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The interaction between free fast-moving bodies (or particles) and the fluid surrounding them is stud-
ied, motivated by applications in different branches of industry, biomedicine, the environment and sci-
ence such as flying droplets, ice growth, dust, impacts, food grains, sport, complexity and storms. New
inviscid-based modelling and results on the behaviour of two interacting bodies inside a channel flow
are described. This is followed by discussion of the more-bodies extension with a view to treating ar-
rays of bodies in a rational manner. Significant dependences on initial conditions and on the comparative
body masses and moments of inertia are found for the occurrence of body-body impacts as opposed to
wall-body impacts and for the associated impact times.
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The motivation for this study on dynamic fluid/body interac-
tions comes partly from the many practical application areas of
these interactions. Included are significant issues of air vehicle
safety concerned with the icing of external surfaces (wing, fuse-
lage) or internal surfaces (engine) when impacted upon by ice
particles, super-cooled liquid droplets or other bodies or particles
[1-3]. Similar issues arise for land and sea transport. Another
wide area is in biomedical science where relatively small particles
such as treatment drugs or thrombi travel through blood vessels
[4-6] which are often relatively long. Yet another area is centred
on environmental applications, for example the movement of dirt,
dust and sand, both on Earth and on other planets. Finally here the
application to food-sorting can be mentioned, involving for exam-
ple rice grains travelling down a chute in order to be investigated
systematically for defects [7]. The motivation is also partly from
the intrinsic scientific interest and challenge of the interactive area,
as distinct from that of the classical problem of fluid flow around a
fixed body. During a dynamic fluid/body interaction the fluid mo-
tion affects the body motion because of the induced flow forces
acting on the body surface but the moving body in turn alters the
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fluid motion around it by virtue of (e.g.) the kinematic conditions
on the body surface and so there is two-way coupling.

One of our prime aims is to increase physical understanding
of the mechanisms involved. We use rational modelling based on
reduced equations, which then tend to shed light on the mecha-
nisms by means of analysis and reduced computation [7-12]. The
study is meant to be complementary to direct numerical simula-
tions [13-15]. In addition there has been much work on fluid/body
interaction for a single body or particle: see inviscid-based the-
ory in Refs. [7-12] and viscous-inviscid interaction theory in Ref.
[16-19]. Among these works are found close connections between
reduced-equation results of the type discussed in the current pa-
per and the numerical findings from direct numerical simulation:
see Refs. [16] and [19].

The specific interest in the present investigation is in fluid/body
interactions for two or more bodies (finite-sized particles, ob-
jects) free to move in fluid within a straight-walled channel. This
has practical connections with applications to engine dynamics
[20] and food-sorting processes [21] in particular. Concerning the
latter and its modelling, the situation is that many food objects
such as peas or rice grains are projected down an inclined open
chute for subsequent sorting [22]. The study in Ref. [7] addressed
this scenario by consideration of many slender particles being
present inside a channel through which fluid (air in their case)
is flowing towards, around and past the particles in a coordinate
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Fig. 1. One body in channel flow, indicating regions 1, 2 below and above the body respectively. Upstream influence concentrates in the dashed zone when the body length
L is large. The diagram is not to scale: the horizontal (x*) scale has been reduced in comparison with the vertical (y*) scale.

frame fixed in the typical particle as opposed to the laboratory
frame. The particles in the above study are assumed to be stacked,
having identical lengths, being nearly parallel with the axial flow
direction (horizontal say) and being aligned (vertically or laterally)
such that their leading and trailing edges are sited at the same
axial locations, namely at x values of zero and unity respectively
where x denotes the scaled distance in the axial direction.

We aim to generalise the modelling in order to incorporate
non-aligned bodies. That is, the bodies are taken to be stacked but
with their leading and trailing edges being at different axial loca-
tions. In most applications of concern the representative Reynolds
number and Froude number are very large, as in references above,
and so as a very first model it seems reasonable to suppose vis-
cous effects and gravity can be neglected. That being so we are led
to the unsteady Euler equations of motion for the fluid flow and
these are to be coupled with Newton’s equations of motion for the
bodies, yielding fluid/body interaction. The model at this stage is
also to allow for the feature that the bodies of interest are slender
in the sense that their typical lateral or vertical extent is signifi-
cantly less than their axial or horizontal extent.

For a single particle use is made of non-dimensional variables,
namely Cartesian coordinates x* (axial), y* (lateral), time t*, fluid
velocity vector u* = (u*, v*) and pressure p*, based on the chan-
nel width vertically, the typical incident flow velocity and the den-
sity ppr of the fluid. Assuming viscous and gravity effects are neg-
ligible as discussed in the introduction we may then work within
the framework of the Euler equations,

divu* = 0, v}, + (u*-grad) w* = — grad p*, (1)

as regards the fluid flow. Here ‘div’ and ‘grad’ represent diver-
gence and gradient respectively. The boundary conditions appro-
priate here are kinematic boundary conditions on the moving body
surfaces and tangential flow (zero normal flow) at the fixed walls,
along with a match with the oncoming flow u* = wugy(y) with zero
v* far upstream in the channel, where p* is taken to be zero, and,
after consideration of overall conservation of mass and vorticity,
the same conditions are expected to apply far downstream as well.
Thus

ut - uy(y), v — 0,
p*—> 0as x* - doo,for0 <y* <1 (2)

There is clearly upstream influence ahead of the body and
downstream influence aft of the body.

The slenderness of the body within the channel as shown in
Fig. 1 now suggests scaling axial distances by the body length
L (> 1). The flow then acquires an interesting structure. First, the
continuity balance implies that generally the lateral flow velocity
scales with L~1 and so the solution form

', v, p)=(u L', p) + ...,
¥y, ) = (Ix, y, L), (3)

is indicated. This long-scale form applies in the two gaps between
the body surface and the wall, for 0 < x < 1, and it leads from
Eq. (1) to the slender-layer equations

ux+vy= 0,
U+ Uly+ vy = —py(X, ©),
0 =— py, (4)

at leading order, where the y-momentum balance Eq. (4) leaves p
depending only on x, t. Second, due to the hyperbolic nature of
Eq. (4), a different solution form is found to hold near the body’s
leading edge x = 0. Here, in a region sometimes called the Euler
zone [7,26],

s, v', p*)=0(Q1),
x*, y*, t) =", y, Lt), (5)

and so the Euler equations (1) hold in full except for the un-
steady term u*i which becomes negligible: the flow is thus quasi-
steady. The boundary conditions on Eq. (5) include the requirement
Eq. (2) as x* — oo, tangential flow at the walls y* = 0, 1 and tan-
gential flow on the leading-edge part of the body, a part which
for all the body shapes studied herein appears as a flat horizon-
tal plate because of the slenderness of the body. As x* — oo, on
the other hand, the conditions holding can be deduced from the
Bernoulli relation since the flow is quasi-steady, giving conserva-
tion of p* + % (u*? + v*?) along streamlines. These streamlines
become effectively horizontal at large negative and positive x*, as
v* tends to zero there, and hence a match with Eq. (2) upstream
and with the form Eq. (3) downstream is achieved.

In consequence the boundary conditions acting on the long-
scale flow can now be written down completely. This is done here
for the basic case of an incident profile ug(y)=1 corresponding to
uniform or so-called plug flow far upstream. The conditions are

v=20at
y =0, 1 (tangential flow on channel walls), (6a)

V= far+ufpe at

y = fa(x, t) (kinematic conditions on body surfaces), (6b)
+ 1 u? = 1 at
Prat =2

x = 0" (matching with the Euler zone solution), (6c)

p = 0atx = 1 (the trailing — edge constraint) . (6d)

The condition Eq. (6¢) coupled with the response Eq. (5) in the
Euler zone accounts for the upstream influence mentioned earlier,
while Eq. (6d) is the well-known Kutta requirement [7, 26] at the
body’s assumed non-blunt trailing edge. In Eq. (6b) y = fa(x, t)
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Fig. 2. Two bodies in a uniform channel flow. The diagram is not to scale; as before, the horizontal (x) scale has been reduced in comparison with the vertical (y) scale.

denotes the moving body surfaces for n = 1, 2. Further progress
can be made by observing that the vorticity is zero to leading order
in this basic case, which leads to the replacement equations

Hpe + (Haugn), =0, (7a)

Ur + Uty = — px(x, t), (7b)

where Eq. (7a) replaces Egs. (4a), (6a) and (6b), Eq. (7b) replaces
Eq. (4b, 4c) and Hj, are the two gap widths, namely H; = f;(x, t)
and H, =1 — f5(x,t). The fluid motion is therefore governed by
Eq. (7a) and (7b) subject to Eq. (6c) and (6d). Initial conditions at
time zero are supposed given also.

The body motion is governed by the mass-acceleration physics
of a solid body of density ppg whose centre of mass (x, y) =
(C, h(t)) is moving vertically, combined with a scaled rotation an-
gle 6(t), in response to the evolving pressure field from the fluid
flow. The moving body surfaces are therefore given by

fitx. t)y=F &) +h) + x — ) 0(t),
Lx t)y=KEX) + ht) + (x = C) 0(1), (8)

where F,(x) are the fixed underbody and overbody shapes, and we
have at leading order the body-motion equations

2

M% = /(pl(x, t) — pa(x, t))dx, (9a)
2

I% Z/(X — O) (p1(x, t) — p2(x, ) dx, (9b)

with the prime denoting the ordinary t-derivative and M, I denot-
ing the scaled mass and moment of inertia of the body. Account
has been taken of the small angles inherent in the current slender-
body analysis as well as the fixed axial positions x = 0, C, 1 of
the leading edge, centre of mass and trailing edge of the body re-
spectively in the present body-based coordinate frame.

Numerical and analytical properties of the fluid/body interac-
tion Egs. (6¢), 6d), (7a), (7b), ((8) (9a) and (9b) are investigated in
Ref. [23]. There is also interest in the regime where M and I are
large and comparable, which occurs if the density ratio ppr / pps
is sufficiently small as for example with an ice particle moving
through air: the density ratio in that example is about 1073. In
this regime time t tends to scale like M3 because of Eq. (9a) and
(9b) and so the fluid flow becomes quasi-steady everywhere [24].
Helpful simplifications then stem from Eq. (7a) and (7b), yielding
conservation of Hpun and p + %uz in each gap.

In the next section we extend the above modelling in order to
describe the fluid/body interaction when two bodies are present in
a channel.

Consideration is now given to two slender bodies interacting in
a channel flow as depicted in non-dimensional form in Fig. 2. The
bodies are non-aligned with their leading edges at different axial
stations and likewise for their trailing edges. They also overlap in
the sense that the leading edge of the second body (on the right)
is positioned between the leading edge and the trailing edge of the

first body (the body on the left). In the laboratory frame the bod-
ies are moving with equal horizontal components of velocity and it
follows that in the current body based frame they each have zero
velocity in the horizontal direction, although able to move verti-
cally and azimuthally, to leading order.

Concerning the flow part of the fluid/body interaction, guided
by the previous work as summarised in the previous section we
suggest that there is a flow structure as shown in Fig. 3. This
comprises five zones 1-5. In Fig. 3 the dashed lines indicate the
two Euler zones, surrounding the two leading edges of the bod-
ies, and the two trailing edges where Kutta conditions apply. The
lower and upper surfaces of the first body are written y = f; (x, t),
y = fo(x, t) respectively, while the lower and upper surfaces of the
second body are y = fy(x, t), y = f3(x, t) respectively: we note
the ordering.

The density ratio is taken to be small and hence the flow can be
treated as if steady, for the sake of simplicity in the present first
modelling; the flow is assumed to be forward from left to right
throughout such that u, > 0 for all n. So, using and extending
the assumptions and notation from the previous section, we have
in the successive gaps (n = 1-5) the mass balances

up,Hy, = dy(constants), (10)

where the gap widths are H] = f],Hz =1 —fz,H3 = f] —f3,H4 =
f4, Hs =1 — f3. Similarly the usual Bernoulli quantity is conserved
throughout the zones 1-5 because of the known properties of the
Euler regions and hence
1 d? 1

Pn + 3 H% =3 (11)
again holding for n = 1-5. There are expected to be jumps in pres-
sure p and velocity u across the Euler regions in general but the
quantities in Eq . (11) remain conserved across those regions.

Next, the total mass fluxes must be taken into account. These
require the following relations to hold,

d] + dz:], d3 + d4=d1, d2 + d3=d5. (]2)

(From the above relations we see that the required balances
d4+ds =d; +d; =1 also hold.) Also the Kutta conditions at the
two trailing edges x =b, x =c are that the pressures there are
equal, leading from Eq. (11) to the equations

i __& o
Hy(b,t)>  Hs(b,t)?
and

@ 2 (14

Hi(c.t)*  Hs(c.t)*
in turn. The equality of the values in Eq. (13) with the value

2
m (db5t)2 implied by zone 5 is found to be assured, i.e. it is guaranted
5(D,

by the displayed equations above.
Thus there are five equations Eqs. (12), (13) and (14) for the
five unknowns d; — ds. The balances Egs. (13) and (14) can now be
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Fig. 3. The interactive structure for two bodies, showing zones 1-5.

simplified to give

d2 d3 d4 d5
Hy(b.t) ~ H3(b.t)' Ha(c.t) ~ Hs(c.t)’
since all the velocities u, are positive. Hence the solutions are
found to be
Hy (b, t)Hs(c, t)

(15)

dy=1- Heb o) (16a)
_ Ha(b. t)Hs(c.t)

“="Hmoo (16b)
_ Hs(b,t)Hs(c.t)

b="Hen (16¢)

d4 =H4(C,t), (16d)

d5 = H5 (C, t). (166)

These are to be used in conjunction with the body-movement
properties described below. It is notable meanwhile that a non-
overlapping scenario would involve zero feedback between the two
bodies because of the Kutta condition and the ensuing lack of a
wake in the present quasi-steady flow model for small density ra-
tios.

Concerning the body motions, the two bodies have to move by
virtue of the mass-acceleration effects. Thus

&hy ] b
M= = /(Pz - Pl)dx-i-{(l’z — p3)dx, (17a)
0
20, | ;
h—z = / (x—a1)(p2 — p1)dx+/ (x — 1) (p2 — p3)dx,
0 a
(17b)
for the first body and
b c
d?h,
Myam = f(P3 — pa)dx + / (ps — pa)dx, (18a)
a b
@20, | ¢
IZF = f (x—az)(ps — p4)dx+/ (x — a2)(ps — pa)dx,
a b
(18b)

for the second body. The right-hand sides in Egs. (17) and (18) de-
pend on the pressure differences to be calculated from the fluid
flow. We also need to relate hy, 61, hy, 6, to the gap widths
H; — Hs and to the prescribed shapes of the body surfaces.

The properties resulting from the interactive equations of the
fluid flow in Egs. (11)-(16) and the bodies’ motions in Egs. (17) and
(18) are invetstigated in the following section.

Here for the sake of numerical and analytical study we would
like to consider concrete examples of the previous model configu-
rations. What we are particularly interested in is investigating how
to make particles remain between the parallel channel walls for as
long as possible without any impacting on each other or on the
walls. Our current study stops when one of the particles collides
with the wall, either the top or the bottom wall, or when there is
a particle-particle impact. It is necessary now to address specific
examples.

In detail, the equations for the unknown moving body surfaces
are now taken to be as follows,

A0 =F @+ © + (x= 3 )00, (19)
1

0 = F 00 +hi(©) + (x— 5)6i© (20)

f000 =K (0 +ha©) + [0 08) - 1], 1)

Fa.6) = B (0) + hy(6) + [(xfO.S) - %]Qz(t), (22)

where Eqs. (19) and (20) represent the lower and upper shape
functions for particle 1 respectively, while Eqs. (21) and (22) rep-
resent the upper and lower shape functions for particle 2 respec-
tively.

In addition, particle 1 has its leading edge at x = 0 and its trail-
ing edge at x = 1, thus having unit length, whereas particle 2 has
length % with its leading and trailing edges being at x = 0.8 and
x = 1.3 in turn. The respective centres of mass are located at the
halfway positions, namely x = 0.5 and x = 1.05. We also define our
particles to be elliptically shaped. Thus here we define the particle
shape functions as

Fr(x) = ar +x3(1-x)7 B, (23)
Fr(x)= ar —x¥(1-x)7 By, (24)
Er(x) = ay+ (x—08)F (13 —x)B,, (25)
E ()= ay— (x—08):(13-x)B,, (26)

with positive thickness constants 81, B, and leading edge heights
o1, oy Typical studies described here are for (oq, a2, B1, B2) equal
to (0, 0, 0.1, 0.05) and initial conditions (hy, %, hy, %)(0) equal
to (0.7, 0, 0.4, 0). During the course of the study, we tested many
different values of initial angles and angular velocities but among
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Initial position for two-particles model
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08
071 h a

06 o

O<y<1
|

05

03+

021

01

0 0.2 0.4 0.6 0.8 1 1.2 14
0<x<1.3

Fig. 5. Time t = 0.17

them interesting values were found to be 6;(0)= -0.1, 8,(0) = 0.1
with % =-1 and % = 1. We also set the moment of inertia of
particle 1 to be Iy = 0.25 x M; and particle 2 to be , = 0.1 x M5.

In the following figures which show numerical solutions we
plot three examples (1)-(3) with different mass values as described
below.

(1) Weset M\ =1 and M, =1

Figure 4 is the initial starting point of the whole system.
Figure 5 shows in a sense the middle stage of the whole move-
ment. Figure 6 is at the collision time where particle 1 impacts
upon the upper wall. As we can see from the graph, the particle
1 moves upwards and rotates clockwise. The height of the centre
of mass for particle 2 remains almost constant and its motion is
almost only a rotation, slightly upward and anticlockwise.

In order to make a clear contrast with this group, we next took
two extreme values and tested them.

(2) We set M; =16 and M, = 1 and keep other values the same
as in example (1).

Here Fig. 7 is the initial starting point of the whole system, Fig. 8
is the middle stage of the evolution and Fig. 9 is essentially at the
collision time. Despite the increased mass of particle 1 in example
(2) we have almost the same motion as in example (1) except that
the collision happens somewhat later than in example (1).

[m5G;December 30, 2022;14:41]
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Collisiontime
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Fig. 6. Time t = 0.33

Initial position for two-particles model
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(3) We set M; =1 and M, = 16 and keep other values same as
for example (1).

Again Fig. 10 is the initial starting point of the whole system.
Figure 11 is the middle stage of the whole movement. Figure 12 is
at the collision time. We have almost the same motion as in exam-
ple (1). From the graphs we notice that there is a tiny difference
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Collisiontime
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Initial position for two-particles model
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FIG. 11. time ¢ = 0.17

between examples (1) and (3) (and likewise between examples (1)
and (2)). This might well be caused by the different mass of parti-
cle 2. With larger mass and moment of inertia, particle 2 is harder
to stop in a sense; its motion is virtually ballistic. In particular the
displacement of particle 2 in example (3) is larger than that in ex-
ample (1).
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Fig. 13. Height functions for the two-particle model in three examples.
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Fig. 14. 6 functions for the two-particle model in three examples.

The height and theta functions for these three examples are
presented in Figs. 13 and 14.

Figure 13 gives a graph showing the height trajectories of each
case. The top three lines represent the trajectories for particle 1
in these three examples and the bottom three lines represent the
trajectories for particle 2. From the sudden change of the height
functions for particle 1 we can read that the collision happened
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between particle 1 and the top wall. That is, the fluid gap there
closed at a finite time, after which the results are unphysical. Sim-
ilarly, we plot the theta functions for particles in these three cases
in Fig. 14.

Figure 14 presents the 6 trajectories of each case. In contrast to
the height trajectory, the bottom three lines represent the 6 trajec-
tories for particle 1 and the top three lines represent the 6 trajec-
tories for particle 2. Once again the collision time is indicated by
the rapid turning point in the results.

Analysis provides some insight here. When M; and I; are large
the suggestion is that, to leading order, the equations for particle 1
become simply

d?h, d26,
M]W :0, I‘]W:O, (27)

for times t of order unity. Hence
hi = hi(0), 61 = 6:1(0) + 07(0)t, (28)

for all such t. In our model we can regard M = 16 as large enough
to use the above analysis. Thus for the case of My = 16 and M, =1,
the asymptotic analysis shows that particle 1 is free to rotate about
its centre of mass x = % at a constant rotation rate (constant an-
gular velocity) which is -1, from the initial conditions. In effect the
centre of mass of particle 1 stays still. Hence the leading edge rises
uniformly and the trailing edge falls uniformly. (Particle 1 is in
essence independent of particle 2 in this extreme.) However, parti-
cle 1 is long compared with particle 2 and so the leading and trail-
ing edges of particle 1 appear to be displaced by large amounts
compared with the movement of the smaller particle 2. For the
M; =1 and M, = 16 case, similarly, the leading and trailing edges
of particle 2 move up or down uniformly and its centre of mass
effectively stays still, in line with the asymptotic behaviour

hy(t) = h2(0), 6>(6) = 6(0) + G3(0)L, (29)

for t of order unity. However, particle 2 is the shorter particle and
so its displacement appears smaller in the results.

The analytical trends Eqs. (28) and (29) appear to agree with
those of the numerical solutions in Figs. 4-14. The analysis be-
hind forms Eqs. (28) and (29) also suggests repeating the numeri-
cal study of case (3) but with the initial rotation 6/ (0) increased to
4 and the initial vertical distances between the centres of mass de-
creased, in which case particle 2 might be expected to collide with
particle 1 before any other collision can occur. Thus an additional
example (4) is examined next.

(4) We set 6,(0) =4 and h;(0) = 0.5 and keep other values the
same as for example (3).

The result is given in Fig. 15 and 16.

The finding in case (4) is that, whereas in the earlier cases the
gap between the two particles is too large to let them collide with
each other (before hitting a wall), now a collision can occur be-
tween the particles due to the change of initial height of particle
1 from 0.7 to 0.5 and the enlarged initial rotation of particle 2. A
consequent body-to-body collision time of about t = 0.14 is seen
to be encountered.

It is felt that the examples (1)-(4) as described above indicate
the two types of impact phenomena likely to be present in the
two-body fluid/body interaction problem in a channel. The types
are body-wall and body-body impacts. The examples also suggest
that further analysis on parametric influences could be especially
fruitful. It is to be expected that many other specific cases lead
potentially to the occurrence of the two types of impact above.

The present work points immediately to a number of useful
follow-up studies and also to addressing certain difficult issues of
combined fluid and solid mechanics.

One natural follow-on is to extend the understanding to the
case of many bodies being present in the channel. This has only
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been done in the aligned scenario of Ref. [7]. In the more general
non-aligned setting we can begin by creating a model for three
free particles. Extending the model of the previous sections to
three bodies leads to the interactive solution structure displayed in
Fig. 17. The figure gives one example of how the three leading edge
positions and the three trailing edge positions of the bodies can
overlap but in all examples there must be three short-scale Euler
zones and three Kutta conditions to apply, a feature which guides
the subsequent working. In this example eight separate long-scale
regions are present as shown in the figure.

The governing equations in the eight regions are analogous,
thus yielding

upH, = d, (constants), (30)
1d2 1
S (31)

for n = 1-8 where the gap widths Hp(x,t) are defined by differ-
ences between adjacent body positions or between a body posi-
tion and the adjacent wall of the channel. Because of the number
of leading and trailing edges the total mass fluxes then require the
six relations

di+dy, =1,d3+d; =dq,
dy+ds =dy, d3 +d4 =dg,
ds+ds =dg, d7 +dg =1, (32)
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Fig. 17. Sketch of the three-body problem and its solution structure.

to hold. Notably the final relation Eq. (32) is linearly dependent
on the other relations. Further the Kutta conditions at the three
trailing edges, say x =b, x = ¢, x = d point to the equations

2 2

i I S (33)
H3(b,t)*  Ha(b,t)

2 2

s __d (34)
Hs(c.t)>  Hg(c.t)?

2 2

dz d2 (35)

Hy(c.t)2  Hg(c,t)

in turn. The eight equations Eqs. (32)-(35) can then be solved for
the eight unknowns

di-dg in order to provide the pressure distributions p,. The
latter act as forcing effects in the body-motion balances which
are analogous with Egs. (17a), (17b), (18a) and (18b) but ex-
tended for three bodies, i.e. involving unknown functions of time
(hy, 61), (hy, 65) and (h3, 63). The solution responses remain to
be pursued.

Challenging issues are also involved in tackling several extra as-
pects of fluid/body interactions relevant to the current area. These
include in particular: different horizontal speeds of the bodies in
the laboratory frame, causing slip in the body based frame and
hence time-dependent overlaps; rebounds after clashes (in partic-
ular a post-collision two-particle model will be investigated in fu-
ture research); the effects of viscosity, three-dimensionality and
surface flexibility; comparison of the predictions from unsteady
and quasi-steady flow; the full influence of body shapes and wall
shapes. Just as there are many parameter regimes to study, there
are in addition many interesting shapes to consider. These extra is-
sues should enable the connection with practical applications to be
made firmer.

The two-dimensional fluid/body interaction arising when fast-
moving bodies, or particles of finite size, are free to move within
the fluid surrounding them has been studied. New modelling and
results on the behaviour of two interacting bodies inside a chan-
nel flow have been described for an assumed inviscid fluid. The
extension to more bodies has also been discussed with a view to
treating arrays of non-aligned bodies in a rational manner. For the
case of many bodies the role of overlap as described is notable.
Thus if there are groups of bodies separated by vertical gaps, i.e.
not overlapping, then the feedback between the groups is negligi-
ble even if the groups are nearby each other; the absence of sig-
nificant flow separation and hence the absence of significant wakes
for the present slender bodies is a substantial factor here. For the
case of two overlapping bodies it has been found specifically that
the initial conditions and the relative body masses and moments
of inertia exert considerable influence not only on the occurrence
of body-body impacts as distinct from wall-body impacts but also
on the corresponding impact times. (Both the wall-body and the
body-body impacts in the present context of quasi-steady fluid

flow can be described locally by analyses akin to those applied in
recent work [25] within the context of a boundary layer.)

The modelled interaction between fluid flow dynamics and the
free movement of bodies holds over a wide range of scales, from
macro- to nano-scales. Here the potential relevance to industry,
aerodynamics, biomedicine and the environment seems positive.
In terms of understanding the mechanics and the physical as-
pects, it is felt that there is far more still to be explored (on
three-dimensional effects, on many-particle interactions, on non-
linear and conventional instability effects for example) than has
been done to date in the area. Continuing studies along the current
lines are concerned with skimming, with the growth or erosion
of ice on a substrate, and with tackling three-dimensional inter-
actions as well as with attempting to accommodate many bodies
as described in the previous section. The combination of physical
modelling, analysis and allied computation, whether small-scale or
large-scale, appears to have been beneficial in this work.
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