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Abstract

Gas holdup of water/nitrogen, water-phenol/nitrogen and water-phenol/air systems was successfully measured by a method based on the use of a differential
pressure sensor installed on a bubble column reactor, in a wide domain of temperature (from 100 to 300°C) and pressure (from 10 to 30 MPa). These
experimental conditions are little or no explored in literature. Results show a predominant influence of the superficial gas velocity, the evaporation of the
liquid phase, the ratio of the gas volume flowrate on the liquid volume flowrate and the phenol concentration. Pressure and chemical reaction have little
effect on gas holdup. The temperature has an effect in the case of phenol solutions. The different correlations and parameters influence determined in this

work are very helpful for the design of gas liquid contactors (for instance bubble column) at high pressure and high temperature.
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1. Introduction

Gas holdup is an important parameter to design liquid gas contactors because it is directly correlated with the interfacial area between the gas and the liquid
phases. It depends mainly on bubbles diameter and their rising velocity. Gas holdup is high when the number of bubbles is large and their diameter is small
(lower rise velocity). However, as many parameters can influence this value, it is necessary to determine the most important ones to optimize the design of
this type of contactor. Literature gives a first idea of the influence of these factors, mainly under limited range of operating conditions. It is generally accepted

in literature that the hydrodynamics of the bubble columns can be divided in three different regimes:

* The homogeneous regime: low superficial gas velocities, characterised by a narrow bubble size distribution;
e The heterogeneous regime: high superficial gas velocities and characterised by a large distribution of the bubble diameters;

e Atransition regime between the two cited above.

The transition between the different regimes is governed mainly by the superficial gas velocity but pressure, temperature, gas distributor and column design
are also reported to be relevant. As the mechanism governing the different regime are different, the operating parameters, such as pressure or temperature,

are suspected to have different effect depending on the hydrodynamic regime.



Pressure increase leads to an increase of gas holdup. This effect can be related to a decrease of the bubble’s diameter, by an effect on the bubble breakup.
However, in the homogeneous regime and/or for relatively low gas velocities (less than 5 cm.s), some authors observe a significant increase (Tarmy et al.,
1984 ; Idogawa et al., 1986; De Bruijn et al., 1988 ; Wilkinson et al., 1990 ; Wilkinson et al., 1992 ; Lin et al., 1998 ; Therning and Rasmuson, 2001; Shaikh et
al., 2005; Schéfer et al., 2002; Lin et al., 2006), others a smaller increase than in the heterogeneous regime (Clark, 1990 ; Oyevaar et al., 1991 ; Krishna et al.,
1991 ; Reilly et al., 1994 ; Jiang et al., 1995 ; Dewes and Schumpe, 1997; Kang et al., 1999 ; Kang et al., 2000 ; Hashemi et al., 2009 ; Pjontek et al., 2014), and
others observe no effect of pressure (Sangnimnuan et al., 1984 ; Letzel et al., 1997 ; Letzel et al., 1998 ; Letzel et al., 1999; Krishna and Sie, 2000 ; Ishibashi et
al., 2001 ; Pohorecki et al., 2001 ; Kemoun et al., 2001 ; Chilekar, 2007 ; Chilekar et al., 2010 ; Kumar et al., 2012 ;). For example, for the water/air system,
Schéafer et al. (2002) observe a significant decrease in bubble diameter by increasing pressure (up to 5MPa) in the homogeneous regime, up to a plateau at
around 10MPa. These results also indicate that the effect of pressure decreases as bubble’s diameter decreases. Letzel et al. (1997, 1998, 1999) establish that
only the largest bubbles are affected by pressure, which explains why no effect is observed under homogeneous conditions. Pressure effect could be mainly
related to an increase in gas density (Wilkinson et al., 1990 ; Krishna et al., 1991 ; Reilly et al., 1994 ;Krishna and Ellenberger, 1996 ; Dewes and Schumpe,
1997; Letzel et al., 1998 ; Jordan and Schumpe, 2001).

Temperature increase generally leads to an increase in gas holdup and/or a decrease in bubble diameter (Sangnimnuan et al., 1984 ; Wilkinson et al., 1992 ;
Soong et al., 1997 ; Lin et al., 1998 ; Luo et al., 1999; Ishiyama et al., 2001; Pohorecki et al., 2001 ; Schafer et al., 2002 ; Lorenz et al., 2005 ; Lau et al., 2004 ;
Behkish et al., 2007 ; Hashemi et al., 2009). This increase leads to a decrease in surface tension and is therefore likely to decrease the drainage rate of the
liquid film, the diameter of the primary bubble and the maximum diameter of bubbles (Leonard, 2018). It also leads to two possible effects on coalescence.

The decrease in liquid viscosity increases the drainage rate and the collision frequency and is therefore likely to promote coalescence. On the contrary, the



coalescing contact time is also likely to decrease. In practice, according to the operating conditions range, the effects observed are different. Thus, Pohorecki
et al. (1999) found no effect of temperature on gas holdup, which may be related to evaporation. Other authors observe a decrease in gas holdup as the
temperature increases and a negative effect of temperature, at ambient pressure, between 30 and 80°C in the water/air system (Kolbel et al., 1971 ; Deckwer
et al., 1980 ; Grover et al., 1986; Yang et al., 2001). Their holdup measurements in aqueous solutions containing dissolved salts show that temperature has a
positive effect on the gas holdup. Since salts are coalescing inhibitors, it seems that the negative effect observed for salt-free system is due to the promotion
of coalescence. This decrease is also observed by Kolbel et al. (1971) in homogeneous regime, whereas no effect is observed under the heterogeneous
conditions.

Concerning liquid superficial velocity, Lau et al. (2004) show an effect at ambient pressure but only for high superficial gas velocity. At 4.24MPa, the superficial
liquid velocity seems to have no influence. This influence seems to be limited to pressures close to atmospheric pressure and leads to a marginal decrease in
gas holdup by increasing the proportion of liquid.

As for the influence of the working mode, it has been reported that gas holdup increases with liquid superficial velocity in counter current mode but decreases
or remains constant in co current mode. The effect is more pronounced at high gas velocity (Bin et al., 2001 ; Jin et al., 2010). In fact, the difference between

the two working mode is always lower than 2%. It has no real influence on the gas holdup.

As for the influence of the superficial gas velocity, in the homogeneous regime, the average diameter of bubbles increases slightly with gas superficial velocity
(Kluytmans et al., 2003). At the transition, the average diameter increases whereas in heterogeneous regime the proportion of large bubbles increases while
that of small bubbles remains relatively constant. Thus, for water/air system, Fukuma et al. (1987) observe an increase in bubble diameter with superficial gas

velocity in homogeneous and heterogeneous regimes. Other authors observe this increase in bubble diameter whatever the hydrodynamic regime studied



(Smith et al., 1996 ; Majumder et al., 2006; Simmonet et al., 2007 ; Xue et al., 2008 ; Garcia-Abuin et al., 2012; Muroyama et al., 2013). Pohorecki et al. (1999)

observe no effect of superficial velocity on bubble diameter under saturated conditions.

The gas distributor has a major influence at the boundary between homogeneous and transition regimes, but has no consistent effect in well-established
homogeneous and heterogeneous regimes (Ohki and Inoue, 1970; Reilly et al., 1986; Zahradnik et al., 1997 ). Generally, porous or membrane distributors
allow to obtain narrow size distributions and thus a better stability of homogeneous regime than the perforated distributors (Zahradnik et al., 1997 ; Krishna
and Ellenberger, 1996 ; Bouaifi et al., 2001; Kantarci et al., 2005). There is no effect of the gas distributor for pressures higher than 15MPa, an effect attributed

to a smaller diameter of the primary bubble (Idogawa et al., 1986).

In the homogeneous regime, the lower the height of dispersion, the higher the gas holdup is. In heterogeneous regime, dispersion height has no more influence
for ratios H¢ /D¢ higher than 5 (Wilkinson et al., 1992 ; Zahradnik et al., 1997 ; Parasu Veera and Joshi, 2000; Ruzicka et al., 2001 ; Kantarci et al., 2005 ; Lau

et al., 2012).

Literature shows that a parametric study is complex as the influence of a parameter itself depends on one or more other parameters. Temperature and
pressure seem to have predominant effects. However, a plateau is observed by different authors for the effects of pressure: it is therefore necessary to
evaluate the effect of this parameter. Temperature is likely to have two possible effects. This parameter is therefore also estimated. Superficial velocity is
obviously a parameter of interest. As the operating mode (co-current or counter current) has little effect for holdups in the range from 0.02 to 0.3, it will not
be studied. Finally, effects related to gas solubility and partial evaporation of the liquid have been identified in the literature. At the temperatures and

pressures applied, gas solubility is important, and evaporation can be significant. It will therefore be essential to quantify these effects. Thus, literature offers



many results, but often qualitative for high pressures and high temperatures. It is hence necessary to investigate the behaviour of the systems in these
conditions of high pressure and temperature. Four parameters will be tested in the liquid-gas contactor: pressure, temperature and superficial velocities of
gas and liquid. Finally, the effect of the chemical reaction will be quantified by measurements in reactive conditions in water-phenol/air systems. The different
systems studied (water/nitrogen, water/phenol/nitrogen, water/phenol/oxygen) have been chosen because they allow to change the physical properties. The
systems without oxygen allow to study an evolution without any reaction (or a very slow one due to liquefaction processus). On the contrary, the system with
oxygen allow a study taking into account a variation in the composition due to the reaction. Phenol has been chosen because its modification of the physical
properties is quite significant, even at low temperatures, and because its kinetics parameters are well known in these conditions (Leféevre et al., 2011). The
pressure and temperature variations have been chosen in large range but always in subcritical conditions, and the flowrate is coherent with industrial

applications and needs, for instance wet air oxidation.

2. Materials and methods

2.1 Measurement method

Among the main existing methods, the most common is the measurement of pressure difference between two points of the column (Hikita and Kikukawa,
1974 ; Therning and Rasmuson, 2001 ; Boyer et al., 2002; Forret et al., 2003 ; Yang et al., 2003 ; Chaumat et al., 2005 ;Kantarci et al., 2005 ; Jin et al.,
2007 ;Hashemi et al., 2009 ; Shah et al., 2012 ;Pjontek et al., 2014). The gas holdup is calculated with equation 1, resulting from pressure drop in two-phase

flow, neglecting acceleration and friction pressure losses (Zahradnik et al., 1997; Tang et al., 2006; Shah et al., 2012).
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Neglecting pressure drop by acceleration requires that the gas and liquid superficial velocities and densities remain constant between the two points. The
contactor section must be constant, and the holdup is also assumed to be constant. The transfer of matter cannot be neglected. Tang and Heindel (2006) have
shown that, in general, viscous friction losses are negligible when surface velocities of gas and liquid are low (u. <1cm.s? and ug = 0-30cm.s?) and liquid

viscosity are low (for example in water).

2.2 Experimental set-up

A general diagram of the pilot plant (Separex, France) is presented in Figure 1. The liquid gas contactor is a cylinder of internal diameter 4cm and height 83cm
(volume 1L, Inconel 625, 30MPa, 350°C). It is equipped with an outlet pressure sensor, a low purge valve and a vent valve. It is divided into three stages heated
by an electric collar (first stage) or a heat-exchange double jacket (2" and 3™ stages). Taps allow temperature and differential pressure measurements. After

cooling, a TESCOM® pressure regulator is used to control the pressure.

The gas (nitrogen or reconstituted air 80% N, and 20% O) comes from pressurized cylinders (Air Liquide, France, purity 99%). Gas is admitted into pneumatic
booster system (DLE-75-1, MAXIMATOR®), measured by a mass flow meter (BRONKHORST El-Flow F232-M 0 to 65NL.min", accuracy: 0.5% value +
0.065NL.min). The system is equipped with a buffer tank to absorb any oscillations of the flow. The gas is heated in a heat exchanger (1500 W electric heating
collar). The regulation is made using a thermocouple measuring the temperature at the heart of the steel block. A thermocouple is placed before injection at

the exit of the gas heat exchanger. The gas is injected into the column using a sintered disc. The gas distributor is mentioned as a parameter of interest. Using



a porous medium with pore diameter of less than 100um may be recommended for achieving good performances. For the column studied the distributor is a
PORAL®-type sinter with an average pore diameter of 80um (class 30). It must be ensured that the zone of the distributor does not have any influence on the
overall hydrodynamics of the column. Working with ratios Hc/D¢c > 5 and z/D¢ > 5 is therefore necessary. These conditions are checked for the column

used in this study. Superficial gas velocity is calculated from the booster outflow (QG ° in NL.min) with equation 2.

Qg° °
_ QuG _ T000x60"G (2)
U =5~ = s
C PG>C

Density pg° is nitrogen density under normal conditions. During the experiments, temperature varies between 100 and 250°C and pressure between 10 and
30MPa. At 10MPa, the superficial velocity range is 0.20 to 1.70cm.s™ (0.1 to 0.88cm.s* at 20MPa and 0.08 to 0.65cm.s at 30MPa). The gas flow rate is also

measured after phase separation, expansion and cooling, with a hot wire gas flowmeter.

The liquid pump is a piston pump (SEPAREX LGP50, France) with flowrates from 0 to 120g.min, up to 100MPa. The liquid is heated by a 6000 W ceramic
collar. Temperature at the exchanger outlet is monitored using a thermocouple. The liquid is injected at the bottom of the column, above the sintered material.
Liquid and gas work in co-current. The superficial liquid velocity in the column is calculated from the outflow from the pump (Q.° in g.min) using equation 3.

The range studied is 0.04 to 0.16cm.s™.

Qv _ Io00xe0 3)
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Figure 1: Simplified diagram of the pilot plant used for holdup measurements.



2.3 Gas holdup calculation
The differential pressure sensor is a FKCT-43 (FUJI ELECTRIC, O - 4800Pa, 42MPa, 120°C, accuracy *
0.065% of the measuring range: * 3.12Pa). It is connected to the column via taps allowing

measurement in the second stage, in the third stage or in the second and third stages simultaneously.
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Figure 2: Schematic diagram of the measuring apparatus. Red: measurement in the 2" stage. Green: measurement in the

3rd stage. Blue: simultaneous measurement in 2" and 3" stage.

The static pressure drop in the tubes connecting the sensor to the column (Figure 2) implies a
modification of equation 2. For instance, let us consider the case of the measurement between the
second and third stages simultaneously. The sensor measures the differential pressure drop given by
equations 4 and 5. It is valid if the density p in the connection tubes, filled with liquid, can be considered
constant along the vertical axis. The bend is set with a sufficient length from the column so that the
temperature at the elbow equals the ambient temperature. Tests have been carried out and it appears

that a length of 50 cm is sufficient to satisfy this condition.

AP, =P, —P, =P, — P, + pg(z; —z4) (4)

APy, = g(z; — z)[—prL(1 — &6) — pgeg + PL(Tatm)] (5)

The zero of the pressure sensor is given by equation 6, leading to equation 7.



APm,O =g(z, — Zl)[_pL(Tzero) + pL(Tatm)] (6)

APy, = g(z2 — ) [—pL(1 — &6) — pgeg + PL(Tzero)] (7)

The influence of temperature increase during the passage of the gas is considered through the

difference of liquid densities. The gas holdup is finally given by equation 8.

AP PL=PL(Tzero) (8)

S =
G ™ gza-20)(pL—Pc) PL—PG

Equation 8 can be applied if densities (at T and T.ero) are constant in the column. This condition is
verified if there is no temperature gradient or composition change in the column. For inert systems it
is easy to validate this condition. However, in water-phenol/air system, the chemical reaction can
induce temperature gradients and change in density. The influence of temperature can be considered
by using thermocouples, located at the same level of the pressure taps. Considering the variation of

density requires integrating equation 9.

Z—i = —glp(1 = &) + pgec] (9)

Equations 5 and 8 were established assuming a constant pressure drop by friction and acceleration in
the column, assumptions verified in Appendix A. Similarly, the quantification of the effects of liquid
evaporation and solubility of gases are given in Appendix B. The quantification of pressure drop by

acceleration is validated in Appendix C.

2.4 Experimental procedure

The reactor is filled at ambient temperature and pressure with the solution. The connecting tubes of
the pressure sensor are purged of any residual gas. The reactor is pressurized and heated. Once
temperatures are stable, acquisition starts, the sensor zero is set and a temperature measurement is
done to consider the basic temperature gradient in the column. Gas is then admitted into the column.

When the permanent regime is reached, the holdup can be calculated from the AP signal.



Uncertainties on the measured holdups are evaluated from reproducibility tests carried out for each
pressure. The uncertainties obtained at a fixed low gas flow rate of 10NL.min* are important because
the measured pressure drop rarely exceeds 40Pa and the holdup is low. For these flows, the
uncertainties vary between 7.7 and 36.1% with an average of 16.8%. For larger flows, the average
uncertainty is lower: 3.9% at 10MPa, 3.6% at 20MPa and 8.5% at 30MPa. Uncertainties on superficial
gas velocity are evaluated from the uncertainties on the average flow and gas density in the column.
Relative uncertainties range from 0.6 to 7.3% with an average of 2.2%. The relative uncertainties on

superficial liquid velocity are low (less than 1%).

82 measurements were made on water/nitrogen system: 49 measurements in the second and third
stages simultaneously, 23 in the second stage and 10 in the third stage. 7 tests were carried out in
water-phenol/nitrogen system (2 tests at 2g.L'! and 5 tests at 29g.L). 17 measurements were made
in water-phenol/air system: 3 tests at 2g.L?, 6 tests at 10g.L?%, 7 tests at 30g.L* and 1 test at 80g.L™.
Measurements in water-phenol/nitrogen and water-phenol/air systems were performed in the 2" and

3" stages simultaneously.

3. Results and discussions

3.1 Measurements with the water/nitrogen system

The results of temperature-dependent gas hold up in water/nitrogen system are shown in Figures D1
to D3, Appendix D. At 10MPa and 100°C, gas holdup is a linear function of superficial gas velocity and
is constant in the column. The superficial velocity of liquid has no influence. At 175°C, gas holdup
appeared to be higher than at 100°C for high gas velocities (us> 0.5cm.s™). The liquid flow has no
influence (us <0.5cm.s?). At 200°C, gas holdup is identical to that obtained at 100°C for ug <0.8cm.s™.

It is higher at 200°C than at 175°C and 100°C, again indicating a positive effect of temperature, linked



with the evolution of viscosity and surface tension (Leonard, 2018). The liquid flow has no influence
for ug <1.0cm.s™. At 240°C, gas holdup is higher than at other temperatures, regardless of the range of

Ug.

These different evolutions indicate that the superficial liquid velocity has a predominant influence on
gas holdup, which is lower when superficial velocity is higher. The effect of u,, however, is weaker at
low ug. For fixed conditions of pressure, temperature and liquid flow, gas holdup remains a linear
function of ug. The effect of temperature is preponderant: between 200 and 240°C, gas holdup is
almost doubled at the highest superficial gas velocity. The effect of pressure is less significant, as its
influence on viscous and surface tension values is less important. At 20 and 30MPa, the superficial
liquid velocity does not seem to play a dominant role, except at low gas velocity where the holdup
appears to be higher at high superficial liquid velocity. Gas holdup is not a linear function of ug, but the
curve becomes clearly convex. This effect is more important when ug is important (> 0.8cm.s?) and Q.°

is low. It seems to induce a slight increase in holdup in the third stage of the column.

Finally, the effect of the superficial liquid velocity observed at 20MPa at low gas velocity (higher holdup
at high liquid velocity) appears to be in contradiction with that observed at 10 and 30MPa. In fact, it is
possible that partial evaporation at highest liquid flowrate and high pressure (for us <0.2cm.s) has
more effects because u, and ug are of the same order of magnitude. In view of these remarks, this

effect is linked to the partial evaporation of the liquid phase.

Pressure influence on gas holdup is shown in Figures E1 and E2 in Appendix E. At 100°C, 10 and 20MP3,
liquid velocity has no influence on gas holdup. It does not seem to depend on pressure: it only depends
on ug. At 200°C, between 20 and 30 MPa, the holdup seems constant for us <0.8cm.s: it does not
depend on the pressure at low gas velocities. In the same superficial velocity range, holdup does not
depend on the liquid flowrate and is constant in the column. At 10 MPa it is higher than at 20 and
30MPa throughout the superficial gas velocity range, although the difference is smaller at low gas

velocity (us <0.8 cm.s2). For high gas velocities, the same increase is found when the liquid flowrate



decreases. At 15MPa, the holdup in the second stage is equal to that obtained at 10MPa in the same
stage, indicating a negligible effect of the pressure between 10 and 15MPa. For ug < 0.8cm.s?, the
pressure has a slight effect of decreasing holdup from 20MPa. At 240°C, between 20 and 30MPa, it
seems constant for ug <1.0cm.s™: holdup does not therefore depend on the pressure between 20 and
30MPa at low gas velocities. In the same superficial velocity range, the holdup does not depend on the
liquid flowrate. These results are similar to those obtained at 200°C but in a wider range of us. Gas
holdup decreased between 10 and 20-30MPa throughout the range of surface velocity tested. The
effect of temperature is therefore predominant only at low pressure. This is confirmed by the evolution
of surface tension with pressure and temperature (Leonard, 2018) The effects of liquid velocity
discussed previously are the same in this case. In summary, the different trends can be summarized in

Table 1.



P =10MPa

uc range/
0.1-0.5 0.5-1.0 1.0-1.38
Parameters
us 0N 1t T
A [100 - 200] A [100 - 200] A [100 - 200]
T(°C)
M [200 - 240] M [200 - 240] M [200 - 240]
100 - 200°C: N [25 - 50]
100 - 200°C: @ [25 - 100] 100 - 200°C: @ [25 - 100] @ [50 - 100]
Q.°(g.min?)
200 - 240°C:  [25 - 100]
200 - 240°C: N [25 - 100] 200 - 240°C: { [25 - 100]
P =20MPa
uG range/
0.1-0.4 0.4-0.8 0.8-1.0
Parameters
ug 0N 1t T
@ [100 - 200] @ [100 - 200]
T(°C) @ [100 - 240]
M [200 - 240] M [200 - 240]
100 - 200°C: @ [25 - 100]
QL°(g.min'1) 100 - 240°C: @ [25 - 100] 100 - 240°C: @ [25 - 100] 200 - 240°C: N [25 - 50]
@ [50 - 100]
P = 30MPa
uG range/
0.1-0.8
Parameters
ue T
T(°C) @ [100 - 240]
aQ’ 100 - 240°C: @ [25 - 100 ]

Table 1: Influence of operating parameters on gas holdup. @ : no effect. 2 : little increase. 1 : increase. N : little decrease.

{ : decrease. The trends are reported for an increase of the parameter.






The lack of pressure effect may agree with the presence of plateau observed from ambient up to
10MPa in the literature. The absence of temperature effects may be due to the presence of small
bubbles related to an efficient distributor and a limitation of coalescence by pressure. The effect of

superficial gas velocity agrees with literature.

As discussed before, the effects of temperature and pressure appear to be mainly related to the effect
of gas saturation by water vapor. It is possible to assume that the effects of temperature and u, on gas
holdup are only related to evaporation. To quantify this effect, the complete saturation of the gas by
water vapour is assumed. In this case, it is possible to estimate the superficial gas and liquid velocities

with equations 10 to 12.

UG,sat = Ug T Ql;v:p (10)
T,P
Up sat = Up — —Qv'vapsif:( ) (11)
. Yv,H20
with Qv,vap = 1_1;1] 220 Qv,NZ (12)

The calculation of the fraction of water vapor at the equilibrium yy 20 is detailed on Appendix B.

At saturation, the water losses are low enough to never drain completely the liquid. The plot of gas

holdup versus saturated gas surface velocity (g, sat) for all conditions is shown in Figure 3.
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Figure 3: Evolution of gas holdup as a function of gas superficial velocity under saturated conditions.

Figure 3 indicates that most of experimental points are correlated with superficial gas velocity under
saturated conditions. For these points, ug, sat could have an influence on the holdup. Some points do
not agree with this trend. These points are obtained at 200 and 240°C for different pressures and for
mass flowrates of water at the inlet of columns less than 50g.min*. The coupled effect of temperature
and superficial liquid velocity is therefore not completely explained by an effect of increasing the
volume flowrate of gas by saturation. Gas holdup can be calculated from interstitial gas velocity and

superficial gas velocity with equation 13.
gg="t==0 (13)

The interstitial velocity of the gas is the rising velocity of bubbles. It is possible that the coupled effect
of temperature and superficial liquid velocity is related to an evolution of ug/u. ratio with saturation.
The points indicated above are obtained under conditions where this ratio is important and higher
than 15-20 under saturated conditions. The ratio is less than 10 in the case of other manipulations. A
decrease in gas holdup is therefore observed when the proportion of liquid increases, which is in

agreement with some results from literature (Chaumat et al., 2005 ; Simmonet et al., 2007 ; Jin et al.,



2007 ; Kumar et al., 2012 ; Kumar et al., 2012; Pjontek et al., 2014 ). These studies show that it is

possible to model the influence of evaporation by a relation considering ug, sat.

The absence of pressure and temperature effects under conditions of low superficial velocities
between 20 and 30MPa and the presence of significant temperature effects, especially for ug>0.6cm.s’
!, could indicate that the hydrodynamic regime changes by increasing gas velocity at high temperature.
For water / air system, Han and Al-Dahhan (2007) showed that transition velocity between

homogeneous and transition regime is around 15 cm.s™ at pressures up to 1MPa.

Ruzicka et al. (2001) developed a model that predicts results on regime transition. In their model,
homogeneous holdup is only a function of superficial gas velocity. They assume that the bubble
passage induces a movement of the liquid downwards. The displaced volume, called drift volume, is
expressed as a function of a portion marked  of the bubble. For a non-deformable sphere, the { portion
of the bubble can be calculated as the ratio of the vertical component of Basset force to the density of
the surrounding liquid (Benjamin, 1986). Ruzicka et al. (2001) recommend determining graphically T
from holdup results. In homogeneous regime their model includes two parameters, T and the

ascending terminal velocity of the bubbles up o, related to the holdup by the equation 14.

L-+0+ (HB%O) (Retisee) (14)

el

The plot of the curve 1/¢¢ as a function of the ratio ug(1- £6)/€s> (Figure 4) is a straight line, which gives
access to the terminal velocity and the parameter . In heterogeneous regime, the holdup is predicted
simply by the plot of Zuber and Findlay: us/£c as a function of ug is a straight line. To check the regime,
these two equations were tested. Ruzicka plot predicts well the experimental points at 10, 20 and

30MPa, whatever the operating conditions studied but for ug> 0.5 cm.s* (Figure 4).
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Figure 4: Ruzicka et al. (2001) model verification in homogeneous regime — water/nitrogen system with ug > 0,5 cm.sL.

The inaccuracy on the abscissa is important for the large values of the ratio ug(1- £¢)/ec* for which the
holdup is low. Indeed the dependence of the term in 1/es? gives high uncertainty. The model, however,
predicts well the results, confirming that the regime is homogeneous. The parameters obtained by
regressionare {=3.3+0.4andug,, = 18.5 £ 0.4 cm.st. The maximum value is obtained at low gas
flow (Qs° = 10NL.min) then decreases with increasing gas velocity. Given the uncertainty in estimating
the rising rate of bubbles at low gas flowrate, Ruzicka et al. (2001) predicts that at low flowrates,
bubbles move at the terminal velocity. They rise in the column without interactions with their
neighbours. Decreasing the rising rate with gas velocity indicates that interactions increase as the
density of bubbles increases, which seems consistent. This agrees with Baz-Rodriguez et al. (2014)
results. The saturated plot (Appendix F) leads to similar regression parameters ((=3.5+0.4and ug o, =
19.2 + 0.4 cm.s}).

These results can also be obtained from the methods of Wallis (1969) and Zuber&Findlay (1965)The
Wallis plot for experiments at 10MPa (Figure E3, Appendix E) shows that the curve shape is different
according to operating conditions (temperature, liquid superficial velocity). The curve shape is

however always concave and never indent. This indicates that the hydrodynamic regime is



homogeneous. This regime is better stabilized and the holdup at the transition is more important for

the manipulations with high temperature (with constant flow of liquid).

Zuber and Findlay plot for holdup manipulations at 10MPa shows that no minimum is observed (Figure
E4, appendix E). The curves are decreasing or almost constant (for example at 240°C - 100g.min). This
plot confirms that the flow regime is homogeneous. Plotting under saturated conditions leads to the

same conclusions.

3.2 Gas hold up measurement in water-phenol systems

The results obtained in the water-phenol/nitrogen and water-phenol/air systems are shown in Figure
5. The dew point of aqueous phenol solution and saturation pressure are known using ProSim®
software. Phenol fractions and reaction intermediates in the gas phase are neglected, given the small
molar fraction of phenol in the gas phase. Under these conditions, the saturation pressure of water-
phenol system being like that of water, the calculation of ug, sat is strictly identical to that performed
for water/nitrogen system. The results obtained in water-phenol/nitrogen and water-phenol/air
systems are presented in Figure 5. For these systems, the composition induces a change in the surface
tension value. The surface tension of the water-phenol mixture decreases as the phenol mass fraction

increases (Léonard, 2018).
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Figure 5: Experimental gas holdup for water/phenol system.

The relative uncertainties vary between 0.3 and 13.6% with an average of 5.8%. The highest
uncertainties are, as for water/nitrogen system, obtained with the lowest flowrates (about 15NL.min"

1). The uncertainty on superficial liquid velocity is about 5%.

For the water-phenol/air systems, the influence of the chemical reaction on the superficial gas and
liquid is estimated from the measurement of the concentrations of each compound at each stage.
These measurements are made from direct sampling in the column and determination of the
composition from gas chromatography analysis. The evolution of the different concentrations and
temperature are well described in Lefévre et al. (2011). A simple material balance shows that ug and u;
remain nearly constant in the column. The maximum variation is 3% for ug and 1.6% for u.. This is
explained by the production of CO; in quasi-stoichiometric quantity compared to the oxygen loss for
the gas phase and by the production of water and acetic acid in the liquid phase that compensate the

phenol consumption.

Figure 5 shows that reactive system measurements follow the same trends as the inert system. For

each concentration series, there is an effect of temperature which induces a holdup increase in the



column. This effect is observed in reactive conditions or not. It is particularly visible on experiments at
2g.L ™t in nitrogen or air, at the two points performed at 240°C ,to 10g.L™* and experiments at 29 and 30
gLt in the range 0.2 - 0.6cm.s™ . Only one point, obtained with nitrogen at 230°C to 30g.L* seems to
disagree with this trend. This effect of temperature seems to disappear at high gas velocities. As for
water/nitrogen system, this effect could be related to gas and liquid proportions and ug/u. ratio. Unlike
water/nitrogen system, however, it is observed for lower ratios, ranging from 1.5 to 15.8. This effect
is related to the presence of phenol. Finally, as for pure water, the pressure seems to have little effect,
the points obtained at 10 and 20, 26 or 28MPa being aligned for a given temperature at each

concentration.

Phenol concentration plays a major role in gas holdup, in reactive system or not. Figure 5 indicates that
holdups obtained at 30g.L? and 80g.L? are systematically higher than those obtained at 2 and 10g.L*
at the three temperatures and regardless pressure and superficial liquid velocity. This trend is mostly
observed in a narrow range of superficial gas velocity at saturation, in the range 0.2 - 0.7 cm.s™. The
presence of phenol induces a decrease in surface tension (Léonard et al.,, 2018). This effect can
influence the diameter of the primary bubble and coalescence. A coalescence inhibiting and stabilizing
effect of the homogeneous regime, identical to that of alcohols in aqueous solution, is also envisaged.
The coupled effect of temperature and the presence of phenol may be related to a decrease in the
rate of coalescence.

Most of the points obtained in nitrogen are perfectly in agreement with those obtained in air. Only
one point, obtained at 20 MPa, 230°C and 30g.L? does not correspond in the non-reactive system.
However, for this experiment, the oxygen consumption is much higher (75%) than for other
experiments (less than 50% consumption). This may indicate that some bubbles are reduced in size
and ascend slower. Anyway, in most cases, the oxygen loss does not seem to have any influence. The
lack of effect of the chemical reaction indicates that the presence of phenol or its disappearance in the
upper stages of the column does not play a predominant role on gas holdup. The effect of phenol may

be related to a smaller and stable primary bubble. It is also possible that the surface tension of phenol



solutions remains sufficiently low during the production of reaction intermediates and acetic acid,
resulting in low levels of coalescence (acetic acid has a lower surface tension than phenol) (Leonard;
2018).

Considering that the CO; in the liquid phase leads to less than 4% error in superficial gas velocity at
saturation for most of the points, except for two points at 30 g.L* (9.3% at 20MPa - 240°C - Q,° =
50g.min*t and 6.6% at 20MPa - 200°C - Q;° = 50g.min™*) for which conversion is important. This can
induce a lower real velocity and thus more effects of the chemical reaction, related to the loss of gas.
In fact, taking limit case (20MPa - 240°C - Q,° = 50g.min™!), the partial pressure of CO; in the gas phase
(at the column outlet, if all the CO; has passed into the gas phase) is 1.86 MPa. Under these conditions
the solubility of CO; in water, predicted by the Himmelblau equation (Himmelblau, 76) is 20.17 mol.m"
3, Considering an initial zero CO, concentration, the molar flow rate lost by solubility is 1.68.10° mol.s"
1, This value is much lower than the molar flowrate produced (1.32.10°% mol.sl), indicating that most
of the CO; goes is transferred to the gas phase.

To determine the hydrodynamic regime in the water-phenol system, Ruzicka et al. (2001) plot is carried
out under conditions of identical us with respect to water/nitrogen system in order to be able to

compare the regression parameters (ug> 0.5cm.s™). ug values at saturation are used (Figure 6).
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Figure 6: Ruzicka et al. (2001) model verification in homogeneous regime. Water-phenol system with ug > 0,5cm.s™.

As for water/nitrogen system, the correlation only works at the highest superficial gas velocities (ug>
0.5 cm.s). Predictions of the equation of Ruzicka et al. (2001) are satisfactory, confirming that the
regime is homogeneous. The regression parameters obtained in the case of the water-phenol system
are {=6.8 £ 1.2 and ug,, =218 £ 1.7cm.s. This indicates on average a higher bubble density
compared to water/nitrogen system and a slightly higher terminal velocity. Higher bubble density may
indicate a decrease in bubble diameter. This is consistent with the effect of the presence of phenol

previously described.

4. Conclusion

To conclude, the different systems studied agree and the effect of the phenol concentration is easily
extrapolated for x = 0 (water/nitrogen system). The measurements obtained at 2g.L?, at 200, 230 and
240°C show that the differences between this system and pure water are not significant, given the
uncertainty of the measurements made in pure water. The differences between the gas holdup
increase with ug and with temperature, the measurements at 2g.L' being situated in the high range of

points obtained with nitrogen. The measurements at 10g.L at 200°C are also similar as those obtained



in pure water, but still in the highest range of points obtained for water. On the other hand, the points
at 240°C are much higher than those obtained in water, suggesting a positive effect of the presence of
phenol at these temperatures. At 30 g.L'! at 200, 230 and 240°C the presence of phenol has a positive
effect on gas holdup for ug, sae> 0.2cm.s™* compared to pure water. The point at 80g.L? also confirms
the positive effect of the presence of phenol at 100°C. As for the prediction of the Ruzicka model for
terminal velocities given the uncertainties (21.8 + 1.7 cm.s™* for water-phenol system and 19.2 + 0.4
cm.s? for water system), it is possible to conclude that the values are actually identical. One the main
result of this work is to show that the results obtained for an inert system (nitrogen/water) are
coherent and can be used to determined the functioning of such gas liquid contactor when a waste
(here modelled with phenol) is added. To extend the result, it would also be interesting to study
triphasic system gas/liquid/solid in order to understand the influence of a particulate solid on the

hydrodynamic characteristics.

All these elements are very important to better understand the behaviour of gas liquid contactors at
high pressure and temperature and to improve the design of these contactors. One of the next
challenge would be to find a simple model that take into account the influence of the different
parameters, as shown in this paper, in order to help the understanding of gas liquid mass transfer in

such conditions.
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Appendix A Validation of the assumptions on the pressure

Among the various correlations available for the prediction of the two-phase friction losses, Whalley
and Hewitt (1978) propose using the ratio of the viscosities of liquid and gas as a criterion. In this study,
this ratio is comprised in the range 3.8-12.6. The correlation of Friedel (1979) is recommended for
these conditions (equation A1, explained with equations A2 to A10). However, it is not very precise
since it has a standard deviation of 50% for two-phase flows. However, it allows the estimation of the

order of magnitude of the frictional pressure loss.

3,430,C
Pl =G +sze°3°334 (A1)
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The friction coefficients Cr; et Crgo notés Crg are calculated with equations A11 and A12.

hmD¢ 8

Rey = < 1055, Crrg = — All
eK [23%¢ ! fKO ReK ( )
. : -2
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Reyx ="2¢ > 105&(}K0-[Z4567ln1964h”&K_3321J (A12)

The results of the calculation show that the frictional head loss is higher at 10MPa and 100°C under
the conditions studied. It decreases when the temperature increases (the viscosity decreases) and
when the pressure increases (effect of gas density). The value of the maximum pressure loss calculated
by the Friedel correlation is 8.89.10-2Pa. If a 50% error on the maximum value is considered, it is not
more than 0.18 Pa. This is clearly negligible compared to the static pressure drop. This conclusion is
consistent with the results of Tang and Heindel (2006) for the range of superficial gas and liquid

velocities and the liquid system used in this study.

Appendix B Effects of liquid evaporation and gas solubility.

At high pressures and temperatures, gas solubility (nitrogen and oxygen) is not negligible. Similarly, at
the temperatures studied, the evaporation of the liquid can be significant. For example, at 250°C, the
partial pressure of the water in the gas phase under saturated conditions is 3.98 MPa (Lorenz et al.,

2004).

Quantification of the evaporation effects of water
If it is assumed that the gas is fully saturated at the column outlet, the volumetric flowrate of water
vapor is obtained from equation B1. From this value it is then possible to calculate the superficial gas

velocity under saturated conditions.

Yv,H20
Qv,vap = 1_:,VH20 QV,NZ (B1)



From equation A13 and using the water vapor density values from the NIST website, the mass flowrate
of water vapor can be estimated. The evaporation rate (mass flowrate of evaporated water / input
water mass flowrate) obtained depends on the mass ratio of gas and liquid at the reactor inlet,
pressure and temperature. The results are shown in Figure B1. The nature of the gas used (air or

nitrogen) has no influence on the rate of evaporation of the liquid at saturation.

Vaporisation rate
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Figure B1: Theoretical vaporisation rate as a function of the gas mass fraction at the inlet of the reactor.

The results show that evaporation decreases with pressure. It obviously increases with temperature
and with the input gas mass fraction. Evaporation is almost never negligible, except at pressures
greater than or equal to 20MPa, at temperatures below 200°C and for xwm, N2 less than 0.3. For all
other conditions, evaporation is important and even leads to complete evaporation under the most
unfavourable conditions, for input mass fractions higher than 0.7 at 10MPa and 240°C.
Evaporation, even if incomplete, can have significant effects on the density of the gas. To quantify this
effect, calculations were made considering the saturated water at the column outlet and calculating

the density. Density variations between dry gas and saturated gas are shown in Figure B2.
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Figure B2: Differences between gas density in dry and saturated conditions.

Deviations are mostly negligible, except at 10MPa for temperatures above 180°C. The influence of this
effect on the calculation of gas holdup should be tested. For tests performed at 10 MPa and 240°C, a
decrease in gas density of the order of 6% leads to a difference of only 1.7% in gas holdup (at 20MPa
and 240°C at low flow rate with a gas density difference of 2.5%: 0.5% at 10MPa and 100°C: 0.12%).
For the water-phenol/air system, the influence of the chemical reaction on the density of the gas is
considered by a material balance. The real density of the gas is then used in equation 8. Phase
equilibrium calculations show that the composition of the gas under saturation conditions is almost
identical for the water-phenol/nitrogen system and for the water/nitrogen system. In conclusion, the
influence of saturation on gas density for the water-phenol/air and water-phenol/nitrogen systems is

similar to the one on the water/nitrogen system.

Quantification of the effects of gases solubility

The gas loss can be significant when the liquid is initially saturated with air, with a concentration of
oxygen and dissolved nitrogen corresponding to a solubility at 0.5 MPa and 25°C maximum (pressure
and temperature of the charge tank). The Henry's constant of nitrogen can also be estimated by the

Himmelblau correlation (Himmelblau, 1960). The calculation of the solubility of nitrogen is done using



the partial pressure of nitrogen in the gas phase. For pure nitrogen, solubility may be important.
Considering an input / output molar balance on the nitrogen in the gas and liquid phase and the molar
flow of nitrogen in the liquid phase corresponding to a concentration equal to its solubility (without
evaporation), it is possible to evaluate the maximum nitrogen losses in the gas phase. For this
calculation, a gas phase consisting of pure nitrogen is considered. The density of the gas is considered
constant (no evaporation). The mass losses of nitrogen correspond then to the losses in superficial
velocity. Since the losses are maximum at high pressure (higher solubility) and at high liquid flow, the

results at 30 MPa and 100 g.min are shown in Figure B3.
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Figure B3: Maximum variations of superficial velocity Q;°. P = 30MPa, Q °= 100 g.min"!

Losses due to solubility variations increase with temperature. They are negligible at rates higher than
30NL.min%. On the other hand, they can be important at 10NL.min? for temperatures higher than

190°C. It is not necessary to work at a lower rate for which the losses become significant.

The solubilization of the gas can influence the density of the liquid. Given the significant solubility of
the gas in the liquid, it may be interesting to estimate the maximum variations in liquid density. The
completely saturated liquid is considered at the outlet of the column. The density of the gas saturated

liquid can be estimated with equation B2.



PLsat = (1 - xv,HZO)pNZ + Xy, H20PH20 (B2)

The volumetric fractions of water and nitrogen are estimated from the mole fraction of nitrogen. The
results show a slight change in the density of the liquid with the amount of dissolved nitrogen, as

shown in Figure B4.
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Figure B4: Density differences between water and saturated liquid.

Deviation depends little on pressure but increase with temperature. As for the density of the gas, it is
possible to evaluate the effect on the holdup calculation. If one considers the density of the saturated
liquid for both the zero and the value considered, the differences obtained remain relatively low. This
gives a difference of about 1.5% for tests at 100°C, deviations of about 3.5% for tests at 200°C. At
240°C, the differences can be significant and in the order of 5.5%. The holdup calculation is therefore
sensitive to the density of the liquid. It is advisable to take an average density between saturated and
unsaturated, which leads to errors of up to 3.5% at 240°C. It is indeed difficult to know a priori the

degree of saturation without k.a values.



Appendix C: Pressure losses though acceleration

The two-phases steady-state flow model, assuming interfacial continuity, leads to momentum

balances for the gas phase (equation C1) and the liquid phase (equation C2).
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By combining equations C1 and C2 (and assuming negligible wall stresses @p g = ©p;, = 0) and a
constant section in the column, equation C3 is obtained. The hypothesis of negligible wall stresses is
validated in the case where friction losses are negligible. This point has already been discussed
previously.

2 2
0 F’Lu_#s"'pclt.L
( d gi G) = —% —glpL(1 — &g) + paecl (€3)

Equation C3 leads to the static pressure drop in the column by neglecting the term to the left of

2 2
equality (fluid acceleration). Assuming a linear evolution of the terms p]d(lu;8 and pGusL along the
<G G

)

column, an approximate calculation to evaluate this variation is possible. The slope of the line is given
by the difference between the values of these terms at the output and the column entry divided by

the height.

For calculation a loss of gas by solubility of around 10% at the end of column is considered as well as a
loss of water by evaporation of 50%. The densities of nitrogen and water are used for calculation. A
linear evolution of the gas holdup with the superficial gas velocity is assumed. Under these conditions

the left-hand term of the equality in equation C3 can be evaluated by equation C4.
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Since holdup is at the denominator, a low value is chosen to obtain the highest pressure loss through
acceleration (0.02). A variation of the water densities of 5% is considered, (which decreases because
of the dissolved gas) and 8% for the gas, which decreases because of the evaporation. The calculation
shows that the left term of equation C4 is maximum at low pressure (10MPa) at high temperature
(250°C), at high gas flow (65NL.min) and at low liquid flow (25g.min). The maximum value obtained
is 0.28 Pa. Considering only the loss by solubility (10%) the value obtained is 0.30Pa, indicating a weak
influence of evaporation on this calculation, mainly because the superficial velocity of liquid is an order
of magnitude less than the gas one. For holdups between 0.1 and 0.2, the value becomes lower and of

the order of 2.3.10%Pa. The variations are therefore clearly negligible.

By combining the variations obtained for friction and acceleration pressure losses, the maximum
uncertainty obtained is approximately 0.4Pa. This value is low. Moreover, this value is probably

overestimated because the maxima are not obtained under the same conditions.



Appendix D: Gas hold up in function of temperature at different pressures
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Figure D1: Gas hold up measurements, for water/nitrogen system, at P = 10MPa. Empty symbols: measurements in the 2nd
stage. Full symbols: measurements in 2" and 3™ stages. Symbols with dark outlines: measurements in the 3" stage. Colour

gradients: liquid flow intensity.
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Figure D2: Gas hold up measurements, for water/nitrogen system, at P = 20MPa. Empty symbols: measurements in the 2nd
stage. Full symbols: measurements in 2" and 31 stages. Symbols with dark outlines: measurements in the 3" stage. Colour

gradients: liquid flow intensity.
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Figure D3: Gas hold up measurements, for water/nitrogen system, at P = 30MPa. Empty symbols: measurements in the 2nd
stage. Full symbols: measurements in 2" and 31 stages. Symbols with dark outlines: measurements in the 3" stage. Colour

gradients: liquid flow intensity.



Appendix E: Gas holdup versus pressure at different temperatures
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Figure E1: Gas hold up measurements, for water/nitrogen system, at T = 200°C. Empty symbols: measurements in the 2nd
stage. Full symbols: measurements in 2" and 31 stages. Symbols with dark outlines: measurements in the 3" stage. Colour

gradients: liquid flow intensity.
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Figure E2: Gas hold up measurements, for water/nitrogen system, at T = 240°C. Empty symbols: measurements in the 2nd

stage. Full symbols: measurements in 2" and 31 stages. Symbols with dark outlines: measurements in the 3" stage. Colour

gradients: liquid flow intensity.
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Figure E3: Wallis plot for water/nitrogen system experiments at P = 10MPa. Empty symbols: measurements in the 2" stage.

Full symbols: measurements in 2" and 31 stages. Symbols with dark outlines: measurements in the 3™ stage. Colour

gradients: liquid flow intensity.
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Figure E4: Zuber and Findlay plot, uc/ec = f(us + uL), gas holdup for water/nitrogen at P = 10 MPa. Empty symbols:

measurements in the 24 stage. Full symbols: measurements in 2" and 3 stages.



Appendix F Ruzicka model layout

The layout of the Ruzicka et al. (2001) under saturated conditions is shown in Figure F1.
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Figure F1: Verification of the Ruzicka model in saturated conditions. Experiments for the system water/nitrogen for ug, sat >

0.5cm.sL.

The layout of the Ruzicka et al. (2001) under saturated conditions, with distinction of points depending
on the ratio ug, sat / UL sat, is shown in Figure Al11l. The effect of the ug, sat / UL sat ratio is observed for

values higher than 27.
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Figure F2: Validation of Ruzicka model in saturated conditions. Experiments in the system water/nitrogen for ug, sat > 0.5
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