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FIGURE 14. Calculations of bubble concentration fluxes in a vertical downflowing mixing layer. 
N ,  (= 40) bubbles were released into the high-speed stream in the region 0 < y < 0.135 : (a) 17 = 0,  
r = 5 ;  (b) n = 0.067, r = 5. a, = 0 . 2 ~ ;  0, = 0 . 4 ~ ;  0, x = 0 . 6 ~ ;  0, x = 0 . 8 ~ .  

5.3. Bubble distributions in vertical downjows 
The model bubbles were introduced into the high-speed stream close to the origin of 
the mixing layer, in particular along the line x = 0.05L and at random locations 
0 < y o  < 0.135L. The time step here was 100At and groups of ten bubbles were 
followed in each of two simulations, both with l/r = 0.2, the first having 17 = 0 (zero 
inertial forces) and the second 17 = 0.067, corresponding to the conditions of our 
experimental study (Sene et al. 1993). A total of 360 bubbles was tracked in each 
simulation, requiring about 20 minutes of computing time for the case 17 = 0 and 
about 2 hours for the case I7 = 0.067. Bubbles introduced outside the mixing layer (i.e. 
y ,  > 0.10) were hardly affected by the vortex motions over the length of our 
computational domain, so we are confident that the downstream concentration profiles 
within the mixing layer are representative of those found with bubbly flow extending 
across the high-speed stream (i.e. for all yo > 0). 

The number of bubbles crossing unit area per unit time (i.e. the concentration flux) 
was calculated at downstream stations x / L  = 0.2, 0.4, 0.6 and 0.8. Smoothed profiles 
of the bubble fluxes were calculated using ensemble averaging to accommodate the 
special initial conditions of blockwise release rather than continuous streaming. The 
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flux profiles presented here correspond to ensemble averaging over a streamwise 
interval of k 0.1 L adjoining each station. This box size was deemed acceptable because 
the bubbles travel an average distance of 0.2L between the introduction of consecutive 
bubbles. 

The flux profiles from the simulation with 17 = 0 and r = 5 appear on figure 14(a). 
Notice that they are antisymmetric about the centreline and possess shapes and spread 
rates similar to the mean velocity profiles of the single-phase mixing layer (figure 8). 
This self-preserving property is a classical result for passive transport, so our finding 
suggests that a small slip velocity ( l / r  = 0.2) does not significantly modify expectations 
based on passive behaviour. The profiles from our second simulation (17 = 0.067, 
r = 5.0) appear on figure 14(b). Notice that whilst these are also self-preserving, they 
are now skewed towards the high-speed stream, consistent with expectations for the 
effect of inertial drift in vertical downflow; recall our earlier results of $3. On the other 
hand, approximate self-preservation was not anticipated so this is regarded as a key 
finding of the present study. 

6.  Conclusions 
Simple models of bubble motions in isolated-vortex flows have been described as an 

aid to understanding the role of coherent structures in mixing-layer transport of 
bubbles. The model results, supported by discrete-vortex simulations of the bubble 
trajectories, indicate that the following characteristics contribute to determine the 
trapping effects of large eddies in these turbulent shear flows. 

First, bubbles are trapped in horizontal mixing-layer flow once the parameter 
r= AU/V, exceeds a critical value ranging from about 10 when inertial forces are 
weak (17+0) to about 3 when the inertial forces are comparable with buoyancy 
forces (17 - 0.5). Pairing of shear-layer vortices does not significantly affect the 
local bubble concentrations and it may even enhance their trapping power. 

Secondly, bubbles are also trapped in vertical mixing-layer flow and the 
concentration profiles are skewed toward the high-speed stream in downflow when the 
inertial-buoyancy parameter 17 = A U 2 / 2 g x  exceeds about 0.05. The effect is enhanced 
by lift forces due to slip motion of the bubbles in the shear flow. Because of this 
skewing, it is not strictly reasonable to describe the transport by a simple effective 
diffusivity as supposed in classical models of passive tracers. Moreover, if a diffusivity 
representation is sought, then the spread rate behaviour of the bubble layer demands 
an effective Schmidt number of about unity, a value significantly larger than that 
adopted to reproduce the spread rate behaviour of passive tracers. This aspect is 
considered further in Sene et al. (1993). 

The discrete-vortex method has been demonstrated to provide a versatile basis for 
evaluating the structural-dynamic implications of Auton’s force law for bubble 
motions in unsteady and non-uniform flows with vorticity. Our simulations have 
provided new insight into several key processes governing bubble transport at low 
concentrations and, in particular, how the transport scales on the shear-to-slip velocity 
ratio r a n d  the inertia-to-buoyancy force ratio 17. We caution that the accuracy of the 
results presented here can only be checked by comparison with experimental 
measurements. However, we have demonstrated that they are not very sensitive to 
details of the assumptions made in the discrete-vortex model or the drag law adopted 
for the bubble motions. 
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