
~ I N ~ E A T A ~ D ~ ~  
Vol, 3, pp. 433 - 442, 1976 

Pe~:jam~n Press 
Printed in the United States 

GAS-LIQUIDMASS TRANSFER IN A MULTI-STAGE 
PERFORATED-DISK TYPE STIRRING CASCADE 

Wen-Jei Yang 
Department of  Mechanical Engineering 

The University of Michigan, Ann Arbor, Michigan 48109 

(C~,,tau~icated by J.P. Hartnett and W.J. Minkowycz) 

ABSTRACT 
Experimental study is conducted to determine interphase mass trans- 
fer of a solute (carbon dioxide) in gas-liquid systems (air and water) 
in coun t e r - cu r r en t  flow through a t h r e e - s t a g e  p e r f o r a t e d - d i s k  type 
s t i r r i n g  cascade.  Test r e s u l t s  over the e n t i r e  cascade can be cor-  
r e l a t e d  as NTUf JDf 

= = 1 - exp (-~g/~g®) 
NTUf® JDf® 

wherein NTU, JD and 9g are the number of transfer unit, modified mass 
transfer factor and gas flow rate, respectively, based on the liquid 
phase ( f ) .  The s u b s c r i p t ~ d e n o t e s  an asymptot ic  value.  The c r i t e r -  
ion corresponding to the s t a t e  of  overflow l i m i t  i s  determined by a 
c e r t a i n  value of  the separa t ion  f a c t o r  A (using the subsc r ip t  f l  f o r  
overflow l im i t )  beyond which the s t i r r e r  i s  f looded with the gas re -  
s u l t i n g  in undes i rab le  d i spe r s ion  and high power requirement .  With- 
in  the range of  A = Al l ,  the ove ra l l  mas s - t r an s f e r  performance may be 
p red ic t ed  by 

NTUf . _-2/3 1.03 x 10-4A0"6Re 0"449 ffi 3Df~Cf = r 

in which Scf is the liquid-phase Schmidt number and Rer expresses the 
impeller (disk) Reynolds number. 

Introduction 

Mass transfer processes and chemical reaction in gas-liquid systems are 

usually conducted in stirred vessels. This apparatus is designed to achieve 

a certain optimal process condition when the gaseous phase is dispersed in 

the liquid. Three functions are performed in stirred vessels: I. To change 

a continuous flow of the gas into a discontinuous one exhibiting in the form 
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of bubbles at prescribed size; 2. To homogeneously distribute the bubbles in 

the liquid; and 3. To set the liquid in motion all over the entire vessel 

space. The first two functions constitute the dispersion, while the third 

function is the stirring. 

The technique for the gassing of liquids can be classified into the suc- 

tion gassing using suction stirrers and the pressure (or forced) gassing by 

means of pressure stirrers. 

The action of a suction stirrer is initiated by the low pressure which 

is developed in the liquid beyond the tip of rotating agitators. The gas is 

automatically transferred through a hollow drive shaft via hollow canals in 

the agitator into the liquid. This type stirrer is thus not suitable for 

high rate of gassing without elaborate construction. In pressure stirrers, 

the gas is injected into the liquid by pressure, most commonly through the 

stirrer bottom and most effectively along the stirrer axle. Turbines and 

propellers have been known to be the stirrers suitable for pressure gassing. 

Recently, the perforated-disk stirrer has been found to be somewhat better 

than propellers and turbines as gas dispersion equipment [3]. While both the 

propeller and perforated-disk devices have the same order of magnitude of the 

gas holdups as well as the power requirements, the latter is advantageous in 

having a greater range of operating gas Reynolds number and a high amount of 

gas holdup, up to 20% which is considerably higher than that in other stir- 

rers. 

The power performance and gas holdup in a three-stage perforated-disk 

type stirring cascade in the absence of liquid flow and interphase mass trans- 

fer have been investigated by Brauer et al [4]. Experimental results have 

indicated a substantial power reduction that is associated with the presence 

of the gaseous phase. Yang [S] has offered exact explanation for the physical 

causes of the large power reduction. 

This paper deals with interphase mass transfer between the gas and liquid 

phases in countercurrent flow in the mixing cascade (the same unit as refer- 

ence 4). Carbon dioxide is selected as the solute. Experiments were con- 

ducted by Mosch [6, a diploma thesis supervised by Professors W.J. Yang and 

H. Brauer]. Test data are correlated in terms of dimensionless parameters 

which control the mixing and mass transfer phenomena. Experimental correla- 

tion equations are derived to predict the interphase mass transfer performance. 

A criterion indicating the flooding of the stirrer is found to be the operating 

limit of the equipment. 
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E__~erimental Apparatus and Measurements 

The physical  system is  schematical ly i l l u s t r a t e d  in Fig. 1. I t  is  a 

countercurrent-flow, perforated-disk stirrer system with three identical 

stages arranged in cascade. The vessel walls of each stage consist of one 

cylindrical and two cone-shaped elements. A drive shaft centered in the cy- 

lindrical vertical axis. In each stage, a perforated disk of 120 mm diameter 

is attached on the drive shaft at the center of the cylindrical vessel ele- 

ment. Eight circular holes of 18 mm diameter are drilled near the outer edge 

of the disk at a distance 91Fmm from the center of the disk. The freely sus- 

pended shaft was held by a coupling and centered in the lower (third) stage 

by a waterproof ball bearing. The shaft was driven by a motor whose rotational 

speed may be varied in the range from 300 RPM to 1200 RPM using a tachogen- 

enerator and a resistance regulator. The rotational speed of the shaft was 

detected by a photo cell with the aid of a digital indicator. 

The gas flow was regulated by a valve with the flow rate measured by a 

flowmeter. The gas pressure and temperature were measured by a pressure gage 

and a thermometer before it was introduced into a double shell. The gas was 

dispersed into the lower stage in a ring form with the aid of the double 

shell. 

Carbon dioxide was used as the masstransfer medium in the study. Sup- 

plied from a carbon-dioxide tank, it was dissolved in the circulating water 

coming out from a heat exchanger which was used to regulate the water tem- 

perature in the system at a constant value, say 20 °C. The water saturated 

with dissolved carbon dioxide was forced by a pump to an overhead tank where 

the water head was maintained constant. The water then flowed down into the 

head tank through a flowmeter where the flow rate was measured. The water 

temperature was measured in the head tank by a thermometer. Four flow break- 

ers were built in the connecting part between the head tank and the upper 

stage. Mass transfer of carbon dioxide from the water to the air in counter 

flow took place in the cascade. The air was dispersed in the water in the 

form of small bubbles in each stage through the action of the,rotating per- 

forated disk. The water returned to the pump through the heat exchanger 

after it left the cascade from the double shell. A valve regulated its flow 

rate. The concentrations of the dissolved carbon dioxide at the inlet and 

exit of the cascade were measured by a pH electrode with the aid of a pH 

meter and a recorder. Thus, the amount and consequently the rate of mass 
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Fig. 1 Three-stage perforated-disk type stirring cascade for interphase mass 
transfer of carbon dioxide in air-water system 
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transfer of carbon dioxide from the water to air bubbles in the cascade were 

calculated, from which the mass transfer coefficient and its dimensionless 

form, the Sherwood number, were determined. 

Data Correlations 

Consider a stirrer wherein the gas and liquid phases to be contacted are 

brought together, resulting in mass transfer of a substance (solute) from one 

phase to the other. Such an operation is carried out with the fluids in con- 

tinuous and countercurrent flow. The mixing involves dispersing the gas in 

the form of small bubbles (the dispersed phase) throughout the liquid (the 

continuous phase). 

Let x and y be the mole fractions of solute in the continuous and dis- 

persed phases, respectively, x* and y* indicate the values, of x and y in 

equilibrium with y and x, respectively. Under the assumption of linear x-y, 

x -y and x-y relationships, the applications of the two-film theory (for 

the rate equations), the material balance, the equilibrium relationship 

(Henry's and distribution laws), and the boundary conditions for counter-flow 

operation yield the expression for the number of transfer unit based on the 

i in[! - (Ex/A)] liquid side as NTUf = 1 - [I/A) i - A (i) 

1 
aV dx 

wherein NTUf = Kf ~f = f x* 
2 x - (2a) 

A = separation factor = 

E 
X 

S 
Per 

mass transfer efficiency 
X 1 - X 2 

x I - X~ 

(2b) 

(2c) 

Here ,  Kf d e n o t e s  the  o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t  in  the  u n i t  o f  v e l o c i t y ;  

a,  i n t e r f a c i a l  a r ea  p e r  u n i t  volume o f  mixed phases ;  V, t o t a l  volume o f  t h e  

d e v i c e  occup ied  by phases  x and y; H, t h e  H e n r y ' s  c o n s t a n t ;  P, t o t a l  p r e s s u r e  

in  gas m i x t u r e ;  V, v o l u m e t r i c  f low r a t e ;  s u b s c r i p t s  1 and 2, r e s p e c t i v e l y  a t  

t he  i n l e t  and e x i t  l o c a t i o n s  o f  t he  c o n t i n u o u s  phase ;  and the  s u b s c r i p t s  f 

and g; t he  c o n t i n u o u s  and d i s p e r s e d  p h ase s ,  r e s p e c t i v e l y .  D e r i v a t i o n  o f  eq- 

u a t i o n  (1) i s  a v a i l a b l e  in  a l l  s t a n d a r d  t e x t b o o k s  on i n t e r p h a s e  mass t r a n s f e r .  

S ince  bo th  Vg and Vf canno t  be ze ro  f o r  i n t e r p h a s e  mass t r a n s f e r  t o  t ak e  p l a c e  

s t e a d i l y  in  a g a s - l i q u i d  sys tem,  A must be n o n - z e r o  and f i n i t e .  
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For high solubility of solute such as carbon dioxide in water or very low 

molar flow rate of the continuous phase, the separation factor A will take a 

large value and equation (1) may be approximated as 

NTUf ~ -in(l - Ex) = in(xl/x2) (3) 

Under these conditions, the driving force in the y phase is large compared 

with that in the x phase which therefore imposes the major resistance to mass 

transfer. That is, the interphase mass transfer process is controlled by the 

liquid side. The overall mass transfer coefficient Kf is approximately equal 

to the liquid-film mass transfer coefficient kf: 

Kf ~ kf (4) 

In batch operation, the mass transfer factor is defined as 
2/3 

JDf = (kf/vf)Scf (S) 

in which vf and Scf are the flow velocity and Schmidt number of the liquid 

phase, respectively. However, for application to continuous operation in a 

stirrer cascade, it is proposed that the definition of JDf be modified to read 

JDf = (KfaV/Vf)Sc~/3 (6a) 

Then, according to the definition of NTUf, one gets 

JDf = NTUfSc~/3 (6b) 

Test data for mass transfer of carbon dioxide from the liquid to gas 

phases are first correlated in terms of dimensionless mass transfer conduct- 

ance Cf and gas flow rate Vg in Fig. 2, where Cf is defined as KfaV in m3/s 

and Vg~ are determined from a plot of Cf versus - Vg in which Cf Both Cf=o 

finite value Cfo o as the value of Vg increases. approaches asymptotically a 

Vg~o is determined as the value of Vg at which Cf reaches 63.2 percent of 

Cf~. By the definition of NTUf, the ratios of Cf/Cf~, NTUf/NTUfo o and 

jDf/JDfo O are equal: 
Cf _ NTUf JDf (7) 

Cf= NTUf= 3Df = 

in which NTUf00 is defined as Cfoo/Vf. It is shown in Fig. 2 that all test 

data fall within ±15% of the negative exponential line 

Cf 9 
Cf= = i - exp(- .J~--) (8) ~g~ 

irrespective of nature of the two-phase boundary-layer flow over the rotating 

perforated disks and the liquid flow rate. This means that interphase mass 

transfer in gas-liquid systems may be enhanced by increasing the rate of the 

gas phase to be dispersed in the liquid phase but only to a certain extent: 
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Mass transfer performance of carbon dioxide in alr-water system in 
countercurrent flow through three-stage perforated-dlsk type stir- 
ring cascade 
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There is a critical value of - Vg beyond which a further increase in Vg becomes 

less effective in mass transfer enhancement. The critical value may be taken 

as Vg based on the concept of a first-order system which can be described by 

equation (8). 

The test data are correlated in Fig. 3 as NTUf versus the separation fac- 

tor A with the stirrer Reynolds number Re r as parameter. It is observed that 

there is a change in the slope of the line correlating the experimental data 

at certain values of the separation factor, denoted as Afl. The reason for 

the change in slope is that there exists a maximum gas flow rate, called 

the overflow limit (corresponding to Afl in dimensionless form), beyond which 

the disk is flooded by the gas resulting in undesirable gas dispersion. The 

occurance of disk flooding marks the end of power reduction or the beginning 

of power increase with a further increase in the gas flow rate, i.e. Reg. In 

the absence of interphase mass transfer and liquid flow, the overflow limit is 

found to occur at the gas Reynolds number Reg from 70 to 150 and the gas hold- 

up Vg/V of about 20% when the stirrer Reynolds number Rer is between 1.34xi05 

and 3.42xi05 [4]. Vg denotes the volume occupied by the gas phase in the cas- 

cade, while Reg and Re r are defined as Vg/(7[drPg) and ndr2/~f, respectively, 

where ~g and ~)f are respectively the gas and liquid kinematic viscosities, 

d r indicates the disk diameter and n is the number of disk revolution per unit 

time. The empirical correlation equations are found for all the test data 

represented by the straight lines in Fig. 3 as 

NTUf = 1.03 x 10-4AO'6Re 0"449 for A ~ Afl (9a) 
r 

NTUf = 1.68 x 10-2A0"2Re0"303r for A _Z Afl (9b) 

The operation of the equipment in the A = Afl range is undesirable as it 

would be plagued by an increase in power requirements [5]. The criterion 

A = Afl for equation (9a) can be rewritten as 

Vg/Vf ~ AflP/H (i0) 

which specifies the limitation on Vg/Vf for effective operation. It is de- 

duced from the figure that Afl may be increased by either reducing Re r or 

increasing Vf. 

Conclusions 

Overall mass transfer performance of carbon dioxide in the counter- 

current air-water system in a three-stage perforated-disk type stirring cas- 

cade can be predicted by equations (8) and (9). The criterion for effective 
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mass transfer performance is found to be in the range of A < = All beyond which 

the stirrer would be flooded with the gas resulting in undesirable dispersion 

and power requirement increase. If the equilibrium and operating relationships 

are linear mass transfer performance in each mixing stage may be determined 

using its relationship with the overall performance of the cascade available 

in analytical form [7]. 
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