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Gas-liquid-solid flow can be found in biotechnology, in food processing, in 
oil and gas flow lines. We even see it in boiling mud pools e.g., in Yellowstone 
National Park. Whereas bubbles flowing in clear liquid are extensively researched, 
relatively little attention is paid to the motion of bubbles through a liquid containing 
small, solid particles. In chemical engineering literature, gas-liquid-solid flows 
are studied in the context of three-phase slurry reactors, where usually the gas 
contains one of the reactants, the liquid contains another and the solid is the 
catalyst. Several correlations for the bubble rise velocity in suspensions can be 
found in the literature [1]. However, the precise nature of the interaction between 
the rising bubble and the solids and liquid has received limited attention.

We reduce the complexity of the system by making the solids neutrally 
buoyant to the liquid. This removes the slip velocity of the solids with respect to 
the liquid from the problem, and even more importantly, it makes it possible to 
experiment with a homogeneous solids concentration as gravitational settling will 
not induce differences in the local solids concentration. We studied four different 
sizes of polystyrene particles with diameters of 78μm, 587μm, 2.0mm and 4.0mm, 
respectively. The liquid is a mixture of water and glycerol carefully tuned to have 
the same density as the particles (1054kg/m3). 

The Stokes number,                                , for these particles are 0.016, 0.88, 
10.1 and 41.2. Thus, the smallest particles will follow the liquid flow like tracers, 
whereas the bigger ones have enough inertia to actually collide with the passing 
bubble (see Fig.1). We inject a single bubble of volume equivalent diameter of 
3.0mm in the suspension and measure its average rise velocity. For this we used a 
4-point optical probe [2] and the fast X-ray scanner of our group [3] (see Fig.2). We 
varied the solids volume fraction from 0% to 20%.
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Fig.1. Bubble rising through a neutrally buoyant suspension: small 
particles with St<<1 (top) behave different from big ones with St>>1 
(bottom).
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The experiments confirm our hypothesis, that the bubble does not literally 
collide with the particles when the Stokes number is smaller than 1. In those 
cases, the bubble perceives the suspension as a pseudo-clear liquid. The 
suspended solids merely increase the apparent viscosity of the suspension. 
The bubble rise velocity can be understood by using this viscosity (which is a 
function of the solids volume fraction) for which several relations can be found.

For suspensions of particles with St>>1 the situation is rather different. 
The bubble clearly collides with the particles. In this process the bubble gets 
deformed (see photos in Fig.3) and some of its kinetic energy is converted to 
surface energy which is partially passed on to the solid particle, which pushed 
out of the way. In this process the bubble slows down and starts to accelerate 
again after the collision until the next collision. The resulting average rise 
velocity can be estimated based on a mean free path approach: the bubble 
loses a fraction of its energy in a collision and accelerates again over a distance 
of, on average, the mean free path. Schematically this is shown in the bottom 
graph of the third figure. Using these ideas, we could predict the average 
bubble rise velocity as can be seen in the top part of Fig. 3. 
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Fig.2. Experimental setup. X-ray 
attenuation for measuring time of flight 
of a bubble and a 4-point probe for 
measurement of bubble velocity and size.

Fig.3. Top: average bubble velocity for 
the 2.0mm and 4.0mm suspensions. 

The dashed line represents the mean 
free path model. In the photos, the red 

line shows the bubble colliding with 
the particles. 

Bottom: graphical representation of 
the bubble vertical position. The red 

line is that of a bubble in a clear liquid, 
the blue/black one is for a bubble 

that collides after a mean free path of 
traveling.
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