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Abstract
The operational limits of existing, proven ozone dissolution and contacting technolog ies are being
tested by rapidly evolving applications of ozone. Recent water reuse applications have required
higher than typical ozone doses- rang ing from 7 mg/L all the way to 30 mg/L in the bu lk flow. In
add ition , many plants requ ire contactors to operate at turndowns as high as 13:1. These turndo'Ml
ratios are requ iring a contacting method that can treat influent water across a wide velocity range ,
from as low as 0.23 mls to greater than 2.4 mls. SCADA-controlled systems where the stability of
ozone residual reading directly affects ramp up of ozone generation equipment present a different
challenge - where and how to measure ozone residual so that the operator is getting an accurate
snapshot of mixing and mass transfer. Ozone dissolution and contacting systems are requ ired to
adapt to these new bounds and continually meet or exceed stringent mass transfer efficiency
(MTE) targets while providing a stable dissolved ozone residual as close as possible to the
down stream target location. Sidestream Venturi Injection (SVI) combined with pipel ine contacting
is an efficient ozone contacting method due to the advantages of rapid mixing and mass transfer in
a small foot-print, with minimal maintenance requirement and increased turndown capability. This
presentation focuses on recent applications which requ ired multiphase computational flu id dynamic
(CFD) model-based adaptive design of Pipeline Flash Reactors 1M (PFR) to meet mass transfer
efficiency (MTE) and ozone residual targets, with min imal head loss across all design flow rates.
Design of a cross-plane sampling mechanism for accurate ozone residual sampling is also
discussed .
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Introduction
In ozone contacting applications, mixing and mass transfer are equally important and interdependent. In modern ozone applications , with constraints on footprint and residence times, and
stringent C(t) and transfer requ irements , it is all the more important to ensure that the volumetric
efficiency of a contacting system is maximized. Sidestream venturi injection (SVI) based
contacting systems allow for excellent volumetric efficiency, smaller footprint and stable ozone
residual in comparison with trad itional bubble diffusers [1 ,2]. As the efficiency and output of ozone
generators increases, SVI based pipeline and basin contacting technology has found widespread
application [3] . With this increasing application , there arise new challenges.
Today, ozone generators can produce up to 20 percent ozone. This is advantageous in particular
for water reuse and odor control applications. Water reuse has been at the forefront of discussions
as one possible and very required solution for water shortages. In recent years, drought patterns
have been prominent wor1dwide, all the way from the Southwest United States to Southern India,
through Cape Town , to the megapol is of Chennai, India, wh ich ran out of water in 2019.
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Water reuse ozone doses can range from greater than 10 mg/L to upwards of 30 mg/L. With the
added challenges of limited space and infrastructure, a non-traditional approach to design is called
for.
In addition to high ozone doses, many plants require a single treatment system to provide excellent
mixing and mass transfer across a wide range of floW'S - often translating to velocities that range
from 0.2 m/s to upwards of 2.4 m/s. In closed-condu it floW'S, this range of velocity can correspond
to velocity profiles that range from transitional to fully turbulent floW'S. In order to account for this
non-ideal, realistic flow rate range, a multiphase computational fluid dynamics (CFD )approach to
design can be a crucially important tooL
This paper will present a case study where high ozone doses requ ired a change in approach to
design of treatment systems. The case study focuses on a water treatment plant for removing
hydrogen sulfide from groundwater in Orlando, Florida, USA The Orlando Utilities Commission
(OUC) was established in Florida in 1923 and today serves close to 250,000 customers , with
seven plants with a combined flow greater than 757000 m3/d. OUC has been utilizing ozone since
the early 1990's and in the last decade, has switched from bubble diffusers to sidestream venturi
injection (SVI) due to ease of maintenance while achieving high mass transfer. Applied ozone
doses range from 8 to 14.8 mglL. This paper then proposes a new design to accommodate high
turndown ratios in addition to high ozone doses.
There is a natural variability of ozone residual in contactors [4]. This variability is a function of flow
rates and specific geometric designs of contactors. In recent years, in particular with SCADA
controlled systems, a stable ozone residual has been used as a marker for increasing or
decreasing ozone generation in real-time. However, incomplete or misrepresentative sampling can
resu lt in errors that can propagate throughout the system , as shown in Figure 1. The results can be
over or underproduction of ozone wh ich may lead to poor and incomplete treatment [5].
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Figure 1. Ozone Residual Sampling Error Propagation

This paper presents a sampling mechan ism to obta in a representative in-line ozone residual
sample in a pipeline.
Material and methods
Sidestream venturi injection
The process of sidestream venturi injection with a pipeline flash reactor (PFR) is illustrated in
Figure 2. A predetermined amount of sidestream flow is taken upstream of a PFR and passed
through a venturi injector. The pressure differential across the inlet and outlet of the venturi injector
resu lts in suction , wh ich pulls the ozone into solution. The ozonated sidestream is re-mixed with
the bulk flow via nozzles in the PFR. Each PFR is designed using multiphase computational flu id
dynamics (CFD) including the interdependent variables of pipeline velocity profiles, nozzle velocity
and pressure , ozone dose and concentration , sidestream flow ratio, gas to liquid ratio in
sidestream and mainline, water quality (instantaneous and long-tenn ozone demand ) and ma inline
pressure.
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Multiphase CFD
Mechanisms of gas-liquid mixing can be broadly classified as follows [6]
• Bubble shear/breakup in gas-liquid flows, with renewal of gas-liqu id interface,
• Blending of two liquids of similar density, and
• Folding (at low Reynolds numbers ).
In order to more dosely approximate the physics of flow, multiphase CFD modeling was utilized to
model proposed alternative designs. Typical mesh size for a 1066 mm diameter PFR was between
6-9 million computational cells. A realizable k-Epsilon model [7] was used to model turbulent flow
and a Eulerian mixture model [8] was used to model mu ltiphase flow .
Ozone Residual Sampling
The following are suggested as requirements for accurate ozone residual sampl ing.
1. A representative volume of sample shall be obtained across entire cross-section of pipeline,
2. Minimum allowable volume of sample shall be obtained without sign ificantly impacting
established steady-state flow pattern in ma in flow,
3. Physical obstruction of sampler shall not impede established steady-state flow pattern in
pipeline
4. Representative sample shall be kept mixed as it is carried to the analyzer
5. All above processes shall occur with minimal residence time in order to prevent ozone decay in
the sampler line, and
6. Ease of installation and ma intenance.
The following variables are taken into account for design of the ozone residual sampler:
o Pipeline velocity profiles
o Ozone dose and concentration
o Gas: liquid ratio (both sidestream and mainline )
o Sidestream flow ratio
o Ma inline pressure
o Analyzer input flow rate
The sampler is manufactured with non-reactive material. Structural stability is checked with finite
element analysis (FEA).
Results and discussion
High Dose Ozone: Orlando Utilities Commission
At the Orlando Utilities Commission Southwest plant, ozone was utilized to remove hydrogen
sulfide from pumped groundwater. The overall system design induded sidestream venturi injectors
for adding ozone to the sidestream, and a PFR for rapid re-mix of the sidestream with the main
flow [9]. No degassing equ ipment was utilized. The physical location and placement of the PFR
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during construction resulted in a requirement to transfer 96 percent of high dose ozone in close to
just 2 m of water column pressure. Initial results were not promising, and are shown in Figure 2.
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Figure 3. Ozone Mass Transfer Efficiency Improvement with Increased Nozzle Pressure

The most obvious solution was to lower the elevation of the PFR, in order to gain some more water
column pressure, which would be an expensive fix, both from a money and a time standpoint. At
this point, multiphase CFD analyses were utilized to assist in decision making. The original design
included a low pressure loss static mixer downstream of the PFR. Multiphase CFD ana lysis
showed that at low flow, the static mixer was not operating efficiently. The sidestream was not
being thoroughly mixed with the bulk flow. Contours reveal that a larger portion of the gas is rising
to the top of the pipe as shown in Figure 3.
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Figure 4. Contours of Ozone Gas across Pipeline at Average Flow, Baseline, 100691

It was then decided to look at increasing the pressure loss through the nozzles by increasing the
injector flow rate. Results showed an immed iate increase in MTE to 90 percent, which was still
below the target of 96 percent. Serious consideration was then given to lowering the PFR
elevation , to gain more water column pressure. However, prior to taking on a costly, time
consuming re-piping solution, targeted CFD analysis was continued. Since the plant had flexibility
for more pressure loss, other methods were considered.
One option was to use an orifice plate type static mixer. The goal was to get an extra 20.7 to 27.6
kPa of back pressure on the PFR and to have some secondary mixing. The wafer mixer was
installed downstream of the PFR, as shown in Figure 4.
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Mutiphase CFD analyses predicted a drastic increase in mixing efficiency with th is approach, as
shown in Figure 5. Simulation results were validated by measured performance from the plant,
which showed an improvement of MTE to over 98 percent, as shown in Figure 6 and Figure 7.
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Figure 7. Ozone Mass Transfer Efficiency Improvement with Increased Nozzle Pressure
and Wafer Mixer Backpressure, 71

Hi gh Turndown
In order to account for the large variability in flow velocity profiles across mainline flow velocities
rang ing from less than 0.3 mls to as high as 2.3 mis, a pipeline contactor design which facilitates
maximum contacting is required. Using multiphase CFD, a large number of design alternatives
were investigated, with the factor of very low allowable pressure loss as the driver variable. The
final design is shown in Figure 8 (Mazzei pipeline flash reactor products are covered under both
US and international patents).
Flow Conditio ning Vanes

•

•
Nozzle Jet Mix ing Zone

Figure 8. Pipelin e Flash Reactor Plus (PFR+)

CFD results indicate a high degree of mixing unifonnity as shown in Figure 9. Streamline analysis
shows flow patterns consistent with turbulent mixing , folding and blending , wh ile gas volume
fraction contours show even and thorough dispersion of gas across the entire cross section of
pipeline. It is noted that the pressure loss across the PFR+ was modeled and measured at less
than 1.72 kPa at a main flow velocity of 2.4 mls. This design enables the PFR to be used across a
much higher velocity range than usual (turndo'Ml capability in excess of 10:1 ).
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Figure 9. Flow Streamlines and Contours of Ozone Gas across Pipeline Flash Reactor Plus (PFR+),
showing mixing uniformity

Ozone Residual Sampling
In order to obtain a representative ozone residual sampler, a cross-planner mechanism was
devised as shown in Figure 10. The sampler consists of a vertical section and horizontal section
with uniform orifice arrangement to capture the entire flow cross-section. The sampler is installed
counter-cu rrent to flow, 3 pipe diameters downstream of the PFR. The sample from the vertical
section and horizontal section is combined and piped to the dissolved ozone analyzer. A system
consisting of a valve and a liquid-suction venturi injector is used to adjust sample amount and to
transport the analyzed sample back into the pipeline, removing any need for off-gassing the
sample.
Orifice diameter and spacing were determined through mu ltiphase CFD. Sample results are shown
in Table 1, where a uniform amount of total flow is pulled through both the vertical and the
horizontal sampling sections.
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Figure 10. Mazzei Ozone Sampler System
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Table 1. Percent of Flow Sampled per Orifice of Sampler

" of Total Flow
OrIfice "
Vertical Sampler

Horizontal Sampler

Orifice 1

8%

7%

Orifice 2

7%

7%

Orifice 3

8%

8%

Orifice 4

8%

9%

Orifice 5

8%

9%

Orifice 6

8%

9%

Orifice 7

8%

8%

Orifice 8

9%

9%

Orifice 9

9%

8%

Orifice 10

9%

9%

Orifice 11

9%
9%

9%
9%

Orifice 12

Co nclusio ns
Pipeline Flash Reactors:

•

•

•

A higher PFR nozzle pressure an/or sequential dose staging is suggested for high
ozone dosage applications. A min imum pipeline pressure of 4.2 m of water is needed
for ozone transfer.
Static mixers are typically designed for a narrow velocity range and have reduced gas
mixing at plant turndown. In a pipeline with adequate hydrostatic pressure for gas
transfer, the pressure loss of the wafer mixer results in increased plant pumping costs.
A PFR+ allows for efficient mixing and mass transfer for high turndown applications with
minimal pressure loss.

Ozone Residual Sampling:

A cross-sectional mechan ism was devised and ana lysed for ozone residual sampling and has
the following imporant and often over1ooked results:
• Minimal effect on ma inline flow regime,
• No sampling waste or off-gassing concerns (sample is returned to main flow),
• Easy sample flow control,
• True inline measurement,
• Stabilizes ozone generator operation to minimize energy costs
• Enables real-time accurate dosing.
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