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Abstract  Inter-phase mass transfer is important to the design and performance of airlift loop reactors for either 
chemical or biochemical applications, and a good measurement technique is crucial for studying mass transfer in 
multiphase systems. According to the model of macro-scale mass transfer in airlift loop reactors, it was proved that 
the airlift loop reactor can be regarded as a continuous stirred tank reactor for measuring mass transfer coefficient. 
The calculated mass transfer coefficient on such a basis is different from the volumetric mass transfer coefficient in 
the macro-scale model and the difference is discussed. To describe the time delay of the probe response to the 
change of oxygen concentration in the liquid phase, a model taking into account the time constant of response is es-
tablished. Sensitivity analysis shows that this model can be used to measure the volumetric mass transfer coefficient. 
Applying this model to the measurement of volumetric mass transfer coefficient in the loop reactor, results that co-
incide with the turbulence theory in the literate were obtained. 
Keywords  airlift loop reactor, mass transfer model, sensitivity analysis 

1  INTRODUCTION 
Airlift loop reactors have emerged as one of the 

most promising devices in chemical, biochemical and 
environmental engineering operations. Its main ad-
vantages over conventional reactors include excellent 
contact among different phases, ease of removal or 
replenishment of particles, and high heat and mass 
transfer rates[1]. High gas-liquid contacting area and 
favorable flow pattern are the attractive features of 
this type of three-phase contactors. Typical processes 
that can use this type of reactors include synthesis of 
methanol or dimethyl ether from syngas, coal lique-
faction, Fischer-Tropsch synthesis, petroleum refining, 
and wastewater treatment[2,3]. 

For the optimum design and operation of an air-
lift loop reactor, it is important to describe the mass 
transfer characteristics[4,5]. Meanwhile, theoretical 
studies on modeling the liquid-side mass transfer are 
necessary parts for the process design and evaluation. 
Recently, the shortage of the classical mass transfer 
theory has been undergoing the unceasing modifica-
tion and improvement[6,7].  

Although mass transfer characteristics have been 
investigated extensively, most researchers paid atten-
tion to the influence of operating conditions on volu-
metric mass transfer coefficient and the establishment 
of its model[8―10], but few of them focused on the 
measurement of the mass transfer coefficient. They 
considered the airlift loop reactor as a continuous 
stirred tank reactor (CSTR) without verification[11,12]. 
In this paper, it was proved that the airlift loop reactor 
can be regarded as a continuous stirred tank reactor 
when measuring volumetric mass transfer coefficient, 

even though the macro-scale mass transfer model is 
established based on plug flow. Because the volume 
concerned in the macro-scale model and that in the 
CSTR assumption are different, the calculated volu-
metric mass transfer coefficient based on the CSTR 
assumption is different from the volumetric mass 
transfer coefficient in the macro-scale mass transfer 
model. By taking into account the probe response time, 
a model was established for volumetric mass transfer 
coefficient calculation of airlift loop reactor. Sensitiv-
ity analysis shows that the volumetric mass transfer 
coefficient can be calculated precisely. By applying 
this model to the calculation of volumetric mass 
transfer coefficient in an airlift loop reactor, results 
that coincide with the turbulence theory in the literate 
were obtained[13]. 

2  MODEL 
The liquid flow in the riser and down-comer can 

be considered to be plug flow. The influence of the 
mixing zones at the separator and the bottom junction 
are neglected and all these parts are considered to 
yield, together with the down-comer a pure delay τd, 
of the liquid. In this paper, air is considered as gas 
phase. The oxygen mole fraction variation of the gas 
flowing through the riser is considered to be negligi-
ble. The static pressure effect on gas concentration is 
taken into consideration[7]. 

Equation (1) is the oxygen balance equation in 
the riser. kLar is volumetric mass transfer coefficient of 
the riser which is the product of the mass transfer co-
efficient kL and the special interfacial area ar. ε is gas 
holdup in the riser and uL is the liquid velocity in the 
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riser. Agl is the gas-liquid inter-phase area and Vr is the 
volume of the riser. Here the effects of superficial gas 
velocity ug and gas holdup ε are contained in the 
volumetric mass transfer coefficient. They influence 
the inter-phase mass transfer by changing the volu-
metric mass transfer coefficient. The oxygen concen-
tration in liquid phase CL is a function of axial posi-
tion and time. 
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Equation (2) is the recirculation condition. The 
concentration at the top of the riser is the concentra-
tion at the bottom of the riser after a delay τd.  

L d L(0, ) ( , )C t C h tτ+ =          (2) 
Equation (3) is the initial condition that the liquid 

phase oxygen concentration is zero. 
 L ( ,0) 0C x =              (3) 

The bottom column pressure is taken as the ref-
erence. 0

GC is oxygen concentration in gas phase at 
the bottom column. When the variation of the oxygen 
mole fraction in the gas phase is neglected, the gas 
phase oxygen concentration becomes proportional to 
the static pressure. 
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By coordinate transformation between Eulerian 
coordinate and Lagrange coordinate, the analytical of 
the previous model can be obtained as follows[14]. 
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 This is a recursion solution. The interfacial mass 
transfer rate depends not only on the volumetric mass 
transfer coefficient, but also on the specific interfacial 
area. The solute concentration at the entrance of the 
riser can be determined from Eqs.(5) and (6), then the 
evolution of the solute concentration at any other axial 
positions can be determined from Eqs.(5) and (7). 
Eqs.(5) to (7) show that the liquid velocity, uL, and 
time delay, τd, have a great influence on the evolution 
of the solute concentration. 

The parameters of the macro-scale oxygen mass 
transfer model are shown in Table 1. The influence of 
the liquid velocity, uL, and time delay, τd, on the evo-
lution of the solute concentration is investigated for an 
airlift loop reactor. The parameters in the model could 
be measured by experiment and were in the range of 
literature. Here is a hypothetical experiment. The val-
ues of these parameters have no influence on the 
staircase increase of the dissolved oxygen curve and 
the following conclusions. 

Table 1  Parameters in the model of oxygen mass transfer 

h, 
m 

H, 
m3·mol－1 

T, 
K 

Uslip, 
m·s－1 

0
GC , 

mol·m－3

kLar, 
s－1 

4.0 1.82×106 298.15 0.25 9.57 0.1 

For certain volumetric mass transfer coefficient 
and time delay in the down-comer, Fig.1 shows the 
evolution of the oxygen concentration in the liquid 
phase under different liquid velocity uL. Superficial 
gas velocity and gas holdup are not given in Fig.1, for 
the effect of superficial gas velocity and gas holdup on 
mass transfer by changing the special interfacial area 
has been contained in the volumetric mass transfer 
coefficient. With time evolving, the oxygen concen-
trations approach the same limit. However, the step 
change in the evolution of the oxygen concentration 
becomes gradually smaller with increasing liquid ve-
locity. The evolution of the oxygen concentration 
shows approximately an exponential increase with 
increasing liquid velocity, indicating that the airlift 
loop reactor may be regarded as a continuous stirred 
tank reactor (CSTR) at large liquid velocity. The mass 
transfer equation in CSTR is shown as follows[15]: 
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where CL is the oxygen concentration in the liquid 
phases, and *

GC  is the oxygen saturated concentration 
in the gas phases. The solution of Eq.(8) is: 
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Eq.(10) is linear, and the volumetric mass transfer co-
efficient is the slope. This shows that if the data ob-
tained from Eqs.(5) to (7) can be described by Eq.(10) 
approximately, the assumption that the airlift loop re-
actor is CSTR would be reasonable. 

 
Figure 1  The evolution of oxygen concentration in the 

model at different liquid velocities 
(kLar=0.1s－1, τd=4s) 

uL, m·s－1: —— 0.1; ----- 0.2; ―·― 0.5; -·-·- 1.0; -··- 2.0 
 

The data in Fig.1 after transformed according to 
Eq.(10) are shown in Fig.2. The logarithmic trans-
formed curves are still step lines, but their slopes ob-
tained from the least square approximation are equal. 
This indicates that the airlift loop reactor can be re-
garded as CSTR for mass transfer measurement, even 
though the macro-scale mass transfer model is estab-
lished based on a plug flow assumption. This is be-
cause the liquid recirculation leads to global mixing in 
airlift loop reactors, and the CSTR assumption can be 
used to calculate the volumetric mass transfer coeffi-
cient. However, the calculated mass transfer coeffi-
cient based on CSTR assumption is not the volumetric 
mass transfer coefficient in the macro-scale mass 
transfer model of Eqs.(5) to (7). The relationship be-
tween these two volumetric mass transfer coefficients 
will be discussed in the following section. 

The other important parameter in the macro-scale 
mass transfer model is the time delay, τd, in the 

down-comer. Fig.3 shows the evolution of the oxygen 
concentration under different τd. The profiles of the 
oxygen concentration are different under different τd, 
even though the volumetric mass transfer coefficients 
in the macro-scale model were the same value. Ac-
cording to Eq.(10), the data in Fig.3 were transformed 
and shown in Fig.4. Three different slopes can be ob-
tained by using the least square method. This shows 
that τd has influence on the volumetric mass transfer 
coefficient calculated from the concentration curve 
based on CSTR assumption. According to the physical 
meaning of the time delay, larger time delay means 
larger volume of the down-comer. There is no in-
ter-phase mass transfer in the down-comer, while the 
CSTR assumption means that there is inter-phase 
mass transfer everywhere. Because the volume con-
cerned in the macro-scale model is the liquid volume 
in the riser, while the volume concerned in the CSTR 
is the liquid volume in the whole reactor, the specific 
interfacial area, ar, in the macro-scale model is differ-
ent from the specific interfacial area, aw, in the CSTR 
assumption.  
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Figure 3  The evolution of oxygen concentration in the 

model under different time delay 
(kLar=0.1s－1, uL=1m·s－1) 
τd, s: —— 4; ----- 8; -··- 12 

 
Figure 4  The evolution of logarithmic oxygen concentra-

tion in analytical model under different time delay 
(kLar=0.1s－1, uL=1m·s－1) 
τd, s: —— 4; ----- 8; -··- 12 

 
Figure 2  The evolution of logarithmic oxygen concentra-

tion in the analytical model at different liquid velocities
(kLar=0.1s－1, τd=4s) 

uL, m·s－1: —— 0.1; ----- 0.2; ―·― 0.5; -·-·- 1.0; -··- 2.0 
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Because the liquid flux in the riser is equal to the liq-
uid flux in the downer, ar and aw are subject to the 
following equation: 

r r r

w r d r d

a V
a V V

τ
τ τ

= =
+ +

         (12) 

So the calculated mass transfer coefficient based on 
the CSTR assumption, kLaw, and the mass transfer 
coefficient in the macro-scale model, kLar, has the 
following relationship: 
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Figure 5 compares the volumetric mass transfer 
coefficient in the macro-scale model, kLar, and the 
calculated mass transfer coefficients based on CSTR 
assumption, kLaw, under different time delays. The 
ratios of kLar to kLaw are the same value under the 
same time delay in the down-comer, τd. Fig.6 com-
pares kLar and the modified kLaw by using Eq.(13). All 
the points are on the diagonal, showing that the airlift 
loop reactor can be assumed as CSTR for calculating 
mass transfer coefficient. With the consideration that 
the volumetric mass transfer coefficient discussed in 
the literatures[2,6,11] were all based on the liquid vol-
ume in the whole reactor, we also pay our attention to 
the volumetric mass transfer coefficient calculated 
from CSTR assumption in the following discussions. 

 
Figure 5  Comparison between kLar and kLaw under 

different time delays 
τD, s: ■ 4; ● 8; ▲ 12 

 
Figure 6  Comparison between kLar and amended kLaw 

under different time delays 
τD, s: ■ 4; ● 8; ▲ 12 

Galvanic oxygen sensor probe was frequently 
used to measure the oxygen concentration in the liquid 
phase[16,17]. Due to response delay of the sensor probe, 
the change of the oxygen concentration in the liquid 
phase cannot be instantaneously detected. For gal-
vanic oxygen sensors, the real oxygen concentration 
and the response of the sensor probe have the follow-
ing relation: 
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where Cm is the oxygen concentration measured by 
the sensor. The following equation can be obtained 
from Eqs.(8) and (14): 
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The initial condition is: 
(1)
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The solution to Eq.(15) and Eq.(16) is: 
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(17) 
Eq.(17) shows the relationship between the oxygen 
concentration in the liquid phase and the measured 
value. 
 
3  EXPERIMENTAL 

To validate the proposed model, Eq.(17), ex-
periments were carried out in an airlift external-loop 
reactor with a height of 3.2m, as shown in Fig.7. The 
diameter of the riser and down-comer are 100mm. Tap 
water was used as the liquid phase. The gas feed could 
be switched from air to nitrogen or vice versa. Water 

 
Figure 7  The schematic diagram of the experimental  

apparatus 
1—riser; 2—downcomer; 3—gas-liquid separator; 4—gas 

distributor; 5—flow meter; 6—valve; 7—compressor; 
8—manometer 
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was de-oxygenated by stripping with nitrogen, with a 
rapid switchover after de-oxygenated from the nitro-
gen stream to an air stream. The oxygen sensor probe 
was mounted at 2.8m above the gas distributor in the 
riser. The signal obtained by the sensor probe was 
stored in a PC and the sample frequency is 10Hz. In 
order to verify the model in a wider operating condi-
tion, FCC catalyst was used as solid phases to inves-
tigate the volumetric mass transfer coefficient in 
gas-liquid-solid three-phase system. The average di-
ameter and density of the solid particles are 60μm and 
2176.8kg·m－ 3, respectively. The solid holdup has 
reached 20% (by volume). 

The experimental sensor response coefficient, kp, 
was measured by a classical concentration switch 
method. The sensor probe was dipped into water of 
low oxygen concentration by bubbling nitrogen. When 
the signal was stable, the sensor probe was dipped into 
water of high oxygen concentration by bubbling air. 
The response was shown in Fig.8, and kp was deter-
mined to be 0.105s－1 according to Eq.(14). Because 
there was a liquid layer out of the sensor probe, the 
measured probe response coefficient was determined 
by the sensor probe and the liquid layer out of the 
probe. 

 
Figure 8  The response of the oxygen sensor to step 

change of oxygen concentration 

In the airlift loop reactor, the liquid moved direc-
tionally. The liquid layer out of the sensor probe was 
different from that when measuring the probe re-
sponse coefficient. It was made that there might be 
some difference between the probe response coeffi-
cient in the airlift loop reactor and the measured probe 
response coefficient. 

Equation (17) contains two parameters, namely 
the volumetric mass transfer coefficient, kLaw, and the 
probe response coefficient, kp. Because of the pres-
ence of kp, kLaw cannot be directly obtained from 
Eq.(10) by using the least square method[18]. Their 
effects were studied by analyzing the sensitivity of 
Eq.(17) to the variations around the optimum of the 
objective function[19,20]. The objective function ac-
cording to which the parameters were estimated was 
the least square residual, R, of the experimental data 

and the predicted value calculated by Eq.(17). The R 
value was calculated by the following expression: 
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Cexp(t) is the experimental concentration and Ccal(t) is 
the calculated concentration for certain kLaw and kp. 
The closer the R value approaches 0, the more perfect 
the fit is. kLaw and kp that made R the least are the 
volumetric mass transfer coefficient of the reactor and 
the probe response coefficient. The contour lines with 
varying parameters intervals for the R values of the fit 
were plotted in Fig.9. It shows that the identifiability 
of the two parameters is good, and the determination 
of the mass transfer coefficient is more precise than 
that of the probe response coefficient. The sensitivity 
analysis can be used to calculate the volumetric mass 
transfer coefficient and probe response coefficient 
according to the curve of the experimental oxygen 
concentration. 

 
Figure 9  Sensitivity of the model to kLaw and kp 

variations in airlift loop reactors 
(CS=0, UG=0.1133m·s－1) 

Figure 10 compares the experimental data and 
predication calculated with sensitivity analysis under 
different operating conditions, showing good agree-
ment. Fig.11 shows the probe response coefficients 
with increasing superficial gas velocity under different 
operating conditions. Because the objective function is 
not as sensitive to the probe response coefficient as to 
the volumetric mass transfer coefficient, the probe 
response coefficient varies irregularly. However, it 
fluctuates at 0.125s－1 and it was used for the probe 
response coefficient. This value is different from the 
previous value, 0.105s－1, obtained from the classical 
concentration switch method. This is because the wa-
ter was static when using the classical concentration 
switch method, while the water flows directionally in 
the loop reactor. The water flow tenuates the liquid 
layer out of the sensor probe and make the sensor 
probe response coefficient increase.  
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Figure 10  Comparison between the experimental 

data and the model (CS=0.05) 
UG, m·s－1:○ 0.0283; ■ 0.092; ▽ 0.1558 

 
Figure 11  The sensor response coefficient under 

different solid loadings 
CS: ■ 0; ● 0.01; ▲ 0.05 

Figure 12 shows the volumetric mass transfer 
coefficients, kLaw, under different solid loadings. kLaw 
decreases with increasing solid loading, similar to that 
obtained in the literature[21]. The addition of solid en-
hances bubble coalescence and decreases the gas 
holdup, which in turn decrease the interfacial area and 
volumetric mass transfer coefficient. kLaw shows an 
approximately linear increase with increasing superfi-
cial gas velocity. The trend coincided with the turbu-
lence theory in the literature[13]. 

 
Figure 12  The mass transfer coefficient under 

different solid loadings 
CS: ■ 0; ● 0.025; ▲ 0.05; ▼ 0.075; ◆ 0.1;  0.15;   0.2 

4  CONCLUSIONS 
According to the macro-scale mass transfer 

model of the airlift loop reactor, it was proved that the 
airlift loop reactor can be regarded as a continuous 
stirred tank reactor for measuring mass transfer coef-
ficient. The global mixing during oxygen mass trans-
fer in an airlift loop reactor was mainly due to liquid 
recirculation. Because of the difference between the 
volumes concerned in the macro-scale model and that 
in the CSTR model, the calculated mass transfer coef-
ficient based on CSTR assumption was different from 
the volumetric mass transfer coefficient in the 
macro-scale model. Because the probe cannot instan-
taneously respond to the change of oxygen concentra-
tion in the liquid phase, the measured value was not 
the real oxygen concentration in reactor. In order to 
obtain the accurate volumetric mass transfer coeffi-
cient, a model that took into account the probe re-
sponse coefficient was established. Sensitivity analy-
sis was applied to the model, showing that this model 
can be used to calculate the volumetric mass transfer 
coefficient and the probe response coefficient. The 
probe response coefficient obtained from the sensitivity 
analysis was larger than that obtained from the classical 
concentration switch method. This is because water 
moves directionally in the reactor and makes the liquid 
layer out of the probe thinner. Appling the proposed 
model to the measurement of volumetric mass transfer 
in an airlift loop reactor, the regularity coincided with 
the turbulence theory in the literature. This shows that 
the mass transfer coefficient measurement technique 
proposed in this paper is reasonable and practicable.  

NOMENCLATURE 
A  gas-liquid interfacial area, m2 
a  specific surface area, m－1 

C   oxygen concentration, mol·m－3 

CS  solid volume fraction 
H  Henry number, m3·mol－1 
h  reactor height, m 
kLa  volumetric mass transfer coefficient, s－1 
kp  sensor response coefficient, s－1 
p  pressure, Pa 
t  time in Lagrange coordinate, s 
U  velocity, m.s－1 
V  volume, m3 
ε  gas holdup 
τ  time delay, s 
Subscripts 
d  down-comer 
G  gas 
L  liquid 
p  probe 
r  riser 
slip  slip velocity 
w  whole reactor 
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