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Abstract

Bubbles hydrodynamic in gas liquid contactor, including bubble size distribution, bubble size
and gas-liquid interfacial area, was evaluated as a function of superficial gas velocity,
superficial liquid velocity, temperature, pressure and different gasean@He) and liquids

(water and ethanol/water mixture) phases. The results showed that with the increase of
superficial gas velocity, the bubble size distribution shifted from smaller- to larger-size bubble
and the Sauter mean diameter, the gas holdup and the interfacial area generally increased due
to the increase of coalescence. The effect of superficial liquid velocity on bubble
characteristics was not significant. Pressure and temperature showed slight influence on gas
holdup and interfacial area. The bubble characteristics were not significantly influenced by
the type of gas phase, but mainly affected by the liquid composition. Correlations to predict
Sauter mean bubble diameter and the gas holdup are developed using Kanaris correlation and

in good agreement with experimental results.

Highlights

» Study of hydrodynamics of bubble column under high pressure and temperature.

* Bubble diameter, gas holdup and interfacial area increases with superficial gas
velocity.

* The type of gas phase influences bubble characteristics.

» Correlations to predict Sauter mean bubble diameter and gas holdup are developed.
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Nomenclature

a gas-liquid interfacial area (M
a-as parameter used in Eq. (6)
b;-bs parameter used in Eq. (7)

3.2
Ar Archimedes numbeI:(gD PL )

T}
D column diameter (m)

(oY equivalent bubble diameter defined in Eq. (1) (m)
dhmax  Maximum bubble diameter (m)

domin  Minimum bubble diameter (m)

dheq  equivalent mean bubble diameter (m)

(oY initial bubble diameter at clas$m)
dhi+1 final bubble diameter at clasgm)
dp sparger column (m)

ds, Sauter mean diameter (m)
2
Fo  Eotvos number= 9P /o)

U 2
Fr Froude number< ~¢ /gD)

g gravitational constant (Mm%
4
Mo  Morton numbeK= g”L/ 3)
PLOY,

N number of bubble classes

n; bubble number of each class

Oh  Ohnesorge numbge ”L/ )
\VpLoLD

P Pressure (MPa)

Re  Reynolds numberz(pLUGD/uL)

S sample size
T Temperature (K)
Us  gas superficial velocity (cm's

UL liquid superficial velocity (cm¥
Vi bubble volume at each class’m
Ve column volume ()

2
We  Weber number= pLUGD/UL)

Greek letters



£G gas holdup (-)

m liquid viscosity (kg.(m sJ)
oL liquid density (kg.ri)

oL liquid surface tension (N

1 Introduction

Bubble columns are widely used in many industr-iquid operationse(g. wet air
oxidation, gas/liquid reactions, fermentations,tagn by gas injection) in chemical and
biochemical industries due to their simple consiouc no mechanically moving parts, low
operating cost, high thermal stability, high-energifficiency and good mass transfer
capabilities (Kanaris et al., 2018). Most reseaimhbubble columns focused on ambient
conditions, while many industrial bubble columng aperated at extreme conditions with
high temperatures and pressures (Pohorecki @04l ; Léonard, 2015). Among the different
processes operated in bubble columns, Wet Air @xida(\WAO) is for instance widely
recognized as one of the most efficient technolégy wastewater treatment with high
pollutant removal efficiency and less toxic by-pwots (Barge and Vaidya, 2018). WAO
accomplishes oxidation at high temperature (up2613 and high pressure (up to 30MPa)
(Leonard et al., 2015). To design and optimize WjgtOGcesses, it is necessary to predict the
mass transfer efficiency in the bubble column. Hesvein the literature, almost no papers
reported bubble columns studies under WAO condsti@nly few research have been carried
out at temperatures over 373K or at pressure dM&a3in air-water or oxygen-water systems
(Behkish et al.,, 2007; Clark, 1990; Jin et al., £0Lau et al., 2004; Luo et al., 1999;
Pohorecki et al., 2001; Wilkinson et al., 1992).n€equently, this article proposes an
experimental focus on bubbles characterisation iIAOMprocess conditions and can be

obviously used in any gas liquid contactor workimghese conditions.

In all above processes, bubble size distributiod gas holdup are important design
parameters, which have been often used to defm@ab-liquid interfacial area available for
mass transfer (Akita and Yoshida, 1974; Kanarisalet 2018; Majumder et al., 2006;
Pohorecki et al., 2001; Stegeman et al.,, 1996). dperation of bubble columns can be
affected by several parameters. Gas and liquidrBajaé velocities, temperature, pressure,

liquid-phase viscosity, density and surface tensiave been indicated to affect the formation



and stability of the gas bubbles and then the dydramic and mass transfer behaviour in the

bubble column reactors (Behkish et al., 2007).

Table 1 summarizes available literature studietheninfluence of operation parameters
on bubble characteristics in bubble columns. Masgarch reported that with the increase of
gas superficial velocity, the gas holdup enhanasdljcing an increase in bubbles number,
turbulence and collision frequency, resulting ie thcrease of bubble size (Behkish et al.,
2007; Clark, 1990; Kanaris et al., 2018; Lau et 2004; Luo et al., 1999; Majumder et al.,
2006; Wilkinson et al., 1992). However, Mohagheghiand Elbing (2018) and Akita and
Yoshida (1974) both observed a decrease in Sawdan miameter of bubbles with increasing
gas superficial velocity. Majumder et al. (2006Jioated that in an air-water system, bubble
size decreased with increasing liquid superficebuity, due to bubble breakup. Chaumat et
al. (2005) indicated that in a cyclohexang@D, system, gas holdup decreased by increasing
the liquid superficial velocity. For an air-wateysgem, Schafer et al. (2002) reported a
significant decrease of bubble size when increasigg pressure up to 5MPa at ambient
temperature with different types of spargers intlibenogeneous regime, while a plateau for
the effect of pressure on bubble size has beenmnadabdy some authors (Chilekar, 2007;
Chilekar et al., 2010; Hashemi et al., 2009; Kurearal., 2012; Pjontek et al., 2014).
Moreover, it is commonly observed by many authbis 2 pressure increase results in an
increase of gas holdup (Chilekar et al., 2010; ldaslet al., 2009; Kumar et al., 2012; Maale]
et al., 2003; Pjontek et al., 2014; Therning andrRason, 2001; Urseanu et al., 2003), which
is attributed to the increase of gas density, daeiction of the bubble size, and the increase of
bubble number density (Behkish et al., 2007). Gahgrwith the increase of temperature,
bubble diameter decreases and gas holdup incré@sbkish et al., 2007; Hashemi et al.,
2009; Lau et al.,, 2004), while no effect (Pohoreekial., 1999) or even negative effect
(Deckwer et al., 1980; Grover et al., 1986; Yan@let2001) of temperature on gas holdup
have been reported. Lin et al. (1998) reportedaiedse of the maximum stable bubble size
of N in Paratherm NF fluid with temperature due to ambmed effect of the decrease of
surface tension and liquid viscosity. Several matlons also revealed that gas holdup
increased with the reduction of liquid viscositydasurface tension (Kawase et al., 1992;
Wilkinson et al., 1992). Apart from pressure anchperature, physical properties of the
phases can also play a role in the bubble charstoter This influence will be tested using

different gases and liquids, allowing significaatiations of the phases properties.



For the design and scale-up of bubble column readir industrial processes, the
knowledge of mass transfer between gas-liquid @bint systems is required. In many gas-
liquid systems, the mass transfer rate is contitdtig volumetric mass transfer coefficient,
which is a function of specific interfacial areagdmder et al., 2006). Thus, it is essential to
study the interfacial phenomena in the gas-liqystesn at different operating conditions. In
recent years, most research focused on mass trastsdeacteristics in bubble columns at
atmospheric conditions, few data obtained on volumeanass transfer coefficient and
interfacial area at high pressure and high tempegdtin et al., 2014). Pohorecki et al. (1999)
and Baz-Rodriguez et al. (2014) reported that wi¢ghincrease of the superficial gas velocity,
the interfacial area increased. Chaumat et al. §P@und that the local interfacial area
decreased with superficial liquid velocity in diféat liquid-gas phase with cyclohexane or
water as liquid phase anc¢ Nr CQ; as gas phase. Oyevaar and Westerterp (1991) elsarv
positive influence of pressure on the interfaciakas at pressure up to 8MPa in a
mechanically stirred gas-liquid reactor and a bellgolumn, consistent with Stegeman et al.
(1996) . Sehabiague et al. (2005) reported thatmaetric mass transfer coefficient values and
gas holdup increased with the increase of the pressperating temperature and superficial
gas velocity in a slurry bubble column under thegeaof pressure 0.17-3.0MPa and the range
of temperature 298-453K. However, at low superfigis velocity (g < 3cm.§}), no effect
of pressure on mass transfer was observed foryeebstween 0.1-0.8MPa (Wilkinson et al.,
1994) and a decrease of the values with pressusereported by Maalej et al. (2003).
Furthermore, most research point out that the fenteal area values seems to increase with
the increase of temperatug@n et al., 2014; Pohorecki et al., 200Nevertheless, it was also
reported that the interfacial area increased witbradasing superficial gas velocity and
pressure, while decreased with the increase otdhmerature (Lau et al., 2004). All this

literature analysis is summed up in Table 1.
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Therefore, the objective of this study is to inygete the effect of gas and liquid
superficial velocity, pressure (10-20MPa), tempaea(373-473K) on bubble size distribution
and interfacial area. In order to evaluate thefecef in very different conditions, the physical
properties of the phases must be changed on arange. For that purpose, different liquid-
gas systems (wateroNsystem, water-He system, ethanol/water mixtugedyistem and

ethanol/water mixture-He system) has been used.
2 Experimental methods

2.1 Experimental setup

g““; LTHTT HHL 0 %O

Fig. 1 Schematic diagram of experimental setupgas-tank; 2 — syringe used for liquid; 3 — ligpismp; 4 —
gas pump; 5 — liquid purge; 6 — gas purge; 7 -digoil; 8 — gas coil; 9 — oven; 10 — bubble colyrhh — gas

sparger; 12 — buffer tank; 13 — pressure limitdr=liquid outlet; 15 — monitor; 16 — camera; 1lamp.

Fig. 1 shows a schematic diagram of the bubblenesolused in this study (Top Industrie,
France). The system consists of a vertical coluigoid and gas supplying equipment, two
piston pumps used for gas and liquid, a liquid eshaeservoir, an oven, a buffer tank and a
pressure limiter. The bubble column, made of sapplhias an internal diameter of 1cm and
an outer diameter of 2.4cm with 0.7cm thick walheTheight and the total volume of the
bubble column are 10cm and 8mL, respectively. Thkinon is intended to operate at
pressures up to 20MPa and temperatures up to 4It3Kliquid pump is a volumetric piston
pump, with a total volume of 53mL, delivering auid flowrate up to 16 mL.mih In this
study, the liquid flow rate was set at 1, 3 and IEmin™ (i.e. liquid superficial velocity of



0.022, 0.066 and 0.122 crl.sespectively). These values are coherent withethesed in
industrial bubble columns and allow enough timerdach the steady state regarding the
volume of the pump reservoir. The precision onftbe rate is 0.3%. The purity of Nand

He are both higher than 99% (supplied by Air Liquifihe gas pump is also a volumetric
piston pump with total volume of 52mL and maximuowf rate of 22mL.mif. In this study,
1-10mL.min'of gas flow rate was used to obtain gas superfighicity of 0.028-0.276cmi’s
The gas phase is injected through a nozzle withaagrage pore size of g&h. The
temperature of both fluids is controlled in the wyva vitreous oven with a volume of 32 L
(Memmert). The temperature of the oven is contdollgp to +0.1]. A pressure limiter
(TESCOM) is used for pressure regulation, contcoldg the user through a pressure sensor.
A buffer tank is placed before pressure reductmavoid large rises or declines of pressure or
non-negligible pressure oscillations in the bubd@é&imn during the passage from the liquid
to the gas through the pressure limiter. A camenased to record the bubbles behaviour in
the column with a 19MPixel resolution, equippedhwdt 69mm macro lens with fixed focal
length (Canon EOS f). The accuracy of diameter measurement with agi®t3§im

(corresponding to 2 Pixels).

In this study, N or He and water or ethanol/water mixture are wsethe gas and liquid
phase respectively. The operating variables arevishim Table 2. With the increase of
pressure, the density of gas phase significandseemses, while the effect on liquid properties,
gas viscosity and dimensionless numbers are indiemgenAs temperature increases, gas and
liquid density, liquid viscosity, liquid surfacengion,Oh number and/lo number all decrease,

whereasAr andEo number increase.

10
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2.2 Data analysis
2.2.1 Bubble size determination

In this study, bubble size distribution of the ldpgas mixture was obtained by
photographic method. The shapes of the bubbles w@nsidered ellipsoidal. Under these
conditions, the maximum and minimum axis of thepe# were measured. Then an

equivalent spherical bubble diameter was calculbatethe following equation (Majumder et

al., 2006)
d,; = : dz d i 1
b,i bmax“bmin ( )

wheredy, 1,4, anddy, i, are the maximum and minimum diameter of bubblése Hubble

size distributions were obtained by sorting the iemjant diameters of the bubbles into
different uniform classes. The minimum number oblide diameter classes required for the
construction of the size distributioN, was calculated using Sturges’ rule (Sturges, 1926

given by:
N=1+log,S (2)

S is the sample size. In this study, the numberlasses used for the construction of the
bubble distributions is 10, with equal intervalsirthermore, the column is divided into three
vertical stages (0-3.3, 3.3-6.6 and 6.6-10cm) taluate the effect of the height along the
column on the bubble sizes. For the consistencthefexperiments, measurements of all
bubbles in the column were performed with severelupes for each operating condition.

Then the Sauter mean diametgy,() was calculated as follows (eq. 3):

N, .3
_ X nidy

d32 - Z{V nidlzj,i (3)

wheren; is the bubble number for each class.
2.2.2 Gas holdup measurement

Gas holdup in a bubble column is defined as thetibm of the gas phase volume
occupied in the total volume of two- or three-plsasexture (Tang and Heindel, 2006).

_ XniVpi (4)

&
G Ve

Vi = 4 (%z2)’ (5)

2
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db,eq = % (6)

whereV, ; andV, are the bubbles volume at each class and the woloimthe column,
respectively,d, ., is the equivalent mean diameter at each cldssndd,,, are initial

diameter and final diameter at class
2.2.3 Calculation of gas-liquid interfacial area

Gas-liquid interfacial areaaf was calculated using the Sauter diameter by viatig

equation (eq. 7) (Maceiras et al., 2010):

q=—26_ (7)

- d3z(1-¢g)
3 Results and discussion

The dominant parameter controlling bubbles dispersstate is the dynamic size
variation of the bubbles due to the local bubblalescence and breakup. It is however
difficult to make an accurate evaluation of thimtphenomena. Therefore, global variation of
bubble size has been evaluated. Bubbles’ charsiitsri(bubble size, gas holdup and
interfacial area) are evaluated through the dived¢o visualization of bubbles under three
pressure and temperature and different gas andl Igpperficial velocity conditions. Three

examples are shown in Fig. 2.

(@) (b)

Fig.2 Photograph (a) AH,0O systemUG:0.083cm.s'1, UL=0.022cm.S'1, T=373K,P=10MPa; (b) N-H,O
system,UG=0.276cm.S'1, UL=0.0220m.S'1, T=373K,P=10MPa; (c) N-ethanol/water mixture system,
Us=0.083cm.s*, U =0.022cm.s?, T=373K, P=10MPa

13



3.1 Effect of superficial gas velocity

As an example of raw data, the bubble number Hdigion and number fraction
distribution under various superficial gas velocilyd pressure at the temperature of 373K
and the superficial liquid velocity of 0.022ct.gs presented in Fig.3. The width of the
distribution increases with the increase of theesliggal gas velocity, which is in good
agreement with the previous studies (Lin et al989Mouza et al., 2005; Ramezani et al.,
2012). The trends can be due to the increase désmEnce and breakup by the increase of
superficial gas velocity, resulting in the growthcollision frequency (Ramezani et al., 2012).
The bubble number fraction distribution under ahditions follows the same lognormal
distribution trend. At 373K and 10MPa, the bubhlsedistribution shifts from smaller- to
larger-size bubbles and the dominant bubble siiftsstiom 0.45 to 0.75mm, with the

increase of superficial gas velocity.

Fig.4 shows the effect of superficial gas velocitybubble average diameter, gas holdup
and interfacial area. With the increase of supialfigas velocity, the Sauter mean bubble
diameter and gas holdup increase. In Fig. 2, th¥bleudiameter at/e=0.276cm.3 is higher
than atUs=0.083cm.g. This is in agreement with previous results (Hashet al., 2009; Li
et al., 2018; Pjontek et al., 2014). This may be tuthe superficial gas velocity increase,
leading to more bubbles formation and the increais¢he rate of coalescence, and the
formation of bigger bubbles. The larger bubble® rigster than smaller bubbles, thus the
liquid resistance decreases, leading to the ineredsaverage bubble size and gas holdup.
Nevertheless, an opposite trend was also obseryeather authorgPohorecki et al., 2001;
Shahrouz Mohagheghian and Brian Elbing, 20i#)e to the complex role of superficial gas
velocity on modifying bubble formation processes &quid circulation (Mohagheghian and
Elbing, 2018).
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Fig. 3 Bubble number distribution and number factinder various superficial gas velocity and a3713K,
P=10MPa and/, =0.022cm.&

The interfacial area calculated by Eq. (7) is shawrFig. 4, which is related to the
Sauter mean diameter and the liquid volume. It shtvat the interfacial area is generally
observed to be higher at higher superficial gasorgl. The similar observation has been
reported by Jin et al. (2014). This can be atteduto the increase of the bubble passage
frequency and gas holdup with superficial gas vgtodhe mean Sauter diameters are also
obtained in three axial locations (0-3.3, 3.3-6€ &.6-10cm) from the bottom of the column

(Fig. 5).
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Fig. 4 Bubble mean Sauter diameter (left), gasumlgniddle) and interfacial area (right) under vas

superficial gas velocity and pressure at T=373K lne¢0.022cm.3
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The mean Sauter diameter increases with the ineréigsance from the bottom of the
column due to the coalescence of smallest bubblagh is in good agreement with the
results reported by Majumder et al. (2006). Theadris due to the coalesced bubbles went up
due to their buoyancy and accumulated along thenmol from the bottom to the top
(Majumder et al., 2006), which is presented on Bigi-or each gas superficial velocity, the
bubble number decreases along the height from titorh to the top of the column,
indicating the increase of coalescence. HowevdnpRxki et al. (2001) observed no changes
of Sauter mean diameter along the column axis énNfcyclohexane system, which was
attributed to the dynamic equilibrium between ceadgce and redispersion processes in the
column. Luo et al. (1999) revealed that the effd#cthe column height was insignificant for
the column height above 1-3m and the ratio of thlaran height to the diameter larger than 5.

80+ N 0-3.3 cmillll 3.3-6.6 cmil] 6.6-10 cm
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Fig. 6 Bubble number distribution along the locataf the column under various superficial gas viéjoat
T=373K andP=10MPa

3.2 Effect of superficial liquid velocity
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Fig. 7 Bubble number distribution and number factinder various superficial liquid velocity at B#Pa,
T=373K andU, =0.138cm.2
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The effects of superficial liquid velocity on bubbhydrodynamic in the column are
shown in Fig. 7 and Fig. 8. Fig. 7 shows that with superficial liquid velocity enhancement,
the total bubble number little increases, and tifeience of superficial liquid velocity on
bubble size distribution is insignificant. Moreoyas shown in Fig. 8, the effect of superficial
liquid velocity on the bubble average diameteras significant. This figure also shows that
under the temperature range 373K-423K, superfioggiid velocity displays insignificant
effect on gas holdup and interfacial area, indngathat under low superficial liquid velocity
conditions (superficial liquid velocity less thaenis'), the liquid-phase motion has little
effect on bubble characteristics. This trend isscsient with previous literature results (Akita
and Yoshida, 1974; Wilkinson et al., 1992). Higkaperficial liquid velocity increases the
kinetic energy, the turbulence intensity, bubbléltde interaction and bubble velocity, which
reduces gas holdup (Lau et al., 2004). However,intheease of superficial liquid velocity
raises bubble breakup at the distributor and thaseases gas holdup attributed to higher
bubble residence times in the column (Pjontek et28l14). Thus, the slight increase in gas
holdup is dominated by the effect of superficigid velocity on bubble residence time. Shah
et al. (2012) has indicated that the gas holdupase affected by the superficial gas velocity
rather than the liquid velocity. Furthermore, thterfacial area increases with the increase of
superficial liquid velocity, while the variation dafiterfacial area is small due to the marginal
effect of the superficial liquid velocity on theggholdup and bubble size for the range studied.
Lau et al. (2004) observed a similar observatiorthie air-Paratherm system under lower
pressures (up to 4.24MPa) and lower temperatueso(865K) with the superficial gas and
liquid velocity varying up to 40 and 0.89cm.sWhile under the temperature of 473K, gas
holdup and interfacial area increases with supaffiijuid velocity. The reason for this trend

needs to be further studied.
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3.3 Effect of pressure
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Fig. 9 Bubble number distribution and number fractinder different pressure at T=373K dhd=0.022cm.8

Fig. 3 and Fig. 9 demonstrate the effects of pmessno bubble size distribution at 373K.
Fig. 3 and Fig. 9 show that with the increase espure, the bubble number increases and the
bubble-size distribution shifts from large to smaalkize distribution. Similar results were
observed by other researchers (Lin et al., 1998)eMithe pressure increased from 10 to
20MPa, the dominant bubble size shifts from 0.76.45mm.

The effect of pressure on bubble average diamsteoimplex, but generally, with the
pressure ranging from 10 to 15MPa, most of bubbdamdiameters decrease (Fig. 4). The
increase of pressure results in an increase inlbutieakage due to the increase of gas
density with pressure, caused by the larger gatiana the fluctuating bubble. Fig. 10 shows
that the bubble number along the location of thHermo always increases with the pressure,
indicating the increase in bubble breakage. Ine@@sessure enhances the momentum of the
gas jets, enforcing turbulence and decreasingirbtibble size and maximum stable bubble
size (Schéafer et al., 2002). Moreover, the effectpmessure on surface tension is not
significant and hence surface tension has an almesfligible influence on bubble
coalescence (Schafer et al.,, 2002). Thus, the rbeéable size decreases with increasing
pressure from 10 to 15MPa. Nevertheless, with tlesgure further increased to 20MPa, the
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pressure effect on the Sauter mean diameter is motigeable at high gas velocity

(>0.248cm.8) and slightly effect at low gas velocity. This §izm phenomenon was observed
by other research (Lau et al., 2004) in the aiafP@rm system with the pressure up to
4.24MPa. The more pronounced effect of the presstuhggh gas velocities is may be due to

the stronger bubble coalescence at high gas vielecit
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Fig. 10 Bubble number distribution along the logatof the column under three pressures at T=373 K,
Ue=0.276cm.8 andU, =0.022cm.§

Fig. 4 also shows that the gas holdup is almostpaddent of pressure in the studied
range. Behkish et al. (2007) also reported thaturgh pressure from 1.7 to 3MPa, the
increase of gas holdup for He and iN Isopar-M/Alumina system were both insignificant
However, at the pressure below 1.7MPa, the gasupalacreased with the pressure. Under
low pressure, large-size and less-dense bubble®m@ned and the gas momentum enhances,
which increases the rate of bubbles rupture, nesuih the increase of the gas holdup of
small gas bubbles. Moreover, the increase in gasityewith pressure increases the kinetic
energy, leading to the increase of the collisiomergy which promotes the bubbles rupture
(Inga and Morsi, 1999). Whereas under high pressheesmall-size and dense bubbles exists
and the increasing gas momentum are not enouglptare the small and dense gas bubbles,
thus the increase of gas holdup becomes insignifi@ehkish et al., 2007). Inga and Morsi
(1999) also observed the similar results: gas Iplohcreased under low pressures and
gradually levelled off under high pressure, attrdouto the balance between coalescence and
the gas bubbles rupture. As shownHn interfacial area generally increases with the
pressure ranging from 10 to 20MPa. This increatiends is partly attributed to the relative
extent to which the gas holdup slightly increaséhk mcreasing pressure and partly attributed

to the reduction in bubble size with the increasthe pressure (Wilkinson et al., 1991).
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3.4 Effect of temperature

Fig. 7, Fig. 8 and Fig. 11 show the effects of temafure on bubble hydrodynamics. As
shown in Fig. 7 and Fig. 11, with the increaseeshperature, the bubble number increases
and the bubble size distribution shifts from largersmaller size distribution. Fig. 8 shows a
little decrease on bubble average diameter withritrease of temperature, while the effect is
insignificant, like the observation by Pohoreckiaét(2001). For set pressure and superficial
gas velocity, gas holdup presents a small increaseincreasing temperature. This general
trend is due to the dominant role of associatedigioh in surface tension and liquid
viscosity, leading to a smaller average bubble diam and a narrower bubble size
distribution. With the decrease of liquid surfaeadion with temperature, the cohesive forces
for maintaining gas bubbles in a spherical shagaaes and subsequently the increase of the
gas momentum, leading to the rupture of large gasbles into smaller bubbles, hence the gas
holdup increases (Behkish et al., 2007). Increasemgperature can decrease gas density,
which increases the bubble size and decreasesotfgph Furthermore, it has been reported
that with the decrease of liquid viscosity, the tdebrise velocity increased, which led to a
reduction of bubble residence time and subsequeatlyced the gas holdup (Deng et al.,
2010). As reported by Pohorecki et al. (2001),ittleience of the surface tension on the gas
holdup was considerably higher than that of theidioyiscosity. In this study, all the values of
Oh number, which relates the viscous forces to iak&nd surface tension forces, are small
(less than 1), indicating a higher influence of shieface tension than viscosity. Therefore, the
small gas holdup increases when increasing temperas probably mainly due to the
influence of the surface tension (Leonard et @18). The data in Fig. 8 also shows that as
the temperature ranges from 373 to 473K, the iat&af area generally increases due to the

slight decrease of bubble size and the increaga®holdup.
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Fig. 11 Bubble number distribution and number f@cunder different temperature at P=10MPa &épnd
=0.138cm.8

3.5 Effect of different liquid and gas phase

The effects of different liquid and gas phase #se avaluated (Fig. 12 and Fig. 13). As
shown in Fig. 12, the bubble number in ethanol/watiture system is much more than that
in the water system, which is also presented in Ei¢c). The bubble size distributions are
log-normal while the He gas with low density extsban observable effect on the bubble
distribution curve, which can be attributed to loweomentum force for the low density He
gas. Moreover, with the gas velocity increase frérh38 to 0.276cm’s the bubble size
distribution for the four systems (wateg;Nwater-He, ethanol/water mixture-Nand

ethanol/water-He) all become wider and the shiftamf small to larger-size bubble, as
presented in section 3.1.
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Fig. 12 Bubble number distribution and number fractistribution under various liquid and gas phase
P=10MPa, T=373Kl/, =0.022cm.8 andU, =0.138-0.276cms

It is observed on Fig. 13 that the mean Sauter eli@mgas holdup and interfacial area
are slightly affected by the type of gas employiedt, significantly affected by the liquid
phase, in agreement with Kanaris et al. (2018) éfanet al., 2018). The Sauter mean
diameters of He in water and ethanol/water mixane generally slight higher than those of
N> under similar operating conditions (Fig. 13), whis in agreement with literature findings

(Behkish et al., 2007). This behaviour may be duéhe lower density of He than,Ninder
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the same operating conditions shown in Table 2isHexpected to form larger gas bubbles
compared with B (Behkish et al., 2007). It is also shown that$aeiter mean diameter in the
system using ethanol/water mixture as liquid phagemuch smaller than the system using
water as liquid phase. That is because the coalesad bubbles is strongly influenced by the
composition of the liquid phase, which is reduced the mixture liquids in comparison to
pure liquids. The liquid mixture can cause coalaseenhibition (Lehr et al., 2002). Pjontek
et al. (2014) also found a significant reductiorbubble size with the addition of ethanol in
water when comparing to water, which was attributedhe shear stresses acting on the
bubbles due to liquid and gas passing through #eedjstributor, which increased bubble
breakup. Furthermore, as viscosity increases, ttag dorce increases, leading to the
formation of smaller bubbles (Kazakis et al., 200B)us in ethanol/water mixture system,
coalescence inhibition and shear stresses throaghdistribution leads to a bubble size

reduction.
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Fig. 13 Bubble mean Sauter diameter (left), gadimw(middle) and interfacial area (right) under@as liquid
and gas phase at P=10MPa, T=373K,=0.022cm.g andU, =0.138-0.276cm5

Many researchers observed that with increasing dgassity, gas holdup increases,
attributing this behaviour to a lower momentum &far the lower density gas in the primary
bubble formation at the gas distributor (Hecht Hniet al., 2015; Kanaris et al., 2018). In this
study, the effects of gas phase with different dmssity on gas holdup are complex. Fig. 13
shows that in the ethanol/water mixture system,giéae holdup for He is a little bigger than
for N, while in the water system, the effects of gasspbhaare different at different
superficial gas velocity . The reason for this miraenon needs to be further studied. At the
superficial gas velocity of 0.276crit,she gas holdup in ethanol/water system with iljaédr
viscosity is smaller than the water system, whiglsimilar to the results in the literature
(Besagni et al., 2018; Deng et al.,, 2010; Ojha Ar@ahhan, 2018). This behaviour is

mainly due to reduced bubble interaction resulfirggm reduced turbulence and mixing at
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higher viscosities (Deng et al., 2010; Ojha andbakhan, 2018). With the superficial gas
velocity at 0.138cm’} the gas holdup are close in the water and irethanol/water mixture,
which is similar to Fransolet et al. (2005) . Wuaét (2013) found that with an increase in
liquid viscosity, the gas holdup in carboxyl metbgllulose-water solution first increased and
reached a maximum, and then decreased. The reastirefcomplex effect of liquid phase on
gas holdup has been attributed to “dual effectistosity” on gas holdup (Besagni et al.,
2018). Furthermore, Fig. 13 also shows that therfiatial area for ethanol/water mixture is
bigger than water, which is opposite to Ojha ef2018) and Wu et al. (2013).

3.6 The correlation for average bubble size anchg&tup

Possible factors affecting the average bubble armmk the gas holdup are the column
diameter, the diameter of gas inlet orifice, sup&if gas velocity, kinematic viscosity, liquid
density and surface tension (Akita and Yoshida,3)9Kanaris et al. (2018) proposed a
correlation for predicting the average bubble sind the gas holdup based on dimensionless

numbers with general form:

d d as ag

% =aq [WeaZRea3Fra4 (;p) ] (8)
by gobs frpba ((M2)75 be

& = by [Eo 2ArP3Fros (F) ] (9)

Values ofa, to ae, by to b are determined from the experiment déte, Re, Eo, Ar andFr
are the dimensionless Weber, Reynolds, Eo6tvos,idethes and Froude number respectively
(Table 3). The effect of gas velocity can be takd@n account by definingr, We andRe
number and the effect of the physical propertiéschsity, density and surface tension) of the

liquid phase can be included\ie, Re, Ar, andEo numbers (Maceiras et al., 2010)

Table 3 Dimensionless number for this study

System T(K) P(MPa) Ug(cm/s) We Re Fr Ar Eo
0.083 0.000113 28  702E-06 31978 16.0
0.138 0.000311 46  q1o04g-05 31978 16.0
373 10 0.193 0.000609 65 3.80E-05 31978 16.0
0.248 0.001005 83 6.27E-05 31978 16.0
0.276 0.001245 93 77705 31978 16.0
0N, 0.083 0.000113 28 7.02E-06 31961 16.1
0.138 0.000312 46 1.94E-05 31961 16.1
373 15 0.193 0.000610 65 3.80E-05 31961 16.1
0.248 0.001007 83 6.27E-05 31961 16.1

0.276 0.001248 93 7.77E-05 31961 16.1
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0.083 0.000313 27 7.02E-06 31944 16.1

0.138 0.000313 46 1.94E-05 31944 16.1
373 20 0.193 0.000611 65 3.80E-05 31944 16.1
0.248 0.001010 83 6.27E-05 31944 16.1
0.276 0.001250 92 7.77E-05 31944 16.1
423 10 0.138 0.000360 683 1.94E-05 45096 18.6
473 10 0.138 0.000440 88 1.94E-05 54539 22.7
0.138 0.000311 4.7 1.94E-05 31979 16.0
H,O-He 373 10
0.276 0.001245 93 7.77E-05 31979 16.0
0.138 0.00485 24 1.94E-05 13870 25.0
Ethanol/HO-N, 373 10
0.276 0.001938 49 7.77E-05 13870 25.0
0.138 0.000485 24 1.94E-05 13870 25.0
Ethanol/HO-He 373 10
0.276 0.001938 49 7.77E-05 13870 25.0

In this study, the values of the constam{sa, andb,-b, have been adjusted through
changing one parameter with fixing other parameteder to find the optimal curves. The
new correlation Sauter mean diameter and gas hadepformulated and compared with

Kanaris et al. (2018) which is shown in Table 4.

Table 4 Comparison of Sauter mean diameter antigldsp correlation between Kanaris et al. (201&) this

study
Authors Diameter correlation Gas holdup correlation
(Kanaris et d 0.5570-51 d\ 110 2,62
3z _ 0.95p ,0.40 7,.0.47 [ P — 3.5 4.-0.015 f7,.0.300 [ _P.
al., 2018) D = 0.9 [We Re"*°Fr <D> ] g¢ = 0.020 |Eo>>Ar Fr <D> ]
In this d 0.5570:09 d.) 002 036
=22 = 0.35 |We 95Re040Fy047 [ 2 g = 0.13 [E0064Ar 085177 ( B
study D D D

Table 4 showed that the exponents-(as) of We, Re, Fr and ¢/D for Sauter diameter
correlation in this study is the same with Kanatisal (2018), whiler;anda, are different.
b;-bg for gas holdup correlation in this research atadidfierent with Kanaris et al (2018),
which may be due to the different operation condgi between this study with Kanaris et al.
(2018). The correlations for Sauter mean diameatdrgas holdup in this study are plotted in
Fig. 14. The data are in good agreement (x15% &ute8 mean diameter and +20% for gas
holdup) with the corresponding experimental datausl the two correlations are suitable for
predicting the bubble average diameter and gasupditat the bubble column under the WAO

operation.
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Fig. 14 Comparison of the Sauter mean diamete) @efl gas holdup (right) prediction with experinamata
4 Conclusion

The bubble size distribution, the Sauter mean diamthe gas holdup and the interfacial
area were determined in a bubble column under webxadation conditions with a wide
range of gas and liquid superficial velocities,gstge, temperature and different liquid and
gas phases. With the increase of superficial gy the bubble size distribution shifted
from small-to- larger size bubble and the Sauteamnmdiameter, the gas holdup and the
interfacial area generally increased due to theeame of coalescence with superficial gas
velocity. The bubble size enhanced with the ingrgpkeight from the bottom to the top of
the column due to coalescence. The effect of swgmrfliquid velocity on bubble
characteristics was not significant. Increasingguee and temperature resulted in bubble size
distribution shifting from larger-to-smaller sizellible. The effect of pressure on the Sauter
mean diameter was complex to determine. A margiratease in the Sauter mean diameter
was found with the increase of temperature. Pressod temperature slightly affected the gas
holdup and the interfacial area. Moreover, bublbbaracteristics were not considerably
affected by the type of the gas phase, but mairflyenced by the liquid phase. Parameters
for Kanaris correlation(ref) were given for the ghiction of the bubble mean Sauter diameter
and gas holdup for the bubble column under higbqune and high temperature in subcritical
water conditions. For a unique set of parametéars,dorrelation was in good agreement with
all experimental data (10% for diameter, 20% fos d¢@ld-up). The correlations may be
recommended to scale-up the system for gas ligundactors working at high pressure and

temperature, as WAO for instance.
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