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Abstract Static mixers have been successfully employed in water and wastewater treatment, particularly in 
water ozonation for disinfection and oxidation purposes. Producing higher concentration of ozone requires new 
contactors that operate efficiently at low gas/liquid ratio. The Kenics static mixer can meet these requirements 
and therefore enhance the ozone mass transfer rate. This paper summarises the field of static mixers in water 
ozonation including comparison with other gas/liquid contactors. This study also reviews recent conceptual 
and technological innovations in static mixers: Current industrial applications, advantages and types are 
discussed, focusing on mixing and mass transfer performance. The work is complemented by a review of mixing 
fundamentals, knowledge of which allows the development of mathematical models which are crucial for the 

analysis of experimental data. Moreover, it reviews the recent advances of the mathematical models of zone 
mass transfer in static mixer: back flow cell model (BFCM), Axial diffusion model (ADM) and the continuous 
flow stirred tanks in series (CFSTR’s in series). Both the steady state and the transient BFCMs were validated 
with experimental data by Tizaoui and Zhang and it was found that they accurately predicted the outlet ozone 
concentration and the impulse RTD curves of gas-liquid system respectively along height of the static mixer. 
Keywords: Gas liquid contactors, Mathematical Modelling, Static Mixers. 
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1. Introduction 
A lot of processes in the field of chemical 
engineering are based on the chemical reaction 
between the solute gas and soluble species present 

in liquid. In nature, gas diffuses into the liquid 
through gas–liquid interface due to the 
concentration difference of the gas between the 
liquid at the surface and the liquid bulk without 
mechanical energy. Because both the gas mass 
transfer rate and the reaction rate are low, new gas-
liquid contactors such as static mixers are used in 

order to increase the gas mass transfer rate and 
therefore faster reaction rate was obtained. These 
contactors enhance the mass transfer rate by 

increasing surface area between the gas and liquid 
and increasing the intensity of turbulence [3,4]. 
Ozonation is currently used as an alternative 
disinfection method to the chlorination process in 
water treatment, it has many drawbacks: it is 
incompatible with membrane processes and it 
result in formation of a dangerous 
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organochlorinated compounds [5]. In water and 

wastewater treatment, ozone is used as biocide, 
oxidant and as pre-treatment reagent so as to 
improve the efficiency of the settling and filtration 
processes. Ozone is currently widely used because 
of it is ability to kill bacteria, viruses, spores and 
protozoa. The new stringent standards for drinking 
water require optimization of the ozonation process 
through improving the ozone gas mass transfer to 
the liquid phase [5-7]. The ozonation process is 
practised by dissolving gaseous ozone into the 
liquid water so as to react with target 
contaminants. Water ozonation is usually consists 
of four steps: convection and back mixing of the 
liquid flowing through contacting chambers inside 
the static mixer. These two processes occur 
simultaneously with two other processes: ozone gas 
mass transfer from gas phase to the liquid phase, 
ozone decomposition and reactions of ozone with 

organic material in the water [8].  
The ozonation process is an effective method for 
removing the organic contaminants from water. It 
does not only depend on the mass transfer of ozone 
from the gas phase to liquid water, but also on the 
kinetic reactions of the ozone with the pollutants. 
The ozone mass transfer efficiency depends on the 
hydrodynamics of the fluids. However, the decay 

rate of the ozone depends on pH and temperature 
[9]. During the last few decades, new cheap ozone 
generators have been developed and they produce 
high ozone concentration, but they require low gas 
flow rates which result in low gas to liquid 
volumetric flow rate ratio. As a result, classical 
bubble columns are no longer applicable because 
they require a larger gas flow rate to achieve 
efficient mixing between gas and liquid and 
therefore high ozone mass transfer. Static mixers, 
however, are more efficient at low gas/liquid ratio 
and high concentration of ozone and therefore they 
provide a solution to this problem. Moreover, static 
mixers produce a homogeneous ozone 
concentration because of the high turbulence 
produced by the elements that are inside the mixer, 
which ensure adequate gas/liquid mixing [1, 2]. 
Packed towers are extensively used for gas-liquid 
processes in many industries because of their 
effectiveness and cost. However, in the last few 
decades, static mixers have received a great 
attention because of their characteristics: high void 
fraction leading to low pressure drop with a very 
efficient gas-liquid contact and distribution [4] 
Since it is difficult to ensure adequate contact 
between the gas ozone and the liquid water in 

conventional bubble columns, static mixers have 

been developed as an attractive alternative in order 
to enhance the ozone mass transfer rate. 
A static mixer, as shown in figure1, is designed as 
a series of identical, motionless inserts which are 
called elements. Its function is to redistribute fluid 
in a direction transverse to the main flow and in 
radial and tangential directions [4, 1].  

 
Fig. 1: Kenics static mixer [10]  

 

Static mixers have many advantages over other 

gas-liquid contactors which can be summarised as 
follows:  

 Small bubble diameter and therefore very 
high interfacial area. 

 High mass transfer coefficient. 

 Plug flow.  

 Little maintenance and low power 

consumption since they have no moving 
parts except the pump. 

 Higher performance at low energy 
consumption. 

 Narrow residence time distribution. 

 Low equipment cost.  

 Most of the factors mentioned above mean 

higher mixing between the ozone gas and 
the water enhanced heat and mass 
transfer [11-13, 34]. 

Heyouni et al. [14] stated that the performance of a 

static mixer is better than other conventional gas-
liquid contactors such as bubble columns and 
stirred vessels. This has been represented by 
Figure 2. 

 
Fig. 2: Comparison of mass transfer coefficient and 

interfacial area between static mixers and traditional 
gas-liquid contactors [14] 

Almost all the mathematical models that are 
developed to predict the performance of the ozone 

contactors are based on one of the following two 
assumptions: complete mixed flow or plug flow 
exist in the liquid phase. Applying these 
assumptions in modelling the gas-liquid contactors 
will underestimate the performance of the ozone 
contactor. Because of phenomena of the axial 
dispersion of the liquid phase, the real flow regime 
is closer to mixed flow than the plug flow, but it is 
not perfectly mixed flow. Thus, the back flow cell 

model (BFCM) has been developed as an alternative 
way to describe the hydrodynamics and mass 
transfer of the ozone inside the Kenics static mixer 
[15]. The BFCM is a general form of stagewise 
backmixing models and it can be used to 
characterise the backmixing in the liquid phase for 
co-current or counter-current gas-liquid 
contactors at steady state or unsteady state 
operating conditions [16]. 
The BFCM is a mathematical model that is applied 
to characterise the performance of the Kenics ozone 
static mixer. In order to describe the axial 
dispersion in the liquid phase, the BFCM assumes 
a back flow between the cells in the opposite 
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direction to the main liquid flow and exchange flow 

in the same direction of the main liquid flow. These 
two flows have been expressed as back flow ratio 
(B) and exchange flow ratio (𝐵) and both of them are 
assumed to be equal and constant along the mixer. 
Generally, BFCM is composed of two series of equal 
number of completely mixed cells in which one 
series describes the liquid phase and the other 
describes the gas phase. It uses the cells number 
and back flow ratio to describe the backmixing in 
the liquid phase [17]. 
The steady state BFCM has been developed by 
performing a basic material balance with respect to 

the ozone was performed around each cell inside 
the static mixer. The ozone mass transfer rate of 
ozone to the water and also its reaction in the main 
bulk of the liquid phase were included in the basic 
mass balance equations [34].  

1.1. Gas-Liquid Reactors 
In the case of a gas-liquid chemical reaction, the 
gas solute (ozone) is absorbed from the gas phase 
to the bulk of the liquid phase in two sequential 
steps. Firstly, the gas solute is dissolved into the 
gas–liquid interface solution. Secondly, the 
diffusion of the solute through the boundary layer 
of the solution accompanied with chemical 
reaction, which control the overall rate of 
absorption. The reaction might happen between the 
solute and either the pollutants dissolved in the 
solution or with the solvent. The absorption rate 
will be much higher with the presence of chemical 
reaction than the physical absorption only [18, 19]. 
Several forms of gas-liquid contactors are listed in 
the Figure 3 below. 

 
Fig. 3: Different types of gas-liquid contactors [18] 

 

The mass transfer in the gas–liquid reactor occurs 
during either the physical absorption of the gases 
into the liquid phase or the chemical reaction 
between the absorbed gas and another solute 
present in the liquid phase. 

1.1.1. Physical absorption 
It is the process in which the solute is transferred 
from the gas phase to the liquid phase without 
reacting with species present in the liquid phase. 
Lewis and Whitman, [19] have postulated the 
double film theory to describe the physical 
absorption process. 
 

1.1.2. Two film theory of mass transfer 
Whitman [19] postulated that when a gas and 
liquid are in contact, the gas and liquid main bulk 
are in turbulent flow and uniformly mixed because 
of mass transfer by convection. Moreover, he 
suggested that there are two stagnant films of gas 
and liquid adjacent to the interface through which 
the absorbed gas is transported by molecular 
diffusion as shown in Figure 4.  

 
Fig. 4: The double film theory [19] 

 

The gaseous solute A is transported from the gas 
bulk through the interface and then to the liquid 
bulk. The species (A) has given solubility, which 
depends on the difference in the solute 
concentration between the two phases. 

For the gas film:   
NA =  kAg(PA −  PAi)                                                     (1) 

Where: 

 𝑘𝐴𝑔  is gas film mass transfer coefficient. 

𝑃𝐴 and  𝑃𝐴𝑖  are the dissolved gas pressure in the 

liquid bulk and at the interface respectively [19]. 
By applying the same procedure to the transport of 
A through the liquid film: 
For the liquid film: 

NA =
DAl(CAi −  CA)

δl
=  kAl(CAi − CA)                   (2) 

Where: 
 𝑘𝐴𝑙   is liquid film mass transfer coefficient. 

 𝐶𝐴 and  𝐶𝐴𝑖 are the dissolved gas concentration in 
the liquid bulk and at the interface respectively 
[19]. 

1.1.3. Henry’s law                                       
The gas and liquid at the interface are assumed to 

be in a state of equilibrium. This means that there 
is not resistance to mass transfer at the interface. 
The equilibrium relationship has been described by 
Henry’s law: 

PAi = HA CAi                                                                   (3) 
Where: 
 𝐻𝐴: is the Henry’s law constant of the solute A [18, 
- 20]. 
There are three special cases depending on the 

value of the of  𝑘𝐴𝑔 and 𝑘𝐴𝑙 [20]: 

Gas solute is highly soluble  
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When the solute is very soluble gas, the Henry’s law 

constant (𝐻𝐴) is very large. Therefore, the system is 
gas film controlled. This can be demonstrated by 
the following equations: 

KAG(PA −  PA
∗) ≈   kAg(PA − PAi)                            (4) 

The above equation can be written as:  
KAG ≈   kAg                                                                    (5) 

Gas solute is slightly soluble 
When the ozone gas is sparingly soluble, the value 
of 𝐻𝐴 is very small. Thus, the resistance to mass 

transfer is confined in the liquid phase (liquid film 
controlled), which can be represented by the 
following expression: 

KAL ≈   kAl                                                  (6) 
The resistance met by the soluble gas A is due to 
the collision between the molecules of the solute 
and the interfering molecules of the gas or the 
liquid bulk through which the diffusion occurs. 

Gas solute is intermediately soluble 
The resistance of both films are important and they 
should be considered in the design of mass transfer 
equipment. 

1.1.4. Mass transfer with chemical reaction 
The main objective of gas–liquid mixing processes 
accompanied with chemical reaction is to provide a 
gaseous reagent which reacts with other 
contaminants in the solution or with solvent as it 
dissolves or after being absorbed into the solution. 
In such processes, the chemical reactions are 
mainly divided into: slow chemical reactions that 
occur in the liquid bulk after gas absorption. 
Secondly, fast chemical reaction which is mostly or 
completely takes place in the liquid film close to the 
gas-liquid interface as the gaseous solute dissolves 
[19, 20].  
The gas absorption in the liquid phase 
accompanied with chemical reaction is faster than 

that of pure physical absorption at the same driving 
force. This has been attributed to the influence of 
the chemical reaction on the concentration of the 
gas in the vicinity of the gas–liquid interface. It is 
acknowledged that slow reactions reduce the 
concentration of the gaseous solute in liquid bulk, 
whereas fast reactions consume all the gaseous 
solute in the liquid bulk resulting in higher driving 
force for mass transfer. Moreover, increasing the 
reaction rate will lead to a higher mass transfer 
coefficient. This has been attributed to the fact that 
the chemical reaction produces an effective 
reaction layer of thickness 𝛿𝑅 which is smaller than 

the thickness of the diffusion layer 𝛿𝐿  for the 
physical absorption. Therefore, Hatta number and 
enhancement reaction factor has been developed to 

represent the effect of the chemical reaction [3, 19, 
20]. 

1.1.5. Enhancement factor 
Fast chemical reactions have strong influence on 
the liquid side mass transfer coefficient. However, 
the gas phase mass transfer coefficient remains the 
same because the chemical reaction occurs only in 
the liquid phase. This reaction enhances both the 

liquid mass transfer coefficient and the driving 
force for absorption. It should be noted that the 
absorption rate of the solute accompanied with 
chemical reaction is larger than that of pure 
physical absorption. Therefore, the enhancement 

factor, E has been used to account for the effect of 

the chemical reaction [20, 21]. 
NA = EklCAi                                                                    (7) 

This can be compared to equation mentioned 
earlier for the pure physical absorption:  

NA = kAl(CAi − CA)                                                     (8) 
The enhancement factor can also be presented as 
the ratio of the rate of transfer with chemical 
reaction to the rate of transfer without chemical 
reaction: 

E =  kl
, kl                                                                         (9) ⁄    

1.1.6. Hatta number (Ha) 
Hatta number is a measure of the quantity of the 
gas solute that reacts in the diffusion layer 
adjacent to the gas-liquid interface in comparison 
with the amount of solute which dissolves into the 
liquid bulk without reacting and it has the following 
formula:  

Ha2 =  
maximum possible conversion in the film

maximum diffusion transport through the film

=  
𝑘𝐶𝐵𝐷𝐴𝑙

𝑘𝐴𝑙
2                                                                        (10) 

Where: 

Ha2  is Hatta number 
kCB is the modified reaction rate constant. 
DAl is the diffusion time, and known as Damkoher 

number. 

kAl
2  is the individual mass transfer coefficient of the 

solute in the liquid bulk. 
The role of the Hatta number is tell whether the 
reaction is slow, intermediate or fast. When the 
Hatta number is much greater than one, this 
means all reaction takes place in the film and gas-
liquid interfacial area is the controlling factor [20, - 
22]. 
 However, if Ha <<1, no reaction occurs in the film 
and the bulk volume controls the rate. Thus, 
depending on the magnitude of the Hatta number, 
we will determine whether the reaction occurs 
completely or partly in the liquid bulk as shown 
below: 

1. If Ha < 0.02, the reaction is infinitely slow. 
2. If 0.02 < Ha < 2, we have intermediate 

reaction. 
3. If Ha > 2, the reaction is fast and happens 

in the film [18]. 

1.1.7. Slow chemical reaction in the main 
body with film resistance 

This is very important case, where all the reaction 
takes place in the main body of the liquid. However, 
the film resistance to mass transfer still exists. This 

process begins with an almost pure physical 

absorption and end up with a chemical reaction in 
the main body of the liquid as shown in Figure 5. 
If the reaction is fast enough, the concentration of 
A (𝐶𝐴) in the liquid bulk is negligible and the 
enhancement factor is set to 1 [18, 19].  
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Fig. 5: Shows slow reaction with the film resistance [18] 

 

The reaction rate is utterly determined by the mass 
transfer through the liquid film and increases with 
increasing the liquid mass transfer coefficient (kLa)  

R =   klaCA                                                                     (11) 
Large interfacial area and high liquid hold up are 

needed for this process. These two requirements 
can be met by using static mixers [11]. 

2. Static Mixers 
Static mixers have been established in the process 
industry since 1970s. There are about 2000 US 
patent and more than 8000 articles about the static 
mixers and their uses. Around 30 commercial 
models are presently available [11].  
In the ozonation process, the static mixer is used 
to disperse the gaseous ozone into the liquid water 
stream for disinfection purposes.  

2.1. Advantages of static mixers 
Thakur et al. [11] have listed some advantages of 
static mixers over mechanically agitated tanks in 
the following table 1. 
 
Table1: Advantage of static mixers over the 
mechanically agitated tanks [11]. 

Static mixer Stirred tank reactor 

Approach plug flow The residence time is 
exponentially distributed 

Small space needed Large space needed 

No power required 

except for pumping 

High power dissipation 

Self-cleaning Large vessels to be 
cleaned 

Small flanges to 

seal 

Small flanges but with one 

large flange to seal 
Good mixing at low 

share rates 
Sensitive materials can be 

damaged at high shear rates 
Fast product grade 

changes 

Product grade changes 

might create waste 

2.2. Types of static mixers 
Static mixer is standard equipment in the process 
industry with many different types such as Kenics, 

Koch, Sulzer SMX and Ross LPD as shown in 
Figure 6.   
 

 
Fig. 6:  (a) Kenics (Chemineer Inc.); (b) low pressure drop 
(Ross Engineering Inc.); (c) SMV (Koch-Glitsch Inc.); (d) 

SMX (Koch-Glitsch Inc.); (e) SMXL (Koch-Glitsch Inc.); (f) 
Interfacial Surface Generator-ISG (Ross Engineering Inc.); 
(g) HEV (Chemineer Inc.); (h) Inliner series 50 (Lightnin 
Inc.); (i) Inliner series45 (Lightnin Inc.); (j) Custody 

transfer mixer (Komax systems Inc.) [11].  
 
The type of the static mixer used has great 
influence on the mixing mechanism, which, in 
turn, has a significant impact on the pressure drop 
and flow patterns of the fluids. Because of the light 
structure of the Kenics and Ross LPD, they can be 
applied for low viscosity fluids in either transient or 
turbulent flow conditions at low pressure drop [11, 
23]. 

2.3. Kenics static mixer (KM) 
The Kenics static mixer consists of a series of fixed 
helical elements or blades installed inside tubular 
housing as shown in Figure 7. KM provides 
continuous blending and dispersion of the flowing 
materials, with no moving parts, and no external 
power or regular maintenance, by redirecting the 
flow patterns present in the open pipe. The KM is 
used for liquid-liquid, solid-gas, gas-gas and gas-
liquid mixing. When two immiscible fluids are 
exposed to shear forces inside the Kenics mixer, 

one of the phases will be dispersed in the other 
phase as droplets. The size of the drops depends on 
many parameters: the diameter of the mixer, 

velocity, elements shape and the physical 
characteristics of the both fluids. Small bubble size 
enhances the in interfacial area between the two 
fluids, leading to higher mass transfer coefficient 
and therefore higher mass transfer between the two 
fluids. The Kenics static mixer has an advantage 
over other types of static mixer in that; it enhances 
the rate of mass transfer without wasting energy or 
material blockage. Moreover, the helical elements 
promote plug flow in continuous processes. The 
pressure drop increases along the mixer providing 
the energy need for mixing process [19, 11]. 
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Fig. 7: The structure of Kenics static mixer [10] 

The geometric structure of the helical elements 
produces the mechanism of simultaneous flow 
division and radial mixing. In the case of laminar 
flow, the flowing material is divided at the leading 
edge of each element and follows the channels 
produced by the element structure. The two 
channels produced by the first element are further 
divided by all the succeeding elements, leading to 
continuous increase in stratification as indicated in 
Figures 8 and 9. The number of stratification layers 
can be calculated by 2n, where n is the element 
number [19]. 
The radial mixing in either laminar or turbulent 

flow is the rotational circulation of the flowing 
materials around their hydraulic centre in every 
single channel of the static mixer resulting in 
continuous and perfect mixing between the two 
flowing fluids.  This mechanism eliminates the 
radial gradient in velocity, fluid composition and 
temperature and therefore reducing fouling and 
thermal degradation [19]. 

 

 
Fig. 8: The mixing mechanism inside a Kenics static 

mixer [10] 

 

 
Fig. 9:  Principles of operation of static mixer modules 

[19] 
 

2.4. Application of static mixers in the process 
industry 

Static mixers have been used in many fields of the 
chemical industry as shown in table 2. 
Table 2: Application of static mixers in the chemical 
process industry adapted from [11, 19]. 

Industry Applications 

Chemical and 

agricultural 
chemicals 

Chlorination, Reaction 

enhancement 
Gas mixing, Organic–

aqueous liquid–liquid 

Fertilizer and pesticide 
preparation 

Food processing Liquid blending and 
emulsification 

Starch slurry and cooking 
Heating and cooling of 

sugar solutions 
Solid ingredient bending 

Minerals 
processing 

Mineral recovery by solvent 
extraction 

Slurry dilution, Oxidation 
and bleaching 

Chemical addition and 
bleaching 

Petrochemicals 
and refining 

Gaseous reactant blending 
Gasoline blending, Caustic 

scrubbing of H2S and CO2 
Lube oil blending 

Pharmaceuticals 

and cosmetics 

Mixing of trace elements 

Blending of multi-
component drugs 
Dispersion of oils, 

Sterilization, pH control 

Polymer, plastics 
and textiles 

Continuous production of 
polystyrene 

Mixing of polymer additives, 
Preheating polymers, thermal 

homogenization 
Water and waste 
water treatment 

Addition of coagulating 
agent 

Disinfection (Cl2, O2 O3) 

Dechlorinating, pH control 

3. Theory of Backmixing in gas-liquid 
contactors 

It well established that backmixing has an 
important effect on the performance of the 
continuous fluid flow gas-liquid reactors. 
Backmixing is an intermediate flow pattern which 
falls between the ideal perfect mixing and plug flow 
[16]. There are two main non-ideal flow patterns as 
shown if Figure 10, channelling flow where the fluid 
elements flow as independent paths across the 
column and can be developed to back flow when 
the channels bend back on themselves. The second 
one is backflow where the fluid elements travel at 
velocities larger than the total average velocity. This 

is due to the fact that large back velocity will 
significantly reduce the forward velocity [16].  
 

 
Fig. 10: Desegregated flow [16] 

 

Generally, gas–liquid contactors have blades or 
baffles, which separate the channels because of 
transverse mixing so as to enhance the gas-liquid 
contact and create uniform conditions. In the case 
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of complete transverse mixing, channel flow turns 

to plug regime. When the amount of backflow is 
smaller than that of transverse mixing, back flow 
will approach the plug flow regime. However, if it is 
much larger than transverse mixing, the backflow 
will tend to perfect mixing regime. There is another 
important case which occurs when the transverse 
mixing and backflow are infinite with the same 
rate. This case is called backmixing where the flow 
regime is intermediate between the perfect mixing 
and plug flow [15, 16]. Two main models have been 
developed to study the effect of backmixing: 

3.1. The stage wise backmixing model                           
The model shown in Figure 11 describes the 
backflow of fluid between the stages of the column 
in transverse direction to the main flow. It is 
assumed that the stages are completely mixed 
therefore fluid’s elements can move forward or 
backward in case of neglecting the convective flow.  

The back mixing is the ratio of the backward flow 
between the cells or stages to the total convective 
forward flow which is equal to the exit of feed flow 
rate. This model applies to stage wise apparatus 
such as plate towers where the concentration 
profile changes in a series of steps [16]. 

(N)

(i)

(1)

nX, L 

outX , L 

iX , L )B+1(

NX , BL 

1-iX , L )B+1(

1X , L )B+1(

1+iX , BL 

iX , BL 

2X , BL 

 
Fig. 11: Schematic representation of the stagewise 

backmixing model (adapted from [16]). 

3.2. The differential backmixing model 
In this model, backmixing can be represented as 
infinite transverse mixing and infinite backflow 
with same order as shown in Figure 12. Elements 
of fluid can travel forwards and backwards in 

relative to the main convective flow which can move 
in either direction. Thus, it can be represented by 
diffusion and Fick’s Law: 

uX = ux − D
dx

dl
                                                            (12) 

Where: U:  is the fluid velocity, l is the flow per unit 
are, x is the concentration, ux:  is the convective 
flow, (–Ddx/dl) is the diffusion flow and D is the 
eddy diffusion coefficient [16]. 

L = O

outU X

Z = 1

dzdi

1 = L Z = O

inU X

Ux – D dx/di

(1 + di d/di)(ux – D dx/di)

 
Fig. 12: Schematic representation of the differential 

backmixing model [16] 

4. Residence time distribution (RTD) in flow 
reactors 

The residence time distribution (RTD) is a crucial 
factor for the study of the continuous chemical 
engineering processes occurring in a static mixer. 
It is the time that a fluid spends inside a static 
mixer. The RTD describes the degree of mixing, 
product’s quality, and chemical reaction yields [15].  

4.1. Non-ideal flow 
Real reactors deviate from ideal reactors due to 
several factors: channelling, stagnant regions, 
short circuiting and backflow. For ideal continuous 
stirred tank reactors (CSTR), it is assumed that the 
concentration of the reactant is the same at any 
place inside the reactor.  In real stirred tanks, 
however, the reactant concentration at the feed 
entrance is higher than its concentration in the 
stagnant regions and behind the impellers. In an 
ideal flow rector, at any axial position, all the 
molecules of both reactant and product travel at 
the same rate in the direction of the bulk flow. 
Whereas, in the real one, because of molecular 
diffusion, turbulence mixing and velocity profile of 
the fluid, the molecules of the fluid travel at non-
uniform velocity and different direction [15, 18]. 
Three factors can be used to account for this 
deviation: 

Stage of aggregation 
The state of aggregation depends on the nature of 
the flowing material. The fluid mixing in any phase 
at nonideal flow conditions is classified as shown 
in Figure 13 into: micromixing and macromixing. 
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Fig. 13: Two extremes of aggregation of fluid [18] 

 

Earliness of mixing 
This factor is very important for the systems which 

have two input feed stream as shown in the Figure 
14. 

 
Fig. 14: The effect of early or late mixing on the 

performance of the reactor [18] 

The age distribution of fluid (RTD or E) 
Inside the reactor, fluid elements travel through 
different paths. Thus, they may spend a different 
periods of time to pass the reactor. The exit age 
distribution, E is defined as the distribution of 
those times of fluid stream exiting the reactor. The 
unit of the RTD is time-1.   RTD can be represented 
by assuming that the area under the curve is equal 
to unity as shown in Figure 15. 

 
Fig. 15: The residence time distribution of fluid flowing 

through a contactor [18] 

4.2. Methods for measuring residence time 

distribution (RTD) 
The characteristic of backmixing of different phases 
in gas-liquid reactor are determined from the 
residence time distribution of a tracer which is fed 
to the system [15] The most common methods that 
can be applied to determine the RTD are an 
impulse, step-change input of the tracer as shown 
in the Figure 16. 
 

  
Fig. 16: The pulse and step tracer [18] 

 

Impulse tracer 
In this method, a small amount of tracer is injected 
at the entrance of the reactor during a period of 
time. This time period is much shorter than the 
mean residence time. The outlet concentration of 
the tracer is determined as function of time [18,19]. 

Step change 
If the feed stream to the reactor is replaced 
instantaneously with another one, the step change 
experiment can be conducted. Both fluids should 

have the same behaviour within the system and 

also have the same viscosity and density [19].  

4.3. The transient backflow cell model (TBFCM) 
The developed models for designing gas-liquid 
reactors must describe the flow and mixing 
conditions inside the reactor. The most common 
ideal reactors are that used to design ozone 
contactor are the plug flow reactor (PFR) and the 
continuous flow stirred tank reactor (CFSTR). The 
PFR approaches the plug flow conditions. 
Therefore, the mixing between the adjacent flow 
cells is not permitted whereas, the CFSTR is 
considered to be perfectly mixed and has uniform 
concentration along the column [18]. Due to 
backflow, short-circuiting and stagnant zone, these 
two ideal flows are no longer applicable to describe 
the real flow inside the ozone contactors. The 
residence time distribution can be used to analyse 
these complicated flow characteristic in the ozone 
contactor [15, 26]. 
The ordinary stirred tanks in series model which 
assume perfect mixed cells has been employed to 
describe the mixing process. However, this model 
does not take into consideration the upstream 
mixing of material i.e. the mixing in direction 
opposite to the direction of the main flow. In order 
to overcome this problem, the backflow cell model 
has been developed by Mecklenburg and Hartland 

[16]. The BFCM introduces the backflow between 
the cells inside the gas-liquid contactor. The 
backflow ratio, B is the main parameter in the 
BFCM. The performance of the back flow cell model 
varies according to the value of the backflow ratio 
from ordinary tanks in series ( 𝐵 → 0) to single 

stirred tank (𝐵 →  ∞) [2,27-29,33]. 

The BFCM is a mathematical model that is applied 
to characterise the performance of the Kenics ozone 
static mixer. In order to describe the axial 
dispersion in the liquid phase, the BFCM assumes 
a back flow between the cells in direction opposite 
to the main liquid flow and exchange flow in the 
same direction of the main liquid flow. These two 
flows have been expressed in our study as back 
flow ratio (B) and exchange flow ratio (𝐵) and both 

of them are assumed to be equal and constant 
along the mixer. Generally, BFCM is composed of 
two series of equal number of completely mixed 
cells in which one series describe the liquid phase 
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and the other describes the gas phase [17]. In this 

model, the backmixing in the gas phase was 
assumed to be negligible because of the large 
buoyancy of the gas bubbles, gas and liquid flow 
rates, interfacial and gas hold-up are constant 
along the contactor. Roemer and Durbin [28] have 
developed very efficient TBFCM to describe the 
residence time distribution inside the chemical 
reactors as shown in the Figure 17 below. 
 

 

 

 
Fig. 17: The transient backflow cell model [28] 

 

This model consists of number of completely mixed 
cells (N) that have an equal volume (Vc = VT/N) with 
equal backflow rates between the cells. The cells: (0 
and N+1) have negligible volume or hold-up and 
they allow the boundary conditions to be easily 
determined. 
The material balance has been carried out around 
each cell with respect to the inert tracer and the 
following equations are produced: 

n = 0,            δ(t) = (1 + B)E0 −  Bg1                 (13) 

1 ≤ n ≤ N,   
1

N

dEn

dt
= (1 + B)En−1 − (1 + 2B)En

+  BEn+1                                                                             (14) 
n =   N, 0 =  EN−1  −   EN                             (15) 

These equations have been transformed to the 
following equations: 

E(θ) =   ∑{Aiexp (siθ)}

N

i=1

                                       (16) 

Where:E(θ) is the impulse response of Nth cell at 

time𝜃, (Ci(θ)/Ci
∗) 

For 0 < 𝐵 < ∞ or 0 < 𝜆 < 1, the distinct poles of the 

transfer function can calculated as: 

si =  (
N

1 −  λ
) [2λ0.5 cos(ϑi) − (1 +  λ)]               (17) 

With 1 ≤ i ≤ N 

Ai =  (−2Nλ−N/2)(sin2(ϑi) D′⁄ (ϑi))                    (18) 

D′(ϑi) is the derivative of the function 𝐷(𝜗𝑖) which 

is equal to: 
D (ϑ)

=  λ0.5 sin((N + 1)ϑ) − 2 sin(Nϑ) + λ0.5sin (N

− 1) ϑ)                                                                                 (19) 
Where 𝜗𝑖 are the roots of the equation  D (ϑ) = 0  in 

the interval 0 < ϑi < π 

The above equations have been solved in order to 

produce the impulse residence time distribution of 
the ozone solute. 
Before measuring the impulse response, the roots, 
𝜗𝑖 of the function 𝐷(𝜗) have been determined by the 
Newton-Raphson method. Newton method is 
modified Taylor series method and uses iterative 
techniques to solve the non-linear algebraic 
equation 𝐷(𝜗) = 0. Initial guess of the (𝜗𝑖) has to be 

made in the interval (0 < 𝜗𝑖 < 𝜋). Newton method is 

very fast and efficient and it has the following 
general formula: 

ϑ(i + 1) =  ϑ(i) +  
D(ϑi)

D′(ϑi)
                                         (20) 

The iteration stops when the function 𝐷(𝜗) value 

satisfies the following conditions: 
𝐷(𝜗𝑖) ≤ 𝛿𝑎𝑏𝑠 (tolerance) [30]. It should be noted that 
the number of the roots, 𝜗𝑖 of the function 𝐷(𝜗) is 

equal to the number of cells used and their values 

depends on the cell number and the back flow ratio 
which is expressed in this model by the term (𝜆). 
Gamal El-Din and Smith, [31] have developed a 
transient BFCM as alternative approach to the 

axial dispersion model and continuous flow stirred 
tanks in series in order to describe the 
hydrodynamics and the back mixing in the liquid 
phase in the ozone bubble contactor. A schematic 
representation of their model is shown in Figure 18. 

 
Fig. 18: Schematic diagram representing the co-current 

transient back flow cell model [31] 

In their study, they have studied the effect of 
number of cells (NBFCM) and the Peclet number 

(PeL) on the theoretical RTD curves as shown in the 
Figures 19 and 20. 
 They found that as the NBFCM and PeL increase, the 

RTD curves become narrower, more symmetrical 
and higher peak. They have ascribed this to the fact 
that the liquid flow approaches the plug flow 

pattern at high values of Peclet number [33]. 
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Fig. 19: Theoretical RTD curves for different Peclet  

numbers [31] 

 
Fig. 20: Effect of the number of cells on the RTD curves 

[31]  
As shown in the Figures 21and 22 below, the RTD 
predictions the three models: TBFCM, ADM and 
CFSTR’s in series have been validated with RTD 
experimental data of Zhou, 1995 [8]. They 
concluded that the TBFCM was better than other 
models in characterising the backmixing between 
the cells. 

 
Fig. 21: Comparison between the TBFCM, ADM and 

CFSTR’s models [31] 

 
Fig. 22: Comparison between the TBFCM, ADM and 

CFSTR’s in estimating the RTD curve for co-current 
bubble column [31] 

 

Baawain et al. [24] have also developed TBFCM to 
characterise the hydrodynamic of co-current 
impinging-jet ozone bubble column. They have 
carried out tracer test on the bubble column which 
had inside diameter of 100 mm and height of 1520 
mm in order to study the hydrodynamic of the 
column. The superficial gas velocity range was from 
0.002 to 0.014 m s-1 and the range of the superficial 
liquid velocity was from 0.008 to 0.028 m s-1.  
  

      
Fig. 23: Effect of the number of cells of TBFCM on the 

RTD predictions [24] 
 

As shown in Figure 23, the TBFCM has been run 
at three different cell numbers in order to 
determine the most appropriate cell number that 
accurately describe the backmixing in the liquid 
phase. They found that as shown in figure that the 
TBFCM with 8 cells is best fitted with experimental 

data and therefore the most appropriate cell 
number. 

5. Mathematical Model 
The back flow cell model has been developed by 

Mecklenburgh and Hartland [16] as alternative 
approach to solve the equations of traditional axial 
dispersion model (ADM). The BFCM is a finite 
difference approximation of the ADM. In BFCM, the 
gas-liquid contactor length is represented by a 
number of completely mixed cells, which are 
connected to each to other by the main flow of the 
gas and liquid phases, and the recirculation 
between the cells which depends on the axial 
dispersion inside the contactor. 
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5.1. Axial dispersion model (ADM) 
This model simply characterises the backmixing by 
one-dimentional and diffusion process 
superimposed on plug flow equation which is 
expressed by the Fick’s law [24] The ADM uses only 
one parameter (Peclet number) to characterise the 
back mixing. Thus, ADM became simple and widely 
used model [15].  If an ideal tracer is injected to the 
reactor, it will spread as it travels through the 
column. The dispersion coefficient D (m2/s) 
exemplifies the spreading process. According to the 
dispersion coefficient value, we have three cases: 
firstly, when D is equal to zero, no spreading, thus 
plug flow. Secondly, small D results in slow 
spreading of the tracer curve. Thirdly, large D 
results in rapid spreading [18]. The dispersion 
coefficient can be represented by the dimensionless 
Peclet number (Pe = D/uL) in order to characterise 
the spreading in whole reactor, Pe is used to define 

the degree of backmixing. When Pe = 0, we have 
complete backmixing, and if Pe = ∞, plug flow exists 
[15].  For the ADM, the residence time distribution 
(𝐸𝜃) can be expressed by [18]. 

Eθ =  
1

2√π Pe⁄
exp (−

Pe(1 − θ)2

4
)                       (21) 

5.2. Continuous stirred tank in series model 
(CSTR’s in series) 

It is the simplest among stagewise models for 
characterisation backmixing in the multiphase 
reactors.  In the CSTR’s in series model, the reactor 
is viewed as a series of completely mixed stages. 
The degree of backmixing is determined by stage’s 
number. The smaller the number of stages, the 
more significant is the backmixing [15]. Generally, 
CSTR’s in series model is more reliable than the 
ADM at high values of the dispersion coefficient 
[25]. The residence time distribution (𝐸𝜃) can be 

determined by [19]. 

Eθ =  
NCFSTR(NCFSTRθ)^(NCFSTR − 1)

(NCFSTR − 1)!
              (22) 

5.3. Relationship between the ADM and the 
transient BFCM 

The transient BFCM is easier to formulate and 
solve than the ADM. This is because the BFCM 
produces non-linear algebraic equations whereas; 
the ADM produces non-linear differential equations 
which have to be converted to non-linear algebraic 
equations. 
Both transient BFCM and ADM characterise the 
backmixing of the liquid phase but in different 
ways. BFCM describes the backmixing by using the 
backflow ratio (B) and number of the cells (NBFCM) 

whereas the backmixing in the ADM is 
characterised by the dimensionless Peclet number. 
The back flow ratio (B) and Peclet number (Pe) can 
be interrelated by the following equation: 

B =  
NBFCM

PeL
−  0.5 =  

DLεLNBFCM

uLL
−  0.5                                               (23) 

λ =
B

1 + B
                                                                    (24) 

Where: NBFCM: cells number, B = Back flow ratio = 
exchange flow ratio, DL = axial dispersion 
coefficient in the liquid phase (m2/s), uL = 
superficial liquid velocity, 𝜖𝐿 liquid phase hold-up 

[2, 17, 24, 32]. 

5.4. Steady state back flow cell model (BFCM) 
The steady state back flow cell model has similar 
characteristic to the TBFCM in that it can predict 
the hydrodynamic of the ozone contactor with 
variable back mixing, variable cell volume or cross 
sectional area and pressure along the column [24]. 
The assumptions that generally govern the steady 
state BFCM is similar to the TBFCM. In addition to 
those assumptions: (1) the resistance to the mass 
transfer is limited only to the liquid phase; (2) slow 
chemical reaction, therefore the enhancement 
factor is equal to 1; (3) the process is operated at 
steady state conditions; (4) Henry’s law applies for 
the equilibrium concentration of ozone in water; (5) 
the rate of ozone auto-decomposition is described 
by a pseudo first order rate expression in the liquid 
phase [25].  
Gamal El-Din and Smith [25] have developed 
steady state BFCM in order to measure the ozone 

concentration profile in co-current and counter-
current bubble column. In their model, they 
assumed variable backmixing, variable cross-
sectional area and variable cell volume across the 
column.  They performed mass balance with 
respect to ozone solute around each cell inside the 
column.  The following equations were produced, 
for j = 1, 2 ≤ j≤ NBFCM and j= NBFCM respectively. 

QLQL,0 + QBQL,2 + kLa(CL,1
∗ − CL,1)

V

NBFCM

− kwCL,1εL

V

NBFCM
− (QL + QB)CL,1

= 0                                                                                         (25) 

(QL+QB)CL,j−1 + QBCL,j+1 + kLa(CL,j
∗ − CL,j)

V

NBFCM
−

kwCL,jεL
V

NBFCM
− (QL + 2QB)CL,j = 0                                                                                                                        

                                                                                                (26) 

(QL+QB)CL,NBFCM−1 + kLa(CL,NBFCM

∗ − CL,NBFCM)
V

NBFCM
−

kwCL,NBFCM
εL

V

NBFCM
− (QL + 2QB)CL,NBFCM

= 0 

                                                                                                (27) 
Their mass balance equation of gaseous ozone in 
the gas phase for cell j is: 

QG,j−1QG,j−1 − QG,jQG,j − kLa(CL,j
∗ − CL,j)

V

NBFCM

= 0                                                   (28) 
By rearranging the equations above, the following 
steady state BFCM equations are produced: 
Ozone solute in the liquid phase for j = 1, 2≤j ≤ 
NBFCM and j = NBFCM respectively. 
X0 −  (1 + r + Da + StL)X1 + rX2 + StL(1 +  α 2⁄ )Y1 =
0                                                                                            (29)  
(1 + r)Xj−1 − (1 + 2r + Da + StL)Xj + rXj+1

+ StL[1 + α(j − 0.5)]Yj

= 0                                                                                       (30) 
(1 + r)XNBFCM−1

−  (1 + r +  Da + StL)XNBFCM

+ StL[1 +  α(NBFCM − 0.5)]YNBFCM

= 0                                                                                       (31) 
Ozone solute in the gas phase, for cell j: 

(1 + α(j − 1.5))qG,j−1Yj−1 − (1 +  α(j − 0.5))qG,jYj

− StLG[(1 +  α(j − 0.5))Yj − Xj]

= 0                                                                                       (32) 
Where:r =  QB QL⁄ , StL =  kLa/NBFCMuL, StG =
 kLaLRT NBFCM⁄ uG,0H,Da =  kwεLL NBFCM⁄ uL, 

Xj= CL,j CL,0
∗⁄  ,  Yj =  yj y0⁄  and qG,j =  QG,j QG,0⁄  
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These equations have been solved using 

TKSOLVER software at number of cells, ozone 

decay rate and tolerance of 10, 0.028 𝑚𝑖𝑛−1, and 
10-6 respectively. 
They validated their model with the experimental 
results of Zhou [7], where bubble column with 

diameter of 100 mm and a height of 2000 mm were 
used. The predicted ozone concentration profile 
along the column is shown in Figure 24. 
 

 
Fig. 24: (a) co-current steady state BFCM and (b) 

counter-current steady state BFCM [8] 
 

Baawain et al. [24] have modified the steady state 
BFCM mentioned above in order to account for 
variable mass transfer coefficient along the height 
of the impinging-jet bubble column. This 
assumption is described by the varying liquid 
phase Stanton number (StL). Also, the variables cell 
volume, cross-sectional area and pressure has 
been described by the following parameters: ƒj, ƒA,j 
and ƒZ,j respectively. 
For cell: j = 1 

X0 −  (1 +  r1 + ƒj .  ƒA,j .  DA,j + ƒj . ƒA,j . StL,j). X1 + r1 . X2

+ ƒj . ƒA,j . StL,j . (1 +  α . ƒZ,j .0.5) . Y1

= 0                                                                                        (33) 
For cells: 2 ≤ j ≤ NBFCM-1 

(1 + rj−1). Xj−1

−  (1 + rj
′ + rj +  ƒj .  ƒA,j .  DA,j + ƒj . ƒA,j . StL,j). Xj

+ rj+1 .
′  Xj+1 + ƒj . ƒA,j . StL,j . (1 +  α . ƒZ,j.  (j − 0.5)) . Yj

= 0                                                                                     (34) 
For cell: j = NBFCM 

(1 + rNBFCM
). XNBFCM

−  (1 + rNBFCM

′ + ƒj .  ƒA,j .  DA,NBFCM

+ ƒj . ƒA,j . StL,NBFCM
) . XNBFCM

+ ƒj . ƒA,j . StL,NBFCM
 . (1 +  α . ƒZ,j.  (NBFCM − 0.5)) . YNBFCM

= 0                                                                                        (35) 
For the ozone solute in the gas phase: 
For cells: 1 ≤ j ≤ NBFCM 

qG,j−1  ∙  Yj−1  ∙  (1 +  α ∙  ƒZ,j  ∙  (j − 1.5)) − qG,j  

∙  Yj  (1 +  α ∙  ƒZ,j(j − 0.5)) − ƒj . ƒA,j . StG,j  

∙   ((1 +  α ∙  ƒZ,j  ∙  (j − 1.5)))  ∙  Yj −  Xj)

= 0                                                                                       (36) 
TKSOLVER software and Newton method were 
used to solve the above mathematical equations 
with ozone decay rate of 2.61 × 10-4 s-1. Their model 

predicted the dissolved ozone concentration profile 

along the column as shown in Figure 25 below. 
 

 
Fig. 25: Dissolved ozone concentration profiles for 

injection and ejection methods [24] 

 

It was concluded that the model accurately 
predicted the concentration profile of the dissolved 
ozone. Tizaoui and Zhang [2] have developed steady 
state BFCM to describe mass transfer of ozone from 
the gas phase to the water inside Kenics static 
mixer. The volumetric mass transfer coefficient has 
been used to describe the liquid phase resistance 
to the ozone mass transfer.  
The steady state BFCM results have been validated 
with experimental data. The experiment was 
carried out by using two static mixers of different 
lengths (0.37 and 0.74m) at gas flow rates range 
(400, 600, 800 mL/min) and liquid flow rates (1.5, 
1.8, 2.3 L/min) and different entrance gas 
concentrations (64 and 82 g/m3 NTP). 

 
Fig. 26. The relation between model and experimental 

outcome [9] 

As shown in Figure 26, the model was verified 

comparing the experimental and predicted values 
of outlet ozone concentration in the gas and liquid 
phases and good agreement between experimental 
and calculated values was obtained.  

6. Conclusion 
This paper has studied the use of static mixers for 
water ozonation, Application of static mixer in other 
industries, types and advantages, focusing on a 
ozone mass transfer in Kenics staic mixer. 
Moreover, the basic knowledge and techniques that 
are needed for developing the mathematical models 
are discussed. Different mathematical models: 
BFCM, ADM and CFSTR have been discussed in 
this paper. 
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Gas-liquid contactors produce high ozone 

concentration. However, they require low gas flow 
rate that cause low gas to liquid volumetric flow 
rate ratio. However, static mixers are more efficient 
at low gas/liquid ratio and high ozone 
concentration. Furthermore, they produce a 
homogeeous ozone concentration because of the 
high turbulence produced by the elements that are 
inside the mixer [1,2]. 
As a result of this review, the steady state BFCM 
was verified by comparing the experiment data of 
Tizaoui and Zhang [2] and calculated-from-the-
model values of ozone concentration in the gas and 
liquid phases at the outlet of the Kenics static 
mixer [2]. Α satisfactory correlation between 
experimental and calculated values was obtained 
with an error of about 5%[2]. Furthermore, both 
BFCM and ADM have proved to be accurate, 
sufficient and reliable in their predictions of the 

performance of the ozone Kenics static mixer. 
However, the transient BFCM have provided 
slightly better results than the ADM. This is 
because the transient BFCM uses two mixing 
parameters to characterise the backmixing in the 
liquid phase: the number of cells and the 
backmixing ratio whereas the ADM uses only one 
parameter which is the Peclet number. 
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