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Abstract-A mathematical model for simulation of unsteady-state oxygen transfer in an extemal-loop airlift reactor was 
developed. The airlift reactor was represented by a number of intercolmected tanks, each of which was assumed to be well 
mixed. The effect of gas circNation rate on the oxygen transfer was considered. The model can be used for the determina- 
tion of mass transfer performance of the airlift reactor in which the whole liquid phase cannot be assumed to be fi~y back- 
mixed. The simulation results showed a good agreement with experimental results. 

Key words : External-Loop Airhft Reactor, Unsteady-State Oxygen Transfer, Gas Circulation Rate 

INTRODUCTION 

Mass transfer coefficients in laboratory and industrial equip- 
ment can be measured by either steady-state or unsteady-state 
mass transfer experiments. In the case of  gas absorption in a 
batch system, steady-state experiments are associated with a sink 
for absorbed gas by means of chemical reactions. Since reactive 
solutes in the liquid may" severely influence the physical proper- 
ties of  the system, the generality of  the experimental resets is 
largely res~cted to the system being studied. Therefore, oxygen 
transfer coefficients for a particular absorption unit are tts ually 
detenmned by dynamic method w, hich can avoid the complica- 
tion with reactions. The method simplifies comparing oxygen 
transfer efficiencies in different types of  equipment. 

The dymmic method is based on the comparison of a measured 
value of  dissolved oxygen concentration with the calcalated value 
by a mathematical model. The choice of  model is very important 
because poor assumptions of  hydrodynamic cha~mristics of  the 
equipment may lead to erroneous results. In numerous investiga- 
tions [Weiland and Onken, 1981; Muroyama et al., 1985; Chisti 
and Moo-Young, 1988; Siegel and Merchuk, 1988; Choi et al., 
1990; Cl~oi, 1993] on the oxygen transfer capability of  airlift reac- 
tors, the composition in gas phase was assumed to be constant, 
and the liquid phase was considered to be fully back-mixed. In 
other words, most of  data for mass transfer coefficients are 
based on the assumption that the reactor is a single ~mir, rather 
than composed of  discrete sections. We call it a well-mixed 
model, ha the case of  most small airlift reactors, the wall-mixed 
model is used for the determination of volumetric mass transfer 
coefficients for two reasons : one, that the assumptions are valid in 
the reactors ; two, the simplicity of  the model. 

Unsteady state methods of determining mass transfe, coeffi- 
cients are complicated by the possibility of  distortion of the meas- 
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ured values by the probe response dynamics. Probe response dy- 
namics will become an influential factor in mass transfer coeffi- 
cient calculations x~,hen the ~alue for mass transfer coefficient is 
approximaely equal to o1" greater titan the inverse of the probe 
response time [Merchuk and Siegel, 1988]. Weiland and Onken 
[1981] ~ e d  perfect mixing m both the liquid and gas phases. 
They also considered the lag m the elec~ode response due to the 
oxygen probe dynamics. So, they suggested a weU-mixed model as 
follows: 

C;'-C,,,, [exp(-___K~.a~.-t) .KzaL.exp(_VL) 1 1 t,. 
C~-C,,, k t.. - -Kta,/t,. (1) 

Ho et al. [ 1977] represented a concentric airlift reactor as a tank- 
m-series model lmving a number of  interconnected compart- 
ment% each of which was assumed to be well mkxed. In the model, 
the top section was considered to be well mixed. The axiM dis- 
persion in the gas phase was assumed to be identical to the axial 
clispersiun in the liquid phase. The model was used to simulate 
steady-state oxygen transfer in an airlift fermenter. 

Merchuk mad Stein [1980] introduced a distributed Ix~ameter 
model for oxygen transfer in a split airlift r~actor. They assumed 
that the flows in both gas and liquid phases in the riser behaved 
like a plug flow,: They regarded the top section as a well-rnixed 
tank. The dowmcomer was also considered as a plug flow of  liquid 
phase only. 

Luttmann et at. [ 1982] analyzed mass transfer data for an exter- 
naMoop airlift fermenter based on a distribution parameter model. 
The model did not take into account the possibility of  mass trans- 
fer in the dow~comer, probably' because the volume fraction of  the 
downcomer to the total reactor volume was very small. The model 
does not fit for airlift reactors with large moun t s  of  gas circula- 
tion. 

Based on computer simulation results obtained by the un- 
steady-state mixing model, Andre et at. [1983] developed a simple 
criterion that specifies the conditions for the validity of  the well- 
mixed model in practice. In order to represent the back-mixing 
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in the liquid and gas phases, they also used a tank-in-series model 
for both the riser and the do~amcomer. However, the circulation of  
the gas phase and the interphase mass transfer in the dowlacomer 
were not considered. 

In this siud~r; a mathematical model considering both the effect of  
the gas circulation rate and the role of the downcomer in oxygen 
transfer was developed for the simulation of unsteady-slate oxy- 
gen transfer in an external-loop airlift reactor. 

T H E O R Y  

A typical external-loop airlift consists of  a riser, a dowaw_axneg two 
connection sections, a top section above the riser, and a top section 
above the dovmcomer as shox~aa in Fig. 1. In the present study, a 
lsanks-in-series model is used for both liquid and gas phases in the 
riser and the circulation loop which includes the kvo connections 
and the downcomer because the oxygen concentrations in both 
phases vary- with lime and position in the reactor. A schematic dia- 
gram of the unsteady-state I~qs  transfer model for an external- 
loop aJ~litt reactor is presented in Fig. 2. It is assumed that com- 
plete mixing prevails for each phase in interconnected tanks. Back- 
mixing for liquid phase m the riser and the circulation loop is rep- 

OJOSm 0.149m 
v-, i  

:L &; 
W -  ~ . "  ~'." " ' _ 1  

5~ 

�9 I 

"~ 

�9 . . ~  o - o . ,  

12 

13 

0 
12 

Fig. 1. 

t_.___l ~6 

Schematic diagram of the external-loop airlift reactor. 
(1) Vent line (10) Wave form maalyzer 
(2) Valve (11) Bottom connection 
(3) Wear box (12) Air distributor 
(4) Pressure tap (13) Rotameter 
(5) Top connection (14) Air line 
(6) Dm~:ncomer (15) Air filter 
(7) Riser (16) Pressure regulator 
(8) Dissolved oxygen probe (17) Nitrogen line 
(9) Dissolved oxygen meter 
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Fig. 2. Block diagram of the unsteady-state model for the air- 
lift reactor. 

resented by ML and N~ stages, respectively. Back-mixing for gas 
phase m the riser and the circulation loop is represerted by M(~ and 
N~; stages, respectively: ha practice, the extent of back-mixing m 
the gas phase is not necessarily identical to that m the liquid phase. 
The manber of  stages, i.e., Mro, NL, M~ and N~;, can be adjus~evl, 
based on the extent of  axial dispersion. 

For simplicity., m this studio; it is assumed that the effect of  
hyda'ostatic head on the solubility of  oxygen is negligible because the 
aMift reactor is not too tall. The overall volumetric mass trans- 
fer coefficient is also assumed to be uniform. In addition, the gas 
holdup is assumed to be uniform within individual regions, it is 
very difficult to measare the gas holdups in the top section above 
the downcomer, the top connection, and the bottom connection. 
The gas holdup in the top section above the dowaacomer is 
assumed to be equal to that in the top connection. The gas holdup 
in the bottom connection is assumed to be equal to that in the 
downcomer. 

Under unsieady-state conditions, the oxygen balance on the 1st 
stage of  the gas phase in the riser leads to 

dC,;,~ ~,(Q,;,,,C~,,,+Q,:jC,;,~,:+,-Q,;,C<O 
dt e.V. 

-KLa,~(C;.,,-C~,,) (2) 
where 

P.Y< 
c.= ~r  O) 
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y,_M, (4) 
M G  

v,,- v, (5) 
M~ 

Q(,.: Q(;,,,+ Q<~ (6) 

According to Henry's law. the partial pressure of  oxygen in the 
gas phase at eqailibritun is proportional to the concentration of  
oxygen in the liquid film: 

Po _ C,;RT 
C ; -  H H (7) 

In addition, C~, represents the average concenlration that would 
be in equilibrium with those stages in the gas phase directly" in 
contact with the ith liquid stage: 

- .  yRT 
C , ,===-  ! ;  C;., (8) 

" H /=(~- t)~e+ 1 

For the 1st stage of  the liquid phase in the riser, 

dC<~ _ Q,(Cz..,.+,,,-G.0+K, a,(g~. ' -C,.. ,) (9) 
dt V.( 1 -e,.) 

The balance on the ith gas stage in conlact ,Mth the jth liqaid 
stage in the riser gives the following differential equation' 

dC<,_y ,Q, ; , . (  C..~_~-C,;.i) K,a,(1-e')(C[ ~-CL,) (10) 
dt e,,V~, er 

For the ith stage of  the liquid phase m the riser, 

de,. ,_ Q,.(CL.,_r-C,. ,) + K, az.(g: 7 C,.., ) , ,  (u)  
d* V,.,(1-e~) 

The top section above the riser is modeled by a well-mkxed 
tank. For the gas phase m the section, 

dC<,,, +,~ + (Q(;,-Q~;,~.)(C(;..,,,-C...,,.+,,,~+,) 

dt GV,, 

-K,a , (1-G)(C;  - , . . . .  - G  ~,.+, + ) (12) 

For the liquid phase, 

dC, .v;+.,.+ ~ - K,a,(C;..,~ ........ ~-C,...,~+.,,+~ ) (13) 
dt 

The mass balance on the ith gas stage in contact ,adth the jth liq- 
aid stage in the top connection gives: 

dCc xQc, ( G - , - G ,  ) ( l - e , )  --~ 
-- '  . . . .  ' '~ . . . . . . . .  K,a, '"  .... I (G , -C , , )  (14) 
dt G V~i " " e ,  . . . .  

For the ilia stage of  the liquid phase in the top connection, 

dC~._ Ql.(C,_.,_l-Cci) 
~K, a.~(g,~.,-C,..3 (15) 

dt V,.,(1 - G )  

where 

7,:N~. (16) 

V,  - v "  (17) 

The material balances on the ith stages in the dowEomer  and 
the bottom connection, 

dC .... Z Q , ; ~ ( C < , _ , - C < , )  (l-e.,) . 
dt EdV.,i K"aL e,, (CL'*-C"~) - -  (18) 

for the gas phase, and 

de , , _  Q,.(C,..,_,-CL,) 5K, a,.(C~.,-Q,) (19) 
dt V,.i( l - e~3  

for the liquid phase. 
The gas-liquid mkxture in the top section above the dow:ncomer 

is modeled by a well-mixed tank. Therefore. two mass transfer 
balances are w~tten for the top region. They are 

dC(;y..+ v.+, _ ( Q , ; . - Q , ; ~ ) ( C < . , - C <  v. + x..+z) 

dt e ,y,  

- K . : a , . - - 7 7 - (  C,..,.+ ,:+ :-C,_y~+.,:+-) (20) 

for the gas phase, and 

dQ,~,,+N:+ 
K~aL(C;y ......... ;-CLy. ...... e) (21) 

dt 

for the liquid phase. 
In order to take account of  the time delay of  oxygen probe, it is 

assumed thai the oxygen probe system is a first order lag sys~m 
[Muroyanm et at., 1985; Chisti ant{ Moo-Young, 1988; Siegel and 
Merchulg 1988; Choi, 1993] : 

dC,~ .... (eL -Czp ) for i=I,...~,IL+N,+2; (22) 
dt t,, 

The initial conditions are : 

G.yC~.,, for i=I,...,ML+N~+2; 

C, , -  CL,jRT for j=I,...,M~;+N,+2; 
' H 

C~. r i = C~,, for i=l,...,M~.+Nl+2. 

Eqs. (2)-(22) foma a system of  2ML+2N,,+M<;+N~;+6 linear first 
order clifferential equations with constant coefficients. In order 
to properly solve the s~r of  differential equations, all other 
parameters found in this model must be known except 2ML+ 
2N~+N$;+N,+6 conceramfion terms, q~e model equations can be 
solved by a second order Runge=Kutta method [Andre et at., 
1983]. The ovelall volumetric mass transfer coefficiert can be 
determined by  fitting the calculated C> to the experimentally 
determined transition curve. 

E X P E R I M E N T A L  

Fig. 1 shows a schematic diagram of  the external-loop airlift 
reactor used m this study. The airlift vessel was made of acaTlic 
Wansparent pipe with 6 m m  thickness and aerated liquid heights 
were kept at 1.77 m. Tap water and air were used as the liquid 
and gas phases in the experiments. All e_xperiments were carried 
out at ambient temperature and atmospheric press~e. Filtered air 
was fed into the riser section through a gas distfibutol: The air dis- 
lributor consisled of  six tube spargers w~ich were attached on the 
base plate. Each tube has several 1 mm diameter holes and the 
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Table 1. Experimental conditions and the dimensions of the 
experimental apparatus 

Riser i.d. 
Downcomer i.d. 
Connec*ion i.d. 
Connection length 
Wear box 
Height between top and bottom connections 
Gas phase and liquid phase 
Aerated liquid height 
Inlet superficial gas velocity 

0.149 m 
0.108m 
0.108m 
0.30 m 
0.108x0.200x0.300 m 
1.10m 
air and tap water 
1.77 m 

0.02-0.18 m s -~ 

whole 30 holes of  the spm'gexs were arranged m a triangular pitch 
of 21 mm. Air flow rates were controlled by a pr~alibrated rola- 
meier. Exwrimenlal conditions and the dimensions of  the experi- 
mental equipment are listed in Table 1. 

To determine the overall vokmaetric oxygen iransfer coefficient, 
K~az,, a transient dissolved oxygen concentration curve is neces- 
sary. First, oxygen m the liquid was purged by dispersing nitrogen 
gas into the liquid for a certain period of time until the oxygen 
concentration of the liquid became about 0.3 ppm. After the nitro- 
gen feed was stopped, there was a wait to obtain perfect elimina- 
tion of  nitrogen bubbles from the reactor. Then air was introduced 
at a constant velocity and the transient dissolved oxygen concen- 
ttmion m the liquid phase was measured with a polarogmphic 
probe (Yellow Springs Imtmments, YSI 5739 with s t~dard 
membrane). The signal from the oxygen probe was connected to 
a YSI model 58 dissolved oxygen meter and simultaneously 
recorded on a wavefolm analyzer (DMsion of  Analogic Co., Data 
6000 model 611) e v e r y  I s [Choi, 1993]. The oxygen probe was 
installed at 0.81 m height from the air dis~butor. 

Overall gas holdup was measured by comparison of aerated ancl 
unaeYated liquid heights. Water manometers were used to obtain 
gas holdup data m the riser, the dowancomer and the top section 
above the riser. The gas holdup m each section was calculated 
~om the variation of static pressure with height as follows [Hills, 
1973]. 

Az 
e = - -  (23) 

Ah 

Based on the assumptions that G = G: and G = G the gas 
holdup in the top connection can be determined f rom the over- 

all gas holdup and other individual gas holdups using the fol- 
lowing equation: 

V.,z., =V.e, + V.e.+V,,e. +V,.e,.+ V , : .  +V~e~ (24) 

For the measurement of  circulation liquid velocities, 10 mL of 4 
M potassium chloride solution was used as a tracer. The response 
of a pulse input of  the tracer was measured by a conductance 
probe and a conductance meter (YSI model 32) and was simulta- 
ncously stored on a wave form analyzer (Division of An-alogic Co., 
Data 6000 model 611). The circulation liquid velocity was deter- 
mined from the circulation time, the individual gas holdups, and 
the reactor's dimensions [Choi, 1996]. The exiting gas rate from 
the top section above the downcomer, Q,;,,b was measured by a 
bubble flow mater connected to the vent line. 

The electrode response time of  the dissolved oxygen probe 
was measured. The electrode response time was determined by 
the amount of  time required to record 63.2 % of the step input 
value as an electrode reading [Siegel and Merchuk, 1988]. A 
step change could be made by moxdng the probe from a reservoir 
conlaining oxygen-free water to a reservoir containing water satu- 
rated with air at the same temperature. The two reservoirs were 
well stirred. The average electrode response time was found to 
be 12.3 s. 

~ S U L T S  A N D  D I S C U S S I O N  

In Fig. 3, the transient dissolved oxygen concentration measured 
by a polarographic probe is represented as a function of the inlet 
superficial gas velocity: The higher the gas velocity was, the faster 
the concentration reached to the equilibrium concentration. The 
rote of  approach to new equilibrium depends on the average value 
ofKxa:, m the system. Therefore, the results can be explained by 
the fact that the larger oxygen transfer cocfficient~ were obtained 
at the higher gas velocities. 

Numerical values of  several constants had to be adopted m 
order to perform the computer simulation. From the data reported 
by Perry [1984], the follow~g relation may be obtained, which 
links H with T: 

H = 4.163 • 10-'~T-0.0997 (25) 

The gas circulation rate m the downcomer was taken from data 
obtained in an external-loop airlift reactor with an additional 
gas-liquid separator by Choi [1997], and can be expressed as a 
function of  the downcomer gas holdup as follows: 

U,; : = O. 3231 e,-0.00007 (26) 

Q<;,=U,i ,A,  (27) 

Parameter values used for computer simulation and the values 
of  K:a, calculated by using the present model are sho~m m 
Table 2. The overall volumetric mass t t ~ f e r  coefficients ob- 
tained by the well-mixed model (Eq. (1)), i.e., (K:a:) , . , , ,  are also 
shown m Table 2. 

Fig. 4 and Fig. 5 show the comparison of the calculate,] C>and 
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Fig. 3. Effect of G; on transient dissolved oxygen concentration 
measured by a polarographic probe. 
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Table 2. Parameter values used for computer simulation and the calculated values of  K~.a~. 
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U,; ~,,. ~,. ~, ~,,. UL,. t. T Q,;,2 < 106 K~a~i' (KLa,.),,,,, 

0 .02  0.0584 0.0427 0.0005 0.0399 0.212 9.27 290.2 78.94 0.0146 0.0097 
0 .06  0.0985 0.0839 0.0090 0.0866 0.269 7.07 290.3 433.51 0.0319 0.0269 
0 .10  0.1325 0.1114 0.0250 0.1314 0.282 6.58 290.4 720.53 0.0504 0.0404 
0 .14  0.1535 0.1330 0.0390 0.1626 0.290 6.27 290.9 927.61 0.0709 0.0517 
0 .18  0.1650 0.1459 0.0565 0.1885 0.293 6.09 291.0 1055.04 0.0939 0.0634 

*Obtained by the present model (IVI~=I, M~;=I, NL=20, N,=20, ATe-0.04 s). 

the measured C~, for G;=0.10 m s -~ and G;=0.14 m s -', respec- 
tively. In Fig. 4 and Fig. 5, we also represented the transition curve 
of the probe response calculaled by the well-mixed model. Fig. 4 
and Fig. 5 indicate that the present model shows a better agree- 
ment with e~erimental results than the well-mixed model. The 
model developed here has much more adjustable parameters, 
such as M~, N,, M~; and N~;, which enables the model to fit 
available experimental data than the well-mixed model. It 
means that the present model can be used for the determination 
of mass iransfer performance of the airlitt rearer in which the 
assamption of well-mixed liquid phase is not vance 

The nmnber of mixing stages can be acljusted based on the 
extent of axial dispersion. The axial dispersion in the gas phase can 
be different fi'om the axial dispersion in the liquid phase. In this 
study, the selec~xt values of the parameters were 1, 5, 10 and 20. 
N} >_M,,, N~;~ , ,  M,>-ML, and N~;>-NL were assumed. Wameck et 
at. [ 1985] reported that the axial liquid dispersion coefficient of 
the riser was larger than that of the downcomer in a liquid jet 
loop reactor. Table 3 shows the effects of those parameters on 
the standard deviation for U~;=0.10 m s-L As shown in Table 3, 
the smallest value of the standard deviation was obtained when 
ML=I, M~.=I, NL=20, and N~=20. The smallest value of the 
standard deviation means that those parameters gave the best 
fitting of the Cz/, calculated by the model to the experimentally 
determined transition curve. At the other values of U,~, the 
smallest value of the standard deviation was also obtained 
when Mr=l, M~;=I, NL=20, and N~;=20. 

On the other hand, Andre et at. [1983] repolied that a safe crite- 
rion for assuming a well-mixed liquid phase in semi-batch liquid 
contactors would be : 

(K~a,,),,,,,. t~._< 2 (28) 

In this work, (Kt al,),,r.,'t, ~.Vas varied in the range of 0.0899-0.386 
(Table 2). However, there was a large difference between K~aL 
values used in the two models for best fitting. It means that Eq. 
(28) should be used with caution when the role of the other sec- 
tions except the riser in the mass transfer is not negligible. At a 
certain gas velocity, the KzaL value obtained by the present 
model was 16-34 % higher than that obtained by the well- 
mixed model (Table 2). It is evident that the calculated value of 
the mass transfer coefficient depends on the choice of model. 
The choice of model is very important because poor assump- 
tions of hydrodynamic characteristics of the equipment may 
lead to erroneous results. 

Fig. 6 shows the effect of the stage number on the actt~l dis- 
solved oxygen concentration calcuJated by the present model. 

t0 

z _ Expe r imen ta l  value 
_j~ 4- / z  . . . . . .  P resen t  mode l  

o / - Well-mixed model 

2 

0 20 40 60 80 1 O0 
t (see) 

Fig. 4. Comparison of the calculated CLp and the experimen- 
tal value. 
U<j=0.10 m s -*, Mz=l, 1rio=l, NL=20, N<,=20, AT=0.tM s. 

~0 

"-- 6 tm 

& 

CL ~ ~  r~t.x,?Odd me lad e ! _j 4 

0 I I I I I I 

0 10 20 ~0 40 50 60 70 80 

t (see) 

Fig. 5. Comparison of the calculated C O and the experimen- 
tal value. 
U,;=0.14 m s -~, M~=I, M~,=I, Nj=20, N,=20, AT=0.04 s. 

Until it became 7 s, which was about the circWation time, there 
was a variation in the actual dissolved oxygen concen/mlion with the 
stage number because of both the difference in the extent of oxy- 
gen absorption and the effect of the back-mixing of the liquid 
phase. After 7 s the ac'itual dissolved oxygen conce-ntration was 
fairly uniform through the reactor. 

Probe response dynamics has an influence on the measured 
values of the dissolved oxygen concentration. Especially; probe 
response dynamics will become a strong factor when the value 
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Table 3. Effects of ML, M~,, N~ and N(; on  I~al.. UG=0.10 m s - l ,  AT=0.04 s 

M~ M~; Ne. N~; S.D. K,,a~. M~. IVI<; N~. N~; SD. K~a~ 

1 1 1 1 0.1565 0.0455 1 10 20 20 0.1363 0.0491 

1 1 1 5 0.1298 0.0503 1 20 1 20 0.1521 0.0483 

1 1 1 10 0.1299 0.0499 1 20 5 20 0.1390 0.0490 
1 1 1 20 0.1301 0.0497 1 20 10 20 0.1379 0.0490 

1 1 5 5 0.1179 0.0511 1 20 20 20 0.1374 0.0490 

1 1 5 10 0.1184 0.0506 5 5 5 5 0.1303 0.0500 

1 1 5 20 0.1187 0.0503 5 5 5 10 0.1311 0.0496 

1 1 10 10 0.1174 0.0506 5 5 5 20 0.1316 0.0493 

1 1 10 20 0.1178 0.0503 5 5 10 10 0.1299 0.0496 

1 1 20 20 0.1173 0.0504 5 5 10 20 0.1305 0.0493 
1 5 1 5 0.1482 0.0492 5 10 5 10 0.1332 0.0494 

1 5 1 10 0.1482 0.0487 5 10 5 20 0.1338 0.0492 

1 5 1 20 0.1484 0.0485 5 10 10 10 0.1320 0.0495 

1 5 5 5 0.1349 0.0499 5 10 10 20 0.1326 0.0492 
1 5 5 10 0.1353 0.0494 5 10 20 20 0.1321 0.0492 

1 5 5 20 0.1356 0.0492 5 20 5 20 0.1348 0.0491 

1 5 10 10 0.1342 0.0495 5 20 10 20 0.1337 0.0491 
1 5 10 20 0.1345 0.0492 5 20 20 20 0.1332 0.0492 

1 5 20 20 0.1340 0.0492 10 10 10 10 0.1289 0.0495 

1 10 1 10 0.1507 0.0486 10 10 10 20 0.1296 0.0493 

1 10 1 20 0.1508 0.0484 10 10 20 20 0.1291 0.0493 
1 10 5 10 0.1375 0.0493 10 20 10 20 0.1307 0.0492 

1 10 5 20 0.1379 0.0491 10 20 20 20 0.1302 0.0492 

1 10 10 10 0.1364 0.0493 20 20 20 20 0.1286 0.0493 

1 10 10 20 0.1368 0.0491 

1 0  1 0  

8 

-,, 6 

~" S t a g  No, 
--J 4 

~ - / /  -- - 1 2  

, . . . . . .  21 

2 

0 , , r , , ,  I . . . . . . . . . . . . .  I, 
0 10 20 30 40 50 

t ( s e e )  

Fig. 6. Effect of stage number on the actual dissolved oxygen 
concentration in the liquid phase. 
G;=0.10 m s -~, M~=I, IVI,,=I, N,=20, N,=20, ATe-0.04 s. 

for KLaj is equal to or greater than the inverse o f  the probe 
response time. Fig. 7 shows the simulation results for the varia- 
tion of  the dissotved oxygen concentration measured by  oxy- 
gen probe with time as a function of  the stage number. Com- 
parison o f  these results with those in Fig. 6 shows that the CL, 
calculated by the model had a small variation with the stage 
number for the initial t ime (t=0-7 s) because o f  the probe 
response dynamics. These results indicate that the dissolved 
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Fig. 7. Simulation results for the variation of the dissolved 
oxygen concentration measured by oxygen probe with 
time as a function of the stage number. 
U,=0.10 m s -~, M~=I, M,;=I, NL=20, N,=20, AT=0.04 s. 

oxygen concentration measured by  the probe was fairly uni- 
form throughout the reactor. Similar results were previously 
observed by Choi [1989] in the same airlift reactor and by 
Chisti and Moo-Young [1988] in a rectangular airlift reactor 
with about 100 L working volumes. So they used the well- 
mixed model for the determmalion of  oxygen mass transfer 
coefficients in their reactors. Comparing Fig. 7 with Fig. 6 indi- 



A Mathematical Model for Unsteady-State Oxygen Transfer in an External-Loop Airlift Reactor 447 

0 ,25  

0 ,20  t ~ -  T _t .--- -" "-" =" "-" ~- ~->" "-~''~ ~ ' -  . . . . . .  

. 0.~5 

~ o . l o  

0.05 

0 .00  
0 20 40 60 80 1 O0 

t (see)  

Fig. 8. Simulation results for the variation of oxygen mole frac- 
tion in the gas phase ~itll  time as a function of stage 
numbel; 
U,=0.10 m s -~, M~=I, M~;=I, N~=20, N~;=20, A T=0.04 s. 

cates that the probe response time must be considered for the 
determination of  oxygen mass transfer coefficients under un- 
steady-state operation. 

Fig. 8 shows the simulation results for the variation of oxygen 
mole fraction in the gas phase with time as a function of  the stage 
number, The results show" that there was a Parge de~dation between 
the oxygen mole fi-actions in the gas stages. The smaller the stage 
number was, the faster the oxygen mole fraction in the gas phase 
increased with time, As compared with the dissolved oxygen con- 
cenllation in the liquid phase 0~ig 6), the oxygen mole fi:action in 
the gas phase was not tmfform through-out the reactor for a longer 
time because the gas circulation rate was very S1Ylaller than the 
liquid circulation rate for the experiment. 

The present model has the following advaraages. Since the well- 
mixed tanks for the do'~mcomer, the connections, and the top 
section above the downcomer were omitted in the model devel- 
oped by Andre et at. [1983], the model could not effectively 
describe the role of  those sections in the mass transfer and the 
mixing. However, the present model considers the role of  those 
sections in the mass t~ansfer and the mixing. Therefore, the 
present model can be safely applied to the airlift reactor in 
which both the circulation of the gas phase and the role of  the 
other sections except the riser are impol~ant. In comparison with 
the well-mixed model, the present model allows one to calculate 
the variation of  the oxygen concentrations in the gas and liquid 
phases with position. 

C O N C L U S I O N S  

The model presented could predict oxygen concentration 
profiles in both liquid and gas phases. The simulation results 
based on the present mathematical model were in a better qual- 
itative agreement with experimental results than those ob- 
tained from the well-mixed model. The present model can be 
used for the determination of  mass transfer coefficient in the 
airlift reactor in which the assumption o f  well-mixed liquid 
phase is not valid. 
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N O M E N C L A T U R E  

C : concentration of  oxygen [mg O2/L] 
H : Henry's law constant [L, atar}1mg 02] 
h : height above gas sparger [m] 
K,:a,: : overall volumetric mass transfer coefficient [s -~] 
G, : height between top and bottom connections [m] 
M : number ofmLxing stages in riser 
N : number of  mixing stages in circulation loop 
P : total pressure [atm] 
P,,  : oxygen partial pressure [atm] 
Q : flowrate [m~s -~ ] 
R : gas constant [L.atm/mg O,.~ 
S.D. : standard deviation [mg OJL] 
T : temperature [~ 
t : time [s] 
AT : step size for 2rid order Runge-Kutta method [s] 
t. : circulation time [s] 
t, : response time ofoxygen probe [s] 
V : volume [m ;] 
U : superficial velocity [m s -~] 
Yo, : mole fraction of  oxygen in gas phase 
z : height ofmanometers [m] 

Greek Letters 
e : gas holdup 
7 : latio of  the number of  liquid stages to the number of  gas 

stages 

Superscripts 
* : at equilibrium 
- : average 

Subscripts 
bc : bottom connection 
c : circulation loop 
d : downcomer 
G : gas 
i : ith stage 
in : inlet condition 
j : jth stage 
L : liquid 
o : initial condition 
ov : overall 
p : measured by oxygen probe 
r : riser 
tc : top connection 
td : top section above downcomer 
tr : top section above riser 
w m :  well-mixed liquid phase 

Korean J. Chem. Eng.(VoL 16, No. 4) 



448 K.H. Choi 

R E F E R E N C E S  

Andre, G., Robinson, C. W. and Moo-Young, M., "New Criteria 
for Application of the Well-MLxed Model to Gas-Liquid Mass 
Transfer Studies,' Chem. Engng~ Sci., 38, 1845 (1983). 

Chisti, M. ~: and Moo-Young, M., "Hydrodynamics and Oxygen 
Transfer m Pneumatic Bioreactor Devices;'Biotechnol. Bioeng., 
31,487 (1988). 

Choi, K. H., "Circulation Liquid Velocity, Gas Holdup and Volu- 
metric Oxygen Transfer Coefficient m External-Loop Airlift 
Reactors;' Y. Chem. Tech. Biotechnol., 56, 51 (1993). 

Choi, K. H., "Circulation Liquid Velocity m External-Loop Air- 
lift Reactors,' Korean J Chem. Eng., 13, 379 (1996). 

Choi, K. H., "Circnlation of Gas and Liquid Phases m External- 
Loop Airlift Reactors;' Chem. Eng. Comm., 160, 103 (1997). 

Choi, K. H., ''Hydrodynamics and Oxygen Transfer Characteris- 
tics m Airlift Bioreactor;' Ph.D. thesis, KAIST, Taejon, Korea 
(1989). 

Choi, K. H., Han, B.H. and Lee, W.K., "Effect of Horizontal 
Connection Pipe Length on Gas Holdup and Volumetric Oxy- 
gen Transfer Coefficient m External-Loop Airlift Reactor;' 
HWAHAKKONGHAK, 28, 220 (1990). 

Hills, J.H., "The Operation of a Bubble Column at High Through- 
puts I. Gas Holdup Ivleasurement" Chem. Eng. Y., 12, 89 (1973). 

Ho, C. S., Erickson, L. E. and Fan, L. T., '~ and Simula- 

tion of Oxygen Transfer m Airlift Fermentors;'Biotechnol. 
Bioeng., 19, 1503 (1977). 

Lmek, V. and Smukle, J., "Comprehensive Biotechnolog%" Per- 
gamon Press, Oxford, 4, 363 (1985). 

Luttmmln, R., Buchholz, H., Zal~zewsld, W. and Schiigerl, K., 
"Identification of Mass-Transfer Parameters and Process Sim- 
Nation of SCP Production Processes m Airlift Tower Reactors 
with an External Loop;' Biotechnol. Bioeng., 24, 817 (1982). 

IvIerchuk, J. C. and Siegel, M. H., "Air-Lift Reactors m Chemical 
and Biological Tectmolog3~,"J Chem. Tech. Biotecht~ol., 41, 
105 (1988). 

Merchuk, J. C. and Stem, Y., "Distributed Parameter Model of an 
Airlift Fermenter,' Biotechnol. Bioeng., 22, 1189 (1980). 

Ivluroyama, K., Mitani, Y and Yasunishi, A., '`Hydrod)~amic Char- 
acteristics and Gas-Liquid Mass Transfer m a Draft Tube Slurry 
Reactor~'Chem. Eng. Commun., 34, 87 (1985). 

Perry, R. H. and Green, D. W., "Perry's Chemical Engineers Hand- 
booM' 6th ed., McGraw-Hill, New York (1984). 

Siegel, M. H. and Merchuk, J. C., "Mass Transfer m a Rectangu- 
lar Air-Lift Reactor: Effects of Geometry and Gas Recircula- 
tion;' Biotechnol. Bioeng., 32, 1128 (1988). 

Weiland, R and Onken, U., Get Chem. Eng., 4, 42 (1981). 
Wemeke, H.-J., Priiss, J., Leber, L. and Langemalm, H., "On a 

Mathematical Model for Loop Reactors-II. Estimation of Param- 
eters; Chem. Eng. Sci., 40, 2327 (1985). 

July, 1999 


