 
2. Distributor 
3. Manometer 
4. Feed inlet 
5. Thermocouple 
6. Digital relay 
(b)  D i s t r ib u to r  design.  
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7. T-Controller 
8. Heating mantle 
9. Rotameter 

10. Filter 
11. Compressor 
12. Reflux coMenser 

13. First liquid vessel 
14. Pressure gauge 
15. Second liquid vessel 
16. Filter 
1V. Vacuum pump 
18. Controller 

19. Pressure transducer 
20. Amplifier 
21. A/D Converter 
22. Computer 
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E X P E R I M E N T  

Experiments were performed in a stainless-steel colmnn ot-0.102 
m in diameter and 2.0 m high as shown in Fig. 1. The d i~bu to r  
was situated between the main eohunn seaion and a 0.2 m high 
stainless-steel distributor box into which liquid was introduced 
through a0 .025m pipe ~ n n  the liquid reservok. Off-flee com- 
pressed air was fedto the column through apressure regulator, filter 
and a calibrated mtameter. It was a~ha~ted to the column through 
four 3.0 mm ]]3 perforated pipes chilled horizontally in grid having 
12 holes whose diameter was 1.0 ram. 

Modes of gas injection at the dism~utor were either even, wall- 
side, central or asymmetric distribution, which were adjusted by 
altering the gas injection line in the dis~butor. That is, all lines (lines 
1-4 in Fig. lb)  in the dislributor were opened when the gas injec- 
tion mode was even, while in the case of wall-side disWibution, lines 
1 and 4 in the disWibutor were opened and others (lines 2 and 3 ) 
were closed Similarly, when the gas injection mode was cenWal, 
only lines 2 and 3 were opened, and either lines 1 and 3 or lines 2 
and 4 were opened in the case of  the ~ymm elric gas injection con- 
dition. The total amount of gas was equal, although its injection mode 
was altered in agiven operating condition. 

The gas holdup was obtained by means of the static pressure drop 
method [Kang et at, 1996a, 1999~ b, 2000]. Presaxe fluctuations 
w~e  measured by means ofvessure sensors (semi-conductor type) 
at 0.4 m fix~rn the dis~butor. Nine presmre taps were momted flush 
wkh the wall of the colunm with a0.2 m i n ~  fi-orn the distribu- 
t ~  The output voltage fixma the pressure nansducer was processed 
by means of  a data acquisition system (Data Precision Model, D- 
6000) and apcvsonal computer. The sanpling rate was 5 msec yield- 
hag the total sample length of  5000. This combination of sampling 
rate and time can detect the full spectmm of the signals ['Kang et 
al., 1999a~ b, 2000]. 

A reflux condenser was installed at the top of  the column, and it 
was connected to two condensers in order to obtain the water evapo- 
rated The ah- in the sealed column was with(kawn by means of a 
vactnnn pomp connected to the end of  the reflux candenser to main- 
tain the reaction pressure at aconstant value. 

To adjust the reaction temperature the oohmn was fitted with a 
heating mantle that was controlled by a temperature control sys- 
tem. The partide size of ortho-boric acid was in the range of 0.152- 
0.6.10 -~ m, and the n-paraffin liquid hM a density of 820 kg m -~ 
and a strface tension of2~01 �9 10 ~ Nm -~ was used as a liquid phase. 
The flow rote of oil-free compressed ak was in the range of  0.01- 
0.11 ms -1. and the range of  reaction temperature was 110-150 ~ 
The reaction presawe was maintained ~ 92 kPa [Kang et al., 1995]. 
The solid content in the slmry phase was varied fixan 10 to 40 wt.% 
of the liquid phase The fiactional conversion of  the reaction was 
determined by measuring the weights of  reactants and products 
[Kang et al., 1995] at various reaction times. 

The product was analyzed by means ofDSC (Dupont, Model 
990 k the tempwature elevation rate was 10 ~ and the nitro- 
gen flowrate was 30 cm~/min. The crystal structure of the product 
was analyzed by means of an X-my ~ m e t e r  (DIANO, Model 
X7~-8001 whose scanning speed and threshold intensity were 5 
deg/min and 127cps, respectively. Surface characterigtics of  the 
products were analyzed by SEM (Jeol, Model JEM 200CX). 
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Fig. 2. Typical example of presmre fluctuations in a tlwee-pha~e 
bubble column reactor (T=140 *C, t=40 into, P=92 k I ~  Ua 
=0.10nYs, d~=0.153nun, S=10wt%, bubble dis-~bution 
mod~ a=even disil~UfiOn: b=wall-side ~isa~ufion: c= 
r distribution: d = asTnunetric distribution). 

RESULTS AND DISCISSION 

1. P r e smre  Fluctuations in the Reactor 
The resultant pressure fluctuations can be used in analyzing the 

hy dynomies or bubb  phenomc, a in the mukiphase reac- 
tors or contacting processeg since the fluctuations of pressure can 
be used as their state variables [Drahas et al., 1992: Kang ct al., 
1996a: Kikuchi et al., 1997]. To analyze the bubble d is~ut ion  and 
obtain the effects o f  bubble dg~bufion on the dehydration ofo~ho- 
boric acid. pressure fluctuations were meagu~d and analyzed Typi- 
cal examples of  pressure fluctuations can be seen in Fig. 2. It has 
been understood that the amplitude of pressure fluctuations corre- 
sponds to the bubble size, vshile their frequency is to the bubble fie- 
quency. In Fig. 2, the amplitude of signals increases but the fiv- 
quency decreases in changing the gas disWibution mode fixnn even 
to wall-side, central or asymme~c distribution mode. This can be 
visualized more conveniently by means of the atiractor in the phase 
space as can be seen in Fig. 3. Since the shape and position of the 
phase space poarait exhibits the dynamic behavior of  the underly- 
ing system, the bubbling phenomena and bubble disiribution can 
be explained fixnn this f ~ r e .  That is, the bubbling phenomena and 
bubble dislribution in the reactor become more complicated and 
random in changing the gas distribution mode fi'om even to wall- 
side, cenWal or asymm~i~ orderly, since the atlractor becomes more 
scattered and complex with changing the gas disWibution mode at 
the dislributor. 

The c(~Telation dimension of pressure fluctuations has been cal- 
culated to elucidate the bubble distrilmtion in the renctor more easily 
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Fig. 3. Typical  example  of phase  space portraits of  pressure fluc- 

tuations (T=140  oC, t=-40 rain, U~=0.10 m/s, P=92  kPa,  d~ = 
0.153 ram, S = 1 0 w t % ,  bubble  distribution mode;  a=even  
distribution; b--wall-side distribution; c=central  distribu- 
tion; d = a s y m m e t r i c  distribution).  

and quantitatively [Dcahos et al., 1992; Kikqachi et al., 1997; Kang 
et al., 1999a, b, 2000]. The correlation dinlension, D~, has been cle- 
temlined by elnbedding the Wajectofies in the phase-space dimen- 
sion. From the repeated calculaticn with different l-andom samples, 
the attt-actol dimension converges whm the estimate values are less 
than 2%. Five or skx dimensions of embedding have been required 
in the space in order to capture the topological features of the at- 
tractor. 

Effects of gas velocity and reaction temperature on the correla- 
tion dimension of pressure fluctuations can be seen in Fig. 4. In this 
fgure, the value of D ,  increases with increasing gas velocity or reac- 
tion temperature. This can be due to the increase of bubble holdup 
with increasing gas vdocity or reaction temperature [Kang et al., 
201Xi]. Note in this figure that the levd of Dc value increases by 

changing the gas distribution mode 11Oli1 tile even disbibution. Tt~  
reveals that the bubbling phenomena in the reactor become more 
complicated and irregular owing to the uneven gas disbibution at 
the distributor. I11 other words, the bubble coalescence would in- 
crease and thus bubble size distribution would be broader in the 
reactor when the gas is injected at the disttibt~r by means of wall- 
side, central cr asymmetric dislribution mode. This figure also shows 
that the asylrmmtiic disbibution is the worst one and the wall-side 
mode is better t t ~ l  the central disbibution mode, for the better bub- 
ble distribution and bubbling phenomena in the bubble column reac- 
tor. 

Effects of particle size of boric acid, 4~ on the correlation dimen- 
sion of P-fluctuations can be seen in Fig. 5, at each gas disbibufion 
mode. 111 tim figure, the D~ value is not iiffluenced considerably by 
the particle size, since the ds is very small (0.15-0.6 mini. Also, it 
is noted that the D,  value increases gradually in changing the gas 
distribution mode fioln even to wall-side, cenWal and asylrmmbic, 
orderly. 
2. F r a c t i o n a l  C o n v e r s i o n  of  t h e  R e a c t i o n  

Effects of gas distribution at the distributor on the fi-actional con- 
version of the dehych-ation of ortho-h:~ic acid can be seen in Fig. 6. 
111 this figure, the conversion level is higher than 0.9 when the reac- 
tion time is longer than 40 min if gas distribution mode is even or 
wall-side. Howevei, the conversion level is somewhat lower than 
0.9 although the reaction time is longer than 40 min if gas is injected 
in a manner of cel-~al or asymmetric mode, especially when the 
solid content is increasec[ Tt~  means that the distlibufion of bub- 
bles contacting with liquid and solid phase during the reaction and 
thus the fi-actional conversion of the reaction is closely related to 
the gas injection mode at the disbibutol: It is noted that the water 
vapor generated from the dehydi-ation reaction can be removed ef- 
fectively by means of rising bubbles when the bubbles are clisbib- 
uted in the reactor evenly. The convmsicn levels are comparable 
with those of the result,s of Kang et al. [1995] although they used a 
slnall-scale bubble colunm reactor (0.05 m ID. 1.01n in height). 
Note that the X level decreases gradually by altering the gas dis- 
bibufion mcx]e fi-cin evm to wall-side, cer~a-al and asynmletfic modes, 

orderly, in all cases. 
ERects of reaction temperature on the fi-actional conversion of 

the reaction canbe seen in Fig. 7. 111 this figure, the conversicn level 
decreases noticeably when the reaction temFecmire increases up to 
145-150 ~ since the successive conversion reaction fi-cnl ineta- 
boric acid to anhydrous occurs at temperatures higher than 145 ~ 
[Kodo et al., 1975]. Ca the other hand~ the increase of tempem~Jre 
leads to the ent~lcelnent of vigorous bubbling in the reactor clue 
to the increase of gas holdup as well as more ease of evaporation 
of water generated fiom the reaction (Fig. 4). These can result in 
the increase of conversion level of the reaction. Thus, the optimum 
reaction temperature would e:dst for this reactiort As can be seen 
in this figure, the optinmm temperature of this reaclion is 130-140~ 
which agrees well with the previous results [~odo et al., 1975]. It 
is interesting to note that the conversion level at temperatures of 
130-135 ~ can be enhanced considerably in the bubble column 
reactor compared with that in the stirred tank reactor [Kodo et al., 
1 975]. The reason might be that the water vapor can be removed 
continuously by means of l~ing multi-bubbles in tile bubble col- 
umn reactor. Although the effects of temperature on the fi-actional 
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conversion in the reactor are similar, the conversion level in case of 
gas distribution mode is central or ~ymmeiric is lower than that of 
the even distribution mode, because the distribution and contacting 

effidency of  bubbles with other phases are chmging in each case 
in the reactor (Fig. 71 The conversion level tends to decreme with 
increasing the devietion horn the even distribution of bubbles in 
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the reactor owing to the similar reasons mentioned above. 

Effects of  gas velocity (Us) on the fractional conversion o f  the 

reaction can be seen in Fig. 8. In this figure, the value of X increases 

w~h Us in all cases, because the raking and contacting among mul- 

tiphase (gas-liquid-solid) in the reactor become more effective w~h 

increasing Us due to the increase of  gas holdup and vigorous bub- 

bling phenomena. Comparedwith the results ofKang et al. [1995], 

the X level is still comparable in the case of even distribution mode 
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of gas; however, when the gas is injected in a manner of wall-side, 
cenb-al or asyramettic raode, the X levels are somewhat lower than 
those of Kang et al. (Fig. 8 ). This figure also shows that the conver- 
sion level decreases gradually by altering the gas injection mode from 
even to wall-side, cem-al and asynmlelric modes, orderly, in all cases. 

Effects of particle size (dp) on the value of X can be seen in Fig. 
9. Although the correlalicil climensicil of pressure fluctuations does 
not change considerably (Fig. 5), the X value decreases with in- 
creasing d.  This reveals that this reaction could be controlled by 
the inb-almrticle diffusion, since the water molecule inside the Ortho- 
Boric acid has to be tmusferred to the surface of the particle to be 
removed by means of bubbles with e:dstence of n-paraffm around 
the particle. 

Based on the fluid-solid heterogeneous reaction model [Leven- 
spid, 1972], the relation between the reaction time and the frac- 
tional conversion can be written as Eq. ( 61, for the diffusion inside 
the particle is rate-determining step�9 

t = 1-3( 1 -XY ''~ +2( 1 -X)  (6) 
17 

PBR-'fl , 1 + R 
where v =MEC----~[K--~, "3---'~ ~ )  (7) 

As can be seen in Fig. 1 O, the experimental results of this study 
are well filied to Eq. ( 6 ). It can be noted in tim figure ti~at when the 
gas distribution deviates from the even distribution the fi-actional 
conversion also deviates fi-onl the fitting of Eq. (6). This enables us 
to state that other factors such as the mass transfer through the thin 
film of n-paraffin around the boric acid particle would affect the 
detmninaticil of X levd when the bubbles are not distributed evenly 
during the reaction in the reactor�9 The deviation of experimental 
results from the model equation increases when the gas distribu- 
tion mode at the disbibutci- is changed frcin even to wall-side, cen- 

1,0 

0.8 

0.6 
+ 

0.4 .% 

0.2 .t" 
//.i 

/ 

i 
. � 9  ~[k 

i $ 
" i  

/ 
/ 

/ 

0 i 0 20 30 40 50 
t[min] 

Fig. 10. Plots of the limiting case of diffusion control of the fluid- 
solid heterogeneous reaction model  (I"=140 ~ P=92 kPa, 
S=10 wt%, dp=0.153 m m ,  U~=0.10 m/s). Bubble disiribu- 
lion mode: �9 even, At waR-side, V central, @ asymmet- 
ri~ 

~al and asymmetric distribution, orderly�9 

C O N C L U S I O N  

The possibility that a three-phase bubble colulml can be applica- 
ble as a reactor for obtaining meta-Boric acid effectively has been 
examined by considelmg the effects of gas injection mode on the 
bubble distribution and bubbling phenomena and ~ on the fi-ac- 
tional conversion of the reactiort The effects of gas injection mode 
on the fi-actional conversion of the reaction increase with increas- 
ing the gas velocity and reaction time. The optimum temperature 
of this system has been in the range of 130-140 ~ to maintain the 
higher fi-actional conversion. The complicated bubble distribution 
and bubbling phenomena in the reactor have been well diagnosed 
and interpreted by means of the ~[tPsJotor bajectofies and correlalicil 
dimension from the resultant pressure fluctuations during the reac- 
tion The bubble distribution and bubbling phenomena become more 
complicated and irregular in altering the gas injection inode froln 
even to wall-side, central and asymmetric distribution, orderly�9 The 
level of fi-actional conversion decreases gradually with increasing 
the deviation from the even distribution of bubbles in the reactor. 
The heterogeneous fiNd-solid reaction model can be applicable to 
tim reactioil; howevei; the deviation fiorn t t~  raodel precliclion is slill 
considerable when the gas injection mode at the distributor is cen- 
~al or asymmetric. 

The results of tim study can be utilized for developing the three- 
phase bubble column reactor to obtain the meta-Boric acid that is 
widely used in esterification. 

N O M E N C L A T U R E  

C(rl : correlation integral [-] 
Cp : concentration of paraffin at the bulk region [mol/dm ~] 
D : column diameter of the reactor [m] 

De : correlation dimension [-] 
tip : particle diameter [rara] 
H : heavyside function [-] 
K~ : mass transfer coefficient [m/s] 
Ks : reaction rate constant [ra/s] 
MB : molecular weight of  particle [kg] 
P :pressure [kPa] 
r : radius ofhypersphere [-] 
S : solid content [wt. %] 
t : t ime [s] 
U~ : gas velocity [m/s] 
X : fractional conversion [-] 
X(t) : time series signals of pressure fluctuations [V] 

Z t : the vector time series defined as in Eq. ( 1 ) 

Greek  Letters  

"c �9 time delay [s] 
p �9 density of liquid [kg/ra] 

PB �9 density of particle [kg/ra] 
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