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Abstract 
 

 

The coefficient of variation (COV) of ozone residual is often used to compare the mixing 

performance of different ozone contacting systems. Multiphase mass transfer CFD modeling is 

performed and compared with experimental data to investigate correlation between mass transfer 

efficiency, a corresponding full cross-sectional spatial COV, a corresponding “grab  sample” 

temporal COV, and a comprehensive uniformity index for mixing for varying sidestream ozone 

doses. Typical sampling methodology for ozone residual is reviewed and general guidelines for 

better representative sampling are suggested. 
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Background 
 

 

A large number of municipal water/wastewater/water re-use applications utilize coefficient of 

variation (COV) as a measure of a stable ozone residual and indirectly, mixing efficiency 
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(Schulz and Bellamy 2000),. In researching literature for the origins of this practice, this study 

found that this index is derived from previous work by Schneider (1981), based directly on work 

with static mixers. Schneider’s work was focused on mixing characteristics of Sulzer (models 

SMX, SMXL, SMV) static mixers, predominantly focused on simple blending. In addition, the 

experimental setup is very specific and requires the additive to be introduced in the geometric 

center of the pipeline. The downstream sampling methodology is also specifically tailored to 

obtain a mixed sample that represents the entire cross-section.  

In contrast, the large majority of water and wastewater treatment processes are highly turbulent 

gas-liquid flows with the fundamental requirement of rapid mixing and mass transfer. In 

addition, the method of introducing an ozonated sidestream back into the main flow can vary 

from project to project.  

The coefficient of variation (COV), also known as concentration variance, is expressed as 

follows: 

 

𝐶𝑜𝑉 =  √
1

𝑁
∑

(𝐶𝑖−𝐶𝑚𝑒𝑎𝑛)

𝐶𝑚𝑒𝑎𝑛

𝑁
𝑖=1          [1] 

 

For ozone contactors, the COV for mixing proposed by Schulz and Bellamy (2000) is to be less 

than 5% for all practical applications, and less than 10% for closed-loop monitoring and control 

of real-time data, such as on-line residual measurements. These limits have been applied to 

ozone applications in recent years and are often written into project specifications. However, the 

measurement methods for COV are unclear or incongruent and are often single point “grab 

samples”. In particular, with high ozone doses, this method of measurement for COV can mis-

represent the actual mixing characteristics of the contactor. This study focuses on a pipeline 

contacting system that utilizes sidestream Venturi injection (SVI) and aims to determine if the 

coefficient of variation is indeed a good index for characterization of mixing and mass transfer 
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for rapid contacting in a pipeline. This study focuses on utilizing an experimentally validated 

multiphase mass transfer CFD model for a pilot scale contactor to address the validity of COV as 

an index. Subsequently, the CFD analysis is extended to a pipeline contacting system that is 

scaled to a typical size utilized in municipal water treatment applications. Finally, based on 

review and analyses of the study’s results, a general approach is suggested for measuring mixing 

and dispersion efficiency of a contacting system, accounting for the natural variability of ozone 

residual in contactors (Rakness 2009).   

 

Methodology 

Two geometries were modeled as part of this study. The first was a 107 mm (4-inch) diameter 

pipe with four nozzle sets to replicate the pipeline contactor geometry utilized in a previous 

study of the mass-transfer and hydrodynamics performed by Baawain et al (2011). The second 

geometry was a 1070 mm (42-inch) diameter pipeline contactor with three nozzle sets, a 

common size and configuration for water treatment applications. The model inputs are 

summarized in Table 1 and the meshed geometry of the 42-inch diameter pipe is shown in Figure 

1. The 4-inch diameter contactor was meshed with approximately 400,000 hybrid tetrahedral and 

hexahedral cells and the 42-inch diameter contactor was meshed with 4.2 million hybrid 

tetrahedral and hexahedral cells.  

Multiphase flows are modeled with a Eulerian-Eulerian approach or an Eulerian-Lagrangian 

approach (van Wachem et al., 2003). The latter is commonly accepted to be suited to modeling 

dilute flows, defined as flows with a second phase volume fraction (PVF) less than 10% 

(Brennen, 2005). Since the gas volume fractions in this study exceed 10% (particularly at the 

nozzle discharge point surrounding close vicinity), a Eulerian-Eulerian approach was utilized. 
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Furthermore, as the phase interaction is assumed to be unidirectional, a simplified version of the 

Eulerian-Eulerian approach, the mixture model, was utilized in this study.  The mixture model 

(Manninen et al., 1996) is used to model bubbly flows where phases move at different velocities. 

In the mixture model, phases are assumed to be interpenetrating.  The mixture model solves the 

continuity equation for the mixture, the momentum equation for the mixture, the energy equation 

for the mixture, and the volume fraction equation for the secondary phases, as well as algebraic 

expressions for the relative velocities (if the phases are moving at different velocities). The two-

equation, realizable k-Epsilon model (Versteeg and Malalasekera 2007) was utilized for 

turbulence modeling.  

Mass transfer was modeled based on Henry’s law and the two-film model of gas-liquid mass 

transfer (Rakness, 2011; Beltran, 2003), where the flux, J is defined as: 

      [2]  

Where kL is the local liquid mass transfer coefficient, 𝑎 is specific interfacial area, CL
* 
is the 

saturation concentration of dissolved ozone and CL is the local concentration of ozone. All 

models assume no ozone demand in the mainline flow (clean water). Mass transfer efficiency 

(MTE) in the CFD model was calculated as follows. 

𝑀𝑇𝐸 =
𝐶𝑖𝑛−𝐶𝑜𝑢𝑡

𝐶𝑖𝑛
∗ 100         [3] 

Where Cin is the total ozone input into the sidestream and Cout is the dissolved ozone residual.  

The concept of uniformity index is introduced here. Uniformity index is the normalized root 

mean square of the difference between a local ozone residual and the area or mass-weighted 

mean of the ozone residual across a representative cross-section.  A uniformity index of 1 
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indicates complete homogeneity of mixing. The area-weighted UI of the dissolved ozone 

residual is calculated using the following equation: 

        [4] 

Where i is the facet index of a cross-sectional plane with facets, 𝜙 ̅_𝑎 is the average value of the 

dissolved ozone residual volume fraction over the outlet boundary, given as follows: 

         [5] 

In contrast to a coefficient of variation, which is a lumped index, the uniformity index is area 

weighted and/or mass weighted and is commonly used as a measure of flow uniformity in fluid 

dynamics. 

The modeling approach is summarized as follows: 

1. Model steady state mixing and mass transfer for the 107 mm (4 inch) contactor at 4 

operating points from the previous study by Baawain et al (2011) to validate the CFD 

approach. 

2. Model steady state mixing and mass transfer for constant mainline flow rate and pressure, 

with increasing ozone dosages ranging from 2 mg/L to 16 mg/L.  

3. Once steady state multiphase flow model reaches convergence, model transient 

simulation of mass transfer in the 42 inch pipeline contactor and monitor ozone residuals 

at specific grab sample points as shown in Figure 3.  

 

 

 

 

𝑈𝐼 = 1 −  
∑    𝜙𝑖 − 𝜙𝑎

      𝐴𝑖 
𝑛
𝑖=1

2 𝜙𝑎  ∑ 𝐴𝑖
𝑛
𝑖=1

 

𝜙𝑎
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∑ 𝜙𝑖𝐴𝑖
𝑛
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∑ 𝐴𝑖
𝑛
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Table 1. CFD modeling conditions 

Model geometry 4-inch diameter pipeline contactor 

extended 5 pipe diameters upstream 

and 10 pipe diameters downstream 

42-inch diameter pipeline 

contactor extended 5 pipe 

diameters upstream and 10 pipe 

diameters downstream 

Mesh density ≈ 800,000 cells ≈ 4.2 million cells 

Mainline velocity 1.2 m/s (4 ft/s) 1.2 m/s (4 ft/s) 

Total number of nozzles 8 6 

Total sidestream:main 

liquid ratio  20% 10% 

Mainline pressure and 

temperature 69kPa (10 PSI), 20°C 69kPa (10 PSI), 20°C 

Ozone doses 2,4,6,8,10,12,14,16 mg/L 8 mg/L 

 

 

 
Figure 1. Model geometry with mesh, 42-inch pipeline contactor 
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Figure 2. P-1, P-2, P-3 and P-4 are at 0.1*D. P-5, P-6, P-7 and P-8 are located at 0.5*D. P-9 is located at 

0.5*D. Pipe diameter (D) is 42 inches. 

 

 

Results 
 

CFD model validation results are summarized in Table 2. It is noted that the CFD model 

prediction of mass transfer coefficient are in good agreement with measured values from the 

previous study by Baawain et al (2011).  

Table 2. Comparison of measured and modeled results of mass transfer coefficient for the 4-inch 

pipeline contactor. Absolute relative percent difference (RPD) is defined as 𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑅𝑃𝐷 =

|
𝑀𝑒𝑎𝑢𝑟𝑒𝑑−𝑚𝑜𝑑𝑒𝑙𝑒𝑑

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑
| ∗ 100     

 

CFD 

simulation 

# 

# of jets 

Mainline 

liquid 

flow rate 

(gpm) 

Total 

sidestream 

liquid  

low rate 

(gpm) 

Total 

sidestream 

gas flow 

rate (scfm) 

Vg/Vl 
Measured 

kla 

Modeled 

kla 

Absolute 

RPD (%) 

1 2 156 7.8 0.21 1% 0.19 0.18 5.2 

2 4 156 15.6 0.42 2% 0.24 0.25 4.2 

3 6 156 23.4 0.63 3% 0.28 0.29 3.6 

4 8 156 31.2 0.83 4% 0.31 0.32 3.3 

 

P-1

P-2

P-3

P-4

P-5

P-6

P-7

P-8 P-9
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The relationship between mass transfer efficiency, coefficient of variation, and uniformity index 

is shown in Figure 3. Model results indicate that beyond a dose of 8 mg/L, the uniformity index 

is a better indicator of mass transfer than the coefficient of variation. It is noted that the COV 

represented here is an average COV calculated from a converged and stable CFD model across 

the entire cross-section of the pipe.  It is also noted that in order to be on the same scale as the 

uniformity index, the COV is plotted as 1-COV.  

 

 
Figure 3. Variation of mass transfer efficiency (MTE), coefficient of variation (COV) and 

uniformity index (UI) as a function of sidestream ozone dose. Mainline and sidestream water 

flow rates were kept constant. 2 nozzles were used for ozone doses of 2 and 4 mg/L, 4 for 6 and 

8 mg/L, 6 for 10 and 12 mg/L and 8 for 14 and 16 mg/L 

 

The second set of model results are shown in Figure 4. CFD results of ozone residual reading 

based on a single point measurement at the points previously defined in Figure 3 indicate a clear 

dependence of a time averaged COV on sampling location. It is noted that a cumulative time-

averaged COV provides a more realistic correlation to actual mixing.  
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Figure 4. Ozone residual 5 pipe diameters downstream of the PFR, measured at simulated grab sample 

points in the 42 inch contactor.  

 

Figure 5 shows the variation of dissolved ozone residual across the entire cross section of the 42-

inch pipeline contactor, at 5 pipe diameters downstream (5.5 pipe diameters from the last nozzle 

set). Variations such as these are often seen even in highly controlled environments such as 

pipelines. Results indicate that there is a need to better understand and possibly devise better 

sampling methods. 
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Figure 5. Contours of dissolved ozone residual from CFD analysis for 1070 mm (42 inch) pipeline contactor operating at 4 ft/s 

mainline velocity at time t= 10 min 
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Conclusions 
 

 

Analyses of mass transfer efficiency (MTE), the coefficient of variation (COV), and the 

Uniformity index (UI) show better agreement between the MTE and the UI beyond a dose of 8 

mg/L when actual testing results are used.  The computational fluid dynamics (CFD) analysis for 

the same physical conditions show that for the test physical environment (1070 mm pipeline (42 

inch), 1220 mm/s fluid velocity (4 ft/s), and gas to liquid ratio or 0.2, with a uniform average 

application of ozone (Co) of 14 to 16 mg/L and 9 simulated grab sampling points) yields an 

excellent representation of the mixing environment in the pipeline.  

This study concludes that traditional methods of ozone residual sampling need improvement for 

the best determination of the actual exposure of the water to ozone. It is suggested that sampling 

in general for the actual ozone residual should be at greater distances than 4-5D. For high dose 

ozone applications, it is suggested that ozone residual determination may require a new method 

such as installation of a cross-sectional planner concentration mechanism which could determine 

the ozone residual present over the entire cross-section. This study also concludes that using an 

area-weighted uniformity index is a better representation of actual mixing when using CFD 

analysis as part of design.  
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