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FIGURE 10. Volume of material displaced forward for arbitrary angle Df+(a)  (0)  is plotted against a 
when (a)  the surface is downstream of the sphere (hs = 2.0, h~ = 0.5a), and (b)  when the surface is 
initially upstream of the sphere (hs = 2.0, hL = 4.0). For comparison, the function cosa is plotted 
(-). In (b) ,  the contributions from the two regions displaced forward are plotted (- - - -), the 
lower curve represents the contribution from the region bounded by ~ ~ ~ in figure 9(b). 
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larger near the wall (i.e. more force is required to accelerate it), it decreases quickly 
away from the wall, as i(1 + O(a3 /h i ) )  (Lamb 1932), as it tends to its value of in 
unbounded flow. On the other hand, the kinematic boundary condition on the wall 
has an opposite effect, reducing the normal displacement and the volume displaced 
forward decreases due to the presence of the wall. Furthermore there is a difference 
in how far the wall effect extends. The dynamical effect of the wall rapidly decays 
from the wall like O(a3/h3); the kinematic effect of the wall extends much further 
with a slower decay of D f +  like ( ~ / h ~ ) ~ / ’ .  The result of the competition between the 
wall effects is a decrease in the drift volume. 

We have shown that the volume displaced forward is sensitive to the initial location 
of the marked surface hL/hs,  and surprisingly that more fluid can be displaced 
forward when the sphere starts far from the wall, than when the sphere starts close to 
the wall. The return flow required by the conservation of mass is significantly larger 
when the marked surface is initially upstream rather than downstream of the sphere. 

The specific calculations in this paper for a sphere can be extended to other bodies 
by treating the body as a dipole of prescribed strength. In addition the added mass 
of the body is required which can be calculated from the body’s volume and dipole 
strength (see Eames 1995). This description will not be accurate for a body initially 
close to the wall. The results can be applied to the calculation of fluid displacement 
and drift volumes due to a body travelling at an arbitrary speed along a straight 
trajectory since the fluid displacement is independent of the speed of the body and 
dependent only on the final and initial position of the body. The results for z f ,  D f -  and 
D f ,  derived here in terms of time can be re-expressed in terms of the equivalent time 
t* defined in terms of the displacement of the sphere, t* = X J U O  = 1/Uo 1; U(t)dt, 
where UO is the characteristic speed. This may be relevant for the problem of bubble 
and sand particle motion near walls. 

In the context of heat transfer, the wall effect is obviously important. For instance, 
Beer & Durst (1968) used Darwin’s concept of drift to examine heat transfer by 
bubbles near heated walls, but ignored the effect of the wall and so overestimated 
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the effect of the bubbles. As we have shown Darwin’s (1953) relation between added 
mass and drift volume does not apply in these inhomogeneous flows. 
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