
This article was downloaded by: [Mr Paul Overbeck]
On: 12 September 2014, At: 07:57
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Ozone: Science & Engineering: The Journal of the
International Ozone Association
Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/bose20

PIV/PLIF Study of Impinging Jet Ozone Bubble Column
with Mixing Nozzles
Mahad S. Baawain a , Mohamed Gamal El-Din b & Daniel W. Smith b
a Department of Civil and Architectural Engineering , Sultan Qaboos University , Muscat,
Sultanate of Oman
b Department of Civil and Environmental Engineering , University of Alberta , Edmonton,
Alberta, Canada , T6G 2W2
Published online: 16 Apr 2010.

To cite this article: Mahad S. Baawain , Mohamed Gamal El-Din & Daniel W. Smith (2010) PIV/PLIF Study of Impinging Jet
Ozone Bubble Column with Mixing Nozzles, Ozone: Science & Engineering: The Journal of the International Ozone Association,
32:2, 99-112, DOI: 10.1080/01919510903510242

To link to this article:  http://dx.doi.org/10.1080/01919510903510242

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the “Content”) contained
in the publications on our platform. However, Taylor & Francis, our agents, and our licensors make no
representations or warranties whatsoever as to the accuracy, completeness, or suitability for any purpose of the
Content. Any opinions and views expressed in this publication are the opinions and views of the authors, and
are not the views of or endorsed by Taylor & Francis. The accuracy of the Content should not be relied upon and
should be independently verified with primary sources of information. Taylor and Francis shall not be liable for
any losses, actions, claims, proceedings, demands, costs, expenses, damages, and other liabilities whatsoever
or howsoever caused arising directly or indirectly in connection with, in relation to or arising out of the use of
the Content.

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any
form to anyone is expressly forbidden. Terms & Conditions of access and use can be found at http://
www.tandfonline.com/page/terms-and-conditions

http://www.tandfonline.com/loi/bose20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/01919510903510242
http://dx.doi.org/10.1080/01919510903510242
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Ozone: Science & Engineering, 32: 99–112

Copyright # 2010 International Ozone Association

ISSN: 0191-9512 print / 1547-6545 online

DOI: 10.1080/01919510903510242
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This paper introduces the results obtained from a parti-
cle image velocimetry/planer laser-induced fluorescence
(PIV/PLIF) system used in characterizing an impinging
jet ozone bubble column with mixing nozzles. This research
aims at evaluating the mixing effect resulting from the
nozzle diffusers attached to the outlets of the impinging
jets’ injectors. The PIV system was used to study the flow
patterns of the liquid and gas phases under different super-
ficial gas and liquid velocities (uG and uL, respectively)
values (from 0.002 to 0.017 m/s and from 0.008 to 0.024
m/s, respectively). Furthermore, a particle dynamics analy-
zer (PDA) system was used to characterize the bubble sizes
under the same operating conditions. The PLIF system was
used to determine the liquid axial dispersion coefficient
(DL, m

2/s) for the mentioned range of operating conditions.
The column average gas hold-up (eG) and specific interfa-
cial area (a) were then determined in order to evaluate the
column’s mass transfer efficiency. The results showed that
higher mass transfer rates can be obtained by using this
column, as high eG, and were achieved.

Keywords Ozone, Impinging Jets, Mixing Nozzles, Particle
Image Velocimetry, Planer Laser-Induced Fluores-
cence, Particle Dynamics Analyzer, Liquid Axial
Dispersion Coefficient, Bubble Size, Gas Hold-Up,
Specific Interfacial Area

INTRODUCTION

Ozone is normally applied to water and wastewater
by introducing the on-site generated ozone gas into the
liquid phase by utilizing conventional techniques such
as the use of bubble diffusers, turbine mixers, and gas
injectors. Bubble columns are probably the most common

ozone contactors due to their high mass-transfer abil-
ities and low energy requirements compared to those of
many other reactors (Bollyky, 1981; Charpentier, 1981).
Ozone mass transfer efficiency in these contactors is
influenced by the ozone concentration in the gas phase,
the liquid and gas flow rates, the column water depth,
and the size of the bubbles created (Kuo and Yocum,
1982).

One of the main disadvantages of bubble columns is
the occurrence of a large degree of liquid phase back-
mixing along the column. Therefore, proper modeling is
essential for estimating the bubble columns’ capabilities
accurately (Charpentier, 1981; Deckwer and Schumpe,
1993). However, bubble columns can be modified to
overcome their disadvantages and to enhance their effi-
ciency in treating and disinfecting water and wastewater.
Gamal El-Din and Smith (2001b) introduced a novel
design for the bubble column by utilizing two impinging
jets through which gas and liquid enter the contactor
under a turbulent flow condition. These researchers
showed that this new design is very effective compared
to that of conventional bubble columns, and also intro-
duced a one-phase axial dispersion model and a transient
backflow cell model to predict the dissolved ozone con-
centration along the column (Gamal El-Din and Smith,
2001a, 2001b).

This study aims at characterizing the hydrodynamics
of an impinging jet bubble column with mixing nozzles by
evaluating the concentration distributions of a tracer dye,
the liquid velocity components, and the gas velocity com-
ponents in the bubble column under different operating
conditions. Then, an attempt to predict the longitudinal
dispersion coefficients of the bubble column under each
operating condition will be performed by analyzing
the residence time distribution (RTD) curves. The
non-intrusive laser-based techniques briefly described
below were used in this study.
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LASER MEASUREMENT TECHNIQUES

Laser-based measuring techniques are popular because
they are non-intrusive, directional-sensitive, highly spatial
and temporal in resolution, and highly accurate (Albrecht
et al., 2002). Some of these measuring techniques are
point-wise, such as those using a laser Doppler anemo-
metry (LDA) and a particle dynamics analyzer (PDA),
while others such as those using particle image velocime-
try (PIV) and planar laser-induced fluorescence (PLIF)
are simultaneous flow field measuring techniques. PIV
and PLIF techniques are considered to be effective experi-
mental tools for characterizing the hydrodynamics of
different reactors.

The laser Doppler anemometer (LDA) is an optical
method for flow measurement utilizing the Doppler prin-
ciple, which states that the coherent light (laser) reflected
from a moving particle exhibits a frequency relative to a
fixed observer that depend on the known laser light
source wavelength and the velocity of the moving parti-
cle (Bernard and Wallace, 2002). LDA has been the
single most important instrumental technique that has
contributed to the investigation of complex flows of
fundamental and practical interest (Tropea, 1995). This
importance is due to its non-intrusiveness (except for the
presence of the seeding particles), directional sensitivity
and high accuracy (Bernard and Wallace, 2002). LDA
uses monochromatic laser light as a light source. The
idea is to have two laser beams crossing in one volume
(measuring volume). The interference of the two beams
in the measuring volume or the interference of the two
scattering waves (due to the moving particle) on the
detector creates a fringe pattern. The velocity informa-
tion is contained in the scattered field due to the Doppler
Effect.

The particle dynamics analyzer (PDA) is considered
a well-established measuring technique for simultaneous
measurements of particle velocity and size. The most
accurate PDA configuration is the planar PDA systems
(Durst et al., 1997). The basic configurations of PDA
systems are similar to those of LDA systems with the
difference in number and alignment of detectors, usually
two, and the laser beam intersection angles (Albrecht
et al., 2002). The phase difference of two signals received
at the same time for both detectors is employed to deter-
mine the size of the particle (Albrecht et al., 2002; Durst
et al., 1997).

The PIV system aims at measuring the displacement of
seeded particles over a short time in order to determine
the velocity components in an image plane. The particles’
displacement is determined through a pulsed light veloci-
metry in which the positions of the marker particles in a
plane are noted at some time step by illuminating through
successive pulses of laser light and capturing the images
either on film or via a charge-coupled device (CCD)
camera (Bernard and Wallace, 2002; Raffel et al., 1998).

The experimental setup of a PIV system normally consists
of several subsystems. Most applications add tracer par-
ticles to the flow. These particles have to be illuminated in
a plane of the flow at least twice within a short time
interval, as mentioned above. The scattered light has to
be recorded either on a single frame or on a sequence of
frames. The displacement of the particle images between
pulses can then be determined by evaluating the PIV
recordings. A sophisticated post-processing system is
required to handle the great amount of data that can be
collected by using the PIV technique (Raffel et al., 1998;
Stanislas et al., 2000).

The PLIF system is based on obtaining the planar
measurements of a scalar concentration field in water.
In such a case, a fluorescent dye is mixed and carried as
a passive scalar in the flow. During the illumination
process of the laser, the dye absorbs incident light at
one wavelength and reemits it at a different wavelength.
According to the Beer-Lambert law, the reemitted wave-
length of the light intensity is proportional to the dye
concentration at the measuring point (Bernard and
Wallace, 2002). Additional details about the basic princi-
ples behind different planar laser measurement techniques
can be found in Vancruyningen et al. (1990) and Willert
and Gharib (1991).

EXPERIMENTAL SETUP

Flow Facility

The experimental set-up used in this study is shown
in Figure 1, which was introduced originally by Gamal
El-Din and Smith (2001b). The bubble column (made of
clear acrylic) had an inner diameter of 100 mm and a
height of 1320 mm. An outer square jacket with 150 mm
sides and 1000 mm high (starting from 150 mm above the
bottom of the column) was used in this study to minimize
any reflection effect. An overflow weir was placed around
the top portion of the bubble column for recycling and/or
draining purposes. The liquid and gas were introduced
into this bubble column through two Kynar Mazzei ven-
turi injectors (Mazzei Injector Corp., Bakersfield, CA)
with inside diameters of 12.7 mm that were placed 25
mm above the bottom of the column at an intersecting
angle of 125o.

A slight modification to the bubble column introduced
by Gamal El-Din and Smith (2001b) was implemented in
this study by adding mixing nozzles to the outlet of the
injectors (see Figure 2). The distance between the two
nozzles was measured to be 40 mm center to center.
This modification was expected to enhance the momen-
tum of the entering plunging jets and to provide better
mixing at the bottom of the column. More details about
the original impinging-jet bubble column design and con-
figurations can be found in Gamal El-Din and Smith
(2001b).
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PIV/PLIF Setup

The PIV/PLIF setup used in the hydrodynamic analy-
sis of the ozone contactor included a laser source, charge
coupled device (CCD) cameras, and processing units,
as shown in Figure 3a. An Nd:Yag dual cavity laser was
utilized in this study for both the PIV and PLIF experi-
ments. The emitted wavelength of the utilized Nd:Yag
laser was 532 nm, with a pulse duration of 10 ns. The
period between pulses was set to 1000 ms during PIV
measurements and 100 ms during PLIF measurements,
with a maximum repetition rate of 8.0 Hz. The measure-
ments were obtained at a time interval of 1000 ms during
PIV measurements and 125 ms during PLIF measure-
ments. The CCD cameras were configured to use double
frames for PIV measurements (velocity measurements)
and a single frame for PLIF measurements (concentration
measurements). A FlowMap System Hub produced by
Dantec Dynamics (Skovlunde, Denmark) was used to
transfer the data to a PC where FlowMap Software was
used for further analysis of the collected data.

The PLIF system was first calibrated by measuring
the intensity of 5 different concentrations of Rhodamine

6G (Rh6G) solutions ranging from zero to 400 mg/L at a
power level ranging from 50 to 150 mJ. The concentration
versus the intensity was plotted to determine the most
appropriate calibration curve for this study. The calibra-
tion curve obtained for the 150 mJ power gave the highest
correlation coefficient (0.88). Therefore, this power level
was used during all PLIF measurements.

The PIV measurements were conducted by using two
CCD cameras with a double-frame mode for measuring
the velocity of both phases (liquid and gas) simultaneously
by utilizing special filters. Melamine-formaldehyde (MF)
spheres, coated with Rhodium B (RhB), were used as
seeding particles to obtain the liquid velocity measure-
ments while gas bubbles represented the seeding particles
for the gas velocity measurements. The 2-D velocity
vectors were then obtained by employing an interroga-
tion cell of 64 x 64 pixels, which was a subdomain of a
1344 x 1024 pixel viewing area. The interrogation cell
was then shifted with 25% overlap, and thus 21 x 21
velocity vectors were obtained in each instantaneous
PIV sample. However, for illustration purposes, 11 x
11 velocity vectors maps were produced.

4

2

3

5

: Mazzei injectors

: To drain

: Tracer injection points

: Pressure sensors

: Sampling taps

6 : Digital camera

Storage barrels

Feed-gas line

Off-gas line

Over-head tank

: Flowmeter

: Pressure gauge

: Flow regulator

Centrifugal
 pump

Data logger
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6

FIGURE 1. Bubble column pilot-scale setup (Adapted from Gamal El-Din and Smith (2001b)).
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PDA Setup

The PDA set-up used in this study included a PDA
system and the same bubble column used in the PIV/PLIF
experiments (see Figure 3b). The PDA system utilized
during the study, produced by Dantec Dynamics, consisted
of a 60X FiberFlow transmitting probe, a FiberPDA 58N70
detector unit, and a BSA P60 flow and particle processor.
An Argon-Ion laser was utilized in this study with a beam
wavelength of 514.5 nm. A summary of the configuration
and operational settings of the PDA system are shown in
Table 1. Those settings were chosen after exploring a wide
range of operational settings to match the bubble col-
umn’s operational conditions. This system was used to
provide the bubble size measurements for the same opera-
tional conditions conducted during the PIV/PLIF study.

MEASUREMENT DESCRIPTION

The PLIF and PIV experimental conditions utilized
in this study are provided in Table 2. For comparison
reasons, the ranges of the liquid and gas flow rates were
chosen to be similar to those used by Gamal El-Din
and Smith (2001b). Three liquid flow rates (QL) were
used in this study: 6.3 x 10-5 m3/s, 1.26 x 10-4 m3/s, and
1.89 x 10-4 m3/s. The gas flow rate (QG) ranged from 8.3 x

10-6 to 1.0 x 10-4 m3/s. The resulting gas to liquid ratio
was from 4 to 53%. After a steady state flow condition
was reached, a continuous injection of the Rh6G tracer at
about 1.4 x 10-5 m3/s was introduced into the system
through two injection points at the entrance of each
Mazzei injector. Three concentrations of the Rh6G were
used to yield a 45 mg/L average concentration when fully
mixed with the entering flow (250, 425, and 625 mg/L
for QL of 6.3 x 10-5 m3/s, 1.26 x 10-4 m3/s, and 1.89 x
10-4 m3/s, respectively). The continuous (step) input of
the tracer was chosen over the slug input for this con-
tactor due to the difficulties associated with injecting the
tracer manually at the two inlets.

The PLIF process of image capturing covered about
2 times the detention time required for the tracer to pass
through the system under each operating condition (300
images at 1 s intervals were captured for QL of 6.3 x 10-5

m3/s, 130 images at 1 s intervals were captured for QL of
1.26 x 10-4 m3/s, and 100 images at 1 s intervals were
captured for QL of 1.89 x 10-4 m3/s). (Duplicate measure-
ments were applied to reduce the uncertainty associated
with the measurements.) The average water temperature
was 17 � 1 oC.

During the PIV experiments, the flow patterns of
the system were studied for 1-phase and 2-phase flow
conditions for the same experimental conditions shown

16 mm

23 mm

19 mm 8 mm

63.5 mm

12.5 mm

5 mm

63.5 mm

150 mm
Gas/liquid 

outlet

Liquid
inlet

N-8 Mazzei mixing nozzle

Model 384 Mazzei injector

Gas inlet

FIGURE 2. Critical dimensions and geometry of Mazzei injector and nozzle.
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in Table 2. The measurements were taken at the same
location where the PLIF measurements were taken. The
PIV process of image capturing was taken in 30 dupli-
cated measurements for each experimental condition. The
average water temperature was 20 � 1 oC.

The bubble-sizing measurements were also conducted for
the same range of operating conditions shown in Table 2.
The measurements were conducted around the middle
height of the column by using the PDA system. Different
acquisition times were used for the bubble size measure-
ments depending on the rate of the bubbles formed in the
column. The acquisition time ranged from 100 s to 600 s.

Since the bubble size measurements were conducted,
it was thought that estimating the gas hold-up (eG) would
provide a basis for determining the specific interfacial
area (a, m-1), which in turn would provide useful

information for characterizing the gas mass transfer
efficiency of the contactor. The value of eG for each
operating condition shown in Table 2 was calculated
by inserting two tubes through the sides of the bubble
column (one was fixed in the mixing zone, which is the
zone where the two jets impinged into each other, and the
other one was fixed just above the measurement location
used for the PIV, PLIF and bubble sizing). The change
in the water level in the tubes was observed, and the
following equation was applied to determine eG:

eG ¼
�h

�x
½1�

where �h (m) is the difference between the water level in
the tubes, and �x (m) is the axial distance between the
measuring points.

7

PC

4
5

3

6

1    Bubble column 
2    Square jacket
3    Laser source
4    Receiving optics
5    Traverse system
6    Laser controlling unit
7    Flow and particle processor

2

1

(b) PDA setup

6
7

PC

4

5

1    Bubble column
2    Square jacket
3    Laser source
4    CCD cameras
5    Traverse system
6    Laser controlling unit
7    System hub

3

2

1

(a) PIV setup

FIGURE 3. Experimental setup.
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RESULTS AND DISCUSSION

All images captured during the PLIF experiments
were converted to 2D concentration fields through

the obtained calibration relation by using the
FlowMap Software. A re-sampling of these concentra-
tion fields yielded colored contour maps that show
the concentration distribution of the tracer along the

TABLE 1. Summary of PDA Configuration and Operational Settings

Processor Optical PDA

High voltage activation Automatic 1. Beam system
Anode current warning 90% Wavelength 514.5 nm
Calibration mode Automatic Focal length 500 mm
40 MHz Frequency shift Enable Beam diameter 1.35 mm

Expander ratio 1.0
Coincidence Group Beam spacing 20 mm
1. General Frequency shift 40 MHz
Filter method Overlapped 2. PDA receiver
Spherical validation On Receiver type Fiber PDA
2. LDA1 Scattering angle 71o

Record length mode Auto-adaptive Receiver focal length 400 mm
Record length 32 Receiver expander ratio 1.0
Maximum record length 256 Fringe direction Positive
High voltage level 1000 V Scattering mode Reflection
Signal gain 30 dB Aperture mask Mask C
Anode current limit 1500 mA Spherical validation 5%
Frequency shift Fixed 3. Particle properties
Frequency shift direction Up Particle name Air
3. PDA2 Particle refractive index 1.0
High voltage level 1000 V 3. Medium properties
3. PDA3 Medium name Water
High voltage level 1000 V Medium refractive index 1.334

TABLE 2. Summary of the Operating Conditions Used for the PIV, PLIF and PDA Experiments

Experiment
number

Liquid flow rate,
QL x 10-5 (m3/s)

Gas Flow rate,
QG x 10-5 (m3/s)

Superficial liquid
velocity, uL x 10-3 (m/s)

Superficialgas velocity,
uG x 10-3 (m/s)

Gas/ Liquid ratio,
QG/QL

1 6.3 0 8.02 0 0
2 6.3 0.83 8.02 1.01 0.13
3 6.3 1.67 8.02 2.12 0.27
4 6.3 2.50 8.02 3.18 0.40
5 6.3 3.33 8.02 4.24 0.53
6 12.6 0 16.0 0 0
7 12.6 0.83 16.0 1.01 0.07
8 12.6 1.67 16.0 2.12 0.13
9 12.6 2.50 16.0 3.18 0.20
10 12.6 3.33 16.0 4.24 0.26
11 12.6 6.67 24.1 8.48 0.53
12 18.9 0 24.1 0 0
13 18.9 0.83 24.1 1.01 0.04
14 18.9 1.67 24.1 2.12 0.09
15 18.9 2.50 24.1 3.18 0.13
16 18.9 3.33 24.1 4.24 0.18
17 18.9 6.67 24.1 8.48 0.35
18 18.9 10.0 24.1 12.7 0.53
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cross-section of the contactor parallel to the flow direc-
tion. A colored contour map representing the con-
centration distribution at different sampling (image
capturing) times for two different liquid flow rates (QL

of 8.8 x 10-5 m3/s and 1.5 x 10-4 m3/s) without gas
injection is shown in Figure 4. Both cases resemble the
laminar flow (Re of 1000 and 2000, respectively).
Therefore, it was expected that the pipe with higher Re
will have higher dispersion, as Levenspiel (1999) and others
had stated. This expectation is clearly supported by the
results shown in Figure 4b, as segments of the tracer are

reaching the measurement point relatively faster than the
segments shown in Figure 4a.

Figure 5 shows the concentration distribution result-
ing from using two different gas flow rates (QL of 8.3 x
10-6 m3/s and 3.3 x 10-5 m3/s) at a fixed liquid flow rate
(QL of 1.3 x 10-5 m3/s). The results suggest a lower
dispersion effect when a higher gas flow rate was used
under the same liquid flow rate. This result can be
related to the increased mixing resulting from the higher
momentum of the plunging jets (the flow might have
been in the transitional region where the dispersion

(a) uL )b(s/m10.0= uL = 0.02 m/s 

t = 0.25τ

t = 0.5τ

t = 0.75τ

t = τ

μg/L 
0.0 12.5 25.0 37.5 50.0 62.5 75.0 87.5 100.0

FIGURE 4. PLIF images showing concentration distribution for different liquid flow rates.
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effect decreased again). This expectation is supported
by Figure 6, as the results show that the dispersion
effect decreased as the flow moved toward transitional
conditions.

Further analysis of the mixing and the dispersion in
the contactor was achieved through velocity measure-
ments obtained for the studied operating conditions
by using the PIV system. Figure 7 shows the averaged
velocity vectors for two different liquid flow rates (QL

of 6.3 x 10-5 m3/s and 1.3 x 10-4 m3/s) without gas
injection. This figure shows that the axial flow is dom-
inating, and, hence, that the flow with the higher axial

velocity will exhibit a higher dispersion. In contrast, for
the same liquid flow rate, as the gas flow rate increased,
the radial mixing increased in both phases (liquid
and gas), and, hence, the axial dispersion decreased
(Figure 8).

In order to evaluate the mixing in the contactor numeri-
cally, the following differential equation, introduced by
Levenspiel (1999) and representing the dispersion of a
conservative tracer (C, mg/L), was considered:

@C

@�
¼ DL

uL

� �
@2C

@z2
� @C
@z

½2�

(a) uL = 0.016 m/s, uG = 0.001 m/s (b) uL = 0.016 m/s, uG = 0.004 m/s 

t = 0.25τ 

t = 0.5τ

t = 0.75τ

t = τ

μg/L
0.0 12.5 25.0 37.5 50.0 62.5 75.0 87.5 100.0

FIGURE 5. PLIF images showing concentration distribution of two different gas flow rates for the same liquid flow rate.
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where � is a dimensionless time (� ¼ t/t ¼ tu/L, t is

time (s)), DL=uL

� �
is the dispersion number (the inverse

of the Peclet number, Pe), DL is the liquid axial dispersion
coefficient (m2/s), u is the pipe flow average velocity (m/s),
L is the axial distance between the tracer input point and
measurement point (m), and z is the dimensionless axial
distance (z ¼ (ut þ x)/L, x is the axial distance along the
pipe (m)).

For a step input of a tracer, the shape of the tracer
at the measurement point is S-shaped and referred to
as the F-curve. The F-curves normally represent the

dimensionless concentration (F), the ratio between the
tracer concentration at the measurement point (C, mg/L)
to the initial mixed tracer concentration (Co, mg/L), as
a function of time. The shape of the F-curve depends on
the boundary conditions of the contactor and the disper-

sion number DL=uL

� �
. The analytical expressions of the

F-curves are not available. However, their graphs can

be constructed (Levenspiel, 1999). The value DL=uL

� �
can be obtained directly by plotting the experimental
data on a probability graph paper or by differentiating

(a) uL = 0.008 m/s, uG = 0.002 m/s (b) uL = 0.024 m/s, uG = 0.002 m/s 

t

t

t

t

μg/L
0.0 12.5 25.0 37.5 50.0 62.5 75.0 87.5 100.0

 = 0.25τ 

 = 0.5τ

 = 0.75τ

 = τ

FIGURE 6. PLIF images showing concentration distribution of two different liquid flow rates for the same gas flow rate.
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the S-shaped response curve and considering the bound-
ary conditions (Levenspiel and Smith, 1957).

The numerical concentration of the Rh6G values
obtained by the PLIF system can be extracted for
all images under each operating condition and the step
response curves (F-curves) at any position of interest
can then be plotted. Figure 9 shows an F curve obtained
from the PLIF experiments for the tracer concentration
at the center of the images captured for QL ¼ 1.26 x 10-4

m3/s and QG ¼ 8.3 x 10-6 m3/s. In order to obtain the
dispersion number of the dye under each operating con-
dition, the F-curves were differentiated, and the open
vessel condition was assumed since the flow patterns
at the boundaries were not disturbed (Levenspiel, 1999).

Therefore, the residence time distribution (RTD) curves
at any position of interest were obtained for the dimen-
sionless concentration (E�) as a function of the dimen-
sionless time (�). The value of � (ti/t) is the ratio of
the data acquisition time (ti) to the mean residence time
(t). For discrete tracer data, t can be determined as
follows:

t ¼
P

tiCi�tiP
Ci�ti

½3�

where ti is the data acquisition time (s), �ti is the time
step (s), and Ci is the instantaneous (recorded) concentra-
tion (mg/L). The dispersion number can be obtained from
the RTD curves, which are characterized by t (Equation 3)
and the variance (s2t ), which can be obtained for discrete
tracer test data as follows:

s2t ¼
P

t2i Ci�tiP
Ci�ti

� t2 ½4�

The value of the dispersion number can be obtained from
the dimensionless variance (s2�), which can be determined
as shown below:

s2� ¼
s2t
t2
¼ 2

DL

uL
þ 8

DL

uL

� �2

½5�

The value of DL for all operating conditions was deter-
mined and correlated with the superficial liquid velocity
(uL) and the superficial gas velocity (uG) by using a non-
linear regression as follows:

DL ¼ 8:52� 10�3u0:06G u0:29L ½6�

A plot of the experimentally-determined versus the pre-
dicted DL, obtained by using Equation 6, is shown
in Figure 10. The obtained correlation of the multiple
determination coefficient (R2) is 0.90, indicating an excel-
lent agreement. According to Equation 6, as uG and uL
increased, DL also increased. This result agrees with the
observations reported by Zhou (1995) and Gamal El-Din
and Smith (2001a, 2003). Furthermore, Equation 6
yielded much lower DL values (about 80% lower) com-
pared to those of the impinging jet bubble column studied
by Gamal El-Din and Smith (2001b), indicating that a
major improvement in the mixing regime resulted from
the use of the mixing nozzles.

Samples of the results obtained from the PDA mea-
surements of the bubble sizing are shown in Figures 11
and 12. The histograms show that most of the bubbles
sizes range from 0.0003 to 0.003 m. These figures show
that for the same gas flow rate, as the liquid flow rate
increased, the bubble sizes decreased. This result can be
related to the higher shearing rates exerted by the higher
flow rates. Furthermore, when the gas flow rates increased,
at a fixed liquid flow rate, higher bubble sizes can be
observed. The value of the Sauter mean bubble diameter
(dS, m) was correlated with uL and uG as follows:

Scale: 5mm = 0.02 m/s 
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(b) uL = 0.016 m/s 
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FIGURE 7. Velocity vectors for different liquid flow rates without
gas injection.
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FIGURE 8. Velocity vectors for liquid and gas phases under different gas flow rates (QL ¼ 1.26 x 10-4 m3/s).
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FIGURE 9. Step response curve from PLIF images (uL ¼ 0.016
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dS ¼ 3:6� 10�3u0:32G u�0:19L ½7�

Figure 13 show a comparison between the measured
and the calculated dS. A very good agreement was
obtained as the R2 value was found to be 0.91. The
value of dS obtained by using the nozzles (Equation 7)
was found to be about 50 to 60% of the dS for the column
without nozzles (Baawain et al., 2007). Therefore, the
mass transfer efficiency is expected to be higher for the
bubble column with mixing nozzle as the available bubble
surface area is higher.

The results obtained from the gas hold-up (eG) mea-
surements were collected and correlated with uL and uG as
follows (R2 ¼ 0.95):

eG ¼ 3:25u1:54G u�0:67L ½8�

Figure 14 show the comparison between the measured
and the calculated eG. The values of eG obtained from
Equation 8 were found to be comparable to the values
of eG obtained for the same bubble column without

nozzles. This result is due mainly to the high dependence
of eG on uG compared to uL. Since eG and dS have been
determined, one can estimate the value of the specific
bubble interfacial area (a, m) by using the following
equation:

a ¼ 6 � eG
dS

½9�

Substituting Equations 7 and 8 into Equation 9 will yield
the following:

a ¼ 5:42� 103u1:22G u�0:48L ½10�
The nozzles have enhanced the values of a by a factor
of 1.5 to 2. This result indicates that the mass transfer
efficiency was consequently enhanced. If the value of
a local mass transfer coefficient (kL) of the contactor
determined by (Baawain et al., 2007) remains the same
for both cases of the bubble column (i.e., with and with-
out nozzles), then the overall mass transfer coefficient
(kLa, s

-1)can be expressed as follows:
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FIGURE 11. Bubble size distributions under different liquid flow

rates.
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kLa ¼ 88:8u1:57G u�0:36L ½11�

Equation 11 indicates that kLa will range from 0.01 s-1

to 0.33 s-1 for the range of the operational conditions
shown in Table 2. The corresponding values for the bubble
column without nozzles are 0.006 s-1 to 0.16 s-1.

CONCLUSIONS

This study explored the hydrodynamic characteristics
of an impinging jet ozone bubble column with mixing

nozzles by using non-intrusive laser measuring techni-
ques. A planar laser-induced fluorescence (PLIF) was
employed to estimate the concentration distribution of a
scalar tracer in the bubble column. The particle image
velocimetry (PIV) was used to evaluate the flow pattern
of the two phases under different operating conditions.
Furthermore, the bubble size distribution was estimated by
using the particle sizing method. In order to evaluate the
mass transfer efficiency, gas hold-up (eG) measurements
were also conducted for the studied operating conditions.

The results obtained by using the PLIF system showed
that the nozzles affected the dispersion favorably as the
axial dispersion coefficient was found to be much lower
(about 80% lower) than that of the column without noz-
zles. The mixing patterns observed by the velocity vectors
(obtained by using the PIV system) suggested a consider-
able lateral mixing due to the increased momentum of
the two phase jets exerted by the nozzles. Furthermore,
the bubble sizes (obtained by using the PDA system) were
found much smaller than the ones formed in conventional
bubble columns. The combination of the gas hold-up mea-
surements and the bubble size distributions allowed for the
specific interfacial area (a) to be determined. Consequently,
the overall mass transfer coefficient (kLa) was estimated.
It was noted that enhanced mass transfer rates can be
obtained by using this column, as high eG, a, and kLa
values were achieved.
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