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A gas-liquid  stirred  tank  reactor  (STR)  has  some  problems,  such  as  low  mass  transfer

efficiency, high exhaust gas oxygen concentration, and low product conversion rate, due to

limitations of stirring speed and input power. This article proposes a method to enhance the

gas-liquid mass transfer in a STR using circulating jet internals. It summarizes the change

law  of  bubble  size  distribution,  overall  gas  holdup,  gas-liquid  volumetric  mass  transfer
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coefficient and unit volume power before and after adding circulating jet internals. When a

circulating jet is added, the average bubble size in the reactor is reduced to 1.26 mm, and the

overall gas holdup is increased to 8.23%, which is an increase of 3.62 times of the original

STR. The gas-liquid volumetric mass transfer coefficient is increased to 0.05556 s-1, which is

4.84 times of the original STR. The unit volume power is increased by only 1.4 times. These

data provide references for the design and scale-up of new jet STRs.

Keywords: stirred tank reactor; circulating jet; bubble sauter mean diameter; gas holdup;

volumetric mass transfer coefficient

Introduction

Stirred  tank  reactors  (STRs)  are  widely  used  in  wastewater  treatment,  pharmacy,

fermentation,  crystallization,  and  other  industries  due  to  the  strong  gas-liquid  mixing,

especially  in  biochemical  processes1-3.  Many  scholars  have  studied  the  mass  transfer

coefficient and engineering scale-up of STRs. The stirring and mixing operations will expand

the interfacial area between the gas and liquid phases, promote the gas and liquid dispersion,

and enhance the heat transfer, mass transfer, and reaction between the phases4-6. Conventional

scale-up approaches are not effective at maintaining similar values for the overall volumetric

mass transfer coefficient inside industrial-scale and laboratory-scale STRs. STR scale-up can

be accomplished when similar hydrodynamic conditions are observed in vessels of different

diameter, and the increase in reactor size has a certain positive effect on the gas-liquid mass

transfer coefficient7. This characteristic makes it a viable option for ordinary fermentation

operations and other gas-liquid reactors.

The  hydrodynamics  in  large-scale  reactors  are  shown  to  be  mainly  a  function  of  the
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superficial gas velocity in the system8,9. The local fluid dynamics in a gas-liquid STR can

accurately determine the flow state of the gas-liquid flow field10,11. Viscosity plays a major

role in mass transfer rate in a stirred tank, whereas dissipated power has a minimal effect on

the liquid-side mass transfer coefficient. In a shearing and crushing system, increasing the

stirring power or gas flow is beneficial to increasing the overall gas holdup and volumetric

mass  transfer  coefficient,  whereas  increasing  the  system  viscosity  will  reduce  the  mass

transfer3,12,13. For unit volume power input, similar mass transfer coefficients can be obtained

in  enlarged  industrial  vessels14,15.  This  finding  confirms  that  a  baffle-free  stirred  reactor

should be regarded as a strong candidate for industrial applications, thus providing a viable

alternative to baffled stirred tanks for all biochemical reaction processes.

In general, process efficiency of a gas-liquid STR highly depends on the degree of interfacial

contacting.  As the gas-liquid interfacial  area per unit  liquid volume changes,  so do other

important  operating  parameters  such  as  volumetric  heat  and  mass  transfer  coefficients16.

Research on the gas-liquid-liquid macromixing phenomenon in a stirred tank shows that the

gas-liquid-liquid macromixing was enhanced at high gas holdup and weakened at low gas

holdup17. The energy-saving effect of an axial impeller on gas-liquid-liquid macromixing was

better than that of a radial impeller. Using a sintered porous metal plate impeller as a bubble

generator  can  improved  the  gas-liquid  volumetric  mass  transfer  coefficient  kLa  and  gas

holdup. At the same time, high shear stress was avoided, and the mixing energy consumption

caused by the use of Rushton turbine impellers was reduced1,18. This type of bioreactor can be

widely used in applications that require high oxygen, shear-sensitive microorganisms, and

high-viscosity media in the biological fermentation process.
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Aiming  at  the  problems  of  low  mass  transfer  efficiency,  high  exhaust  gas  oxygen

concentration,  and low product  conversion  rate  in  current  stirred tank oxidation reactors,

circulating jet  internals  have been developed to enhance gas-liquid  stirring  mass  transfer

technology. Such technology can increase the gas-liquid volumetric mass transfer coefficient

while reducing the oxygen concentration of the tail gas and improving the product conversion

rate and yield. The gas-liquid dispersion and mass transfer characteristics of circulating jet

internals  in  an  STR under  different  experimental  conditions,  including  the  influences  of

stirring  speed  and  superficial  gas  velocity  on  BSD  and  the  gas-liquid  volumetric  mass

transfer coefficient in the reactor, are studied through experiments. Unit volume power also

has a significant impact on the reactor development and the bubble generation process. This

study uses  a  high-speed camera  combined  with  industrial  rigid  endoscope technology  to

photograph the law of bubble movement inside the reactor. It utilizes MATLAB combined

with image-processing software to identify the segmentation and reconstruction of bubble

contours accurately, obtain bubble size, and compare the BSD, change law of overall gas

holdup, gas-liquid volumetric mass transfer coefficient, and unit volume power before and

after adding circulating jet internals. These data will provide a theoretical basis for the design

and scale-up of new jet STRs.

The Experiment and Measurement

Experimental setup
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Figure 1. Experimental setup.

The experimental device is shown in Figure 1. It includes air compressor, variable frequency

pump, gas mass flow meter, liquid flow meter, STR (with an inner diameter of 20 mm and a

height 600 mm), ring tube bubble plate (with four distributed holes of 2 mm diameter), and

circulating jet internals (with a throat diameter of 4 mm, an aspect ratio of 2, and a dispersion

angle  of  22.5°).  Experimental  testing  instruments  include  dissolved  oxygen  meter,  date

logger,  high-speed camera (AE110C),  industrial  rigid endoscope,  and torque sensor  (GB-

DTSM 0.3). In the experimental process, a two-layer combined propeller adopts a radial flow

propeller and an axial flow propeller to combine the advantages of each propeller type. On

the one hand, the radial flow propeller is used as the bottom propeller to provide a strong

shearing effect and a high gas-carrying capacity. On the other hand, the use of axial flow

paddles as the upper paddles provides improved circulation in the tank, enhances the mixing

effect, and reduces power consumption. The geometric parameters of the gas-liquid STR are

shown in Table 1.

Table 1. Geometric parameters of the STR
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Bubble Measurement and Image Processing

An image of the gas-liquid multiphase flow is captured using a high-speed camera (AE110C)

combined with a new vision probe industrial rigid endoscope (Olympus Borescope), and the

frame rate is set to 400 frames per second. Photron FASTCAM Viewer 4.0 software is used to

save one picture per frame as 400 bubble images for subsequent bubble image processing and

analysis. After the bubble image is recognized by the image-processing software, the bubble

contour is segmented and reconstructed using method with/without boundary extension, and

parameters,  such  as  bubble  diameter  and  area,  are  obtained.  The  method  with  boundary
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Parameter Symbol Unit Numerical value

Reactor height H mm 600

Reactor diameter D mm 200

Liquid level height H0 mm 500

Upper oar height H1 mm 20

Upper paddle

diameter
D1 mm 120

Bottom oar height H2 mm 20

Bottom oar diameter D2 mm 160

Installation height of

the gas distributor
D3 mm 100

Aperture of the loop

distributor
ds mm 2

Angle between the

aperture and

horizontal plane of

the loop distributor

θ º 30



extension includes the following steps: 1). gray-scale image recognition; 2). bubble image

segmentation;  3).  overlapping  bubble  contour  segmentation;  4).  reconstruction  of  bubble

shape with arc grouping; 5). generation of parameters, such as bubble diameter and area10,19,20.

The  image  analysis  processing  of  method  with/without  boundary  extension  is  shown  in

Figure  2.  The  bubble  image  processed  with  boundary  extension  can  well  segment  and

reconstruct overlapping bubbles. This condition maintains the authenticity of bubble shape

and greatly improve the accuracy of bubble image processing.

Figure 2. Bubble image analysis processing.

Figure 3 depictes the measurement values of the two bubble image-processing methods. The

measurement values of method without boundary extension are relatively concentrated in a

region with small bubble sizes or relatively dispersed in a region with large bubble sizes, and

that is because this method has low sensitivity to identify bubble size leading to difficulty of

segment  and  reconstruct  overlapping  bubbles.  The  measurement  values  of  method  with

boundary extension used in  this  experiment  are  relatively scattered,  especially  with large

bubble sizes, and this method has high sensitivity for bubble size boundary recognition and

the resegmentation and reconstruction of bubbles. As a result, the bubble size is close to the

real working condition, and the bubble measurement result is accurate.
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Figure 3. Comparison of two bubble image-processing results.

Performance Parameter

The overall gas holdup is an important hydrodynamic parameter of the gas-liquid STR, which

directly affects the mass and heat transfer in the reactor12. The total gas holdup is defined as

,                        (1)

where Hg is the liquid level of the air-sparged tank reactor, cm; H0 is the static liquid level of

the reactor, cm.

The bubbles in the gas-liquid reactor generally exist in the form of bubble groups, and the

size  and movement  of  the bubbles  are  relatively  complicated.  Thus,  the  size,  shape,  and

movement characteristics of each bubble in the system are impossible to obtain accurately.

On  the  contrary,  the  local  properties  of  gas-liquid  two-phase  flow  can  accurately  and

intuitively reflect the gas-liquid dispersion state inside the entire reactor, and the local BSD

can  reflect  the  average  bubble  size  at  each  location21.  Therefore,  the  local  gas-liquid

properties at various points inside the reactor should be measured. In our experiments, the

horizontal  position  points  r/R=0.2,0.4,0.6,0.8,  and  the  longitudinal  position  points

z/R=2,3,3.5,4,4.5,5, a total of 20 positions, are measured, and the distribution of observation
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points is illustrated in Figure 4.

      

(a). Top view                         (b). Longitudinal section

Figure 4. Distribution of observation points.

The bubble Sauter mean diameter can be used to describe the local BSD characteristics. The

formula for calculating the Sauter mean diameter of a group of bubbles is 9,22-24:

,                                   (2)

where dei is the diameter of the i-th bubble, and ni is the number of bubbles with diameter dei.

A frequency converter and a torque sensor are used to measure the stirring speed and torque

values,  respectively.  Owing to the existence of  friction,  the net  torque  M is  obtained by

subtracting the idling torque MIdling from the load torque MLoad, then the stirring power P1 and

the unit volume power consumption PV are calculated using the following formulas4,25.

The net torque M:

,                               (3)

where MLoad is the load torque, N·m; MIdling is the idling torque, N·m.

 9 / 35



The stirring input power P1:

,                                   (4)

where M is the net torque, N·m; N is the stirring speed, r/min.

The circulating jet input power P2:

,                                   (5)

where QL is the liquid recycle, L/min; PW is the pressure pump, kg/cm2.

The total input power P:

                                  (6)

The unit volume power PV:

,                                (7)

,                              (8)

where VGL is the liquid volume of the reactor, D0 is the reactor diameter, and H2 is the reactor

stationary liquid level height.

The gas-liquid volumetric mass transfer coefficient is a key parameter describing the gas-

liquid volumetric mass transfer and plays a vital role in the design and amplification of gas-

liquid STRs26,27. The dynamic dissolved oxygen electrode technology is used to measure the

gas-liquid volumetric mass transfer coefficient (kLa), and an appropriate gas-liquid mixing

model is selected in accordance with the change in oxygen concentration in the liquid phase

to  fit  the  dissolved  oxygen  concentration  time  relationship  curve12,18,28.  The  gas-liquid

volumetric mass transfer coefficient kLa is calculated using the following equations3,29:
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,                               (9)

,                             (10)

where  C﹡ is  the  saturated  dissolved  oxygen  concentration,  C0 is  the dissolved  oxygen

concentration in a liquid at an initial time, and CL is the dissolved oxygen concentration at a

certain moment. Given that the saturated oxygen concentration is related to temperature, the

temperature of kLa should be corrected in accordance with the following formula30:

,                             (11)

where T is the temperature under the experimental conditions, °C.

Results and Discussion

Flow Regime Distribution and Fluid Hydrodynamics

In a gas-liquid stirred reactor, three basic bubbly flow regimes are occured, namely, flooding,

loading, and full recirculation2,31. Flooding refers that the bubbles in the reactor rarely move

to the wall and gather at the reactor center. In loading regime, the bubbles move towards the

wall  of  the  reactor  and  are  evenly  dispersed  on  the  upper  part  of  the  blade.  And  full

recirculation denotes that the bubbles are evenly dispersed in the entire reactor, including the

vicinity of the stirring blade. The transition curves of the three flow regimes are flooding-

loading  transition  curve  (F-L curve)  and  loading-full  recirculation  transition  curve  (L-R

curve)21,31,32. The bubbly flow regime transition characteristics can be defined in accordance

with the flow number (Fl) and the Froude Number (Fr). The flow number is the ratio of the
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gas flow rate to the impeller drive flow rate, as shown in Formula (12); the Froude number is

the ratio of the impeller drive acceleration to the gravity, as shown in Formula (13)33.

,                                     (12)

,                                     (13)

where Qg is the reactor inlet flow rate, N is the impeller speed, D is the turbine diameter, and

g is the gravitational constant.

Under the conditions of stirring and bubbling in the experiment, four annular tube air 

volumes (10, 20, 30, and 40 L/min) and five stirring speeds (50, 100, 150, 200, and 250 rpm) 

are set to obtain different flow numbers Fl and Froude numbers Fr. The bubbly flow regimes 

under different working conditions are observed and recorded10,16,34,35. The bubbly flow 

regime distribution diagram and transition curve in this experiment are shown in Figure 5. 

When the gas flow rate Qg is constant, the bubbly flow regime goes through the flooding, 

loading, and full recirculation states in sequence with the stirring speed increasing. When the 

stirring speed is constant, the Froude number Fr is determined. As the gas flow rate Qg 

increases, the bubbly flow regime experiences the states of full recirculation, loading, and 

flooding in turn36.
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(a)                                       (b)

Figure 5. Distribution of different bubbly flow regimes and transition curves. (a) Theoretical

distribution diagram of different bubbly flow regimes. (b) Transition curve of the distribution of

bubbly flow regimes.

The  bubbly  flow  regime  transition  curve  has  important  guiding  significance  for  the

development of STR. The gas-liquid dispersion state affect s the bubble residence time and

BSD  in  the  reactor,  thereby  determining  the  mass  transfer  performance  and  product

conversion rate of the reactor. In accordance with the distribution of the bubbly flow regime

transition  curve  shown  in  Figure  5(b),  the  transition  state  equations  can  be  obtained  as

follows:

F-L curve:                         (14)

L-R curve:                           (15)

For the bubbly flow regime distribution in the experiment, uniform gas-liquid dispersion with

loading and full recirculation is generally selected. A low stirring speed cannot provide the

turbulent kinetic energy required for the complete dispersion of the gas and liquid. A high

intake  air  volume  provides  a  large  bubble  size  and  reduces  the  bubble  residence  time.

Therefore, the experiment in the loading and full recirculation state will be conducive to the

study of BSD and gas-liquid mass transfer efficiency.

BSD

Bubble diameter  is  an important  characteristic  of the gas-liquid STR, and it  has  a  direct

impact on the overall gas holdup and mass transfer coefficient of the reactor37. The change

law of the bubble Sauter mean diameter at position d3  (4-0.6) before and after adding the
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circulating jet is displayed in Figure 6. The BSD in the original STR is greatly affected by the

stirring speed, and the BSD range is wide. The bubble Sauter mean diameter is the largest at

100 rpm, which is 3.28 mm. While it is the smallest at 200 rpm, which is 2.72 mm. When

adding the self-priming of  the circulating jet,  the BSD is greatly  reduced by the stirring

speed, and the BSD range is narrow. The bubble Sauter mean diameter is the largest at 50

rpm, which is 1.34 mm. When the stirring speed is increased to 150 rpm, the bubble Sauter

mean diameter is the smallest, which is 1.17 mm. The bubble sizes of the STR and circulating

jet  are shown in Table 2.

  

(a) Without circulating jet          (b) With circulating jet

Figure 6. Bubble Sauter mean diameter before and after adding the circulating jet (annular tube air

volume: 20 L/min; jet air intake volume: 10 L/min; z/R=4; r/R=0.6).

Table 2. Bubble sizes of the STR and circulating jet 

Stirring speed 50 100 150 200

d1/(mm, without circulating jet ) 2.87 3.28 3.09 2.72

d2/(mm, with circulating jet ) 1.34 1.23 1.17 1.28

Figure 7 describes the BSD in the reactor before and after adding the circulating jet. For the

initial STR (with a stirring speed of 100 rpm and an annular tube air volume of 20 L/min), the

higher the position in the axial height is, the larger the bubble size will be. The smallest
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bubble size, which is 1.11 mm, exists at position b4, while the bubble size at e2, which is 3.36

mm, is the largest. The bubble Sauter mean diameter is generally reduced when adding the

circulating jet, and the BSD is uniform. The bubble size decreases when the air intake is 10 L/

min. The minimum bubble size is 0.75 mm, which is located at point a4, and the maximum

bubble size is 1.38 mm, which is located at point e1. The bubble size increases in the bubble

stirred reactor as it approaches the reactor center. The bubbles are likely to accumulate in the

middle of the reactor, which increases the probability of bubbles coalescing and the bubble

size. The bubble size is generally reduced after the jet air intake is increased, and the BSD is

uniform. The circulating jet can generate small-scale bubbles while increasing the gas-liquid

turbulence  intensity  and the  bubble breaker  rate. Therefore,  the bubble size  is  small  and

evenly distributed throughout the reactor.

                    

                         (a) STR.              (b) Circulating jet air intake at 10 L/min.
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(c) Circulating jet air intake at 20 L/min.     (d) Circulating jet self-priming.

Figure 7. BSD before and after adding the circulating jet  (Stirring speed at 100rpm and annular

tube air volume at 30 L/min).

Overall Gas Holdup

Figure 8 summarizes the change law of the overall gas holdup of the reactor before and after

adding a  circulating jet.  For  the  initial  STR, the gas  holdup is  increased from 1.23% to

3.38%, and the average gas holdup is 2.27% under four stirring speeds and three annular tube

air  volumes. This result  is  similar to those of previous studies on STR. After adding the

circulating jet, the gas holdup of the reactor is greatly improved. When the intake air volume

is 10 L/min, the gas holdup increases from 5.34% to 6.83%, and the average gas holdup is

6.11%, which is 2.69 times that of the initial STR. When the inlet air volume is 20 L/min, the

gas holdup increases from 7.54% to 8.79%, and the average gas holdup is 8.23%, which is

3.62  times  that  of  the  initial  STR.  Therefore,  adding  a  circulating  jet  can  considerably

increase  the  overall  gas  holdup  of  the  stirred  bubble  reactor.  From  Subsection  3.2,  the

circulating jet  can increase the overall  gas  holdup of the reactor  by reducing the bubble

diameter and improving the BSD.
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Figure 8. Change in the overall gas holdup of the reactor before and after adding a circulating jet.

In  the  case  of  the  same impeller  diameter,  power  input  and superficial  gas  velocity  are

important  factors  affecting  the  overall  gas  holdup  of  the  reactor2,25,38.  The  empirical

correlation in the literature is expressed as follows:

.                                           (16)

Figure 9 depicts the variation in the overall gas holdup of the gas-liquid STR with the unit

volume power and superficial gas velocity before and after increasing the circulating jet. The

gas holdup of the initial stirred reactor is related to the unit volume power and superficial gas

velocity, that is,

.                                 (17)

To illustrate the effect of the circulating jet on the overall gas holdup of the reactor, the above

formula is extended to

.                                       (18)

The obtained quantitative equation is

,                               (19)
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where , , and .

Figure 9. Relationship between the overall gas holdup of the reactor with the unit volume power and

superficial gas velocity before and after increasing the circulating jet.

Gas-liquid Volumetric Mass Transfer Coefficient kLa

Figure 10 summarizes the change in the gas-liquid volumetric mass transfer coefficient kLa of

the reactor before and after increasing the circulating jet. For the initial STR, the gas-liquid

volumetric mass transfer coefficient kLa increases from 0.00479 s−1 to 0.01714 s−1, and the

average mass transfer coefficient is 0.01148 s−1 under the conditions of four stirring speeds

and  three  annular  tube  air  volumes.  When  adding  the  circulating  jet,  the  mass  transfer

coefficient of the reactor is greatly improved. When the inlet air volume is 10 L/min, the

mass transfer coefficient increases from 0.03297 s−1 to 0.04113 s−1,  and the average mass

transfer coefficient is 0.03733 s−1, which is 3.25 times that of the initial STR. With the inlet

air volume increases to 20 L/min, the mass transfer coefficient increases from 0.05195 s−1 to

0.05689 s−1, and the average mass transfer coefficient is 0.05556 s−1, which is 4.84 times that

of the initial STR. Therefore, adding a circulating jet has a remarkable effect on improving

the volumetric mass transfer coefficient of the STR. The reason is similar to the increase in
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the overall gas holdup. The circulating jet provides high-intensity turbulent kinetic energy

while  generating  small-scale  bubbles  and  uniform  BSD.  This  condition  is  conducive  to

increasing the turbulence of the gas-liquid interface and the interfacial area of the gas-liquid,

thus increasing the gas-liquid volumetric mass transfer coefficient.

Figure 10. Change in volumetric mass transfer coefficient kLa before and after adding a circulating

jet.

Similarly,  when  the  impeller  diameter  is  the  same,  the  power  input  and  superficial  gas

velocity are important factors affecting the gas-liquid volumetric mass transfer coefficient of

the reactor7,14,18,35. The empirical correlation formula in the literature is

.                                              (20)

Figure 11 depicts the variation in the gas-liquid volumetric mass transfer coefficient of the

gas-liquid  STR  with  unit  volume  power  and  superficial  gas  velocity  before  and  after

increasing the circulating jet. The gas-liquid volumetric mass transfer coefficient of the STR

and the unit volume power and superficial gas velocity are related as shown as follows:

.                                    (21)
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To  illustrate  the  influence  of  circulating jet  on  the  gas-liquid  volumetric  mass  transfer

coefficient, the above formula is extended to

                                           (22)

The obtained quantitative equation is

,                                  (23)

where , , and .

Figure 11. Relationship between volumetric mass transfer coefficient and unit volume

power/superficial gas velocity.

Unit Volume Power

As shown in Figure 12, the unit volume power increases exponentially with the increase in

stirring  speed.  The  corresponding  average  unit  volume  power  under  the  experimental

conditions of 50-200 rpm is 0.24, 1.12, 2.92, and 7.227 kW/m3. When the intake air volume is

large, the unit volume power is slightly reduced. Increasing the intake air volume is beneficial

to reducing the gas-liquid density in the reactor and the stirring resistance, thereby decreasing

the power consumption of the stirring blade39. Therefore, stirring speed has a great impact on

unit volume power, whereas blow volume has a relatively small impact. When the circulating
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jet is added, the unit volume power still has an exponential increase relationship with stirring

speed. The jet air intake should provide great energy input. The larger the jet air intake is, the

more  dispersed  the  gas-liquid phases,  the lower the stirring power consumption,  and the

lower the unit volume power will be.

       

(a). STR.                    (b). Before and after adding a circulating jet.

Figure 12. Relationship between unit volume power and stirring speed.

Figure  13  plotes  the  effect  of  adding  a  circulating  jet  on  the  overall  gas  holdup  and

volumetric mass transfer coefficient of the reactor. With the increase in jet air intake, the

overall gas holdup increases linearly, and the gas holdup can reach 14.82%, which is 3.85

times higher than that of the initial STR. The gas holdup of self- priming is 13.04%, which is

3.39  times  higher  than  that  of  the  initial  stirred  reactor.  The  mass  transfer  coefficient

increases with the increase in the jet inlet until it reaches equilibrium, and the mass transfer

coefficient can reach as high as 0.04214 s−1, which is 2.89 times higher than that of the initial

stirred bubble reactor  after  the jet  inlet  is  added.  At  this  time,  the circulating jet  is  self-

priming.  Comparison  of  the  change  trend  of  the  overall  gas  holdup  and  mass  transfer

coefficient  of  the  reactor  before  and  after  the  circulating  jet  is  added  shows  that  the

circulating jet can greatly improve the overall gas holdup and mass transfer efficiency of the
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reactor.  The effect of the self-priming condition of the jet  is  also particularly good. This

improvement will be applied to the study of enhancing mass transfer in a gas-liquid STR in

fine chemicals. For example, for the problem of high exhaust gas oxygen concentration and

low gas-liquid mass transfer efficiency in a para-xylene oxidation reactor, the liquid can be

circulated  by  self-priming  tail  gas  by  adding  the  circulating  jet  self-priming  process.

Meanwhile, the circulating jet enhances the gas-liquid turbulent kinetic energy to produce

fine bubbles for increasing the gas-liquid interfacial area. The large bubbles (d32=2-3 mm)

produced by bubbling are beneficial to enhancing gas-liquid turbulence, and the fine bubbles

(d32<1.0  mm)  produced  by  circulating  jets  are  beneficial  to  increasing  the  gas-liquid

interfacial area. In accordance with the calculation formula of the gas-liquid volumetric mass

transfer coefficient, this scale distribution will greatly enhance the gas-liquid mass transfer

efficiency, thereby increasing the product conversion rate and yield.

Figure 13. Effect of adding a circulating jet on the overall gas holdup and volumetric mass transfer

coefficient.

Figure  14 depicts  the changes  in  unit  volume power and mass  transfer  coefficient  under

different intake air distribution ratio conditions. The intake air distribution ratio refers to the

ratio of the blast volume of the ring pipe to the flow rate of the jet intake volume. Studies
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have shown that with the decrease in the distribution ratio, that is, the increase in the jet air

intake and the decrease in the ring blast, the gas-liquid volumetric mass transfer coefficient of

the reactor gradually increases from 0.01418 s-1 to 0.03857 s-1. The volumetric mass transfer

coefficient of the complete jet air intake is 2.72 times higher than that of the complete annular

air blast. The unit volume power first increases and then decreases as the distribution ratio

increases. The circulating jet requires the input energy of the booster pump. Compared with

the initial stirring tank reactor, the unit volume power increases from 4.16 kW/m3 to 7.52 kW/

m3,  an  increase  of  approximately  1.81  times.  When  the  jet  air  intake  volume  gradually

increases or even replaces the blast volume of the ring pipe, the unit volume power gradually

decreases. The jet air intake generates fine bubbles and reduces the gas-liquid density, thereby

reducing the power consumption of the agitator. When switching to the full jet air intake

condition, compared with the annular air blast, the unit volume power increases by 1.4 times,

and the gas-liquid volumetric mass transfer coefficient increases by 2.72 times. Therefore,

adding a circulating jet is more conducive to improving the mass transfer efficiency of the

reactor than the annular air blast. At the same time, the circulating jet can self-absorb the tail

gas to reduce the oxygen concentration of the tail gas, the stirring input power, and the ring

bubbling volume.
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Figure 14. Influences of different distribution ratios on unit volume power and mass transfer

coefficient (with a stirring speed at 100 rpm).

Industrial Application Prospect of Jet Stirred Tank Reactor

          

(a). Original Stirred Tank Reactor.      (b). Jet Stirred Tank Reactor (Active air intake).

(c). Jet Stirred Tank Reactor (Self-priming).

Figure 15. Industrial Application Prospect of Jet Stirred Tank Reactor

In practical industrial applications, traditional stirred tank reactors have problems such as low

mass transfer efficiency, high exhaust oxygen concentration, and high energy consumption, as

shown in Figure 15(a). This is because the size of the bubbles produced by bubbling is large,

which is not conducive to gas-liquid mass transfer. It is necessary to increase the stirring

speed to enhance the gas-liquid turbulence and reduce the bubble size. At the same time, the

power consumption increases after increasing the stirring speed, and research shows that the

stirring speed has a certain limiting effect on improving the gas-liquid mass transfer. When
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the stirring speed is further increased, the mass transfer efficiency does not increase in the

same proportion. For the oxidation reactor, the tail oxygen concentration in the reactor needs

to be strictly controlled. Therefore, it is impossible to increase the mass transfer by increasing

the air  flow.  The original  stirred tank reactor  needs to  be modified to increase the mass

transfer and reduce the tail gas oxygen concentration. The experimental data of  overall gas

holdup and mass  transfer  coefficient are  of  great  significance for  the  transformation  and

scale-up  of  stirred  tank  reactors.  According  to  the  research  results  of  the  intake  air

distribution ratio, after adopting the jet stirred tank reactor (active air intake), as shown in

Figure 15(b), the bubbling air volume of the loop tube can be reduced and the jet air intake

can be used to produce smaller bubbles. Furthermore, after adopting a jet stirred tank reactor

(self-priming), as shown in Figure 15(c), the self-priming tail gas can generate smaller bubble

sizes while reducing the oxygen concentration of the tail gas.

Conclusions

This article summarizes the law of mass transfer enhancement in a gas-liquid STR with a

circulating  jet.  Experimental  research  on  BSD,  overall  gas  holdup,  gas-liquid  volumetric

mass transfer coefficient, and unit volume power is conducted. In accordance with different

bubbly  flow  regimes,  the  F-L  curve:  and  the  L-R  curve:

 under experimental conditions are proposed. Comparison of the BSD in

the reactor before and after adding a circulating jet shows that the circulating jet internals

reduce the average bubble size in the reactor from 2.99 mm to 1.26 mm. The smaller the
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circulating jet air intake is, the smaller the average bubble size will be. The BSD is more

uniform after the circulating jet is added compared with that in the initial STR.

For the initial STR, the average overall gas holdup is 2.27%, and the average mass transfer

coefficient is 0.01148 s−1. When the circulating jet is added, the overall gas holdup and the

mass transfer coefficient of the reactor is greatly improved. When the air intake is 10 L/min,

the average gas holdup increases to 6.11%, which is 2.69 times that of the initial STR, and the

average mass transfer coefficient is 0.03733 s−1, which is 3.25 times that of the initial STR.

When the intake air volume is 20 L/min, the average gas holdup increases to 8.23%, which is

3.62 times that of the initial STR, and the average mass transfer coefficient is 0.05556 s−1,

which is 4.84 times that of the initial STR. Adding a circulating jet considerably promote the

improvement of the overall gas holdup and the mass transfer coefficient of the STR. The

correlation formula between the overall gas holdup with unit volume power and superficial

gas velocity is , , where ,

, and . While the correlation formula between the mass transfer coefficient

with  unit  volume  power  and  superficial  gas  velocity  is  ,

,  where , , and
 

. Circulating  jets

provide  high-intensity  turbulent  kinetic  energy  while  generating  small-scale  bubbles  and

uniform BSD, which is beneficial to increasing the gas-liquid interface turbulence and the
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gas-liquid  interfacial  area,  thereby  increasing  the  gas-liquid  volumetric  mass  transfer

coefficient.

The unit volume power rises exponentially as the stirring speed increases. Increasing the air

intake  of  the  circulating  jet  reduces  the  unit  volume power  and increases  the  gas-liquid

volumetric mass transfer coefficient. In accordance with the study of different distribution

ratios, the unit volume power increases by 1.4 times in the complete jet air intake condition

compared  with  the  stirring  condition,  while  the  gas-liquid  volumetric  mass  transfer

coefficient increases by 2.72 times. Therefore, the circulating jet flow process is expected to

change the power limit to the improvement of gas-liquid mass transfer coefficient, which has

important guiding significance for the design and amplification of jet STRs.
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Notation
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C﹡ the saturated dissolved oxygen concentration, mg·L-1

C0 the dissolved oxygen concentration in a liquid at an initial time, mg·L-1

CL the dissolved oxygen concentration at a certain moment, mg·L-1

db bubble diameter, mm

dei the diameter of the i-th bubble, mm

ds aperture of the loop distributor, mm

d32 bubble sauter mean diameter, mm

D0 the reactor diameter, mm

D1 upper paddle diameter, mm

D2 bottom oar diameter, mm

D3 installation height of the gas distributor, mm

Fl the flow number

Fr the Froude number

g acceleration of gravity, m/s2

H the reactor height, mm

Hg the liquid level of the air-sparged tank reactor, mm

H0 the static liquid level of the reactor, mm

H1 the upper oar height, mm

H2 the bottom oar height, mm

kLa volumetric mass transfer coefficient, s-1

PV unit volume power, kW/m3

PW the pressure pump, kg/cm2

Qg the intake air flow rate, L/min

QL the liquid flow rate recycle, L/min

T the temperature under the experimental conditions, °C
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