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Chapter r 

Bubblee coalescence 

inn the presence of particles 

Abstract t 

Thee mechanism of bubble coalescence in the presence of solid particles was firstly 

studiedd by means of coaxial particle-bubble interactions and then by experiments carried 

outt in two coalescence cells. The bubbles coalesce immediately in pure liquids, but the 

processs can be hindered in the presence of surfactants or electrolites. The presence of 

solidd particles in three-phase systems has either a promoting or inhibiting influence on the 

coalescence.. Non-porous hydrophobic particles with contact angle higher than 90° 

promotee the bubble coalescence. All other particles - both porous and nonporous 

hydrophilicc as well as porous hydrophobic - exhibit repulsive forces when approaching to 

aa G-L interface. The experiments performed in two coalescence cells demonstrate that 

differentt mechanisms are possible. When two bubbles approach slowly, the particles are 

simplyy removed from the symmetry axis. The influence of solid particles is explained by a 

longerr coalescence time. At higher approaching velocity of the bubbles, small particles 
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remainn trapped in the adjacent liquid film separating the bubbles. In the case of coaxial 

collisionn of two bubbles, the liquid film containing particles becomes more stable. In the 

casee of tangential friction of the bubbles, the particles have a destabilizing effect and the 

filmm is easily destroyed. The overlap of different mechanisms might be responsible for 

somee of the contradictory results found in the literature. 

5.1.. Introduction 

Thee coalescence of bubbles has high impact on the process performances in flotation 

andd (slurry) bubble columns. In the case of (bio-) chemical reactors, the reaction rate 

mightt be limited by the mass transfer of the gas to the bulk liquid. Specific G-L interfacial 

areaa is a key parameter in design, scale-up and process intensification. Thus, the 

knowledgee of elementary mechanisms of bubble coalescence is important for a better 

understandingg of the chemical engineering processes. 

Itt is well known that bubbles coalesce immediately in pure liquids while the 

surfactantss and most of the electrolytes present in the liquid phase generally have an 

inhibitingg effect. Craig et al. (1993) reported the influence of different electrolytes. 

Althoughh the coalescence of two bubbles in pure water and electrolyte solutions was 

extensivelyy studied, some results are still ambiguous. The coalescence of bubbles in 

electrolytee solutions was considered previously being almost 100% inhibited behind of a 

certainn concentration (Lessard and Zieminski, 1971). Other authors found high 

coalescencee frequency even at higher concentration of the same electrolytes (Tse et al., 

1998;; Zahradnik et al., 1999). 

Thee objective of this work is to study the influence of solid particles on the bubble 

coalescencee and possible mechanisms caused by the particle-bubble interactions. The 

presencee of solid particles in three-phase systems might have either a promoting or 

hinderingg influence on the coalescence. Both the theory of particle-bubble interactions, 

liquidd film stability and experiments based on gas hold-up measurements performed in 2-

DD and 3-D columns demonstrated that different mechanisms are possible. Different 

mechanismss might explain some of the contradictory results found experimentally. 
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Thee coalescence of two bubbles is frequently studied in coalescence cells, but under 

slightlyy different conditions as for example the distance between the two nozzles, nozzle 

diameterss and orientation, gas pressure and flowrate (Drogaris and Weiland, 1983). The 

measurementss are very sensitive to the water contamination with electrolytes or 

surfactants.. Although the concentration of surfactants in the bulk liquid is negligible and 

cannott be measured by conventional methods, they concentrate at the gas-liquid or liquid-

solidd surfaces. The adsorption or desorption of surfactants from solution may alter the 

surfacee hydrophobicity of particles. 

Thee presence of solid particles might have either a promoting or hindering effect on 

thee bubble coalescence when some parameters are only slightly varied. For example, the 

influencee of activated carbon particles on the gas hold-up measured in 2-D columns was 

lowerr at high concentration of solids (van der Zon and Bliek, 2001) but higher at low 

concentrationn (Kluytmans et al., 2001). 

Itt is well known from flotation practice that small quantity of naturally hydrophobic 

coall  increase the gas hold-up, while the presence of a large quantity of coal reduced the 

gass hold-up, due to the coalescence of bubbles induced by the hydrophobic particles. 

AA common method to study the coalescence behaviour in three-phase systems is by 

measuringg the gas hold-up in bubble columns. Zhou et al. (1998) found a decrease of the 

gass hold-up in the presence of fine hydrophilic silica particles (d50 < 5 um). For silica 

particless of chemically induced hydrophobicity in dodecylamine solutions, gas hold-up 

increasedd sharply with solid content reaching a maximum at about 2 wt% solids. 

Thee particle hydrophobicity has influence on the bubble coalescence (Jamialahmadi 

andd Mullersteinhagen, 1991). Wettable particles repel the gas interface acting as a buffer 

betweenn two adjacent gas bubbles. Non-wettable particles have the opposite effect. 

Dippenaarr (1982) studied the mechanism of particle-film interactions on a thin film. He 

foundd that spherical, highly hydrophobic particles, especially spheres, with contact angles 

greaterr than 90° destabilize the froth. The destabilization was the result of the thinning of 

thee inter-bubble liquid bridged by the particle. Particles with irregular shapes could 

rupturee the films even when 0<9O° (Johansson and Pugh, 1992). 
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Ataa et al. (2003) studied the coalescence of bubbles in the presence of glass particles 

off  different hydrophobicities, as reflected in the contact angles: 50°, 66° and 82°. In the 

presencee of entrained solids, the bubble coalescence rate substantially decreases mainly 

duee to reduced liquid drainage in the bubble films. A maximum coalescence rate was 

foundd for moderately hydrophobic glass particles characterised by a contact angle of 66° 

andd lower coalescence rates for contact angles of 50° and 82°. 

Thee coalescence of two bubbles takes place if the contact time of two bubbles is 

biggerr than the time needed to drain the liquid film between them (Colella et al., 1999). 

Onn the contrary, Stewart (1995) observed that coalescence usually appeared to be 

instantaneouss and the contact time between bubbles is considerably bigger than the time 

forr coalescence process. Kluytmans et al. (2001) found that the addition of carbon 

particless changes the bubble size distribution through bubble stabilization. Experiments 

showedd that adding carbon particles leads to a delay in bubble coalescence. 

Inn the first part of this paper, the influence of particles on the bubble coalescence is 

studiedd on the basis of particle-bubble interactions. In the second part, experiments were 

performedd in two coalescence cells. The collision and eventually coalescence of pairs of 

airr bubbles were recorded with a high-speed video camera. The coalescence time was 

measuredd for several types of solid particles representative for industrial applications in 

slurryy bubble column reactors. 

5.2.. Theory of particle-bubble interactions 

Inn this section, the interactions between bubbles and solid particles are analyzed on the 

basiss of the equilibrium forces under stagnant conditions. The following approximations 

weree considered: i) the bubble deformation under the hydrostatic pressure of the liquid are 

neglected,, and thus the bubbles are spherical when no external forces are applied, ii) 

underr external forces the bubble shape is changed but remains symmetric to a symmetry 

axis,, iii ) the particles are perfect spherical and uncompressible, and iv) the particle surface 

iss smooth and thus, the three-phase contact angle is well defined. 

Thee first two approximations hold for low dimensionless Eo number, say small 

bubbles,, low liquid density and high liquid surface tension. The last two refer to ideal 

110 0 



ChapterChapter 5 BubbleBubble coalescence in the presence of particles 

particles.. The model can be extended to porous (catalyst) particles by taking into account 

thee real contact angle of particles adhering to gas bubbles (Omota et al., 2005). 

5.2.1.5.2.1. Contact angle of particles 

Thee hydrophobicity of a solid surface is frequently characterised by the three-phase 

contactt angle. However, the three-phase contact angle is defined for smooth surfaces. The 

curvaturee of the three-phase contact line may introduce a correction term known as the 

linee tension, described by the extended Young-Dupre equation (Schulze, 1984). The 

contributionn of the line tension has an influence on the contact angle for radii below of 10" 

mm (Vinke et al., 1991a). When immersed into a liquid, smooth spherical particles bigger 

thann 10" m and adhering to the G-L interface shows in principle the same contact angle as 

aa droplet of liquid placed on a smooth surface, refered here as intrinsic contact angle. 

Onn rough surfaces, the contact angle exhibits hysteresis, and the limiting cases are 

advancingg and receding contact angles. These two contact angles are usually measured 

underr dynamic conditions. Under static conditions, the equilibrium contact angle may 

havee any value limited by the receding and advancing contact angles. In a previous work, 

Omotaa et al., (2005) studied the adhesion of particles to gas bubbles under static 

conditions.. The contact angles of rough particles adhering to a gas bubble in liquid, or to a 

liquidd droplet in air were in agreement with the receding and advancing contact angles, 

respectively. . 

Porouss particles are frequently characterised by the intrinsic contact angle, equivalent 

too the three-phase contact angle measured on a smooth surface of the same material. 

Omotaa et alM (2005) measured the contact angle, the penetration angle and the adhesion 

forcess in the case of small particles adhering to air bubbles. Porous particles characterised 

byy an intrinsic contact angle up to 90° have the pores filled with water. The three-phase 

contactt angle of porous particles adhering to gas bubbles is lower than the intrinsic 

contactt angle. Based on bubble pick-up experiments, activated carbon particles have a 

contactt angle 0=3.7-5° (Omota et al., 2005) while Pd/C catalyst particles have an effective 

contactt angle 0=2.2° (Vinke et al., 1991a,b). However, it is well-known that activated 

carbonn is rather hydrophobic than hydrophilic. van der Zon et al. (2001) studied the 

hydrophobicityy of activated carbon SX1G from Norit B.V. and found an intrinsic contact 
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anglee of 82°. On the contrary, hydrophobic surfaces characterised by roughness and 

contactt angles higher than 90°, have the apparent contact angle higher than the intrinsic 

contactt angle. This is so-called superhydrophobicity or lotus effect (Marmur, 2004). 

Forr modeling purposes, the particles further considered are characterised by a well 

definedd contact angle. 

5.2.2.5.2.2. Coaxial interaction particle-bubble 

Fig.. 5.1a shows a spherical particle adhering to the G-L interface of a gas bubble 

immersedd in the liquid. The particle penetrates the bubble under an angle if/. The three-

phasee contact line is a circle of radius r, not shown in the figure. 

Figuree 5.1. Particle (right) adhering to a gas bubble (left): (a) no external forces applied, 

andd (b) coaxial forces applied to both particle and bubble, changing the 

bubblee shape, Rb', angle y and angle <p, but not the contact angle 6. 
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Thee particle-bubble aggregate is in equilibrium if the capillary force Fc and the force 

resultedd from the capillary pressure Fp are equal: 

FFcc =27iry sin tp (5.1) 

FF pp=^(P=^(PBB-P-PLL) ) 

22 2v (5.2) 
== nr — 

Underr stagnant conditions, the equilibrium position is stable (Omota et al., 2005a). 

Thee angles y and iff can be easily calculated using the following equations: 

**  + *  = 0 (5.3) 

rr  = Rn sin w 
PP (5.4) 

rr  = Rh sin a> 
bb Y (5.5) 

Ann external force applied on the symmetry axis to both, the bubble and the particle 

increasess the penetration angle y of the particle. The bubble shape changes, but the 

contactt angle 9 remains constant. The angle iff is defined by the normal to the bubble 

surfacee on the three-phase contact line and the symmetry axis. Eqs (5.1)-(5.4) do not 

change,, while the bubble curvatures in the plane of the paper (dp/ós) and perpendicular to 

thee plane of the paper ((sin^)/x) are different. The bubble shape analysis is based on the 

'arc-length'' based approach (Chatterjee, 2002) described by the following equations: 

d<pd<p _PG-PL sin <p 

dsds y x 
(5.6) ) 
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dx dx 
—— = cos#> 
dsds (5.7) 

dydy . 
—— = sm ĵ 
dsds (5.8) 

dVdV 2 . 
==  7tx sin >̂ 

dsds (5.9) 

withh the boundary constrains at the right and left side of the bubble, given in Eqs. 

(5.10)) and (5.11), respectively: 

ss = 0, (p = 0-t//, x = r, y = 0, V = ^ - ( l -cos^)2(2 + cos )̂ 
33 (5.10) 

ss = sr q> = 7z-0w, x = xf, y = yf, V =Vb (5.11) ) 

Eq.. (5.11) refers to a bubble adhering to flat surface with a contact angle 0W ensuring 

staticc conditions. Note 6^=0° in Fig. la,b. Under external forces, the gas compression 

leadss to a small change in bubble volume, described as a polytropic transformation: 

PPGGVVbb*=*=  const. ( 5 1 2) 

Thee force balance at the right and left side of the bubble are shown in the Eqs (13) and 

(14),, respectively: 

FF =7tr2{PG -PL)-27trysincp 
(5.13) ) 

FF =nx){PG -PL)-27rxfysin0w ( 5 1 4) 
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2 2 

U." " 

x,, mm 

Figuree 5.2. Influence of external force on: (a) the penetration angle and (b) distance 

betweenn particle-bubble. Simulation performed in Matlab for different 

particle-bubblee contact angles 0=30... 110°, Rp=0.5 mm, Rb=l  mm, 7=0.072 N 

m"1,, 0W=9O°. A particle from liquid (A) or gas (D) joins the G-L interface, 

jumpss to the equilibrium position (B) and may detach back to the liquid (C). 

Thee ODEs given in Eqs (6)-(9) can be solved if the penetration angle y and the bubble 

overpressuree (PC-PL) are known. Both depend on the force F applied and the bubble 

volumee Vb. This is a boundary value problem (BVP). The ODE-BVP was solved in 

Matlab®® from the Math Works. 

Figs.. 5.2a,b show the external force applied to a particle-bubble aggregate vs. the 

penetrationn angle ip and vs. the distance x between the wall and particle centre, 

respectively.. A negative value of the external force explains the adhesion of particle 

initiallyy immersed in liquid. A positive value explains the adhesion of the same particle 

fromm the gas side. A contact angle #„=90° avoids the bubble detachment from the wall. 

Thee particle hydrophobicity defined by the contact angle increases the maximum 

adhesionn forces when F is negative and at low penetration angles <p<6. At high penetration 

angless <p, the particle cannot leave the G-L interface under positive force F. There is 

alwayss an equilibrium position (F=0) for a finite contact angle. At zero contact angle the 

particle-bubblee interactions are repulsive on all range of the penetration angles. By 

increasingg the contact angle, the penetration angle is increasing, too. 
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(a)) (b) 

bubblee ' bubble 

Figuree 5.3. Draw of the equilibrium position of particles in the vicinity of two gas 

bubbles,, (a) hydrophilic particles penetrates the G-L interface but cannot 

reachh the symmetry axis when the bubbles are close each other, and (b) 

hydrophobicc particles penetrates the G-L interface at higher extent and induce 

thee bubble coalescence by overlapping the two G-L interfaces. 

Thee knowledge of forces acting on the particle-bubble aggregate under static 

conditionss is important in predicting the dynamics behaviour. For example, the dynamics 

off  particle-bubble attachment process can be explained by F-x diagram in Fig. 5.2: When 

aa particle touches the G-L interface in A, the attractive forces produce a jump of the 

particlee at the equilibrium position B. Under an external force, the particle detachment 

occurss in C. The process has similar dynamic behaviour when the particle approaches the 

G-LL interface from gas phase, in D. However, the particle surface hydrophobicity has 

complementaryy influence if the particle approaches the G-L interface from one side or the 

another. . 

5.2.3.5.2.3. Coaxial interaction bubble-particle-bubble 

Fig.. 5.3 shows a draw of spherical particles in the vicinity of two gas bubbles when no 

externall  forces are applied and neglecting the particle weight and interactions between the 

twoo bubbles. Both the particles and bubbles are perfect spherical. Hydrophilic particles 

showingg lower penetration angles than 90° remain at a certain distance from the symmetry 

axiss of the two bubbles. An increase of the particle penetration angle leads to a closer 

positionn to the symmetry axis. At 90° penetration angle, the particle remains on the 

symmetryy axis until the two G-L interfaces are coming into contact. 
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Whenn the bubbles have different sizes the particle may be able to reach the symmetry 

axis.. In this case the particle surface is tangent to the symmetry axis normal to the bubble 

surfaces.. Thus, a particle promotes the coalescence only if the effective contact angle is 

equall  or greater than 90°. The event may occur under relative stagnant conditions. 

5.2.4.5.2.4. Coaxial interaction bubble-particle-particle-bubble 

Particless adhering to the G-L interface may prevent the coalescence of two bubbles. 

Evenn the penetration angles of each particle exceeds 90°, two bubbles completely covered 

byy particles might not coalesce. The behaviour of particles adhering to the bubbles is 

similarr to that of surfactant molecules at the G-L interface, the particles keep the bubble 

interfacess at distance. The coalescence would be possible for penetration angles closed to 

180°° or high external forces. 

5.3.. Experimental 

5.3.1.5.3.1. Chemicals 

Distilledd water and electrolyte solutions of different concentrations were used. The 

electrolytee solutions were prepared with distilled water and Na2S04 of analytical grade in 

concentrationss of 0,001 M to 1 M. The gas phase was air purified by adsorption on 

activatedd carbon filter. 

Thee solids used in bubble coalescence experiments are shown in Table 5.1. They 

differr by particle size, surface hydrophobicity and the nature of solid material, inorganic 

orr organic. Mesoporous silica was provided by Promeks. The particles in the range of 35 

too 53 um were selected by sieving. The steam-activated peat-based carbon SX1G was 

providedd by Norit B.V. 

Thee hydrophobisation of silica particles was performed as follows: 10 g of 

mesoporouss silica was mixed with 87 ml solution containing 30 wt% isopropanol in 

water.. Subsequently, 2.3 ml of DDMS was added under vigorous stirring during 10 

minutes.. The suspension was mixed for 30 minutes at room temperature and then heated 

upp to the boiling point. The vapours were condensed and refluxed for 30 minutes. 
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Tablee 5.1. 

Solidss used for the study of bubble coalescence. 

Solidd particles 

Si022 Sipernat 320 DS 

Hydrophobisedd Si02 

Sipernatt 320 DS 

Mesoporouss Si02 Promeks 

Hydrophobisedd Si02 

Promeks s 

Glasss beads 

Hydrophobisedd glass beads 

Polystyrenee beads 

Activatedd carbon 

Particle e 
size, , 
u,m m 

5 5 

5 5 

44 4 

44 4 

150 0 

150 0 

500 0 

20 0 

Pore e 
volume, , 
cm33 g1 

0 0 

0 0 

1 1 

1 1 

0 0 

0 0 

0 0 

Apparent t 
densityy in water, 
gem"3 3 

2.20 0 

2.20 0 

1.37 7 

1.37 7 

2.58 8 

2.58 8 

1.06 6 

1.37 7 

Celll  type l 

H H 

V,H H 

V,H H 

V,H H 

H H 

V,, H 

V V 

V,, H 

11 coalescence of two bubbles studied in vertical (V) and horizontal (H) coalescence cells 

Afterr cooling at room temperature, the product was washed with ethanol and 

subsequentlyy with a large amount of bidistilled water. Finally, the powder was dried at 

3933 K for 16 hours. 

5.3.2.5.3.2. Equipment 

Thee specific surface area of modified silica samples was assessed by nitrogen 

adsorptionn using the BET equation. A Coulter Counter Multisizer 3 System was employed 

too obtain the particle size distribution and the mean size. 

Thee bubble coalescence was carried out in two coalescence cells, V and H. The 

coalescencee cell denoted by V consists of two vertical needles in opposite directions. The 

coalescencee cell H has two horizontal nozzles in opposite positions. 
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t,=00 ms t2=0.22ms t3=0.44 ms t4=0.66 ms 

11 mm 

Figuree 5.4. Coalescence of two small air bubbles in water without visible deformation of 

thee bubble shape. The coalescence takes place between ti and t2. 

Inn both cases the distance between the capillaries can be easily modified and 

measured.. In the cell V, the coalescence was observed in a stagnant liquid. In cell H, the 

coalescencee was studied under dynamic conditions, at constant air flowrate. 

Constantt feed rates were controlled by electronic flowmeters connected in parallel, 

coveringg a large range of gas flowrates. All experiments were carried out at room 

temperaturee and atmospheric pressure. Pairs of bubbles were formed simultaneously in 

thee capillaries. The frequency of bubble formation was 28 pairs per minute. Bubble 

interactionss were monitored with the following visualization set up: A digital high-speed 

videoo camera (4500 frames per second), a VCR, a monitor, a fiber optic lamp and a 

computer.. The selection of the electrolyte solutions was made according to the earlier 

reportedd studies (Craig et al., 1993; Zahradnik et al., 1995). 

AA digital high-speed camera Photron FASTCAM Ultima SE coupled to Optem Zoom 

1600 and Optem XI objective were used to visualize the bubble coalescence experiments. 

Thee camera offers exceptionally high-speed video recording rates up to 40500 fps (frames 

perr second) partial frames or 4500 fps full frames at a the highest resolution of 256x256 

pixels.. The coalescence time was calculated from the number of frames between the 

apparentt collision and coalescence of two bubbles. Improvement of the image quality, 

light,, contrast and gamma correction as well as the measurements of angles and distances 

weree performed with the help of Image Processing toolbox in Matlab. 
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t,=00 ms t2=111.11 ms t3=949.66 ms 

t4=949.88 ms t5=950.00 ms t6=950.22 ms 

Figuree 5.5. Coalescence of two air bubbles in electrolyte solution 0.01 M Na2S04. 

Approachingg speed of lower bubble 2.2 mm s'\ coalescence time fc=838.7 ms 

5.4.. Results and discussions 

5.4.1.5.4.1. Coalescence in pure water and electrolytes 

Fig.. 5.4 shows successive images recorded at 4500 fps in the cell V during the 

coalescencee of two small air bubbles in water. Two small bubbles with an average 

diameterr of 1 mm were produced with the help of thin needles. The bubbles were 

approachedd coaxially with by means of a micrometric screw. The bubbles collide and 

coalescee almost instantaneously after the contact. No change in the bubble shape can be 

observedd at tj. It means that two bubbles coalesce in pure water even in the absence of 

externall  forces, as considered in the section 5.2. 

Thee presence of electrolytes has influence on the bubble coalescence even at low 

concentration.. Fig. 5.5 shows two bubbles produced at the top of two relatively large 

nozzless with internal diameter of 2 mm. The concentration of solution is 0.01 mol 1" , 

relativelyy low compared with the transition concentration c50=0.061 mol f Na2S04, 

consideredd by Lessard and Zieminski (1971) to prevent the coalescence in 50% of cases. 
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Frames s 

00 1 2 3 4 5 6 7 

1.5 5 

E E 

II  « 
3 3 

X5 5 
CO O 

öö 0.5 

0 0 
00 0.5 1 1.5 

Time,, ms 

Figuree 5.6. Expansion of the hole formed immediately after coalescence of two bubbles. 

Thee hole speed is calculated from radius measurements recorded at 4500 fps. 

Ass expected, the coalescence does not take place immediately after bubble contact. 

Underr external forces, the bubble shape is firstly changed and a stable liquid film prevent 

thee coalescence for 838.7 ms. The coalescence time might by altered due to inaccurate 

identificationn of the frame where the collision takes place. This error is significantly 

reducedd if the bubbles collide at higher approaching velocity. The moment of liquid film 

pinningg and effective coalescence can be accurate identified because the process becomes 

veryy fast. Fig. 5.6 shows the speed of increasing in diameter of the newly formed bubble. 

Thee hole extends his diameter and the speed was calculated from the hole radius vs. time. 

5.4.2.5.4.2. Coalescence in V cell 

Figss 5.7a and 5.7b show the coalescence of two bubbles in the presence of one or 

moree particles, respectively. The visual observations showed the same trend for all 

particless studied. All the particles characterised in Table 5.1 have lower penetration angle 

thann 90°. They are always removed from the symmetry axis of two coalescing bubbles. In 

thee case (a), the coalescence takes place between time t, and t2. 
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t,=0.00 ms t2=0.2 ms t3=0.4 ms t4=0.6 ms 

t,=0.00 ms t2=5.5 ms t3=11.1 ms t4=87.8 ms 

Figuree 5.7. Coalescence of two air bubbles in water in the presence of (a) hydrophobic 

nonn porous polystyrene particle, and (b) hydrophilic mesoporous silica 

particles. . 

Att this point, the particles do not directly influence the coalescence. The liquid film 

stabilityy and interface forces, not discussed here, play the main role. In the Fig. 5.7b, 

severall  hydrophilic porous particles much smaller than in the previous case are placed at 

thee bottom of the upper bubble at tj and before. The particles remain adhering to both gas 

bubbless after contact at t2. Approaching the bubbles more, the particles are removed from 

thee symmetry axis (see t3). At t4 the bubbles collide and rapidly coalesce, similar to the 

casee of coalescence of two bubbles in water. 

Thesee experiments demonstrate that under almost static conditions, hydrophilic and 

hydrophobicc particles with penetration angles lower than 90° do not signifivcantly 

influencee the coalescence of two bubbles. The main contribution results from the liquid 

filmm stability and depends on the interfacial forces, independent on the presence of 

particles. . 
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tpO.00 ms t2=0.9 ms t3=9.8 ms t4=10.7ms 

55 mm 

Figuree 5.8. Bubble coalescence in the presence of small carbon particles: dp=20 urn, cs=3 

gg r1. 

5.4.3.5.4.3. Coalescence in H cell 

Thee continuously collision of pairs of bubbles were studied at constant gas flowrate, 

correspondingg to bubbling frequency in the range of 2-50 Hz and solid concentrations up 

too 15 g 1" . Without solids, the coalescence time was measured in bidistilled water and 

solutionss of electrolyte. Surprisingly, the coalescence time remains relatively short even at 

highh concentrations of electrolyte (Table 5.2). There are two possible explanations: i) at 

highh bubbling rate, the electrolyte concentration at G-L interface has not been stabilized 

too an equilibrium value, or ii) the force corresponding to coaxial collision is higher than in 

thaa experiments performed by Lessard and Zieminski (1971). Very short coalescence time 

inn the presence of concentrated electrolytes was also visualised by Tse et al. (1998). 

t,=0.0mss t2=0.2ms t3=12.0ms t4=13.1 ms 

^mm^mm mm r\ 
^Doaa ^ 0 t e ^0Ob ^ t o b 

55 mm 

Figuree 5.9. Bubble coalescence in the presence of mesoporous hydrophilic silica 

particles:: dp=44 urn, cs=3 g l"1. 
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tpO.Omss t2=17.8ms t3=35.6 ms t4=53.3 ms 

Figuree 5.10.Bubble coalescence in the presence of mesoporous hydrophobic silica 

particles:: dp-44 urn, cs=5 g 1" . 

Thee influence of different particles on the coalescence time can be found in Table 5.2. 

Somee examples are illustrated in the Figs 5.9 to 5.11. Hydrophilic particles have lower 

influencee on the coalescence time, compared with more hydrophobic particles. Small 

particless have higher influence than large particles. Thus, the coalescence time is longer 

forr small hydrophobic silica particles than hydrophobised mesoporous silica. At higher 

concentration,, more hydrophobic particles completely prevent the coalescence. 

t,=0.00 ms t2=11.1ms t3=22.2 ms t4=33.3 ms 

55 mm 

Figuree 5.11.Bubble collision in the presence of small hydrophobic silica particles: dp=5 

pm,, cs=5 g l"1. 
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Tablee 5.2. 

Averagedd coalescence time of air bubbles in water 

Electrolyte e 
concentration, , 

moll  l"1 Na2S04 

0 0 

0.001 1 

0.01 1 

0.1 1 

1 1 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

Naturee of solid 
particles s 

--

--

--

--

--

Activatedd carbon 

Mesoporouss Si02 

Hydrophobised d 
mesoporouss Si02 

Sipernatt 320DS 

Hydrophobised d 
Sipernatt 320DS 

Concentrationn of 
solidd particles, g l"1 

0 0 

0 0 

0 0 

0 0 

0 0 

0.2 2 

0.6 6 

3.0 0 

3.0 0 

6.0 0 

15.0 0 

1.0 0 

3.0 0 

5.0 0 

0.6 6 

3.0 0 

15.0 0 

0.2 2 

1.0 0 

3.0 0 

5.0 0 

Coalescencee time, 
ms s 

2.2 2 

6.8 8 

7.9 9 

10.1 1 

5.3 3 

7.8 8 

9.8 8 

10.4 4 

12.4 4 

10.6 6 

4.1 1 

17.8 8 

--

--

2.9 9 

3.1 1 

3.4 4 

13.9 9 

18.8 8 

--

--
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Thee bubble coalescence is inhibited during the first milliseconds after collision. 

However,, it was found that the bubble coalescence in the presence of solid particles 

occurss when the bubbles slides each other. Static particles do not realy destabilize the 

liquidd film separating two bubbls, but under dynamic conditions the film is easily 

destroyed.. A similar phenomenon was not found in the case of electrolytes. 

5.5.. Conclusions 

Thee mechanism of bubble coalescence in the presence of solid particles was studied in 

thiss work. Theoretically, spherical particles characterised by a contact angle of at least 90° 

havee a promoting effect on the coalescence. At lower contact angles, particles placed 

exactlyy on the symmetry axis between two bubbles allow the bubble coalescence only if 

externall  forces are applied. 

Thee coalescence of two air bubbles in bidistilled water demonstrates very low 

interactionss after collision and practically no visible deformation of the G-L interfaces. 

Afterr the liquid film separating the two bubbles is thinning up to a critical thickness, it is 

furtherr pinned and the hole formed extends his diameter with an initial velocity of about 3 

mm s"\ creating a pronounced ripple at the G-L interface. 

Iff  the particles present in the liquid have contact angles lower than 90°, they might be 

removedd and a liquid film free of particles is formed between the bubbles. Further, the 

pinningg of the liquid film is governed by the gas-liquid properties and the presence of 

solublesoluble additives in solution, like surfactants or electrolytes. 

Thee presence of particles increase the coalescence time, defined as the interval 

betweenn apparent bubble collision and the real rupture of the liquid film between die 

bubbles.. Hydrophobic particles adhering at the G-L interface may also prevent the 

coalescencee of two approaching bubbles. 

Thee coalescence takes place when small particles remain in the liquid film between 

twoo bubbles and by the friction of two bubbles. The motion of the particles induces 

turbulencee destabilizing the film. 
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Notations s 

cs cs 
ddp p 

F F 

FFc c 

Fv Fv 
n n 

P P 

*P P 

RRb b 

r r 

s s 

vvb b 

concentrationn of solid particles, kg m"3 

particlee size expressed as equivalent diameter 

externall  force, N 

capillaryy force of a particle attached to a bubble, N 

forcee resulting from the capillary pressure in the bubble, N 

polytropicc exponent, -

pressure,, N 

radiuss of spherical particle, m 

radiuss of spherical bubble, m 

radiuss of the three-phase contact line, m 

'arcc length' coordinate, m 

bubblee volume, m3 

GreekGreek Symbols 

pp density, kg m"3 

yy superficial tension of G-L interface, N m"1 

<p<p angle of particle penetration into the G-L interface, rad 

if/if/  angle formed by the symmetry axis of a bubble and the normal to the bubble 

surfacee on the three-phase contact line (see Fig. 5.1), rad 

66 three-phase contact angle of a particle adhering at the G-L interface, rad 

66WW three-phase contact angle of a plane wall required to counterbalance the external 

forcess acting on a particle, rad 

Superscripts Superscripts 

**  based on the curvature in the paper plane 

Subscripts Subscripts 

eqq equilibrium position under stagnant conditions at F=0 

ff  final value resulted after the integration of ODE-B VP 

GG gas 

LL liquid 

SS solid, meaning the particle with pores filled with liquid 
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