Spectral analysis for hydrodynamic and gas-liquid mass transfer in a bubble column:  Effect of non – coalescing system.
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Abstract
Spectral analysis and statistical studies were investigated in a semi pilot bubble column using wall pressure sensors in different axial position both in the air–water system and in water–alcohol solutions (ethanol, 2-propanol and 1-butanol). Gas holdup is more important in the zone far enough to the gas distributor. 
Then volumetric mass transfer coefficient (KLa) was measured for three axial positions.   Interesting results show clearly by the average frequency, that regime transition is delayed for the coalescence inhibitor system and more particularly with the increase in the carbon number of the alcohol. Cross correlation and coherence between two pressure sensors signals revealed clearly that the transition of the flow regime starts when the periodicity appears for a certain gas velocity. The results of the gas liquid mass transfer revealed that KLa decreased with addition of alcohol which is explained by Higbie’s theory. 
1. Introduction

A variety of industrial gas-liquid reactions are performed in bubble column. The mass transfer phenomena are intimately related to hydrodynamic and flow regimes. Thus, gas liquid transfer coefficient is related to the bubbles characteristics, the turbulence and behavior of the bubble reactor. Because of the complexity and the interaction of many parameters in the hydrodynamics, the experimental approach, consisting of the determination of global, local holdups and flow regimes is still used. The behavior of bubbles in bubble columns is influenced by the physico-chemical properties of the liquid (density, viscosity, surface tension, solute concentration, etc.); therefore it is possible to determine the different regimes by varying these different parameters (Alves et al., 2005).  The influence of the surface tension has been investigated by Chaumat et al. (2007) by using cyclohexane as organic solvent and pure water for comparison.  Elena M. et al. (2011) have studied the flow regimes and gas holdup in the presence of positive (alcohols) and negative (electrolytes) surfactants in a non-uniformly aerated bubble column. They concluded that for both type of surfactants, gas holdup increases with the surfactant concentration. Giorgia De Guido (2017) proposed correlation representing the experimental data on the basis of the dynamic surface tension theory using different adaptive parameters.
Giorgio Besagni , Fabio Inzoli  (2017) studied the effect of liquid phase properties on bubble column fluid dynamics by using tap water, aqueous solutions of  NaCl, a water-ethanol mixture and solutions of water-monoethylene glycol of different concentrations.  The gas holdup measurements were used to investigate the global fluid dynamics, the flow regime transition and the foaming phenomena. 
To interpret the results of hydrodynamics and mass transfer in a bubble column, it is necessary to know the fluid flow regime. Several published studies have shown that the main factors influencing the transition between the two regimes, homogeneous and heterogeneous, are: the flow of gas, the physicochemical properties of the liquid phase, the type of distributor and the geometry of the column (Letzel et al., 1997). The most common methods used to identify the flow regime are to study the fluctuations of a parameter over time. They are used to characterize the phenomena of each system and obtain regime transitions from the signal processing as presented in a review by Shaikh and Al-Dahhan (2007). To achieve the best possible distinction while being simple to measure, it is obvious to choose preferentially the signal.  Resistivity probes (Shiea et al., 2013), fluctuations of wall pressure signals (Drahos et al., 1991) and differential pressure fluctuations (Gourich et al., 2006) were used to study regime transitions. Particle image velocimetry and shadow graphy was used by Sathe et al., (2013) to characterize turbulence in rectangular bubble column. Esmaeli et al. (2015) used fiber optic probes and pressure transducers to measure the hydrodynamic parameters of the gas phase. Several work demonstrated that in presence of surfactants in water, the transition of bubbling regimes is delayed to higher gas velocity, and that the transition regime tends to disappear (Thorat et al., 2004). The effect of electrolyte on hydrodynamic and on interphase mass transfer is presented by Al-Taweel et al. (2013) . Recently, Somtochukwu et al. (2019) used a non – intrusive Doppler ultrasonic sensor and virtual flow regime maps to classify the flow regime on pipeline – riser systems.
Mass transfer is another aspect concerning the design and scale-up in bubble column. Gas liquid mass transfer is still discussed in the literature because the estimation of volumetric mass transfer coefficient (KLa) is very sensitive of different parameters such as the position of the probe, hydrodynamic conditions and the probe dynamic (Gourich et al., 2006; Vandu et Krishna, 2004; Sanchez et al., 2000). Although the estimation of KLa is abundant in the literature, the accuracy of the estimated value of KLa should be analyzed. This aspect concerns the response of probe, the local hydrodynamic, the bubbling characteristics, turbulence and the presence of surfactants. The effects of the addition of different types of surfactants to air-water system on gas hold-up and mass transfer were studied by Ramazan et al. (2016)  in a co-current downflow contacting column. It was found that the values of the volumetric mass transfer coefficient in the air–surfactant solution system were lower than those in the air–water system. 
A recent review presented the current understanding of the multiscale multiphase phenomena inside Bubble Column Reactors (Suli Shu et al., 2019). 
Some progress are still needed to better understand and predict the effect of liquid nature especially water-alcohol mixture.  Aqueous solutions of alcohols having a short carbon chain such as ethanol, propanol and butanol are of great importance because of their atypical physicochemical properties in many compositions (Dolenko et al., 2015). That’s why this work proposed to identify the regime transition and the gas holdup in different region in a semi pilot bubble column using non – coalescing water – alcohol mixtures with three type of alcohol. Most of the papers focused on one type of alcohol. As the bubble column used is large-diameter and large-scale (4 m in height, inner diameter of 0.19 m), the gas holdup should be investigated in different regions of bubble column. In  this work correlations of the gas liquid mass transfer coefficient (KLa) with the gas holdup and the surface tension in different axial positions of a semi pilot bubble column using non – coalescing water – alcohol mixtures with three type of alcohol are proposed.  
Great care was taken to signal processing where noise has been minimized to better identify gas flow regimes for all three types of alcohols.  In addition conductivity signals were used to give complementary information about the influence of bubbling in the flow patter.  
These hydrodynamic studies can better explain the results obtained in gas liquid mass transfer using the water-alcohol mixture (ethanol, propanol and butanol). 

As far we know no work has been investigated to correlate hydrodynamic results by using pressure and conductive sensors, in which spectral and cross-correlation analysis was undertaken to detect the transition bubbly regime in non – coalescing water – alcohol mixtures. The gas liquid mass transfer results were interpreted in the basis of hydrodynamic study.
2. Experimental setup and methods
Experiments have been carried out in a cylindrical semi-batch bubble column (batch liquid phase) made of plexiglass of 19.4 cm internal diameter and 4m height. The gas phase (air) is dispersed through a multiple-orifice nozzle at the bottom of the column by a distributor provided with multi-orifice 32 holes of 1 mm in diameter uniformly distributed over its surface. Figure 1-a shows a schematic diagram of the bubble column used in this study. 
The gas flow is controlled by a Brooks flow meter (Model 1355) previously calibrated which ensures a superficial velocity between 0.56 and 12 cm/s. A manometer placed underneath the gas distributor to measure the pressure drop versus the gas flow-rate in order to correct the calibration.

The liquid phase can be either tap water, or non – coalescing water – alcohol mixtures (0.05 % v/v). The alcohol mixed with the water is either ethanol or propanol or butanol. 
Hydrodynamic study was achieved by placing wall pressure sensors and conductivity probes in different axial positions of the bubble column to determine the gas holdup in different regions. The superficial velocity of the air is between 0.56 cm/s and 12 cm/s. The height of the liquid in the bubble column is 2 m.
The wall pressure sensors were placed in different axial positions  of the bubble column to measure gas holdup locally, for a region covering a height of 0.75 m and the overall gas holdup covering a height of 150 cm. The differential pressure is measured by two consecutive resistive sensors membrane pressure (Keller, PR25), that offers ±0.2% full-scale accuracy for the range 0–500 mbar (figure 1-d).
The column is then progressively filled with water. For each water depth (25 cm), the current is noted. The calibration is repeated systematically after a series of manipulations to check the reproducibility of the calibration. The calibration of sensors consisted of putting both sensors in the column ensuring that the sensitive part (membrane) is flush with the wall of the column. For each pressure sensor, the calibration curves exhibit a linear relationship between static pressure and signal (current). Then the sensors were connected to the acquisition system. The three membrane pressure sensors as piezoresistive transmitters (Keller PR25) were placed in different axial positions at 0.25m, 1m and 1.75m from the gas distributor. The signals collected are electric currents.
A circuit board (figure 1-c) has been designed to power the sensors with generators (PWR1, PWR2, PWR3) as well as to connect them with the acquisition board (CI0, CI1 and CI2). The three signals are then collected (SEN1, SEN2, SEN3) for statistical and signal analysis with appropriate acquisition frequency. An ADLINK USB-1903 16-bit A/D (figure 1-b) acquisition card with 8 current-input differential channels was used. 
Preliminary experiments revealed that the best results of gas holdup were obtained when the distance between two pressure sensors is greater than 50 cm. Three pressure sensors were installed axially at heights of 25, 100 and 175 cm above the distributor respectively. The distance between two consecutive sensors is 75 cm. The overall or global gas holdup covered a region of 150 cm as height (sensors 1 and 3). Two other gas holdups are also measured covering two axial zones: zone I (sensors 1 and 2) covering one meter above the gas distributor and zone II (sensors 2 and 3) covering the distance greater than one meter above the gas distributor. 
Two conductivity probes (Tacussel) were used, placed at respectively 0.5 m and 1.5m from the gas distributor. The corresponding conductivity meters were two CD 810 having differential outputs to acquire three analog voltage signals. The digitized signals were ensured by using an Analog/Digital acquisition board: A USB-6008 acquisition board that has 8 analog inputs (12 bits, 10 ks/s) and 2 analog outputs (150 Hz). It has analog I/O, digital I/O and a 32-bit counter.  The tracking of the liquid phase is carried out in the case of batch liquid phase to evaluate the overall liquid movement induced by bubbles. The hydrodynamic characteristics of the liquid are influenced by the gas flow rate and the nature of the bubbling. The tracing is one of the techniques that can be used to determine the circulation velocity of the liquid, induced by the gas by the fact that momentum of the liquid must be conserved. The conductivity probes placed axially in the bubble column section are used to record the tracer concentration resulting from the injection of 60 mL of a saturated KCl solution.
The dissolved oxygen concentration was measured using a probe oximetry (CellOx 325) placed at three different axial positions : 0.25 m, 1m and 1.75m from the gas distributor (figure 1-a). Measurements of the oxygen gas concentration is recorded using a data acquisition system connected to a PC. The signals obtained by the data acquisition card are converted into concentration and stored in files. Calibration is performed by saturating the liquid oxygen column by compressed air. Concentration is then adjusted to read the saturation value for the gas temperature to the measured ambient atmospheric pressure. This theoretical concentration is given by the French standard (AFNOR) T 90 032 for the solubility of oxygen in water. The technique of de-oxygenation – reoxygenation is used to determine the volumetric gas liquid mass transfer coefficient.  Oxygen is removed by introducing sodium sulfite (Na2SO3) in the presence of a catalyst in solution (Co2+). 

A certain amount of alcohol (ethanol or propanol or butanol) covering a volume concentration of 0.05 % (v/v) was introduced into the bubble column by syringe. The addition of water is done gradually until it reaches a height of 2 m. In order to better mix the alcohol with water, the gas was introduced.
Preliminary experiments concerning the effect of alcohol concentration lead to the use of only a concentration of 0.05%. Solutions with alcohol are characterized by surface tension. The addition of these alcohols with a relatively low concentration does not affect the viscosity of the solution. Table 1 gives values of the surface tension of the solutions used.
Table 1: Surface tension of studied solutions at T = 25°C, (S. Khosharay et al., 2018).
	system
	Surface tension (mN/m)

	Water
	71.97

	Ethanol 0.05%
	71.94

	2-Propanol 0.05%
	68.29

	1-Butanol 0.05%
	67.74
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Figure 1: Experimental apparatus:  Schematic diagram of the bubble column for  g, RTD, spectral analysis and KLa measurements.
3. Theory - Calculation
3.1 Hydrodynamic aspect

In general, in bubble columns, the pressure drop by friction is negligible and with g << l, the gas holdup cab deduced by the following expression:
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Where p is the difference of static pressure between two sensors placed at a distance h.
Gas holdup is a macroscopic parameter indicating the amount of gas in bubble column. It is interesting to study pressure fluctuations that contain the information of bubbles influence on hydrodynamic feature. 

Spectral analysis was used to pressure signals. This tool is performed in order to correlate the bubbling phenomena to signal characteristics. Tests on sampling frequencies were undertaken for values ranging from 50 Hz up to 1000 Hz. Preliminary experiments show that the results are reproducible. On the other hand, the frequency of 50 Hz is sufficient to accurately describe the fluctuations of the pressure in the frequency domain: the Shannon theorem is respected.
Pressure signals were measured over 200 s and 100 Hz as sampling frequency with a total acquisition length of 20 000 points.  The recovered pressure signal is transformed into spectrum.

The signal treatment was developed by Fast Fourier Transforms in order to obtain the power spectrum density (PSD) of pressure fluctuations. PSD was estimated by averaging 10 to 20 sub-spectra.  For this, the Welch method was used on time series divided into segments of 512 points with 10% overlapping and Hamming window. Computation has been carried out using Matlab 7 (Mathworks, USA):
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Where Pxxj is the power spectrum estimated for each segment (Pa2) and L is the number of time – series segments.

Pxxj is calculated using the window function w(t) :
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x(i) is time-series signal (Pa): fluctuating component of the pressure p(t):
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is the average of pressure over time.

The computation of PSD for a given data set is used to establish an eventual relationship between the physical system involved (coalescence, breakup) and the frequency composition.

The average frequency of pressure fluctuations is defined as follows:


[image: image7.wmf]ò

ò

=

df

f

df

f

f

P

P

f

xx

xx

m

)

(

)

(








(4)

The aforementioned integrals can be evaluated numerically:
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Correlation and coherence:

Correlation measures the similarity between two processes or two signals (x(t) and y(t)). In our case, the objective is to study the similarity ratio between two signals from two pressure sensors. This similarity is expressed  by the cross correlation Rxy:
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T is the measurement time of the signals.

We can study phenomena that have repeated patterns. In this case, it is interesting to measure the correlation function of the signal with itself: the autocorrelation function:
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The autocorrelation function gives information about the bubble passage process history and is obtained by an inverse Fourier transform:
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The linear dependence between a pair of signals can be characterized by the coherence measure. It is used to estimate the causality between the input and the output. For a linear and ergodic system with x(t) considered as input and y(t) considered as output the coherence is defined as:
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where Gxy(f) is the Cross-spectral density between x and y, and Gxx(f) and Gyy(f) the autospectral density of x and y respectively.  Values of coherence will always satisfy 0 < Cxy < 1 {\displaystyle 0\leq C_{xy}(f)\leq 1}. The coherence of a linear system represents the fractional part of the output signal power that is produced by the input at that frequency. . If the coherence is equal to zero, it is an indication that x(t) and y(t) are completely unrelated.
3.2 Gas - liquid mass transfer aspect:
Residence Time Distribution (RTD)  measurement for low liquid velocity (not presented) were obtained to conclude that the mixing is perfect in bubble column. The piston model with axial dispersion was used to characterize the flows in the bubble column. Experiments were conducted for water-alcohol systems confirming that the bubble column behaves as a perfect mixed reactor in all studied superficial gas velocity in which Peclet number is ranging from 1 to 4. This result is important for gas liquid mass transfer because the perfect mixing model could be applied even the gas liquid mass transfer is measured for a liquid bach mode. Thus, The RTD results concerning the flow mixing in continuous mode can be applied also for batch mode as the liquid flow-rate was very low (0.2 L/s).
The concentration evolution of oxygen is then governed by the following equation:
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CL*: saturation concentration of oxygen in the liquid phase (kg/m3).

The global mass transfer coefficient KLa was evaluated by experiment. The probe dynamics is taken into account. Preliminary experiment was used to determine the time constant (1/Kp) [20].  The dynamics of the probe relative to the actual concentration (CL) in the liquid is modeled by a first order response which takes into account the delay:
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CP : is the concentration measured by the probe with a delay.  The first order differential equation describes the response dynamic of the probe during the re-oxygenation of the medium. Equations (10) and (11) are two coupled differential equations.

To transform these differential equations to algebraic equations, the Laplace transform is used with the initial conditions CL = CP = C0 at t = 0. In general C0 is different to zero especially in the case of high superficial gas velocities. In most articles of the literature, C0 is taken equal to zero, which can induce an error for the identification of KLa.

 The inverse Laplace is then used to evaluate the measured concentration (Cp(t)). The obtained result is described by the following relation:
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The details of the calculation are presented in the appendix.

KLa was estimated by a parameter fitting program using the optimization method from the code "fminsearch" contained in the mathematical tools of Matlab 7.  The identification is deduced by fitting the simulated and experimental curves. 
4. Results and discussion
4.1 Effect of alcohol type solution and axial zone on gas holdup

The gas holdups by zone were performed using two consecutive sensors in a distance covering 75 cm. Two regions were studied , the first one (zone I) covers 1 m above the gas distributor the second region covers a distance between 1 and 2 m above the gas distributor (figure 1-a). The gas holdup covering the zone I and the zone II will be respectively denoted as g12, and g23, whereas the global holdup covering the two zones (average) will be denoted as 13.

Figure 2-a presented the evolution of gas holdup in zones I versus superficial velocity for different type of alcohols as inhibiting system promoting bubbles break up. The gas holdup increases with the number of carbons in the alcohol. The difference in gas holdup between different types of alcohol increases with increasing gas velocity. The same tendency is observed in zone II as presented in figure 2-b. 
As expected the global gas holdup shown in figure 2-c, measured between the sensors 1 and 3 takes the average values with respect to the gas holdups measured in zones I and II. 

4.2  Interpretation of the gas holdup results
The addition of minute quantities aliphatic alcohol molecules in water leads to inhibition of coalescence phenomena. Due to the hydrophobic part and the hydrophilic part a surface tension gradient forces is created allowing to an immobilization of the gas-liquid interface. The coalescence is then hindered. 
Basarová et al. (2018) have studied the influence of molecular structure of alcohol-water mixtures (propanol and ethanol) on bubble behaviour and bubble surface mobility. They concluded that the molecular arrangement in the liquid influences both the bulk and interfacial properties. The bubble velocity and surface mobility depend strongly on alcohol concentration and the nature of alcohol. These authors conclude also for very low alcohol concentrations such as used in this work that the solutions behave as surfactant solutions with increase of bubble’s drag coefficient with increase of the alcohol concentration till total immobilization of the bubble surface. The results presented in this work could be explained by these conclusions. Giorgio Besagni et al. (2017), indicate that the lift force pushes the larger bubbles towards the center of the bubble column, inducing “coalescence promotion” leading to a destabilization of the homogeneous flow regime and decreasing the gas holdup. In case of smaller bubbles, the lift force pushes the small bubbles towards the wall, inducing cluster of bubbles and, consequently, stabilizing the homogeneous flow regime and increasing the gas holdup.
Data for gas holdup (g) can be correlated to superficial gas velocity and surface tension for different regions. The recommended correlations for g in semi pilot bubble column for both systems (air- pure water and air-water-alcohol mixture) are as follows:

Zone I:

12 = 0.002 Ug0.95 σ -0.6, standard deviation is equal to 8.1%, 5.2%, 3.5% and 3.6% respectively for pure water-air system , ethanol, propanol and butanol(0.05%) solutions.
Zone II:
23=2.4 106 Ug1.5 σ -4.4, standard deviation is equal to 16.5%, 17.6%, 19.1% and 22.2%  respectively for pure wate-air system , ethanol, propanol and butanol (0.05%) solutions.
Zones (I+II): 
εg= ε13 = 0.55 Ug1.15 σ -0,75, standard deviation is equal to 9.4%, 7.8%, 7.6% and 9.2%  respectively for pure water-air system , ethanol, propanol and butanol (0.05%) solutions.
The standard deviation expresses the degree of deviation between the proposed model and the experimental results. These correlations are better represented for relatively low gas velocities (Ug) ranging from 0.56 to 2.94 cm/s because for Ug greater than 2.94 cm/s, the standard deviation exhibit high values. 

It can be concluded that the surface tension is more noticeable when the velocity of the gas is relatively low, ie in a homogeneous regime. This correlation is, however, suitable for water- butanol solution and water-propanol where the standard deviation remains low for the range of gas velocity studied (0.56cm/s < Ug < 11.18 cm/s), which suggests that the transition between homogeneous and heterogeneous regime is delayed and that the effect of surface tension is greater for alcohols having a high alcohol number.
The effect of surface tension is greater in zone I (power equal to -4.4 in the correlation) than zone II (power equal to -0.6 in the correlation).  Bubbles break-up is more developed away from the gas distributor. This, explain thereby the measured difference in gas holdup between zones I and II.
To quantify the effect of the three alcohols in homogeneous to heterogeneous transition, a spectral analysis was undertaken. This aspect is discussed in the next sections.
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Figure 2: Comparison of gas holdup for zones I, II and global gas holdup (g = 13) for pure water and water-alcohol mixture solutions.

4.3 Tracking of liquid for Batch mode 
The output is considered by the conductivity probe placed at 1.5 m above the distributor. Both water-air and alcohol-air solutions are used. A peak has clearly appeared for the first probe that is closest to the injection point, whereas, the signal of the second probe is amortized because of the dilution of the tracer. However, these signals could be used to measure the velocity of the liquid by calculating the variation in times (t) knowing the distance between the two conductivity probes. Table 2 shows the influence of the gas velocity on the induced liquid velocity for the water - air system and coalescence inhibitor system. It is noted that the liquid velocity increases with the superficial gas velocity and that for a fixed gas velocity the average liquid velocity decreases as the carbon number of the alcohol increases (from ethanol to butanol).
4.4 Spectral analysis
In order to directly correlate the signals with the physical phenomenon namely the influence of bubbling on the hydrodynamics and the transition between homogeneous and heterogeneous regimes, the reduction or elimination of noise is very important. Several provisions were undertaken to reduce the level of measurement noise by taking appropriate steps when designing the measurement system (Alan, 2001). 
First, noise due to inductive coupling is substantially reduced if each pair of signal wires is twisted together along its length. This design known as a twisted pair was adopted. Another aspect was considered concerning the location of wires and cables. Thus, as wires could be modeled as capacitance and inductance, noise due to inductive and capacitive coupling can hide the information contained in the measured signal. It is known that the mutual inductance between signal wires and other cables are inversely proportional to the square of the distance between the wires and the cable (Alan, 2001). The signal wires should be positioned as far away as possible from such noise sources. A minimum separation of 0.3 m is essential. This aspect was taking into account. Finally, to reduce the earthing problems, some practices should be done to reduce earthing noise. For example, signal wires and earths for high-current equipment should be entirely separated. A comparison of the spectra obtained by feeding the sensors either by generators or by batteries has been undertaken. Preliminary results have shown that the power mode of the sensors has no influence. The power spectrum density will be studied from sensor 2 located 1 m from the gas distributor to avoid surface level fluctuations. 
Figure 3 shows the power spectrum density (PSD) concerning pure water-air system for different values of superficial gas velocity. The PSD exhibits a very low frequency peak around 0.15 Hz. Another large frequency peak appears at 4 Hz when the superficial gas velocity reached 4.28 cm/s (figure 3-a). The low frequency peak disappears when the superficial gas velocity exceeds 6 cm/s (figure 3-b). Only one peak appears for a gas velocity higher than 6 cm/s, whose intensity increases with the increase of the gas velocity. These results are in perfect agreement with those found by Vial et al. (2000) and Letzel et al. (1997). Thus, the 3-5 Hz frequency band has been attributed to the bubble-induced macro-structures that appear in the liquid phase when the transition begins (Letzel et al., 1997). Therefore, the transition between homogeneous and heterogeneous regimes can be deduced from the appearance of a single peak with a relatively significant intensity. According to figure 3-a and figure 3-b, the transition takes place gradually for a superficial gas velocity between 4 and 6.28 cm/s. The same order of magnitude was obtained in a previous work by using a differential pressure signal (Gourich et al., 2006). Figure 4 shows a comparison of the power spectrum density between water-air system and water-alcohol mixture for superficial gas velocities of 4.28 cm/s and 9.7 cm/s.  Note that for the water-alcohol-air mixture, the intensity of the peak is greater in low-frequency (≈ 1 Hz) than that at 4 Hz (Figure 4-a). For a superficial gas velocity of 9.7 cm/s, the same feature is obtained but for water-ethanol mixture the peak at 4 Hz is more pronounced than other type of water-alcohol mixtures (figure 4-b). This suggests that the transition is delayed in the water-alcohol-air mixture.   

The other axial positions of the pressure sensor were tested in order to study the eventual difference of spectrum feature according to the axial position. Figure 5 shows the power spectrum density in the case of the water-air system for three axial positions of the pressure sensor. The chosen superficial velocity is 4.28 cm/s. The same peak is obtained with a difference in amplitude.   Similarly, for the alcohol-water mixture (butanol), the peaks are obtained with the same frequencies (not presented) but with different intensities depending on the measurement zone. This is consistent with the results obtained for the gas holdup in which the values vary depending on the zone (zone I and zone II). 
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Figure3: Power spectral density functions of the pressure signal for pure water-air. (a) Ug : From 0.56 cm to 4.28 cm/s; (b) Ug : From 4.28 cm to 11.18 cm/s.
[image: image22.png]3 Ug=4.28cmls

----- water-air
——0.05% of ethanol

- 0.05% of 2-propanol
0.05% of 1-butanol

10 15 20 25
frequency, Hz





(a)
[image: image23.png]PSD

0.2

0.15

0.1

0.05

Ug=9.7cm/s

air-water

ethanol 0.05%
= 2-propanol 0.05%
= 1-butanol 0.05%

10 15
frequency, Hz





                                                                                (b)
Figure 4: Power spectral density functions of the pressure signal: Comparison of pure water-air with non – coalescing water – alcohol mixtures. (a)- Ug = 4.28 cm/s; (b)- Ug = 9.7 cm/s.
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Figure 5: Power spectral density functions of the pressure signal for pure water-air. Influence of the axial position in the bubble column. Ug = 4.28 cm/s.
In order to take into account all the frequencies contained in the signal, the average frequency has been used as criterion for regime transition. The average frequency (fm) values are reported in figure 6 to clarify the influence of both coalescing and non coalescing systems.  Figure 6 shows that the average frequency decreases with the superficial gas velocity and then stabilizes both in pure water and in the water-ethanol solution. This stability starts with the superficial gas velocity of 6 cm/s for pure water and around 9 cm/s for water-ethanol solution. For propanol and butanol this decrease in the average frequency is monotonous. The heterogeneous regime does not appear for the range of gas velocity used (0.6 and 11.18 cm/s). 
These results are supported by the results obtained by the evolution of the standard deviation of pressure fluctuations as a function of gas velocity. Figure 7 illustrates this evolution. It is noted that at low gas velocities, the standard deviation is almost constant then increases abruptly when Ug ≈ 4 cm/s for the water-air system and when Ug ≈ 6 cm/s for ethanol. A slight increase is observed for propanol while for butanol the standard deviation of the fluctuations remains constant. This transition delay increases as the number of carbons in the alcohol increases (from ethanol to propanol).
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Figure 6:  Evolution of the average frequency as a function of superficial gas velocity for both systems: Comparison of water-pure air mixtures with non-coalescing water-alcohol (0.05%).
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Figure 7: Evolution of the standard deviation of the differential pressure signal with superficial gas velocity and different water-alcohol solutions (0.05 %).
4.5 Coherence and Cross-correlation
The measurement of the cross-correlation as well as the coherence between two signals from the pressure sensors 1 and 2 are illustrated in figures 8 and 9.  Thus for the water-air system, figure 8 shows that, the coherence presents a maximum (0.7) for a frequency of 5.5 Hz when the superficial gas velocity (Ug) reaches 1.83 cm/s. In the same way, the cross-correlation presents a pseudo periodicity and an asymmetry. This dissymmetry disappears as the superficial velocity of the gas increases. The maximum value of coherence increases as Ug increases for frequencies that decrease from 5.5 Hz for Ug = 1.83 cm/s to 3.2 Hz for Ug = 9.4 cm/s. 
For the water - butanol mixtures system, no periodicity appears in the cross-correlation functions. In addition, the coherence values ​​are very weak compared to 1. For the water - propanol system, the periodicity in the cross-correlation function starts only from the gas velocity of 9.4 cm/s with a coherence that reaches a maximum at the frequency of 2.5 Hz for a value of 0.55. For the water - ethanol system the periodicity in the cross-correlation function starts from the gas velocity of 6.27 cm/s with a coherence that reaches a maximum at the frequency of 3.3 Hz for a value of 0.8.
The pseudo periodicity of the cross correlation observed for water-air and ethanol-air solution is due to the movement of the liquid which constitutes different loops and periodicity.
Thus, with the drag and added mass coefficient functions of both local gas fraction and bubble eccentricity, the induced liquid velocity shows periodic motion (Léon-Becerril et al., 2002). 

In the case of propanol or butanol-air solutions, the bubble has almost a spherical shape; the eccentricity is weak leading to a weak added mass coefficient, so no periodic motion is detected.
In conclusion, the added mass as a key for regime transition is less important for non - coalescing water – organic mixtures. The cross correlation indicating a pseudo-periodicity or the high values of coherence (close to unity) are good indicators of the transition regime.
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Figure 8: Evolution of coherence and cross-correlation (pressure sensors 1 and 2) with superficial gas velocity (pure water-air system).
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Figure 9: Evolution of coherence and cross-correlation (pressure sensors 1 and 2) with superficial gas velocity (water-butanol (0.05%) solution).
Table 2: Effect of superficial gas velocity on the induced liquid velocity for the water - air system and coalescence inhibitor system 

	Ug (cm/s)
	Ur (cm/s) :

air-water
	Ur (cm/s) :

Ethanol (0.05%)
	Ur (cm/s) :

Propanol
(0.05%)
	Ur (cm/s) :

Butanol
(0.05%)

	0.56
	0.16
	0.11
	0.1
	0.1

	2.9
	0.71
	0.71
	0.35
	0.29

	9.7
	1.25
	1.25
	1.2
	0.83


4.6 Gas - Liquid mass transfer
The volumetric mass transfer coefficients (KLa) were measured in tap water and alcohol-water mixture solutions (0.05% v/v) as a coalescence-inhibiting system. Desoxygenation and Reoxygenation method was applied. The oxygene is removed by introducing 20 g sodium sulfite (Na2SO3) in the presence of cobalt ([Co2+] = 0.5 mg/L) as a catalyst:
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For each experiment the temperature is taken into account. As mass transfer coefficients are influenced by temperature due to the effect of diffusivity, the measured KLa at temperature T is converted to KLa at 20°C according to the following relation (Stenstrom et al., 1981):
KLa (20°C)= KLa (T). 20-T







(13)
The value of is estimated to 1.024 (Stenstrom et al., 1981).
Because of their polar group (OH) and the hydrophobic carbon chain, Ethanol, Propanol and Butanol molecules behave as surfactants. The coalescence of bubbles is then inhibited and the foaming is favored as in the case of biological media. The presence of the foam for propanol and butanol makes it difficult to measure KLa for high gas velocities, especially when the oxygen sensor is placed near the free surface.  For high gas velocities, a high volume of foam is observed. This hinders the measurement of KLa for the 1m and 1.75 m positions. The foam disturbance on the KLa measurement is negligible for gas velocities not exceeding 6 cm/s.  
For each axial position, the measurement of KLa was undertaken for pure water air and the air- alcohol-water mixture solutions.  Near the gas distributor (0.25 m from the gas distributor), KLa increases with superficial gas velocity but the influence of alcohol on KLa is weak: almost the same values are obtained regardless of the system used. The influence of the coalescence inhibitor system is most appreciated in the region far from the gas distributor. Figures 10-a and 10-b show the increase in KLa versus the superficial gas velocity. These figures also show that the KLa values decrease as the number of carbons in the alcohols increases.
The alcohol molecules are monomolecularly dispersed and surrounded by water molecules at low concentrations. A progressive aggregation of mixture components and a change to the hydrophobic hydration are observed with increasing concentration up to a critical composition (D’Angelo et al., 1994).

The effect of the axial position on KLa is shown in figure 13 which demonstrates that the volumetric mass transfer increases when the axial position increases. These results are supported by those obtained for gas holdup in zones I and II. Thus, the values of gas holdup are less apparent in zones closer to the sparger than in the zones far enough from the gas sparger. The difference between gas holdups in the two zones becomes larger as the superficial gas velocity increases and the carbon number in alcohol increases (ethanol, propanol and butanol) as observed in figure 2.  These results can be explained in light of Higbie's theory. According to the theory of the penetration of Higbie, the transfer coefficient can be expressed by the following equation:
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where DL is the molecular diffusion of oxygen in liquid and Ur is the relative velocity.

The interfaciale coefficient a can be expressed as:


[image: image45.wmf]d

b

g

a

e

6

=

.







(15)
where db is the bubble diameter. 

So the expression of KLa can be deduced:
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(16)
Equation (16) predicts on the one hand an increase of KLa with g and on the other hand a decrease of KLa with the bubble dimeter. The hydrodynamic study in section 4.1 has shown that g increases with increasing the number of carbons in alcohol. In addition, the diameter of the bubble decreases with the addition of alcohol and further does so when the number of carbons increases.  So, KLa should be increased with the number of carbones in the alcohol. However, equation (16) predicts also an increase in KLa with the induced liquid velocity and the diffusivity.  As the induced liquid velocity decreases with the number of carbones in alcohol (table 4),  and the diffusivity of oxygen in the liquid decreases with alcohol, while the number of carbons in alcohol increases, KLa should incresed with the induced liquid velocity and diffusivity. In our study, the effect of increasing KLa with 
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 is less important than the effect of decreasing KLa with the number of carbones in the alcohol as Ur and DL  (
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) decreased with the number of carbones in the alcohol.This explains the experimental results obtained in the study.
Empirical correlation is obtained to evaluate the oxygen volumetric mass transfer coefficient for two zones of the bubble column. The main parameters influencing the values of KLa are the gas holdup (g) and surface tension ().

Zone I:

KLa = 0.027 121.2  0.8, standard deviation is equal to 11.3%, 14%, 4.5% and 9.9%, respectively for pure water-air system, ethanol, propanol and butanol(0.05%) solutions.
Zone II:

KLa = 0.026 230.7  0.45, standard deviation is equal to 29 %, 25%, 33% and 27%, respectively for pure water-air system, ethanol, propanol and butanol (0.05%) solutions.
Correlations of KLa are valid for 0.56 cm/s < Ug < 6 cm/s.  is expressed in mN/m. It is known according to several papers (Chaumat et al., 2007) that the surface tension effect is particularly effective in homogeneous and transition regime and less in the heterogeneous regime. Thus the predominance of the macro scale turbulence effect reduces the role of the surface tension (Camarasa et al., 1999; Zahradnik et al., 1997).  
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Figure 10: Gas-liquid oxygen transfer coefficient versus superficial gas velocity. Influence of the carbon chain length of alcohol. (a): 1 m above the gas distributor; (b): 175 m above the gas distributor; (c): Influence of the axial position (distance from the gas distributor).

5. Conclusion
This study has shown the use of pressure sensors to first obtain the gas holdup in different zones and then to determine the transition between the flows regimes for different type of non – coalescing water – alcohol mixtures. The increase of the number of carbons in the alcohol leads to an increase in the gas holdup and the delay of the regime transition. The presence of the gas is more important in the zone far enough to the gas distributor (zone II) especially with water-propanol and water-butanol solutions. Spectral analysis through the average frequency indicates clearly that the gas regime transition delayed: this transition is reached at 6 cm/s for pure-water-air, 9 cm/s for water-ethanol-air, whereas the homogeneous regime was almost maintained with the studied gas velocity ranging from 0.56 to 11.18 cm/s with water-propanol and water-butanol solutions. Coherence and cross-correlation functions indicated clearly that homogeneous to heterogeneous transition is detected when the periodicity appeared in the cross-correlation function and coherence presented a maximum (close to unity). This aspect constitutes an efficient method to discriminate between different gas-liquid transition regimes flow.
The correlations of gas holdups taking into account the effect of surface tension represent the experimental results especially for homogeneous regime. As the standard deviation is relatively weak in all the range of the gas velocity used (from 0.056 to 12 cm/s) in the case of propanol and butnol, this means that the transition regime is maintained even at high gas velocity.

The gas liquid mass transfer coefficient was discussed in term of the accuracy of the estimation of KLa. The effect of the axial position in the bubble column  was also studied. Three positions were chosen: near the gas distributor (0.25 m above the distributor), in the center of the bubble column (1m above the gas distributor) and near the free surface (1m above the gas distributor). The results revealed that KLa decreased with addition of alcohol especially when the number of carbones in alcohols increased.  The evolution of volumetric mass transfer follows the same trend as for gas holdup. Thus, KLa is more important in zone II than in zone I. In the light of the Higbie’s theory, the effect of increasing KLa with gas holdup  is less important than the effect of decreasing KLa with diffusivity and the induced overall liquid by bubbles gas.
The non-coalescing water–organic mixtures used in this study simulate the behavior of industrial non-coalescing water–organic mixtures or biological media. The results found in this paper contribute for improving the design of gas liquid contactors and scale-up in bubble column.
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