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A probabilistic model is introduced for correcting the directional sensitivity of the optical probe technique routinely
used to determine gas holdup and bubble dynamics in gas-liquid systems. Measurements from optical probes oriented at
various angles were collected from the tapered end of optical probes in regions where approximately unidirectional and
bubbly flow conditions were observed. Based on logical assumptions, constitutive equations for a probabilistic model
were formulated, and contributions to the overall local gas phase holdup from bubbles traveling in two opposite direc-
tions were quantified. The results demonstrate a novel and useful way to interpret optical probe measurements. VC 2015
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Introduction

Assessing gas phase dispersions in two or three phase sys-
tems remains a challenge in multiphase reaction engineering,
mainly due to the lack of fundamental understanding of the
gas phase flow field and the complex intraphase and inter-
phase interactions associated with it.1–3 The majority of the
experimental and computational research directed at quanti-
fying gas phase dispersions, intraphase and interphase mix-
ing, and gas-liquid transport has thus far relied on the
concept of phase holdup,4,5 that is, the local and/or global
volume fraction occupied by a particular phase. Numerous
experimental techniques for measuring phase holdups have
been developed,6–8 and their results used to validate phenom-
enological and computational models at various scales.9–19

Despite all the recent advances, phase dispersion proper-
ties obtained from multiphase computational fluid dynamics
models still require precise validation via means of reliable
experimental techniques.20,21 For large-scale vessels, even
the most detailed models possess significant limitations due
to unverified simplifying assumptions, correlations, or
extrapolations, and/or they require too much computational
power. Further development and utilization of reliable and
affordable visualization techniques are therefore invaluable
for assessing of industrial multiphase reactors.22

In our Chemical Reaction Engineering Laboratory (CREL)
and elsewhere,23–27 the optical probe technique has been pro-
ven to be one of the most versatile tools for characterizing
gas phase dispersions by measuring local gas phase holdups
and bubble dynamics. Two types of microsized probes are
available: optical and conductivity. Optical probes offer sev-

eral distinct advantages: simple setup, easy signal interpreta-
tion, a high signal-to-noise ratio, a wide range of media in
which they can be used and many operating conditions
including high temperature and pressure.28,29 First adopted in
CREL by Xue,29 the optical probe technique has been suc-
cessfully applied to bubble columns,20,30 slurry bubble col-
umns,31 gas-liquid stirred tanks,21,32,33 and pressurized
autoclaves.21,34,35 Tapered end probes in particular have pro-
ven useful for wide range of applications.

Despite all the advantages, a significant and often-
neglected disadvantage of the tapered end optical probe tech-
nique21,29 remains: potential bias when the tip is employed
in “improper” orientations. The technique is invasive by
nature and the bubbles must pierce the probe tip in order to
be detected; as a consequence, the probe can detect only
bubble populations traveling in certain directions. Chances
for the probe to miss a significant number of bubbles always
exist, especially if the probe tip is much larger than the bub-
bles and/or the tip is not facing the main flow direction.
While several studies have provided general guidelines on
how big the probe tip must be, for example, Mueller,21 no
theoretical foundation has been firmly established for cor-
recting the directional sensitivity of the technique. Notable
works which touch on the potential error due to directional
sensitivity and attempt to correct it include those by Enrique
Juli�a et al.,28 Mueller and Dudukovic,36 Lee and Dudu-
kovic,32 and Groen.37 In all of these works, with the excep-
tion of the work by Groen,37 the authors reported “true”
(unbiased) local gas holdups based on the measurement
results obtained from tips that were oriented to face the main
flow directions, where either the largest local gas holdups
were measured or practically all of the bubbles were
assumed to have been captured by the probe. Groen37 sug-
gested a simple model to correct for the directional sensitiv-
ity, but it has not been adapted by other researchers most
likely due to what he termed “a crude assumption” involved.
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While using the optical probe technique in strictly unidir-
ectional flow may result in “true” and unbiased representa-
tion of gas holdup, in other flow conditions, for example,
bubbly flows where bubbles fluctuate and move in various
directions, it is questionable whether the optical probe meas-
urements yield “true” gas holdup. A comprehensive method
or model capable of correcting for directional sensitivity is
needed.

Experimental Setup and the Optical Probe

Gas-liquid stirred tank

The gas-liquid stirred tank reported in our previous stud-
ies32,33 was used to approximate three flow conditions: one
unidirectional flow and two bubbly flow conditions. To
mimic the unidirectional flow, the stirred tank was equipped
with a standard Rushton Turbine (RT) and four baffles on
the tank wall. For bubbly flow conditions, two experimental
setups were used: the stirred tank equipped with a RT and
the baffles, and bare tank with the gas sparger, that is, the
sparged tank. Filtered air and tap water were used for the

gas phase and the liquid phase. Figure 1 shows the sche-
matics of the two setups and the sparger.38

Approximately unidirectional flow

Flooding, loading, and fully recirculated regimes (Figure
2) were identified in the stirred tank.36,39,40 The three
regimes are marked by distinct differences in the regions
which the bubbles occupy and the predominant local bubble
movement direction. In the flooding regime, bubbles from
the sparger are not effectively dispersed throughout the tank
and a bubble column-like behavior (bubbly flow) is observed
in the central region. In the outer regions, very few to no
bubbles are observed. In the loading regime, bubbles from
the sparger are dispersed just enough to occupy the upper
part of the tank (above the impeller discharge plane) in both
the inner and outer regions, and bubbles show a near-
unidirectional movement toward the top of the tank (free
surface). In the fully recirculated regime, bubbles occupy all
regions of the tank and recirculation loops are observed
below and above the impeller discharge plane. As the turbine

Figure 1. (a) Stirred tank (equipped with a Rushton Turbine (RT) and the baffles), (b) sparged tank, and (c) ring
sparger (figure modified From Rammohan, Characterization of Single and Multiphase Flows in Stirred
Tank Reactors, 2002, VC Department of Chemical Engineering, Washington University in St. Louis, repro-
duced with permission).
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RPM is increased and the flow becomes more dispersed,
smaller recirculation loops are observed in regions close to
the free surface, tank walls, and the baffles.

Careful visual inspection of the three flow regimes at vari-
ous operating conditions and regions revealed the most dis-
tinct unidirectional flow region to be the upper outer region
of the loading regime. Accordingly, our optical probe was
employed at an axial height of h 5 11.5H (H 5 liquid height),
a radial position r 5 0.9R (R 5 radius of the stirred tank), and
458 from the baffle (midway between the two baffles), under
operating conditions of 515 RPM and 0.408 m3/min of gas
flow at standard temperature and pressure. These conditions
correspond to operating dimensionless parameters of
Fl 5 0.045 and Fr 5 0.5. Fl and Fr represent the Flow Number
and the Froude Number, respectively, and are the two mostly
commonly used dimensionless operating parameters for
assessing the flow regime and quantifying the overall degree
of dispersion of an air-water stirred tank.32,36,39,40

Bubbly flow

For bubbly flow conditions, optical probes were employed
in both experimental setups (stirred tank and sparged tank)
to investigate whether the degree of gas phase dispersions
had significant effects on our model results. For the stirred
tank, our optical probe was deployed in the region, where
only a small number of bubbles was observed, at an axial
height of h 5 13.5H (H 5 liquid height), a radial position
r 5 0.4R (R 5 radius of the stirred tank), and 458 from the
baffle (midway between the two baffles) under the operating
condition of 230 RPM and 0.184 m3/min (Fl 5 0.045 and
Fr 5 0.1). For the sparged tank, our optical probe was
deployed in a region where a relatively large number of bub-
bles was observed, at an axial height of h 5 13.5H
(H 5 liquid height) and in the center of the tank under oper-
ating condition of 0.524 m3/min.

Optical probe and data acquisition

For our probes, we chose 105/125/250 lm core/cladding/
coating diameter multimode optical fibers from Thorlabs.
The fibers were first tapered and polished via methods out-

lined by Mueller21 to have their tips be of conical shape.
The finished fibers were then epoxied into 1/8 in.-diameter
stainless steel tubes and inserted into the tank from the top
(free surface). For all three operating conditions investigated,
measurements were collected at impact angles (h) ranging
from 08 (facing the main flow direction, toward the bottom
of the stirred tank and sparged tank) to 3308 (Figure 3). For
each run, the voltage signal from the photodiodes (Thorlabs
PDA36A) was collected at a rate of 40 kHz (PowerDAQ
PD-BNC-16) for 1500 data acquisition frames, a total

Figure 2. The three flow regimes of a gas-liquid stirred tank.

[Left, the flooding regime; middle, the loading regime; right, the fully recirculated regime. Red lines with arrows represent pre-

dominant local bubble movement directions.] [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

Figure 3. “Needle-like” probe in gas-liquid system.

[Circles represent gas bubbles and h represents the

impact angle (angle away from the main flow direction

and major bubble movement) at which the probe is

employed.]
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duration of 691.2 s. For the two setups we investigated, the
majority of the bubbles are at least by an order of magnitude
larger (�1.05 mm) than the optical probe tip as reported by
our group’s previous work21,29; hence the measurement inac-
curacy caused by drifting and/or deformation of bubble inter-
faces for “small” bubbles can be ignored.41

Data Processing

The collected signals were normalized, first by subtracting
the minimum voltage observed during the whole measure-
ment time, and then dividing this value by the difference
between a reference voltage and the minimum voltage
observed. The reference voltage was set to a value that con-
strained the dry tip normalized voltage between 0.8 and 1.2.
In equation form, this is equivalent to

Vnorm ¼
Meausred voltage 2 Minimum voltage

Reference voltage 2 Minimum voltage
(1)

After checking for bimodality of the signals, the normal-
ized signals were converted into binary signals; gas holdups
and bubble counts were obtained via the procedure detailed
in our previous works.32,33

Directional Sensitivity of “Needle-Like” Probes

There are numerous literature reports based on “needle-
like” probe techniques (which include our optical probe tech-
nique), as summarized by Boyer et al.,6 yet only a few con-
sider the directional dependency of their results. To the
author’s knowledge, the most detailed discussion is provided
by Bombač et al.,39 who included the directional sensitivity
of their measurements inside a reactor region where unidir-
ectional flow is observed. For their microresistivity probe,
which operates on a similar principle as our optical probe
and also has a tapered tip, the magnitude of directional
dependency was found to be insignificant up to the an
impact angle (h) of 908, suggesting the acceptance angle (b)
of their probe to be 1808. As the impact angle (h) increased
to 1208, only a slight reduction (10%) in the measured
holdup values was reported, and measurement results beyond
h 5 1508 were not provided.

From our group, Mueller and Dudukovic36 and Lee and
Dudukovic32 noted the optical probe’s directional sensitivity,
but no discussion regarding the magnitude of directional
dependency was included. In theory, the two techniques
(conductivity and optical probes) should have equivalent
directional sensitivities. However, as there exist numerous
attributes which may cause differences, for example, the
exact tip shape (angle) and size, processing algorithms,
detector sensitivities, bubble size distribution, velocity, and
shape, here we present our optical probe’s directional sensi-
tivities for the three flow conditions we investigated.

Approximate unidirectional flow

Figure 4 shows the gas holdups and bubble counts
obtained at impact angles ranging from h 5 08 (Figure 3) to
3308 at intervals of 308 for the approximate unidirectional
flow condition. The results are very similar to what was pre-
viously reported by Bombač et al.39 with their conductivity
probe. As the impact angle (h) increased from 08 to 908, that
is, up to acceptance angle (b) of 1808, the gas holdups and
bubble counts remained relatively constant; as the impact
angle (h) increased from 908 to 1808, the two parameters
decreased and reached their minimum values before increas-
ing once again as h increased. The minimum gas holdup and
the minimum bubble count observed at h 5 1808 were
approximately 45 and 60% of what was observed when the
probe was oriented to face the main flow direction (h 5 08),
respectively.

The fact that a significant number of bubbles were
detected and contributed to the local gas phase holdup and
total bubble count for the probe oriented at h 5 1808 indicate
that there exists a significant number of bubbles that deviate
from the main flow direction even for a seemingly unidirec-
tional flow: thus the wording “approximate unidirectional
flow” and not “unidirectional flow.” In gas-liquid systems,
the bubbles always have a very well-defined mean velocity,
but considerable variations may exist. When these variations
are confined locally, and when globally the mean velocity
has a very small variance and is always in one direction, we
have unidirectional flow. For such conditions, the probe ori-
ented at h 5 1808 would miss almost all bubbles, as the fiber

Figure 4. Measured gas holdups and bubble counts at various impact angles for approximate unidirectional flow
in the stirred tank.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and the metal sheathing aligned with the main flow direction
would block them from ever reaching and piercing the tip.

Bubbly flows

Figures 5 and 6 show the gas holdups and bubble counts
obtained at various impact angles for the two bubbly flow
conditions we investigated. The results revealed a similar
pattern to that of “unidirectional” flow (a nearly constant gas
holdup from impact angles of 0–908, followed by a decrease
for impact angles of 90–1808). Nevertheless, there were two
noticeable differences: the magnitudes of the (standard) devi-
ations for gas holdups and the degree of gas phase holdup
measured by the probe oriented at h 5 1808 (compared to
what was measured at h 5 08) were higher in the two bubbly
flow conditions. For the stirred tank, the gas holdups and
bubble counts measured at h 5 1808 were 57 and 60% of
those measured at h 5 08, respectively; for the sparged tank,
the ratios were 50 and 75%, respectively. These results sug-

gest the degree of bubble trajectory deviation from the main
flow direction to be higher in the bubbly flow conditions.

The Probabilistic Model and Constitutive
Equations

As mentioned previously, the magnitude of our optical
probes’ directional sensitivity, as well as that of other
“needle-like” techniques, depends on various attributes such
as exact probe tip geometry, curvatures of moving interfaces,
evolution of the interface profiles, angle of attack with
respect to the tip, and so forth,24,42 most of which are not
available a priori. Rather than a detailed theoretical analysis
of case-by-case piercing mechanisms that would involve
additional assumptions, here we provide a robust model that
could be extended to all other “needle-like” probes.

Cone of acceptance angle

Our model is based on one assumption regarding the accep-
tance angle cone: all bubbles, that is, interfaces, traveling within

Figure 5. Measured gas holdups and bubble counts at various impact angles for bubbly flow in the stirred tank.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Measured gas holdups and bubble counts at various impact angles for bubbly flow in the sparged tank.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the impact angle of 908, or the acceptance angle (b) of 1808, are
successfully captured by the optical probe, while only a fraction
of the bubbles traveling at larger angles are captured by the
probe. Pictorially, this is represented in Figure 7.

As the probe tips we used are much smaller (105 lm core
diameter, detection area � 10 lm) than typical bubble sizes
observed in standard temperature and pressure gas-liquid sys-
tems,21,29 our assumption can be represented in terms of near-flat
bubble interfaces approaching the probe tip, as shown in Figure 8.

According to our assumption, all interfaces travelling
within b� 1808 shown in Figure 8 (and therefore, bubbles in
Figure 7), that is, interfaces I and II, are successfully
detected by the probe, whereas only a fraction of interfaces
traveling at b> 1808, that is, interfaces III and IV, are
detected. Two of the most likely mechanisms which cause
such behavior include: (1) significant interface-probe interac-
tion which causes certain bubbles traveling at b> 1808 to
move away from the detection area, and (2) smaller bubbles’
inability to pierce the probe tip when travelling at b> 1808.
According to this assumption, when not employed in a uni-
directional flow region, the optical probe technique always
possesses the potential for underestimation of the true local
gas phase holdup and bubble count.

Probabilistic description of gas phase dispersions and
the model

Treatment of our collected optical measurements in the fre-
quency domain33 revealed the chaotic nature of bubble occu-

pancy for all positions and conditions we investigated. No
noticeable auto or cross correlations were observed, and the
likelihood (probability) of a bubble occurrence was statistically
independent for measurements collected at different orienta-
tions (h). Figure 9 shows the comparisons of joint probabilities
of gas phase occupancy, that is, local gas phase holdup, for
the signal taken at h 5 08 and all other h’s for the bubbly flow
condition we investigated in the sparged tank. All joint proba-
bilities were essentially equal to the product of the correspond-
ing individual probabilities, a necessary condition for two

Figure 7. An optical probe (“needle-like” probe) in a gas-
liquid system with bubbles moving in various
directions.

[Black, solid line circles represent bubbles moving from

the right to the left (b� 1808) with respect to the probe tip

orientation. Red, dashed line circles represent bubbles

moving from the left to the right (b > 1808) with respect to

the probe tip orientation. Our assumption: all bubbles

(interfaces) traveling from the right to the left are detected

by the probe, whereas only a fraction of those traveling

from the left to right are detected.] [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 8. Gas-liquid interfaces (bubbles) approaching
the optical probe tip from various directions.

[Black, solid lines represent interfaces moving from the

right to the left (b� 1808). Red, dashed lines represent

interfaces moving from the left to the right (b > 1808).]
[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 9. Comparisons between (1) the joint probabil-
ities of gas phase occupancy at h 5 08 and all
other h’s, and (2) the product of the gas
phase occupancy at h 5 08 and all other h’s.

[Results are from bubbly flow investigated in the

sparged tank.] [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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events being statistically independent. The same relationship
was found for two other flow conditions we investigated.

Based on these results and our assumption for the accep-
tance angle cone, a probabilistic model that separates direc-
tional contributions of bubbles from the local gas phase
holdup and bubble count was formulated, as shown in Eq. 2
through 5. The model separates contributions to the local gas
holdup and bubble count (number of interface boundaries
detected) from those traveling in two opposite directions, for
example, from left to right and right to left. Figure 10 sche-
matically represents the introduced variables

P Að Þ ¼ P 1ð Þ1x1 � P 2ð Þ2x1 � P 1ð Þ � P 2ð Þ (2)

P Bð Þ ¼ P 2ð Þ1x2 � P 1ð Þ2x2 � P 1ð Þ � P 2ð Þ (3)

NA ¼ N 1ð Þ1x1 � N 2ð Þ (4)

NB ¼ N 2ð Þ1x2 � N 1ð Þ (5)

In Eq. 2 through 5, PA and PB represent the measured
probability of gas occupancy for a probe tip oriented in one
of two opposite directions; P 1ð Þ and P 2ð Þ represent the
directional probabilities of gas phase holdup due to bubbles
traveling toward either probe tip A or B within b� 1808; NA

and NB represent the number of interface boundaries (bubble
counts) detected by either probe tip A or B; N 1ð Þ and N 2ð Þ
represent the number of interfaces traveling toward either

probe tip A or B within b� 1808; and x1 and x2 represent
the fraction of the gas phase holdup and number of interfa-
ces detected by a probe tip for bubbles traveling at angles
larger than the cone of acceptance angle, b> 1808.

The main difference between the two sets of equations
(Eqs. 2, 3 and Eqs. 4, 5), which results in two additional
terms for the first set (x1 � P 1ð Þ � P 2ð Þ for Eq. 2 and x2 � P 1ð Þ
�P 2ð Þ for Eq. 3), arises from the fact that Px and Nx meas-
ured by the probe have different statistical properties. By the
definition of local gas holdup in our algorithms, the measure
of gas phase occupancy probability (local gas phase holdup,
Px) is not mutually exclusive, that is, bubbles traveling from
two opposite directions (P 1ð Þ and P 2ð Þ) can occupy the
same point space simultaneously and contribute to the local
gas phase holdup. For bubble counts, this is not the case, as
the signal rise resulting from the passing of an interface at
the probe tip can only be due to either interface traveling
from opposite directions, that is, the total number of interfa-
ces detected by the probe, Nx, is mutually exclusive.

The third set of equations needed to solve for the six
introduced parameters, P 1ð Þ; P 2ð Þ; N 1ð Þ; N 2ð Þ; x1; and
x2 makes use of the ratio between the two parameters
P xð Þ and N xð Þ, P xð Þ

N xð Þ ; which represents the average
amount of time spent by a bubble at a local reactor
space (Eq. 6)

P xð Þ
N xð Þ ¼

total amount of time spent in gas phase for bubbles traveling in x2direction

total measurement time
total number of bubbles interfacesð Þ traveling in x2direction

total measurement time

¼ total amount of time spent in gas phase for bubbles traveling in x2direction

total number of bubbles interfacesð Þ traveling in x2direction
(6)

As shown in Figure 11, this ratio is highly direction-
dependent as it is a function of local flow properties that
include detailed bubble properties such as the velocity, travel
direction, and size distribution.

By assuming these measured ratios to be equivalent to the
weighted average of the two ratios for two bubble popula-
tions traveling in opposite directions, two additional equa-
tions can be formulated, as shown in Eqs. 7 and 8

PA

NA
¼

P 1ð Þ
N 1ð Þ1x1

P 2ð Þ
N 2ð Þ

11x1

(7)

PB

NB
¼

P 2ð Þ
N 2ð Þ1x2

P 1ð Þ
N 1ð Þ

11x2

(8)

Along with Eqs. 2–5, Eqs. 7 and 8 can now be used to
solve for the six introduced parameters, from which the true
(unbiased) local gas phase holdups and bubble counts can be

Figure 10. Two sets of measurements at different impact angles.
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obtained via Eqs. 9 and 10, and the degree of local gas
phase separated into two bubble movement directions

Gas holduptrue; unbiased ¼ P 1ð Þ1P 2ð Þ2P 1ð Þ � P 2ð Þ (9)

Bubble counttrue; unbiased ¼ N 1ð Þ1N 2ð Þ (10)

Results

There are several points within the range of possible solu-
tions where our constitutive equations (Eqs. 2–5, 7, 8)
become underdetermined, for example, x1; x2 ¼ 0, or ill-
posed, for example, N 1ð Þ ¼ N 2ð Þ. To avoid these points,
ranges of possible solutions listed in Table 1 were included
as part of our algorithm. The ranges were determined based
on an assumption that the higher the gas holdups and bubble
counts measured by the probe (compared to a probe oriented
in opposite direction), the more likely the bubbles will travel

toward that direction and the higher the fraction of backflow
(bubbles traveling at b> 1808) detected by the probe.

Approximate unidirectional flow

Figures 12–14 show the unbiased local gas phase holdups
obtained via Eq. 9, the magnitudes of dispersions that have
been separated into contributions from various directions,
and the fractions of backflow (bubbles traveling at b> 1808

of the probe tip) detected by the optical probe, respectively.
Because our model requires at least one set of measurements
composed of two optical probe measurements taken from
tips facing opposite directions, these figures represent results
combined from six measurement sets: 0–1808, 30–2108, 60–
2408, 90–2708, 120–3008, and 150–3308.

The unbiased local gas phase holdups obtained via Eq. 9
revealed the validity of our constitutive equations and the
assumptions for the “unidirectional” flow conditions. For all
six sets of measurements, the unbiased local gas phase hold-
ups were found to be equal to each other with a mean value
of 1.69% and a standard deviation 0.08%, and directional
sensitivity was not observed anymore. Optical probe meas-
urements collected within h 5 6908 were found to be within
the measurement error (standard deviation) of the unbiased
local gas holdup, suggesting the optical probe technique’s
usefulness when positioned at “proper” orientations. These
results are also in agreement with what has been previously
suggested by Mueller21 and Mueller and Dudukovic36 (who
came to their conclusion after comparing their results to
those from noninvasive techniques): (1) one must obtain at
least two measurements with tips oriented in opposite orien-
tations and report the larger gas holdup of the two for an
accurate measurement of gas phase holdup via optical probe
technique, and (2) It is best to have the probe oriented facing
the flow direction for regions where the main flow directions
are known. Although not shown here, the unbiased bubble
counts were also nearly equal to each other for all six mea-
surement sets.

The magnitudes of directional contributions to the local
gas phase holdups and bubble counts were found to be near

Figure 11. The average amount of time spent per bub-
ble (at the detection area) for the bubbly
flow condition in the sparged tank region
where our probes were employed.

Similar profiles were observed for the two other oper-

ating conditions. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.

com.]

Table 1. Range of Possible Values for the Variables in the

Constitutive Model Equations

Variables Range

P 1ð Þ PB < P 1ð Þ � PA, if PA � PB

0:1 � PB < P 1ð Þ � PB, if PA < PB

P 2ð Þ 0:1 � PB < P 2ð Þ � PB, if PA � PB

PA < P 2ð Þ � PB, if PA < PB

N 1ð Þ NB < N 1ð Þ � NA, if NA � NB

0:1 � NB < N 1ð Þ � NB, if NA < NB

N 2ð Þ 0:1 � NB < N 2ð Þ � NB, if NA � NB

NA < N 2ð Þ � NB, if NA < NB

x1
NB

NA
< x1 � 1, if NA � NB

0:1 � NB

NA
< x1 � NB

NA
, if NA < NB

x2 0:1 � NB

NA
< x2 � NB

NA
, if NA � NB

NB

NA
< x2 � 1; if NA < NB

Figure 12. Unbiased local gas phase holdups in a
“unidirectional” flow in the stirred tank.

Results from six measurement sets. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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their maxima for bubbles traveling within b� 1808 of angles
proximate to h 5 08, that is, h 5 08, 308, 2408, 2708 3008, and
3308 (Figure 13). The gas phase holdup contributions from
bubbles traveling toward the probe tips oriented at
608� h� 2108 (within b� 1808 of them) were found to be
less than 0.3%, but significant (18.9% of the unbiased local
gas phase holdup), suggesting that even for a seemingly uni-
directional flow, there exists a small number of bubbles that
deviate much from the main flow direction, possibly due to
velocity fluctuations caused by eddies of different sizes.
These bubbles are most likely traveling toward h � 3308

(2358), because near constant contributions were observed
for h 5 08, 308, 2408, 2708, 3008, and 3308. Further investiga-
tion and analysis are necessary for a firmer conclusion.

The profile for the degree of backflow detected by the
probe (Figure 14) closely resembled the gas holdup and the
bubble count profiles shown in the previous section (Figure
4). The fraction of backflow detected was at a near maxi-
mum value at angles proximate to h 5 08, decreased as h
increased up to h 5 1808, reached its minimum value at

Figure 13. Degree of contribution to the overall local
gas phase holdup and bubble count within
b� 1808 of h in a “unidirectional” flow in the
stirred tank.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 14. Fraction of backflow detected by the optical
probe in a “unidirectional” flow in the stirred
tank.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 15. Unbiased local gas phase holdups.

Results from six measurement sets. (a) Bubbly flow condi-

tion in the stirred tank; (b) bubbly flow condition in the

sparged tank. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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h 5 1808, and increased as h increased up to h 5 3608 (08).
This is consistent with our definition of h and understanding
of the mechanisms responsible for underestimation of gas
phase dispersion when the probe is oriented in “improper”
directions: the larger the h (up to 1808), the more likely the
probe will interfere with the bubbles traveling along the
main flow direction and keep them from ever reaching and
being pierced by the probe tip.

Bubbly flows

Figures 15, 16, and 17, respectively, show the unbiased
local gas phase holdups, the magnitudes of dispersions that
have been separated into contributions from various direc-
tions, and the fractions of backflow (bubbles traveling within
b> 1808 of the probe tip) detected by the optical probe for
the two bubbly flow conditions we investigated.

As was the case for the “unidirectional” flow, the unbiased
local gas holdups revealed the validity of our constitutive
equations and the assumptions for the bubbly flow condi-
tions. For the stirred tank, the unbiased local gas holdup was
found to be 2.49% with a standard deviation of 0.30%; for
the sparged tank, the unbiased local gas holdup was found to

be 10.57% with a standard deviation of 0.71% (Figure 15).
These values were once again well within the range of what
was measured when the optical probe measurements were
collected within h 5 6908, suggesting the guideline provided
by Mueller and Dudukovic36 may still be applied in bubbly
flow conditions. The unbiased bubble counts were also found
to be well within each measurement’s range.

The majority of the local gas holdup contribution was
found to be due to bubbles traveling along the main flow
directions (Figure 16) for the bubbly flow conditions. Contri-
butions from the bubbles traveling against the main flow
direction, b� 1808 of h 5 1808, were found to be 30 and 7%
of the unbiased local gas phase holdup for the two bubbly
flow conditions in the stirred tank and the sparged tank,
respectively.

The fraction of the backflow detected by the probe
(Figure 17) closely resembled the gas holdup and the bub-
ble count profiles (Figures 5 and 6). The fractions were
near their maximum value of 1 at angles proximate to 08,
decreased as h increased up to 1808, reached its minimum
value at h 5 1808, and increased as h increased back up to
h 5 3608 (08).

Figure 16. Degree of contributions to the overall gas phase holdup (left) and bubble count (right) within b� 1808 of h.

Upper figures, bubbly flow condition in the stirred tank; lower figures, bubbly flow condition in the sparged tank. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Conclusions

A probabilistic model that corrects for the directional sen-
sitivity of the optical probe technique was formulated. The
model uses the chaotic nature of the optical probe measure-
ment signals to interpret the measured signals in terms of
probability. The model is based on two assumptions. First,
all bubbles traveling within the acceptance angle (b) of 1808

are successfully captured by the probe. Second, the ratio
between the two measured parameter,

P xð Þ
N xð Þ ;which represents

the average amount of time spent by a bubble at a local
reactor space, is a unique property of bubbles traveling in
different directions. Application of the model enables sepa-
rating the contributions of bubbles traveling in different
directions to the overall local gas phase holdup and bubble
counts. To solve for the six parameters associated with the
model, at least two measurements—collected with the probe
tips oriented in opposing directions—are needed.

For all three flow conditions we investigated (one
“unidirectional” flow and two bubbly flow conditions), the

majority of the “unbiased” gas phase holdup was contributed
from bubbles traveling within b� 1808 of the main flow
direction, that is, h 5 08. For the “unidirectional” flow condi-
tion, approximately 81% of the unbiased local gas phase
holdup was due to bubbles traveling within b� 1808 of
h 5 08. For the two bubbly flow conditions, 70 and 93% of
the “unbiased” local gas phase holdup was found to be due
to bubbles traveling within b� 1808 of the main flow direc-
tion for the stirred tank and the sparged tank, respectively.
No clear distinction between the two flow conditions in
terms of directional contribution was observed.

Significant underestimation, that is, data bias, of the local
gas holdup and bubble counts could result from the optical
probe measurements if the probe is oriented in the “wrong”
directions, that is, h > 1908 or h < 2908. The suggestion
previously made by Mueller21 and Mueller and Dudukovic36

regarding the need for at least two measurements with the
probe tip oriented in opposite directions, was found to be
effective for all three flow conditions we investigated.
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