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� Customization of optical device for application in three-phase systems.

� Application and validation of new technique at lower solids content.
� Solids decrease gas hold-up in riser and increase system complexity.
� Validation of results using additional techniques.
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The study of local hydrodynamic properties of three-phase bioreactors in biotechnology processes is of
great importance, mainly because of the complex interaction between bioreactor and microorganisms.
However, classical techniques used for measuring local hydrodynamic properties such as single needle
probes are mainly limited to two-phase flows. In this work it was developed and validated a new system,
based on the customization of an optical probe initially designed in LEGI. The necessity of a new system
was due to the agglomeration of the solid-phase (spent grains which are used as the micro-organisms
carrier for the targeted application) around the optical tip, which influences the measurements. This new
system allows for the measurement of the main local gas-phase properties in a complex gas–liquid–solid
mixture. The new system was first validated for air–water system in an internal loop gas-lift reactor and
then applied to a spent grains–air–water mixture at low solid load in an internal gas lift reactor. In
addition, experiments using complementary techniques (as high speed camera and PIV) were performed
that allowed for the validation of the new system and the explanation of possible physical mechanisms
that are underlying on this multiphase system. The system developed has the potential for improvement
and use in several biotechnology applications.

& 2015 Published by Elsevier Ltd.
1. Introduction

The study of gas-lift reactors hydrodynamics has been
increasing over the last decades, especially due to the several
biotechnological applications of these reactors. These applications
bble complexity degree; HSC,
r; MIA, Manual measure-
; PIV, Particle image veloci-
ter absorption index

.fr (P. Sechet).
are called (g–l–s) systems as they are composed by three phases:
gas (g), liquid (l) and solid (s). In some cases the inert solid phase
can act as the carrier for immobilization of living biomass.

More specifically, in the long term, we are interested in con-
tinuous high cell density fermentation systems using immobilized
cell technology: the lack of knowledge about these bioreactor
hydrodynamics hampered their industrial development.

To better understand the local hydrodynamics of such a com-
plex system, in particular the effect of the solid and biomass on the
gas–liquid (g–l) mixture, the characterization of each phase
requires the use of different and refined measurement techniques.
The techniques for studying the local gas-phase properties can be
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divided into two categories: non-invasive and invasive. Among
non-invasive techniques we can list: particle image velocimetry
(PIV), particle image tracking (PIT) and visualization techniques.
On the other hand, invasive techniques for studying local gas-
phase properties use mainly phase detection probes (Boyer et al.,
2002; Cartellier, 1992). Most of the invasive techniques, such as
phase detection probes, are cheaper and easier to apply in
industrial processes than non-invasive ones. The reasons for this
are: (1) the typical turbulent flow regimes found in industrial
reactors; (2) opaque reactors and (3) the ability to continuously
collect data online (Boyer et al., 2002). Sensors are based on
temperature, capacitance, optical and conductivity properties of
the system. Frequently, they are applied on two-phase flow(Jhawar
and Prakash, 2007; Olivieri et al., 2007) and more recently to
three-phase flow systems (Mena et al., 2008; Hooshyar et al., 2010;
Wu et al., 2008), usually at low solids holdup (Boyer et al., 2002).

The present work focuses on the customization of an optical
probe device to study gas–liquid–solid system. It is indeed a pre-
requisite before studying the complete bioreactor behaviour with
biomass. More specifically, given the industrial applications tar-
geted, the solid considered in this paper is spent grain whose
properties are different from the solids used in previous work
(Mena et al., 2008). Therefore specific developments were
required. The experiment was performed in an internal loop gas
lift reactor (iGLR) which also corresponds to the targeted industrial
applications.

In the present manuscript, several measurements techniques
were used. The liquid and solid phase hydrodynamic behaviour
was characterized using PIV and a visualization technique
respectively. In the frame of the gas phase characterization, two
techniques were used: photographic method (high speed camera –

denoted HSC in this paper) and optical probe (denoted OP). This
choice was driven by the need for complementary measurement
methods to assure the correctness of the optical probe data.

The main limitations of HSC are the inability to use it at high
gas flows and at high solid loads. The reactor wall transparency,
out of focus, illumination and image analysis are among other
known limitations (Ferreira et al., 2012). The reactor wall, focus
and illumination can be solved/reduced experimentally (Mena
et al., 2008, 2005b). Concerning image processing, automatic
image analysis is not an easy task mainly because of the identifi-
cation of single and overlapping bubbles. Usually this is done by
manual or semi-manual methods (Ferreira et al., 2012). Recently
an automatic method has been developed, which allows the ident-
ification between a single and a group (Z2) of bubbles, however
this is also limited under experimental conditions cited above. The
classification is based on a series of probabilities and it also allows
the characterization of the system's complexity (Ferreira et al.,
2012). When bubbles are classified, the commercial programs
available are then able to determine bubble properties such as: the
projected area, equivalent diameter, the Feret diameters distribu-
tion, elongation and sphericity (Ferreira et al., 2012).

Among other measurement tools, over the last two decades
optical probes have been developed and successfully applied in
bubble column reactors (Cartellier, 1998; Hamad and He, 2010;
Hong et al., 2004; Shen et al., 2008). Their operation is relatively
simple: it is based on the change of the refractive index of the
medium in which the sensitive tip is located. Depending on this
refractive index, more or less light intensity is sent back to a
detector: this allows the measurement of the phase indicator
function. From this indicator function, it is possible to measure
gas-phase concentrations (holdup). Under some conditions, it is
also possible to measure bubble velocity and then, bubble size
distributions, mean interfacial area and mean Sauter diameter. To
measure parameters such as bubble velocities, diameter and
interfacial area double (or multi) tip probes are often used (Boyer
et al., 2002; Chaumat et al., 2005), however their major drawback
is the low spatial resolution. Cartellier (1990) developed a single
tip probe which allows an accurate description of the flow. This
type of probes was used in our work and is able to measure void
fraction and bubble velocity (Cartellier, 1990). Moreover, due to
their small size the spatial resolution is very high. The optical
probe principle as well as a complete description of the LEGI
optical probes signal processing methods (treatment for gaseous
velocity – TGV) and main measurement errors can be found in the
literature (Cartellier, 1998, 1992; Mena et al., 2008). Let us just
stress that the probe manufacturing allows to control the diameter
and shape of the sensitive tip (which is an almost perfect cone).
That explains their high spatial resolution (smaller bubble detec-
ted, better interface piercing). Because of this controlled conical
shape, Cartellier (1990) showed that the interface piercing time
could be related to the bubble velocity through a calibration curve.
However, that does not completely supress some uncertainties on
the data. Using one of the probes manufactured in LEGI, Vejrazka
et al. (2010) found that gas holdup measurement errors obtained
when this OP is used are still due to the intrusive character of
these probes. They studied the interaction between an optical
probe and a bubble: where Optical probe displacement and bubble
deformation (leading to imperfect tip de-wetting, bubble decel-
eration or deflection) were found to be the causes for the mea-
surement errors displayed, especially when chords distribution is
calculated (Vejražka et al., 2010). However it is believed that the
ability to evaluate gas holdup is not so roughly affected.

Initially the long term objective of this work was to study the
local influence of spent grains carrying immobilized cells through
the hydrodynamic properties of the three-phase iGLR. The cause of
this interest is the recent developments on continuous high cell
density fermentation systems using immobilized cell technology
and the lack of knowledge associated with the bioreactor hydro-
dynamic aspects.

During the course of this work some difficulties related with
measurement techniques arose, especially the use of OP in a three-
phase g–l–s system whenever spent grains are used. Therefore the
first step was to study the local hydrodynamics of a three-phase
iGLR using spent grains as solid-phase. This included the devel-
opment and calibration of a new method to measure gas-phase
properties using an OP in a system where spent grains were pre-
sent as well as the evaluation of the effect of low solid con-
centration in iGLR local hydrodynamics at low gas flow rates
(UGrr1 cm/s). This is the subject of the present paper.
2. Material and methods

2.1. Experimental set up

2.1.1. Experimental apparatus
The iGLR used in this work is of the concentric draught tube

type with an enlarged top section for degassing and a total
working volume of 6 L (Fig. 1). The angle between the conical
sector and the main body was 51°. Gas was injected through a
distributor (1-cm diameter) with five needles, each of 0.2 mm in
diameter and placed 1.7 cm below the annulus of the riser. The
water level in the reactor was kept constant. Temperature and
pressure were ambient (21 °C and 1 atm). The desired gas flow
was adjusted with a rotameter (MR3000 series Flowmeter, Key
Inst., Trevose, USA) operating at 1 atm and 21 °C.

2.1.2. Solids properties
The particles tested on this work were spent grains, a cellulose-

based solid. These solids are generally hydrophobic and have a
negative charge at low pH, which along with their rugosity and
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Fig. 1. Experimental setup for gas holdup experiments. Legend: 1. Air-Lift Reactor; 2. Optical Probe; 3. Electro valve; 4. Light sourceþ Photo detector; 5. Oscilloscope; 6.
Acquisition Board; 7. liquid injection tubes; 8. Optical probe output signal; 9. Optical probe tip (optical fibre); 10. Liquid injected around optical fibre (dashed line); Reactor
main dimensions legend: (a) total height¼96 cm; (b) downcomer’s length¼66 cm and (c) internal diameter¼7 cm; (d) draught tube length¼64 cm; (e) Riser
diameter¼3 cm; (f) Top cylindrical part's length¼19.5 cm and (g) diameter¼19 cm. (These inlet and outlet were not used during the measurements).
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non-uniform surface full of cavities and holes allows them to
immobilize cells very effectively. Spent grains were pre-treated
according to the acid/base method proposed by Brányik et al.
(2001). Spent grains after pre-treatment are almost flat particles,
with equivalent diameter deqo5 mm and density ρ¼1037 kgWET

BASIS/m3. The size distribution of the particles was determined by
sieving into fractions using a portable sieve shaker (Model Ana-
lysette, Fritsch, Germany). With the obtained data, the equivalent
diameter was evaluated. The solids are completely wettable with a
water adsorption index (WAI) of 8.12 gWET/gDRY determined
accordingly by Mussatto et al. (2009) and the sedimentation
velocity is about 0.8370.16 cm/s.

2.1.3. Experimental conditions
The gas flows tested were 250mL/min (0.59 cm/s) and 400mL/min

(0.94 cm/s), which are similar to the gas flows used in previous fer-
mentations (Mota et al., 2011). In terms of solid concentration, the
following four solid loadings were used: 0%, 2%, 4%, 6% (wtWET BASIS/
vol). These are also similar to the ones used in continuous systems
using immobilized cells in spent grains (Lehnert et al., 2008; Mota
et al., 2011).

2.2. Instrumentation

2.2.1. Optical probe
As previously said, an optical probe was used to perform local

gas properties measurement (gas holdup, bubble size and velocity)
in the iGLR riser. This probe was specifically designed from the
modification of a probe manufactured in LEGI. Those modifications
include an injection system (Fig. 1. See caption for the dimensions)
which allows a periodic cleaning of the probe tip, and authorizes
the use of the probe in three phase configurations. The probe, the
injection system and the specific signal processing developed in
this work are presented in detail in Sections 3.1 and 3.2. The
optical probe was located at 30 cm from the top of the riser.
Measurements were performed varying the radial position: r¼0,
77 mm, where r¼0 corresponds to the column axis. The few
positions studied in the radial positions were imposed by the
lower spatial resolution due to the injection system size.
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2.2.2. High speed camera measurements
To analyse the specific behaviour and influence of the spent

grains in a g–l mixture we used a HSC recording at 1000 frames
per second. This allows for visual evaluation and confirmation of
the information obtained by the optical probe using the system
and method presented in Sections 2.1.1 and 2.1.3. However this
was only achieved at low solid concentration (up to 2% (wtWET

BASIS/vol)) because at higher values no information from images
was possible to be obtained. HSC videos were recorded using the
FlowViewTM program and the bubble properties (mean chord,
minimum and maximum Feret diameters) analysis was performed
manually. Image sizes obtained have a 1280�1024 resolution and
the manual measurement error was below 5%. Bubble velocity was
determined by manually tracking bubbles between 20 frames that
correspond to a time interval of 20 milliseconds. Bubble chord was
determined by considering a virtual optical probe piercing a
bubble in a perpendicular position. Along PIV measurements for
the liquid velocity characterization in the downcomer (see below),
HSC was also used to manually estimate the solid velocity in the
downcomer.

2.2.3. Statistical relevance of OP and HSC measurements
The statistical analysis of the gas-phase properties (holdup,

velocity, chord size) was carried out using single-factor analysis of
variance (ANOVA), while multiple comparison tests were used to
determine the statistical significance with a 95% confidence level.
MATLAB software was used for the data analysis.

2.2.4. PIV Measurements
PIV measurements were made to determine the liquid velocity

field in the downcomer. PIV is a technique that has been suc-
cessfully used to determine velocity fields in single-phase flow or
at low gas holdup values in a two-phase flow. The main problem
with using PIV is to identify the seeding particles between the
frames. Usually to discriminate well the different phases, fluor-
escent seeding particles are used on the liquid and the filtered
signal is analysed (Boyer et al., 2002; Unadkat et al., 2009). In the
current experiment, the fluid velocity measurements were per-
formed in the downcomer. For technical constraints the velocity
field was only measured in the outer part of the downcomer and
other parameters (such as the liquid flowrate or mean velocity)
were computed from assumption on the complete profile shape.
The PIV-LIF system (Particles Image Velocimetry by Laser Induced
Fluorescence) used in these present experiments was a LaVision
DAVIS with a Twins Ultra Yag 2�30 mJ Laser (wave peak 532 nm).
The camera (ProX2M) with a minimum interframe of 110 ns was
used to record PIV-LIF images. The laser was passed through a lens
which shaped the resulting beam into a light sheet. The delay
between two pictures was of 120 μs. The field of view was
232 mm�150 mm and included the downcomer centre. Conse-
quently, 150 double image pairs were obtained in each assay, and
were considered to be sufficient to obtain statistics results. Each
assay was performed in triplicate.
3. Results and discussion

3.1. Optical probe application in g–l–s systems with spent grains

The solids used in this work (spent grains) have the ability,
when in the presence of water, to form aggregates especially in the
sections of the reactor (conical part) where the liquid velocity is
lower (dead zones): this behaviour results from their hydrophobic
surface and rugosity. These particles and bubbles have similar
sizes (1 mm to 5 mm) so the tip can pierce one or more particles
that are flowing upwards in the riser. The pierced particles will
then interact with the moving particles and agglomeration around
the optical tip is observed. When this agglomeration is high
enough the optical probe signal is equal to the liquid-phase signal,
which means that no bubbles are detected.

The application of optical probes in g–l–s systems is scarce and
limited to low solids content. The main reason is the risk of optical
fibre contamination, which depends mainly from the solids
properties and size. In general solid properties are such that they
have no influence in optical probe signal, but there are exceptions.
Mena and co-workers (2008) evaluated the optical probe signal
with different solid materials such as: glass, polystyrene and
alginate beads. They found that alginate beads, a semi-rigid solid,
let some residues after tip-solid interaction and high voltage sig-
nals were observed: without a proper signal processing the later
could be misinterpreted as alginate beads detection instead of
bubbles detection (Mena et al., 2008).

The contamination caused by solids agglomeration around the
tip is a different type of contamination from the one reported by
Mena et al. (2008). The particle agglomeration avoids bubble-tip
interaction and it is not possible to accurately measure the bub-
bles’ properties. To overcome this problem it was implemented an
injection system that acts periodically near the probe tip. To per-
form this task, the optical probe was fixed inside a stainless steel
hand-made structure where three needles were placed (Fig. 1).
Water was injected through these needles (7 in Fig. 1) in order to
create a flow around the probe tip (10 in Fig. 1). This water flow
cleaned the probe tip (9 in Fig. 1) and allowed tip-bubble
interaction.

The cyclic injection (Injection time(s)/Total cycle time(s)¼0.5/
2.5) was performed by using one electro-valve (Sirai, Milan, Italy)
controlled by a PC equipped with LABVIEW (National Instruments,
Austin, Texas, USA). The signal acquisition of the electro-valve and
optical probe were recorded using an acquisition board NI BNC-
2110 (National Instruments, Austin, Texas, USA) and LABVIEW
program, which saves the signal in a binary file per assay. Then
each file was treated using MATLAB 6.1 (MathWorks, Natick, MA,
USA) program, developed to read the binary files. The same pro-
gram was used to determinate all characteristic points from the
optical probe signal (tA, tB, tC and tD in Fig. 2), as well as to calculate
all gas phase properties: gas holdup, bubble velocity and average
chord. The gas holdup is defined from TG¼tB�tA as:

αG ¼ΣTG= total acquisition durationð Þ ð1Þ

Bubbles' velocities are calculated from the rising time TU¼tD–tC
through a calibration curve specific to each probe.

The sampling rate was 10 kHz to ensure a good definition of TU
and the duration of each assay was 800 s. Each experimental
condition was repeated at least five times in order to have enough
measured bubbles (Z1000) that assure statistical evaluation.

The liquid-phase periodic injection and the turbulence that it
promotes de-contaminates the tip. Nevertheless, there are some
drawbacks when injection near the probe is applied because of the
induced perturbations that influence probe measurement (Vej-
ražka et al., 2010). In order to properly evaluate the signal with
reduced sources of errors it was necessary to develop a specific
signal processing that removes some parts of the signal from the
optical probe raw feed: these parts correspond to the time inter-
vals when injection influences the measurement. This has been
done by comparing the results obtained in a two-phase system
using the TGV algorithm (Cartellier, 1992) and a new signal pro-
cessing algorithm developed for this work. Then, the measure-
ment tool was applied to more a complex g–l–s system.
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3.2. New signal processing explanation and validation in g–l
configuration

The injection system developed allows bubble detection and
the measurements of their properties using an optical probe in an
air-water-spent grains mixture. At lowest gas flow rate the probe
tip cleaning was more efficient. This means that the liquid injec-
tion energy was strong enough both to counteract the upwards
liquid energy and remove the attached spent grains. However, in
practical terms the injection system, in its current state, was not
able to be used at more than 6.1% solids (wtWET BASIS./vol). Above
this value, the cleaning system was not able to do an efficient tip
cleaning for both gas flow rates tested. The maximum solids
concentration was defined as the maximum concentration where
no quality bubble information could be collected under the criteria
defined: 5 measurements to achieve a minimum sample of at least
1000 bubbles.

The data present in the binary file contains the whole signal. It
is then post-processed in order to remove the influence of the
injection. Therefore only the data not influenced by the injections
are analysed to determine gas-phase properties. A first evaluation
of the new system was carried out performing measurements in a
g–l system: the new post-processing algorithmwas applied to data
obtained with the probe equipped with the injection system.
Results were compared to data obtained with a probe without
injection and the application of the TGV (Treatment of Gaseous
Velocities) algorithm (Cartellier, 1998). This algorithm is a real
time processing algorithm based on the detection of few bubble
characteristic points knowing the signal level for water (VL), gas
(VG), and the noise level (VB) around those levels (Fig. 2). Basically,
the signal points are not time-sampled but sampled in terms of
signal amplitude difference (ΔV) between two consecutive points
(ΔV being a fraction of VG�VL). A bubble is first detected when the
signal amplitude is above (VLþVB/2). The sampling based on the
difference of amplitude allows to get several points in the rising
part of the signal (A to D). Then the last detected point is the end
of the “plateau”, B, when the signal goes below (VGþVB/2). This
real time processing algorithm was initially developed as high
sampling frequencies were required to get a good definition of the
rising time while the amount of information was useful to com-
pletely define the gas presence in the signal as low: it was a way to
avoid unnecessary signal storage.

In the case of the probe equipped with the injection system, the
raw signal was composed by two curves: one corresponding to the
signal recorded by the OP and another corresponding to the signal
of the injections (Fig. 2). Contrary to the TGV algorithm, the OP
signal was stored and then processed.

At each injection there is a perturbation in the probe and in the
flow. This lead to possible measurements errors due to (1) the
probe movement, (2) the increased bubble residence time (higher
TG) and (3) bubble deflection. To avoid these errors the signal is
then cut before and after the injection and only the remaining
signal is used for gas phase properties determination. The cut
signal and the gas holdup are then analysed, as well as bubble
velocities calculated. The cutting time (defined as a given per-
centage of the injection duration) becomes one of the crit-
ical parameters for holdup determination. The gas holdup was
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therefore calculated using a combination of different cutting zones
before and after the injection.

The cutting zones (Fig. 3) include the time when the injection
was performed and also fractions of time before and after the
injection. Fractions of time before the injection were considered as
the electro-valve operation as well as the liquid flow inside the
injection tubes (turbulence, pressure waves) induces perturbations
on the probe itself. However, considering that for bubble detec-
tion, the perturbations due to the flow in the vicinity of the probe
tip are more important, the different cutting zones were evaluated
as follows: ADD1-up to 50% less time before the beginning of
injection; ADD2-up to 100% more after the injection time. This
means that, per each injection period (2.5 s), the minimum time
removed was 0.5 s corresponding only to the injection and the
maximum time was 1.25 s corresponding to a cutting of 50%
(0.25 s) before and 100% (0.5 s) after the injection (0.5 s) as
explained in Fig. 3.

The error between gas holdup measure using the TGV program
and using the new method was calculated using the following
equation:

%Error ¼ abs xTVG�xINJ
� �� �

=xTGV � 100 ð2Þ
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Fig. 4. Error obtained at different Add1 and Add2 for different gas-phase characteristics
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where x represents the gas-phase properties that can be: gas
holdup (αG); bubble velocity (vB) or bubble chord length (chB). The
subscript TVG or INJ represents the values obtained in the TVG
algorithm (Cartellier, 1998) and in the new processing method
respectively.

Being so and before measuring the gas-phase properties in
g–l–s systems it was necessary to know the range of cutting zones
where the new method is valid. The validation was performed in a
g–l system where it is possible to obtain reliable results from the
TVG algorithm. Data gathered with a classical probe and analysed
with the TGV method were used as a reference. The optimal cut-
ting zone parameters was then defined as the set (or range) of
values, where the error between the new and TGV methods was
lower. An initial observation indicated that the new system gen-
erally overestimates the gas-phase properties for 250 mL/min,
while for 400 mL/min the results are underestimated. The relative
errors between the two methods are presented in Fig. 4. It is
shown that bubble velocity and chord size are not greatly affected
by the different cutting zones. However, this does not happen for
gas holdup. Strictly speaking, all those quantities are dependent on
the number of detected events to achieve convergence. But by
definition, the gas holdup is also based on the ratio between the
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total gas residence time at a given point over the total effective
sample duration. We can then expect that the gas holdup will be a
quantity sensitive to the cutting zone amplitude (Cf. Eq. 1). It was
considered that the best cutting zones are the ones where minimal
errors between the two methods are obtained. This condition was
achieved for 250 mL/min–Add1o37.5% and Add2o37.5%, and for
400 mL/min–25%oAdd1o50% and 50%oAdd2o100%. Inside
these values the error between both methods for the gas holdup
was: for 250 mL/min below 10% and for 400 mL/min below 5%.
The error for bubble velocity was 10% and 20% for 250 mL/min and
400 mL/min respectively, while for bubble chord the error was 15%
and 20%. We believe that the greatest observed error in bubble
properties (velocity and chord) are related with the low frequency
acquisition used (10 kHz) when compared with the one used in
the TGV method (50 kHz) (Cartellier, 1998). This lower acquisition
rate was a technical constraint: the acquisition duration had to be
longer to achieve the number of bubbles necessary to reach sta-
tistical convergence. With 10 kHz, we were almost at the limit of
the system memory capacity to store and analyse the signal. This
lower acquisition rate may have had an influence on the accuracy
of the signal rise times which are used to calculate bubbles’
velocities. However, the results were promising enough to validate
the method and test it on a more complex flow.

3.3. Riser gas holdup in g–l–s configurations

The main results obtained to determine the gas-phase prop-
erties in the riser were done using the optical probe system
developed above. However, to assess the implementation of the
new probe system in these configurations, global gas holdup were
also determined using an inverted manometer to measure the
pressure drop between two points in the riser (Chisti, 1989). The
global gas holdup determined by the pressure drop technique was
calculated considering homogeneous solids distribution and
according to the following equation:

aGr ¼ H1�H2ð Þ=d12�ðρL�ρSÞ=ρL � aS ð3Þ
To check the significant differences between all measurem-

ents, the results were statistically evaluated. For each solids
concentration, two different gas flows were tested: 250 and
400 mL/min. Brányik et al. (2004) found that 250 mL/min was a
good compromise between mixing time, biocatalyst sedimenta-
tion, and the maximum immobilization for yeast cells and the
choice of that flow rate was governed by the objective of applying
this work to industrial configurations.

Initially, radial gas-phase properties were analysed for each
condition (different gas flows and solid loads). Preliminary tests
showed that no significant differences in the results were detected
between the radial positions studied (data not shown). This
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Fig. 5. Solids influence in local gas holdup. Legend: A – QG¼250 mL/min; B – QG¼400 m
from manometers.
reveals that in the gas-phase a flat profile is present, which was
also valid for bubble velocity and chord. According to Deng et al.
(2010) the presence of a flat gas holdup profile at UGr r2 cm/s is
normal in air-lift reactors riser. Additionally, in the consulted lit-
erature, for these configurations, negligible differences in gas
holdup profile are reported on the radial position, provided that
the measurement is not performed too close to the reactor wall
where gas holdup differences are detected (Deng et al., 2010;
Mena et al., 2008). As the probed had lower spatial resolution, due
to the injection system built around, for the following measure-
ments, local gas-phase properties (gas holdup, bubble velocity and
chord)) were measured only in the riser central part.

From Fig. 5, it is possible to verify that global gas holdup
decreases with the increase of solid content. The gas holdup
decrease is significant with solid loads above 4% and 2% (wtWET

BASIS/vol) respectively for 250 and 400 mL/min. At 400 mL/min it
was not noted any significant difference on gas holdup values
among the different solids concentrations. Regarding the results
presented in Fig. 5, a similar trend is observed between the optical
probe results and the global results from the manometers. This is
better seen at 250 mL/min than at 400 mL/min. In general the gas
holdup in the riser of iGLR decreases in the presence of solids,
being more significant at gas superficial velocities above 10 cm/s
(Freitas and Teixeira, 1998; Klein et al., 2003). It is important to
note that in three-phase iGLR there are a lot of different
mechanisms that may influence gas holdup (design, type of solids
and operational conditions) and the impact of each one of them is
not yet clear (Chisti, 1989). Therefore when results are compared
with the literature these elements must be taken in account.
Nevertheless, the gas holdup results obtained in this work are in
agreement with the trends found by other authors when similar
solids (size and density) are present (Freitas and Teixeira, 1998;
Klein et al., 2003), and they are also in the same range reported by
many other authors who worked with two- and three-phases iGLR
configuration using different measurement methods (Albdiri et al.,
2014; Luo and Al-Dahhan, 2010).

The presence of solids modify the way bubbles interact with
the probe: the source of uncertainties may then change with the
solids loading and this must be taken into account when results
are compared to global measurement. At 400 mL/min, for instance,
it is observed that when no solids are present the gas holdup from
the optical is overestimated, while the opposite occurs when
suspended solids are present. When solids are present the
underestimation may be due to blinding and drifting effects. This
blinding effect is related with the solids size and properties. The
tested solids are in the same size range than bubbles, therefore the
interaction between them is high. These solids induce small
change in bubbles direction, especially small bubbles, and conse-
quently bubbles interaction with the probe is affected, especially
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during the tip contamination process. The solids may then lead to
a non-detection of small bubble chord, which can result in
underestimation of the local gas holdup. In addition, when fully
contaminated with spent grains the signal probe is equal to water
signal and no bubbles are detected. But we expect that these
extreme conditions are avoided through the cleaning process and
signal analysis.

Besides these phenomena, uncertainties between the two
methods remain acceptable and in the range of those given by
Cartellier (1992). It was also verified for other geometries such as
bubble column (Mota et al., 2011), that the gas holdup decreased
with the concentration of spent grains increase.

For all the reasons mentioned above, it is plausible to consider
that the results for gas holdup using the OP in three-phase systems
with the new injection system are consistent and reliable. Con-
sidering that this system is far from being totally developed it is
still possible to obtain viable results for low spent grains con-
centration (o6% (wtWET BASIS/vol).

3.4. Bubbles' properties: velocity and size

On a physical point of view, the decrease of the gas holdup in
presence of solids is often interpreted as an increase of the bub-
bles’ relative velocity via the coalescence phenomena (Mena et al.,
2008).

In order to further assess our measurement technique, the
measured data were also investigated in terms of bubble size and
velocities as the customized probe developed for this work allows
such measurement. To be able to measure gas holdup and bubble
characteristics parameters simultaneously in a g–l–s system con-
stitutes an originality of this work.

The results showed that in our case the chord size and velocity
seems to increase as soon as solids are added to the flow (Fig. 6)
before reaching a plateau. Similar results were found when an
identical optical fibre was used and tested with alginate beads
(Mena et al., 2008). However, chord size increase alone is not
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Fig. 6. Solids influence in local gas-phase properties. Legend: A – QG¼ 250 mL/min; B – Q
(optical probe); ○: HSC measurements.
directly related with a bubble size increase because bubble shape
and sphericity can also change (especially between the g–l con-
figuration and g–l–s configuration). In particular, the derivation of
the real bubble size distribution from the chord distribution is not
an easy task. It requires assuming a specific flow structure (Mena
et al., 2008, Cartellier et al., 1999) and even for the academic case
where the bubbles are almost spherical, with a narrow size dis-
tribution and an homogeneous regime, the problem remains
complex (Cartellier and Achard, 1991).

That is why, in order to get a better understanding of the
underlying physical mechanisms involved in the chord size and
velocity increase, as well as to assess the OP data measurements,
data were also obtained using the HSC technique. When image
analysis is applied to determine bubble properties in g–l–s sys-
tems, it is only possible to use automatic thresholding or seg-
mentation methods if the grey level between solids and bubbles is
different enough (Mena et al., 2005a). In our case the spent grains
limited the use of automatic methods on the images, because their
grey level was similar to bubbles’ grey level. That made it more
difficult to distinguish between bubble and particle (see Fig. 7).
That is why only low solids concentration (r2% (vol/vol)) were
tested.

The images and videos obtained with the HSC were used to
determine bubble velocity and bubble chord (manually and fol-
lowing bubbles frame by frame). When spent grains particles are
present the analysis of the images is more difficult, even using the
manual methods and maintaining the same criteria. For these
cases the “noise” caused by the presence of solids in the image
affects the identification of bubble boundary and therefore the
determination of chord size. For the bubble velocity determination
using the HSC, the bubble reference point used was the bubble
central point, which reduces the measurement error even in the
presence of solids. The results between HSC and optical probe
techniques for the lowest gas flow at 0 and 2% (wtWET BASIS/vol)
solid load are presented in Fig. 6 (along the OP probe measure-
ment) and in Table 1. Those results allow the estimation of the
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Fig. 7. HSC Images from the reactor's riser. White lines are the simulated theoretical piercing of a bubble and each length was used to determine the chord. Legend. A – Air–
Water; B – Air–Water-SG (0.8% (wtWET BASIS/vol)); B – Air-Water-SG (2% (wtWET BASIS/vol)).

Table 1
Results of evaluation by OP and HSC for QG¼400 mL/min.

Gas phase
properties

Air–water Air�[waterþ2% SG (wtwet basis/
vol)]

HSC OP HSC OP

Bubble velocity
(cm/s)

48.475.7 44.377.5 66.975.9 64.875

Bubble chord
(mm)

1.770.5 1.370.3 270.3 2.170.4

Table 2
Sauter Diameter and Bubble Sphericity from HSC measurements.

% Solids (wt.WET

BASIS/vol.)
QAIR

(mL/min)
D32 (mm) Sphericity χ (minor axe/

major axe)

MIA AST MIA AST

0 250 3.82 3.86 0.599 0.564
400 3.96 3.90 0.598 0.586

0.8 250 3.62 3.43 0.588 0.563
400 3.86 NP 0.576 NP

2.0 250 3.80 NP 0.625 NP
400 3.72 NP 0.620 NP

NP – Not possible to evaluate by the program due to bad image quality.
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uncertainties between the two methods. It shows that there is no
significant difference between the two methods concerning velo-
cities: between the optical probe measurements and the visuali-
zation technique the discrepancy obtained for bubble velocity was
between �3 and �9% respectively for 0 and 2% (wtWET BASIS/vol)
solid load. Concerning bubble chords, uncertainties range from
�24% to 5%. The worst uncertainty corresponds to the g–l flow but
as the chord size is affected by the uncertainties both on the
bubble residence time and velocity, we can expect more dis-
crepancies on these results than for the other parameters. These
uncertainties ranges are consistent with those given by Cartellier
(1992) who found discrepancies between þ13% and �24% for
bubble velocity and size respectively in a two phase flow. Even if
the evaluation of the results in g–l and g–l–s systems could be
performed only for a small fraction of solids (2% (vol/vol)), it gives
an insight on the relative performance of the OP readings. Bubble
size and shape evolution is also given in terms of Sauter diameter
and sphericity χ (defined as the ratio of the bubble minor axe over
the bubble major axe) in Table 2 for the HSC measurements (both
from manual measurements – MIA – or the automatic statistic tool
(AST) developed by Ferreira et al. (2012). Those measurements
show that the bubble size and shape do not change that much.
3.5. Data consistency through liquid/solid properties measurement
and the drift flux model

To go further concerning the data validation, the bubble rela-
tive velocity and its evolution with the solid loading was estimated
using complementary data on the liquid and gas phase in a model
based on the drift flux formulation. In the model, the unknown is
the relative velocity and the model entries are the mean velocity of
the gas and solid–liquid mixture, the measured linear gas velocity
and gas holdup.

Liquid velocity profiles measured through PIV are presented in
Fig. 8A and B. From this figure, it is possible to observe that the
liquid velocity profile in the downcomer is higher at central
position between riser and downcomer than near the column wall
(r¼1.5 cm). These results were only obtained in the outer part of
the downcomer. For simplification, in this assay the profile in the
inner part was assumed to be symetrical.

In this case, the study was focused on the downcomer and
using the images from HSC, the average solid velocity in the
downcomer was manually determined. Due to visualization lim-
itations only the lowest solid concentration (2% (wtWET BASIS/vol))
was evaluated. In these conditions spent grains average velocity in
the downcomer was of 9.1 cm/s and 11.1 cm/s respectively for gas
flow rates 250 mL/min and 400 mL/min. These velocities can be
compared to the average liquid velocity in the downcomer for
both gas flowrate (Fig. 8C and D) for the same solids loading. The
solids velocity increase observed with the gas flowrate is similar to
the increase observed for the liquid phase. In fact, solid and liquid
average velocities are nearly the same. This result made us assume
a pseudo-homogeneous phase for the liquid–solid mixture, at least
at low solid content. This result is consistent with a previous study
which showed that for this configuration the solids distribution is
almost constant even at low gas flows (Klein et al., 2003). So it
was considered in this work that solids holdup and distrib-
ution are homogeneous throughout the entire iGLR. Fig. 8C and D
shows also that the influence of spent grains in the average liquid
velocity in the downcomer is negligible for a gas flowrate equal to
400 mL/min whereas a small decrease in liquid velocity is present
at 250 mL/min. This is a mere indication that solids increase the
stability of the flow in downcomer. In a limit situation, if the
amount of solids is significantly increased, no circulation would be
observed because the gas flow would not be enough to fluidize all
solids. This is in accordance with previous results present in the
literature (Freitas, 2002).

From the measurement above, a quantitative analysis of the
data consistency is now possible using a model based on the drift-
flux formulation (Chisti, 1989; Lu et al., 1995). Indeed, from the
drift-flux concept, it is possible to write the following equation



Fig. 8. Radial liquid velocity profile in the downcomer (A: QG¼250 mL/min; B: QG¼400 mL/min) and evolution of the liquid average velocity (C) and flow rate (D) in the
downcomer as a function of solid loading Legend: □ – 0% (wt.WET BASIS/vol.) SG; ◇ – 2% (wt.WET BASIS/vol.) SG; Δ – 4% (wt.WET BASIS/vol.) SG; ○ – 6% (wt.WET BASIS/vol.) SG;
x-QAIR¼250 mL/min (in C and D); þ – QAIR¼400 mL/min (in C and D).

Table 3
Liquid superficial velocity and bubble relative velocity according to Eq. (4) as a
function of solid volume fraction.

QGr

(mL/
min)

% solids UGr (m/s) ULr (m/s) Optical probe Manometer

αG UrelCAL

(m/s)
αG UrelCAL

(m/s)

250 0 0.0059 0.333 0.0105 0.23 0.0098 0.27
2 0.324 0.0098 0.27 0.0088 0.34
4 0.302 0.0087 0.37 0.0084 0.40
6 0.279 0.0089 0.38 0.0086 0.40

400 0 0.0094 0.387 0.0198 0.08 0.0154 0.22
2 0.365 0.0105 0.53 0.0131 0.35
4 0.355 0.0086 0.73 0.0121 0.42
6 0.368 0.0073 0.92 0.0104 0.53
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written for the riser:

vGr ¼ C � UGrþUHrð Þþ 1�αGð Þ � Ur ð4Þ

where vGr is the linear gas velocity in the riser, UGr the superficial
gas velocity, UHr the pseudo-homogeneous phase superficial
velocity, αG the gas holdup and Ur the relative velocity between
the gas and the homogeneous phase). C, the distribution factor
was assumed to be equal to 1 (that is to say a flat profile for both
phases). Furthermore, according to the solid and liquid velocity
measurements in the downcomer, it was assumed that the liquid
superficial velocity for the pseudo-homogeneous phase was also
equal to the liquid superficial in the riser. Those assumptions have
been checked from applying the complete model to experiments
and fitting unknown parameters to the available data. This calcu-
lation is not shown in order to not weigh down the paper.

In Eq. (4), all the quantities are known: the gas flowrate is fixed
so the gas superficial velocity is known. The liquid superficial
velocity is calculated from the flowrate determined in the riser
(Fig. 8D). αG was measured. vGr can be calculated using the
equation vGr¼UGr/αG or the measured bubble velocity can be
directly used. Then the relative velocity Ur can be calculated.
Results are presented in Table 3. The value of αG are those mea-
sured by the optical probe or the manometer. The value of vGr was
calculated as: vGr¼UGr/αG.

It can be seen that the bubble relative velocity increases with
the solid loading. This increase is more pronounced at the higher
gas flowrate. The increase of the relative velocity is consistent
physically with the observed decrease in gas holdup, and gives
weight to the data consistency. Let us also notice that the order of
magnitude of the relative velocities are qualitatively coherent with
the observed terminal velocity of isolated bubbles in the range of
bubbles' size considered here (in Fig. 7.3 from Clift et al., (1978).
For the lower gas flowrate, results are consistent whether the gas
holdup values are taken from global measurements or OP probe.
The discrepancies are however higher for the highest gas flowrate.
It is expected as the calculation of vGr in the model is highly
sensitive to uncertainties on αG (see Section 3.2) and that at a
higher flowrate, bubble/bubble or bubble/solid interactions may
enhance binding or drifting effect. However, besides these uncer-
tainties, the general behaviour of the parameter measured with
the OP seems qualitatively and quantitatively relevant.

3.6. Results interpretation

All the complementary measurements techniques used here
seem to confirm that the addition of spent grain promotes an
increase of the bubbles absolute velocity as soon as the solid is
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added in the flow. This behaviour seems related to an increase of
the relative velocity.

In terms of bubble size, the interpretation is less obvious given
the uncertainty at 0% solid fraction for the chord measurements. If
OP measurement seems to indicate an increase of the mean chord
size between the g–l flow and g–l–s flow, the pictures analysis
favour a scenario where the bubbles' size and shape do not change
(Table 2. this can be confirmed by visual inspection: see image
samples Fig. 7). Those behaviours must now be related to the
diminution of the gas holdup as well as the observed change in
bubble relative velocity in regards to the solid contents.

Spent grains are completely wettable solids but whose surface
are mainly hydrophobic (Brányik et al., 2004). It was observed that
completely wettable particles were found to increase gas holdup
(Jamialahmadi and Muller-Steinhagen, 1991) and that the increase
of hydrophobic particles leads to a bubble swift from small to
bigger (Van der Zon et al., 2002). For this later case, hydrophobic
particles would act in a g–l interface reducing the energy barrier to
film rupture and consequently coalescence would be promoted
(Van der Zon et al., 2002). Coalescence was indeed the inter-
pretation given by (Mota et al., 2008) and (Mena et al., 2010) for a
g–l–s system using an alginates bed). None of these observations
may explain the current measurements.

Indeed, although the gas holdup decreases with the addition of
solids, that measurement does not come along a drastic change in
the bubble size. So the assumption of coalescence fails to explain
our observations.

The bubble size range observed in the present work, Tomiyama
et al. (2002) demonstrated also that the bubble relative velocity
showed high discrepancies and was highly sensitive both to bub-
ble shape and initial release conditions at the sparger (via con-
tamination effect or other phenomena as depicted in Fig. 7.3 from
Clift et al., (1978)) However, here, surface contamination must also
be excluded as literature data (in Fig. 7.3 from Clift et al., (1978)
shows that contamination usually decreases bubble relative
velocity.

In our opinion, our measurements could be further explained
by a phenomena of clustering. Such clusters were observed in g–l
bubble column: Ferreira et al. (2012) showed the existence of more
or less complex clusters of bubbles depending on the operating
conditions. These bubble clusters could affect the flow behaviour.
The complexity of the bubble system is defined by these authors
using the Bubble Complexity Degree (BCD). This parameter is
defined from image analysis: an algorithm considers the prob-
ability of a bubble to belong to a single (individual bubbles),
medium (bubbles grouped in two) or large complexity system
(groups of three or more bubbles) (Ferreira et al., 2012). The
Bubble Complexity Degree of an individual bubble is then defined
as:

BCDi ¼ 100ðPbi;Sþþ3=2 � Pbi;MCþþ2 � Pbi;LC�1Þ ð5Þ
where Pbi,S,Pbi,MC and Pbi,LC are the probabilities of each bubbles
(i) being a single bubbles or (ii) belonging to a medium complexity
or large complexity group respectively

The mean complexity degree of the entire population BCD is
calculated through the following equation:

BCD ¼ 1
n

Xn

1

BCDi ð6Þ

where n is the total number of bubbles
Applying the statistical tool developed by Ferreira et al. (2012)

to our HSC images for a very low solid content (0.8% (wtWET BASIS/
vol)) it was noticed that the BCD value increased (so the number of
clusters, or number of bubbles in clusters) when solids where
added to the iGLR (data not published). Due to the complexity of
image segmentation when spent grains concentration increases, it
was not possible to use this tool for all solid loads however the
results suggested an increase of complexity in the system when
solids were added (Ferreira et al., 2012).

As the solids and the bubble size are of the same order, the
increase in the relative velocity could be due to steric effect, the
bubble path being constraint by a more or less dense network
created by spent grains. Because of the uncertainties on the rela-
tive velocity values and depending on the reference values
(manometer or OP) taken for the gas holdup presented in Table 2,
it is not clear yet if those clusters could be mainly a consequence of
the gas flow rate increase alone (as observed in Ferreira et al.
(2012) for bubble columns) or if the presence of solids enhance
that phenomena.
4. Conclusions

A new system based on the customization of an existing optical
probe (equipped with a cleaning system using a periodic injection)
and a new signal processing algorithm was developed in order to
perform simultaneous measurement of the gas holdup, bubble size
and velocity in a gas–liquid–solid airlift (with spent grains as
solids) at various solids concentrations. The solids specificity was
its tendency to create agglomerates around the probe tip. This
measurement tool was then assessed through different com-
plementary analysis and measurement techniques in order to test
its feasibility and possible application in industrial systems where
the slurry conditions can affect the bubbles’ behaviour. In parti-
cular, the new optical probe system proves itself useful in a g–l–s
flow to get information on the gas phase behaviour. In term of gas
holdup comparison with global measurement (based on pressure
drop measurement) showed that the gas holdup evolution pre-
sented a similar trend, that is to say a decrease when the solid
concentration increased. Those measurements were completed
with bubble characteristics measurements (velocity and chords)
both with the probe but also with a High Speed Camera. The
uncertainties between the two methods remained acceptable
given the known uncertainties for optical probes in g–l flows. Both
systems showed qualitative agreement for the system behaviour,
namely, a sharp increase of the bubbles’ absolute velocities as soon
as solid was added along the decrease of the gas holdup. For
bubbles size, given the source of uncertainties for the OP (which
comes both from the velocity measurement and bubble residence
time on the probe) the HSC measurement seems to indicate that
bubble size is not affected.

The measured data were then used in a model based on a drift-
flux formulation: this allowed us to estimate the gas relative
velocity behaviour. In particular, the model predicts a relative
velocity increase with the gas flow rate and solid content which is
physically consistent with the decrease measured for the gas
holdup. Although the specific uncertainties associated with the
optical probe technology (especially for the velocity measurement
which is sensitive to the probe tip de-wetting), the new probe
seems reliable to get information from a gas–liquid–solid system
involving solids which can aggregate (such as the yeast extract
used in this paper, or other fibrous material found in the pulp and
paper industry for instance). These findings are not only in term of
gas holdup, but also bubble size evolution and gas phase dynam-
ics. In the current state, it is a promising tool to study such systems
since they are widely encountered in the industry. This tool
remains to be improved however as in the present work it is only a
prototype.

The simultaneous analysis of the evolution of the gas holdup,
bubble velocity and bubble chord, made us postulate a new
behaviour of g–l–s airlift for which the solid surface is hydro-
phobic: contrary to other studies with other kind of hydrophobic
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solids, we believe that our measurement cannot be explained by
coalescence (as the bubble size does not change) but rather by the
formation of a bubble cluster. The exact physical mechanism
underlying the effect of the spent grain is however difficult to
assess from the present measurement even if some assumptions
were presented as a possible explanation.

Nomenclature

Symbols

A Cross section area (cm2)
C Distribution factor (dimensionless)
chB Bubble Chord (mm)
d12 Distance between two riser points (mm)
deq Equivalent diameter (mm)
H1�H2 Difference of water level in inverted manometer (mm)
Q Gas flow rate (mL/min)
r Radial position of the probe
Re Reynold number (dimensionless)
tA Time when the signal from OP is above the noise before

tC (s)
tB Time when the signal from OP starts declining (s)
tC Time when the signal from OP starts rising (s)
tD Timewhen the signal from OP reaches maximumvalue (s)
TG Time that tip was in contact with gas (s)
TU Rising time (s)
UGr Injected gas superficial velocity (cm/s)
UGr Superficial gas velocity in riser (m/s)
UHr Pseudo-homogeneous phase superficial velocity in

riser (m/s)
Urel Relative velocity (cm/s)
vB Bubble velocity (cm/s)
vGr Linear gas velocity in the riser (m/s)
xINJ Value of gas holdup, bubble velocity/chord using new

injection
xTVG- Value of gas holdup, bubble velocity/chord using

TGV method

Greek symbols

α Phase holdup (dimensionless)
ρ Specific Weight (kg/dm3)
χ Sphericity

Sub/superscript

L Liquid-phase
G Gas-phase
S Solid-phase
r Riser
d Downcomer
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