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ABSTRACT 

The mechanism of suspension of a non-buoyant particle in a 
turbulent flow has been examined, from the viewpoint of the history 
of an individual particle, 

A computer program developed for the purpose has been em-
ployed to compute trajectories of a non-buoyant particle within a field 
of eddies. The computed trajectories have indicated that the particle 
may be suspended indefinitely within an individual eddy of the eddy 
field, or may fall through the eddy field with a fall velocity which 
differs from the settling velocity of the particle in the quiescent fluid. 

A criterion for the suspension of a particle within an eddy has 
been established. The criterion takes the form of a limiting value of the 
ratio between a characteristic fluid velocity within the eddy field and the 
settling velocity of the particle in the quiescent fluid. 

The quantitative results are specific to the particular conditions 
examined. The investigation has, however, demonstrated that in a 
ñow in which the net vertical motion of the fluid is zero the time-
averaged fall velocity of a non-buoyant particle may differ from the 
settling velocity of the particle in the quiescent fluid and may be reduced 
to zero. 

In a series of laboratory experiments, rates of entrainment of 
fluid across a density discontinuity between two fluid layers have been 
measured. In these experiments, the turbulent ñow of a fluid layer 
has been simulated by the motion induced by an oscillating grid. 

Density discontinuities due to temperature differences, salinity 
differences and the presence in one layer of suspended particles have been 
examined. The measured entrainment rates are consistent with the hyp-
othesis that under given conditions the rate of entrainment is dependent 
upon the molecular diffusivity of the property causing the density dis-
continuity. 
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Notation 

All symbols are defined within the text. For convenience, the rnor. 
commonly occurring symbols are defined in the list below. Definitions 
of symbols and subscripts which are not listed will be found in the text, 
immediately following the use of the symbol or subscript concerned. 
Symbols used in appendices are defined within the text of the appendices. 

a = acceleration 
A = dimensionless acceleration 
A = area 
c = concentration 
Cj) = drag coefficient 
d = particle diameter 
D = molecular diffusivity 
F = force 
g = gravitational acceleration 
h = depth of a fluid layer 
k = added-mass coefficient 
K = Boltzman's constant 
1 = length 
L = dimensionless length 
m = mass 
mp = particle mass 
ma = added mass 
P = particle-fluid parameter (PART) = 
R = Reynolds Number 
s = ratio of density of particle to density of 

surrounding fluid 
t = time 
T = dimensionless time 
T = absolute temperature 
u = velocity; velocity component in the x coordinate 

direction 
U = dimensionless velocity; dimensionless velocity 

component in the x coordinate direction 
Ue = dimensionless characteristic velocity in the model 

eddy field 
Uec ^ limiting value of UQ, for suspension of a particle 

in an eddy 
Umax = dimensionless maximum velocity in the model eddy 

field 
V = velocity; velocity component in the y coordinate 

direction 
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Notation (cont' d,) 

Vg = entrainment velocity 
vg = settling velocity of particle in quiescent fluid 
V = dimensionless velocity; dimensionless velocity 

component in the y coordinate direction 
Vf = dimensionless fall velocity of a particle in the 

model eddy field or in a turbulent flow 
Vs = dimensionless settling velocity of a particle In 

quiescent fluid 
V = volume 

x̂  y, z = Cartesian position coordinates 
X, Y = dimensionless Cartesian position coordinate s 

XQ, YQ = dimensionless spacing of eddy centres in the 
X and y coordinate directions 

V = kinematic viscosity 
f = stream function 
p = density 
T = time 
1 = vorticity 

Some of the FORTRAN Variables to which reference is made in 
the text are defined in the following list. Other variables are defined 
in Chapter 4, and Table III, 1, p. Ill, 12 - III. 14. 

PART = Particle-Fluid Parameter(P) -
GRAY = Gravitational Parameter = (s - l»0) 
XCNTR = dimensionless spacing of eddy centres in the 

X coordinate direction (Xq ) 

YCNTR = dimensionless spacing of eddy centres in the 
y coordinate direction (Y^) 

UEDDY = dimensionless characteristic velocity in the 
model eddy field (Ue) 



1. Introduction 

In contemporary engineering practice, increasing attention is 

being paid to the significance of density stratification in the phenomena 

of fluid flow. Increased awareness of environmental considerations 

has directed attention towards a class of fluid phenomena in which den-

sity stratification is invariably of obvious importance. Continuing in-

vestigations have served to indicate, furthermore, that the significance 

of density stratification extends to situations in which its role has not 

previously been fully acknowledged. The identification of fine-scale 

density structures in the ocean, for example, has led to an increased 

recognition of the significance of density stratification in phenomena 

within the oceans. 

A difference between the densities of two adjoining strata of fluid 

may occur when one or more of the following conditions exists:-

(i) The fluid in one stratum differs in its chemical composition from 

the fluid in the adjoining stratum» 

(ii) The temperature of the fluid in one stratum differs from that of 

the (otherwise similar) fluid in the adjoining stratum. 

(iii) The fluid in one stratum contains dissolved substances, in con-
centrations different from those applying in an adjoining stratum, 

(iv) Particulate material (of a density different from that of the fluid) 

is present in one fluid stratum, in a concentration different from 
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that applying in an adjoining stratum. 

In this dissertation, the terms "density current" and "turbidity 

current" are used, in referring to the motion of density-stratified 

fluids. The meanings assigned to these terms are as follows: 

When a fluid stratum moves (in response to gravitational forces) in 

relation to an adjacent fluid stratum of a different density, then the 

flow is termed a "density current". In the particular case of such a 

flow in which the density difference is due to the presence of suspended 

particles of solid material (turbidity), the flow is termed a "turbidity 

current"; this term was introduced by D.W. Johnson (26). 

In general, the common situation in which water or other liquid 

flows in an open channel could be regarded as a density-stratified flow 

(that is, as a density current) if it is viewed as the flow of a stratum of 

liquid beneath a stratum of gas (the atmospheric air). In practice, 

however, the significance of the atmospheric air in such a situation is 

usually negligible, and the flow is viewed as the motion of a single 

(liquid) stratum. The effects of density stratification are of signific-

ance in those situations in which the difference between the densities of 

the fluids in adjoining strata is small, in relation to the density of either 

fluid. 

The investigation to be described presently is concerned with 

certain aspects of the flow of a turbidity current. 



Turbidity currents have been observed to occur in situations 

where a stream bearing a relatively high concentration of suspended 

material enters a lake or artificial reservoir containing water which 

is relatively free of suspended material. After flowing to a region 

of the lake or reservoir in which a sufficient depth of water exists, 

the suspension-laden water has been observed to descend steeply to the 

lake bed, and to flow along the bed beneath the relatively clear ambient 

water of the lake. The zone of descent is characterised by intense 

large-scale turbulence, and by the presence of floating debris entrapped 

in its eddies. 

Phenomena of this type have been observed at the entry of the 

Rhine into Lake Constance, and at the entry of the Colorado River into 

Lake Mead (the reservoir impounded by the Hoover Dam, U.S .A . ) . 

In Lake Mead, turbidity currents have been observed to flow for dis-

tances in excess of 100 miles without loss of identity through mixing -

Bell (4). The Lake Mead turbidity currents consist primarily of sus-
~ 3 

pensions of silt and clay particles of less than 20 microns (20,10 mm, ) 

in diameter, the ratio of the submerged specific weight of the fluid in 

the turbidity current to the specific weight of the ambient fluid being of 

the order of 0.0005, as reported by the A . S . C . E . Task Committee on 

Sedimentation (1). The suspended material, is reported to originate 

from erosion of the land surface within the catchment area, rather 
than from erosion of the stream bed» 
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It has been hypothesised that turbidity currents may be significant 

agents in the distribution of sediments on the ocean floor, and in the 

shaping of submarine topography - Daly (12). In a series of small-

scale experiments, Kuenen (28) has demonstrated qualitatively the 

erosive power of a turbidity current and the tendency of a turbidity 

current to follow a depression in the bed over which it moves. Sed-

iments whose deposition is attributed to turbidity current action are 

identified by the geological term "turbidites". Middleton (34) has 

studied the deposition of sediments from turbidity currents. 

During the present century, several turbidity currents of suffic-

ient magnitude to be of geological significance have been reported. 

These have included the Messina Turbidity Current of 1908, described 

by Ryan and Heezen (42), and the Grand Banks Turbidity Current of 

1929. The fracture by the Grand Banks Turbidity Current of a series 

of telephone cables has permitted the estimation of the velocity and 

size of the current, as the distances between the cables were known 

and the times of failure were observed. The estimates finally arrived 

at must be regarded as somewhat tentative, in view of uncertainties 

surrounding the original observations and the further assumptions 

which must be made. A phenomenon of very large scale is however 

indicated: the thickness of the turbidity current has been estimated as 

several hundred metres - Kuenen (29), Johnson (27) - its breadth as 
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s e v e r a l hundred k i l o m e t r e s , and the extent of i ts movement a s about 
1000 k i l o m e t r e s - Kuenen (29), Charnock (9). The e s t ima ted veloc-
i t ies of the c u r r e n t have r a n g e d f r o m about 30 m . sec"^ (in a reg ion in 
which the s lope of the ocean bed is about 1 in 170) to about 6 m» sec~ ^ 
in a reg ion in which the bed slope is about 1 in 1500. 

Ce r t a in mot ions of the a t m o s p h e r e appea r to be e s sen t i a l ly tu rb id -
ity c u r r e n t s . Bel l (4) ha s drawn at tent ion to the s i m i l a r i t y be tween 
turbidi ty c u r r e n t s in l iquids and a t m o s p h e r i c phenomena such a s dust 
s t o r m s , volcanic dust clouds and "nuees a r d e n t e s " (clouds of glowing 
volcanic ash) . Ava lanches of the "powder - snow" type appear to be 
essen t ia l ly turb id i ty c u r r e n t s . 

All known evidence of p ro to type turb id i ty c u r r e n t s r e f e r s to 
c u r r e n t s of the "under f low" type, in which a suspens ion of a solid p a r -
t iculate m a t e r i a l having a densi ty g r e a t e r than that of the suspending 
fluid f lows unde rnea th a s t r a t u m of f luid which i s r e l a t i ve ly f r e e of sus -
pended m a t e r i a l . This t le thwayte (44) has drawn at tent ion to the p o s s -
ibility that a su spens ion of a m a t e r i a l such a s oil or g r e a s e , d i s p e r s e d 
as f ine d rop le t s in w a t e r , could f o r m a turb id i ty c u r r e n t of the " o v e r -
flow" type, the l i gh t e r suspens ion f lowing over the s u r f a c e of t he 
denser c l e a r f lu id . 

It has been su^ggested that the tu rb id i ty c u r r e n t phenomenon 
could be of p r a c t i c a l s ign i f i cance in the s u b m a r i n e d i sposa l of i n e r t 
par t i cu la te m a t e r i a l of s m a l l g r a i n s ize - such a s bo i l e r f ly a s h and 
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mineral ore residues. It is hypothesised that a suspension of such 

material in water, discharged onto the ocean bed, would form a turbid-

ity current which would flow down the slope of the ocean bed. The 

diminishing slope of the ocean bed, together with the progressive 

dilution of the turbidity current as a result of the entrainment of am-

bient fluid, would cause the transporting power of the turbidity current 

to be progressively reduced. Consequently, the material would event-

ually be deposited on the ocean bed. Under favourable conditions, how-

ever, the motion of the turbidity current might be sustained until the 

material had been transported into such a depth of water that after its 

deposition no significant redisturbance of the material by wave action 

would occur. If the turbidity current is sufficiently persistent, the 

zone of eventual deposition might be at such depths that even a volume 

of material which might be very large, by terrestrial standards, would 

be small in relation to the submarine volume which could be filled with 

material before any effect upon the near-surface or coastal environ-

ment became evident. 

Investigations into the proposed disposal of fly ash in this manner 

have been described by Harwood and Wilson (21), Greslou (19), Foster 

and Stone (17) and The Electricity Commission of New South Wales (14). 

In the last reference, some large-scale experiments on the formation 

of turbidity currents in the ocean are described. Experiments (of 
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smaller scale) in the ocean have also been described by Buffington (8). 

In general, a turbidity current could be an "eroding" current 

(removing material from the bed over which it flows), a "steady-state" 

current, or a "depositing" current. In this context, the term "steady-

state" is used in the Lagrangian sense (referring to the temporal in-

variance of conditions at a point which is stationary within a frame of 

reference which moves with the turbidity current) and refers to conditions 

pertaining to the suspension of particles within the current. The phen-

omenon of entrainment of ambient fluid is excluded from the present 

discussion, but is discussed later. 

The known prototype evidence is insufficient to firmly establish 

the existence of a steady-state turbidity current. If a steady state is 

to be attained within a turbidity current which consists of a suspension 

of non-buoyant material of grain size larger than the colloidal limit, 

then it is evidently necessary that the flow within the turbidity current 

should be turbulent. In the absence of turbulent motion (or some 

other - as yet unrecognised - mechanism of suspension of the non-

buoyant material) the progressive settlement of the suspended material 

towards the bed would cause the progressive decay of the turbidity 

current. Similarly, it would be necessary that the flow within a 

hypothetical overflow-type turbidity current should be turbulent. 

The presence of suspended material imparts to the fluid within an 
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underflow-type turbidity current an effective density greater than the 

density of the clear ambient fluid. The difference between the effect-

ive density of the suspension and the density of the ambient fluid causes 

the establishment of a pressure gradient which in turn causes the for-

ward motion of the turbidity current. Settlement of suspended mat-

erial to the bed (under the action of gravity) will tend to reduce the 

effective density of the suspension and hence to reduce the driving force 

of the turbidity current. If the forward velocity of the current is suffic-

iently great, the motion within the current will be turbulent. Turbulent 

motion within the turbidity current could evidently tend to maintain the 

material in suspension and to inhibit the settlement of the suspended 

material towards the bed. 

The existence of steady- state conditions within a turbidity current 

will imply that a balance must exist between the tendency of the sus-

pended material to settle towards the bed, and the effect of the turbulent 

motion (or some other mechanism) in tending to inhibit settlement. 

This balance represents the condition of "auto-suspension" - Bagnold 

(2), Middleton (33). When this condition of equilibrium prevails, the 

presence of suspended material causes a density difference which in-

duces the forward motion of the current; the forward motion causes 

turbulent motion within the current and the turbulence, in turn, maintains 

the material in suspension and inhibits its tendency to settle. 



Similar considerations would apply in the case of a hypothetical 

overflow-type turbidity current. In this case, the buoyant suspended 

material would tend to rise to the surface. If steady-state conditions 

are to be maintained, it is necessary that the material should be 

maintained in a state of effective suspension within the current, by 

the turbulent motion within the current or by some other mechanism. 

The stability or persistence of a density current, and (in particular) 

of a turbidity current, will also be affected by the entrainment of ambient 

fluid into the current. In general, when turbulent motion occurs within 

a density current, entrainment of ambient fluid will occur across the 

interface between the density current and the adjoining fluid stratum. 

The entrained fluid will be (in general) initially at rest, or moving with 

a velocity less than that of the fluid within the density current. In 

some cases, the entrained fluid may have a velocity in the sense opp-

osite to that of the motion of the density current. The incorporation 

of entrained fluid into the density current will accordingly cause a re-

duction in the momentum per unit volume of the current. Furthermore, 

the incorporation of entrained fluid into the density current will cause 

a reduction in the difference between the density of the fluid within the 

current and the density of the ambient fluid. As a result, the magnitude 

of the force available to sustain the forward motion of the density current 

will be reduced. 
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The inves t iga t ion to be d e s c r i b e d h e r e i n i s accord ing ly d i r e c t e d 

to the examina t ion of two a s p e c t s of the behav iour of f lows in which the 
p r e s e n c e of suspended m a t e r i a l within a s t r a t u m of f luid i m p a r t s to the 
f luid within that s t r a t u m an e f fec t ive dens i ty d i f f e r e n t f r o m the densi ty 
of the (o therwise s imi l a r ) f lu id within an ad jo in ing s t r a t u m . The a s p e c t s 
to be examined a r e : -
(i) the m e c h a n i s m of suspens ion of a non-buoyant r ig id p a r t i c l e 

within a turbulent f low. The inves t iga t ion of th i s a s p e c t of the 
subjec t i s d e s c r i b e d in Chap te r s 2 - 6 inc lus ive ; 

(ii) the p r o c e s s of tu rbulen t mixing a c r o s s a dens i ty discont inui ty 
between two f luid s t r a t a , a s a r e s u l t of the turbulent mot ion of 
one o r both of the s t r a t a . The invest igat ion of th i s a spec t is 
de sc r ibed in Chapter 7. 
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2. The Suspension of Non-buoyant Part ic les in a Turbulent Fluid 

2 . 1 Introduction 

In the context of the present discussion, a part icle is understood 

to be suspended in a fluid when the t ime-averaged vertical velocity of 

the part ic le approaches the net vertical velocity of the body of fluid 

which surrounds the part ic le . (The particle i s assumed to be remote 

from fluid-solid boundaries and f rom interfaces between bodies of 

fluid of differing propert ies ) . If the fluid has zero net motion in the 

vertical direction, then the t ime-averaged vertical velocity of a sus-

pended part icle will approach zero. 

A part icle of a s ize greater than the upper limit of the colloidal 

range, and of a density different f rom that of the surrounding fluid, 

will move through a quiescent fluid with a non-zero vertical velocity. 

The sense of the motion of the part icle will depend upon the relat ive 

magnitudes of the gravitational force and the buoyant force acting on 

the part icle . If such a part icle i s to be suspended in a fluid, it is 

implied that the t ime-averaged vertical velocity of the particle must , 

by some mechanism or agency, be modified from that value of the 

velocity which applies in the quiescent fluid. In the investigation to 

be described below, a postulated mechanism of such modification i s 

examined. 

The par t ic les considered a re specified to be spherical in form. 
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and composed of a rigid, solid material. The particles are assumed 

to be so small, and present in such low concentrations, that their 

presence within the fluid has no effect on the overall or detailed prop-

erties of the fluid motion. At the same time, the particles are assumed 

to be sufficiently large to permit forces and motions on molecular scales 

to be neglected. The materials of engineering significance which may 

substantially satisfy these criteria will include silt, fly ash and coal 

dust. 

The phrasing of the discussion will be oriented towards a non-

buoyant particle - that is, a particle which has a density greater than 

that of the surrounding fluid, and which will consequently tend to move 

downwards through the quiescent fluid, the gravitational force on the 

particle being of greater magnitude than the buoyant force . In general, 

howèver, with suitable modification, the argument will beequally relevant 

to the case of a buoyant particle which has a density less than that of the 

surrounding fluid and which consequently tends to move upwards through 

the quiescent fluid. 

The discussion is concerned with particles which are "discovered" 

within a body of fluid, remote from fluid-solid boundaries and from free 

liquid surfaces; the consideration of processes such as the disturbance of 

a non-buoyant particle from its position of rest on a stream bed, and its 

movement towards the interior of the body of fluid, is excluded. 
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It is generally recognised that a non-buoyant particle of solid 

material can, under certain conditions, be transported for a consider-

able distance in a turbulent flow in which the mean fluid motion is in a 

horizontal (or nearly horizontal) direction. Fluvial hydraulics and 

physical geology provide numerous examples of the operation of such 

transport phenomena, whilst a practical engineering application is 

found in the field of hydraulic pipeline conveyance of granular mat-

erials. The existence of such phenomena implies that the time-

averaged fall velocity of a non-buoyant particle in the turbulent flow 

is smaller (in absolute magnitude) than the settling velocity of the 

same particle in the quiescent fluid. On the other hand, there is some 

experimental evidence that particles have fallen through turbulent flows 

at velocities which have exceeded (in absolute magnitude) the settling 

velocity of the same particle in quiescent ñuid. Jobson and Sayre (25) 

have reported such results for sand particles and glass beads settling 

through water; the increase in fall velocities in the turbulent flow (as 

compared with settling velocities in quiescent water) was more marked 

for smaller particles than for larger particles. 

It is appropriate at this stage to examine the general implications, 

and then to consider some possible models of the process of particle 

suspension. Lift forces (forces acting in a direction perpendicular 

to that of the velocity of the fluid relative to the particle) do not appear 
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to play any significant part in determining the motion of a solid part-

icle in a fluid, except in the immediate vicinity of a solid boundary -

as discussed in Section 2, 2.4 below. Accordingly, it appears that the 

modification of a particle's fall velocity in a turbulent flow is primarily 

associated with the vertical velocity components of the turbulent motion. 

If the fluid motion is such that net motion of fluid occurs only in a 

horizontal direction, then the principle of continuity implies that a bal-

ance must exist, at any given time, between the vertical transport of 

fluid in the two opposing senses, by the vertical components of velocity 

associated with the turbulent motion. In the case of an incompressible 

fluid, this balance will imply an equality between the rates of transport 

of fluid volume in the upward and downward directions, and will imply 

that 
J v.dA = 0 (2.1) 
A 

where v = the vertical component of fluid velocity 

A = an area (in plan) of the flow 

Previous investigators have in general examined the problem of 

particle suspension by consideration of statistical parameters associated 

with assemblages of large numbers of particles, rather than by consider-

ation of the behaviour of an individual particle. The approach adopted by 

Rouse (39), Hunt (23) and others leads to the conclusion that a steady 

state can exist only if a gradient of particle concentration exists within 

the flow: The particles are assumed to be non-buoyant spheres, of 
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uniform diameter and density. The movement, as part of the turbu-

lent motion of the fluid, of an element of fluid from an initial elevation 

Yl to an elevation y2 ^̂  examined (Figure 1). It is specified that 

should be small; no assumptions concerning the fluid vel-

ocities at yi or at y2 necessary, and hence this specification implies 

no assumption concerning the nature of the fluid motion. The fluid 

element is assumed to be of unit area in plan. Continuity requires 

that the transport of a fluid element from elevation yi to elevation y2 

should be accompanied by a net transport of an equal volume of fluid 

from elevation y2 to elevation y 

The concentration of particles within the element of fluid which 

was initially located at elevation ŷ ^ may be expressed in terms of a 

Taylor Series expansion: 
2 2 dc (y2- yi ) 1 d c (y2 - yi) 

^yl " ^y ""d^^ 2 2 d̂ FS ^ 

where Cy = the particle concentration at y = iiy-^ + y2) 

= the gradient of particle concentration at y = i (y i + y2) , 
J 

or, neglecting the higher-order terms, as (y2 - y^) has been specified 

to be small: 
c - c - ^ (^2- yi) 
yl y dy 2 

and similarly the concentration of particles within the element of 

fluid which was initially located at elevation y2 may be written as 

, dc (y2 - yi) 
^y2 ^ ^y ^ d^ 2 
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If the t r a n s f e r of f luid volume a c r o s s the plane at elevation 

y = i (y + Jcy) t akes p lace at a r a t e q (per uni t a r e a in plan) then the 1 ^ 
t r a n s f e r of fluid r e s u l t s in a net upward t r a n s p o r t of suspended part icles 
at a r a t e (per unit a r e a in plan) of 

dc (Yg - Y^) 
y ' " d ^ ' 2 _ q Cv + dy 

dc (y2 - y i ) 

dc , = - • - y i ) - q 

= - . Ay. q w h e r e Ay = (yo - y i ) dy 

The net r a t e of the s imul taneous downward movemen t of pa r t i c les 
through the plane y = ii j-^ + yg), as a r e s u l t of the s e t t l emen t of 
p a r t i c l e s through the f luid , i s r e p r e s e n t e d by 

Cy. w pe r unit a r e a in plan 
where Cy = the pa r t i c l e concent ra t ion at y = i (y^ + y2) 

w = the set t l ing veloci ty of the p a r t i c l e s . 
If s t eady-s t a t e conditions a r e to be main ta ined , an equal i ty must 

exist between the net r a t e of downward movement of p a r t i c l e s and the 
net r a t e of upward t r a n s p o r t of p a r t i c l e s , and hence 

dc CyW = - Ay.q (2,2) 

If Cy and w have non-ze ro va lues . Equat ion (2. 2) can be s a t i s f i e d only 
dc . 
dy non-ze ro - that i s , only if a grad ien t of p a r t i c l e concent ra t ion 

ex i s t s within the flow. 



17. 

Rouse (39) has suggested that the product Ay.q may be re-

placed by /3. v M where vMs the time-averaged absolute value of the 

turbulent velocity fluctuations, 1 is the "mixing length" or the distance 

through which a small element of fluid is transported (as part of the 

turbulent motion) before it loses its identity by mixing with the surround-

ing fluid, and /3 is a dimensionless coefficient representing a postulated 

ratio between the transfer characteristics of suspended particles on the 

one hand and of momentum on the other. 

Integration of Equation (2. 2) then leads to an expression for the 

distribution of particle concentration: 

c = CQ.exp 
ry w dy 

L ^ > yo v'l (2.3) 

where c is a reference concentration at a reference elevation y , o o 

If v' and 1 are assumed to be sensibly constant throughout the 

greater part of the body of fluid, then the concentration distribution 

represented by Equation (2.3) implies that the particle concentration 

must decrease with increasing elevation above the bed. Rouse (39) 

has reported that such a trend has been confirmed by experiments in 

which turbulence has been simulated by the fluid motions induced by 

oscillating metal grids. 

The model described above of the mechanism of suspension of 
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non-buoyant p a r t i c l e s impl i e s a ba lance be tween the net upward t r a n s -
por t of p a r t i c l e s (due to the in te rac t ion of the turbulent f luid motion 
and the d is t r ibut ion of pa r t i c l e concentrat ion) on the one hand, and the 
downward se t t l ement of p a r t i c l e s under the act ion of g rav i ta t iona l 
f o r c e s on the o ther . The a rgumen t on which the mode l i s based is , 
however , untenable when examined f r o m the viewpoint of an individual 
p a r t i c l e . 

It a p p e a r s to be empi r i ca l ly es tab l i shed that a s ingle p a r t i c l e 
can, under appropr i a t e condit ions, be suspended in a tu rbu len t flow 
fo r a pe r iod of t ime of suff ic ient dura t ion to p e r m i t the t r a n s p o r t of the 
pa r t i c l e over a cons iderab le d i s t ance . If one s ingle p a r t i c l e alone is 
p r e s e n t in the flow, then no dis t r ibut ion of p a r t i c l e concen t ra t ion can 
exis t , except as a discontinuous funct ion with the condition "pa r t i c l e 
p r e s e n t " applying at a single point and the condit ion "par t ic le"absent" 
applying at al l o ther points . The a rgumen t outl ined in the preceding 
p a r a g r a p h s then b reaks down. Even in the p r e s e n c e of o ther suspended 
p a r t i c l e s , and in the p r e s e n c e of a d is t r ibut ion of concent ra t ion , an in-
dividual pa r t i c l e at a given ins tant i s a s l ikely to be loca ted within a 
downward-moving fluid s t r e a m as it i s to be loca ted within an upward-
moving fluid s t r e a m . Accordingly , the net e f fec t of the turbulent fluid 
motion on the fa l l veloci ty of the individual p a r t i c l e is expected to be 
z e r o . The pa r t i c l e would t h e r e f o r e be expected to fa l l t owards the 
bed with a t i m e - a v e r a g e d veloci ty equal to i t s se t t l ing veloci ty in 
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quiescent fluid. 

If the role of fluid turbulence in the suspension of a non-buoyant 

particle is to be modelled by a system of upward- and downward-

moving fluid streams, a realistic model will evidently involve the 

specification, in one form or another, of criteria governing the trans-

ition of the particle from an upward stream to a downward stream, and 

vice versa. The simplest forms of such criteria are^ 

(i) a spatial criterion 

(ii) a temporal criterion 

In a model designed on the basis of a spatial criterion, a particle, 

after having travelled for a specified vertical distance in an upward 

stream, would then move into a downward stream. After having 

travelled a specified vertical distance in the downward stream, the 

particle would then move into an upward stream, and so on. 

A model of this type, however, imposes imacceptable constraints 

on the behaviour of the particle. If the particle moves downward in the 

downward-moving fluid streams, and upward in the upward-moving fluid 

streams, then its behaviour is substantially specified as soon as the dis-

tances to be traversed in the upward and downward streams are specified 

if these distances are specified to be equal to one another, then the net 

fall velocity of the particle will be zero. If the distance to be traversed 

in downward streams is greater than that to be traversed in upward 

streams, the particle will have a net velocity downward, whilst if the 
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distance to be traversed in upward streams is greater than that in 

downward streams, the particle will have a net upward velocity. If 

the particle moves downward in both upward- and downward-moving 

fluid streams, then it will in all cases have a net downward velocity; 

the relative distances traversed in upward and downward streams can 

affect only the magnitude of the velocity. 

The alternative temporal criterion involves the specification of 

the time that a particle spends in upward- and downward-moving fluid 

streams. If it be specified that the particle is to spend equal periods 

of time in upward and downward streams, this model coincides in prin-

ciple with the models of Field (16) and of Ho (22). These investigators 

have measured the fall velocity of a particle in a column of fluid which 

is oscillated in simple harmonic motion along a vertical axis. Field 

has measured the fall velocities of non-buoyant particles of plastic, 

glass and sand in an oscillating water column, and has compared the 

measured values with those derived from a computer model of the 

motion. The measured and computed values of the fall velocities were 

in approximate agreement. In all cases, the fall velocity of a particle 

in the oscillating fluid column was observed (and computed) to be less 

than the settling velocity of the particle in the quiescent fluid. No in-

crease in fall velocity as a consequence of the fluid motion was observed. 
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2. 2 The Motion of a Rigid P a r t i c l e in a Fluid 

The l imi t a t ions of the mode ls outlined above having been r e c -
ognised, the p r e s e n t invest igat ion has been d i rec ted towards the de-
velopment of a l e s s r e s t r i c t i v e model of the mechan i sm of suspension 
of a non-buoyant pa r t i c l e in a turbulent flow. 

With th is object ive in view, the p r o c e s s of pa r t i c l e suspension 
is examined by cons idera t ion of the behaviour of an individual pa r t i c l e . 
In this r e s p e c t , the p r e s e n t invest igation is to be contras ted with mos t 
ea r l i e r invest igat ions , which have been based on the considerat ion of 
s ta t i s t ica l p a r a m e t e r s assoc ia ted with l a rge number s of pa r t i c l e s . 

P r i o r to the descr ip t ion , in Chapter 3, of the model which has 
been developed to f o r m the b a s i s of the p re sen t investigation, it is 
appropr ia te to rev iew the environment of a r ig id par t ic le suspended in 
a fluid, and to examine the f o r c e s which act on the pa r t i c l e . This r e -
view is p r e sen t ed a s fol lows :-

2 . 2 . 1 Introduction 
2 . 2 . 2 The Concept of Added Mass 
2. 2. 3 Gravi ta t ional and Buoyant F o r c e s 
2 . 2 . 4 Lif t F o r c e s 
2. 2. 5 Drag F o r c e s 
2 . 2 . 6 P r e s s u r e - G r a d i e n t F o r c e s 
2 . 2 . 7 The Iner t ia l React ion of the Pa r t i c l e 
2 . 2 . 8 The Role of the His tory of the Motion of a 

P a r t i c l e within a Fluid . 
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2.2.9 Sign Convention 

2. 2. 10 The Equation of Motion 

2. 2. 1 Introduction 

A rigid spherical particle of diameter d, volume V and density P 
/O is assumed to be located, remote from any solid boundaries, within 
^ P 

a body of fluid which is in motion. It is assumed that the volume and 

mass of the particle are so small that the flow is not affected by the 

presence of the particle. It is also assumed that the velocity and 

acceleration of the fluid immediately surrounding the particle can be 

taken to be equal to the velocity and acceleration which would occur, in 

the absence of the particle, at the point (x ,y , z ), where (x ,y , z ) is o o o o o o 
the point at which the geometric centre of the particle is located. 

If the particle be located at a given time t^ at a point whose 

rectangular Cartesian position coordinates are (x ,y , z ), then the vel-o o o 
ocity and acceleration of the particle at this instant are respectively 

denoted by: 

V (x ,y , s , t ) = V p o o o o p 

and a (x , y , z , t ) = a p o o o o p 

Also, the velocity and acceleration of the fluid immediately adjacent 

to the surface of the particle, at the same time t^, are respectively 

denoted by: 

v.(x , y , z ,t ) = v„ 
I o o o o f 
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and a. (x , y , z , t ) = a^ f o o o o f 
In general, v will differ from v^ and a will differ from a„. 

P f P f 

2 .2 .2 The Concept of Added Mass 

When a rigid particle undergoes an acceleration relative to a 

fluid which surrounds the particle, then the acceleration of the particle 

imparts a disturbance to the motion (or state of rest) of the fluid. The 

extent of the disturbance is unlimited, but its magnitude decreases with 

increasing distance from the boundaries of the particle. At the surface 

of the particle, the motion of the fluid conforms to the motion of the 

particle, rather than to the motion of the fluid as a whole. As the 

distance from the particle becomes very large, the magnitude of the dis-

turbance becomes infinitesimally small. 

As a consequence of the generation of such disturbances, the re-

sponse of a rigid particle to an impressed force (this response taking 

the form of an acceleration of the particle) does not conform to the 

familiar relationship 

F = m . a 
P P 

where F = the impressed force 

m = the mass of the particle 
P 

a = the acceleration of the particle 
P 

but to a relationship 

F = m . a 
V p 
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where m^ = the "virtual" mass of the particle 

and rQy = m^ + m^ 

where ra^ = the "added" (or "induced") mass of the particle. 

As the disturbance due to the acceleration of the particle extends 

throughout the full extent of the body of fluid, it is not practicable to 

identify the contribution made by specific fluid elements to the added-

mass effect. It is nevertheless convenient to attribute the added-mass 

effect to a hypothetical body of fluid, the motion of which is assumed to 

conform to that of the rigid particle. This hypothetically-identified body 

of fluid is hereafter referred to as the "appendant" fluid. 

A coefficient k may now be defined by the relationship 

Vf = k. Vp 

where Vf = the volume of the "appendant" fluid 

k = the added-mass coefficient 

Vp = the volume of the rigid particle 

The mass of the appendant fluid is then given by the expression 

m = Pn a P I 

= - ' "^P (2.4) 
s 

where /O = the density of the fluid surrounding the particle 

mp = the mass of the particle 

s = the ratio of the density of the particle to the 

density of the fluid surrounding the particle. 
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Accord ing ly , the v i r tua l m a s s of the r ig id p a r t i c l e is given by 

m = m + m V p a 
= V . p + k . V . p^ P ' P P f 

o r , f o r the p a r t i c u l a r c a s e of a sphe r i ca l p a r t i c l e , by 
TTd . , , , m ^ = — ^ ( k . (2.5) 

whe re d = the d i a m e t e r of the p a r t i c l e 
= the densi ty of the pa r t i c l e 

T h e o r e t i c a l ana ly s i s of the i r ro ta t iona l flow of an inviscid fluid 
around a s p h e r e y ie lds a value of 0 . 5 fo r the a d d e d - m a s s coeff ic ient k 
(Robertson, 38) . The ana ly s i s of B a s s e t (3) indicates that if, as a 
f i r s t approx imat ion , the " h i s t o r y " t e r m be omit ted f r o m the equation of 
motion of a s p h e r e in a v i scous f luid, then k is to be ass igned a value of 
0 .5 . E x p e r i m e n t s on s p h e r e s a c c e l e r a t e d in v iscous f lu ids have in-
dicated va lues of k somewhat g r e a t e r than 0 . 5 ( Iversen and Balent , 24). 
The sum of the data ava i lab le a t th is s tage, however , does not appea r 
to have es t ab l i shed any b a s i s f o r a m o r e re f ined e s t ima te of the value 
of the a d d e d - m a s s coef f ic ien t f o r a sphe re in a v iscous fluid 
(Robertson, 38, p. 206). Accord ing ly , in the p r e s e n t invest igat ion the 
a d d e d - m a s s coef f ic ien t k has been ass igned a value of 0 . 5 . 

Examina t ion of Equat ion (2.4) indica tes that the e f fec t of the 
added m a s s will be m o s t s igni f icant when s is smal l - that i s , when 
the densi ty of the a c c e l e r a t i n g p a r t i c l e i s sma l l in c o m p a r i s o n with the 
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densi ty of the sur rounding f lu id . The potent ia l ly l a r g e magni tude of 
the e f fec t has been pointed out by Birkhoff (6) and by Robe r t son (38). 
In the ca se , f o r example , of a sma l l a i r - f i l l e d bal loon submerged in 
w a t e r at a depth of about 1 foot below the w a t e r s u r f a c e , the r a t i o s 
will have a value of about 1/800. If the e f fec t of added m a s s is neg-
lec ted , the expected value of the ini t ial a c c e l e r a t i o n of the balloon upon 
i t s r e l e a s e will be about 799g. When the e f fec t of added m a s s is taken 
into account , however, the expected value of the ini t ial a cce l e r a t i on is 
about 2g, 

If the density r a t io s has a r e l a t ive ly l a r g e value (of the o r d e r of 
2, f o r example , as in the case of s i l i ceous m a t e r i a l s ) the effect of the 
added m a s s will be l e s s s igni f icant . F u r t h e r m o r e , the e f f ec t s of 
poss ib le va r i a t ions in the value of the added m a s s coeff ic ient k f r o m 

the a s sumed value of 0. 5 will be expected to be of cor responding ly smal l 
s ign i f icance . 

2 . 2 . 3 Gravi ta t ional and Buoyant F o r c e s 
When a pa r t i c l e is submerged in a f luid, the e f fec t ive weight of 

the p a r t i c l e is the vec tor sum of the grav i ta t iona l f o r c e on the par t i c le 
and the buoyant f o r c e exe r t ed on the p a r t i c l e by the sur rounding fluid. 

In the p re sen t context, the buoyant f o r c e ac t ing on the p a r t i c l e 
is ca lcula ted on the assumpt ion that a hydros t a t i c p r e s s u r e dis t r ibut ion 
ex i s t s within the f luid. The e f fec t s of d e p a r t u r e s f r o m the condition of 
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a hydrostatic pressure distribution are considered in Section 2. 2.6. 

With this specification, the effective weight of a particle immersed 

in a fluid is 

^G = ^p < /=p - / ' f 'g 

or, for the particular case of a spherical particle 

3 

where g = the gravitational acceleration vector. 

2. 2.4 Lift Forces 

A component of force which acts on a rigid particle, in a direction 

perpendicular to that of the velocity of the fluid relative to the particle, 

is termed a lift force . 

The distribution of pressures at the surface of a sphere, located 

within a fluid in which a velocity gradient exists, has been measured by 

Chepil (10), From the measured pressure distribution, the components 

of force acting on the sphere can be calculated. Chepil's measurements 

have indicated that the lift force component is of comparable magnitude 

to the drag force component only when the particle is in contact with a 

rigid boundary. As the distance from the boundary increases, the mag-

nitude of the lift force component diminishes sharply. 

The results of experiments described by Young (50) are also con-

sistent with the occurrence of a rapid reduction in the magnitude of the 

lift force as the particle moves away from a rigid boundary. These 
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results are discussed in Appendix I, in conjunction with a hypothesis 

concerning the modification of lift forces as a result of the ability of a 

freely-suspended particle to spin. 

As the present investigation is confined to regions which are re-

mote from rigid boundaries, it has been concluded in the light of the 

available evidence that lift force components will not be of magnitudes 

comparable to those of the fluid drag force or the gravitational force. 

Accordingly, the lift force component has not been included in the form-

ulation of the equation of motion of the particle. 

2 .2.5 Drag Forces 

When relative motion occurs between a fluid and a rigid particle 

which is immersed in the fluid, a drag force is exerted on the particle. 

The drag force acts in the direction and sense of the motion of the fluid 

relative to the particle. 

The drag force may be related to the properties of the flow and 

of the particle by the expression 
2 /O . u 

where F̂ ^ = the drag force on the particle 

Cj^ = a dimensionless "drag coefficient" 

A = the cross-sectional area of the particle, projected 
H 

onto a plane perpendicular to the direction of the 
velocity of the fluid relative to the particle 

P̂  = the density of the fluid 
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u = the velocity of the fluid, relative to the particle 

For spherical particles under steady-state conditions, values of 

the drag coefficient as a function of the Reynolds Number u.d/v 

describing the motion of the fluid relative to the particle have been 

firmly established by experiment (Schlichting, 43). When, however, 

the velocity of the fluid relative to the particle is not steady, but varies 

with time, the concept of the drag coefficient must be modified in the 

light of the effect of the added mass of the particle (Section 2.2. 2) and 

the effect of the "history" of the motion fSection 2.2.8). Consequently, 

steady-state drag coefficients cannot in general be assumed to be 

applicable to unsteady situations. Experiments on solid bodies accel-

erated (by external driving forces) through fluids have indicated that 

instantaneous drag coefficients differ somewhat in such cases from the 

corresponding steady-state values. 

In the circumstances of the present investigation, conditions are 

essentially unsteady: even if the fluid motion relative to a frame of ref-

erence fixed outside the fluid body be steady, the motion of the fluid 

relative to the particle will in general be unsteady. 

Da vies (13) has discussed the use of steady-state drag coefficients 

in the calculation of particle trajectories, and has suggested that the use 

of such coefficients is not likely to be significantly in error, provided 

that the Reynolds Number describing the motion of the fluid relative to 
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the particle does not exceed a certain limit. This limit is not 

clearly defined but is reported to lie well above the upper limit of the 

range of validity of Stokes' Law. Davies has suggested that the limiting 

condition will apply at lower values of the Reynolds Number as the differ-

ence between the particle density and the fluid density is reduced. It 

should be noted, however, that the smaller this density difference, the 

more closely will the motion of the particle conform to the motion of the 

surrounding fluid, and hence the smaller will be the ma^itude of the vel-

ocity of the fluid relative to the particle. Accordingly, for particles of 

a given diameter, the Reynolds Number describing the motion of the 

fluid relative to the particle is expected to be smaller, as the density of 

the particle approaches that of the suspending fluid. 

In the present investigation, it has been concluded that the best 

available estimate of drag forces will be provided by the use of the es-

tablished values of the steady-state drag coefficient, in the anticipation 

that the Reynolds Number describing the motion of the fluid relative to 

the particle will be less than the limit of validity of Stokes' Law - that 

is, less than 0. 1. The calculation of the drag coefficient has been 

based on values presented by Rouse (40; p. 122) which correspond closely 

to those presented by Schlichting (43). The relevant values are tab-

ulated in Appendix II, 

Equation (2,7) may conveniently be written in vector form, for the 
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particular case of a spherical particle, as 
.2 

• /O . u , . ^ rel rel 

where u^^^ = the velocity of the fluid, relative to the particle. 

2. 2. 6 Pressure-Gradient Forces 

In an accelerating body of fluid, a gradient of pressure will, in 

general, exist in the direction of the acceleration. If a fluid element 

of volume V has its centroid (at time t ) at the point (x ,y , z ), then I o o o o 
the surrounding fluid will exert on this element a net pressure force 
Fp which is just sufficient to impart to the element the local fluid accel-
eration a.(x ,y , z , t ). The force F^ acts in the direction and sense 

f o o o o P 
of the fluid acceleration: 

^P " ^f ^f^f 
where Fp = the force exerted on the fluid element by the 

surrounding fluid 
V^ = the volume of the fluid element 

= the density of the fluid 
a^ = the local fluid acceleration 

= a„(x , y , z , t ) f o o o o 

If the fluid element be now replaced by a rigid particle of the 

same volume, and if it be assumed that the presence of the particle 

causes no significant alteration in the properties of the flow field, then 

an unchanged force F ^ will act on the particle. If, however, the mass 

of the particle differs from that of the fluid element which, it has re-

placed, then the acceleration of the particle will differ from that.of the 
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replaced fluid element. Hence, a relative acceleration will occur, 

between the particle and the surrounding fluid. As pointed out in 

Section 2.2.2 above, however, the acceleration of a rigid particle 

relative to a surrounding fluid will give rise to a disturbance which will 

be propagated throughout the full extent of the fluid. It is assumed here 

that such disturbance does not cause a significant alteration in the over-

all properties of the fluid motion. The propagation of such a disturbance 

will be manifested by each fluid element's experiencing a force F^ which 

may be expressed as 

Pp = <2.10) 

where = the disturbance in the local fluid acceleration. 

A complete examination of the effect of replacement of a fluid 

element by a rigid particle would require the integration of Equation 

(2, 10) over the full extent of the fluid. As discussed in Section 2. 2. 2 

above, it is convenient to identify the added mass of a rigid particle 

with the mass of a hj^othetically-identified body of fluid (the "appendant" 

fluid), the motion of which conforms to that of the particle. The mag-

nitude of the disturbcince resulting from the acceleration of a rigid 

particle relative to the surrounding fluid will diminish rapidly with in-

creasing distance from the particle (Robertson, 38). This is consistent 

with the assumption that the added mass of the particle may be represent-

ed by a body of appendant fluid of the appropriate volume and located 
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adjacent to the particle. Accordingly, it is now assumed that the 

force which will act on a rigid particle within an accelerating fluid, 

due to the pressure gradient within the fluid, may be considered (as 

a first approximation) to be equal to the force which would act on a 

fluid element, of volume equal to that of the rigid particle together 

with its appendant fluid, located in a flow in which the fluid acceler-

ation conforms to that in the undis-turbed flow at the point to be occupied 

by the centroid of the particle. 

This force is 

r p = Vp(l+k) P^a^ 

or, for the particular case of a spherical particle 

F p = (2.11) 

2. 2. 7 The Inertial Reaction of the Particle 

A non-zero resultant force acting on the particle-appendant 

fluid system will impart to the system (which has a virtual mass of m^) 

an acceleration aT . In order to formalise the equation of motion, the 
P 

product of mass and acceleration may be identified as a force - the 

"inertial reaction" 
xi 

Accordingly, the inertial reaction of the particle-appendant 

fluid system is 

f ^ = m iT 
R V p 
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= V ( + k . /o ) T 
P P ^ P 

o r , f o r the par t i cu lar c a s e of a s p h e r i c a l p a r t i c l e 

2 . 2 . 8 The Ro le o f the H i s t o r y of the Mot ion of a P a r t i c l e within a 
Fluid 

B a s s e t (3) has d e r i v e d the f o l l o w i n g equation: 
c. t 

w h e r e d = the d i a m e t e r o f a s p h e r i c a l p a r t i c l e 

= the density of the p a r t i c l e 

^ = the density of the surrounding f lu id 

V = the k inemat i c v i s c o s i t y of the surrounding f luid 

v^ = the v e l o c i t y of the p a r t i c l e = F(t ) 

ap = the a c c e l e r a t i o n of the p a r t i c l e 

t = t ime 

T = t ime ; x-t 

g = the gravitat ional a c c e l e r a t i o n 

Equation (2. 13) r e p r e s e n t s the equation of m o t i o n of a spher i ca l 

par t i c l e which 

(i) has started f r o m r e s t , in an infinite f lu id wh i ch i s at r e s t , and 

(ii) has m o v e d in a straight l ine in the d i r e c t i o n and s e n s e of the 

gravitat ional f o r c e , f o r a c o n s i d e r a b l e t i m e , with a v e l o c i t y 

which is obv ious ly a function of t i m e . 
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In Equation (2.13) the term SVfd aVv represents the "Stokes' 
^ P 

Law" drag force on the particle; this may be verified by substituting 

in Equation (2.7), p. 28, the value of the drag coefficient for laminar 
24 y flow. This value is Ĉ ^ = ^ ^ (Rouse, 40). 

3 2 I—I K'(t-T) dt; The term - d p^jV^j— represents a component of fluid 
"o 

resistance related to the time-history of the motion, and has accord-

ingly become known as Basset's History Term, (Brush, Ho and Yen, 7) 

If, at large values of the time t, the motion tends to attain a steady 

state, then the value of the integral will approach a limiting constant 

value. This is consistent with the concept of steady-state drag co-

efficients, the values of which are substantially independent of the mode 

of establishment of the steady state. 

The case of a particle which has not started from rest is less 

amenable to analysis, and Bas-set ha& presented approximate solutions 

for some such motions of a spherical particle. In the context of the 

present investigation, the particle cannot be considered as starting 

from rest, as the Commencement of its motion is outside the range of 

the investigation. Furthermore, the fluid surrounding the particle is 

not at rest, the direction of motion of the particle does not coincide 

(in general) with that of the gravitational force, and the motion of the 

particle is not in general rectilinear. Accordingly, it appears that 

the formulation of an expression corresponding to Basset's History 
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Term and appropriate to the motion at present under consideration 

would be extremely difficult, 

Mockros and Lai (35) have experimentally examined the motion 

of spherical particles accelerated (by gravitational force) through a 

body of quiescent viscous fluid. The experimental results have been 

compared with the behaviour predicted by an equation of motion corres-

ponding to Equation (2. 13), Figure 2, which is reproduced from Figure 

2 of Mockros and Lai, illustrates the effect of neglecting -

(i) the history term, and 

(ii) the history term and the Stokes' Law drag term 

in Equation (2. 13), for the case of a spherical particle with a density 

approximately 9 times that of the surrounding fluid. This figure illus-

trates that neglect of the history term will become significant (in this 

particular case) after the particle has travelled, from its position of 

rest, a distance of the order of one-half the particle diameter. 

It is considered impracticable to formulate, within the scope of the 

present investigation, any expression corresponding to Basset's history 

term which would be appropriate to the fluid and particle motions in-

volved in the present investigation. Accordingly, it is proposed to 

assume that the interaction between the fluid and the particle, arising 

from the motion of one relative to the other, may be adequately deduced 

from the steady-state drag coefficients, as discussed in Section 2. 2.5. 

It is proposed to seek empirical confirmation that the assumptions 
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made will not significantly prejudice the validity of the computed 

particle trajectories. 

2 .2 .9 Sign Convention 

The present discussion is limited to two dimensions, and a 

rectangular Cartesian coordinate system is employed. The co-

ordinate axis parallel to the horizontal direction is designated the 

X axis, and the coordinate axis parallel to the vertical direction is 

designated the y axis. 

The algebraic signs associated with components of force, 

acceleration, velocity and distance are allocated as follows:-

Components parallel to the x (horizontal) coordinate axis, 

acting from left to right: positive 

Components pxarallel to the x (horizontal) coordinate axis, 

acting from right to left: negative 

Components parallel to the y (vertical) coordinate axis, 

acting upwards: positive 

Components parallel to the y (vertical) coordinate axis, 

acting downwards: negative. 

2. 2. 10 The Equation of Motion 

In the light of the preceding discus-sion, it is assumed that the 

forces which are of significance in determining the motion of a par-

ticle moving within a fluid, in a region remote from fixed boundaries, 

are as follows: 
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(i) The effective weight of the particle - that is, the resultant Gr 

of the gravitational and buoyant forces acting on the particle; 

(li) The fluid drag force F^ 

(liiV The force which results from the existence of a pressure 

gradient within the fluid. 

It is implied that lift forces are assumed to be of negligible 

significance, in the present context. Furthermore, the effects of the 

history of the motion have not been taken into consideration, as no 

practicable basis for taking account of such effects is available at this 

stage. As stated above, it is proposed to seek empirical confirmation 

that the assumptions made will not significantly prejudice the validity 

of the particle trajectories which are to be computed. 

With the inclusion of the intertial reaction of the particle, the 

following equation results: 

<2.14) 

For the particular case of a spherical particle, substitution from 

Equations (2. 6), (2. 8), (2, 11) and (2. 12) - from pages 27, 31, 33 and 

34 respectively - leads to the equation 

t r d ^ „ . rrd^ 
6 ^'p ^ 1 rel 

3 

3 
^ " ^ ( p + k p ) ^ (2.15) 6 ^ - p ^f p 

As each term is dimensionally-equivalent to a force. Equation (2.15) 
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is conveniently made non-dimensional in a manner similar to that ad-

opted by Field (16), by dividing throughout by the magnitude of the 

weight of a fluid element having a volume equal to that of the particle -

that is, dividing by —r-o 

• D g , ^ P r r e l h F g i .(^P (2,16) 
Pf gd g ^f g 

or (s- l)g + r ^ ^ ^̂ ^̂ ^ ^ 
gd g 

and hence 

(s-1) t + 0.75 C^ U ^ U" • + X = ^ (2.17) D rel rel (s+k) f p 

where = a non-dimensional velocity 

(2 .18 ) = ^rel 

A^ = a non-dimensional fluid acceleration 

= ( s + k ) ^ (2.19) g 

A = a non-dimensional particle acceleration 
P 

(s+k) 
g 

s = the ratio of the density of the particle to the 
density of the surrounding fluid 

g = a unit vector, in the direction of the 
gravitational force. 

From the relationships between dimensional and non-dimensional 

quantities for velocities and accelerations - Equations (2. 18) and (2. 19) -
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the corresponding relationships for lengths and times follow: 

1 " u2 /a 

Jdg / (s+k) 

1 
(s+k) d 

1 

(s+k)d 

( U / A ) 

and hence L = (2.20) 

(u/a) 

A. 
jdg (s+k) 

andhence ^ = J ^ J i 

If a non-dimensional parameter P is defined by 

. J g ? P = (2.22) 

where g = the gravitational acceleration 

d = the particle diameter 

V = the kinematic viscosity of the fluid 

and a non-dimensional velocity U by 

U = (2.23) 
/gd 

then the product PU will have the value of the Reynolds Number 

ud _ 
— . for j - ^ 

P U = i l l . 

V JgJ 

ud 
V 

(2.24) 
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In particular, if U^^^ = where u^^^ is the velocity of the 

fluid relative to the particle , then the product RU , will have the value 
rel 

of the Reynolds Number , describing the motion of the fluid 

relative to the part ic le . Hence, the drag coefficient Ĉ ^ will be a 

function of the product P.U rel 

The relationship between force, mass and acceleration is l inear, 

as is the relationship between acceleration, time and velocity. Con-

sequently, Equation (2. 17) may be separated into its components in the 

several coordinate directions. As the present discussion is limited to 

two dimensions, components in the x (horizontal) and the y (vertical) 

directions are to be considered. 

In the X direction, the vector ^ has zero component, and hence the 

relevant component of Equation (2.17) becomes 

( " • ^ ^ S T r e l l l^re l l ® " l i S j ^ x = A^, 

where 0 = the angle between U^^^ and the x coordinate axis 

A^^ = the component of fluid acceleration in the x 

coordinate direction 

A = the component of particle acceleration in the 
px 

X coordinate direction 

which may be written as 

(1+k) 0 .75 C ^ U rel U , + A. = A (2,25) 
re lx (s+k) fx px 



42, 

w h e r e U , = the component , in the x coo rd ina t e d i r e c t i o n , of r e l x 
the veloci ty of the f lu id r e l a t i v e to the p a r t i c l e . 

In the y coord ina te d i r ec t i on , the ve c to r g has an abso lu te value 

of uni ty and i ts s e n s e i s downwards , which has been def ined in Section 

2 . 2 . 9 a s the negat ive y d i r ec t i on . Hence , the component in the y 

coord ina te d i rec t ion of Equat ion (2. 17) b e c o m e s 

( s - l ) ( - l ) + (0 .75 C ^ U , U , )s in 9 + A^ = A D r e l r e l (s+k) fy py 

or 0 .75 C ^ U n . + j i ^ A . - (s-1) = A (2.26) D r e l r e l y (s+k) fy py 

w h e r e A^^ = the component of f lu id a c c e l e r a t i o n in the y 

coord ina te d i r ec t i on 

A^^ = the component of p a r t i c l e a c c e l e r a t i o n in the 

y coord ina te d i rec t ion 

^ r e l y ^ ^^^ component , in the y coord ina te d i rect ion,of 

the veloci ty of the f luid r e l a t i v e to the p a r t i c l e . 
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3. The Eddy Model of Turbulent Flow 

3. 1 General Considerations 

It has been postulated in Section 2. 1 that the modification of fall 

velocity of a non-buoyant particle in a turbulent flow <as compared with 

the fall velocity of the same particle in quiescent fluid) is associated with 

the fluctuating vertical velocity components which exist in a fluid which 

is 4n turbulent motion, even when the net motion of the ñuid in the 

vertical direction is zero. It is now further postulated that these vert-

ical velocity components, in conjunction with the fluctuating horizontal 

velocity components associated with the turbulent motion, may be 

identified with a field of eddies or vortices . Townsend (46) has 

described a turbulent flow as "an intricate and irregular eddying 

motion of the fluid". It is accordingly proposed that a turbulent flow 

will be modelled by a field of eddies, and that the process of suspension 

of a particle within the flow will be examined by the computation of the 

trajectory of the particle within the eddy field. In order that such a 

model may be formulated, it becomes necessary to determine the 

appropriate characteristics to be assigned to the model eddy field. 

The avaüable experimental data on the statistical properties of 

turbulence yield very little insight into the physical characteristics to 

be attributed to such an eddy field, or into the nature of the velocity 

distribution within an individual eddy of the field. In the present state 

of knowledge, it appears that the assignment of the characteristics of 
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the model eddy field can be placed on no f irmer basis than a set of 

plausible assumptions. 

It is proposed that the turbulent flow should be modelled by a 

single field of eddies; this is recognised as being no more than a 

first approximation to a real turbulent flow, in which conditions prob-

ably correspond more closely to a superposition of a number of eddy 

fields, with interaction between the superimposed eddies. It is also 

proposed to specify that conditions within the model eddy field should be 

invariant with time. 

In an actual turbulent flow, periods of time would probably occur 

during which the ñuid motion in the vicinity of a suspended particle is 

determined primarily by one predominant eddy. During such a period 

(or portion thereof) the characteristics of the dominant eddy may remain 

substantially constant. In these circumstances, conditions within the 

flow would substantially conform to the specified characteristics of the 

proposed model eddy field, as outlined in the preceding paragraph. 

Hence, it is anticipated that the proposed approach should permit a 

valid examination of portions of the history of the motion of a rigid 

particle in the turbulent flow. 

If the flow in a region within a two- dimensional turbulent flow is 

to be modelled by a field of eddies as proposed, then physical plausibility 

will require that the definition of the eddy field should satisfy the follow-

ing general conditions:-
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(i) The eddies should be two-dimensional, 

(ii) The equation of continuity should be satisfied at all points 

within the field. 

(iii) If the region of the flow which is to be modelled is remote from 

fixed boundaries, then no velocity discontinuities should exist 

within the eddy field. 

(iv) Each eddy should be surrounded by other eddies which are of 

approximately the same size. 

(v) The definition of the eddy field should be continuous over the 

entire flow field. 

It is necessary to acknowledge that the lack of information con-

cerning the physical characteristics of the eddy motions within actual 

turbulent flows places, at this stage of knowledge, a substantial 

obstacle in the way of the present approach to the examination of the 

process of jjarticle suspension. It anticipated, however, that, not-

withstanding the existence of thi-s obstacle, the present approach may 

yield some insight into the behaviour of a suspended particle and may 

demonstrate the utility, in principle, of the eddy model. 

3.2 Definition of the Model Eddy Field 

An e-ddy field which substantially sati-sfies the criteria outlined 

in Section 3. 1 results when the periodic eddy field of infinite extent 

described by Townsend (46) is particularised to two dimensions. The 
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two-d imens iona l eddy f ie ld i s defined by the s t r e a m funct ion 

f = - c o s (l^x) cosd^y) (3. I) 
where ^ = the s t r e a m funct ion 

1 and 1 a r e " shape f a c t o r s " 1 ^ 
X and y a r e C a r t e s i a n posi t ion coo rd ina t e s . 

The shape f a c t o r s and may be e x p r e s s e d as 
1 = 

1 
1 X 

Tr 2 Y 

where X = the spacing of eddy c e n t r e s , in the x coordina te 
d i rec t ion 

Y = the spacing of eddy c e n t r e s , in the y coordina te 
d i rec t ion 

Then = - c o s c o s ( - i ^ - ) (3.2) ^ Y 
and e x p r e s s i o n s fo r the components of the f lu id veloci ty at any point 
(x, y) a r e der ived by d i f fe rent ia t ion: 

u(x ,y) = ^ 

= - f cos ( - f i ) s i n ( - I ^ ) 

v(x.y) 

where u(x, y) = the component , in the x coord ina te d i rec t ion , 
of the f luid veloci ty a t the point {x,y) 
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v ( x , y ) = the component , in the y coordinate direct ion, 

of the fluid ve loc i ty at the point (x, y) 

The express i ons f o r the components of velocity may be written 

in terms of a character i s t i c ve loc i ty U : 
e 

u (x ,y ) = u ^ c o s ( ^ ) s i n ( 3 ,3 ) 

v ( x , y ) c o s ( - ^ ) (3.4) 

where = a character i s t i c veloc i ty within the eddy f ie ld. 

Examination of Equations (3 .3) and (3. 4> indicates that the eddy 

f ield consists of an unbounded array of eddies, with"centres spaced at 

intervals of X in the d irect ion paral le l to the x coordinate axis and at 

intervals of Y in the d irect ion paral le l to the y coordinate axis . 

Alternate eddies , encountered in moving in a direction parallel to either 

coordinate axis , wil l rotate in opposite senses . 

The eddy f ie ld is i l lustrated diagrammatical ly in Figure 3. A 

number of s treamlines in a single eddy of a square array (that i s , a 

field in whichsX = Y ) is shown in Figure 4, Some veloc i ty distributions 

in a s imilar eddy are shown in Figure 5. 

Townsend has defined two other eddy structures, having the f o r m 

of a single isolated eddy and of a finite row of s imple eddies, r espec t -

ively. The unbounded eddy f ie ld descr ibed above, however, will 

permit a part ic le to move f r o m a given eddy into a neighbouring eddy 

without constraint in any direct ion . F o r this reason, the unbounded 
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eddy field has been selected as the bas i s of the preSBnt investigation. 

The selected eddy field is r e s t r i c t i v e in that al l eddies within the field 

a r e of the same size, whereas it i s to be expected that in an actual 

turbulent flow, eddies of varying s i zes will be p r e sen t . It i s expected, 

however, that in an actual flow the s izes of neighbouring dominant 

eddies will not vary great ly , and hence this r e s t r i c t i o n is not expected 

to be a se r ious one, provided that a pa r t i c l e t r a j e c t o r y does not t r averse 

more than a few eddies . 

Some fu r the r p rope r t i e s of the fluid motion within the model eddy 

field a r e a s follows:-

(i) Within each eddy, the s t r eaml ines f o r m closed cu rves . The 

s t reaml ine pa t te rn is symmet r i ca l about l ines which pas s through the 

eddy centre and which a r e para l l e l to the x or y coordinate axes , in 

a square a r r a y of eddies (that i s , in a f ield in which X = Y) the s t ream-

line pa t te rn will also be symmet r i ca l about l ines pass ing through the 

eddy cent re at angles of 45^ with the coordinate axes , 

(ii) The maximum absolute value U of the fluid velocity within max 

the eddy field is re la ted to the cha rac t e r i s t i c velocity U^ thus: 

U max 

U max 
X 
X 

U if X ^ Y (3,5) e 

Ue if X Y (3.6) 

(iii) The equation of continuity is sa t i s f ied at all points, a s 

^^ + — ^ = 0 for al l values of x and y. Jx Jy 
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(iv) The vorticity at any point (x, y) is given by ;-

Hence, | (x, y) is, in general, non-zero, except on the lines defined 

by X = - (n+i>X and by y = t ( n ^ ) Y where n has integral values. 

When X = Y, (that is, when the eddy field consists of a square 

array): 

S(x,y) = - 2TT ^ c o s ^ ^ V c o s (3.8) 

(v) With the specification that Ug, the characteristic velocity within 

the eddy field, does not vary with time, the components of the fluid 

acceleration at a point (x, y) are given by:-

= - TT iu^ix , y )tan(-^) - y)cotC^) (3. 9) 
A A Y 

and 

^fy = ^fy (x, y) 

= - t r - ^ u2(x,y) c o t ( ^ ) v2(x,y) tan (-^ ) (3.10) 

X 

where afx(x,y) = the component, in the x coordinate direction, of 

the fluid acceleration at the point (x,y) 

afy(x, y) = the component, in the y coordinate direction, 

of the fluid acceleration at the point (x,y). 
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4. Description of the Computer Program for the Computation of 
Particle Trajectories 

4. 1 General Description 

The examination of the process of suspension of a particle in the 

model eddy field involves the step-by--st^p computation of the trajectory 

of the particle after it has passed through an arbitrarily-specified starting 

point within the specified velocity field. 

The digital computer program developed for this purpose is 

described below. The program, written in the FORTRAN IV language, 

was developed for use on the IBM 360/50 System at the University of New 

South Wales Computing Centre. The program consists of a main program 

and three sub-pro grams; a further subroutine is used for timing the ex-

ecution of the program. 

The FORTRAN program developed for the computation of the traj-

ectory of a particle in the model eddy field, together with the associated 

sub-programs, is listed in Appendix III. A flow chart for the program is 

shown in Figure III. 1. The variables which are to be read in as data in 

order to operate the program are listed and defined in Table III. A, 

Appendix IIIo 

The remainder of Chapter 4 is devoted to a description of the op-

eration of the program. Familiarity with the material contained within 

this chapter is not essential for an understanding of the results of the com-

putations, which are described in Chapters 5 and 6. 
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4. 2 The Computat ional P r o c e d u r e 

The computat ional p r o c e d u r e is essen t ia l ly one of predic t ion and 

cor rec t ion . The b a s i s of the p r o c e s s is shown d iagrammat ica l ly in 

Figure 6. The p r o c e d u r e is descr ibed below; it i s , however , conven-

ient to f i r s t d e s c r i b e the t h r ee s u b - p r o g r a m s : 

The subrout ine VEL def ines the velocity f ie ld . The components 

(in each of the two coordinate direct ions) of the fluid velocity at any 

point in space and t ime - a s defined by coordinates (x ,y , t) - a r e ca l -

culated. The components (in each of the two coordinate direct ions) of 

the fluid acce le ra t ion at (x, y, t) a r e a lso calculated. (In the model eddy 

field defined in Chapter 3 above, fluid veloci t ies have been specif ied to be 

independent of t ime . In the i n t e r e s t s of general i ty , however, provis ion 

has been made in the development of the p r o g r a m fo r the specif icat ion of 

fluid ve loc i t ies as funct ions of t ime . The application of the p r o g r a m to 

a t ime-dependent velocity d is t r ibut ion is descr ibed in Chapter 5). 

The subrout ine VELID causes an identif ication of the velocity dis-

tribution (as defined by the accompanying subroutine VEL) to be pr inted 

in the output. 

The subrout ine DRAG c a r r i e s out the computation of the components 

(in each of the two coordinate d i rec t ions) of the fluid drag fo r ce on the 

par t ic le at a given point in space , fo r given values of the components of 

the fluid veloci ty and the pa r t i c l e velocity at that point. 
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One aspect of the program - concerned with the calculation of the 

energy interchange between fluid and particle - is described in Section 

4 , 4 below. In the interests of clarity, it is considered expedient to sep-

arate the description of this aspect from the description of the more sig-

nificant operations within the main program. 

In the following description, the variable names correspond to those 

used in the FORTRAN program; the algebraic expressions which occur in 

the description are , however, written in the ordinary notation of algebra, 

rather than in the notation of the FORTRAN language. Variables which 

are read in as data are defined in Table III. A. 

The computational procedure within the main program is as follows:-

(a) In order to avoid instability in the computation, an arbitrary limit 

(defined by a parameter STEP) is placed upon the distance that the particle 

may travel during one step of the computation. This spatial l imit, which 

is read in as data at the commencement of program execution, is con-

verted to a basic limiting time interval (DTBAS) by dividing the spatial 

limit by the maximum fluid velocity which can occur within the eddy field 

(namely, the characterist ic velocity UEDDY if XCNTR ^ YCNTR, or 

UEDDY. YCNTR/XCNTR if XCNTR-YCNTR) . If UEDDY has a zero 

value, as in the case of the settlement of a particle through a quiescent 

fluid, then DTBAS is set equal to J2. S T E P : In the development of 

Equation (2, 17) p. 39, the gravitational acceleration has been reduced to 

the form of the vector g, which is of unit magnitude, and hence the above 



53. 

value of D-TBAS is consistent with the equation 

y = i g t ^ 

for the initial motion of a par t ic le settling (under the action of gravity) 

through a quiescent fluid. 

(b) The par t ic le is assumed to pass through an arb i t ra r i ly selected 

starting point, with coordinates (XSTART, YSTART), at an a rb i t ra r i ly 

selected t ime (TSTART). The components (UFL, VFL) of the fluid 

velocity, and the components (FFAX, FFAY) of the force on the part icle 

due to the fluid accelerat ion, at this point and time a re calculated (in the 

subroutine VEL) in accordance with Equations (3.3) and (3.4), p. 47, and 

Equations (3. 9) and (3. 10), p. 49, respectively. 

(c) Specified values of the components of particle velocity at the start ing 

point may be read in as data (if the parameter KSTART - which is itself 

read in as data- has been assigned a value of unity). Alternatively (if 

KSTART has been assigned a value of 2) the components of part icle vel-

ocity at the s tar t ing point a r e set equal to the corresponding components 

of the fluid velocity at the s tar t ing point. (Note vii. Section 4. 3 below). 

(d) The components FDRX, FDRY of the drag force acting on the part icle 

at the s tar t ing point a r e calculated (in the subroutine EfflAG). These 

force components r ep resen t the f i r s t t e rms in Equations (2. 25) and 

(2. 26) pp. 41 and 42 respect ively. (If the part icle velocity components 

and the fluid velocity components at the start ing point have been set equal, 

the components of drag force a re of course zero). 
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(e) A time increment DT is calculated: 

(i) If the components of the particle velocity in the two coordinate 

directions are both equal to zero, then the time increment I>T is 

set equal to the basic time step DTBAS. 

(ii) Otherwise, the time increment BT is set equal to the result of 

dividing the spatial limit STEP by the absolute value of that 

component of the particle velocity which has the greater absolute 

value. 

(f) The components of the forces (due to fluid drag and to the pressure 

gradient) acting on the particle are summed, for the two coordinate 

directions, the sums being denoted by FXT and FYT respectively. 

(g) The corresponding components of particle acceleration in the two 

coordinate directions are calculated (including, in the case of the y 

coordinate direction, the effect of the net gravitational force) by ex-

pressions corresponding to Equations (2.25) and (2.26) pp. 41 and 42 

respectively. 

(h) Gn the assumption that the component« of particle acceleration 

acting throughout the time increment DT have constant values equal to 

those calculated in step(g) above, the following are calculated:-

DIK, the distance travelled in the x coordinate direction by 

the particle during the time increment DT. 

DIY, the distance travelled in the y coordinate direction by 

the particle during the time increment DT. 
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2 2 2 (i) If the condition (DIX + DIY (STEP) be not sat isf ied, then 
the value of the t ime increment DT is reduced to 70 per cent of i ts 
f o r m e r value, and step (h) is repeated. Successive reductions of 
DT (to 70 pe r cent of i t s immediately preceding value) and sub-

2 

sequent repet i t ions of s tep (h) continue until the condition (DIX + 
DIY^) ^ (STEP)^ is sa t i s f ied . 
(j) Then,the following a r e calculated:-

XI = XT + DiX ) ^^ ^^^ s tar t ing point, XT = XSTART 
Y1 = YT + DIY ) and YT = YSTART 

U P T l = the component, in the x coordinate direction, of the 
velocity of the par t ic le at the end of the t ime increment 
DT - that i s , at the point (XI, Yl) 

VPTl = the component, in the y coordinate direction, of the 
velocity of the par t ic le at the end of the t ime 
increment DT - that i s , at the point (XI, Yl) . 
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The point (XT, YT) is a point which has been determined as lying 

on the trajectory - arbitrarily, in the case of the starting point, or, in 

the case of subsequent cycles in the computation, as a result of the pre-

ceding computations. The point (XI, Yl) represents a first estimate of 

the next point on the trajectory after the point (XT, YT). 

(k) The components (UFLl, VFLl) of the fluid velocity, and the com-

ponents (FFAX, FFAY) of the force on the particle due to the fluid pressure 

gradient, at the point (XI, Yi ) are calculated, in the subroutine VEL. 

The components (FDRX, FDRY) of the drag force on the particle at the 

point (XI, Yl) are calculated in the subroutine DRAG. 

The components of the forces on the particle due to fluid drag and 

to the pressure gradient at the point (XI, Yl) are summed, for the two 

coordinate directions, the sums being denoted by FX 1 and FYl respect-

ively. 

(1) The components (FX, FY) of the average force (due to fluid drag 

and to the pressure gradient) acting on the particle throughout the time 

interval DT - that is, during the particle's traverse of that segment of 

its trajectory which lies between the point (XT, YT) and the next computed 

point on the trajectory - are then estimated by: 

FX = (W.FXT + FXl) / (W 1) (4,1) 

and FY = (W. FYT + FYl) / (W-+ 1) (4,2) 

where FXT = the component, in the x coordinate direction, of the 

sum of the forces due to fluid drag and to the pressure 
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gradient acting on the part ic le at the point (XT, YT) 

F Y T = the corresponding component of f o r c e , in the y 

coordinate direct ion 

W = a weighting factor 

F X l and F Y l are as defined in the preceding paragraph. 

The weighting factor W has been assigned a value of 2. Q through-

out the computations (Note(v) , Section 4 .3 below). 

Using the est imates of the f o r c e components furnished by Equations 

(4. 1) and (4. 2), the corresponding values of the components of particle 

acceleration are calculated, by express ions corresponding to Equations 

(2. 25) and (2. 26), pp. 41 and 42 respect ive ly . 

(m) Using the values of the components of part ic le accelerat ion cal -

culated in step (1) above, displacements D2X and D2Y are calculated; 

the definitions of D2X and D2Y correspond (respectively) to those a s s o c -

iated with DIX and ]>1Y in step <h), 

(n) If the condition (D2X^ + I>2Y^) ^ (STEP^^ be not satisf ied, then the 

value of the t ime increment DT i s reduced to 70 percent of its f o r m e r 

magnitude, and the computation returns to step (h). 

(o) When the condition (r)2X^ + D2Y^) ^ (STEP)^ is satisf ied, the 

quantities X2 , Y2, UPT2 and VPT2 are calculated. The definitions of 

these quantities correspond (re-s-pectively) to those of X I , Y l , U P T i 

and V P T l in step(j ) . The point (X2, Y2) represents a second estimate 

of the next point on the part i c le t ra jectory after the point (XT, YT) . 
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(p) The components (UFL2 , V F L 2 ) of the f lu id v e l o c i t y , and the 

components ( F F A X , F F A Y ) of the f o r c e on the p a r t i c l e due to the p r e s s u r e 

gradient , at the point (X2, Y2) a r e ca l cu lated in the subrout ine V E L . The 

components ( F D R X , F D R Y ) of the f luid drag f o r c e o n the p a r t i c l e at the 

point (X2 , Y2) a r e ca lcu lated in the subrout ine D R A G . 

The components of the f o r c e s due to f luid drag and to the p r e s s u r e 

gradient act ing on the par t i c l e at the point (X2, Y2) a r e s u m m e d f o r each 

of the two coord inate directions- , the sums be ing denoted by FX2 and FY2 

r e s p e c t i v e l y . 

(q) A new es t imate of the c o m p o n e n t e ( F X , FY) of the a v e r a g e f o r c e (due 

to f lu id drag and to the p r e s s u r e gradient) act ing on the p a r t i c l e throughout 

the t ime inc rement D T i s m a d e : 

F X = I ( F X T + FX2) (4 .3) 

FY = i ( F Y T + FY2) (4 .4 ) 

The c o r r e s p o n d i n g va lues of the components of p a r t i c l e acce lerat i on 

are ca lculated , by e x p r e s s i o n s c o r r e s p o n d i n g to Equations (2 .25) and 

(2 .26) pp. 41 and 42 r e s p e c t i v e l y . 

(r) Using the values of the components of p a r t i c l e a c c e l e r a t i o n c a l -

culated in step (q) above , d i s p l a c e m e n t s D3X and D3Y a r e ca l cu lated ; 

the def in i t ions of D3X and D3Y c o r r e s p o n d ( r e s p e c t i v e l y ) to those a s s o c -

iated with D I X and D I Y in step (h). 

(s) If the condi t ion (D3X^ + D3Y^) ^ (STEP)^ b e not sa t i s f i ed , then 

the value of the t ime i n c r e m e n t DT i s r e d u c e d to 70 p e r c e n t of its f o r m e r 
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magnitude, and the computation returns to step (h). 

When the condition (D3X^ + D3Y^) (STEP)^ is satisfied, the 

quantities X3, Y3, UPT3 and VPT3 are calculated. The definitions 

of these quantities correspond (respectively) to those of X l , Yl , UPTl 

and VPTl in step (j). The point (X3, Y3) represents a third estimate 

of the next point on the particle trajectory after the point (XT, YT). 

The components (UFL3, VFL3) of the fluid velocity, and the 

components (FFAX, FFAY) of the force on the particle due to the 

pressure gradient, at the point (X3, Y3) are calculated in the sub-

routine VEL>. 

(t) The components (FDRX, FDRY) of the fluid drag force on the 

particle at the point (X3, Y3) are calculated in the subroutine DRAG. 

The computation returns to step(q), the point (X3, Y3) having 

been renamed as (X2,Y2) - that iSjX2 is now assigned the value which 

was previously assigned to X3, and similarly for other quantities, 

(u) The computation havin-g re-arrived at the end of step (s), a 

quantity DELXY is calculated: DELXY is the distance between the 

current point (X3,Y3) and the current point (X2, Y2). 

(v) If DELXY exceeds (in absolute value) an arbitrarily specified 

value DELSCR, the calculation returns to step (t). 

(w) When DELXY does not exceed (in absolute value) the value 

DELSCR, it is assumed that a point lying midway between the current 
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point (X2, Y2) and the c u r r e n t point (X3, Y3) l i e s on the t r a j e c t o r y . 
The componen t s of the p a r t i c l e ve loc i ty at t h i s point a r e a s s u m e d to be 
equal to the a v e r a g e s of the corre-sponding componen t s at the points 

Y2) and (X3, Y3). 
The componen t s (UFL, VFL^ of the f lu id ve loc i ty , and the com-

ponents (FFAX, FFAY) of the f o r c e on the p a r t i c l e due to the p r e s s u r e 
g rad ien t , at the n e w l y - d e t e r m i n e d point on the t r a j e c t o r y a r e calculated 
in the subrou t ine VEL, and the componen t s (FDRX, FDRY) of the f luid 
d r a g f o r c e on the p a r t i c l e at th i s point a r e ca l cu l a t ed in the subrout ine 
DRAG. 

The computa t ion then r e t u r n s to s t ep (e), the n e w l y - d e t e r m i n e d 
point on the t r a j e c t o r y now be ing des igna ted a s the point (XT, YT). 

4 . 3 Exp lana to ry Notes 
(i) Opera t ion of the p r o g r a m n e c e s s i t a t e s the a s s i g n m e n t of va lues to 
a n u m b e r of p a r a m e t e r s which a r e not p a r t of the def in i t ion of the eddy 
f i e ld or of the def ini t ion of the p a r t i c l e c h a r a c t e r i s t i c s , but which serve 
to cont ro l v a r i o u s p h a s e s of the computa t ion . T h e s e p a r a m e t e r s a r e 
S T E P , DELSCR, and W, and they a r e d i s c u s s e d in Notes (ii), (iii) and 
(v) below r e s p e c t i v e l y . In the d e t e r m i n a t i o n of the va lues to be assigned 
to t he se p a r a m e t e r s - a s in all p h a s e s of the inves t iga t ion - the l imited 
ava i lab i l i ty of compu te r t i m e has b e e n a dominan t f a c t o r . R e s t r i c t i o n s 
on the amount of mach ine t ime ava i l ab le have p r e c l u d e d a comple te 
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investigation of the effects of variations in the values assigned to these 

parameters. In order to make the most effective use of the machine 

time available, the values to be assigned to these parameters have 

been determined pragmatically, on the basis of limited numbers of 

trials. 

(ii) Trial computations with various values of the parameter STEP 

(the maximum distance that the particle may travel between two success-

ive computed points on the trajectory) have indicated that values of STEP 

of the order of 0. 10 (expressed in the non-dimensional length units of 

the program) may cause instability in the computation, and are likely 

to require an excessively large number of trials before the criterion 

established by a given value of the parameter DELSCR - Note (iii) 

below - is satisfied. A value of STEP of the order of 0. 02, on the 

other hand, has produced no evidence of instability and has not in 

general involved an excessive number of trials before the DELSCR 

criterion is satisfied. Accordingly, STEP has been assigned a value 

of 0.02 throughout the majority of the computations. In the case of 

some computations mvolving very small and very large eddies-, the 

value of STEP has been arbitrarily varied in order to maintain a some-

what consistent ratio between the value of this parameter and the eddy 

size« 

(iii) The value to be assigned to the parameter DELSCR has also been 

determined on the basis of trials. The value of DELSCR represents 
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the displacement of the latest estimate of the next point on the particle 

trajectory from the preceding estimate when the prediction-correction 

procedure is to be terminated. Trial runs have indicated that no 

sensible change in the computed trajectory occurs as the value of 

DELSCR is reduced below 1 0 " ( e x p r e s s e d in the non-dimensional 

length units of the program) and this value has been adopted throughout 

the computations. 

(iv) The parameters STEP and DELSCR are to some extent inter-

related in their effect on the efficiency of'the computation - that is, on 

the length of trajectory computed in a given amount of machine time. 

If STEP is relatively large, the number of computational steps necess-

ary to cover a given length of trajectory will be correspondingly small, 

but the number of trial points required at each step to satisfy the cri-

terion established by a given value of DELSCR may become very large. 

In some cases the overall efficiency of the computation has been en-

hanced by reducing the value of STEP and thereby reducing the number 

of trial points required at each step to satisfy a given DELSCR criterion. 

As stated in Note (i) above, no attempt has been made to investigate 

completely the effects of variations^ in the values of the parameters 

STEP and DELSCR. The values which have been adopted are such that 

the validity of the computed particle trajectories does not appear to be 

prejudiced by them, whilst at the same time reasonable efficiency in 

computation is achieved» 
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(v) A weighting factor W is included in the expressions - Equations 

(4.1) and (4.2) - employed in the calculations described in step (1), 

Section 4. 2. The force components FXT and FYT which appear in 

these expressions have been computed at a point (XT, YT) which has 

been determined as lying on the particle trajectory. The force com-

ponents FXl and FYl, on the other hand, have been computed at a point 

which is no more than a first estimate of the next point on the trajectory. 

Accordingly, in the estimation of the mean values of the components of 

force acting on the particle during its traverse of that segment of its 

trajectory which lies between the point (XT, YT) and the succeeding point 

(which is yet to be determined), it is considered that greater weight 

should be placed upon FXT and FYT than upon (respectively) FXl and 

FYl. This is effected by the assignment to W of a value greater than 

unity. 

The weighting factor W has been arbitrarily assigned a value of 

2, 0 throughout the computations. It is to be noted that the value assigned 

to W influences only the first estimate of the next point on the trajectory, 

and has no influence in the subsequent process of refinement of this es-

timate. Accordingly, the value assigned to W is expected to have no 

effect upon the final form of the computed trajectory. Some early trial 

computations in which W was varied over a small range have tended to 

confirm this hypothesis. Variations in the value of W could evidently 

affect the efficiency of the computation; this effect has not been 
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investigated, 

(vi) The point within the eddy field at which the computations were 

commenced was initially selected arbitrarily as the point (0. 0,0« 3Y) -

with an eddy centre located at the point (0,0, 0. 0) and the spacing of 

eddy centres in the vertical direction being Y, This point was 

selected in the expectation that with this starting point, a particle which 

was tending to fall through the eddy field would relatively quickly move 

into the high-velocity zones of an eddy. Accordingly, the fate of the 

particle (that is, whether it would become suspended within a given eddy, 

or would continue to fall through the eddy field) could be determined rel-

atively quickly, without the possible necessity of tracing the trajectory 

of the particle through the low-velocity zones in the outer regions, of 

several eddies, before it traversed the higher-velocity zones of an eddy. 

The effect of adopting alternative starting points within the eddy 

field has been examined, as described in Chapter 6 below, 

(vii) In the majority of the computations, the components (in the two 

coordinate directions) of the velocity of the particle at the starting point 

have been set respectively equal to the corresponding components of fluid 

velocity at the same point. In the ca«e, however, of a computation 

which is a continuation of an earlier computation, the last computed 

point of the earlier computation becomes the starting point of the re-

started computation, and the components of particle velocity at this 
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point (as calculated in the earlier computation) are available for use as 

the components of particle velocity at the starting point of the re-started 

computation. 

In a few cases, the components of particle velocity at the starting 

point have been specified as follows: the horizontal component of the 

particle velocity has been set equal to the horizontal component of fluid 

velocity at the starting point (a« determined by a separate previous cal-

culation), and the vertical component of particle velocity has been set 

equal (in magnitude and sense) to the settling velocity of the particle in 

quiescent fluid (as determined in a separate calculation) - in all such 

cases, the vertical component of the fluid velocity at the starting point 

has been zero. 

In the computed trajectories described in Chapter 6 below, the 

effects of two alternative sets of starting conditions may be compared, 

under otherwise identical conditions. The absence of any significant 

difference between the computed trajectories indicates that relatively 

minor variations in the starting conditions are quickly "forgotten" by 

the particle, which rapidly attains a state of quasi-equilibrium with the 

flow. 

(viii) The program is written in "double-precision" FORTRAN; each 

non-integral variable is allotted 8 bytes (64 bits) of core storage. 

(ix) The development of the program was carried out on the WATFOR 

Compiler at the University of New South Wales Computing Centre, Once 
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the development of the program had been completed, substantial 

economies in machine time were effected by the use of a compiled 

machine-language card deck, 

(x) The subroutine TE ME is employed to control the termination of 

execution of the program. In order to satisfy the administrative re-

quirements of the Computing Centre, it is necessary to specify a time 

limit on the execution of the program. If the execution of the program is 

terminated as a result of the expiration of this time limit, a certain 

amount of computed information (which is contained, at the time of 

termination, in the machine buffer store) will be lost. Furthermore, 

the data required for the re- starting of the computation will not be 

available, to the desirable degree of precision. With the use of the 

subroutine TEME, however, a time-limiting parameter (ITIME) may 

be specified. The value of the parameter ITIME must be less than the 

time limit referred to above; the value assigned to ITIME has usually 

been equivalent to one minute less than the relevant time limit. If the 

program has not completed the specified number (NSTEP) of comput-

ational steps when the expired machine time reaches the value defined 

by the parameter ITIME, then a flag set up by the subroutine TEME 

causes termination of the pr-ogram. 

The subroutine TEME was developed by Dr. R.W.Thomas of the 

School of Mechanical and Industrial Engineering, University of New South 

Wales. 
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4<,4 Calcula t ion of the E n e r g y In te rchange between Flu id and P a r t i c l e 
In o r d e r to p e r m i t an examina t ion of the in te rac t ion between the 

fluid and the p a r t i c l e , the p r o g r a m has been adapted to include the e s -
t imation of the work done by the f luid on the p a r t i c l e , o r the work done 
by the p a r t i c l e on the f lu id , within each segment of the pa r t i c l e t r a j e c t o r y . 
If the d i r ec t ion of ene rgy t r a n s f e r (fluid to pa r t i c l e , or pa r t i c l e to fluid) 
va r i e s s y s t e m a t i c a l l y throughout the t r a j e c t o r y of a pa r t i c l e suspended 
within an eddy, then the mot ion of the pa r t i c l e could cause a r e d i s t r i b -
ution of ene rgy and vor t i c i ty within the eddy. 

This a spec t of the inves t iga t ion is concerned with a p a r t i c l e which 
is suspended within an individual eddy of the model eddy f ie ld , and is 
designed to examine the t r a n s f e r of energy , by the pa r t i c l e , between 
dif ferent zones of the eddy loca ted at vary ing r ad i i f r o m the eddy c e n t r e . 
Accordingly, the work done on or by the pa r t i c l e has been evaluated in the 
fo rm of a "Moment of Work" defined as follows:-

M = / r ( F . d s ) (4.5) 
where M = the " m o m e n t of work" 

F = the a v e r a g e f o r c e exe r t ed by the f luid on the 
p a r t i c l e dur ing the p a r t i c l e ' s t r a v e r s e of an e lement 
ds of i t s t r a j e c t o r y . 

r = ( x ^ + y 2 f m m 
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X and y a r e the coo rd ina t e s (with the eddy c e n t r e a s origin) m ^ m 
of the a v e r a g e pos i t ion of the p a r t i c l e dur ing i t s 
t r a v e r s e of the segment ds of i t s t r a j e c t o r y 

j impl i e s that the i n t eg ra l i s to be taken along the 
p a r t i c l e t r a j e c t o r y . 

As the s y s t e m to be examined r e p r e s e n t s an i n t e r change of energy 
between the p a r t i c l e and the f luid, it is convenient to f o r m u l a t e the exam-
ination f r o m the viewpoint of one m e m b e r : the p a r t i c l e has been selected 
fo r th is pu rpose . Work done on the p a r t i c l e (by the fluid) has been 
al lot ted a pos i t ive s e n s e . Work done by the p a r t i c l e (on the fluid) has 
been al lot ted a negat ive s e n s e . In th i s context , it i s to be unders tood 
that if, in the c o u r s e of a c e r t a in p r o c e s s , the ene rgy of the p a r t i c l e in-
c r e a s e s , then work i s done on the p a r t i c l e dur ing that p r o c e s s ; if , on 
the o ther hand, the energy of the p a r t i c l e d e c r e a s e s , then work i s done 
by the p a r t i c l e dur ing the p r o c e s s à 

With the above convention, it fol lows that if thé to ta l f luid fo rce 
(that is , the f luid d rag f o r c e , t oge the r with the f o r c e due to the p r e s s u r e 
grad ien t within the fluid) act ing on the p a r t i c l e , throughout a given t ime 
in te rva l , a c t s in the same s e n s e a s the s e n s e of the mot ion of the 
p a r t i c l e , then the work done dur ing that t ime in te rva l i s to be allotted 
a posi t ive sign. If, on the o the r hand, the total f luid f o r c e ac t ing on the 
p a r t i c l e a c t s in the sense opposi te to that of the p a r t i c l e mot ion, then the 
work is to be al lot ted a negat ive s ign. 
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As before, it is convenient to consider separately the two co-

ordinate directions» A given element of work dW may be considered 

as the sum of two t e r m s , each of which is the product of the component 

(in a given coordinate direction) of a force and the component (in the 

same coordinate direction) of the displacement of the point of action of 

the force : 

dW - dW + dW X y 

= F^dx + F dy (4» 6) 
y 

where F and F are the components, in the x and y X y 

coordinate directions respectively, of a 

force F 

dx and dy are the components, in the x and y coordinate 

directions respectively, of the displacement 

of the point of action of the force F . 

The "moment" , about the eddy centre, of the element of work dW 

is then given by: 

dM = (F dx + F dy),(x ^ + y^ ) ' (4 .7 ) X y m • m 

Although the components dx and dy of the displacement of the 

point of action of the force F may have positive or negative senses 

within the coordinate system, it is convenient to consider the displace-

ment of the part ic le (and hence the displacement of the point of action of 

the force acting on the particle) as inherently positive, in the context of 
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the particle trajectory. Then, with the convention of signs defined 

above in this section, together with the previously defined convention of 

signs for forces and velocities (Section 2,2, 9 above), dM in Equation 

(4, 7) will have the appropriate sign if the force components F and F 
y 

are replaced (respectively) by components of "signed force" F and xs 
F^^ given by:-

where F̂ ^ = the force acting on the particle due to fluid drag 

F^ = the force acting on the particle due to the pressure 

gradient within the fluid 

the subscripts x and y denote components in the x and y 

coordinate directions, respectively, and the factor of unity 

is to be allotted the same sign as that associated with the 

component, in the relevant coordinate direction, of the 

velocity of the particle. 

The allocation of the appropriate sign to the unit factors in 

Equations (4. 8) and (4, 9) is conveniently effected by the FORTRAN 

(double-precision) function DSIGN(A, B), This function yields a para-

meter which bears the same sign as B, and which has an absolute value 

equal to the absolute value of A. If A has been previously assigned a 

value of unity, then DSIGN(A,UPT) will yield the required factor when 
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UPT is the component, in the appropriate coordinate direction, of the 

particle velocity. 

The computation is carried out as follows:-

(i) The components (FXSIGO, FYSIGO) of the "signed force" at the 

starting point are calculated, in expressions corresponding to Equations 

(4.8) and (4.9) respectively. 

(ii) After the computation of the position coordinates of the next com-

puted trajectory point, the coordinates (XM, YM) of the average position 

of the particle, during its traverse of this latest segment of its trajectory, 

are calculated. The x coordinate (XM) of the average position is taken 

to be the mean of the x coordinates of the initial point and the final point 

of the segment, and YM is calculated similarly. 

(iii) The components (FXSIGN, FYSIGN) of the "signed force" at the 

final point of the trajectory segment are evaluated, in expressions 

corresponding to Equations (4, 8) and (4, 9) respectively. 

(iv) A quantity corresponding to the fir^t term on the right-hatid side of 

Equation (4.6) is evaluated, being the product of ^(FXSIGO+FXSIGN) and 

the absolute value of the length of the projection, onto the x coordinate 

axis, of the trajectory segment» 

(v) A quantity corresponding to the second term of the right-hand side 

of Equation (4« 6) is evaluated, being the product of i(FYSIGO+FYSIGN) 

and the absolute value of the length of the projection, onto the y co-

ordinate axis, of the trajectory segment» 
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(vi) The "moment" of the work done during the particle's traverse 

of this segment of its trajectory is then evaluated, in an expression 

corresponding to Equation (4. 7). 

(vii) The moment thus evaluated is added to a "sum of moment of 

work" (WMSUM) - which is assigned an initial value of zero at the 

starting point. 

(viii) For subsequent segments of the trajectory, the computation pro-

ceeds in the same fashion. Components of force evaluated for the 

final point of each segment become the corresponding components for 

the initial point of the succeeding segment. 

(ix) The algebraic sum of the "moment of work" is accumulated, 

segment by segment along the particle trajectory. 

4. 5 Organisation of the Output and Trajectory Identification 

4 .5 .1 Organisation of the Output 

The printed output furnished by the program includes:-

(i) an identification of the card deck employed in the computation; 

(ii) a tabulation of all the parameters which have been read in as data; 

(iii) an identification of the velocity distribution. 

The following information is then printed, in respect of points on 

the computed trajectory:-

(a) Time Parameter (that is, the non-dimensional time at which the 

particle passes through the given point on the trajectory) 
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(b) Position Coordinates (in the x and y coordinate directions) 

(c) Components of the Fluid Velocity (in the two coordinate directions) 

(d) Componoits of the Particle Velocity (in the two coordinate directions) 

(e) Reynolds Number (describing the motion of the fluid relative to the 

particle) 

(f) Integral of the "Moment of Work" (as described in Section 4,4 

above) 

(g) The number of trials involved in the computation of the point. 

This information is printed in tabulated form for each of the first 

50 computed points on the trajectory, and thereafter at intervals as 

specified by the value of the parameter IPRNT (which is read as data). 

The information (items (a) to (g) above) which is printed as the last 

line of each page is again printed as the first line of the tabulation on 

the following pa^e» 

Qn the termination of the computation - after the computation of 

a specified number (NSTEP) of points on the trajectory, or upon the 

expiration of the specified time (Note 0̂ )5 Section 4, 3 above) - the time 

parameter, position coordinates and particle velocity components in re-

spect of the last computed point on the trajectory are printed, to the full 

precision of the machine. This information is accordingly available for 

the re-starting of the computation, if required. 

An example of the printed output from one computation is included 

in Appendix III. 
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If the parameter KPUNCH is assigned a value other than zero, 

output cards are punched as follows:-

(i) An identifcation of the trajectory, and the values of all 

parameters which have been read in as data. 

(ii) For computed points on the trajectory, at intervals as specified 

by the value of the parameter IPUNCH: 

(a) The trajectory identification number. 

(b) A number identifying the card. 

(c) A number identifying the computed point. 

(d) The time parameter . 

(e) The position coordinates of the computed point. 

The card output described above is intended for use in the plotting 

of the computed particle trajectory. In addition, the information re-

quired for the re-starting of the computation is punched onto cards, for 

incorporation into the set of data cards for the re-started computation. 

The computed particle trajectories were plotted on the "Calcomp" 

Plotter at the University of South Wales Computing Centre, A 

FORTRAN program was developed for the plotting of the trajectories, 

using the punched cards described above as the input data. This pro-

gram is listed in Appendix IV. 
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4 . 5 . 2 Identification of the Computed Trajectories 

Each computer run is allotted an identifying number (IDENT) 

which is read as data. Within a given run, up to 99 distinct sets of 

data may be read in. The number of such sets (NSET) is read after 

IDENT. 

Within a data set, up to 5 values of the Eddy Velocity Parameter 

UEDDY may be read. The number of such values to be read is itself 

read in as NV, and the individual values of the Eddy Velocity Parameter 

are read as UEDDS(NN), where 1 - NN - NV. The combination of a given 

data set and a given value of the velocity parameter has been termed a 

data subset. 

Each data subset, and hence each computed trajectory, has a unique 

identifying number of 5, 6 or 7 digits, of the form: ZKLMN, YZKLMN, 

or XYZKLMN, 

where Z , YZ, or XYZ is the number identifying the run, with a 

value within the range 1 - 999. 

KL identifies the data set, and has a value within the 

range 01 - 99. 

MN identifies the data subset, and has a value within the 

range 01 - 05, 

Within any one computer run, data sets with differing values of KL 

may have different values for the parameter KSTART and for all the 

parameters which follow KSTART in Table IIL A. 
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E>ata s u b s e t s whose iden t i f i ca t ions d i f f e r only in MN wil l have the 
s a m e va lues f o r al l p a r a m e t e r s except the Eddy Veloci ty P a r a m e t e r 
UEDDY. 
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5. Verification of the Computer Program for the Computation of 
Particle Trajectories 

5.1 Introduction 

The equation of motion which is to be used in the computation of the 

trajectories of particles within the model eddy field has been formulated 

in Chapter 2 above. The formulation of the equation has involved the 

following assumptions: 

(i) that the lift force component acting on the particle may be neglected 

(Section 2 .2 .4 ) , 

(ii) that the effect of the history of the motion of the particle relative 

to the fluid need not be specifically taken into account (Section 2 .2 .8) , 

(iii) that the drag force component acting on the particle may be 

estimated by use of the steady-state drag coefficients (Section 2 .2 ,5) , 

(iv) that the value of the added-mass coefficient for the particle will 

not differ significantly from 0. 50 (Section 2. 2. 2), 

(v) that the effect of the forces , due to the existence of a pressure 

gradient within the fluid, which act on the particle-appendant fluid 

system may be estimated, to within a reasonable degree of approxim-

ation, by the method described in Section 2 .2 .6 . 

Further assumptions are involved in the development of the com-

puter program, as described in Chapter 4. At this stage, it remains 

to be confirmed that the computational scheme described in Section 4. 2 

will yield a convergent solution for the successive computed points on 
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the particle trajectory, and that the accumulation of numerical errors 

will not significantly affect the form of the computed trajectory. It is 

also implicitly assumed that the values assigned, in the operation of the 

program, to the parameters STEP, DELSCR, and W - (as discussed in 

Notes(ii), (iii) and (v) respectively in Section 4.3) - are such that the 

validity of the computed trajectories will not be prejudiced. 

In general, no a priori justification of the assumptions made is 

available. The assumptions involved in the development of the equation 

of motion have been dictated by necessity, in the absence of definitive 

evidence on the issues involved. The selection of the values of the pro-

gram parameters has been based on the results of limited numbers of 

trials. Consequently, reliance will be placed upon a pragmatic verific-

ation of the program in order to justify the assumptions which have been 

made. 

A preliminary check on the performance of the program has been 

effected by confirming that it will predict the fall velocity of a particle 

settling in a quiescent fluid. This was carried out by computing the 

trajectories (and, more particularly, the velocities at the successive 

points on the trajectories) of non-buoyant particles in an eddy field in 

which the characteristic fluid velocity was specified to be zero. Under 

these conditions, the particle trajectory took the form of a straight line, 

directed vertically downward. The particle velocity approached a constant 

value, which represented the settling velocity of the particle in the 
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quiescent fluid. This check, however, verifies the performance of the 

program under steady-state conditions only. It is of little significance 

in the context of the unsteady conditions involved in the computation of 

the trajectory of a particle within a field of non-zero fluid velocities. 

Verification of the program depends, in principle, upon a comparison 

between particle trajectories as computed by the program and the corres-

ponding trajectories as indicated by deduction or by experimental meas-

urement. It is impractical to experimentally generate a velocity dis-

tribution which is precisely of the form specified to exist within the 

model eddy field. Furthermore, the facilities necessary for the meas-

urement of the properties of experimentally-realisable velocity distributions 

of generally similar form were not available. Hence, a comparison of 

computed and experimental particle trajectories within such a velocity 

distribution is not available. Accordingly, in order to effect verification 

of the computer program, recourse has been had to 

(i) comparison of computed and deduced trajectories of neutrally-

buoyant particles within the model eddy field (Section 5. 2 below), and 

(ii) comparison of computed and e x p e r i m e n t a l l y - d e t e r m i n e d trajectories 

of non-buoyant particles falling through water in the presence of gravity-

wave motion (Section 5. 3 below), 

5.2 The Trajectories of Neutrally-buoyant Particles within the Model 
Eddy Field 

The fluid streamlines within an individual eddy of the model eddy 
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field defined by Equation (3.2), p. 46, consist of a series of closed 

curves, as shown in Figure 4. Accordingly, if any point within the 

eddy field (other than the singular points comprising the eddy centres 

and the nodes, at which the two components of fluid velocity are zero) 

be selected as a starting point, and if an infinitesimal element of fluid, 

passing through that point at any instant of time, could be "tagged", then 

the tagged element will periodically return to the starting point. During 

each of the intervening intervals of time, the fluid element will execute 

a circuit of one of the eddies of the model eddy field. Its,trajectory 

throughout each circuit will (by definition, since the fluid motion within 

the model eddy field is steady) coincide with the streamline which passes 

through the starting point. 

The trajectory of such a ñuid element is, in general, curved in 

form. The curvature of the trajectory at any point is a function of the 

relative magnitudes of the local components, in the two coordinate 

directions, of the acceleration of the fluid element. The components of 

acceleration are, in turn, functions of the components of force which act 

on the fluid element at the given point. The force components are due to 

the existence of pressure gradients within the fluid. If the trajectory of 

the fluid element forms a closed curve, it is implied that the integrated 

effect of the local curvatures of the trajectory (integrated along the traj-

ectory) is such as to cause the trajectory to return to its starting point. 

If the fluid element (of infinitesimally small size) which is under 
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considerat ion i s now instantaneously rep laced , at the s ta r t ing point, by a 
neutral ly-buoyant r ig id pa r t i c l e of the same size, then the f o r c e which ac t s 
on the r ig id pa r t i c l e at the s ta r t ing point will be unchanged f r o m the fo rce 
which acted, at the s a m e point, on the fluid e lement . The m a s s of the 
rigid pa r t i c l e will be equal to that of the fluid element which it has replaced3 
Accordingly, the r e s p o n s e of the r igid par t ic le to the fo rce acting upon it at 
the s ta r t ing point will be identical to the response of the fluid e lement to 
the same f o r c e . The components of the acce lera t ion of the r igid par t ic le 
at the s ta r t ing point will consequently be respect ive ly equal to the c o r r e s -
ponding components of the acce le ra t ion of the fluid element at the s ta r t ing 
point. Extension of the a rgument f r o m point to point along the t r a j e c t o r y 
indicates that the t r a j e c t o r y of the r i g i d , neutral ly-buoyant par t ic le will 
coincide with the t r a j e c t o r y of the fluid element - that i s , the par t ic le 
t r a jec to ry will coincide with the fluid s t r eaml ine which p a s s e s through the 
start ing point . 

The a rgument of the preceding pa ragraph is applicable to pa r t i c l e s 
of inf in i tes imal ly smal l s ize . In the case of pa r t i c l e s of finite s ize, how-
ever, recognit ion mus t be given to the deformable na ture of a fluid par t i c le , 
contrast ing with the inherent ly non-deformable nature of a r ig id pa r t i c l e . 
If a fluid pa r t i c l e of f in i te s ize is located within a non-uniform velocity 
field, then the f luid veloci ty at the boundary of the par t ic le will, in genera l , 
vary f r o m point to point on the boundary. In the absence of discontinuit ies 
between the ve loc i t ies of f luid e lements within the par t ic le and the veloci t ies 
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of fluid elements outside the particle, deformation of the particle will 

occur. The corresponding rigid particle is, however, inherently in-

capable of deformation. Conditions within the fluid immediately adjacent 

to the boundary of the rigid particle will, in general, vary from point to 

point on the boundary. The response of the rigid particle to the forces 

exerted on it by the surrounding fluid will represent the outcome of a process 

of averaging or integration (of the elemental forces exerted by the various 

fluid elements surrounding the particle). This response must be invariant 

from point to point on the particle. Consequently, the velocity of the 

boundary of the particle will, in general, tend to differ from that of the 

immediately adjacent fluid elements, and acceleration of the rigid particle, 

relative to the surrounding fluid elements, will tend to occur. Under these 

conditions, in the absence of slip at the particle boundary, the diffusion of 

shear stresses from the boundary will cause a readjustment of fluid vel-

ocities within a zone extending outwards from the particle boundary. 

Accordingly, the phenomenon of added mass will come into operation, in 

the case of a rigid particle of finite size. The concept of added mass 

appears to have no meaning, however, in the context of a fluid particle. 

A series of computations of trajectories of neutrally-buoyant, particles 

within the model eddy field (as defined in Chapter 3) has been carried out. 

The values of the parameters defining the characteristics of the particle-

fluid systems, and the characteristics of the model eddy field, are tab-

ulated in Table 1. It is to be noted that in the case of a neutrally-buoyant 
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p a r t i c l e , t h e g r a v i t a t i o n a l p a r a m e t e r GRAY a s s u m e s a va lue of z e r o , 
s ince 

GRAY = (s - 1 ,0 ) 
w h e r e s = the r a t i o of the dens i t y of the p a r t i c l e to the 

d e n s i t y of the f lu id s u r r o u n d i n g the p a r t i c l e . 
= 1. 0 in the c a s e of a n e u t r a l l y - b u o y a n t p a r t i c l e . 

The s i g n i f i c a n c e of t h e p a r a m e t e r v a l u e s , in t e r m s of the p r o p e r t i e s of 
actual p a r t i c l e - f l u i d s y s t e m s of p r a c t i c a l e n g i n e e r i n g i n t e r e s t , i s d i s -
cussed in Sec t ion 6, 1 b e l o w . F r o m the v a l u e s shown in Tab le 5, it m a y 
be deduced t h a t t h e p a r a m e t e r v a l u e s in T a b l e 1 c o r r e s p o n d to a n e u t r a l l y -
buoyant p a r t i c l e 50 . 1 0 " ^ m m in d i a m e t e r , the s u r r o u n d i n g f lu id be ing w a t e r . 
In the c o m p u t a t i o n s of t he f i r s t t h r e e t r a j e c t o r i e s l i s t e d in T a b l e 1, the 
spac ing of eddy c e n t r e s wi th in the m o d e l eddy f i e ld c o r r e s p o n d s to a va lue 
employed in c o m p u t a t i o n s w h i c h a r e d e s c r i b e d s u b s e q u e n t l y in C h a p t e r 6. 
Within t h e s e c o m p u t a t i o n s , v a r i a t i o n s in the p a r a m e t e r v a l u e s o c c u r only 
in the v a l u e s of t he o r d i n a t e (YQ o r YSTART) of the s t a r t i n g p o i n t s of the 
r e s p e c t i v e t r a j e c t o r i e s . In t he c a s e of the r e m a i n i n g t r a j e c t o r y ( iden t i f i ed 
a s N u m b e r 1 . 4 ) t h e s p a c i n g of t he eddy c e n t r e s wi thin t he eddy f i e l d i s 
s m a l l e r and t h e c u r v a t u r e of the s t r e a m l i n e s i s consequen t ly s h a r p e r . 
The s t a r t i n g point of t h i s t r a j e c t o r y i s at (a lmos t ) the s a m e point , r e l a t i v e 
to the eddy c e n t r e s , a s i s t h e s t a r t i n g point of T r a j e c t o r y 1.2. 

The p r i n t e d r e s u l t s of t he c o m p u t a t i o n of T r a j e c t o r y 1 . 2 a r e inc luded 
in Appendix III, The r e s u l t s of the s e v e r a l c o m p u t a t i o n s a r e ind ica t ed in 
F i g u r e s 7 and 8, and in the f i n a l c o l u m n of T a b l e 1, In 
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Figures 7 and 8, the curves represent the computed particle trajectories, 

and the crosses indicate representative points on the streamlines which 

pass through the starting points of the trajectories. No deviation which 

is discernible at the scale of the diagrams exists, between the computed 

particle trajectories and the corresponding fluid streamlines. In the 

final column of Table 1 is listed, for each computed particle trajectory, 

the value of Yi (the ordinate of the point in which the computed trajectory 

intersects the line X = 0.0, after the execution of one circuit of the eddy). 

For each trajectory, the value of Y^ has been calculated by the application 

of the Lagrange Interpolation Formula to four computed points: the two 

computed points (for which results are printed) which lie closest to, and 

to the left of, the line X = 0.0, and the two computed points (for which 

results are printed) which lie closest to, and to the right of, the line 

X=0.0. The tabulated values of Ŷ^ confirm that any accumulated 

deviation, throughout one circuit of the eddy, of the computed particle 

trajectory from the streamline which passes through its starting point is 

very small in relation to the overall dimensions of the trajectory. The 

deviation is in fact not discernible within the four decimal places to which 

the computed position coordinates of points on the computed trajectory 

have been printed. 

The investigation described in this section has involved the exam-

ination of the trajectories, within the model eddy field, of neutrally-

buoyant particles with diameters which are small, in comparison with the 
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dimensions of the eddy field. It is concluded that, at least under con-

ditions similar to those applying in the investigation described, the computer 

program may be expected to yield a reasonably accurate estimate of the 

overall form of a particle trajectory. 

5.3 The Trajectories of Non-buoyant Particles Falling through Waves 

The distribution of fluid velocities within a body of water in which 

two-dimensional surface gravity waves are present is mathematically def-

inable, and such a velocity distribution can be created experimentally 

without undue difficulty. A velocity distribution of this type has accordingly 

been employed in securing further verification of the computer program. 

This section of the investigation has involved the comparison of ex-

perimentally-determined particle trajectories and the corresponding traj-

ectories as determined by the computer program. In each case, the ex-

perimental particle trajectory was determined by photographing successive 

positions of the particle as it fell through the wave field. Subsequently, 

a section of the particle trajectory was selected from the photographic 

record and the reproduction, by means of the computer program, of this 

section of the trajectory was attempted^ 

Appendix V contains a description of the non-buoyant particles which 

were used in the investigation described in the following paragraphs. The 

characteristics of the particles are listed in Table 3, and the characteristics 

of the experimental wave fields are listed in Table 2. It is to be noted that 

the particle diameters were relatively large, in comparison with the 
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dimensions of the trajectories of the particles. The relative magnitudes 

of the particle diameters and the excursions of the particles are indicated 

in Figures 9 to 15. In this respect, the investigation at present under 

discussion is to be contrasted with those described in Section 5. 2 and 

Chapter 6, where the particle diameters were small in comparison with 

the overall dimensions of the particle trajectories. In the present invest-

igation, some minor discrepancies have been observed between the ex-

perimentally-determined trajectory and the computed trajectory of a given 

particle, as discussed below. The existence of such discrepancies maybe 

partially attributable to the relatively large size of the particles. 

The wave field which was employed comprised a system of standing 

waves, generated within a laboratory wave flume. The experimental pro-

cedure employed in the determination of the particle trajectories is 

described in detail in Appendix V. The computation of the computed 

particle trajectories was carried out by means of the computer program 

developed for the computation of trajectories of particles within the model 

eddy field (as described in Chapter 4 and Appendix III) with certain modif-

ications which were necessary to adapt the program to the present purpose. 

The modified program, and the procedure adopted in the computation of the 

particle trajectories, is described in Appendix VI. A computer program 

was developed, by adaptation of the program described in Appendix IV, 

for the purpose of plotting the computed trajectory of a particle within the 

wave field. 
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In a few experiments, anomalous results were obtained, apparently 

as a result of the particle's encountering debris or air bubbles in the water 

within the flume. Such results were rejected, as were the results of ex-

periments which showed evidence of undue horizontal drift of the particle 

(that is, undue net motion of the particle in the direction of the length of 

the flume). Some horizontal drift is in evidence in the trajectory illustrated 

in Figure 9. 

Corresponding segments of experinientally-determined and computed 

particle trajectories are illustrated in Figures 9 to 15 inclusive. Figure 

16 is a reproduction of the original photographic record of the trajectory 

of the particle numbered 36. Trajectory 1250201 is the reproduction, by 

the computer program, of a section of the trajectory shown in Figure 16; 

its starting point is indicated by the small white cross . The characteristics 

of the wave systems are tabulated in Table 2, together with the correspond-

ing dimensionless parameters used in the computations. The character-

istics of the particles, and the corresponding dimensionless parameters, 

are shown in Table 3. In Figures 9 to 15 the lines designated as the ex-

perimentally-determined trajectories have been derived by joining, with 

straight lines, the successive photographed positions of the particle. The 

experimental and computed trajectories coincide at the starting points -

no relative translation of the trajectories, such as might improve the 

overall fit, has been carried out. 

Examination of Figures 9 to 15 indicates that general qualitative 
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agreement exists, between each experimental trajectory and the corres -

ponding computed trajectory. In general, fairly c lose quantitative agree-

ment between the experimental trajectory and the corresponding computed 

trajectory has been maintained throughout approximately one wave period, 

with varying degrees of divergence being in evidence at later stages. The 

divergence generally takes the f o rm of a difference between the "wave 

lengths" of the experimental and computed trajectories - that is, a differ-

ence between the vertical distance traversed by the particle during one 

wave period as indicated by the experimental trajectory and the correspond-

ing distance as indicated by the computed trajectory. These discrepancies 

may be attributable, at least in part, to the relatively large diameter of the 

experimental particles. The computation of the particle trajectories is 

based upon the assumption that the particles are so small that the presence 

of a particle has no effect upon the local fluid velocity field. The ex-

perimental particles are, however, relatively large in comparison with the 

overall dimensions of the particle trajectories, and hence this assumption 

will be to some extent violated. 

The comparison of the experimental and computed trajectories is 

quantified in Table 4, in terms of the particle fall velocity and of the 

horizontal excursions of the particle. Table 4 indicates that the fall vel-

ocity of a given particle within the wave field, as indicated by the computed 

particle trajectory, has generally differed little f rom the settling velocity 

of the particle in quiescent water. The relationship between the fall 



89, 

velocity of a given pa r t i c l e as indicated by the computed t r a j e c t o r y , and 

the fal l velocity of the s a m e pa r t i c l e as indicated by the exper imenta l 

t r a j ec to ry , i s r e p r e s e n t e d by the value of the ra t io Vp / V ^ , which is ^ e 

shown in Table 4. F o r the seven t r a j e c t o r i e s under considerat ion, the 

d i sc repanc ies between the computed and exper imenta l fa l l veloci t ies have 

magnitudes cor responding to 0, 3, 11, 15, 16, 18 and 23 per cent of the ex-

per imenta l fa l l ve loc i t i e s . 

It i s of some in te res t to note that the re is l i t t le evidence to indicate 

that a s tanding-wave f ie ld i s l ikely to cause the fa l l velocity of a given 

par t ic le to be s ignif icant ly l e s s (in absolute magnitude) than the sett l ing 

velocity of the pa r t i c l e in the quiescent fluid. As pointed out above , the 

computed pa r t i c l e t r a j e c t o r i e s general ly indicate that the fa l l velocity of 

a given pa r t i c l e within the wave f ie ld will d i f fer l i t t le f r o m the sett l ing 

velocity of the pa r t i c l e in quiescent wa te r , whilst only one of the ex-

per imenta l t r a j e c t o r i e s (No, 1090101) indicates that the fall velocity 

within the wave f ie ld will be l e s s than the sett l ing velocity in quiescent 

water . 

The hor izonta l excurs ions of the pa r t i c l e s within the waves, as 

tabulated in Table 4, have been m e a s u r e d f r o m the plotted t r a j e c t o r i e s , 

at about the mid -dep th of the sect ion of the t r a j e c t o r y over which the 

par t ic le fa l l velocity was de te rmined . In the case of the exper imenta l 

t r a j e c t o r i e s , some degree of es t imat ion has been involved, where in t e r -

polation of the f o r m of the t r a j e c t o r y between the success ive photographed 
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particle positions has been necessary. The experimental and computed 

particle excursions as tabulated are in reasonably close agreement, with 

the exception of those associated with Trajectory 1120101. In the case of 

Trajectory 1280101, which is illustrated in Figure 15, the horizontal ex-

cursions of the particle are so small in relation to the overall (combined 

horizontal and vertical) excursions that a comparison between the ex-

perimental and computed values of the horizontal excursion alone is not 

considered relevant. Examination of Figure 15 indicates, however, that 

reasonably close agreement exists between the overall excursions of the 

particle as indicated by the experimental and computed trajectories re-

spectively» 

In view of the probability that the fall velocity of a given particle 

within the wave field does not differ substantially from the settling velocity 

of the given particle in quiescent water, comparison of the experimental 

and computed results in respect of the excursions of the particle is prob-

ably more significant, from the viewpoint of verification of the computer 

program, than is the consideration of particle fall velocities. It is con-

cluded that the reasonably close agreement which is in evidence, in six of 

the seven trajectories under consideration, between the excursions of the 

particle in experimentally-determined and computed trajectories respect-

ively offers a substantial degree of verification of the computer program. 
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5.4 Conclusion concerning the Verification of the Computer Program 

In view of the results of 

(i) the comparison of computed and deduced trajectories of neutrally-

buoyant particles within the model eddy field (Section 5. 2), and 

(ii) the comparison of experimentally-determined and computed traj-

ectories of particles falling through waves (Section 5, 3), it is concluded 

that verification of the computer program developed for the computation 

of particle trajectories has been established, at least to the extent of 

justifying the use of the program in an examination of the eddy model of 

turbulent flow, and in an examination of the behaviour of a rigid non-

buoyant particle within the model eddy field. 
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6. The Results of the Computations of Trajectories of Particles within 
the Model Eddy Field 

6, 1 The Relationship between the Parameter Values used in the 
Computations and the Physical Properties of Actual Particle-Fluid 
Systems 

In the early stages of the investigation, it became evident that it 

would not be practicable to extend the investigation to cover a wide range 

of particle and fluid properties. Accordingly, it was decided that the in-

vestigation should be directed towards the examination of certain specific 

particle-fluid systems which are of practical engineering interest. 

This approach was intended to yield insight into the behaviour of 

the specific systems examined, and to furnish the basis for an overall 

assessment of the eddy model of suspension of a non-buoyant particle 

within a turbulent flow. Some limitation was, however, thereby im-

posed upon the generality of the results. 

The stimulus for the present investigation originated in an exam-

ination of the feasibility of the disposal of fly ash from power station 

boilers by the formation of a suspension of fly ash in water, and the dis-

charge of the ash"water suspension into the ocean. The prediction of 

the behaviour of the suspension within the ocean is dependent upon an 

understanding of the process of suspension of the ash particles in the 

water. Accordingly, in the present investigation, emphasis has been 

placed upon the examination of a system consisting of a typical, fly ash 

particle in water. The significant properties of such a particle have been 
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abstracted from the Electricity Commission of New South Wales 

Research Note No. 30, "Report on the Ocean Disposal of Fly Ash 

Reference (14). For the present purpose, a representative significant 

particle diameter has been taken to be 50. 10"^mm (the particles are 

essentially spherical in form, and 90 percent by weight of a typical fly 

ash is reported to be of this or lesser diameter). The particle specific 

gravity is approximately 2,0. 

In order to gain some insight into the effects of particle density, 

computations were also carried out - as described in Section 6.3 .2 -

with parameter values corresponding to systems consisting of particles 
" 3 

of the same diameter (50. 10 mm) with specific gravities of 2. 65 and 

11.40, suspended in water. The smaller of these values of specific 

gravity corresponds to that of the common siliceous materials; a 

particle of the given diameter would fall within the size range designated 

as silt. The larger value of specific gravity corresponds to that of lead, 

and is assumed to lie at the upper limit of the range of common engin-

eering interest. 

A further set of parameter values was selected, to represent a 

typical dust particle in air. The particle diameter was assumed to be 

5.10~^mm, and the particle specific gravity 2.65. 

The properties of the various particle-fluid systems are tab-

ulated in Table 5. This table shows the particle diameter and spec-
ific gravity, the ratio (s) between the particle density and the fluid 
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dens i ty , the d i m e n s i o n l e s s p a r a m e t e r s P A R T and GRAY, and the r a t i o s 
be tween d i m e n s i o n a l and d i m e n s i o n l e s s quan t i t i e s in r e s p e c t of length , 
ve loc i ty and t i m e . A l so t abu la ted i s the s e t t l i ng ve loc i ty of the p a r t i c l e 
in the qu iescen t f luid , t oge the r wi th the c o r r e s p o n d i n g d i m e n s i o n l e s s 
veloci ty and the a s s o c i a t e d Reyno lds N u m b e r . 

When the Reynolds N u m b e r d e s c r i b i n g the s e t t l e m e n t of a p a r t i c l e 
in qu iescen t f luid i s within the r a n g e of va l id i ty of S tokes ' Law (that i s , 
]R ^ 0 . 1 ) then the ve loc i ty of s e t t l e m e n t is given by 

vs j £ i M L £ d l (6.1) 
18 V 

w h e r e Vg = the ve loc i ty of s e t t l e m e n t of the p a r t i c l e 
s = the r a t i o of the dens i ty of the p a r t i c l e to the 

dens i ty of the s u r r o u n d i n g f lu id 
g = the g r av i t a t i ona l a c c e l e r a t i o n 
d = the p a r t i c l e d i a m e t e r 
J/ = the k i n e m a t i c v i s c o s i t y of the f lu id 

The c o r r e s p o n d i n g d i m e n s i o n l e s s ve loc i ty Vs i s then given, in 
a c c o r d a n c e with Equat ion (2. 23), p . 40, by 

Subst i tut ing f r o m Equat ion (6.1) 

ill! 
® 18 1/ 
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( s - l .Q ) (PART) 
18 

The associated Reynolds Number is given by 

vsd _ ( s -1 .0 ) gd^ 
^ ^ U • IJT 

( s -1 .0 ) (PART)^ 
18 

(6. 2) 

(6,3) 

which is as indicated by Equation (2, 24), p. 40. 

For those cases in which the Reynolds Number describing the 

settlement of the particle is beyond the range of validity of Stokes' Law, 

the settling velocity of the particle has been calculated by an iterative 

procedure, using an IBM "MATH" terminal facility which was available 

during portion of the investigation. 

Listed below Table 5 are the values which have been adopted for 

certain physical quantities. The values have been adopted on the basis 

of numerical convenience, rather than on the basis of precise correspond-

ence to any given physical situation, but all values correspond to con 

ditions which are attainable within the range of ordinary engineering 

interest. The value adopted for the specific gravity of air, for example, 

differs by only 1. 9 per cent f rom the corresponding value at sea-level in 

the ICAO Standard Atmosphere, and leads to the convenient value of 

2200 for the gravitational parameter GRAY when the particle specific 

gravity Is 2.65. 

In the course of the investigation, it became evident that the 
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spac ing of eddy c e n t r e s wi th in the m o d e l eddy f i e l d is not a s ign i f -
icant v a r i a b l e , i n s o f a r a s the s u s p e n s i o n of a p a r t i c l e i s c o n c e r n e d . 
The ac tua l va lues of the eddy s p a c i n g s employed in the computa t ions 
a r e e s s e n t i a l l y r e l i c s of the f i r s t a p p r o a c h e s to the inves t iga t ion ; the 
extent of the mod i f i ca t i on of t h e s e va lues in the c o u r s e of the inves t -
igation was d e l i b e r a t e l y l i m i t e d , in o r d e r to f a c i l i t a t e the c o m p a r i s o n 
of r e s u l t s obta ined at s u c c e s s i v e s t a g e s . The value of 135 dimension-
l e s s un i t s f o r the spac ing of eddy c e n t r e s c o r r e s p o n d s to an ac tua l 
phys i ca l spac ing of about 17 m m , in the c a s e of a p a r t i c l e of d i a m e t e r 
50. 10^ ^ m m , a dens i ty r a t i o (s) of 2 . 0 and an added m a s s coef f ic ien t 
of 0 . 5 . With a spac ing of eddy c e n t r e s of 135 u n i t s , the o r d i n a t e of 
the s t a r t i n g point of the p a r t i c l e t r a j e c t o r y w a s s e l e c t e d a s 40 uni ts -
f o r the r e a s o n s d i s c u s s e d in Sect ion 4 . 3 . A l a r g e r eddy spac ing and 
a t r a j e c t o r y s t a r t i n g point at the s a m e r e l a t i v e pos i t ion with r e s p e c t 
to the eddy c e n t r e s , was d e t e r m i n e d by s i m p l y doubl ing the above 
va lues , to 270 and 80 un i t s r e s p e c t i v e l y . In d e t e r m i n i n g a s m a l l e r 
eddy spac ing , the o r d i n a t e of the s t a r t i n g point of the p a r t i c l e t r a j -
e c t o r y was a s s igned the convenien t i n t eg ra l va lue 15 .0 , and the spac-
ing of the eddy c e n t r e s w a s a s s i g n e d the va lue-50 . 625, in o r d e r to 
m a i n t a i n the s a m e r e l a t i v e pos i t ion of the s t a r t i n g poin t with r e s p e c t 
to the eddy c e n t r e s . 

In m o s t of the compu ta t ions r e p r e s e n t i n g p a r t i c l e s in w a t e r , 
the spac ing of eddy c e n t r e s wi th in the m o d e l eddy f i e ld has been 
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assigned the value 50. 625. In some such cases, however, and in the 

case of computations which represent a particle in air, this value has 

been varied in such a way as to maintain an approximate constancy of 

the corresponding physical spacing of eddy centres - as shown in 

Table 6. It is to be noted that the results of the investigation to be 

described below indicate that the spacing of the eddy centres within the 

model field is not a significant quantity, insofar as the suspension of a 

particle within the model eddy field is concerned. 

In all cases, it has been assumed that the spaping of the eddy 

centres is the same, in each of the two coordinate directions - that 

is, it has been assumed that the eddy centres form a square array 

within the model eddy field. This assumption has been made in the 

absence of any evidence to suggest that the model eddies should be 

other than "square". 

The object of the investigation described in the succeeding 

sections is to determine the conditions under which a given particle 

will be suspended within the model eddy field. With the character-

istics of the particle and the other characteristics of the model eddy 

field fixed, it remains to determine - by trial, as described below -

that value of the characteristic fluid velocity within the model eddy 

field which will cause the given particle to be suspended within the 

eddy field. 

A complete listing of the values assigned to the parameters in 
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the various computations of the trajectories of particles within the 

model eddy field is shown in Tables 7, 8, 9, 10 and 11. 

6. 2 The Computed Trajectories of Neutrally-Buoyant Particles 

The computed trajectories of neutrally-buoyant particles within 

the model eddy field have been described within Chapter 5, and spec-

ifically in Section 5.2, in the context of the significance of these 

computations in the verification of the computer program. No 

further description of these trajectories is necessary, except by way 

of comparison with certain features of the computed trajectories of 

non-buoyant particles. Such comparisons will be made, where 

appropriate, in the course of the following discussion of the traj-

ectories of non-buoyant particles. 

6. 3 The Computed Trajectories of Non-Buoyant Particles 

6. 3. 1 General Observations 

Examination of the computed trajectories of non-buoyant particles 

within the model eddy field leads immediately to the following emp-

irical conclusions: 

(i) The trajectories fall into two general categories. The first 

category consists of trajectories which form virtually-

closed curves, each encircling an individual eddy centre, 

as typified by the Trajectory No. 610101-620101 which is 

shown in Figure 17. The second category consists of open 

curves, such as are typified by Trajectory No. 380101 which 
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is shown in Figure 18. 

(ii) The particle trajectories do not, in general, conform closely 

to the shape of fluid streamlines within the model eddy field, 

(iii) Certain symmetries are in evidence in the computed particle 

trajectories, although the particle trajectories do not in gen-

eral share the simple symmetry associated with the fluid 

streamlines within the individual eddies. 

As stated above, a proportion of the computed particle traj-

ectories form curves which are virtually closed and which encircle 

an eddy centre. In such a case, if the coordinates of the starting 

point are (XQ, YQ), the particle trajectory after one circuit of the 

eddy passes through a point (XQ. YQ + AY) where AY is a small 

positive quantity. This tendency for the particle trajectory to be 

spiral in form is discussed in Section 6.3,7 and Appendix VIII. The 

occurrence of a trajectory which forms a (virtually) closed curve 

implies that the particle is suspended within the eddy; so long as the 

identity of the eddy persists and its properties remain constant, the 

particle will execute successive circuits of the eddy. After each 

circuit the particle will pass through a point which (virtually) co-

incides with the starting point. Under these conditions, the temporal 

mean fall velocity of the particle will approach zero. The occurrence 

of computed particle trajectories of this form is probably the most 

significant result of the present investigation. The formulation of a 
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criterion for the definition of the conditions under which a particle 

will be suspended within an individual eddy of the model eddy field 

is discussed in Section 6 . 3 . 2 . 

When the trajectory forms an open curve, such as that shown 

in Figure 18, the particle is not suspended but falls through the eddy 

field. The behaviour of the particle under these conditions is dis-

cussed m Section 6. 3. 4 below. 

The symmetry of the computed particle trajectories is discussed 

in Section 6. 3. 8 below and in Appendix IX. 

More detailed examination of the numerical results of the com-

putations, such as the results of the computation of Trajectory No. 

610101-620101 as presented in Appendix III, leads to the following 

empirical conclusions. 

(i) At all points, the vertical component of the particle velocity 

differs from the vertical component of the local fluid velocity 

by a quantity which is sensibly equal in magnitude to, and is of 

the same sense as, the settling velocity of the particle in the 

quiescent fluid. Hence, the vertical component of the velocity 

of the particle at any point is sensibly equal to the algebraic 

sum of the vertical component of the fluid velocity at that point 

and the settling velocity of the particle in the quiescent fluid, 

(ii) At any given point, the magnitude of the difference between the 

horizontal component of the particle velocity and the horizontal 
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component of the fluid velocity is small, in comparison with the 

magnitude of the settling velocity of the particle in the quiescent 

fluid. 

These conclusions are in agreement with the theoretical results 

of Mantón (3 0) concerning the motion of a particle in a cylindrical 

vortex with a horizontal axis, and lead to some further inferences 

concerning the forces acting on the particle. It is implied that the 

horizontal component of the velocity of the fluid relative to the particle 

will be small in magnitude, in comparison with the vertical component 

of the velocity of the fluid relative to the particle. It follows that the 

resultant vector velocity of the fluid relative to-the particle will be 

approximately equal in magnitude to the vertical component of that 

relative velocity, and virtually independent of the magnitude of the 

(small) horizontal component of that relative velocity. The first of 

the conclusions enumerated above implies that the vertical component 

of the velocity of the fluid relative to the particle is sensibly invariant 

from point to point, and is equal in magnitude to, and opposite in 

sense from, the settling velocity of the particle in the quiescent fluid. 

It is accordingly implied that at all points the vector velocity of the 

fluid relative to the particle is expected to be approximately equal in 

magnitude to the settling velocity of the particle in the quiescent fluid. 

This conclusion is empirically confirmed by examination of the 

computed values of the Reynolds Number describing the motion of the 
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fluid relative to the particle, as shown in the results of the computation 

of Trajectory No. 610101-620101 in Appendix III. As shown in Table 

5, the value of the Reynolds Number associated with the settlemfent 

of the particle in the quiescent fluid is 0.0681. Examination of the 

computed values of the Reynolds Number as tabulated in Appendix III 

confirms that after the first few computed points (at which conditions 

are influenced by the arbitrarily-imposed starting conditions) the 

Reynolds Number varies little from this value. 

The magnitude of a component of the fluid drag force acting on 

the particle at any point is in general dependent upon the vector vel-

ocity of the fluid relative to the particle and upon the component, in the 

given coordinate direction, of that relative velocity - as indicated by 

the initial terms of Equations (2.25) and (2. 26), pp. 41 and 42. The 

empirical inferences discussed above, however, indicate that the 

vector velocity of the fluid relative to the particle is sensibly invariant 

from point to point. It is consequently implied that the magnitudes of 

the horizontal and vertical components of the fluid drag force acting 

on the particle at any point will be nearly proportional (respectively) 

to the magnitudes of the horizontal and vertical components of the 

velocity of the fluid relative to the particle at that point. 

The existence of a sensibly constant difference between the 

vertical components of fluid velocity and particle velocity leads to the 

inference that, for the conditions applying in the computation of 
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trajectory No. 610101-620101 (where the ratio of particle density to 

fluid density is 2.0) the f o r ce on the particle due to the existence of 

a pressure gradient within the fluid is small, in comparison with the 

net gravitational f orce and the f orce due to fluid drag. The net grav-

itational f orce on the particle is constant in magnitude and sense at all 

points on the trajectory, acting in the negative (downward) sense. It 

has been noted that at all points on the trajectory the vertical compo-

nent of the velocity of the fluid relative to the particle has a positive 

(upward) sense, as consequently has the vertical component of the 

fluid drag force on the particle. The vertical component of force 

on the particle due to the existence of a pressure gradient within the 

fluid varies, in magnitude and sense, f rom point to point on the traj-

ectory. This f orce component has at each point the sense of the 

vertical component of the local fluid acceleration - that is, negative 

(downward) in the upper half of an eddy and positive (upward) in the 

lower half. As pointed out above, however, the magnitude of the 

vertical component of the velocity of the particle relative to the fluid 

tends to be constant f r om point to point on the trajectory, and differs 

little f r o m the settling velocity of the particle in quiescent fluid. It 

is accordingly implied that the vertical component of the f orce on the 

particle due to the existence of a pressure gradient within the fluid 

must be small, in. comparison with the net gravitational f orce and the 

fluid drag f o r ce . 
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6 .3 .2 The Suspension of a Non-Buoyant Particle in the Model 
Eddy Field 

As pointed out in Section 6.3 . 1, the computed particle trajectories 

fall into two categories. A trajectory of the first category takes the 

form of a virtually-closed curve and encircles an eddy centre- as 

typified by the Trajectory No. 610101-620101 shown in Figure 17. 

The occurrence of a trajectory of this form implies that the particle 

is suspended within the eddy whose centre is encircled by the traject-

ory. A trajectory of the second category takes the form of an un-

closed curve, as typified by the trajectory illustrated in Figure 18, 

and it is implied in such a case that the particle is not suspended but 

falls through the eddy field. 

With the object of the demarcation of the conditions which will 

cause a particle to be suspended within an eddy (rather than falling 

through the eddy field) the results of a number of trajectory compu-

tations have been plotted as shown in Figure 19. The values of the 

parameters involved in these computations are listed in Table 7. It 

is to be noted that the following parameter values are common to all 

the computations at present under discussion: 
i gd^ 

Particle-fluid parameter PART = = 1.1068 

Gravitational parameter GRAY = (s-1.0) = 1 . 0 0 

where g = gravitational acceleration 

d = particle diameter 
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V = kinematic viscosity of the fluid 

s = the ratio of the density of the particle to the density 
of the fluid. 

In all cases, the starting point of the trajectory is at the point 

(X = 0. 0, Y = 0.3 Yc) where Y^ is the spacing of the eddy centres in 

the Y direction (which is equal to the spacing in the X direction). The 

computations have been carried out for various values of the character-

istic fluid velocity in the model eddy field, and for a number of differ-

ent values of the spacing of the eddy centres within the eddy field. 

In Figure 19, each plotted point represents a trajectory comp-

utation (or a series of computations, where re-starting of the comp-

utation has been necessary). The abscissa of each point is proportion-

al to the spacing of the eddy centres^ and the ordinate is proportional to 

the dimensionless characteristic fluid velocity within the eddy field 

(Ue). Points which are designated by circles represent those cases 

in which the computed trajectory indicates that the particle will be sus-

pended within an eddy. Points designated by triangles represent those 

cases in which the particle is not suspended, but falls through the eddy 

field. The reference number of the trajectory, as shown in Table 7, 

is indicated alongside each point. In the case of points representing 

those trajectories in which the particle is not suspended but falls through 

the eddy field, the figure (in brackets) alongside each point represents 

the value of the ratio, Vf /Vg 
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where Vf = the dimensionless fall velocity of the particle, cal-

culated over one "wavelength" of the computed trajectory, 

which is typified by that shown in Fig. 18 

Vg = the dimensionless settling velocity of the particle in 

the quiescent fluid. 

Examination of Figure 19 leads to the following conclusions, for 

the particular conditions applying to the computations which are rep-

resented therein: 

(i) Suspension of the particle occurs when the dimensionless 

characteristic fluid velocity in the eddy field (Ue) is equal to, 

or greater than, about 0. 17. 

(ii) The critical value (Uec) of the characteristic fluid velocity 

necessary for suspension of the particle does not appear to 

depend, to any significant extent, upon the eddy size. 
Vf (iii) The value of the ratio ^ depends upon the value of the 

characteristic fluid velocity U^, but (for a given value of 

Ue) the value of Vf does not appear to depend, to any signif-
Vs 

icant extent, upon the eddy size. 

(iv) With increasing values of the characteristic fluid velocity 

Ue> the value of the ratio Vf at first increases slowly, from 
Vs 

a value of unity when Ue is zero, to a maximum of about 1. 4 

and then decreases rather rapidly to a value of zero as-Ug 

approaches the critical value of approximately 0. 17. 
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The variations of the ratio ^ are discussed in greater detail 

in Section 6 . 3 . 4 . 

In order to examine the effects of variations in the properties 

of the particle and the fluid upon Ug^ (the critical magnitude of the 

characteristic fluid velocity within the eddy field which is necessary 

for the suspension of a particle) some less extensive series of com-

putations were carried out with the following values of the significant 

parameters: 

1.1068 1.1068 0 .00234 

GRAV=(s -1 .0) 1.65 10.40 2200 

The physical properties of particles to which the above parameter 

values would apply are shown in Table 5. 

Complete lists of the parameter values employed in these comp-

utations are shown, for the three groups indicated above, m Tables 

8, 9 and 10 respectively. In carrying out these computations, it 

has been implicitly assumed, in the light of the results shown in 

Figure 19, that the value of Ugc is not dependent upon the spacing 

of eddy centres within the eddy field. In all cases, the trajectory 

was assumed to pass through the point (X=0.0, Y = 0. 3Yc) where 

Yc is the spacing of the eddy centres. 

The object of each set of computations was to determine the 

minimum value of the characteristic fluid velocity within the eddy 
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field which would lead to the suspension of the particle. It is evident 

that the result of each trajectory computation (that is, whether the 

particle is suspended within an eddy or falls through the eddy field) 

is determined by the form of the trajectory within that region in which 

the point of inflection occurs in the case of a trajectory of the unclosed 

form. Accordingly, in order to reduce the total amount of machine 

time involved in the computations, several computations have been 

carried out, with a point (X = 0.0 , Y = -0 .3Yc ) as starting point. 

These have been designated as "partial trajectories" in the tabulations. 

The results of such computations have provided guidance in the sel-

ection of values of the characteristic fluid velocity within the eddy 

field, for the subsequent computations. 

The significant results of the computations listed in Tables 8, 9 

and 10 are represented in Figure 20. The reference numbers shown 

alongside the plotted points are the Trajectory Reference Numbers 

as listed in Tables 8, 9 and 10. Also shown in Figure 20 are points 

(marked 2. 10 and 2. 16) which represent the corresponding trajectories 

of Table 7. The abscissa of each point in Figure 20 is proportional 

to Vs, the dimensionless settling velocity of the particle in the 

quiescent fluid. Each point designated by a circle has an ordinate 

which represents the smallest value of Ue for which the computed 

trajectories have indicated that suspension of the given particle will 

occur. Each point designated by a triangle has an ordinate which 
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represents the next (smaller) value of Ue for which a trajectory has 

been computed - that is, the ordinate of a point designated by a 

triangle represents the largest value of Ug for which a computed 

trajectory has indicated that suspension of the given particle will not 

occur. 

Figure 20 indicates that, for the specific conditions associated 

with the particle trajectories at present under discussion, the re-

lationship between Uec, the critical magnitude of the dimensionless 

characteristic velocity within the eddy field for suspension of the 

particle, and Vs, the dimensionless settling velocity of the particle 

in the quiescent fluid, may be expressed as 

Uec = 2. 7 Vs (6.4) 

In other words, it is indicated that, for the specific conditions 

considered and for the specific velocity distribution of the model eddy 

field, a particle will be suspended within an eddy of the field provided 

that the characteristic fluid velocity within the eddy field is equal to, 

or greater than, about 2. 7 times the settling velocity of the particle 

in the quiescent fluid. 

It is to be noted that this conclusion is based upon the assumption 

that the particle trajectory passes through a specific point withm an 

eddy - namely, the point (X = 0.0, Y = 0.3 Yc) where Yc is the 

spacing of the eddy centres within the eddy field, the origin of co-

ordinates coinciding with an eddy centre. This assumption is examined 

more closely in Section 6 .3 .3 . 
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6 . 3 . 3 The Ef fec t on the Computed T r a j e c t o r y of the Ini t ial 

Velocity and Locat ion of the P a r t i c l e 
As pointed out in Note vii. Section 4 . 3 , the components of the 

pa r t i c l e velocity at the s t a r t i ng point have been se t r e spec t i ve ly 
equal to the co r r e spond ing components of the loca l f luid veloci ty , 
in the m a j o r i t y of the computa t ions of t r a j e c t o r i e s of p a r t i c l e s within 
the model eddy f i e ld . The e m p i r i c a l conclusions concern ing pa r t i c l e 
veloci t ies set down in Section 6 . 3 . 2 jus t i fy th is a r t i f i c e i n so fa r a s 
the hor izonta l component of pa r t i c l e veloci ty i s conce rned . The 
conclusion concerning the ve r t i ca l component of p a r t i c l e veloci ty , 
however , indica tes that a m o r e app rop r i a t e p r o c e d u r e would evidently 
be to i m p a r t to the pa r t i c l e at the s t a r t i ng point a ve r t i c a l velocity 
component , r e l a t ive to the v e r t i c a l component of the loca l fluid 
velocity, equal in magni tude and sense to the se t t l ing veloci ty of the 
pa r t i c l e in the quiescent f lu id . 

In o r d e r to examine the ef fec t on the f o r m of the computed 
t r a j e c t o r y of these a l t e rna t ive conditions at the s t a r t i ng point , the 
t r a j e c t o r y computed in Computation No. 3360101 (and ident i f ied as 
T r a j e c t o r y No. 4. 7 in Table 9) has been c o m p a r e d with the r e s u l t 
of Computation No. 3350101. The p a r a m e t e r va lues employed in 
the two computat ions a r e ident ical , and a r e a s shown f o r 
T r a j e c t o r y No. 4 , 7 in Table 9. In the c a s e of the f o r m e r comp-
utation ( T r a j e c t o r y No. 4 .7) the components of the p a r t i c l e veloci ty 
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at the starting point have been set respectively equal to the 

corresponding components of the local fluid velocity. In the case 

of the latter computation, the horizontal component of the particle 

velocity at the starting point has been set equal to the horizontal 

component of the local fluid velocity, as estimated in a separate, 

previous calculation. The vertical component of the particle velocity 

at the starting point has been set equal, in magnitude and sense, to 

the settling velocity of the particle in the quiescent fluid as previously 

determined and as is shown in Table 5. (The vertical component of 

the fluid velocity at the starting point was zero). 

The results of the computations are indicated in Figure 21. 

The crosses denote representative points on Trajectory No. 4.7 

(Computation 3360101) whilst the continuous line represents the re-

suit of Computation 3350101. No significant difference between the 

forms of the two trajectories is in evidence, and it is concluded that 

a state of quasi-equilibrium between the motion of the particle and the 

motion of the fluid is established within a relatively short distance 

from the starting point, small variations in conditions at the starting 

point being relatively quickly "forgotten". 

In the computation of the partial trajectories listed in Table 9 

the second of the alternative sets of starting conditions was employed; 

the horizontal component of the particle velocity at the starting point 
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was set equal to the horizontal component of the local fluid velocity 

and the vertical component was set equal to the settling velocity of 

the particle in the quiescent fluid, the vertical component of the 

local fluid velocity being in all cases zero. (These computations 

were employed in estimating the value of the characteristic fluid 

velocity necessary for the suspension of a particle, as described in 

Section 6. 3. 2). 

The trajectories of non-buoyant particles within the model eddy 

field, described in the preceding sections of Chapter 6, have had their 

starting points at a fixed position, relative to the eddy centres, within 

the eddy field - namely, at the point (X = 0.0, Yo = 0.3Yc) where Yc 

is the spacing of eddy centres in the Y coordinate direction. The 

selection of this point was made arbitrarily, having in mind the con-

siderations which are outlined in Note vi. Section 4. 3. Most of the 

conclusions drawn in the preceding sections of Chapter 6 are, as pointed 

out, specific to this particular starting point. 

In an actual turbulent flow, the conceptual starting point of a 

particle trajectory (relative to a given eddy) will be a function of the 

processes of generation, migration and decay of eddies, and of the 

possibility of a particle's falling into an eddy. 

In order to examine the effect of the specification of different 

starting points within the model eddy field, the series of computations 

listed in Table 11 has been carried out. All the parameter values 
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involved in the computations l isted in Table 11 coincide with those 

which apply in the computation of Tra je c tory No. 2. 16, with the ex-

ception of the ordinate (YSTART) of the starting point of the trajectory, 

Accord ing ly , the computed t ra jec tor ies are those traversed by a given 

part ic le , with di f ferent starting points within a given eddy f ie ld. 

The computed t ra jec tor ies are shown in Figure 22. They fall 

into three categor ies : 

1. T r a j e c t o r i e s which indicate that the particle will be suspended, 

within the eddy which has its centre at the point (0 .0 , 0 . 0 ) , the 

part ic le travell ing c lockwise around the eddy. 

2. T r a j e c t o r i e s which indicate that the particle is not suspended, 

but fa l ls through the eddy f ie ld, 

3. T r a j e c t o r i e s which indicate that the particle will be suspended 

within the eddy which has its centre at the point (0 .0 , Yc) 

where Y c i s the spacing of eddy centres in the Y coordinate 

direct ion. The part ic le travels around the eddy in an anti-

c lockwise sense . 

The ordinates (Yq) of the starting-points of tra jector ies of 

the three categor ies l i e within intervals (on the line X = 0 .0 ) de-

fined as fo l l ows : 

Category 1: 0 ^ | YqI - 0 ,35 Yc (approximately) 

Category 2: 0 .35 Y c ~ Y^j ^ 0. 65 Yc (approximately) 
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Category 3: 0 . 6 5 Yq - |Yo| - 1 .35 Yc (approximately) 

This last definition wil l include the t ra je c tor i es of part i c les which are 

suspended within the eddy which has its centre at the point (0 .0 , - Y^). 

The above results are c lear ly dependent upon the spec i f i c prop-

ert ies of the model eddy f ie ld , and upon the constancy (with respec t to 

time) and uniformity ( f rom eddy to eddy) of the eddy propert ies . The 

results imply that if the part ic le i s , at any t ime, located within the 

zone which is t raversed by t ra jec tor ies of Category 1 (this zone being 

r e f e r r e d to below as Zone 1) then it will remain suspended within that 

zone, so long as the propert ies of the eddy f ie ld remain constant. If 

the part ic le is at any time located within Zone 3 (s imi lar ly defined) it 

will remain suspended within that zone. Fur thermore , if the particle 

is at any time located within Zone 2, it will continue to fal l indefinitely 

through the eddy f ie ld . 

The broken line in Figure 22 denotes the approximate boundary 

of Zone 1 - that is , of the zone within which the part ic le (of the given 

propert ies ) will become suspended within the eddy which has its centre 

at the point (0 ,0 , 0. 0). The area enclosed by the broken line is almost 

exactly 50 per cent of the area of the individual eddy, this latter area 

being defined as XQ. YQ where XQ and Y c are the spacings of the eddy 

centres in the respect ive coordinate d irect ions . Accord ing ly , a 

"probabil ity factor" of about 0, 50 is to be assoc iated with the cr i ter ion 

established in Section 6 . 3 . 2 above. This i s to be interpreted as 
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meaning that the criterion of Section 60 3, 2 (defining the conditions 

under which a given particle will be suspended within an individual 

eddy) holds, provided that the trajectory of the particle is located (at 

any time) within a given zone which has an area which is 50 per cent 

of that of the eddy. 

In this context, it is of interest to note that the empirical con-

clusions set out in Section 6 ,3 .2 imply that a non-buoyant particle 

whose trajectory passes through the point (0,0, 0,5Yc) cannot be sus-

pended within an individual eddy of the model eddy field, irrespective 

of the magnitude of the characteristic fluid velocity within the eddy 

field. The conclusions (in Section 6, 3. 8) concerning symmetry of 

the particle trajectories imply that, if the particle trajectory passes 

through the point (0.0, 0, 5Yc) it will also pass through the point 

(0.0, - 0. 5Yc). At this point, the vertical component of the local 

fluid velocity is zero. It has been empirically concluded that the 

vertical component of the velocity of the particle relative to the fluid 

is at all points equal in magnitude and sense to the settling velocity of 

the particle in the quiescent fluid. It is accordingly implied that, 

after passing through the point (0, 0, - 0. 5Yc) the particle will move 

into a zone in which the vertical component of the fluid velocity is 

directed in the negative sense. The particle will consequently con-

tinue to fall through the eddy field. This conclusion is clearly depend-

ent upon the specific properties of the model eddy field. 
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6 .3 ,4 The Fall Velocity of a Particle which Falls Through the 
Model Eddy Field 

The computed particle trajectories indicate that, for given 

properties of the particle and the fluid, the particle may be suspended 

within an eddy of the model eddy field, provided that the characteristic 

fluid velocity within the model eddy field (Ue) has a magnitude which 

is equal to, or greater than, a certain critical value. 

If, on the other hand, the characteristic fluid velocity is less 

than the critical value, the particle will fall through the model eddy 

field. Under these conditions, the computed trajectory of the particle 

takes the form of an essentially-periodic curve of serpentine shape, as 

discussed in Section 6, 3. 2. and typified by the trajectory identified as 

380101 and illustrated in Figure 18. 

The results of the computations described in Section 6, 3. 3 have 

indicated that a particle can fall through the model eddy field within 

the zone designated (in Section 6.3.3) as Zone 2, even when the 

characteristic fluid velocity within the eddy field exceeds the critical 

value established in Section 6 .3 .2 . The existence of such a zone of 

descent is however dependent upon the specific properties of the model 

eddy field, and in particular upon the temporal constancy of such prop-

erties. It accordingly seems unlikely that such zones of descent 

could exist - except perhaps as transitory phenomena - in an actual 

turbulent flow. 
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It is to be expected, on the other hand, that a relatively common 

phenomenon in an actual turbulent flow will be the descent of a particle 

through the flow, as a result of the characteristic fluid velocities within 

the flow becoming too small to maintain the particle in suspension. 

Such circumstances could arise as a result of spatial or temporal 

variations in the mean flow velocity, or when a particle has been 

lifted to some distance above the bed by a phenomenon such as the 

'kolke' - a localised intense vortex to which is attributed the lifting of 

material from river beds - Matthe (31). 

It is accordingly of some interest to examine the behaviour of a 

particle, initially located within the zone designated in Section 6.3. 3 

as Zone 1, when the characteristic fluid velocity within the model eddy 

field is less than the critical value necessary for suspension of the 

particle. The mean vertical velocity at which the particle falls through 

the eddy field has been calculated, for each of a number of such cases. 

In each case, the following parameter values applied: 

Particle-fluid parameter PART = = 1.1068 

Gravitational parameter GRAY = (s - 1.0)- 1.00 

Spacing of eddy centres XCNTR - 50. 6250 

and the starting point of the trajectory was at the point which has 

coordinates (0.0, 15,0) with respect to an eddy centre as origin. 

The result is presented in Figure 23, in which values of the 

ratio Vf/Vs are plotted against values of the ratio Ue/Vg» The 



118. 
veloci ty Vf is the (d imens ionless ) veloci ty a t which the p a r t i c l e 
f a l l s through the model eddy f ie ld , ca lcu la ted a s the a v e r a g e fa l l 
veloci ty of the p a r t i c l e throughout one "wave length" of the p a r t i c l e 
t r a j e c t o r y . The veloci ty Vg i s the (d imens ion less ) se t t l ing veloci ty 
of the pa r t i c l e in qu iescen t f lu id , and Ug i s the (d imens ion less ) 
c h a r a c t e r i s t i c f luid veloci ty in the model eddy f ie ld . 

Inspect ion of F i g u r e 23 ind ica tes that the r a t i o Yf/Vs ^ 
value g r e a t e r than uni ty, fo r a l m o s t the en t i r e r ange of va lues of 
the c h a r a c t e r i s t i c fluid veloci ty Ue f r o m z e r o to the c r i t i c a l value at 
which the p a r t i c l e will be held in indef ini te suspens ion within an eddy. 
Under t he se condit ions (Vf/Vg g r e a t e r than unity) the mean fa l l velocity 
of the p a r t i c l e within the model eddy f ie ld wil l be g r e a t e r than the 
set t l ing veloci ty of the p a r t i c l e in quiescent f lu id . 

T h e r e is no indicat ion that the cu rve of F i g u r e 23 i s sharp ly 
peaked; the r a t io A^/Vg a p p e a r s to have a m a x i m u m value of about 
1 ,4 , at a value of the c h a r a c t e r i s t i c veloci ty Ue of some 70 p e r cent 
of the c r i t i c a l value n e c e s s a r y fo r suspens ion of the p a r t i c l e . 
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6,3 ,5 A Comparison between the Results of the Present Study b,i i 
the Results of some Previous Investigations 

In Section 6= 3,2 it has been inferred that^ under the specific ceri" 

ditions which apply to the investigation described therein^ a nott-buoyar?t 

particle will be suspended within an eddy of the model eddy field if the 

characteristic fluid velocity within the eddy field is equal tCp or greater 

than^ 2,7 times the settling velocity of the particle in the quiescent f l u i d c 

It is instructive to compare this criterion with some results derived by 

previous investigators, 

A comparison can be made with the results of some experiments 

on plumes, A plume is the flow which is formed by the discharge of 

fluid into a body of ambient fluid of a different density, and of a con-

siderable depth. The discharged fluid flows through the ambient fluid 

in an essentially vertical direction. The sense of the motion of the 

plume will be upward if the discharged fluid is less dense than the 

ambient fluid, downward if the discharged fluid is denser than the 

ambient fluid. The difference between the density of the fluid within 

the plume and the density of the ambient fluid may be due to a temper-

ature difference, a salinity difference, the presence in either fluid of 

suspended material, or to the other (less common) causes enumer-

ated in Chapter 1, 

Tsang (47) has experimentally determined the distribution of 

fluid velocities within a two-dimensional "starting plume" of salt water 
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descending th rough f r e s h w a t e r . The r e s u l t s of T s a n g ' s e x p e r i m e n t s 
indicate that^ in the eddy which f o r m s one half of the "cap" of the 
p lume, the e x t r e m e va lues of the v e r t i c a l components of f luid vel -
ocity ( re la t ive to an o b s e r v e r t r ave l l i ng with the p lume cap) a r e of 
magni tude 1, 6 Vc^ a s shown in F i g u r e 24, w h e r e V^ i® ^^^ ve r t i ca l 
veloci ty of the p lume cap r e l a t i ve to a f ixed ex t e rna l f r a m e of r e f e r -
ence, The hor izonta l components of f luid veloci ty tend to be s m a l l e r 
In magni tude than the ve r t i ca l components ; the magni tude of the max-
imum hor izonta l ve loci ty component i s about one th i rd of the magnitude 
of the max imum v e r t i c a l component . 

Gray (18) has exper imen ta l ly examined two-d imens iona l descend-
ing p lumes f o r m e d by the d i s cha rge , into c l e a r w a t e r , of wa t e r con-
taining non-buoyant p a r t i c l e s . It has been found that , in those ca ses 
in which the velocity of the plume cap exceeded a veloci ty r ep resen ta t ive 
of the se t t l ing veloci ty (in quiescent fluid) of the p a r t i c l e s within the 
plume - that i s , when V ,̂ ^ Vg - the behaviour of the turb id plume was 
genera l ly s i m i l a r to that of a s a l t - w a t e r p lume of s i m i l a r p r o p e r t i e s 
( although the turb id plume was somewhat m o r e s l ende r than the 
cor responding s a l t - w a t e r p lume) . When, however , a tu rb id p lume 
commenced to descend with a veloci ty l e s s than the r e p r e s e n t a t i v e 
qu iescen t - f lu id set t l ing veloci ty of the p a r t i c l e s within the p lume -
that i s , with Vc ^ Vg - the p lume did not main ta in i t s identity« The 
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p a r t i c l e s f e l l through the plume cap, and descended as a turb id 
cloud which l acked the c h a r a c t e r i s t i c f o r m of a p lume and which 
fe l l a t the qu ie scen t - f lu id se t t l ing veloci ty of the p a r t i c l e s . 

If the veloci ty d is t r ibu t ion within G r a y ' s turb id p lumes con-
f o r m e d to the d i s t r ibu t ion de t e rmined by Tsang , then the r e s u l t s of 
G r a y ' s e x p e r i m e n t s would imply that a non-buoyant pa r t i c l e could be 
suspended within an eddy only if the m a x i m u m ver t i ca l component of 
the f luid veloci ty within the eddy w e r e equal to, o r g r e a t e r than, 1, 6 
t i m e s the se t t l ing veloci ty of the pa r t i c l e in the quiescent fluid - that 
i s , if Ue /Vg - 1 . 6 . It cannot be validly a s s u m e d that the veloci ty 
d is t r ibu t ion within the turb id p lumes conformed exactly to that 
der ived by Tsang , p a r t i c u l a r l y in view of the fac t that the turbid 
p lumes a r e "d r i ven" by the suspended p a r t i c l e s t h e m s e l v e s . Fur the r -
m o r e , the condit ions p reva i l i ng in the p lume expe r imen t s do not con-
f o r m to the condit ions which apply in the p re sen t invest igat ion, and 
it i s f o r t h e s e l a t t e r spec i f i c condit ions that the c r i t e r i o n of Section 
6„ 3o 2 has been e s t ab l i shed . Some m e a s u r e of a g r e e m e n t does exis t , 
however , (at l e a s t a s to o r d e r of magnitude) between the value (2.7) 
of the n u m e r i c a l coef f ic ien t in Equat ion (6,4) , p . 109, which def ines 
the c r i t e r i o n fo r p a r t i c l e suspens ion es tab l i shed in the p r e s e n t in-
ves t iga t ion , and the co r r e spond ing value (1, 6) which i s indicated by 
the r e s u l t s of the p lume e x p e r i m e n t s r e f e r r e d to above. 
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Woodward (49) has experimentally determined the distribution 

of velocities in a three-dimensional cloud of salt water descending 

through fresh water. By analogy, the measured velocity distribution 

has been assumed to apply in a buoyant "thermal" - a body of heated 

air ascending through cooler air. The experimental velocity distrib-

utions have indicated that the extreme values of the vertical compo-

nents of the velocity of the fluid relative to the plume cap have mag-

nitudes of about 1, 6Vc, where VQ is the velocity of the cap. This re-

sult is in close agreement with that of Tsang, discussed earlier in 

this section. 

Woodward has concluded, apparently on the basis of numerical 

computation of particle trajectories, that a particle which is over-

taken by such a plume, or which falls into the plume, may be en-

trapped within the plume and suspended indefinitely within it, if the 

settling velocity of the particle in the quiescent fluid is less than 1, 6 

times the velocity of the plume cap. This conclusion, together with 

the observed ratio between the extreme magnitudes of the vertical 

fluid velocities and the velocity of the cap, as described in the pre-

ceding paragraph, implies a value of unity or more for the coefficient 

in Equation (6,4), p, 109 - that is, it implies that Ug - 1.0 Vg if sus-

pension of the particle is to occur. As before, direct comparison 

of the results is not valid, in view of the differing specific conditions 

applying in the different investigations. Once again, however, the 
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order of magnitude of the numerical coefficient in Equation (6» 4) is 

confirmed, 

Jobson and Sayre (25) have compared the experimentally-

determined fall velocities of particles falling through turbulent flows 

with the settling velocities of the particles in quiescent fluid. The 

experimental particles consisted of sand grains and glass beads. The 

sand grains had a representative diameter of 0<,39 mm, a specific 

gravity of 2. 65 and a settling velocity in quiescent water (at 24°C) of 

about 63 mm, sec."^o The glass beads were 0. 12 mm in diameter^ 

with a specific gravity of 2.42 and a settling velocity in quiescent 

water (at 24°C) of about 11 mm, sec. The fall velocities of the 

particles were determined in turbulent water flows in which the mean 

velocities were approximately 290, 570 and 880 mm, sec. 

In ail three of the experimental flows, suspension of the particles 

failed to occur, and the particles fell through the flow. Direct comp-

arison of this result with the criterion expressed in Equation 6. 4, 

p, 109 is not possible. The criterion of Equation 6.4 is restricted to 

the specific conditions which applied in the computations from which the 

criterion was derived. Accordingly, it is restricted to the specific 

velocity distribution which existed in the model eddy field, and to 

particle trajectories with a specific starting point, relative to the eddy 

centreso There is no evidence that similar conditions existed within 

the experimental f lows. The relationship between the known para-



124, 

meters of the experimental f lows and the quantity corresponding to 

Ue (the characteristic velocity within the model eddy field) is unknown. 

The possibility of agreement^ at least as to orders of magnitude, is 

not, however, precluded» The application of the criterion of 

Equation 6,4 would indicate values of U^c (the critical value of the 

characteristic velocity within the model eddy field, for suspension of 

the particle) of about 170 mm sec,~^ for the sand grains, and about 

30 mm, s e c , " ^ f or the glass beads. The most extreme of the ex-

perimental results^ in which the glass beads were not suspended in a 

flow with a mean velocity of 880 mm, sec"^, indicates that the quan-

tity corresponding to Ue had a magnitude less than about 3 per cent of 

the mean velocity. This result is within (albeit perhaps towards the 

lower end of) the range of credibility. 

The experiments of Job son and Say re indicated that the ratio of 

the fall velocity in the turbulent flow to the settling velocity in quiesc-

ent water (Vf /Vg) had, for the sand grains, values of 1 ,06, 1,03 and 

1, 04 in the three flows^ which had mean velocities of 290, 570 and 

880 mm, sec" ^ respectively. For the glass beads, the corresponding 

values of the ratio Vf /Vg were 1,39, 1,65 and 1,40 respectively. In 

common with the other results of the present investigation. Figure 23 

is specific to the particular conditions which applied in the trajectory 

computations on which it is based, and no claim as to its general 
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validity can be made. If, however. Figure 23 is compared with the 

experimental values of the ratio Vf /Vg. some measure of agreement 

is in evidence. For a given value of Ug. the ratio Ug/Vg for the 

glass beads will be some six times as great as the corresponding value 

for the sand grains. Accordingly, values of Ug/Vg for the sand grains 

might be expected to lie towards the left of Figure 23, Values of 

Ug/Vg for the glass beads might be expected to lie towards the right 

(but short of the zone denoting suspension of the particle). Under 

these conditions, the values of the ratio Vjp/Vg, as indicated by the 

curve of Figure 23, would be in some measure of agreement with the 

experimental results of Jobson and Sayre, as quoted above, 

6, 3, 6 The Interchange of Energy between a Suspended Particle and 
the Surrounding Fluid 

In the development of the computer program for the computation 

of the trajectories of particles within the model eddy field (as 

described in Chapter 4 above) provision was made for the examination 

of the interchange of energy between the particle and the fluid» This 

feature of the program is described in detail in Section 4,4o 

A particle trajectory such as that illustrated in Figure 17 is 

markedly asymmetric about the line X = 0,0, When a particle 

traverses such a trajectory, it is evidently possible that the particle 

will effect a net transfer of energy between different zones of the eddy -

that is, between annular zones located at varying radii from the eddy 
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centre. While the particle is falling (that is, while the vertical 

component of its velocity is directed in the negative sense) the 

particle will contribute energy, at the expense of its potential energy^ 

to the fluid. Conversely, while the vertical component of the particle 

velocity xS directed in the positive sense, the potential energy of the 

particle will be augmented at the expense of the energy of the fluid. 

Examination of Figure 17 indicates that, in general, the particle tends 

to be closer to the eddy centre while traversing those segments of its 

trajectory in which it contributes a portion of its potential energy to 

the fluids than while traversing those segments of its irajectory LQ 

which it gains potential energy from the fluid. Accordingly, it is 

implied that a transfer of fluid energy towards the eddy centre will 

occur, during a particle's traverse of a trajectory such as that illus-

trated in Figure 17, 

The results of the calculation of particle-fluid energy interchange 

are discussed in detail in Appendix VII, The results confirm that a 

particle's traverse of a trajectory such as that shown in Fig, 17 will 

effect a net transfer of energy between different annular zones of the 

eddy. 

The quantitative results, and the sense of the net energy transfer 

(towards the eddy centre, in the case of a trajectory such as that shown 

in Figo 17) are specific to the particular conditions which applied in the 

computations carried out. The results are, in particular, dependent 
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upon the f o r m of the velocity distribution specified within the model 

eddy field. They lead, however, to the general conclusion that^ in 

any case in which a non-buoyant particle is suspended within an eddy, 

the particle will acquire energy f rom the fluid in zones of the eddy in 

which the fluid energy is relatively high, and will contribute energy to 

the fluid in zones of the eddy in which the fluid energy is relatively low. 

In a real fluid, the process of energy transfer (in either sense) will not 

be a completely efficient one. When energy is transferred f rom the 

fluid to the particle, some energy will be transformed into thermal 

energy, within the wake of the particle. A similar transformation of 

energy into thermal energy will occur when a transfer of energy f rom 

the particle to the fluid occurs . Accordingly, a particle 's traverse 

of a closed trajectory within an eddy will cause a reduction in the 

available energy of the fluid within.the eddy» This conclusion is con-

sistent with the body of empirical evidence which indicates that the 

presence of suspended material accelerates the degradation of the 

energy of a flowing fluid, 

60 3o 7 The Spiral Form of the Trajectory of a Non-Buoyant Particle 
Suspended within an Eddy 

In the preceding discussion of the computed particle trajectories, 

it has been noted that when a non-buoyant particle appears to be sus-

pended within an individual eddy of the model eddy field, the computed 

particle trajectory does not return precisely to its starting point. 
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Such a t r a j e c t o r y , with i t s s t a r t i n g point at the point (XQ, YQ), a f t e r 
execut ing one c i rcu i t of the eddy p a s s e s th rough a point (XQ, YQ + AY) 
whe re AY i s a s m a l l quanti ty which i s pos i t ive if YQ i s g r e a t e r than 
z e r o . In other w o r d s , the t r a j e c t o r y f o r m s a s p i r a l , r a t h e r than a 
c losed cu rve . In o r d e r to i l l u s t r a t e th is e f fec t , r e f e r e n c e m a y again 
be made to the t r a j e c t o r y No, 610101-620101 (Appendix III), The 
s t a r t ing point of th is t r a j e c t o r y i s at the point (0, 00, 15^00) and a f t e r 
one c i rcu i t of the eddy the t r a j e c t o r y p a s s e s through the point (0,0000, 
15,0174) - a s indicated by in te rpola t ion between the computed points 
which l ie c loses t to , and one each side of, the l ine X = 0, 0» It is 
evident that the sp i r a l effect i s of r e la t ive ly s m a l l magni tude: it is 
s c a r c e l y d i s ce rn ib l e in the plot of th is t r a j e c t o r y in F i g u r e 17, 

The s p i r a l f o r m of a p a r t i c l e t r a j e c t o r y has been examined 
analy t ica l ly by Mantón (30) f o r c a s e s in which the p a r t i c l e t r a j e c t o r y 
devia tes l i t t l e f r o m the s t r e a m l i n e which p a s s e s through i t s s t a r t ing 
point o If the densi ty of the p a r t i c l e d i f f e r s f r o m that of the f luid, 
then the local cu rva tu r e of the p a r t i c l e t r a j e c t o r y at any point will 
d i f fe r f r o m the cu rva tu re of the f luid s t r e a m l i n e at that points as 
d i scussed in Section 5c 2, The f o r c e s which ac t on an e lementa l 
body of f luid a r e just suff ic ient to cause that e l emen t of f luid to follow 
a path which (for s teady flow) con fo rms to the loca l s t r e a m l i n e pat tern. 
If the e lement of fluid is now r ep l aced by a r ig id p a r t i c l e of a density 
d i f f e ren t f r o m that of the fluid, and if it i s a s s u m e d that the f o r c e s 
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acting on the rigid particle are unchanged from those which acted 

the fluid element, then the curvature of the trajectory of the rigid 

particle will differ from the curvature of the streamlines. In such 

a case, an acceleration of the particle relative to the surrounding 

fluid will occur. In these circumstances, the response of the 

particle to the forces acting on it, and hence the curvature of the 

particle trajectory, will also be affected by the added mass of the 

particle. If the density of the particle is greater than that of the 

fluid, the curvature of the particle trajectory will be less than that of 

the streamlines. Accordingly, in the case of a non~buoyant particle 

whose trajectory deviates only slightly from the streamline which 

passes through the starting point, the trajectory will at all points be 

of lesser curvature than the local streamline pattern, and hence the 

particle trajectory will spiral outwards. 

The present investigation is concerned with a non-buoyant part-

icle which is subject to the action of gravity. Since the density of 

the particle is greater than that of the fluid, the particle trajectory 

may be expected to be everywhere of lesser curvature than the local 

streamlines. The effect of the gravitational force, however, causes 

the particle trajectory to deviate from the streamline which passes 

through the starting point of the trajectory = as illustrated by comp-

arison of Figure 17 with Figure 4, Consequently, the comparison of 

curvature of the trajectory with local streamline curvature is incon-
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elus ive , insofa r a s p red ic t ion of the sp i r a l f o r m of the t r a j e c t o r y 
is conce rned . 

The s p i r a l f o r m of the computed p a r t i c l e t r a j e c t o r i e s is f u r t h e r 
d i s c u s s e d in Appendix VIIL The s p i r a l phenomenon a p p e a r s to be 
of no m o r e than secondary s ign i f icance , in the examinat ion of the 
t r a j e c t o r i e s of p a r t i c l e s within the model eddy f ie ld - except pe rhaps 
in the case of a p a r t i c l e which fol lows a t r a j e c t o r y of ve ry sha rp 
c u r v a t u r e , c lose to an eddy c e n t r e . The s p i r a l e f fec t will be of 
even l e s s s igni f icance in the c a s e of a r e a l tu rbulent flow - the effect 
a p p e a r s unlikely to be impor tan t u n l e s s the p r o p e r t i e s of the fluid 
motion r e m a i n constant f o r p e r i o d s of t ime which a r e at l e a s t severa l 
t i m e s a s g r ea t a s the t i m e taken fo r the p a r t i c l e to execute one circui t 
of the eddy. It a p p e a r s unl ikely that th is condition would be r ea l i sed 
in an ac tua l turbulent f low. 

6 , 3 , 8 The Synrmietry of the Computed P a r t i c l e T r a j e c t o r i e s 
The computed t r a j e c t o r i e s of p a r t i c l e s within the model eddy 

f ie ld exhibit ce r t a in s y m m e t r i e s in t he i r ove ra l l f o r m s . The sp i ra l 
f o r m of the t r a j ec to r i e s^ d i s cus sed in Section 6 , 3 . 7 , in t roduces a 
m e a s u r e of asymmet ry^ The de fo rma t ions of the t r a j e c t o r i e s due 
to the sp i r a l phenomenon a r e however s m a l l in c o m p a r i s o n with the 
overa l l d imensions of the t r a j e c t o r i e s ^ and if this e f fec t is d i s rega rded 
c l ea r ly defined overa l l s y m m e t r i e s a r e in evidence^ 

The computed t r a j e c t o r i e s of neu t r a l ly -buoyan t p a r t i c l e s within 
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the model eddy field (as described in Section 5.2) conform closely 

to the form of the streamlines of the model eddy. The overall form 

of these trajectories consequently exhibits the inherent symmetry of 

the streamline pattern » Of greater interest, however, are the traj -

ectories of non-buoyant particles within the model eddy field (as 

described in Section 6. 3, 2). Overall symmetries are in evidence in 

trajectories of both the closed and open formso 

In a computed trajectory of the closed form, as typified by 

the trajectory illustrated in Figure 17, that section of the trajectory 

which is located within the second quadrant is essentially a reflection^ 

in the line Y = OoO, of the section of the trajectory which is located 

within the first quadrant. The section of the trajectory which is lo-

cated within the fourth quadrant is essentially a reflection, in the line 

Y = 0,0, of the section located within the third quadrante In this 

context, the quadrants are numbered clockwise, in the order in which 

the particle traverses them during its circuit of the eddyo The quad-

rant in which both X and Y have positive values is designated as the 

firsto 

No symmetry about the line X = Oo 0 is in evidence^ In factp 

Figure 17 indicates a marked assymetry about this line. 

In the case of a computed trajectory of the unclosed form - that 

is, the trajectory of a particle which is falling through the model eddy 

field - as typified by the trajectory shown in Figure 18, similar symm^ 
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etries are in evidence. The first two sections of the trajectory are 

reflections in the line Y = 0,0, and the following two sections are 

reflections in the line Y = - Yc - that is, in the line which is parallel 

to the X coordinate axis and which passes through the centre of the 

eddy located next below the eddy on which the first two sections of the 

particle trajectory are centred. Hence, the trajectory of a particle 

falling through such a field (of uniformly-spaced eddies, of uniform 

and constant properties) will form a curve which is essentially periodic 

in nature. The long-term average fall velocity of a particle falling 

through such an eddy field will, accordingly, be closely approximated 

by the particle's average velocity of fall through one "wave length" of 

the trajectory - that is, by the average fall velocity between the 

particle's starting point at (0.0, YQ) and the point (0,0, - (2Yc - YQ) ) 

where Yc is the spacing of the eddy centres in the y coordinate direction. 

Further discussion of the symmetry of the computed particle traj-

ectories is presented in Appendix IX. 
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Experiments on the Process of Turbulent Entrainment across a 
Density Discontinuity 

7o 1 Introduction 

As pointed out in Chapter 1, it appears that the flow within a 

turbidity current must be turbulent, if the turbidity current is to 

maintain its identity throughout an extended period of time. Unless 

the flow is turbulent, the non-buoyant particulate material within the 

current will progressively be removed from suspension by settlement 

to the bed, with a concurrent progressive loss of identity of the turbidity 

current. The occurrence, however, of turbulent flow within the tur-

bidity current will be accompanied by the phenomenon of turbulent 

entrainment. In general, with turbulent flow within the current^ am-

bient fluid will be entrained across the interface and will be incorp-

orated into the moving turbidity current. The entrained elements of 

ambient fluid will, in general, possess less momentum (per unit vol-

ume) than will the fluid within the turbidity current, and hence the 

process of entrainment will lead to a reduction in the momentum (per 

unit volume) of the turbidity current. At the same time, the process 

of entrainment of ambient fluid will tend to reduce the difference be-

tween the density of the fluid within the turbidity current and that of 

the ambient fluid. Consequently, the forces which sustain the 

motion of the turbidity current will be diminished. 

Accordingly, it is evident that the process of turbulent entrain-
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ment will be one of the factors which affect the persistence or 

stability of a turbidity current. The experiments to be described 

within this chapter were designed to provide some insight into the 

phenomenon of turbulent entrainment, in the context of the be-

haviour of a turbidity current. These experiments chronologically 

preceded the investigation described in Chapters 2 to 6 above, and it 

was the outcome of such experiments which led to the conclusion that 

a more complete understanding of the process of suspension of a non-

buoyant particle within a turbulent flow was a pre-requisite to a full 

insight into the behaviour of a turbidity current. 

Previous laboratory investigations of the phenomenon of turbu-

lent entrainment have been concerned with non-suspension density 

currents - that is, with density currents in which the density differ-

ences were due to temperate differences, or to differences in the con-

centrations of dissolved salts - Ellison and Turner (15), Turner (48). 

The difficulties involved in forming and maintaining model turbidity 

currents in the laboratory have discouraged the performance of ex-

periments which might yield insight into the phenomenon of turbulent 

entrainment as applying to a turbidity current. One of the objectives 

of the investigation at present under discussion was the examination 

of the validity with which data derived from experiments on non-

suspension density currents might be applied in the prediction of 

rates of turbulent entrainment of ambient fluid into a turbidity current. 



135. 

In the experiments to be described, a turbulent density current 

was simulated, in the laboratory, by a layer of fluid in which no 

mean motion existed, but which was stirred by the motion of an osc-

illating metal grid within the fluid layer. The stirred layer was one 

of a series of stably density-stratified fluid layers. The experiments 

involved the measurement of the rates at which fluid was entrained 

across the density discontinuity which separated the stirred layer 

from the adjoining layer. 

In the present investigation, a comparison has been made be= 

tween rates of turbulent entrainment across density discontinuities 

in which the density differences were due to temperate differences, 

salinity differences, and to the presence of suspended material within 

a fluid layer. Similar experiments, with density differences due to 

differences in temperature and salinity, have been described by 

Rouse and Dodu (41), Cromwell (11) and Turner (48), Thompson (45) 

has examined the fluid motions induced by oscillating grids in density-

stratified systems. The experiments of Rouse (39) on the mechanics 

of particle suspension - referred to in Chapter 2 above - were 

carried out in apparatus of a generally similar type, 

7, 2 The Experimental Apparatus 

The apparatus in which the experiments were carried out is 

shown schematically in Figure 25. It consisted essentially of a 

cylindrical tank, constructed of rigid PVC plastic. The internal 



136. 

diameter of the tank was 200 mm. Its depth was originally 500 mm, 

but a false floor was subsequently added, reducing the working depth 

to 429 mm. The tank was fitted with a baffled inlet at the top, and an 

outlet which permitted the withdrawal of fluid from the lower part of 

the tank. 

Turbulent flow in a layer of fluid was simulated within the tank 

by the fluid motions induced by the motion of an oscillating metal 

grid. The grid consisted of brass bars, 10 mm wide and approxim-

ately 3 mm (actually, 0. 125 inches) in thickness, forming a square 

grid with the centres of the bars spaced at 50 mm in each direction. 

The grid was mounted on a central vertical shaft, and was oscillated 

vertically in simple harmonic motion. The mid-stroke position of 

the grid relative to the floor of the tank was adjustable. The grid 

was driven by an electric motor, power transmission being by 

means of a variable-speed belt drive system which permitted 

variation of the frequency of oscillation of the grid. Provision was 

made for variation of the amplitude of oscillation (stroke) of the 

grid, but in the experiments to be described the stroke was maintained 

constant at 10 mm. Provision was made for the fitting of additional 

grids, with the addition of shaft extensions of length equal to the re-

quired distance between the grids. 

The tank was fitted, at its original mid-depth, with a sliding 

horizontal partition. The partition consisted of a sheet of rigid 
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PVC plastic 1 mm in thickness. It could be moved across the tank 

to separate the upper half from the lower, or could be completely 

withdrawn from the tank as required. The partition was moved man 

ually, by means of a rack and pinion drive. The partition was em-

ployed in the establishment of the density- stratified system prior to 

the start of each experiment, as described in Section 7,3 below. 

The tank was fitted with a removable insulating jacket of poly-

urethane foam, in order to eliminate the effects of heat transfer to 

or from the surroundings, 

7, 3 The Experimental Procedure 

Before the start of each experiment, it was necessary to set 

up in the tank a density- stratified system consisting of two layers of 

fluid, of different densities. It was required that the density wit.hin 

each fluid layer should be (as nearly as possible) constant throughout 

the depth of the layer, and that a sharp density discontinuity should 

occur at the interface between the layers. 

In the case of a density difference which is due to the presence 

of non^buoyant suspended material within a fluid layer, the establish 

ment of the density-stratified system is complicated by the tendency 

of the non-buoyant material to settle towards the bottom of the tank,. 

The horizontal sliding partition fitted at the mid-depth of the tank 

was designed to overcome this, difficulty, as described in the follow 

ing paragraphs. 
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The fluid which was to comprise the lower, more dense, layer 

was first pumped into the tank, until its surface reached an elevation 

just above that of the sliding partition. The partition was then closed 

across the tank, and the small amount of fluid v/hich remained above it 

was removed, by means of a sponge. In those cases in which the 

lower fluid layer consisted of a suspension of non-buoyant particles, 

stirring of the suspension by means of the oscillating grid was carried 

out during these operations. 

The less dense fluid which was to form the upper layer was then 

pumped into the tank, above the partititon. The apparatus was 

allowed to stand for about one hour, in order to permit the dissipation 

of most of the fluid motion (in the unstirred layer) arising from the 

placing of the fluid into the tank. The sliding partition was then 

withdrawn. The withdrawal of the partition was carried out slowly, 

and as smoothly as possible, in order to minimise the disturbances 

created at the interface. 

In the case of experiments in which the density difference was 

due to the presence of suspended material within the lower layer, 

stirring was continued during the withdrawal of the partition, and 

entrainment of fluid across the interface commenced as soon as the 

partition was withdrawn. In the case of experiments in which the 

density difference was due to a salinity difference or to a temperature 

difference, stirring was not commenced until after the partition had 
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been wi thdrawn. 

A f t e r wi thdrawa l of the pa r t i t ion , ad jus tment of the elevat ion 
of the i n t e r f a c e was pos s ib l e by the addition of f luid to one l a y e r and 
the s imul t aneous d i sp l acemen t of fluid f r o m the other l a y e r . Such 
addit ions and wi thd rawa l s of f luid were made at a ca re fu l ly regula ted 
r a t e , in o r d e r to m i n i m i s e the genera t ion of d i s tu rbances at the inter-
face ̂  A l t e rna t ive ly , the elevat ion of the in te r face could be ad jus ted 
by p e r m i t t i n g the s t i r r e d l a y e r to i n c r e a s e in volume, and the un-
s t i r r e d l a y e r to d e c r e a s e in volume, a s a r e s u l t of the p r o c e s s of 
turbulent e n t r a i n m e n t . 

The bas i c working fluid in al l exper imen t s was dis t i l led w a t e r . 
In those e x p e r i m e n t s in which the densi ty d i f fe rence was due to a sa l -
inity d i f f e r e n c e , sodium chlor ide was dissolved in the water which was 
t o f o r m the lower layer» In the exper imen t s involving a densi ty 
d i f f e rence due to a t e m p e r a t u r e d i f f e rence , the lower l ayer cons is ted 
of me l t ed i ce , the upper l a y e r being at ambient t e m p e r a t u r e . The 
p a r t i c l e suspens ions cons i s ted of suspens ions of bentonite^ manually 
d i s p e r s e d in d is t i l l ed water., In the expe r imen t s with density differ--
ences due to sa l in i ty d i f f e r e n c e s and t e m p e r a t u r e d i f f e r ences , the 
posi t ion of the i n t e r f a c e was made vis ible by the addition of dye to one 
of the f luid l a y e r s , o r (occasional ly) the addit ion of dyes of d i f ferent 
co lours to the two l a y e r s . The cloudy appea rance of the bentonite 
suspens ions r e n d e r e d the i n t e r f a c e v is ib le , without the addit ion of dyes 
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When one l a y e r w a s s t i r r e d by m e a n s of the o sc i l l a t i ng g r i d , 
f luid f r o m the ad j acen t u n s t i r r e d l a y e r was en t r a ined into the s t i r r e d 
l a y e r . A s a r e s u l t , the s t i r r e d l a y e r tended to i n c r e a s e in volume, 
and the u n s t i r r e d l a y e r tended to d e c r e a s e in vo lume . The i n t e r -
f a c e accord ing ly tended to move away f r o m the m i d - s t r o k e posi t ion of 
t h e osc i l l a t ing gr id . By pumping into the u n s t i r r e d l a y e r (at a r eg -
ula ted ra te ) addit ional f luid of the s a m e dens i ty a s the f luid a l r eady 
within that l a y e r , and d isp lac ing (at an equal r a t e ) f luid f r o m the 
s t i r r e d l a y e r , it was poss ib le to main ta in the i n t e r f a c e a t a constant 
e levat ion within the tank . In th i s way, the d i s t ance be tween the in te r -
f ace and the m i d - s t r o k e posi t ion of the g r id was kept constant through-
out each expe r imen t . M e a s u r e m e n t of the r a t e at which f luid was 
d isp laced f r o m the s t i r r e d l a y e r then provided a d i r e c t m e a s u r e of the 
r a t e a t which f luid was en t ra ined a c r o s s the i n t e r f a c e . 

Throughout each expe r imen t , the i n t e r f a c e was main ta ined a s 
c l o s e l y a s poss ib l e a t a p r e d e t e r m i n e d elevat ion (marked by a l ine on 
t h e tank wall) by manua l ly r egu la t ing a valve which cont ro l led the r a t e 
at which f luid was admi t ted to the u n s t i r r e d l a y e r . Small a p e r t u r e s 
in the insu la t ing jacket a l lowed the i n t e r f a c e and the r e f e r e n c e l ine to 
be o b s e r v e d . 

The b a s i c quanti ty which was to be d e t e r m i n e d was the r a t e at 
which f luid was en t r a ined a c r o s s the i n t e r f a c e . If it i s a s s u m e d that 
the e n t r a i n m e n t of f luid o c c u r s u n i f o r m l y over the fu l l a r e a (in plan) of 
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the interface, then the rate of entrainment may be expressed as a 

velocity. This entrainment velocity is equal in magnitude to the vei -

ocity with which the interface would move away from the mid-stroke 

position of the oscillating grid if no fluid was added to or withdrawn 

from the tank during the experiment. When the experiment is con-

ducted as described in the preceding paragraphs, with the addition of 

fluid to (and displacement of fluid from) the tank, then the entrainment 

velocity is given by 

1 dV . . 
^e = A T ' ^ 

where Ve = the entrainment velocity 

Ai = the area of the interface, in plan 
dV = an incremental volume of fluid displaced 

from the tank 
dt = an element of time 

The fluid which was displaced from the stirred layer was collected 

in a graduated measuring cylinder. At successive times throughout the 

course of an experiment^ the volume of fluid collected up to that time 

was recorded. From this record, a curve of cumulative volume 

against time (as shown in Figure 26) was prepared. The value of en-

trainment velocity Vg at any given time during the experiment could 

accordingly be calculated, by means of Equation (7,1), 

Throughout each experiment, the density of the unstirred layer 

remained constant, whilst the density of the stirred layer progressively 
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approached that of the unstirred layer - that is, the difference be-

tween the densities of the two layers approached zero. At intervals 

throughout each experiment, the density of the stirred layer was meas-

ured and recorded. In the case of experiments in which the density 

difference was due to a temperature difference, the density was de-

duced from the layer temperature as measured by the thermometer 

fitted to the tank, on the basis of the temperature-density data for 

water contained within Reference (20), In the case of salinity differ-

ences, the density of the stirred layer was determined by measuring 

the electrical conductivity of the fluid within the layer, a correlation 

between conductivity and density having been established in the course 

of the investigation. The densities of particle suspensions were de-

termined by withdrawing small samples of the suspension from the tank 

and (after weighing the sample) evaporating the water content. With 

the mass of the water content of a sample - represented by the loss 

of mass in drying - and the mass of the solid residue determined, 

the density of the suspension could be calculated, 

A second estimate of the entrainment rate was deducible, from 

the rate of change of the density of the stirred layer: 

V - - ^ d ( A p ) 
A/) • dt ^ 

where Vg = the entrainment velocity 

h = the depth of the stirred layer 
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A/̂  = the difference between the density of the stirred 
layer and that of the unstirred layer 

t = time 

Equation (7.2) was used to check values of the entrainment 

velocity calculated from Equation (7,1), In general, close agree-

ment was obtained, except in the case of determinations made in the 

later stages of an experiment when the rate of entrainment was high 

and the control of the experiment became increasingly difficult» 

A typical set of experimental results is shown in Figure 26, 

The data plotted represent the experimental observations of the cum-

ulative volume of fluid displaced from the stirred layer, and the meas-

ured difference between the density of the stirred layer and that of the 

unstirred layer. These quantities are plotted against a time base. 

Also shown are the two sets of values of entrainment velocity, derived 

from the volumetric measurements by means of Equation 7, 1 and 

from the measurements of the density difference by means of Equation 

7.2, respectively. As stated above, the values of entrainment vel-

ocity are in close agreement, except in the later stages of the ex-

periment. 

7.4 Dimensional Analysis of the Process of Turbulent Entrainment 

With the benefit of some insight into the entrainment process 

which was obtained only in the course of the experimental investigation 

at present under discussion, it was concluded that the significant 
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variables in the process of entrainment across a density discon-

tinuity by grid-induced fluid motions are as follows:-

Vg the entrainment velocity 

ft the density of the stirred layer 

A/0 the difference between the density of the stirred 

layer and that of the unstirred layer 

D the molecular diffusivity of the property causing 

the density difference 

di the distance between the mid- stroke position of the 

grid and the interface 

u a velocity scale of the fluid motion 

1 a length scale of the fluid motion 

and g the gravitational acceleration 

It is to be noted that the fluid viscosity has not been included in 

the list of significant variables. The omission of viscosity is consistent 

with the conclusions of Turner (48) who has examined the significance of 

viscosity in connection with his experiments on turbulent entrainment 

across density discontinuities which were due to temperature differences 

and salinity differences. In the experiments carried out in the course 

of the present investigation, variations in the viscosity were small, and 

the hypothesis that viscosity is not a significant variable has been con-

firmed as described in the following paragraphs. 

A s discussed in Section 7, 6 below, the experimental results which 

are presented in Figure 27 indicated that, under given conditions, the 
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rate of entrainment across a density discontinuity which was due to 

a bentonite suspension would be less than that across a density dis-

continuity due to a salinity difference. If the difference between the 

entrainment rates was caused by a difference in viscosity, it would be 

expected that the difference (in entrainment rates) would be enhanced, 

if the distance between the grid and the interface was increased. A 

series of supplementary experiments indicated^ however, that this 

was not the case. 

In order to gain further insight into this aspect, an additional ex-

periment was carried out, with stirring in each of two fluid layers. 

The lower layer was a bentonite suspension^, and the upper layer was 

clear water. The driving shaft was fitted with two grids, one of 

which stirred each layer. Experiments with stirring in two layers 

have been discussed by Turner (48), Preliminary experiments 

carried out in the course of the present investigation confirmed that, 

in essence, the two entrainment systems (one of which is associated 

with each grid) are superimposed. Under these conditions, entrain-

ment takes place across the interface in both senses. In the ex-

periment at present under discussion, the interface was initially 

closer to the lower grid than to the upper. During the course of the 

experiment, however, the interface moved to a position midway be-

tween the grids, and subsequently remained in that position. It was 
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accordingly concluded that the rates of entrainment in the two 

directions were dependent upon the respective grid-interface distances 

and that any difference between the viscosities of the fluids in the two 

layers had no significant effect. 

Accordingly, it was concluded that the fluid viscosity is not a sig-

nificant variable in the process of turbulent entrainment, in the context 

of the experiments at present under discussion (in which viscosity 

variations were small). 

It is assumed that, for a grid of given geometry, the velocity 

scale u and the length scale 1 of the relevant fluid motion depend upon 

the stroke of the grid, the frequency of oscillation n of the grid and the 

grid-interface distance di. Under these conditions, if the grid stroke 

and the grid-interface distance dĵ  have constant values, as was the 

case in the series of experiments whose results are represented in 

Figure 27, then the independent, non-constant dimensionless parameters 

into which the relevant variables may be grouped are as follows:-

a Richardson Number 
P u^ 

a Peclet Number and 

a velocity ratio u 

7.5 The Results of the Experiments 

7. 5.1 Qualitative Observations 

Prior to the discussion of the quantitative results of the ex 
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periments, it is appropriate to record some observations concerning 

the qualitative nature of the process of entrainment across a density 

discontinuity, as demonstrated in the experiments at present under 

discussion. 

Throughout the course of each experiment, the rate of entrainment 

across the density discontinuity was observed to increase progressively. 

Concurrently, the difference between the density of the stirred layer 

and that of the unstirred layer progressively diminished, as indicated 

in Figure 26, Accordingly, it was concluded that under given con-

ditions the rate of turbulent entrainment across a density discontinuity 

will depend upon the difference between the densities of the fluids in 

the two adjacent layers . The rate of entrainment will increase as the 

density difference decreases . 

The experiments demonstrated that a density discontinuity con-

stitutes a spectacularly effective barrier to the transfer of fluid mo-

mentum, The fluid motions induced by the oscillating grid were almost 

entirely confined to the stirred layer. By extension, the density dis-

continuity at the interface between a turbidity current and the ambient 

fluid might be expected to constitute a similarly effective barrier to the 

diffusion of turbulence generated by the motion of the fluid within the 

turbidity current. 

The effectiveness of the density discontinuity as a barrier to 

momentum transfer was demonstrated by dropping small crystals of 
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potassium permanganate through the two layers of fluid within the tank. 

In the stirred layer, the resulting dye streaks were dispersed within 

a few seconds of their formation. In the unstirred layer, on the other 

hand, the streaks persisted almost indefinitely. Whilst the motion 

within the stirred layer was relatively vigorous, the dye streaks in-

dicated that within the unstirred layer no significant motion occurred, 

except in the immediate vicinity of the interface. Within this region 

of the unstirred layer, some motion was in evidence, and was appar-

ently associated with the distortion of the interface. 

The effectiveness of a density discontinuity as a barrier to the 

transfer of fluid momentum is of significance in the context of the per-

sistence or stability of a turbidity current. It leads to the inference 

that the maintenance of non-buoyant material in suspension within a 

turbidity current must be dependent primarily upon turbulence gen-

erated within the turbidity current itself. The effectiveness of the 

interface as a barrier to momentum transfer may render relatively 

ineffective (insofar as the suspension of material within the turbidity 

current is concerned) fluid motions which might be transmitted into 

the turbidity current from a source outside the current. 

With two fluid layers in the tank, one being stirred and the other 

unstirred, the interface was observed to be distorted into a series of 

wave-like "domes" or "billows" which were concave to the stirred 
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layer. The domes were transitory; a recognisable form might 

persist for a period of the order of one second. A typical dimension 

(in plan) of a dome was of the order of some tens of millimetres. 

With stirring in one fluid layer, the entrainment of fluid 

across the interface was observed to be essentially a one-way process» 

Any elements of fluid from the stirred layer which penetrated into the 

unstirred layer (beyond the general level of the interface) appeared to 

move back into the stirred layer without evidence of any significant 

mixing. On the other hand, fluid from the unstirred layer was ob-

served to be entrained into the stirred layer in a process which 

appeared to conform closely to the description presented by Phillips 

(36), From cusps at the extremities of the domes or billows on the 

interface, streamers or sheets of fluid from the unstirred layer were 

observed to be drawn down into the stirred layer. A portion of the 

fluid within such a streamer was entrained into the stirred layer; the 

remainder returned to the interface under the action of gravitational 

and buoyant forces , 

7 ,5 ,2 The Effect of Intermediate Layers on the Entrainment 
Process 

In some preliminary trials, the apparatus was operated without 

the insulating jacket which was designed to minimise the effects of 

heat transfer to or from the surroundings. On a number of occasions, 

in the absence of the insulating jacket, it was found that a well-defined 
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intermediate layer of fluid was formed, adjacent to the original 

interface. In each case, the layer was of a density intermediate 

between the densities of the original fluid layers. A typical inter-

mediate layer was a few millimetres (up to about 10 mm) in thickness. 

The formation of such intermediate layers has been attributed to 

the mechanism postulated by Mendenhall and Mason (32). This mech-

anism is dependent upon the existence of a horizontal temperature 

gradient across the interface, and the existence of a gradient of density 

in the vicinity of the interface, rather than a sharp density discontinuity. 

In the experiments at present under discussion, the first of these con-

ditions could have arisen as a result of the location within the lab-

oratory of the experimental apparatus: one side of the apparatus was 

more intensely illuminated (and hence more intensely heated) by sky 

radiation than was the other side. The second condition could have 

arisen as a result of the disturbances inevitably generated at the in-

terface during the establishment of the density-stratified system 

within the apparatus. 

The presence of an intermediate layer appeared to have the 

effect of reducing the rate of entrainment of fluid into the stirred 

layer. In one experiment in which an intermediate layer of about 

10 mm in thickness was observed, the rate of entrainment in the 

presence of the intermediate layer was reduced to about 25 per cent 

of the rate which would have been expected in the absence of the 
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intermediate l a y e r , on the bas i s of the given experimental conditions 

and the density dif ference which existed between the top and bottom 

üuid l a y e r s . A pr ior i , it might be expected that the intermediate 

layer would be re la t ive ly rapidly entrained into the s t i r red layer , as 

the density difference between the s t i r red (bottom) layer and the in-

termediate l a y e r would be l e s s than that between the bottom layer and 

the top l a y e r . The experimental observations indicated, however, 

that this expectation was not rea l i sed . 

7 . 5 o 3 The Quantitative Results of the Experiments 

The significant quantitative resul ts of the experiments at present 

under discussion a r e shown in Figure 27, This diagram shows the 

resul t s of a s e r i e s of experiments with density differences due to 

temperature di f ferences , salinity differences and part ic le (bentonite) 

suspensions, c a r r i e d out with a constant grid stroke (10 mm) and a 

fixed distance (60 mm) between the interface and the midstroke pos-

ition of the grido The s c a l e s of F igure 27 correspond to those used 

by Turner (48); the a b s c i s s a is proportional to the Richardson Number 

It is evident that, under given conditions, the rate of entrain-

ment i s grea tes t in the c a s e of a temperature difference, somewhat 

l e s s in the c a s e of a salinity difference, and l e s s again in the c a s e of 

a bentonite suspension. 

The present r e s u l t s for density dif ferences due to temperature 

di f ferences and salinity dif ferences may be compared with the resu l t s 
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of similar experiments described by Turner (48). In the experiments 

of Turner, the distance between the grid and the interface was 90 mm, 

and entrainment rates were consequently generally less than those 

measured in the experiments at present under discussion. The 

slopes of the lines fitted by Turner to his sets of experimental 

points were 1,0 and 1.5, for points associated with density differences 

due to temperature differences and salinity differences respectively. 

These values correspond closely to the slopes (0.9 and 1.5 respect-

ively) of the lines fitted by least-squares regression to the arrays of 

points associated with density differences due to temperature differ-

ences and salinity differences in Figure 27. The asterisk in Figure 

27 denotes the point of intersection of the lines fitted to Turner's sets 

of experimental points. 

Turner (48) has postulated that the observed difference between 

the entrainment rates (under given conditions) associated with density 

discontinuities due to a temperature difference on the one hánd, and 

to a salinity difference on the other, is related to the differing mole-

cular diffusivities of the properties causing the density differences. 

The molecular diffusivity of heat (temperature) has a value of about 

1 0 ' m ^ . sec~l, and that of salinity a value of about 10"^ m^. seC^. 

In the case of a suspension of small particles, a property analogous 

to the molecular diffusivity may be estimated by the use of the Stokes-

Einstein (Nernst-Einstein) Equation - Reference (5) 
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Srr^ d 

where D = the "molecular diffusivity" of a particle suspension 

K = Boltzmann's constant 

T = the temperature 

N - the viscosity of the suspending fluid 

d = the particle diameter. 

If a typical diameter of the bentonite particles is taken to be 2 

microns (2. 10" then the molecular diffusivity of the bentonite 
IO 2 -1 

suspension is estimated to be of the order of 10 m , sec . 

Accordingly, the results presented in Figure 27 are seen to be in 

general qualitative agreement with the hypothesis that the dependence 

of entrainment rates upon molecular diffusivity (of the property causing 

the density difference) extends to the case of particle suspensions. 

The results of Turner (48) for density differences due to temp-

erature differences and salinity differences conform to the relationship 1 
^ = R r ^ ( c + (Ri Pp)~ u 

where v - = the entrainment velocity 

^ (C + (Ri Pe)" ' ) 

e 

u = the velocity scale of the fluid motion 

C = a constant 

Ri = the Richardson Number, as defined in Section 7,4 

Pe = the Peclet Number, as defined in Section 7o4o 

The results of the experiments at present under discussion in 
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which dens i ty d i f f e r e n c e s w e r e due to p a r t i c l e suspens ions do not, 
however , conform to the r e l a t i onsh ip of Equat ion (7 .3) . 

7, 6 I n f e r ences Drawn f r o m the Resu l t s of the E x p e r i m e n t s on 
Turbulent En t r a inmen t 

The r e s u l t s of the e x p e r i m e n t s c a r r i e d out on the en t r a inmen t 
of f luid a c r o s s densi ty d i scont inu i t ies have ind ica ted tha t , in genera l , 
it i s to be expected that d i f f e r e n c e s will ex is t between the behaviour of 
t h e r m a l densi ty c u r r e n t s , s a l t - w a t e r dens i ty c u r r e n t s and turbidi ty 
c u r r e n t s , at l e a s t i n so fa r a s the phenomenon of tu rbulen t ent ra inment 
i s concerned . 

The expe r imen ta l r e s u l t s a r e in a g r e e m e n t with the hypothesis 
that , under given condit ions, the r a t e of en t r a inmen t a c r o s s a density 
discontinuity is dependent upon the m o l e c u l a r d i f fus iv i ty of the proper ty 
caus ing the densi ty d i f f e r e n c e . The s ign i f icance of m o l e c u l a r diff-
usivi ty in the p r o c e s s of turbulent en t ra inment i s apparen t ly a s s o c -
iated with di f fus ion f r o m the shee t s o r s t r e a m e r s of f luid which, as 
desc r ibed in Section 7 , 5 . 1 above, w e r e o b s e r v e d to be drawn into the 
s t i r r e d l a y e r . The p r o c e s s of tu rbulen t en t r a inmen t p r o c e e d s at 
r a t e s which a r e , in gene ra l , cons ide rab ly h igher than those assoc ia ted 
with the mo lecu la r d i f fus ion of p r o p e r t i e s in f lu ids which a r e at r e s t . 
In the l a t t e r case , the p r o c e s s of d i f fus ion i tse l f t ends to d iminish the 
s h a r p n e s s of concent ra t ion g r a d i e n t s , and hence the d i f fus ion p r o c e s s 
is s e l f - r e t a r d i n g . In the c a s e of tu rbu len t e n t r a i n m e n t , on the other 
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hand, fluid motions within the turbulent fluid can evidently sharpen 

the concentration gradient at the boundaries of these streamers to 

such an extent that diffusion from the streamers, and the process of 

turbulent entrainment as a whole, can proceed at relatively high rates. 

The experimental results have indicated that it is to be expected 

that a turbidity current will be more resistant to dilution, under given 

conditions, than will a thermal density current or a salt-water density 

current. It has also been indicated that the rate of dilution of a density 

current or a turbidity current may be affected by the presence of inter-

mediate layers adjacent to the interface. 

The demonstrated effectiveness of a density discontinuity as a 

barrier to the transfer of fluid momentum has indicated that the main-

tenance of non-buoyant material in suspension within a turbidity current 

will be primarily dependent upon fluid motions generated within the 

turbidity current itself. 
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8« Conclusion 

The investigation described in the preceding chapters has con-

firmed that the mechanism of suspension of non-buoyant material in 

a turbulent flow can be examined by consideration of the history of an 

individual particle. The potential usefulness for this purpose of the 

"eddy" model of turbulent flow has been demonstrated. Consideration 

of the history of an individual particle provides an alternative to the 

statistical examination of the behaviour of large assemblages of 

particles. 

The eddy model of turbulent suspension has demonstrated that 

the fall velocity of a non-buoyant particle may be modified by the 

action of vertical components of fluid velocity, even when the net 

vertical motion of the fluid is zero. As a result of such modification, 

the particle may exhibit a fall velocity which differs f rom the settling 

velocity of the particle in the quiescent fluid. The resultant fall vel-

ocity may be smaller, in absolute magnitude, than the quiescent-fluid 

settling velocity, and may approach zero, in which case the condition 

of indefinite suspension of the particle is approached. On the other 

hand, the resultant fall velocity may, under certain conditions, be 

greater (in absolute magnitude) than the settling velocity of the 

particle in the quiescent fluid. 

The model has demonstrated that an interchange of energy will 

occur, between a suspended particle and the surrounding fluid. The 
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sense of the energy transfer (from particle to fluid, or from fluid to 

particle ) will vary periodically. The transfer of energy in either 

sense will, however, be accompanied by the transformation of some 

energy into thermal energy. Accordingly, when a non-buoyant particle 

is suspended within an eddy, the presence of the particle will accelerate 

the degradation of the energy of the fluid within the eddy. 

These effects have been demonstrated for particles whose traj-

ectories pass through a specific relative position within a model eddy 

which lies within an unbounded array of similar eddies. It has not 

been established that the effects described are independent of the 

particular velocity distribution which has been specified to exist within 

the model eddy field, and no claim is made that the specified velocity 

distribution represents more than a first approximation to a realistic 

picture of the fluid motions within an actual turbulent flow. 

For the specified conditions within the model eddy fields a cri-

terion for the condition of indefinite suspension of a non-buoyant par-

ticle within an individual eddy has been established. The criterion 

takes the form of a limiting value of the ratio between a character-

istic velocity within the eddy field and the settling velocity of the 

particle in the quiescent fluid. The limiting value of this ratio, for 

the suspension of a particle within an eddy, does not appear to depend 

upon the spacing of the eddy centres within the eddy field. Although 

the established domain of validity of this criterion is restricted to the 
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specific conditions applying in the investigation as described, the 

limiting value of the ratio is of the same order of magnitude as that 

indicated by experiments on plumes. 

The results of the examination of the process of entrainment 

across density discontinuities have indicated that, under given con-

ditions, the rate of entrainment of fluid across the density discontin-

uity will be dependent upon a characteristic of the property which 

causes the density of one fluid layer to differ from that of the adjoin-

ing layer. Rates of entrainment have been compared, for cases in 

which the density differences have been due to temperature differ-

ences, to salinity differences and to turbidity. If the concept of mole-

cular diffusivity is extended to particle suspensions by the application 

of the Stokes-Einstein Equation, the experimental results are in gen-

eral agreement with the hypothesis that the rate of entrainment is 

dependent upon the molecular diffusivity of the property causing the 

difference in the densities of the adjoining fluid layers. 

The investigation of the entrainment process has indicated that 

a turbidity current will be less susceptible to dilution as a result of 

the entrainment of ambient fluid than a non-suspension type density 

current under similar conditions. Accordingly, it is to be expected 

that a turbidity current will tend to be more stable and persistent, 

under given conditions, than a thermal or saline density current. 
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y 
Pluid element 

(iniflal position) 
^ ^ 

^ Fluid element 
(initial posi'lion) 

\ 
dc 

dy 

00 

Parficle Concenlrafion 

F I G U R E I •• T H E MET UPWARD TRANSPORT OP P A R T I C L E S BY E X C H A N G E 
OP F L U I D V O L U M E S . IN THE P R E S E N C E OF A G R A D I E N T OF 

P A R T I C L E C O N C E N T R A T I O N 
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01O 0-20 0-30 0-40 

S = The parficle displacement 
D s The parficle diameter 

Exoerimcnfal resul+s 
A Theory ; History Term and Viscous Drag neglecfed 
B Theory j History Term neglec+ed 
C Theory ; Complete Equation of Uolion 

FIGURE 2 : THE MOTION OF SPHERICAL PARTICLES 
SETTLING THROUGH A QUIESCENT VISCOUS 

FLUID - M O C K R O S AND L A I , REF. (3S) . 
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Co,o) - + -

X 

FIGURE 3 THE MODEL EDDY FIELD 
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\ 

/ 
/ 

/ 

/ 

\ 

FIGURE 4 •• THE STREAMLINE P^TTERN WITHIM <kN 
EDDY IN A FIELD OF SQUARE EDDIES 



F IGURE 5 • V E L O C I T Y D I S T R I B U T I O N S WITH IN THE 
E D D Y S H O W N IN FIGURE 4 



1 6 8 . 

; (xi.Yi) 
A —• Pxi 

TRIAL TRAJECTORIES, BASED ON PARTICLE 
ACCELERATIONS ISTIMATED FROM 

A 

> 

' ( X2 ,va ) 

t -

O'S 

"S:(X3',Y3') 

V ^ i « 

^(XT'.YT') . — — + 
FX 3 

> 

1 FX 
Y3'"; 

Mo+e •. The relafive positions of fKe points (x i .Y l ) , 
(X2, Y2) efc. as shown are dlagrammafic only - fhe 
poin-fs have been displaced io illus+rafc +hc order 
oP their compu+ation. 
The procedure is described in Section 4 2 of ihe lex+. 

P IGURE 6 A DIAGRAMMATIC REPRESENTATION OF 
THE PROCEDURE FOR THE COMPUTATION 
OF A POINT ON THE PARTICLE TRAJECTORY 
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4-

Compuled PaHicle Trojeciories 
Represenloiive Poinis on Fluid 
St ream lines 

PIGURE 7 ' COMPUTED TR/kJECTORIES OF A NEUTRALLY-BUOYANT 
PARTICLE WITHIN THE MODEL EDDY FIELD -
T RAJECTORIES NOS. I . I > l>2 AND 1-3 • 
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Com puled Parlide Trajectory 
Represen+a+ive Poinfe on Fluid 
Streamline 

FIGURE 8 •• COMPUTED TRAJECTORY OF A NEUTRALLY-BUOYANT 
PARTICLE WITHIN THE M O D E L EDDY PIELD " 
T R A J E C T O R Y NO. 1 . 4 . 



^Q^ Experimenlal Trajectory. 
Par+icle posi+ions pho+ograpbed of 
in+ervals of 0-255 seconds. 
The diame+er of +he ploHed 
circles is equivaleni to +he 

parficle diamefer. 

^ K C o m p u f e d Trajecfory^ wiih 
compu+ed par4icle posi+ions af 
compufed li'me iniervals 
eoj^uivalenl +o 0 -255 seconds. 

I scale uni i is equivalent 
to 2-885 nrinn. 

FIG. 9 EXPERiMENTAL AND 
COMPUTED TRAJECTORIES OF A 
PARTICLE FALLING THROUGH 
WAVES - NO. IO60I0I 
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-ex 
pe r imen f a i Tra jec^orv. 

Par+icie po s i t i o n s pho t og r aphea 
a l i n i e r va i s ot 0• 255 seconds. 
The d i ame i e r o f fKe pio+iec 
c i r c i e s iS equivalent t o fhe 
particle diame'fer 

^ C o m p u i e d Trajector_y 
with computed partfcle positions 
at computed t-ime intervais 
equivalen-f to 0- 255 seconds. 

i scale un i l is equ iva lent 
+0 2-760 mm. 

FIG.IQ: E X P E R I M E N T A L AND COMPUTED 
TRAJECTOR IES OP PARTICLE PALLING 
THROUGH WAVES - NO. 109010! 



Experimenfal Trajecfory. 
ParTide positions photographed 
at inlervals of 0 -2 seconds 
The diame-fer of +he plowed 
circles 18 equivalent to the 
particle diameter. 

Computed Trcyector^ ^ 
with computed particle positions 
at computed time intervals 
equivalent fo 0 . 2 s e c o n d s . 

I sca le unit is equivalent 

I- 835 mm. 

FIG. I|: EXPERIMENTAL AND COMPUTED 
TRAJECTORIES OF A PARTICLE FALLING 
THROUGH WAVES - NO. I120I0I 
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^ Ex perímenfal Trajedory. 
Particle pos i t ions phofogroiphed 
a f ín - f e rva l s o f O - I s e c o n d s . 
The diame-fer o f -fhe pioHed 
circles is e q u i v a / en f to fhe 
far l i c le d i ame ie r . 

""-K, Computed Trc^'ecior^/ 
wilh compuled par+ícíe posf-fl'ons 
at computed Hme intervals 
ecj^uivalenl io 0-1 s c c o n d s . 

i scale unii is equivaleni 
to 2 50Smm. 

FIG. 12: EXPER IMENTAL kÑD  
COMPUTED TRAJECTORIES OP k 
PARTICLE 
WAVES -

PALLING THROUGH 
NO. 1250»DI 
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Trajectory. 
Par-fíele pos i t ions photog raphed 
at in lervais of O'l seconds. 
The diame-fer of the piotied 
c i rc les IS equivalent to ine 
part ic le d i a m e t e r 

• ^ 

^-K Computed Trc^ector^/ 
with computed particle positions 
at computed time intervals 
eq^uivalent fo 0-1 seconds. 

! s ca le unit is equivaíenr 
ô 2- 166 mm . 

FIG. 13 : EXPERIMENTAL AND 
COMPUTED TRAJECTORIES OP A 
PARTICLE PALLING THROUGH 
WAVES - NO.1260101 
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o 

- I0O-O 

- I900 

- I ® 5 0 

ài 

-aoo-o 

-ao6o 

- 2 1 5 0 
© 

-220-0 

- 2 2 5 0 

EXperimenial Trajectory. 
Particle posit ions phoiographed 
at intervals of 0-1 seconds 
The diameter of the plotted 
circles is equivalent to the 
particle diameter. 

""-K Computed Trajector3/ ^ 
with computed particle positions 
ai computed time intervals 
equivalent to 0-1 seconds 

I scale unit is equivaleni 
to 2- 028 mm. 

FIG. >4-EXPEMM6MTAL AUD COMPUTED 
TRAJECTORIES OF A PARTICLE PkLUhiG 
THROUGH WAVES - MO. 1270101 
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xperimeniai Trajectory. 
ParHcie positions photographed 
a i in+ervais of 0 • I seconds. 
The diame-fer of the plotted 
circles is equivaient to the 
particle diameier. 

""•K CompuTed Trajectory/ ^ 
with computed particle positions 
at computed time intervals 
equivalent fo 0-1 seconds-

1 scale uni-f is equivalent 
to I• mm. 

FIG. tS E X P E R I M E M T A L AND 
COMPUTED TRAJECTORIES OF A 
PARTICLE PALL ING THROUGH 
W A V E S - NO. I 2 8 0 I 0 I 
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FIGURE 16: THE TRAJECTORY OF A P A R T I C j ^ E X 4 L L ^ ^ 
THROUGH WAVES - RECORDED BY STROBOSCOPIC 

PHOTOGRAPHY, 
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(0-0, is-o) 

p a r t = S i ^ = \106Q y 
GRAV » ( s - l-o) = I - 00 
XCNTR - YCNITR - 50-6^50 
UEDDY = 0-»T 

FIGURE 17 : COMPUTED PARTICLE T RAJ E CTORV 6IQIOI-620101 
( N O . 2 . 16) 



50-6250 
180. 

O IO N 

0 
1 

O 
o 
o 
o 

o U) CM (0 
ó U) 

o - o o o o 

(0 0, 15 0) 

- 50 -6250 

- I O I 2 5 0 0 

/ 
PART « J ^ ' 1-1068 y 

CRAV « (s- » 0) » 1-00 
XCNTR • YCNTR • SO GZSO 

ÜEDDY « 0 - 0 « 

FIGURE 18 : COMPUTED PARTICLE TRAJECTORY 3 8 0 I 0 I (NO.Z-IQ 
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If 1 •Y TO SYMBOLS 
lotes particle suspended 
" porfíele not suspended 

r\ 1 
Oder 

•Y TO SYMBOLS 
lotes particle suspended 
" porfíele not suspended —02: 7 V 

•Y TO SYMBOLS 
lotes particle suspended 
" porfíele not suspended 

2-9 0 «218 

0 . 1 
O- 17 

A V (I-28Ì O.Or^ (Table 7) 
NO • 

2-1 14 
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DIMENSION LESS 
lOO 2 0 0 
SPACING OF EDDY C E N T R E S IN THE MODEL 

EDDY F IELD 

oo 

3 0 0 

F IGURE 19 • CONDITIONS FOR THE SUSPEKISiON OF A PARTfCLE WITHIN 
THE MODEL EDDY F IELD 
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II n :5 
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V 5-6 

TRAJECTORY REFERENCE N U M B E R S 
REFER TO TABLES 7 , 8 , 9 AND lO 

0 0 0 1 0 ' 2 
O IMENSIONLESS 

PARTICLE 

0 - 3 Q-4- 0 ' 5 
SETTLIWG VELOCITY OF THE 
IN Q U I E S C E N T FLUID Vo 

0 - 6 0 7 

FIGURE lO ' CRITICAL V^LUES OF THE CHARACTERISTIC FLUID VELQCITV 
FOR THE SUSPENSION OF PARTICLES WITHIN THE MODEL 

EDDY FIELD 
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Traj6C+or_y Mo. 3350101 
Trajecfor^ No. 33 60101 
( r»epresen+a+ive poin+s) 

FIGURE t \ ' A COMPARISON OF TWO COMPUTED PARTICLE 
TRAJECTOR IES , WITH D IFFERENT CONDITIONS 
S P E C I P I E D AT THE STARTING POINT 
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- f 4-

+ 

+ 
FIGURE 2 2 : COMPUTED TRAJECTORIES OF A PARTICLE. 

WITH V A R I O U S S T A R T I N G POINTS 
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VF 
1 0 

0-
4 - -

A -

0 0 « — 
D O 

- f -

%L — 

At) 

V^ = f c i l l v e l o c i t y o f p a r t i c l e , i n e d d y f i e l d . 

- V = s c t t l i n 3 velocity o i p a r t i c l e , i n c ju iesccnt f l u i d . -

U^ = c h a r a c t e r i s t i c f l u i d v e l o c i t y i n e d d y ^ i c l d 

+ 

I D 2-0 

A'-

o> 
err 

\ Suspenti'on. 
I 

3 0 

F I G U R E 23 THE FALL V E L O C I T V OF A P A R T I C L E F A L L I N G 
THROUGH THE MODEL EDDY F I E L D 
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+ o- o 

\ The vec+oP8 indica-te fluid velocí+ífts relafive 
fo fhe plume cap. 

^ o a \ veloci+_y magnifudes shown are raüos 
\ of the velocí+y of +hc plume coip, V^ • 

l 

0 - 8 V 
0.4. 

1-6 

O-a 

0 - 6 
+ 

0 0 

^ ^Ex+pemi+y of plume 

/ 
+ / 

/ 
/ 
f 

Implied posi-^ion of plume cap 

F I G U R E 2 4 : | : l U í D V E L O C I T I E S W I T H i N k T W O - D I M E N S I O N A L 
S T A R T I N G P L U M E - PROM T S A N G , R E F ( 4 7 ) . 
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To Volume 
Measuremenf 

Sampling 
Tube 

Infepfdce 

Gnd 
\ 

Stroke s 

O u f l e i - ^ 

Pdlse 
Floor 

7 

Ecccn i r i c 
Drive 

£ 
from supply 

)nle4 
Coniroi Valve 

Sliding Par+i+ion 

\ W a i e r i igh-f casing 

Thermomeiers 

Voriable-Speed 
Drive Elecfric 

Mo+or 

PIGURE 25 ; EXPEMMENTM APPARATUS FOR PETERM N A T I O N OF 

rates op ENTRAINMENT across density PISCOMTINUITIES 
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0-1 r 

D'ò " 
Experiment C- 18 

Density diffferencc due ô Sarinif_)' 
Stroke - 10 mm 
Grid - interfoca dis^once = hO mm 
Prequenc)i = 4 Sec-' 

-ò -3 12.10-4-12 ¡0 

-61 -3 T' lo.ior io.io £ i 

4.io3 5. io-
ti rne i (seconds) 

F iGURE -26 : ENTRAIMMENT V£LOCiTiE$- D E T E R M I N E D 
yOLUMETR ICALLY AND DENS! METR ICALLY 



Frequency n 
(c>a min-') 90 150 240 

Temperature (D 0 e 
Solinit^ @ 
Turbidity 0 

Grid - in+erface 
distance d - 60 mm. 

S+roke s = 10 mrr>. 

F I G U R E 2 7 : E M T R A I N M E N T R A T E S FOR T E M P E R A T U R E 

D i F P E R E N C E S , S A L I K I I T V D I P P E R E N C E S AKJD T U R B I D I T Y 



Table 1: P a r a m e t e r Values in the Computat ions of T r a j e c t o r i e s of Neu t r a l l y -Buoyan t 

o 
CD O 
CD (D 

0) 
Q) Ü cri M 2 CD iS 

1. 1 
1. 2 

a s o 

4310101 
4300101 

cti 
a; TO 

Jao 
II' 

T3 CD - I—< -r— QH 
d, S Ph 

1 .1068 
1 ,1068 

P a r t i c l e s in the Model Eddy F ie ld 

OS 
O •r-l •4-> Cd 

cti 
Ofln 

0,00 
0. 00 

o su 

Ü 

50,6250 
50,6250 

Star t ing Point 

XSTART 

0.0000 
0.0000 

"YSTART 

10,0000 

15.0000 

TSTAKT 

0.0000 
0.0000 

cu 

Cd Q . M 

0, 20 

0,20 

S •t-« 

H 
^ Uì 

a CD 

2. 10" 

2 .10"^ 

I 

O— L/o ^ " T3 

tí Ü g ^ (D It: o ^ 

líH 

Ò u ^ ì d o 

10.0000 

15.0000 

1. 3 4320101 
"43-3X1101 1 .1068 0. 00 50.6250 0.0000 20.0000 0.0000 

4 3.1597 17.3762 743.2 3 8 7 0. 20 2. 10 20.0000 

1. 4 4270101 1 . 1 0 6 8 0. 00 5.0000 0.0000 1.5000 0 .0000 0. 20 2 . 10- 1.5000 

The fol lowing p a r a m e t e r va lues a r e c o m m o n to the computa t ions tabula ted above: 

Added M a s s Coeff ic ient ADMASK = 0 . 5 
Convergence C r i t e r i o n DELSCR = 1.10"'^ 
Weighting F a c t o r W = 2 . 0 
T i m e Limi t ITIME = 9 
Punching Code KPUNCH = 1 

IPUNCH = 20 
IPRNT = 10 

CD O 
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Table The Characteristics of the Experimental Standing Wave 
Systems - Wave Characteristics 

T3 

•2 ^ 
S ^ 

Q) 
Xi ^ Dimensionless Parameters 

CD o a; 

W Q) J 

T3 

•2 ^ 
S ^ 

S a 

< 1 

(D ^ 
a s 

a (D^ 

O ^ 
J ̂ 

H 
^ 

PLh 

1 K 
H 
Pk 
Q 

1060101 W3 1460 0, 968 13. 5 630 506.0 45. 5 4,68 218.5 
1090101 W3 1460 0. 968 13,5 630 529,0 46. 8 4.89 228,0 
1120101 W7 2000 1. 167 60.0 760 1090.0 69.0 32.7 414.0 
1250201 W8 1328 0. 949 38. 5 675 529. 9 48, 3 15.3 269.4 
1260101 W8 1328 0, 949 38. 5 675 613, 1 51. 9 17,8 311.6 
1270101 W8 1328 0, 949 38,5 675 654.8 53. 3 19,0 332.8 

I 1280101 W8 1328 0. 949 38.5 675 667,7 54. 1 19.4 339.4 

- Conditions at Starting Point 
1 1 , 

a 0 ¿^ ; 
•r-j OS 
h o 

1 ^ . (1) 
u 1 uL i i 1 a. ^̂  6 S Dimensionless Parameters T3 ! a; 

2aJ ^ 
bjÔ  

1 1 , 
a 0 ¿^ ; 

•r-j OS 
h o 

1 • 

^o 
mm 

^o 
mm XSTART ^ T A R T PHSE UPTT VPTT 

T3 ! a; 
2aJ ^ 

bjÔ  
1060101 
1090101 
1120102 
1250201 
1260101 
1270101 
1280101 

-=96.6 
50.6 

-392.0 
(a) 
(a) 
(a) 
(a) 

"144.2 
-123 ,6 
-682.0 

(a) 
(a) 
(a) 
(a) 

- 33 .5 
- 18 .3 
-213.5 
- 79.7 
" 67.0 
-103,5 
-147 .4 

- 5 0 . 0 
- 4 4 . 8 
-372.0 
-106. 1 
-164 .4 
-178 .7 
- 48,8 

0.414(b) 
0.0(b) 
3.1416(b) 
4.7124(b) 
4.7124(b) 
4.7124(b) 
4.7124(b) 

p.133(b) 
0.3ldb) 

-0.220C^) 
0.0(b) 
0.0(b) 
0.0(b) 
0.0(b) 

-0.156(b) 
- 0 . 120(b) 

0.030^) 
- 0.076(c) 
-0,077(c) 
- 0 , 1 2 5 ( c ) 
-0.070(c) 

SSF 
SSF 
NSt2 
NStl 
NStl 
NStl 
NStl 

(1) The origin of coordinates is: x=0 at a node of the wave system 
y=0 at the undisturbed water level. 

Notes; 
(a) XSTART and YSTART were measured directly, f rom dimensioni ess 

plots of the experimental trajectory, 
(b) estimated;, f r om the experimental trajectory. 
(c) equal to the (dimensionless)settling velocity of the particle in still 

water, 
(d) SSF: Shackman Sequential-Frame camera, 

NStl: Nikon Camera and stroboscope, flash interval 0. 1 seconds. 
" " " " " " seconds. 



Table 3: The Characteristics of the Experimental Particles. 

o 

CD O 

cti 2 U 
H 

Particle Characteristics Dimensional Ratios 

o 

CD O 

cti 2 U 
H 

U 

D 5—1 O 
- I - ' 

05 
PLH 

Í H ^ 
0) 1 
-Ji O 
™ tuo tí 
^ c! a ^ 

o to ' 
3 - ^̂  > B 
^ CD tí rom ^ S 

Q) 
0 r j 

- 1 — I 

XJ 

m O 
r n 0 cti 

1 f% 

Ctí <1 
Ph fo .PH o PH Q <! « cLkf! 

? S 
^ S 

I I ^ 

L ^ C O 

> l > a 

+ 
0 ) 

I I C O 

1060101 7 " 20 .7 1. 88 1 .034 255.2 0, 034 0, 5 2. 885 ™T3578~ 0 .02125 

1090101 12 12 ,5 1 .82 1 ,017 243 ,0 0 . 017 0. 5 2. 760 133. 6 0 .02065 

1120101 29 11 ,6 1 ,20 1 .030 130.0 0 .030 0. 5 1 .835 108 .4 0 .01695 

1250201 36 9 . 7 1 ,66 1 .013 235. 37 0. 013 0. 5 2. 506 127 ,4 0 .01967 

1260101 33 9, 1 1 .43 1 .015 188.87 0 .015 0. 5 2. 166 118 .4 0 .01830 

1270101 35 14. 3 1 .32 1 ,032 168.26 0 .032 0. 5 2 ,028 113. 9 0 . 01781 

1280101 37 7 , 9 1 , 31 1 .014 166.36 0 .014 0. 5 1 ,989 113. 5 0 .01753 
C D ND 



Table 4: Comparison of the Computed and Experimentally-Determined Trajectories 

Tra j -
ectory 

No. 

Dimensionless Fall Velocity of Particle Horizontal Excursions of 
Particle in Wave 

Traj -
ectory 

No. 

In 
still In Wave 

Vc 
Vs 

Ve 
Vs 

Vc 
Ve 

Horizontal Excursions of 
Particle in Wave 

Traj -
ectory 

No. 

In 
still In Wave 

Vc 
Vs 

Ve 
Vs 

Vc 
Ve 

Comp-
uted 
He 

Exp-
erim-
ental 
He 

He 
He 

Traj -
ectory 

No. 
water 

Vs 
Computed Experimental 

Vc 
Vs 

Ve 
Vs 

Vc 
Ve 

Comp-
uted 
He 

Exp-
erim-
ental 
He 

He 
He 

Traj -
ectory 

No. 
water 

Vs Vc n Ve n 

Vc 
Vs 

Ve 
Vs 

Vc 
Ve 

Comp-
uted 
He 

Exp-
erim-
ental 
He 

He 
He 

1060101 0. 153 0. 151 3 0.156 3 0. 99 1. 02 0. 97 4.0 4.0 1. 00 

1090101 0.094 0.091 3 0.079 3 0.97 0. 84 1. 15 5. 2 5.8 0. 90 

1120101 0. 107 0. 107 3 0. 107 3 1.00 1.00 1.00 4.3 2.9 1.48 

1250201 0.076 0.079 2 0. 102 2 1.04 1. 34 0. 77 5. 2 5.0 1.04 

1260101 0.077 0.079 2 0.096 2 1.03 1.25 0. 82 5.5 6.2 0. 89 

1270101 0. 125 0. 129 4 0. 145 4 1.03 1. 16 0. 89 3.6 3. 8 0. 95 

1280101 0.070 0.079 1 0.094 1 1. 13 1. 34 0. 84 - - -
CD 
CO 

n = the number of wave periods over which the fall velocity has been calculated. 
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Table 6: The Physical Spacing of Eddy Centres Corresponding to Certain 

Dimensionless Parameter Values. 

Particle 

diameter 

d 
mm 

Density 

ratio 

s 

CO , 

< II 
Ph 

a 

á « 

o " 

Dimensionless spacing of eddy centres Particle 

diameter 

d 
mm 

Density 

ratio 

s 

CO , 

< II 
Ph 

a 

á « 

o " 
0.5000 10.6360 40.1780 50.6250 135.00 270.00 

50.10-3 2.00 1.1068 1.00 - - - 6. 3 m m 16. 9 m m 33. 8 m m 

50. 10^ 2 .65 1.1068 1. 65 - - 6. 3mm 8. 0 m m - -

50. lO"^ 11.40 1.1068 10.40 - 6. 3"mm - 30. 0mm - -

5.10~3 2201 0.00234 2201 5. 5mm - - - - -

CD 
c n 



Table 7: P a r a m e t e r s in Computat ions of P a r t i c l e T r a j e c t o r i e s 

2. 1 

2 . 2 

P a r t i c l e - F l u id P a r a m e t e r PART - 1.1068 
Gravi ta t ional P a r a m e t e r GRAY = 1.00 

^(D M (J 
o a ^ ^ (D 

1 = 1 

50101 

70101 
- 90101 

0 o 
Q 

s . 
0 .000 

IQiLlOl 
130101 

0.135 

135.00 

135. 00 

Star t ing Point 

pei 

0.0000 

^.J)000 
7. 9y06 

- 4 6 , 6 ^ 
-63.9170 

Pi < 

0.0000 

40.0000 
- 3 4 . 6 ^ 8 
- saposs i 
"126.5874 

e 

0.0000 

0.0000 
695.90 
0.0000 
0 .0000 

6 
1-1 

a H 
2 H m m 

5. 10 .-2 

5. 10"^ 
5 . 1 0 - 2 

1 . 1 0 ' ^ 

m 

H ^ 
Pi 
P. 

25 

25 
25" 
.25. 
25 

U 
p 
dn 

200 

210. 
200 
200_ 

200 

R e m a r k s 

P a r t i c l e not suspend-
ed. Z i = 1 .00 

V« 

P a r t i c l e not suspend-
ed Vf _ 

- s • 
2 . 3 
2 . 4 

140102 0 .400 5a.6250 0.0000 15.0000 0.0000 2 7 1 ^ 25 100 P a r t i c l e suspended 
140103 0. 135 50,6250 0.0000 15.0000 0.0000 2 . 1 0 - ^ 25 100 P a r t i c l e not suspend-

ea ^ 1 .38 
V o 

rm P a r t i c l e suspended XTF 160102 270.00 0.0000 80.0000 0 .0000 1.10-1 '25 
2. 6 170101 0 .300 135.00 0.0000 40.0000 

15.0000 
0.0000 
0.0000 

sTTF^ "25 
2.10-2 

100 
im 

Piart icle suspended 
P a r t i c l e suspended TTT 190101 'Ò.0000 

2 .8 190102 
2UUlUr 

0 .320 50.6250 0.0000 
0.0000 

15.0000 
40.0000 

0.0000 
0.0000 

2 7 1 0 ^ 25 
I 3 I E ? : 
2. 1 0 ^ 

100 
TUU 

P a r t i c l e suspended 

2 , 9 -230101 0.200 135.00 -36.2165 -41 6502 847. 24 25 100 P a r t i c l e suspended 

2 .10 220101 0.150 50.6250 0.0000 15.0000 0.0000 2.10-2 25 100 P a r t i c l e not suspend 
^^ 1 .28 

Vs 
2 .11 380101 0.080 50.6250 0.0000 15.0000 0.0000 2 .10 -2 25 25 P a r t i c l e not suspend-

ed Vf 
V s = 1. 32 

2. 12 420101 0.050 50.6250 0.0000 15.0000 0.0000 2.10 - 2 25 25 P a r t i c l e not suspend-
1 -19 

(c ontintxed) 



Table 7 (cont 'd.) 

o S 
(D ¡H rQ 

B 
Cd Cm S Ss <D ^ HPi ^ 

o 1 
! O ^ Starting Point -t-j 

o S 
(D ¡H rQ 

B 
Cd Cm S Ss <D ^ HPi ^ 

•i-i 
- M 

o ^ 
U ^ 

S H O 
o > Q 
in o S 

Pi 
<! 

Pi 
^ 

•r-l 

s 
J dn 
a H 

H 
GQ ^ 

Pi 
^ 
CO 
W 

EH 

Ph 1—1 

u ^ 

Ph 1—1 

Remarks 

2. 13 430101 0.020 50. 6250 0.0000 15.0000 0.0000 2.10-^ 2 25 25 Particle not sus-2. 13 440101 0.020 50. 6250 -7.7383 -52.6998 105430 1 25 25 pended ^^=1.05 
Vs 

450101 0.0000 80.0000 0.0000 2.10-^ 2 25 25 Particle not sus-
2.14 "470101 0, 135 270.00 -125.2601 -189.3 7 91 3491.68 2.10-2 1 25 25 pended Vf gg 

-480101 -115.0718 -40ai977 4898.69 2.10"2 1 25 25 Vs • 

2. 15 500101 0.110 50.6250 0.0000 15.0000 0.0000 2.10"2 2 25 25 Particle not sus-
pended = 1.40 

Vs 
2. 16 610101 0.170 50.6250 0.(5000 lb. 0000 0.0000 2.10-2 2 2b 2b Particle suspended 2. 16 -620101 0.170 50.6250 -245154 -6.0540 690.91 2.10"^ 1 25 25 Particle suspended 

3400101 0.0000 , §0.0000 0.0000 2.10-2 2 10 20 Particle not sus-
pended Vf _ 

Vs 

-3410101 35.5070 44755 944.31 2.10-2 1 10 20 Particle not sus-
pended Vf _ 

Vs 2. 17 -3420101 0.080 270.00 1.2088 -7a8433 1965.37 2.10-2 1 10 20 
Particle not sus-
pended Vf _ 

Vs 2. 17 -3430101 -45.0 9 66 -115.59^ 26 3 8.72 2.10r2 1 10 20 

Particle not sus-
pended Vf _ 

Vs 
-3440101 -83.1833 -157.5186 3308.68 2 . 1 0 ^ 1 10 20 
3500101 O.OOOO 80.0000 0.0000 2.10-2 2 10 50 

-351010,1 42.3884 -47.6916 887.48 2.1(r2 1 10 50 
-3520101 -76.0975 -88.6981 1727.32 2.10-2 1 10 50 

2. 18 -3530101 0. 200 270.00 -119.3368 " - 3 0 , ^ 257450 2T1O-2 1 10 50 Particle suspended 
-3540101 -104.8044 74.7311 3518.33 2.10-2 1 10 50 

Particle suspended 

-3550101 -6.0116 " 82.155i' "^66.18 2.10-2 1 10 56 

CO -J 

- 7 

The following parameter values are common to the computations tabulated above: 
Added Mass Coefft. ADMASK = 0 . 5 
Convergence Criterion DELSCR = 1.10 
Weighting Factor W = 2. 0 
Punching Code KPUNCH = 1 
Time Limit ITIME = 9 



Table 8: Parameters in Computations of Particle Trajectories 

Particle-Fluid Parameter PART = 1.1068 
Gravitational Parameter GRAV = 1,65 

(̂D 
2 S ¡H 
O CD CD 
(D 
2 (D US II 

u ^ 

1 Ĥ t or-« iSCD , y> 

Cm o H 
J-i o p 

Starting Point 
Pi 
^ 
C/2 
W 

1 
PH hH 

u ^ 

fin 1—1 

CO 
CD 
o 

Remarks 
(̂D 

2 S ¡H 
O CD CD 
(D 
2 (D US II 

u ^ 

1 Ĥ t or-« iSCD , y> 

Cm o H 
J-i o p 

XSTART YSTART TSTART 

Pi 
^ 
C/2 
W 

1 
PH hH 

u ^ 

fin 1—1 

CO 
CD 
o 

Remarks 

3. 1 2010101 0, 17 0.0000 15.0000 0.0000 2 25 25 Particle not suspended. 
3,2 2020101 0,22 0,0000 11.9000 0.0000 2 10 20 (1) Particle not suspended. 
3. 3 3100101 0.25 0.0000 15.0000 0.0000 2 10 20 Particle not suspended. 
3.4 3130101 0.30 0.0000 15.0000 0.0000 2 

i 
10 20 Incomplete, Suspension 

maicated. 

3.5 
3140101 

0.27 
0.0000 

'-"23.7245 
15.0000 0.0000 2 10 20 

Particle suspended. 3.5 - 3170101 0.27 
0.0000 

'-"23.7245 -17.9401 356.6777 1 10 20 Particle suspended. 3.5 
- 3180101 

0.27 
-24,4599 16.9100 730.5464 1 10 20 

Particle suspended. 

CD 
00 

Common Parameters: 
Eddy Spacing XCNTR = 50.6250 

YCNTR = 50. 6250 
Added Mass Coefft. ADMASK = 0.5 
Step Limit STEP = 2. 10-2 
Convergence Criterion DELSCR = 1. 10' 
Weighting Factor W = 2.0 
Punching Code KPUNCH = 1 
Time Limit ITIME = 9 

Note (1); In 2020101 XCNTR = 40. 1780 
YCNTR = 40. 1780 



Table 9: Parameters in Coijiputations of Particle Trajectories 
Particle-Fluid Parameter PART= 1. 1068 
Gravitational Parameter GRAV = 10.40 

o ^ . 
fl in 

O <D 0) 
(D ?H ^ 

^ CD ^ 

L 1 
0) >—1 

CD ^̂  J 
Starting Point 

H 
Pi 
H m 
W DH 1—1 

ffi 
u 

iz; 
^ 
1—1 

CQ 
CD 

-»-J o 
Remarks 

o ^ . 
fl in 

O <D 0) 
(D ?H ^ 

^ CD ^ 

L 1 
0) >—1 

CD ^̂  J XSTART YSTART TSTART 
H 
Pi 
H m 
W DH 1—1 

ffi 
u 

iz; 
^ 
1—1 

CQ 
CD 

-»-J o 
Remarks 

4. 1 2030101 0.55 0.0000 3.1500 0.0000 2 10 20 (1) Particle not suspended 
4 .2 3300101 1.70 0.0000 -15.0000 0.0000 1 10 20 F&.rtial Trajectory -

suspension indicated 
4 .3 3310101 1,60 0.0000 -15.0000 0.0000 1 10 20 Partial Trajectory -

suspension not indicated 
4 .4 3320101 1.65 0.0000 -15.0000 0.0000 1 10 20 Partial Trajectory -

suspension indicated 
4 .5 3330101 1.625 0.0000 -15.0000 0.0000 1 10 20 Partial Trajectory -

suspension not indicated 
4.6 3340101 1.64 0.0000 15.0000 0.0000 1 10 20 Particle not suspended 
4.7 3360101 1.65 0.0000 15.0000 0.0000 10 20 Particle not suspended 
4 ,8 3370101" 1 n n 0.0000 15.0000 0.0000 10 20 Particle suspended 4 ,8 -3380101 i . < U -24,5942 14.1944 100.42 1 10 20 Particle suspended 

CD 
CD 

Common Parameters: 
Eddy Spacing XCNTR = 50.6250 

YCNTR = 50.6250 
Added Mass Coefft. ADMASK = 0.5 
Step Limit STEP = 2. 10" 2 
Convergence Criterion DELSCR= 1. 10" 
Weighting Factor W = 2.0 
Punching Code KPUNCH = 1 
Time Limit ITIME = 9 

N o t e d ) : In 2030101 XCNTR=10. 6360 
YCNTR= 10. 6360 



Table 10: Parameters in Computations of Particle Trajectories 
Particle-Fluid Parameter PART = 0.00234 

2200.0 
I > -M'̂  is O^ (D CD <DPH O^ 

B 
H O 

o f 
^ CD 

XI 

, 

a o .tjlx oQ b OQ ro-r-l 1 ̂  

Starting Point H 
Pi 
<i 

H 
S 
Pi fin 1—1 

K 
U ^ 
P pin hH 

Notes Remarks 

I > -M'̂  is O^ (D CD <DPH O^ 
B 

H O 

o f 
^ CD 

XI 

, 

a o .tjlx oQ b OQ ro-r-l 1 ̂  XSTART YST^RT T51ART 

H 
Pi 
<i 

H 
S 
Pi fin 1—1 

K 
U ^ 
P pin hH 

Notes Remarks 

5. 1 3600101 1.50 0.0000 0.1500 0.0000 2 10 20 Particle suspended 5. 1 -3610101 1.50 -0.1906 0.0347 0.6628 1 10 20 Particle suspended 

5.2 3620101 lo20 0.0000 0.150D 0.0000 
0. 5607 ' 

2 
"T 

5 5 Incomplete. Suspension in-
dicated. 

5.2 -3630101 lo20 -0.1368 -0.1509 
0.0000 
0. 5607 ' 

2 
"T 5 5 Incomplete. Suspension in-

dicated. 

5.3 3640101 1.00 0,0000 0.1500 o.aooo 2 5 5 Incomplete. Suspension 
indicated. 5.3 -3650101 1.00 -0.e737 -0,1654 0.5514 1 5 5 
Incomplete. Suspension 
indicated. 

5.4 
3660101 

0„80 
0,0000 0.1500 O.QOOO 2 5 10 

Particle suspended. 5.4 -3670iai 0„80 0. 0338 -0. 1315 0.4805 1 5 10 Particle suspended. 5.4 -3600101 
0„80 

-0, 2a73 -0. 1749 0,9838 1 5 10 Particle suspended. 5.4 
"3730101 

0„80 

-0, 2423 -0,0830 1.4302 1 5 10 
Particle suspended. 

5.5 3680101 0.60 0.0000 -0. 1503 o.oopo 1 & 10̂  Partial Trajectory. Suspen-
sion not indicated. 

5.6 3700101 0. 60 0.0000 0.1500 0.0000 2 5 m -Partible -not suspended 5.6 -3710101 0. 60 0.0488 -0 .1104 0.5238 1 5 10 -Partible -not suspended 

IS3 O O 

Common Parameters! 
Eddy Spacing XCNTR = 0.5000 

YCNTR = 0.5000 
Added Mass Coefft ADMASK= 0. 5 
Step Limit STEP = 2. lO'^ 
Convergence Criterion DELSCR = 1.10"'^ 
Weighting Factor W = 2.0 
Punching Code KPUNCH = 1 
Time Limit ITIME = 9 • 



2 0 1 . 

Table 11: Parameters in Computations of Particle Trajector ies 

Part ic le-Fluid Parameter PART = 1.1068 
Gravitational Parameter GRAV = 1,00 
Characteristic Fluid Velocity UEDDY = 0. 17 
Spacing of Eddy Centres XCNTR = 50.6250 

I t c ^ 1 f • • ^ 

O 0 0 » 
• r - s " - ^ JZj p 
2 § 
H o ^ ^ 

Starting Point EH 
Pi u 

I t c ^ 1 f • • ^ 

O 0 0 » 
• r - s " - ^ JZj p 
2 § 
H o ^ ^ 

XSTART YSTART TSTART ^ K 
1—1 

^ 
1—1 

3820101 0.0000 0.0000 0.0000 2 10 20 
6. 1 - 3830101 -10.2438 4.7479• 432.68 ' l ' 10 20 

- 3840101 - 6.7784 -6 . 1305 836.96 1 10 20 

6 .2 3010101 0.0000 5.0000 0.0000 2 25 25 6 .2 - 3020101 - 12.7475 5.2711; 496.60 1 25 25 

6 .3 3800101 0.0000 18.0000 0.0000 2 10 20 6 .3 - 3810101 -22. 57"38' -69. 1607 717. 63 1 10 20 
6 .4 3070101 0.0000 25.3125 0.0000 2 10 20 

6 .5 3080101 0.0000 30.0000 0.0000 2 10 20 6 .5 - 3090101 - 1.5103 -70.6515 825.85 1 10 20 
3110101 L 0.0000 35.0000 0.0000 2 10 20 

- 3120101 24.5658 30.4343 386.55 1 10 20 
6 .6 - 3150101 25.2856 0.7614 747. 85 1 10 20 

- 3160101 24.5289 -30.4813 1120.8 1 10 20 
- 3190101 2.1594 -34.1658 1487.5 1 10 20 

6 .7 3200101 0.0000 38.0000 0.0000 2 10 20 
6 .8 3030101 0.0000 40.0000 0.0000 2 10 20 

610101 0.0000 15,000_g__ OJOOOO 2 25 25 
£.16 -620101 -24.5154 -6.0540 690.91 1 25 25 

- 2 
Step Limit STEP = 2. 10 
Added Mass Coefft ADMASK = 0.5 
Convergence Criterion DELSCR = 1. 10 
Weighting Factor W = 2. 0 
Punching Code KPUNCH= 1 
Time Limit ITIME = 9 

- 7 



L 1 

APPENDIX I 

A Hypothesis Concerning Lift Forces on Spinning Particles 

A component of force acting on an immersed body, in a 

direction perpendicular to that of the motion, relative to the body, 

of the surrounding fluid, is termed a lift force. 

If the fluid is assumed to be inviscid, the Kutta-Joukowsky 

Circulation Theorem leads to an expression for the lift force acting 

on unit length of a long cylindrical body immersed in a one-

dimensional flow: 

F l - T/ou^ (I . i ) 

where F l = the lift force , per unit length of the cylinder 

r = the circulation around the cylinder 

P^ = the density of the fluid 

Uf = the velocity of the fluid 

The circulation P is defined as : 

r = f vt.ds a . 2) 

where vt = the tangential component of fluid velocity, m 

the direction of the element ds of the boundary 

of the cylinder 

and the symbol j implies that the integration is to 
be carried out around the boundary of the cylinder. 

It is known that lift forces will occur in viscous fluids, under 

appropriate circumstances: 
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Lewitt (L 2) has described the voyages of the Flettner Rotor 

Ships, which were propelled by the transverse forces which acted on 

cylinders rotating (about vertical axes) in an air stream (the wind), 

Chepil (L 1) has described experiments in which experimental 

determinations were made of the pressure distributions on spherical 

particles immersed in a fluid in which a velocity gradient existed. 

The particles were fixed in position adjacent to the wall of a wind 

tunnel. The measurements indicated that a lift force was exerted 

on the particles. 

It is accordingly evident that, in a viscous fluid, lift forces 

will occur: 

(i) when a body is rotated, in a uniform flow, and 

(ii) when a non-rotating body is situated in a flow in which 
a velocity gradient exists. 

Both these situations are analogous to the existence of circu-

lation in an inviscid fluid, as ^ v^. ds would be expected to be non-

zero in each case. Rouse (1. 3) has pointed out that experimental 

determination (by Betz) of lift forces on cylinders rotating in viscous 

fluids has indicated that the extension of the circulation concept to 
viscous fluids yields results which are (at worst) of the correct order 
of magnitude. 

This extension of the concept of circulation will now be applied 

in the examination of lift forces acting on a circular cylinder immersed 

in a flow in which a velocity gradient exists. The cylinder is assumed 
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to be placed within the fluid with its axis perpendicular to the 

direction of the flow^ which is assumed to be steady and two-

dinaensional, a velocity gradient existing (only) in the direction 

perpendicular to that of the axis of the cylinder» The cylinder is 

assumed to be free to rotate about its own axis - that is, to spin. 

The variation in fluid velocities across the cylinder will impart 

to the cylinder a spinning motion, and the angular velocity 

(spin velocity) of the cylinder will attain an equilibrium value. The 

tangential velocity of the surface of the cylinder will be invariant^ in 

magnitude and (angular) sense, from point to point on the surface of 

the cylinder. Accordingly, a given element of the cylinder surface 

will, in general, possess a non-zero velocity relative to the fluid 

adjacent to that element of the surface. At the condition of equilib-

rium^ the net torque on the cylinder, arising from the drag forces 

associated with such relative velocities, will be zero. 

The presence of the cylinder will cause the retardation of the 

fluid, in those regions in which the fluid velocity tends to be greater 

than the tangential velocity of the surface of the cylinder. Accord-

ingly, the cylinder can be considered to impart to the fluid a 

"circulation" in the sense opposite to that of the rotation of the 

cylinder. At the condition of equilibrium, the net "circulation" will 

be zero, and hence it is to be expected that the net lift force on the 

cylinder will be zero. 
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The argument may be extended to the case of a sphere in a 

two-dimensional flow if the sphere be considered as an assembly of 

elemental cylinders of varying diameters: if the sphere is so small 

that the velocity gradient which would exist in the undisturbed flow may 

be considered invariant with distance across the diameter of the sphere, 

then it would be expected that the equilibrium angular velocity of a 

given elemental cylinder would be dependent upon the velocity gradient 

rather than upon the diameter of the cylinder. Under these circum-

stances, all the elemental cylinders comprising the sphere would have 

a single value of equilibrium angular velocity, and this would be the 

angular velocity of the sphere. Then, as the above argument in-

dicates that the lift force on each of the elemental cylinders will be 

zero, it is expected that the lift force on the sphere will also be zero. 

Young (L 5) has described experiments involving the determin-

ation of the lift and drag force components acting on a spherical 

particle of nylon, initially resting on the bottom of a glass tube in 

which water was flowing. It was observed that the lift force 

apparently decreased sharply, once the particle had ceased to be in 

contact with the bottom of the tube. Having lifted clear of the rigid 

surface (that is, the bottom of the tube) the particle would then fall 

back to that surface, a "hopping" motion resulting. 

If the reduction in the lift force component were due to the re-

duced steepness of the velocity gradient outside the region which is 
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immediately adjacent to the rigid surface, it would be expected that 

the particle would tend to approach an equilibrium position in which 

the velocity gradient was such that the lift force would be of just 

sufficient magnitude to balance the effective weight of the particle. 

The reported "hopping" motion is consistent, on the other hand with 

the hypothesis that a reduction in the lift force occurs as a result of 

the acquisition by the particle of a spinning motion. This spinning 

motion (induced by the velocity gradient within the fluid), and the 

consequent reduction in the lift force, would persist until the particle 

again came into contact with the rigid surface. The spinning motion 

would then be substantially arrested by mechanical friction, and the 

magnitude of the lift force would be restored to the value which 

applied at the start of the "hop". Such a hypothesis is, however, at 

variance with the conclusions of Rubinow and Keller (1.4),who have 

analysed the forces acting on a spinning sphere moving in a viscous 

fluid. 
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A P P E N D I X II 

THE DRAG F O R C E C O E F F I C I E N T FOR A SPHERICAL PARTICLE 

The v a l u e s a s s i g n e d to the d i m e n s i o n l e s s d r a g f o r c e coef f ic ien t 
C ^ in Equa t ion (2 .8) - p . 31 - a r e based on the fol lowing sa l ien t va lues , 
which c o n f o r m to the r e l a t i o n s h i p p r e s e n t e d by Rouse (II. l ; p . 122) f o r the 
c a s e of a s p h e r i c a l p a r t i c l e : 

REYNOLDS NUMBER 
H = 

u .d r e l 

10 
- 1 

10 
- 1 

o 
10 

10 
10 

10^ 
4 . 10' 

10 
10 
1 0 ' 

DRAG FORCE COEFFICIENT 

Reynolds N u m b e r IR 
u ,d r e l 

D 

24.0 / IR 
240 .0 

25 .0 
4 . 2 
1. 1 

0 .45 
0 .40 
0 .42 
0 .50 
0 . 5 0 

w h e r e u^^^ = the ve loc i ty of the f lu id r e l a t i v e to the p a r t i c l e 
d = the p a r t i c l e d i a m e t e r 
V = the k i n e m a t i c v i scos i ty of the f lu id 

R e f e r e n c e : (11.1) House H . , " E n g i n e e r i n g Hydrau l i c s " House H. e d . , 
John Wiley and Sons Inc. New York , U . S . A . 1950, 
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For intermediate values of Reynolds Number within the range 
-1 5 

10 ^ K ^ 10 , the corresponding values of the drag force coefficient 

are interpolated, on the assumption that a plot of log Ĉ ^ against log K 

will consist of a series of straight lines, joining points with coordinates 

corresponding to the values tabulated above. 

The relationship between Reynolds Number and the drag force co-

efficient is shown graphically in Figure II. 1. 
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APPENDIX III 

The FORTRAN Computer Program for the Computation of 
the Trajectory of a Particle within the Model Eddy Field. 

The sequence of operations within the program is described 

in Chapter 4. 

This Appendix contains the following: 

(i) A listing of the program: 

Main program p,III.3 - III. 8 

Subroutine VEL p. III. 9-

Subroutine VELID p. Ill, 9 

Subroutine DRAG p. III. 10 
(The Subroutine DRAG is substantially based 
upon the procedure presented by W. G. Field 
in "Some Effects of Density Ratio on 
Sedimentary Similitude" - Ph.D. Thesis, The 
University of Newcastle, New South Wales 1967). 

(ii) Flow Chart (Figure III. 1) p.IIL 11 

(iii) List of Variables to be Read as Data (Table III. A) p. III. 12-III. 14 

(iv) Results of Particle Trajectory 
Computations 610101-620101 p. III. 15-IIL 36 
(These results have been reproduced from the original 
printed output. In order to suit the present format, the 
spacing between columns of the tabulation has been re-
duced, and the column headings have been modified. 
The tabulation is based on 31 lines per page, whereas 
the original output contains 51 lines per page). 
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(v) Results of Particle-Trajectory Computation 4300101 p« III. 37-III. 39 
(Position Coordinates only of computed points, 
reproduced from the original printed output). 
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The PORTRAK Program f o r the Computation of the Trajectory 

of a P a r t i r l e w i t h i n the Kodel ìùddy .^ield . 

I^IPLICII^ ÌÌÌÌ:AL»8(A-J,0-Z) 

LOGICAL DROP 

DBIEKSION UEDDS(5 ) 

COMMON /COiaVXCFrR ,YCT7TR »UiiDDY ,PAHT , RKO ,CD ,?DRX , P2RY ,UFL , VPL 

COi/iKON PPAX,PPAY,C01IST1 

DATA T T i E A D / l / , i J P U N C K / 2 / , m i T E / ^ 7 

r/RITE ( i W R I T S , 2 5 0 ) 

250 PORJaAT ( ' 1 THIS HAS BEEN RUN Oi" DECK 6 . • ) 

READ ( r R E A D , 2 0 0 ) IDENT JISET , ITIME 

200 PCRIvIAT ( 5 1 1 0 ) 

CALL TEME ( I T B I E , D R O P ) 

JO 999 NJ=1 ,N3ET 

IDENS = ( l0000-*IDEi 'T )+ ( l00*Kj ) 

READ (2vREAD,204) KSTART ,i(PU^JCH 

204 r-^oRtaT ( 2 1 1 0 ) 

READ (NREAD ,207 ) X3TART,YSTART 

207 rXRIvlAT ( 2 D 5 0 . 1 8 ) 

REAL (NREAD ,208 ) TSTART 

208 PORlilAT ( D 5 O . I 8 ) 

READ (NREAD ,202 ) PART , S T E P , D E L 3 C R , N S T E P , I P , I P U r C H 

202 PORh'iAT ( D 2 0 . 4 , D I O . 2 , D I O . 2 , 1 1 0 , 1 1 0 , 1 1 0 ) 

cEAD (NRSAD , 201 ) XCMTR,YC>ITR,rxRAy ,ADiaSK,W 

201 .^"'ORiaT ( 5 D 1 5 . 4 ) 

CONSTI = 1 . 0 0D+00+ (GRAV / ( l . OOD+OO+ADMASK) ) 

-cEAD (NREjU; ,205) NV , (UEDDS (NN) ,!.N=1 »IT) 

205 FORirAT ( I 1 0 , 5 D 1 0 . 2 ) 

»VRITE (NEVRITE,223) IDENSS J ,KSET , IDE^^T 

225 POS'-.AT ( M IT̂ -PUT DATA POR DATA SET M I O , ' - THIS IS SET TiTJT3?]R ' 

1 , 1 5 , ' OP ' , 1 5 , ' SET /S TO BE READ IN RUN ' , 1 5 ) 

'.VRITE (>^y/RITE ,224 ) PART ,XCNTR,YC?'TR,aRAV ,X3TART , Y3TART ,TSTART 

224 POWkT ( / / / ' PARTICLE PARA1^:ETER ' , 1PD20 .8 , / / / ' SPACING OP EDDY C 

1ENTRES - X ' , D 1 5 . 5 , / / 2 7 X , ' Y ' , D 1 5 . 5 , / / / ' GRAVITATIONAL PARAi.'ETER 

2 • , D 1 5 , 5 , / / / ' STARTING POINT - X • , D ? 0 . 1 8 , / / 2 0 X , • Y ' , D 5 0 . 1 3 , / / 

3TARTING T B ; E ' , 7 X , D 5 0 . 1 8 ) 

WRITE ÌNiVRITE,225) NSTEP ,STEP ,DELSC R ,ADIiASK 

225 PORfaT ( / / ' NU7..3ER 0 ? STEPS ' , 1 1 0 , / / / ' STEP Lli.lIT M P D 1 0 . 2 , / / / ' 

1 C0i,n^ERGENCE CRITERION ' , D 1 0 . 2 , / / / ' ADDED LIASS COEPPICIEiiT • ,OPD 

2 1 0 . 2 , / / / ' WEIGHTING PACTOR M P j 1 0 . 2 ) 

IP ( K S T A R T . N E . 1 ) GO TO 7 

6 ;IEAD (NREAD , 205 ) U ? T T , / P T T 

205 PORl^lAT ( D 5 0 . 1 8 , D 3 0 . 1 8 ) 
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.7?JTS ( M R I T S , 2 U ) UPTT,VPTT 
2 K ?0H].:AT ( / / ' PAHTICLiS 7SL0CITY COiiPONSNTS AT STARTIKa POIT^T HAVE B 

I^SN IK. UFTT ' . J 2 5 . 1 8 , / ' ' , 6 9 X , ' VPTT M j 2 5 . 1 3 ) 
JC TC 8 

7 7/RITE (MVRrTB,215) 
215 FORiY-AT ( / / ' PARTICLE YSLOCITY CCMPONSirrS WILL BE SET S^iUAL TO THE 

1 FLUID VELOCITY CO!TO>iEMTS AT THE 3TARTIKG PCI i lT . ' ) 
s coirriNUE 

.V RITE ( >:WRITE , 21 2 ) ( UEDDS ( ) , rN= 1 , ) 
212 ?Om'AT ( / / ' VELOCITY PARAiVETERS ' ,D10 .4 , / ( 2 2 X , D 1 0 .4 ) ) 

WRITE ( M R I T E , 2 1 ^ ) IPR:rr ,IPU>-CH 
215 FCaVAT ( / / • COC:^IKATES Ai^ VELOCITIES ARE PRIÌ:TED ?0R EACH 0 ? TH 

IE EIR3T 50 COKPUTEIJ P O I i T S , Alw THEK APTSR EVERY ' , 1 5 » ' PCI^^?3. ' 
2 / / ' I F KPUFCH 13 SET 0 , A CARD I S PU>iCHEi; A?TER EVERY » , 1 5 , ' C 
COMPUTED p o i i r r s . ' ) 
aRlT£ ( M R I T E , 2 2 6 ) KSTART ,KPUNCH , ITB' iJ 

226 EORi-lAT ( / / / / ' oTARTIIia CODE K3TART ' , 1 5 , ' - EQUALS 1 IF PARTICL 
IE VELOCITY COKTONE^TS AT STARTI>jJ POIiiT ARE TC ¿E READ I N . » / / ' P 
2UNCHIFG^ COLE KPLTXCK ' , 1 5 , ' - EQUALS 0 I ? NC CARD OUTPUT I S REv^UI 
5RED. ' / / ' TBiE LB IT PARAi'.ETER ITILE ' , 1 5 ) 

DO 939 NU=1,-W • 
Ii/ElJ3S = IDETCS+NU 
UEDDY = UEDDS(KU) 
y/RITE (r^ 'RITE,221 ) IDENSS,UELDY 

221 EORIv̂ AT ( M ' ^ / / / / / ' 3TA.RT 0? RESULTS POR DATA SUBSET » , 1 1 0 , / / / / / / / 
1 ' YSLOCITY PARAI. ET^R ' , D 1 2 . 5 ) 

CALL VELID 
I ? (KPU^X:H.EQ.O) -̂ -C TO 1=» 
.^RITE (>iPUI^H , 2 ^ 0 ) FART ,I^DijY ,XC •rrR,YCKTH,IDEr33 

250 /CRI"AT (D2C.3 ,D10 .%2j2G.>3 , I 1 0 ) 
• RITE (EPUKCII,251 ) vi-ART ,YSIART ,TSTART , InEi 'SS 

2^1 ECrQ^AT (5D20 . 8 ,10X , I I 0 ) 
•,/RlTE ^ r ^ F ,^EL3CR, )RAV,W,IPir 'CH,AD::A3K,IDErS3 

232 "CRî .AT ( ¿ J I G . 2 ,110 ,DIO.2 , 1 0 a , n o } 
19 CC^^TINUE 

I ? (UEDDY .E.4 .0 .00^-^00) :C TO 21 
DTuAS = oTEP/UEjDY 
IE ( ( X C i T R / Y C r - T R j . i r . l . 0 0 ^ 0 0 ) = jTJAS*XC:;TR/YCrTR 
;c TC 22 

21 ^TriAS = (2 .0CJ^+^G*¿TEF) 
22 jTD*i3 = ^JA.ó''ò\jJj^òA6/ 

T i r = rsTART 
:PA-;E = 1 
ULIKE = 0 
:.ouì:T = I P ^ ' T 
NCARD = 0 
'HR = 0 
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CALL YEL(XSTAHT,YSTART,TSTART) 

ÜPLT = HFL 

VFLT = V?L 

IF (K:START.RII].2) GC TO 10 

UPTT = ÜFL 

VPTT = VFL 

10 COÎÎTIME 

CALL DRAG(üFLT,VFLT,UPTT,VPTT) 

XT = XSTART 

YT = YSTART 

XTO = XSTART 

YTO = YSTART 

WTvîSUL! = O.OOD+OO 

A = I.OOD-hOO 

FXSL:;0 = (FÛRX+FFAX)*IJSIG>'(A,UPTT) 

Í'YSIGO = (FDRY+FFAY)*DSIJÍ:(A,VPTT) 

DO 987 NL = 1»NSTEP 

IF (NL.2í¿.l) GO TO 405 

IF ( N L . L E . 5 0 ) KOUNT = IPRNT 

11 NTR = 1 

DT = DTBAS 

IF (UPTT.NS.O .ODOO) DT=DABS(STEP/UPTT) 

IF ( (DA3S(VPTT) ) . : JT . (DABS (UPTT) ) ) DT = JABS (STEP/VPTT ) 

FXT = FDRX+FFAX 

FYT = FDRY+FFAY 

12 T M = TIK+DT 

ACCX = FXT 

ACCY = FYT-GRAV 

D1X = UPTT*DT+0.50D00*ACCX*DT*DT 

D1Y = VPTT*DT+0O0D00*ACCY*DT*DT 

IF ( (D1X**2+D1Y**2 ) . G T . ( S T S P * * 2 ) ) GO TO 800 

XI = XT+DIX 

Y1 = YT+D1Y 

UPT1 = UPTT+ACCX*DT 

VPT1 = VPTT+ACCY*DT 

14 CALL VEL(X1 ,Y1 ,TEID) 

UFL1 = UFL 

YFL1 = VFL 

CALL DRAG(UFL1,VFL1,UPT1,VPT1) 

FX1 = FDRX+FFAX 

FY1 = FDRY+FFAY 

FA = (YV*PXT+FX1 ) / (W+1 .ODOO) 

FY = (W*FYT+FY1) / (W+1.ODOO) 

ACCX = FX 

ACCY = FY-GRAV 

D2X = UPTT*DT+0.50D00*ACCX*DT*DT 

D2Y = VPTT*DT+0.50D00*ACCY*DT*DT 

IF ( (D2X* *2+D2Y**2 ) . G T . ( S T E P * * 2 ) ) 00 TO SOD 
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X 2 = X T + L 2 X 
Y 2 = Y T + Í J 2 Y 
U P T 2 = U P T T + A C C X * D T 
V T T 2 = V P T T + A C C Y * D ï 
C A L L V 3 L ( X 2 , Y 2 , ? i i i O 
U P L 2 = UPL 
V F L 2 = V P L 
C A L L D R A G ( U F L 2 , 7 P L 2 / J P T 2 , V P T 2 ) 
P X 2 = P D R X + P P A X 
P Y 2 = P D R Y + F P A Y 

1 6 P X = ( P X T + P X 2 ) / 2 . 0 ^ + C 0 
PY = ( P Y T + P Y 2 ) / 2 . 0 D + 0 0 
A C C X * PX 
A C C Y = P Y - J R A V 
i ; 3 X = l I P T T * j T + C o Û j O O * A C G X * i ^ T * D T 
Ü5Y = m " ' T * i j T + C o O i j O O * A C G Y * i j T * D T 
I P ( { D 5 X * * 2 + D 5 Y * * 2 ) . J T . ( 3 T ü P * * 2 ) ) GO TO 8 0 0 
X5 = XT4.L3X 
Y 5 = Y T + D 5 Y 
I T T 5 = U P T T + A C C X * J T 
V P T 5 = > ^ T T + A C C Y * j T 
C A L L V r J L ( X 5 
UPL 5 = 'JPL 
' /PL5 = Y P L 
I P }o TO 1 7 
. S L X Y = J S Q R T ( ( û 5 X - J 2 X ) * * 2 + ( D 5 Y - D 2 Y ) * * 2 ) 
I P ( D f î L X Y . L 3 . D i î j L 5 C R ) GO TO I 5 

1 7 C A L L D R A C ( U P L 5 ,7PL^. ,fJPT^ , 7 P T 5 ) 
= î r r R + 1 

P X 1 = P X 2 
P Y 1 = P Y 2 
P X 2 = PÛRX+PPAX 
P Y 2 = P D R Y + P P A Y 
X 2 = X5 
Y 2 = Y3 
J 2 X = D}X 
D 2 Y = D5Y 
GO TO 1 6 

1 5 TI^.- = 
XTî ^ = 0 . 5 0 J + 0 0 * ( A 3 + X 2 ) 
Y Î K = 0 O 0 ^ + 0 0 * ( Y 3 + Y 2 ) 
n . = 0 . 5 0 J + 0 0 * ( x T + x î r ) 
n. = 0 o 0 J + 0 0 * ( ^ t + Y T J - ; ) 
XT = X T K 
Y" Î — Y 
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U P T T = 0 . 5 0 D 0 0 * ( U P T 5 + U P T 2 ) 
V P T T = O . 5 O D O O * ( V P T 3 + 7 P T 2 ) 
C A L L V E L ( X T , Y T , T B ' ) 
U F L T = I J F L 
V ? L T = V P L 
G A L L D HAG ( U P L T , Y F L T , U P T T , - / P T T ) 
F X S I 3 N = ( ? D R X + F F A X ) * I ; 3 I G r ( A , U P T T ) 
F Y S I 5 K = ( F D H Y + F F A Y ) * D S I C r K ( A , 7 P T T ) 
DWX = 0 . 5 0 D 4 - 0 0 * ( F X 3 I O O + F X S i : ^ r ) * : . A 3 S ( X T - X T O ) 
DV/Y = 0 . 5 0 D + 0 0 * ( F Y S i a 0 + F Y 3 I } r ) * j A 3 b ( Y T - Y T 0 ) 
F X S I G O = F X 3 I G N 
F Y 3 I G 0 = F Y S I G K 
X T O = X T 
Y T O = Y T 

'Ml = ( L ) W X + D W Y ) * ^ S ; i R T ( X I v : * * 2 - » - y L * * 2 ) 
WMSUl: = WMSUlkH-UWli. 
I F ( ( K O l J O T . i i Q . I P H N T ) . 0 H . ( ? I L . ^ ; i . i : 3 T a P ) ) GO TO 4 O 6 
K O U N T = K O U K T + 1 
GO T O 9 3 6 

4 0 6 I F GO T O 4OO 
4 0 5 W R I T E ( i M I T E , 1 0 l ) I D E N S S , P A R T » K P A G E , X C N T H , Y C i : T R , G R A Y 
1 0 1 FORÈLAT ( M D A T A 3 U B S J Ì T ' , I 8 , 7 X , ' P A R T I C L E P A R A l . i i T S R ' , 1 P D 1 5 . 6 , 7 X , 

1 ' V E L O C I T Y P A R A I , : E T E R ' , 0 ? D 1 2 . 5 » 1 2 X , » P A G o ' , 1 ^ / / ' E D D Y 3 
2 P A C I N G - i r X D I . R E C T I O h ' ' , 1 P D 1 2 . 5 , ' Y D I R E C T I O N ' , D 1 2 0 , 9 X , 
V G R A V I T A T I O N A L P A R A Ì . : E T E R ' , D 1 1 . 4 ) 

W R I T S ( r / / R I T S , 1 0 2 ) 
1 0 2 F O R M A T ( / / ' T I M E ' , 1 0 X , ' C O O R D I N A T E S ' , 6 X , ' F L U I D V E L O C I T Y C O 

lOI^nPONEKTS P A R T I C L E V E L O C I T Y C O i T O ^ - E i ^ S R E Y N O L D S 'YORK-! . ; OK E T T 
2 • / / ' ' , 1 9 X , ' X ' , 9 X , ' Y ' , 1 2 X , ' X • , 9 X , ' Y ' , 1 4 X , ' X ' , 9 X , ' Y ' , 1 
5 0 X , ' N U M B E R ' » ^ X , » ON P A R T I C L E , T R I A L S ' / ' ' ) 

4 0 0 C O N T I N U E 
4 0 2 W R I T E ( N W R I T S , 1 1 2 ) T B : , X T , Y T , U F L T , V F L T , U P T T , V P T T , HNO ,VV1'SUI.: , N T R 
1 1 2 F O R M A T ( ' ' , D 1 2 . 5 , 1 X , F 1 1 . 4 , 1 X , F 1 1 . 4 , 5 X , F 1 0 . 4 , 2 X , F 1 0 . 4 , 7 X , F 1 0 . 4 , 2 X , 

1 F 1 0 . 4 , 5 X , D 1 2 . 4 , 1 X , D 1 2 . 4 , 4 X , l 4 l 
4 0 3 C O N T I F J E 

N L I F E = N L I N E + 1 
4 0 7 I F ( i a . I N E . G E . 5 i ) GO T O 4 0 4 

AOUNT = 1 
GO T O 9 8 6 

4 0 4 lOPAGE = N P A G E + 1 
K L I N E = 0 
GO T O 4 0 6 

8 0 0 L T = D T * 0 . 7 0 D 0 0 
GO T O 1 2 
C O i J T I N U E 
I F ( K P U N C H . E Q . O ) GO T O 4 O 8 
I F ( ( N L . N E . 1 ) . A I u ) . ( N L . r T E . ( N C A R D * I P U N C H ) ) ) GO TO 4 0 3 
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W R I T i ( i . T U r C H , 2 4 0 ) I j S K S S A R i ) , > i L , T D « I , X T , Y T 
2 4 0 F C m . ' . k T ( I 1 0 , I 5 , I 1 0 , ? ? 1 5 . 4 ) 

N C A R I ) = > i C A R D + 1 
4 0 8 0 0 ? : T I N U a 

I ? ( D R O P ) X T O 5 8 8 
9 8 7 C O O T I ! T U i i : 

M L = i T S T S P 
9 8 8 C O l ^ I K U S 

7 / R I T E ( m i T S , 2 2 2 ) I D E N 3 S 
2 2 2 F O R i ^ T ( ' 1 ' / / / / / / ' O F R j ^ S U L T S F O R D A T A S U B S E T » , 1 1 0 , / / / / / / / ' 

1 7 3 L 0 C I T Y ' , l j 1 2 . 5 ) 
V R I T E ( F ^ R I T i J , 2 l 6 ) , T B , X T , Y T J J P T T , ^ / P T T 

2 1 6 F O R V A T ( / / / / ' L A S ? C O l . T U T S D P O I i r T O K T R A J E C T O R Y - M J t 3 i : R ' , 1 1 0 , 
1 / / 5 9 X , ' T B I E ' , 1 P D ^ 0 . 1 3 , / / 5 9 X , ' P O S I T I O N C O O R D I N A T K S X ' , D 3 0 , 1 8 , / 
2 6 1 X , ' Y ' , D 5 0 . 1 8 , / / 3 9 X , ' P A R T I C L E V E L O C I T Y C O M P O i i E N T S X ' , 1 ^ 3 0 . 1 8 , 
3 / 6 9 X , ' Y • , D 3 0 . 1 8 ) 

I F ( K P U N C K . E Q . O ) } C T O 9 6 9 
W R I T E ( . N P U N C h , 2 4 0 ) I D E K 3 S , K C A R D , T I l u , X T , Y T 
W R I T E ( l i P U N C h , 2 0 7 ) X T , Y T 
W R I T S ( ! x T T J K C K , 2 0 8 ) T B : 
W R I T S ( h T U K C H , 2 C 5 ) ^ J P T T , ' / P T T 

9 8 9 C O N T I N U E 
9 9 9 C O N T I N U E 

S T O P 
E N D 
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S U B R O U T I N E V S L I D 
D A T A N W R I T E / 5 / 
W R I T S ( M R I T S , 5 0 0 1 ) 

5001 i<^OR^!AT (//' V E L O C I T Y J I S T R I B U T I O r - I M P I N I T S 2 J D Y A R R A Y . •) 
R E T U R N 
¿>TD 

S U B R O U T I N E VEL(X]) ,YD ,TD) 
B I P L I C I T R E A L * 8 ( A - : ^ , 0 - Z ) 
GOii^^ON / C O M ^ / X C N T R ,YCiITR »UELDY ,PART ,RNO ,CD ,?DRX ,U?L 
C O m O K F P A X , F P A Y , C 0 F S T 1 
D A T A D P I / 5 . 1 4 1 5 9 2 6 5 5 5 8 9 8 / 
XARCJ = X D * D P l / X C i I T R 
Y A R ^ = Y D * D P I / Y C r T R 
U X Y = D 3 I N ( Y A R G ) * D C 0 S ( X A R 3 ) 
U F L = U X Y * U E D D Y 
7XY - ( y c n t r / x c n t r ) * d s i k ( x a r q ) * d c o s ( y a r g ) 
V P L = V X Y * U E D b Y 
A F X = - D P I * ( ( U F L * U F L * D T A K ( X A R 3 ) / X C ? : T R ) + ( V F L * V P L * j C 0 T A ' U X A R j ) * X C i ^ R 

l / i Y C h T x R ^ Y C N T R ) ) ) 
AFY = - D P I * ( ( \ r F L * V F L * D T A N ( Y A R G ) / Y C T r r R ) - f ( U F L * U F L * D C C T A N ( Y A R G ) * Y C I T H 

l / ( X C N T R * X C i i T R ) ) ) 
F P A X = AFX/CCTT^STI 
? F A Y = A F Y / C 0 N S T 1 
R E T U R N 
El D 
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SUBROUTINi] D R A G ( U F L D ,UPTD ,VPTI)) 

n . P L I C I T R E A L * 8 ( A - ; , 0 - Z ) 

JIL.¿1'SI0N R N ( 3 ) , C ( 8 ) 

C O O u O K /COiUl/XCT.-TR ,YCNTR,iJli]JJY ,PAHT ,RNO ,PDRX ,PDRY ,UPL ,/PL 

GOiaiON P P A X , P P A Y ,CÜÍ:¿T1 

J A T A R K / 1 .OD-01 ,1 . 0 D 0 0 , 1 .ODOI ,1 . 0 D 0 2 , 1 .ODO3 , 4 . 0 J 0 5 ,1 .0ÍJ04 ,1 .01)05/ 
J A T A C / 2 . 4 D 0 2 , 2 . 5 D 0 1 ,4 . 2ÍJ00 ,1 , 1Í;00 ,4 . 5 D - 0 1 , á . C J - 0 1 , 4 . 2 ¿ - 0 1 ,5.iJ-0l/ 
U R S L = ÜFLEI-UPT:^ 

VRüJL = VPL];-7PÏU 

»VRáL = D S Q R T ( (jRJ:]L**2)+(•/H¿L**2)) 

R h O = WRiiJL*PAHT 

IP (RNO.Kiî.O.OCijQG) ^C TG 100^ 

1 0 0 2 P D R X = O . O D O O 

P D R Y = O . O D O O 

CÎO T O 1007 

1005 IP ( ( R N O . a T . 1 . 0 D - 0 1 ) . A Î : I ) . ( R N 0 . L T . 1 . 0 D + 0 5 ) ) }0 T O 1004 
C D = O . 5 O D O O 

IP (RKO.LiîJ.I . 0 D - 0 1 ) C D = 2 4 . 0 D O O / R N O 

ao T O 1006 

1004 JO 1 0 0 5 K = 2 , 8 
IP (RNO.GT.Rr(:j)) }C TO 1005 

DLHC = DLoa(C:;r-i ))-^(DL0.j(c(r))-DLc:}(c(N-i)))MDL0:^(Rrc)-jLC7(H>:(K 

1 -1 ) ) ) / { D L C ; ( ( - ) ) O L C c ( .^r (] -1 ) ) ) 

C D = DEXPÍDL^-C) 

X ' TO 1006 

1005 GOíTTINUÜ 

1006 cc^^?I^TUK 

P D R X = 0 . 7 5 D 0 0 * C 

P D R Y = 

1 0 0 7 RiíiTURK 
¿I'D 
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Type D e c l a r a t i o n « 
DIMENSION Stotements 
COMKON SWtemcnt« 

M R E A D . N P U N C H . N W R t T E l 

/ W H I T E D t c k N ? / 

f R E A D I D E N T ^ N S E T . t T I M E | 

I C A L L T E M c ' d T t M E . D R O ^ 

IPO N J « I , M S E T 1 

1 
m n E E o m 

X 
^ R E A O K S T A R T , KPVINCH, 

K S T A R T , Y S T X R T , T « T A H T , 
P A R T , S T E P , D E L « C R , 
M 9 T E P , I P R N T , I P Ü N C H , 
X C N T » , V C N T r t , ftRAV, 
A D M A f t K , W 

I 
¡Cale. CONSTil 

fREAD NV.(UEDPt(MtO.MN'tHH<)| 

^ R I T E I D E N S 
^ R T . X C N T R 
X f T A R T 
N f i T E P , 
A D M A S K 

^ W R I T E ; P a r t i c l e 
V e l o c i l i e f t To 
ft«t t q u a l 

F l u i d V e l o c i t i 

fREAP Ü P T T . V P T T I 

/write U P T T . V P T T Í -

t i c l c I 
0 bt I 
to / 
L i k / 

/ 
! COWTIMUKl 

W R I T E ( U E D O S ( N N ) , N N - l , f t l V l 
I P R N T » I P U N C H 

K S T A R T . K P Ú N C H . I T ! M E 

IPO 989 NU'i .Nvl 

i 

J 
IDENVS • IDENS4̂ NU 
UCPPY » UEOPSCNU) 

/WRITE IPEWMS.UEDpg-

fCALL VELiFI 

XPÜNCH PART.UEDDY, 
XCNTR,YCNTR,I0£I4SS 
XSTART,YSTART,TSTART 
step,oelscr,grav; w, 
IPUNCH, APMASK — 

'•jPraAS'PTBAfìlCWTRACHTWi» 

(rrBA««OABft(OTaAS) 
t i h - t s t a r t 
NPAGE ' 1 
NLINE » 0 
KQUNT - IPRNT 
NCARD•0 
NJR *Q 

ICAL L VEL CXCTART. YgTAWT.TSTAiTQi 

C A L L D R A 6 ( U F L T , 
V F L T . U P T t . V P T T ) 

X T • X « T A R T 
V T • Y S T A R T 
X T O - K S T A R T 
Y T O - Y « T A R T 
W M f i U H - 0 - 0 , A « i O 
C a l e . F X S I 6 0 

rvsloo 
100 9 Q 7 N L ' I N S T E P I 

Fi<T- PORX + FFAX 
IFVT- FDRY4. FFAY 
• t 
f® TEM « TIM 4- OT 

Calc.ACCX.ACCY, DlX.piV 

:alc. X1,Y1,UPT1,VPTI 
'a l l ve l (x i , y i , tem) 

UPLl - UFL 
VPL l» VFL * 

CALL DRAG (UPLl . 
VFLl, UPTl.VPTl) 

PX1> FORX 4-rFAX 
FYl- F0RY4.FFAY 

- FX - (W# FXT • FX1)/CW + i oj 
FY- (W«FYT̂  FYl)/(W * 10) 
Cote. ACCX,ACCY, D2X,DaY 

Cole. X 2 , Y 2 , U P T e . V P T j 
C A L L V E L C x e , Y 2 , T E » 

U F L - Z - U F L 
V F L 2 - V F L 

I 
CALL DRA6(UFL2. 
VFL2, UPT2.VPT«) 
Fxe-FORX^-FFAX 
FYt-FORY-vFFAY 

»•fx-(fxt+fxz)/20 
FY=(FYT4.FY2)/20 

Cole. ACCX,ACCY, 03X,D3Y 

Cak. X3,Y3,üPTa,VPTa 
CALL VEL0I3.VS.TEM) 

UFL3-ÜFL 
V F L I - V F L 

" TIM • TEM 
Cak.XM,YM,XT,YT;UPTT,VFTT 
CALL VEL (XT, YT, TIM) 

UFLT • UFL. 
VFLT • VFL 

c a l l drag ( u f l t , 
V F L T , O P T T , V P T T ) 

Calc. FXSI6N,FYSI6'n, 
OWX, OWY 

FXSIGO' FXGIGN 
FYSICO» FYSIGN 
Calc. DWM 
WMSUM*WMSUM40WH 

^CALL DRA6(UfLiu 
VFLl,UPTf,vrr^ 

JITR-NTR4 1 
FX2-F0RX4FFA* 
FY2-F0RV+FFAY 
Xt-X9 
Ya-Yt 
0«X*D3X 

WRITE lOEHStPARTUEOOY 
NPACE.XCMTR.YCNTR.CRAV/ 

( P a ^ « h c o d i n ^ ) 
( C o l u m n h e a d l n q g ) 

[WR\TE TIH,XT,YT, UFUT, 
.VPTT,RNO,WMSUM 

dnzis 

isrcnni 

iNJ-NJ»! 

XPUNCH IDENSS, NCARD, NL, 
TIM,XT, YT, UPTT, VPTT ^ 
(La«1 Computed Point) 

feTOPh-»—[ENDI 

iNCARO'NCAROnI 
/PÜNCM lOEN&S,MCARt 

NL.TIM.XT, YT 

r^GUFir. H L l FORTRAN PROGRAM FOR COMPUTATION OF THE TRAJECTORY OF A PART8CLE IM THE MODEL EDDY F IELD . 
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TABLE III.A 

Variables to be Read as Data, in the Operation of the FORTRAN 
Program for the Computation of the Trajectory of a Particle in the 

Model Eddy Field, 

Variable 
Name Definition Reference Comments 

IDENT Section 
4 .5 . 2 

Identification number of 
the machine run. 

NSET Section 
4 .5 . 2 

The number of data sets 
in the machine run. 

ITIME Section 
4o3 

Note X. 

Time control parameter 

KSTART 

KPUNCH 

XSTART X o 
(s+k)d 

YSTART yo 
(s+k)d 

TSTART 'O 
(s+k) d 

PART 
V 

STEP 

Section 
4.3 

Note vii, 

Section 
4 .5 . 1 

Section 
4.3 

Note vi, 
Section 

4o 3 
Note vi. 

Section 
2 .2 .10 
Section 

4. 3 
Note ii. 

Starting Code: If 
K&TART=2, particle 
velocity components are 
set equal to fluid veloc-
ity components at the 
starting point. If 
KSTART^l, particle 
velocity components are 
to be read in as data. 
Punched- Card Output 
Code: if KPUNCH^O, 
punched card output is 
supressedo 
Dimensionless x co 
ordinate of the initial 
point on the trajectory, _ 
Dimensionless y co-
ordinate of the initial 
point on the trajectory 
Dimensionless time at 
which the particle 
passes through the in= 
itial point. 
Particle-Fluid Para= 
meter 
The maximum distance 
between two consec-
utive computed points 
o n ^ particle trajectory 
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TABLE IIL A (cont'd. ) 

Variable 
Name Definition Reference Comments 

DELSCR Section 
4 . 3 

Note iii 

A parameter which es-
tablishes a criterion for 
the termination of the j 
prediction- correction 
procedure. 

NSTEP The number of tra jectory 
points to be computed. i 

IPRNT Section 
4 . 5 . 1 

Coordinates etc. are i 
printed for each of the 
f irst 50 computed tra j -
ectory points, and at in-
tervals of IPRNT points 
thereafter. 

IPUNCH Section 
4 . 5 . 1 

Output Cards are punched j 
at intervals of IFUNCH ! 
computed trajectory i 
points, ifKPUNCH^^Oo 

XCNTR X 
(s+k)d 

Dimensionless spacing of 
eddy centres, in the x co- j 
ordinate direction. | 

YCNTR Y 
(s+k)d 

Dimensionless spacing of 1 
eddy centres, in the y j 
coordinate direction = 

GRAV ( s - l . G ) Gravitational Parameter = 
(particle density/fluid 
density) - 1 . 0 

ADMASK k 
Section 
2 . 2 . 2 The Added-Mass 

Coefficient 

W 
Section 

4 . 3 
Note V. 

A weighting factor. 

_NV 
Section 
- 4 . 5 . 2 

The numbrer of-values of 
the Eddy Velocity Para-
meter UEDDY to be read 
within the data set. 

1 ^ NV ^ 5 
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TABLE III. A (cont 'd . ) 

Var iab le 
N a m e Definition R e f e r e n c e Comments 

UEDDS(n) 
UEDDY Ue 

Jgd 
Section 

3. 2 
The Eddy Velocity 
P a r a m e t e r - the 
d imens ion le s s 
c h a r a c t e r i s t i c veloc-
ity within the eddy 
f i e ld . 

U P T T 

V P T T 
Jgd > 
Jgd 

Section 
4 . 3 

Note vii 

Components of 
(d imensionless) p a r -
t ic le veloci ty , in the x 
and y coordinate 
d i rec t ions respect ive ly , 
a t the ini t ial point on 
the pa r t i c l e t r a j e c t o r y -
r e a d in only if KSTART 
= 1 



IKPUT i>ATA KOK uA£k tiiilT 6 10100 - THIS IS SET Klto^iIH 1 OF 1 SliT/S TO bK -iJiAD IN RUK 6l 

PARTICLE PARAMETER 1 .106800001) 00 

SPACING Ob̂  EDUY CENTRES - X 5 . 0 6 2 5 0 D 01 

Y 5 .O625OD 01 

GRAVITATIONAL PARA^'iETER 1 .OOOOOD 00 

STARTING POINT - X 0 . 0 

Y 1.5OOOOOOOOOOOOOOOOOD 0 1 
SMARTING T B ; E 0 . 0 

T-UlwBER OF STEPS 10000 

STEP L B , I T 2.00i)-02 

CONVERGENCE CRITERION 1 .OOD-O? 

ADDED ij.ASS COEi-'FIC lENT O . ^ O D 00 

WEIGHTING FACTOR 2 . 0 0 D 00 

PARTICLE VELOCITY COMPONENTS WILL BE SET E^UAL TO TIL:; FLUID VELOCITY COlVxPONENTS 

AT THE STARTING P O I N T . 

VELOCITY PARAi^lETERS O . I 7 O O D 00 

COORDINATES AND VELOCITIES ARE PRINTED FOR EACH OF THE FIRST 50 COMPUTED POINTS , AND 

THEN AFTER EVERY 25 POINTS . 

I F KPUNCH IS SET NE 0 , A CARD IS PUNCHED AFTER EVERY 25 COMPUTED POINTS . 

STARTING CODE KSTART 2 - EQUALS 1 IF PARTICLE VELOCITY COMPONENTS AT STARTING 

POINT ARE TO BE READ I N . 

PUNCHING CODE KPUNCH 1 - EQUALS 0 IF NO CARD OUTPUT IS REQUIRED. 

TIME LIMIT PARAI^':ETER ITIME 9 



IjTART OF RESULTS FOR uATA SUboi^T 610101 

V^fiLOCITY PARAi'lETiSR O.I7OOOD 00 

VELOCITY DISTRIBUTION - INFINITE EDDY ARRAY 

0̂  



D A T A S U B S E T 6 1 0 1 0 1 P A H T I C L E PARA^'IKTER 1 . 1 0 6 8 0 0 i J 0 0 V E L O C I T Y PARAMETER O . I 7 O O O D 0 0 P A G E 1 

EDDY S P A C I N G - I N X D I R N . 5 . O 6 2 5 O D 0 1 I N Y D I R N . 5 . O 6 2 5 O D 0 1 G R A V I T A T I O N A L PARAMETER 1 . O O O O D 0 0 

T I M E 
C O O R D I N A T E S F L U I D V E L O C I T Y 

COMPONENTS 
X Y 

P A R T I C L E V E L O C I T Y REYNOLDS 
COMPONENTS NUMBER 

X Y 

0 . 0 0 . 0 1 5 . , 0 0 0 0 0 . . 1 5 6 4 0 , . 0 0 . 1 5 6 4 0 . 0 0 . 0 
0 . 1 0 2 6 7 D 0 0 0 . 0 1 4 0 1 4 . , 9 9 7 1 0 . 1 5 6 5 - 0 . 0 0 0 1 0 . 1 5 6 5 - 0 . 0 5 0 7 0 . 5 6 0 7 0 - 0 1 
0 . 2 0 5 5 5 c 0 0 0 . 0 2 8 0 1 4 . . 9 9 1 4 0 , . 1 5 6 5 - 0 , . 0 0 0 2 0 . 1 5 6 5 - 0 . 0 5 9 8 O . 6 5 9 4 D - O I 

0 . 5O8O4D 0 0 0 . 0 4 2 0 1 4 . . 9 8 5 2 0 . . 1 5 6 5 - 0 . 0 0 0 5 0 . 1 5 6 5 - 0 . 0 6 1 4 0 . 6 7 6 7 0 - 0 1 

0 . 4 1 0 7 7 D 0 0 0 . 0 5 6 0 1 4 . . 9 7 8 8 0< . 1 5 6 2 - 0 . 0 0 0 4 0 . 1 5 6 5 - 0 . 0 6 1 8 0 . 6 7 9 7 i ) - 0 1 

0 . 5 I 5 5 2 D 0 0 0 . 0 7 0 0 1 4 . . 9 7 2 5 0 . . 1 5 6 2 - 0 . 0 0 0 4 0 . 1 5 6 2 - 0 . 0 6 1 9 0 . 6 8 0 2 0 - 0 1 
O . 6 1 6 5 O D 0 0 0 . 0 8 4 0 1 4 . . 9 6 6 1 0 . . 1 5 6 1 - 0 . 0 0 0 5 0 . 1 5 6 2 - 0 . 0 6 2 0 O . 6 B O 5 D - O I 

0 . 7 1 9 I I D 0 0 0 . 0 9 8 0 1 4 . . 9 5 9 7 0 , . 1 5 6 1 - 0 . 0 0 0 6 0 . 1 5 6 1 - 0 . 0 6 2 1 O . 6 8 O 5 O - O I 

0 . 8 2 1 9 6 0 0 0 0 . 1 1 2 0 1 4 . . 9 5 5 4 0 , . 1 5 6 1 - 0 . 0 0 0 7 0 . 1 5 6 1 - 0 . 0 6 2 2 O . 6 8 O 5 O - O I 

0 . 9 2 4 8 5 D 0 0 0 . 1 2 6 0 1 4 . . 9 4 7 0 0 . 1 5 6 0 - 0 . 0 0 0 8 0 . 1 5 6 0 - 0 . 0 6 2 5 O . 6 8 O 5 O - O I 

0 . , 1 0 2 7 7 1 ) 0 1 0 . 1 4 0 0 1 4 . . 9 4 0 5 0 . 1 5 6 0 - 0 . 0 0 0 9 0 . 1 5 6 0 - 0 . 0 6 2 4 O . 6 B O 5 O - O I 

0 , , 1 1 5 0 7 0 0 1 0 . 1 5 4 0 1 4 . . 9 5 4 1 0 . 1 5 5 9 - 0 . 0 0 1 0 0 . 1 5 6 0 - 0 . 0 6 2 4 O . 6 8 O 5 D - O I 

0 , , 1 2 5 5 6 D 0 1 0 . 1 6 8 0 1 4 . 9 2 7 7 0 . 1 5 5 9 - 0 . 0 0 1 1 0 . 1 5 5 9 - 0 . 0 6 2 5 O . 6 8 O 5 D - O I 

0 , . 1 5 5 6 6 0 0 1 0 . 1 8 2 0 1 4 . 9 2 1 2 0 . 1 5 5 9 - 0 . 0 0 1 2 0 . 1 5 5 9 - 0 . 0 6 2 6 O . 6 8 O 5 D - O I 

0 , . 1 4 5 9 7 D 0 1 0 . 1 9 6 0 1 4 . 9 1 4 8 0 . 1 5 5 8 - 0 . 0 0 1 2 0 . 1 5 5 8 - 0 . 0 6 2 7 0 . 6 8 0 5 0 - 0 1 

0 . . 1 5 4 2 7 0 0 1 0 . 2 1 0 0 1 4 . 9 0 8 5 0 . 1 5 5 8 - 0 . 0 0 1 5 0 . 1 5 5 8 - 0 . 0 6 2 8 O . 6 8 O 5 O - O I 

0 , . 1 6 4 5 8 0 0 1 0 . 2 2 4 0 1 4 . 9 0 1 8 0 . 1 5 5 7 - 0 . 0 0 1 4 0 . 1 5 5 8 - 0 . 0 6 2 9 O . 6 8 O 5 O - O I 

0 . . I 7 4 9 O D 0 1 O . 2 5 8 O 1 4 . 8 9 5 5 0 . 1 5 5 7 - 0 . 0 0 1 5 0 . 1 5 5 7 - 0 . 0 6 5 0 O . 6 8 O 5 O - O I 

0 , . 1 8 5 2 1 0 0 1 0 . 2 5 2 0 1 4 . 8 8 8 8 0 . 1 5 5 6 - 0 . 0 0 1 6 0 . 1 5 5 7 - 0 . 0 6 5 1 O . 6 8 O 5 D - O I 

0 , . 1 9 5 5 5 1 ) 0 1 0 . 2 6 6 0 1 4 . 3 8 2 5 0 . 1 5 5 6 - 0 . 0 0 1 7 0 . 1 5 5 6 - 0 . 0 6 5 2 O . 6 B O 5 O - O I 

0 . 2 0 5 8 6 0 0 1 0 . 2 8 0 0 1 4 . 8 7 5 8 0 . 1 5 5 6 - 0 . 0 0 1 8 0 . 1 5 5 6 - 0 . 0 6 5 2 O . 6 8 O 5 O - O I 

0 . 2 1 6 1 8 . ' 0 1 0 . 2 9 4 0 1 4 . 8 6 9 5 0 . 1 5 5 5 - 0 . 0 0 1 9 0 . 1 5 5 5 - 0 . 0 6 5 5 O . 6 8 O 5 D - O I 

0 . 2 2 6 5 1 0 0 1 O . 5 O 8 O 1 4 . 8 6 2 7 0 . 1 5 5 5 - 0 . 0 0 2 0 0 . 1 5 5 5 - O . O 6 5 4 O . 6 8 O 5 O - O I 

0 . 2 5 6 8 4 0 01 0 . 5 2 2 0 1 4 . 8 5 6 2 0 . 1 5 5 4 - 0 . 0 0 2 1 0 . 1 5 5 4 - 0 . 0 6 5 5 O . 6 8 O 5 D - O I 

0 . 2 4 7 I 8 D 0 1 0 . 5 5 6 0 1 4 . 8 4 9 6 0 . 1 5 5 4 - 0 . 0 0 2 1 0 . 1 5 5 4 - 0 . 0 6 5 6 O . 6 8 O 5 D - O I 

0 . 2 5 7 5 2 0 0 1 0 . 5 4 9 9 1 4 • 8 4 5 0 0 . 1 5 5 5 - 0 . 0 0 2 2 0 . 1 5 5 4 - 0 . 0 6 5 7 O . 6 8 O 5 D - O I 

0 . 2 6 7 8 6 0 0 1 0 . 5 6 5 9 1 4 . 8 5 6 4 0 . 1 5 5 5 - 0 . 0 0 2 5 0 . 1 5 5 5 - 0 . 0 6 5 8 O . 6 8 O 5 D - O I 

0 . 2 7 8 2 1 0 0 1 0 . 5 7 7 9 1 4 . 8 2 9 8 0 . 1 5 5 2 - 0 . 0 0 2 4 0 . 1 5 5 5 - 0 . 0 6 5 9 O . 6 8 O 5 D - O I 

0 . 2 B 8 5 6 D 0 1 0 . 5 9 1 9 1 4 . 8 2 5 2 0 . 1 5 5 2 - 0 . 0 0 2 5 0 . 1 5 5 2 - 0 . 0 6 4 0 O . 6 8 O 5 O - O I 

0 . 2 9 8 9 1 D 0 1 0 . 4 0 5 9 1 4 . 8 1 6 6 0 . 1 5 5 2 - 0 . 0 0 2 6 0 . 1 5 5 2 - 0 . 0 6 4 1 O . 6 8 O 5 D - O I 

0 . 5 0 9 2 7 0 0 1 0 . 4 1 9 9 1 4 . 8 0 9 9 0 . 1 ^ 5 1 - 0 . 0 0 2 7 0 . 1 5 5 1 - 0 . 0 6 4 2 O . 6 8 O 5 D - O I 

WORK-MOMENT 
ON P A R T I C L E 

0.0 
- 0 . 1 7 7 8 D - 0 1 
- O . 9 4 6 5 D - O I 
- O . I 8 6 5 D 0 0 
- 0 . 2 8 0 8 D 0 0 

- 0 . 5 7 5 9 1 ) 0 0 
- O . 4 7 1 2 D 0 0 
- O . 5 6 6 7 D 0 0 
- 0 . 6 6 2 2 D 0 0 
- 0 . 7 5 7 9 D 0 0 
- 0 . 8 5 5 B D 0 0 
- 0 . 9 4 9 7 ^ 3 0 0 
- O . I O 4 6 D 0 1 
- O . I I 4 2 D 0 1 
- O . I 2 5 8 D 0 1 
- O . I 5 3 5 D 0 1 
- 0 . 1 4 5 1 D 0 1 
- 0 . 1 5 2 8 D 0 1 

- O . I 6 2 5 D 0 1 
- O . I 7 2 2 D 0 1 
- O . I 8 I 9 D 0 1 
- O . 1 9 1 6 D 0 1 

- 0 . 2 0 1 4 1 ) 0 1 
- 0 . 2 1 1 1 D 0 1 
- 0 . 2 2 0 9 D 0 1 
- O . 2 5 O 6 D 0 1 
- 0 . 2 4 0 4 D 0 1 
- 0 . 2 5 0 2 D 0 1 
- O . 2 6 O O D 0 1 

- 0 . 2 6 9 9 1 ) 0 1 
- 0 . 2 7 9 7 1 ) 0 1 

T R I A L S 

0 
5 2 

45 
5 5 
2 4 
1 4 
4 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 



DATA SUiiSWT 610101 PARTICLE PARAMETER 1.10680UiJ 00 VELOCITY PÂ iAlVlETER 0.170001» 00 PAGE 2 
EDDY SPACING- IK X DIRK. 5.06250D 01 IN Y DIRN. 5.06250;^ 01 GRAVITATIONAL PARAi.ETER 1 .OOOOiJ 00 

TIME 
COORDINATES FLUID VELOCITY 

COMPONENTS 
X Y 

PARTICLE VELOCITY REYNOLDS 
COMPONENTS NUMBER 
X Y 

WORK-MOMENT 
ON PARTICLE 

TRIALS 
0 .50927D 01 0.4199 14 .8099 0. 1551 -0.0027 0. 1551 -0.0642 O.68O5O-OI -0 .27970 01 2 
0 .519651) 01 0.4559 14 .8055 0. 1551 -0.0028 0. 1551 -0.0642 O.68O5D-OI -0 .28960 01 2 
0 .52999^ 01 0.4479 14 .7966 0. 1550 -0.0029 0. 1550 -0.0645 O.68O5O-OI -0 .29940 01 2 
0 .54056D 01 0.4619 14 .7899 0. 1550 -0.0050 0. 1550 -0.0644 O.68O5O-OI -0 .50950 01 2 
0 .550750 01 0.4759 14 .7855 0. 1549 -0.0051 0. 1549 -0.0645 O.68O5O-OI -0 .51920 01 2 
0 .56IIOD 01 0.4899 14 .7766 0. 1549 -0.0051 0. 1549 -0.0646 O.68O5D-OI -0 .52910 01 2 
0 .57I48D 01 0.5059 14 .7699 0. 1548 -0.0052 0. 1549 -O.O647 0.68050-01 -0 .559OD 01 2 
0 .58I86D 01 0.5179 14 .7651 0. 1548 -0.0055 0. 1548 -0.0648 0.68050-01 -0 .54900 01 2 
0 .592250 01 0.5519 14 .7564 0. 1547 -0.0054 0. 1548 -0.0649 O.68O5O-OI -0 .55890 01 2 
0.40264D 01 0.5459 14 .7497 0. 1547 -0.0055 0. 1547 -0.0650 O.68O5O-OI -0 .56890 01 2 
0 .41505D 01 0.5599 14 .7429 0. 1546 -0.0056 0. 1547 -0.0651 O.68O5O-OI -0 .57880 01 2 
0 .425451) 01 0.5759 14 .7561 0. 1546 -0.0057 0. 1546 -0.0652 O.68O5O-OI -0 .58880 01 2 
0 .45582D 01 0.5879 14 .7295 0. 1545 -0.0058 0. 1546 -0.0655 O.68O5D-OI -0 .59880 01 2 
0 .44425D 01 O.6OI9 14 .7226 0. 1545 -0.0059 0. 1545 -O.O655 O.68O5O-OI -0 .40880 01 2 
0 .45465D 01 0.6159 14 .7157 0. 1545 -0.0040 0. 1545 -O.O654 O.68O5O-OI -0 .4I890 01 2 
0 .465050 01 0.6299 14 .7089 0. 1544 -0.0041 0. 1544 -0.0655 O.68O5D-OI -0 .42890 01 2 
0 .47546D 01 0.6459 14 .7021 0. 1544 -0.0042 0. 1544 -0.0656 O.68O5O-OI -0 .45890 01 2 
0 .48588D 01 0.6579 14 .6955 0. 1545 -0.0042 0. 1545 -0.0657 0.6fl05D-01 -0 .44900 01 2 
O.4963OD 01 0.6719 14 .6884 0. 1545 -0.0045 0. 1545 -0.0658 O.68O5O-OI -0 .45910 01 2 
0 .506750 01 0.6859 14 .6815 0. 1542 -0.0044 0. 1542 -0.0659 O.f̂ .8050-01 -0.46920 01 2 
0 .76866D 01 1.0558 14 .5059 0. 1529 -0.0068 0. 1529 -0.0685 O.68O5O-OI -0 .72610 01 2 
0 .105550 02 1.5857 14 .5221 0. 1515 -0.0092 0. 1515 -0.0707 O.68O5O-OI -0 .99200 01 2 
0 .150090 02 1.7557 14 .1296 0. 1299 -0.0117 0. 1500 -0.0752 0.68050-01 -0 .I267D 02 2 
0 .157190 02 2.0856 15 .9279 0. 1282 -0.0142 0. 1285 -0.0757 0.68050-01 -0 .155^0 02 2 
0 .18467^ 02 2.4555 15 .7165 0. 1264 -0.0169 0. 1264 -0.0785 O.68O5O-OI -0 .18490 02 2 
0 .212560 02 2.7854 15 .4941 0. 1244 -0.0196 0. 1244 -0.0810 0.68050-01 -0 .21570 02 2 
0 .240920 02 5.1552 15 .2605 0. 1225 -0.0224 0. 1225 -0.0858 O.68O5O-OI -0 .24780 02 2 
0 .269790 02 5.4851 15 .0142 0. 1200 -0.0252 0. 1200 -O.O867 0.68020-01 -0 .28110 02 2 
0 .299240 02 5.8550 12 .7546 0. 1175 -0.0282 0. 1176 - 0 . 0 8 9 6 0.68020-01 -0 .51590 02 2 
0 .529550 02 4.1848 12 .4804 0. 1149 - 0 . 0 5 1 2 0. 1149 -0.0927 0.6802i)-01 - 0 .55220 02 2 
0 .560150 02 4.5546 12 .1901 0. 1121 -0.0545 0. 1121 -0.0958 0 . 6 8 0 2 D - 0 1 - 0 .59020 02 2 

ui 



DATA SUBSiiT 610101 PARTICLE PARAMETER 1 .106800D 00 VELOCITY PARAIAETER 0.17000D 00 PAGE 5 

EDDY SPACING- IK X DIRN. 5.O625OD 01 IN Y DIRN. 5.O625OD 01 GRAVITATIONAL PARAMETER 1.OOOOD 00 

TIME 
COORDINATES FLUID VELOCITY 

COMPONENTS 

X Y 

PARTICLE VELOCITY REYNOLDS 

CORTPONENTS NUMBER 

WORK-MOMENT 

ON PARTICLE 

TRIALS 

O . 3 6 O I 3 D 0 2 4 . 5 5 4 6 1 2 . 1 9 0 1 0 . 1 1 2 1 - 0 . 0 5 4 5 0 . 1 1 2 1 - 0 . 0 9 5 8 0 . 6 8 0 2 D - 0 1 - 0 . . 5 9 0 2 D 0 2 2 

O . 5 9 1 7 5 D 0 2 4 . 8 8 4 4 1 1 . 8 8 2 1 0 . 1 0 9 1 - 0 . 0 3 7 6 0 . 1 0 9 1 - 0 . 0 9 9 0 0 . 6 8 0 2 D - 0 1 - 0 , , 4 5 0 0 D 0 2 2 
O . 4 2 4 2 8 D 0 2 5 . 2 5 4 2 1 1 . 5 5 4 6 0 . 1 0 5 9 - 0 . 0 4 0 9 0 . 1 0 5 9 - 0 . 1 0 2 4 0 . 6 8 0 2 D - 0 1 - 0 . . 4 7 1 8 D 0 2 2 
O . 4 5 7 6 2 D 0 2 5 . 5 8 1 6 11 . 2 0 7 7 0 . 1 0 2 5 - 0 . 0 4 4 5 0 . 1 0 2 5 - 0 . 1 0 5 8 0 . 6 8 0 2 D - 0 1 - 0 , . 5 1 5 5 D 0 2 2 
O . 4 9 O 2 I D 0 2 5 . 9 1 0 2 1 0 . 8 5 7 5 0 . 0 9 9 0 - 0 . 0 4 7 6 0 . 0 9 9 1 - 0 . 1 0 9 1 0 . 6 8 0 2 D - 0 1 - 0 , . 5 5 9 1 D 0 2 2 
0 . 5 2 1 B 5 D 0 2 6 . 2 1 8 1 1 0 . 5 0 7 5 0 . 0 9 5 6 - 0 . 0 5 0 9 0 . 0 9 5 6 - 0 . 1 1 2 5 0 . 6 8 0 2 D - 0 1 - 0 , , 6 0 2 1 D 0 2 2 
O . 5 5 2 6 O D 0 2 6 . 5 0 6 9 1 0 . 1 5 7 1 0 . 0 9 2 1 - 0 . 0 5 4 0 0 . 0 9 2 2 - 0 . 1 1 5 4 0 . 6 8 0 2 D - 0 1 - 0 . , 6 4 4 6 D 0 2 2 
0 . 5 8 2 5 5 D 0 2 6 . 7 7 7 9 9 . 8 O 6 9 0 . 0 8 8 7 - O . O 7 7 O 0 . 0 8 8 8 - 0 . 1 1 8 4 0 . 6 8 0 2 D - 0 1 - 0 , . 6 8 6 6 D 0 2 2 

0 . 6 l 1 7 7 i ^ 0 2 7 . •0525 9 . 4 5 6 8 0 . 0 8 5 5 - 0 . 0 5 9 8 0 . 0 8 5 4 - 0 . 1 2 1 3 0 . 6 8 0 2 i J - 0 1 - 0 . , 7 2 8 1 D 0 2 2 
0 . 6 4 0 5 1 D 0 2 7 . , 2 7 1 1 9 . 1 0 6 6 O . O 8 I 9 - 0 . 0 6 2 6 0 . 0 8 2 0 - 0 . 1 2 4 1 0 . 6 8 0 2 D - 0 1 - 0 . , 7 6 9 1 D 0 2 2 
0 . 6 6 8 2 5 D 0 2 7 . 8 . 7 5 6 5 0 . 0 7 8 6 - 0 . 0 6 5 3 0 . 0 7 8 6 - 0 . 1 2 6 7 0 . 6 8 0 2 D - 0 1 - 0 . 8 0 9 7 I > 0 2 2 
O . 6 9 5 5 8 D 0 2 7< . 7 0 5 8 8 . 4 0 6 5 0 . 0 7 5 2 - 0 . 0 6 7 8 0 . 0 7 5 5 - 0 . 1 2 9 5 0 . 6 8 0 2 D - 0 1 - 0 . 8 4 9 8 D 0 2 2 
O . 7 2 2 4 I U 0 2 7 . . 9 0 5 2 8 . 0 5 6 2 0 . 0 7 1 9 - 0 . 0 7 0 5 0 . 0 7 1 9 - 0 . 1 3 1 7 0 . 6 8 O 3 D - O I - 0 . 8895^) 0 2 2 

0 . 7 4 8 7 5 ^ ' 0 2 8 . . 0 8 8 4 7 . 7 0 6 1 0 . 0 6 8 6 - 0 . 0 7 2 6 0 . 0 6 8 6 - 0 . 1 3 4 1 0 . 6 8 O 5 D - O I - 0 . 9 2 8 8 D 0 2 2 
0 . 7 7 4 6 5 ^ 0 2 8 . . 2 6 1 9 7 . 5 5 6 0 0 . 0 6 5 5 - 0 . 0 7 4 9 0 . 0 6 5 4 - 0 . 1 3 6 3 0 . 6 8 O 3 D - O I - 0 . 9 6 7 8 D 0 2 2 
O . 8 O O I 5 D 0 2 8 . . 4 2 4 3 7 . 0 0 5 8 0 . 0 6 2 0 - 0 . 0 7 7 0 0 . 0 6 2 1 - 0 . 1 5 8 4 0 0 3 i J - 0 1 - 0 . 1 0 0 6 D 0 5 2 
0 . 8 2 5 2 4 I > 0 2 8 . . 5 7 6 1 6 . 6 5 5 7 0 . 0 5 8 8 - 0 . 0 7 9 0 0 . 0 5 8 8 - 0 . 1 4 0 5 0 . 6 8 O 3 D - O I - 0 . 10441^ 0 3 2 
0 . 8 4 9 9 9 0 0 2 8 . . 7 1 7 7 6 . 3 0 5 7 0 . 0 5 5 6 - O . O 8 O 9 0 . 0 5 5 6 - 0 . 1 4 2 4 0 . 6 3 0 ^ D - 0 1 - 0 . 1 0 8 2 D 0 3 2 
0 . 8 7 4 4 2 D 0 2 8 . . 8 4 9 7 5.955^^' 0 . 0 5 2 4 - 0 . 0 8 2 7 0 . 0 5 2 4 - 0 . 1 4 4 2 0 . 6 8 O 3 D - O I - 0 . 1 1 2 0 D 0 5 2 
0 . 8 9 8 5 5 1 ^ 0 2 8. . 9 7 2 4 5 . 6 0 5 5 0 . 0 4 9 2 - 0 . 0 8 4 5 0 . 0 4 9 2 - 0 . 1 4 5 9 0 . 6 8 O 3 D - O I - 0 . I I 5 7 D 0 3 2 
O . 9 2 2 4 O D 0 2 9 . 0 8 6 1 5 . 2 5 5 4 0 . 0 4 6 0 - 0 . 0 8 6 1 0 . 0 4 6 1 - 0 . 1 4 7 5 0 . 6 8 0 ^ D - 0 1 - 0 . I I 9 4 I ) 0 5 2 
O . 9 4 6 O I D 0 2 9 . 1 9 1 2 4 . 9 0 5 5 0 . 0 4 2 9 - O . O B 7 6 0 . 0 4 2 9 - 0 . 1 4 9 0 0 . 6 8 0 ^ D - 0 1 - 0 . I 2 3 O D 0 3 2 
0 . 9 6 9 ' 5 9 D 0 2 9 . 2 8 7 9 4 . 5 5 5 5 0 . 0 3 9 8 - 0 . 0 8 9 0 0 . 0 ^ 9 8 - 0 . 1 5 0 4 0 . 6 8 0 4 •>-01 - 0 . I 2 6 7 D 0 3 2 
O . 9 9 2 5 6 D 0 2 9 . 5 7 6 6 4 . 2 0 5 2 0 . 0 3 6 6 - 0 . 0 9 0 3 0 , 0 3 6 7 - 0 . 1 5 1 7 0 . 6 8 0 4 0 - 0 1 - 0 . 1 5 0 3 1 ) 0 3 2 
0 . 1 0 1 5 5 1 ^ 05 9 . 4 5 7 5 5 . 3 5 5 2 0 . 0 ^ 3 5 - 0 . 0 9 1 5 0 . 0 ^ 5 6 - 0 . 1 5 2 9 0 . 6 8 0 4 1 ^ - 0 1 i O . 1 3 3 9 1 ) 0 5 2 
O . I O 3 8 5 D 0 5 9 . 5 5 0 4 5 . 5 0 5 1 0 . 0 ^ 0 5 - 0 . 0 9 2 5 0 . 0 3 0 5 - 0 . 1 5 4 0 0 . 6 8 O 4 D - O I - 0 . I 5 7 4 D 0 3 2 
0 . I O 6 I O 1 J 0 5 9 . 5 9 6 1 5 . 1 5 5 1 0 . 0 2 7 4 - 0 . 0 9 5 5 0 . 0 2 7 4 - 0 . 1 5 5 0 0 . 6 B 0 4 i J - 0 1 - 0 . I 4 1 0 D 0 3 2 
0 . 1 0 8 5 5 ^ 0 5 9 . 6 5 ^ 4 2 . 8 0 5 0 0 . 0 2 4 3 - 0 . 0 9 4 4 0 . 0 2 4 4 - 0 . 1 5 5 9 0 . 6 8 0 4 D - 0 1 - 0 . 1 4 4 5 D 0 3 2 
0 . 1 1 0 5 9 i ^ 0 5 9 . 7 0 5 5 2 . 4 5 5 0 0 . 0 2 1 5 - 0 . 0 9 5 2 0 . 0 2 1 5 - 0 . 1 5 6 7 0 . 6 8 0 4 0 - 0 1 - 0 . 1 4 8 0 D 0 3 2 
0 . 1 1 2 8 2 D 0 5 9 . 7 4 9 6 2 . 1 0 5 0 0 . 0 1 8 2 - 0 . 0 9 5 9 0 . 0 1 8 5 - 0 . 1 5 7 5 0 . 6 8 0 5 0 - 0 1 - 0 . I 5 1 5 D 0 5 2 
0 . 1 1 5 0 4 ] ^ 05 9 . 7 8 6 8 1 . 7 5 4 9 0 . 0 1 5 3 - 0 . 0 9 6 4 0 . 0 1 5 2 - 0 . 1 5 7 9 0 . 6 8 0 5 0 - 0 1 - 0 . I 5 5 O D 0 3 2 

• X ) 



j A T A S U i i ^ ^ T 6 1 0 1 0 1 PAHTIGLH; PARAi4ETli;rt 1 . 1 0 6 8 0 0 b 0 0 V E L O C I T Y PAKAl. ^ T d R 0 . 1 7 0 0 0 ^ 0 0 i 'Auii; 4 

bPACIIvGJ- I K X J j I R N . 5 . 0 6 2 5 0 j J 0 1 I N i U I H N . 5 . O 6 2 5 O 1 J 0 1 G H A ' / I T A T I O l ^ A L PARAJWiijT^R 1 .OOOOi^ 0 0 

TIMfi 
GOORJlNAThlS i'̂ 'LUID \^EL0CITY 

COMPONEKTS 
X Y 

P A R T I C L E VELOCITY REYKOLJS 
COMPONENTS NUMBER 

X Y 

WORK-MOMENT 
ON P A R T I C L E 

T R I A L S 

0 . 1 1 5 0 4 L ) 0 5 9 . 7 8 6 8 1 . 7 5 4 9 0 . 0 1 5 5 - 0 . 0 9 6 4 0 . 0 1 5 2 - 0 , . 1 5 7 9 O . 6 8 O 5 D - O I - 0 . 1 5 5 0 D 0 5 2 
0 . 1 1 7 2 5 D 0 5 9 . 8 I 7 2 1 . 4 0 4 9 0 . 0 1 2 1 - 0 . 0 9 6 9 0 . 0 1 2 2 - 0 . . 1 5 8 4 O . 6 8 O 5 D - O I - 0 . 1 5 8 5 D 0 5 2 
0 . 1 1 9 4 6 D 0 5 9 . 8 4 0 7 1 . 0 5 4 9 0 . 0 0 9 1 - 0 . 0 9 7 5 0 . 0 0 9 2 - 0 . , 1 5 8 8 0 . 6 8 0 5 D - 0 1 - 0 . 1 6 1 9 D 0 5 2 
0 . 1 2 1 6 6 1 » 0 3 9 . 8 5 7 6 0 . 7 0 4 9 0 . 0 0 6 1 - 0 . 0 9 7 5 0 . 0 0 6 1 - 0 . 1 5 9 0 O . 6 8 O 5 D - O I - 0 . I 6 5 4 D 0 5 2 
0 . 1 2 3 8 6 D 0 5 9 . 8 6 7 8 0 . 5 5 4 9 0 . 0 0 ^ 1 - 0 . 0 9 7 7 0 . 0 0 3 1 - 0 . 1 5 9 2 O . 6 8 O 5 D - O I - 0 . 1 6 8 9 1 ) 0 5 2 
0 . 1 2 6 0 6 J ) 0 5 9 . 8 7 1 3 0 . 0 0 4 9 0 . 0 0 0 0 - 0 . 0 9 7 7 0 . 0 0 0 1 - 0 . 1 5 9 2 O . 6 8 O 6 D - O I - 0 . I 7 2 5 D 0 5 2 
0 . 1 2 8 2 6 D 0 3 9 . 8 6 8 2 - 0 . 3 4 5 1 - 0 . 0 0 5 0 - 0 . 0 9 7 7 - 0 . 0 0 2 9 - 0 . 1 5 9 2 0 . 6 a 0 6 D - 0 1 - 0 . 1 7 5 8 1 ) 0 3 2 
0 . I 5 O 4 6 D 0 3 9 . 8 5 8 4 - 0 . 6 9 5 1 - 0 . 0 0 6 0 - 0 . 0 9 7 5 - 0 . 0 0 5 9 - 0 . 1 5 9 0 0 . 6 8 0 6 D - 0 1 - 0 . I 7 9 2 D 0 5 2 
0 . I 5 2 6 6 D 0 3 9 . 8 4 2 0 - 1 . 0 4 5 1 - 0 . 0 0 9 0 - 0 . 0 9 7 5 - 0 . 0 0 9 0 - 0 . 1 5 8 8 0 . 6 8 0 6 D - 0 1 - 0 . 1 8 2 7 D 0 5 2 
0 . 1 5 4 8 7 1 ^ 0 3 9 . 8 1 8 9 - 1 . 5 9 5 1 - 0 . 0 1 2 1 - 0 . 0 9 6 9 - 0 . 0 1 2 0 - 0 . 1 5 8 4 0 . 6 8 0 6 D - 0 1 - 0 . 1 8 6 2 D 0 5 2 
0 . I 3 7 O 8 D 0 5 9 . 7 8 9 0 - 1 . 7 4 5 1 - 0 . 0 1 5 1 - 0 . 0 9 6 5 - 0 . 0 1 5 0 - 0 . 1 5 8 0 0 . 6 8 0 6 i ) - 0 1 - 0 . 1 8 9 6 D 0 5 2 
0 . 1 5 9 5 0 i j 0 3 9 . 7 5 2 2 - 2 . 0 9 5 1 - 0 . 0 1 8 1 - 0 . 0 9 5 9 - 0 . 0 1 8 1 - 0 . 1 5 7 4 0 . 6 8 0 7 I > - 0 1 - 0 . 1 9 5 1 1 ) 0 5 2 
0 . 1 4 1 5 5 D 0 5 9 . 7 O 8 6 - 2 . 4 4 5 0 - 0 . 0 2 1 2 - 0 . 0 9 5 2 - 0 . 0 2 1 1 - 0 . 1 5 6 7 O . 6 8 O 7 D - O I - 0 . 1 9 6 6 D 0 5 2 
0 . 1 4 5 7 7 1 : ^ 0 3 9 . 6 5 7 9 - 2 . 7 9 5 0 - 0 . 0 2 4 2 - 0 . 0 9 4 5 - 0 . 0 2 4 2 - 0 . 1 5 6 0 0 . 6 8 0 7 ^ - 0 1 - 0 . 2 0 0 1 D 0 5 2 
0 . 1 4 6 0 2 L ) 0 5 9 . 6 0 0 0 - 3 . 1 4 4 9 - 0 . 0 2 7 5 - 0 . 0 9 5 6 - 0 . 0 2 7 2 - 0 . 1 5 5 1 0 . 6 8 0 7 i ) - 0 1 - 0 . 2 0 5 7 1 ) 0 5 2 
0 . 1 4 8 2 8 D 0 3 9 . 5 3 4 9 - 3 . 4 9 4 9 - 0 . 0 5 0 4 - 0 . 0 9 2 6 - 0 . 0 5 0 5 - 0 . 1 5 4 1 0 . 6 8 0 7 ^ - 0 1 - 0 . 2 0 7 2 D 0 5 2 
0 . I 5 0 5 6 D 0 3 9 . 4 6 2 3 - 5 . 8 4 4 9 - 0 . 0 3 3 4 - 0 . 0 9 1 5 - 0 . 0 3 5 4 - 0 . 1 5 5 0 O . 6 8 O 7 D - O I - 0 . 2 1 0 8 D 0 5 2 
0 . 1 5 2 8 5 - 0 5 9 . 3 8 2 1 - 4 . 1 9 4 8 - 0 . 0 5 6 5 - 0 . 0 9 0 3 - c . 0 5 6 5 - 0 . I 5 I 8 O . 6 8 O 7 D - O I - 0 . 2 1 4 4 1 ) 0 5 2 
0 . 1 5 5 1 7 1 ) 0 3 9 . 2 9 4 0 - 4 . 5 4 4 7 - 0 . 0 5 9 7 - 0 . 0 8 9 0 - 0 . 0 5 9 6 - 0 . 1 5 0 5 0 . 6 8 0 8 D - 0 1 - 0 . 2 1 SOD 0 5 2 
0 . 1 5 7 5 0 1 ) 0 3 9 . 1 9 7 9 - 4 . 8 9 4 7 - 0 . 0 4 2 8 - 0 . 0 8 7 6 - 0 . 0 4 2 7 - 0 . 1 4 9 2 0 . 6 8 0 8 D - 0 1 - 0 . 2 2 1 6 D 0 5 2 
0 . 1 5 9 3 6 D 0 3 9 . 0 9 3 4 - 5 . 2 4 4 6 - 0 . 0 4 5 9 - 0 . 0 8 6 1 - 0 . 0 4 5 9 - 0 . 1 4 7 7 0 . 6 8 0 8 D - 0 1 - 0 . 2 2 5 5 1 ) 0 5 2 
0 . I 6 2 2 4 J ) 0 3 8 . 9 8 0 3 - 5 . 5 9 4 5 - 0 . 0 4 9 1 - 0 . 0 8 4 5 - 0 . 0 4 9 0 - 0 . 1 4 6 1 0 . 6 8 0 8 D - 0 1 - 0 . 2 2 8 9 1 ) 0 5 2 
0 . I 6 4 6 5 D 0 3 8 . 8 5 8 3 - 5 . 9 4 4 4 - 0 . 0 5 2 5 - 0 . 0 8 2 8 - 0 . 0 5 2 2 - 0 . 1 4 4 4 0 . 6 8 0 8 I > - 0 1 - 0 . 2 5 2 7 1 ) 0 5 2 
0 . 1 6 7 0 9 1 ) 0 5 8 . 7 2 7 1 - 6 . 2 9 4 4 - 0 . 0 5 5 5 - 0 . 0 8 1 0 - 0 . 0 5 5 4 - 0 . 1 4 2 5 0 . 6 8 0 8 D - 0 1 - 0 . 2 5 6 4 1 ) 0 5 2 
0 . 1 6 9 5 6 1 ) 0 3 8 . 5 8 6 2 - 6 . 6 - 4 4 5 - 0 . 0 5 8 7 - 0 . 0 7 9 1 - 0 . 0 5 8 6 - 0 . 1 4 0 6 0 . 6 8 0 8 D - 0 1 - 0 . 2 4 0 2 D 0 5 2 
0 . 1 7 2 0 7 1 » 0 5 8 . 4 3 5 2 - 6 . 9 . 9 4 2 - 0 . 0 6 1 9 - 0 . 0 7 7 1 - O . O 6 1 9 - 0 . 1 5 8 6 0 . 6 8 0 8 I / - 0 1 - 0 . 2 4 4 O D 0 5 2 
0 . 1 7 4 6 I D 0 3 8 . 2 7 3 7 - 7 . 5 4 4 1 - 0 . 0 6 5 2 - 0 . 0 7 5 0 - 0 . 0 6 5 1 - 0 . 1 3 6 5 0 . 6 8 0 8 D - 0 1 - 0 . 2 4 7 9 1 ) 0 5 2 
0 . 1 7 7 2 0 1 ) 0 3 8 . 1 0 1 1 - 7 . 6 9 5 9 - 0 . 0 6 8 5 - 0 . 0 7 2 7 - 0 . 0 6 8 4 - 0 . 1 3 4 5 0 . 6 8 0 9 D - 0 1 - 0 . 2 5 I 8 D 0 5 2 
0 . 1 7 9 8 5 1 ) 0 3 7 . 9 1 6 9 - 8 . 0 4 3 8 - O . O 7 I 8 - 0 . 0 7 0 4 - 0 . 0 7 1 7 - 0 . 1 5 1 9 O . 6 8 O 9 D - O I - 0 . 2 5 5 7 1 ) 0 5 2 
0 . 1 8 2 5 0 1 ) 0 5 7 . 7 2 0 6 - 8 . 5 9 5 7 - 0 . 0 7 5 1 - 0 . 0 6 8 0 - 0 . 0 7 5 0 - 0 . 1 2 9 5 0 . 6 8 0 9 B - 0 1 - 0 . 2 5 9 7 1 ) 0 5 2 
0 . 1 8 5 2 5 D 0 5 7 . 5 1 1 5 - 8 . 7 4 3 5 - 0 . 0 7 8 4 - 0 . 0 6 5 4 - 0 . 0 7 8 4 - 0 . 1 2 6 9 0 . 6 a 0 9 D - 0 1 - 0 , . 2 6 5 7 1 ) 0 5 2 



D A T A SUBSET 610101 PARTICLB P A R A M E T E R 1.1068001) 00 VELOCITY P A R A M E T E R O . I 7 O O O D 00 P A G E 5 

EDDY SPACING- IN X D I R N . 5.O625OD 01 IN Y D I R N . 5.O625OD 01 G R A V I T A T I O N A L P A R A M E T E R 1.OOOOD 00 

TIME 
C O O R D I N A T E S FLUID VELOCITY 

C O M P O N E N T S 
X Y 

P A R T I C L E VELOCITY REYNOLDS 
C O M P O N E N T S NUMBER 

X Y 

W O R K - M O M E N T 
O N P A R T I C L E 

T R I A L S 

0. .18523D 05 7.5115 -8 .7455 -0 .0784 -0.0654 - 0 . ,0784 -0 .1269 O.68O9D-OI - O . 2 6 3 7 D 03 2 
0 .18802D 05 7.2884 -9 .0934 -0 .0818 -0.0628 - 0 , ,0817 -0 .1245 O.68O9D-OI -O.2677I) 05 2 
0 .I9O86D 05 7.0509 -9 .4452 -0 .0852 -0.0600 - 0 . .0851 -0 .1215 O.68O9D-OI - O . 2 7 I 8 D 05 2 
0 .19578D 05 6.7980 -9 .7951 -0 .0886 -0.0571 - 0 , ,0885 -0 .1187 0.6809i)-01 - O . 2 7 6 O D 03 2 
0 .I9676D 05 6.5287 -10 .1429 -0 .0920 -0.0542 - 0 . 0919 -0 .1157 O.68O9D-OI - 0 . 2 8 0 2 D 03 2 
0. .19985^ 05 6.2417 -10 .4927 -0 .0954 -0.0511 - 0 . 0954 -0 .1126 O.68O9D-OI -0.284413 03 2 
0 .20298D 03 5.9357 -10 .8425 -0 .0988 -0.0479 - 0 . 0988 -0 .1094 O.68O9D-OI -0.28871) 03 2 
0 .20622U 05 5.6093 -11 .1925 -0 .1025 -0.0446 - 0 . 1022 -0 .1061 O.68O9D-OI -O.293ID 03 2 
0. .2O956D 05 5.2629 -11 .5401 -0 .1057 -0.0411 - 0 . 1057 -0 .1027 O.68O9D-OI - O . 2 9 7 4 D 05 2 
0, .21282D 05 4 . 9 1 2 7 -11 .8697 -0 .1089 -0.0378 - 0 . 1089 -0 .0995 0.6809I»-01 -O.3OI6D 05 2 
0 .215991^ 05 4.5625 -12 .1796 -0 .1120 -0.0346 - 0 . 1119 -0 .0961 O.68O9D-OI - O . 5 O 5 7 D 03 2 
0 .219O8D 05 4.2123 -12 .4716 -0 .1148 -0.0314 - 0 . 1147 -0 .0929 O.68O9D-OI - O . 3 O 9 5 D 03 2 
0 .22210D 05 3.8622 -12 .7475 -0 .1174 -0.0284 - 0 . 1174 -0 .0899 O.68O9D-OI - O . 3 I 3 I D 03 2 
0 .225051^ 05 3.5120 -13 .0082 -0 .1199 -0.0254 - 0 . 1199 -0 .0869 0.6809i)-01 -O.3I66D 05 2 
0 .227941) 03 3.1619 -13 .2556 -0 .1222 -0.0225 - 0 . 1222 -0 .0841 O.68O9D-OI - O . 5 2 O O D 05 2 
0 .25O78D 03 2.8118 -15 .4904 -0 .1245 -0.0198 - 0 . 1243 -0 .0813 0.6809i)-0l -O.5252D 03 2 
0 .25558D 03 2.4616 -15 .7157 -0 .1265 -0.0171 - 0 . 1263 -0 .0786 O.68O9D-OI -O.3263D 03 2 
0 03 2.1115 -13 .9262 -0 .1282 -0.0144 - 0 . 1282 -0 .0759 0.6808D-01 - O . 3 2 9 5 D 05 2 
0 .25904IJ 03 1.7615 -14 .1288 -0 .1299 -0.0119 - 0 . 1299 -0 .0754 0.6808D-01 -O.532ID 03 2 
0 .2417213 03 1 .4114 -14 .^221 -0 .1515 -0.0094 - 0 . 1314 -0 .0709 0.6808D-01 -0.3349D 03 2 
0 .24437U 1.0613 -14 .5066 -0 .1329 -0.0070 - 0 . 1329 -0 .0^85 0.6808D-01 -O.3576D 05 2 
0 .24699D 03 0.7112 - 1 4 . 6 8 ^ 0 -0 .1^42 - 0 . 0 0 4 6 - 0 . 1342 -0 . 0 6 6 1 0.6808D-01 -O.34OID 03 2 
0 .24959U 03 0.3612 - 1 4 .8517 - 0 .1354 - 0 . 0 0 2 5 - 0 . 1554 -0, . 0 6 3 8 0.6808D-01 -O.3426D 05 2 
0 . 2 5 2 1 6 D 03 0 . 0 1 1 1 -15 .0132 -0 .1364 - 0 . 0 0 0 1 - 0 . 1364 -0, . 0 6 1 6 0.680813-01 -O.545OD 05 2 
0 .25472JJ 03 -0.3389 -15 .1679 - 0 .1374 0 . 0 0 2 1 - 0 . 1374 -0, .0594 0.68080-01 -O.3474D 05 2 
0 .25726D 03 -0.6890 -15 . 3 1 6 1 -0 .1382 0.0042 - 0 . 1382 -0, .0573 0.6808D-01 -O.3496D 05 2 
0 .259791) 03 -1.0390 -15 .4582 - 0 .1589 0 . 0 0 6 3 - 0 . 1389 -0, .0552 0.6808D-01 -O.55I8D 03 2 
0 . 2 6 2 5 O D 03 -1.3890 -15 .5945 - 0 .1595 0.0033 - 0 . 1595 -0, .0532 0.6808D-01 -O.354OD 05 2 
0 .264811^ 03 -1.7391 -15 .7255 -0 .1400 0.0103 - 0 . 1400 -0, .0512 O.68O7D-OI -O.556OD 05 2 
0 .267511) 03 -2.0891 -15 .8509 - 0 .1403 0.0122 - 0 . 1405 -0. .0493 O.68O7D-OI -0.5580D 03 2 
0 .2698OD 03 -2.4591 -15 .9715 -0 .1406 0.0140 - 0 . I4O6 -0. .0475 O.68O7D-OI -O.36OOD 03 2 

h 1 
M 

fNJ 



D A T A ¿ l i D o ^ r o l O i O l i - A R T I C L i i ] PArtAiwETiiiR 1 . 1 0 o 8 0 0 i J 0 0 \ r K L O C I T Y PAxiAiwiiiTiiiH O . i y u O O I j 0 0 P A G E 6 

KDDY S P A C I I i u - I h X i ^ I R N . 5 . 0 6 2 5 0 1 ) 0 1 I N Y D i t t N . 5 . O 6 2 5 O 1 J 0 1 G R A V I T A T I O N A L PAHAlv.ETiiR 1 . 0 0 0 0 1 ) 0 0 

TIMii; 

C U U R I j I N A T J J S F L U I D V E L O C I T Y 

C O M P O N E N T S 

P A R T I C L E V E L O C I T Y R E Y N O L D S 

C O M P O N E N T S N m i B E R 

X Y 

WORK-MOMENT 

ON P A R T I C L E 

T R I A L S 

0 . 2 6 9 8 0 D 0 3 - 2 . 4 3 9 1 - 1 5 . 9 7 1 5 - 0 . 1 4 0 6 0 . 0 1 4 0 - 0 . 1 4 0 6 - 0 . 0 4 7 5 O . 6 8 O 7 O - O I - 0 . 3 6 0 0 D 0 5 2 

0 . 2 7 2 2 9 D 0 5 - 2 , 9 1 - 1 6 . 0 8 7 3 - 0 . 1 4 0 8 0 . 0 1 5 9 - 0 . 1 4 0 7 - 0 . 0 4 5 6 0 . 6 8 0 7 1 ^ - 0 1 - 0 , . 3 6 1 8 D 0 3 2 

0 . 2 7 4 7 7 D 0 5 - 3 , 1 ^ 9 1 - 1 6 . 1 9 8 6 - 0 . 1 4 0 8 0 . 0 1 7 6 - 0 . 1 4 0 8 - 0 . 0 4 3 9 O . 6 8 O 7 D - O I - 0 . 5 6 3 7 1 ^ 0 3 2 

0 . 2 7 7 2 6 D 0 5 . 4 8 9 1 - 1 6 . 3 0 5 5 - 0 . 1 4 0 8 0 . 0 1 9 4 - 0 . 1 4 0 8 - 0 . 0 4 2 1 0 . 6 8 0 7 1 ^ - 0 1 - 0 . 5 6 5 4 1 ^ 0 5 2 

0 . 2 7 9 7 5 ^ 0 ? . 8 ^ 9 1 - 1 6 . 4 0 8 2 - 0 . 1 4 0 6 0 . 0 2 1 1 - 0 . 1 4 0 6 - 0 . 0 4 0 4 O . 6 8 O 7 D - O I - 0 . 3 6 7 2 D 0 3 2 

0 . 2 8 2 2 4 0 0 ? - 4 . 1 8 9 1 - 1 6 . 5 0 6 9 - 0 . 1 4 0 4 0 . 0 2 2 7 - 0 . 1 4 0 4 - 0 . 0 3 8 8 0 . ^ ) 8 0 7 J - 0 1 - 0 . 3 6 8 8 D 0 5 2 

0 . 2 8 7 4 y j 0 3 - 4 . 5 3 9 1 - 1 6 . 6 0 1 7 - 0 . 1 4 0 0 0 . 0 2 4 3 - 0 . 1 4 0 0 - 0 . 0 ^ 7 2 O . 6 8 O 7 D - O I . 3 705I> 0 5 2 

0 . 2 8 7 2 4 D 0 ? - 4 . 3 8 9 0 - 1 6 . 6 9 2 8 - 0 . 1 3 9 6 0 . 0 2 5 9 - 0 . 1 ^ 9 6 - 0 . 0 ^ > 5 6 0 . 6 8 0 7 - D - O I - 0 . ^ ) 7 2 0 D 0 3 2 

0 . 2 8 9 7 5 D 0 ? - 5 . 2 3 9 0 - 1 6 . 7 8 0 3 - 0 . 1 3 9 0 0 . 0 2 7 4 - 0 . 1 3 9 0 - 0 . 0 3 4 1 0 , 6 8 0 7 ^ j - 0 1 - 0 . 3 7 3 6 D 0 5 2 

0 . 2 9 2 2 7 ^ 0 5 - 5 . 5 8 9 0 - 1 6 . 8 6 4 4 - 0 . 1 3 8 4 0 . 0 2 8 9 - 0 . 1 ^ 8 4 - 0 . 0 ^ 2 6 0 . 6 8 0 6 D - 0 1 - 0 . 3 7 5 I D 0 3 2 

0 . 2 9 4 8 1 D 0 3 
r, 

- J . 9 3 9 0 - 1 6 . 9 4 5 1 - 0 . 1 5 7 7 0 . 0 ^ 0 4 - 0 . 1 3 7 7 - 0 . 0 ^ 1 1 0 . 6 8 0 6 0 - 0 1 - 0 . 5 7 6 5 D 0 3 2 

0 . 2 9 7 3 6 D 0 ? - 6 . 2 8 8 9 - 1 7 . 0 2 2 5 - 0 . 1 3 6 9 O . O 3 I 8 - 0 . 1 3 6 9 - 0 . 0 2 9 7 0 . 6 8 0 6 D - 0 1 - 0 . ^ 7 7 9 D 0 3 2 

0 . 2 9 9 9 2 0 0̂ > - 6 . 6 3 8 9 - 1 7 . 0 9 6 8 - 0 . 1 3 6 0 0 . 0 3 ^ 2 - 0 . 1 3 6 0 - 0 . 0 2 8 3 0 . 6 3 0 6 D - 0 1 - 0 . 3 7 9 3 0 0 5 2 

0 . ^ 0 2 5 1 0 0 5 - 6 . • 9 8 8 8 - 1 7 . 1 6 8 1 - 0 . 1 5 5 0 0 . 0 ^ 4 6 - 0 . n 5 o - 0 . 0 2 6 9 0 . 6 8 0 6 D - 0 1 - 0 . 3 B 0 6 D 0 3 2 

0 . 5 0 5 I I D 0 5 - 7 . 3 3 8 8 - 1 7 . 2 3 6 4 - 0 . 1 3 5 9 0 . 0 3 5 9 - 0 . 1 3 3 9 - 0 . 0 2 5 6 0 . 6 8 0 6 D - 0 1 - 0 . 3 8 I 9 O 0 3 2 

0 0 5 - 7 . 0 8 8 7 - I 7 . 3 O I 8 - 0 . 1 3 2 7 0 . 0 3 7 2 - 0 . 1 3 2 7 - 0 . 0 2 4 3 0 . 6 B 0 6 D - 0 1 - 0 . 3 8 3 I D 0 3 2 

0 . 3 1 0 5 8 D 0 5 - 8 . 0 3 8 6 - 1 7 . 3 6 4 5 - 0 . 1 3 1 5 0 . 0 3 8 5 - 0 . 1 3 1 5 - 0 . 0 2 3 0 0 . 6 8 0 6 D - 0 1 - 0 . 3 8 4 3 0 0 3 2 

0 . 5 1 5 O 6 U 0 5 - 8 . 3 8 8 6 - 1 7 . 4 2 4 1 - 0 . 1 3 0 2 0 . 0 3 9 8 - 0 . 1 3 0 2 - 0 . 0 2 1 7 0 . 6 8 0 6 D - 0 1 - 0 . 3 8 5 4 0 0 3 2 

0 . 3 1 5 7 6 D 0 5 - 8 . 7 3 8 5 - 1 7 . 4 8 1 2 - 0 . 1 2 8 8 0 . 0 4 1 0 - 0 . 1 2 8 8 - 0 . 0 2 0 5 0 . 6 8 0 6 D - 0 1 - 0 . 3 8 6 5 1 ) 0 5 2 

0 . 5 I B 4 9 D 0 5 - 9 . 0 8 8 4 - 1 7 . 5 3 5 6 - 0 . 1 2 7 3 0 . 0 4 2 2 - 0 . 1 2 7 3 - 0 . 0 1 9 3 O . 6 8 O 6 D - O I - 0 . 3 8 7 6 D 0 3 2 

0 . 5 2 1 2 6 D 0 5 - 9 . 4 3 8 3 - 1 7 . 5 8 7 4 - 0 . 1 2 5 7 0 . 0 4 3 3 - 0 . 1 2 5 7 - 0 . 0 1 8 1 O . 6 8 O 5 D - O I - 0 . 3 8 8 7 0 0 5 2 

0 . 5 2 4 O 6 D 0 5 - 9 . 7 8 8 2 - 1 7 . 6 3 6 6 - 0 . 1 2 4 1 0 . 0 4 4 5 - 0 . 1 2 4 1 - 0 . 0 1 7 0 O . 6 8 O 5 D - O I - 0 . 3 8 9 6 0 0 3 2 

0 . 3 2 6 9 O D 0 3 - 1 0 . 1 3 8 1 - 1 7 . 6 8 3 3 - 0 . 1 2 2 3 0 . 0 4 5 6 - 0 . 1 2 2 3 - 0 . 0 1 5 9 O . 6 8 O 5 D - O I - 0 . 3 9 0 6 0 0 3 2 

0 . 5 2 9 7 8 D 0 5 - 1 0 . 4 8 8 0 - 1 7 . 7 2 7 4 - 0 . 1 2 0 5 0 . 0 4 6 7 - 0 . 1 2 0 5 - 0 . 0 1 4 8 0 . 6 8 0 5 J ) - 0 1 - 0 . 5 9 1 5 0 0 5 2 

0 . 5 5 2 7 I D 0 5 - 1 0 . 8 3 7 9 - 1 7 . 7 6 9 1 - 0 . 1 1 8 7 0 . 0 4 7 8 - 0 . 1 1 8 7 - 0 . 0 1 3 7 O . 6 8 O 5 D - O I - 0 . 3 9 2 4 0 0 3 2 

0 . 5 5 5 6 8 D 0 5 - 1 1 . 1 8 7 8 - 1 7 . 8 0 8 2 - 0 . 1 1 6 7 0 . 0 4 8 8 - 0 . 1 1 6 7 - 0 . 0 1 2 6 O . 6 8 O 5 O - O I - 0 . ^ 9 5 2 0 0 3 2 

0 . 5 5 8 7 0 D 0 5 - 1 1 . 5 3 7 7 - 1 7 . 8 4 4 8 - 0 . 1 1 4 7 0 . 0 4 9 9 - 0 . 1 1 4 7 - 0 . 0 1 1 6 O . 6 8 O 5 D - O I - 0 . 5 9 4 0 0 0 5 2 

0 . 5 4 1 7 8 D 0 3 - 1 1 . 8 8 7 6 - 1 7 . 8 7 9 0 - 0 . 1 1 2 7 0 . 0 5 0 9 - 0 . 1 1 2 7 - 0 . 0 1 0 6 O . 6 8 O 5 D - O I - 0 . 3 9 4 7 D 0 5 2 

0 . 5 4 4 9 I D 0 5 - 1 2 . 2 5 7 4 - 1 7 . 9 1 0 6 - 0 . 1 1 0 5 0 . 0 5 1 9 - 0 . 1 1 0 5 - 0 . 0 0 9 6 0 . 6 8 0 5 i ) - 0 1 - 0 • 3 9 5 4 0 0 5 2 

0 . 5 4 8 1 1 D 0 3 - 1 2 . 5 8 7 3 - 1 7 . 9 3 9 7 - 0 . , 1 0 8 3 0 . 0 5 2 9 - 0 . 1 0 8 5 - 0 . 0 0 8 6 O . 6 8 O 5 D - O I - 0 . 5 9 6 O D 0 5 2 

0 . 3 5 1 5 8 D 0 5 - 1 2 . 9 3 7 1 - 1 7 . 9 6 6 2 - 0 . , 1 0 6 0 0 . 0 5 3 8 - 0 . 1 0 6 0 - 0 . 0 0 7 6 0 . 6 8 0 5 D - 0 1 - 0 . 5 9 6 6 D 0 5 2 



iJATA SUBSET 610101 Ir'AHTICLi:; PA4AAvJSTEfl I.IO68OOD 00 VELOCITY PARAMETER O.I7OOOD 00 PAGE ¡7 

^DDY SPACINO- IN X DIRN. 5.O625OU 01 IN Y DIRN. 5.06250D 01 GRAVITATIONAL PARAMETER 1,0000D 00 

COORDINATES 
TIME 

FLUID VELOCITY 
COMPONENTS 

0. 55158D 05 -12. 9571 -17. ,9662 -0.1060 0.0558 
0. 55471D 05 ,2870 -17. .9901 -0.1057 0.0548 
0. 55812D 05 -15. ,6568 -18. ,0114 -0.1015 0.0557 
0. 56162D 05 -15. ,9866 -18. .0298 -0.0989 0.0566 
0. 56520D 05 -14. .5565 -18. .0455 -0.096^ 0.0576 
0. 56978D 05 -14. .7702 -18. .0609 -0.0952 0.0587 
0. 57445D 05 -15. .1978 -18. .0714 -0.0899 0.0598 
0. 579251^ 05 -15. .6195 -18. .0770 -O.O867 0.0608 
0. ,58419U 05 -16, .0412 -18, .0775 -0.0855 0.0619 
0. ,589151) 05 -16, .4449 -18, .0728 -0.0801 0.0629 
0, .59412D 05 -16, .8565 -18, .0650 -0.0769 0.0659 
0, .59924U 05 -17 .2222 -18, .04 78 -0.0756 0.0649 
0, .40568D 05 -17. .5425 -18. .0507 -0.0709 0.0658 
0. .4O8I6D 05 -17 .8545 -18 .0095 -0.0682 0.0666 
0. .412891) 05 -18 .1706 -17 .9852 -O.O655 O.O675 
0, .417820 05 -18 .4867 -17 .9515 -0.0627 0.0684 
0. .4226513 05 -18 .7819 -17 .9165 -0.0601 0.0692 
0. .4275OD 05 -19 .0686 -17 .8765 -0.0575 0.0701 
0 .452551) 05 -19 .5512 -17 .8510 -0.0550 0.0710 
0 .45755i) 05 -19 .6211 -17 .7310 -0.0525 0.0719 
0 .4424OL) 05 -19 .8701 -17 .7285 -0.0502 0.0727 
0 .44759D 05 -20 .1149 -17 .6701 -0.0479 0.0756 
0 .45262U 05 -20 .5596 -17 .6041 -0.0457 0.0746 
0 ,4'?d12j 05 -20 .6044 -17 .5291 -0.0454 0.0756 
0 .4659ID 05 -20 .6491 -17 .4440 -0.0411 0.0767 
0 .470051) 05 -21 .0958 -17 .5469 -0.0587 0.0779 
0 .473601) 05 -21 .50'^ 5 -17 .2526 -0.0^67 0.0790 
0 .481I5U 05 -21 .5010 -17 .1525 -0.0548 0.0802 
0 .48661D 05 -21 .6870 -17.0469 -0.0550 O.O8I5 
0 .4921 ID 05 -21 .8642 -16 .9545 -0.0515 0.0825 
0 .49752D 05 -22 .0294 -16 .8I7I -0.0297 0.0858 

PARTICLE VELOCITY 
COMPONENTS 
X Y 

-0.1060 
-0.1057 
-0.1015 
-0.0989 
-0.0964 

-0.0952 
-0.0899 
-O.O867 
-0.0855 
-0.0801 
-0.0769 
-0.07^6 
-0.0709 
-0.0682 
-0.0655 
-0.0627 
-0.0601 
-0.0575 
-0.0559 
-0.0525 
-0.0502 
-0.0479 
-0.0457 
-0.0454 
-0.0411 

-0.0587 
-0.0567 
-0.0^48 
-0.0^^0 
-0.0515 
-0.0297 

REYNOLDS 
NUMBER 

WORK-MOMENT 
ON PARTICLE 

TRIALS 

-0.0076 0 .6805D-01 -O.5966D 05 2 

-0.0067 0 .6805D-01 -O.5972D 05 2 
-0.0058 0 .6805D-01 -O.5976D 05 2 
-0.0048 0 .6804i)-01 -0.5981D 05 2 

-0.0059 0 .68O4D-OI -0.5984D 05 2 
-0.0028 0 .68040-01 -0.5988D 05 2 

-0.0017 0 .6804i)-01 -O.599ID 05 2 
-0.0006 0 .68O4D-OI -0.5992D 05 12 
0.0004 0 .68O4D-OI -0.5992D 05 2 
0.0015 0 .6804i)-01 -0.5991i> 05 8 
0.0025 0 .68O4D-OI -0.59891) 05 11 

0.0055 0 .6804D-01 -0.5985D 05 6 
0.0045 0 .6804^-01 -0.5981D 05 2 
0.0051 0 .6804^J-01 -0.59751) 05 24 
0.0060 0 .68O4D-OI -O.5969D 05 2 
0.0069 0 .68O4D-OI -O.596ID 05 2 
0.0077 0 .68O4D-OI -0.5952D 05 19 
0.0086 0 .68O4D-OI -O.594ID 05 20 
0.0095 0 .68041)-01 -0.5929-^ 05 2 
0.0104 0 .68O4D-OI -O.5916D 05 17 
0.0115 0 .68O4D-OI -0.5902D 05 16 
0.0122 0 .6804D-01 -0.58871) 05 16 
0.0151 0 .68041^-01 -0.58691) 05 14 
0.0141 0 .68O4D-OI -0.5849D 05 14 
0.0152 0 .68O4D-OI -0.5826D 05 12 
0.0164 0 .68O4U-OI -O.5799D 05 12 
0.0175 0 .68O4D-OI -0.57741) 05 25 
0.0187 0 .6804i)-01 -O.5746D 05 25 
0.0198 0 .6804i)-01 -O.5717D 05 24 
0.0211 0, .68O4D-OI -O.5686D 05 20 
0.0225 0, .68O4D-OI -0.56541) 05 40 



DATA .-JUIVOÎ T OKNOI PAKTI:LJ I.IOÓSÜÜU 00 VR^LOCMTY ^ A R A ^ F I . I Y O O O D OO PAR,¿ B 

ÎJDIJY SPACIT^G- IN X UIHN. 5.062'30U 01 IN Y UIUF. 5.06250:; 01 : KAV1 TATIORAL PARAJ.,TÌTÀR 1.0000:) 00 

COORDINATES 
TIMFÍ 

0.497^2IJ 
0.50509D 
0.50859D 
O.51412D 
0.519631) 
O.5252ID 
O.55072D 
O.55617D 
0.541601) 
O.5471OD 
O.55266U 
0.55818Û 
O.56575D 
O.56925Û 
0.574681» 
O.57996D 
0.58521JJ 
O.59047U 
O.5956OD 
0.60060D 
0.605561) 
0.6104 ID 
O.6155O0-
0.62002J 
O.6247IU 
0.62951IJ 

0.658401) 
0.642891) 
O.64726U 
0.651561; 

FLUID VSLOCITY 
'JOMPONIILNTS 

PAKTICLIJ VELOCITY 
COMPONENTS 
X Y 

05 
05 
05 
05 
05 
05 
Ü5 
05 
05 
03 
03 

05 
05 
03 
03 
03 
0^ 
05 
03 
03 
03 
03 
03 
03 
03 
05 
05 
03 
05 
03 
05 

-22.0294 
-22.1904 
-22.3412 
-22.4848 
-22.6203 
-22.7503 
-22.8717 
-22.9855 
-23.0927 
-23.1956 
-23.2938 
-23.3861 
-23.47^8 
•23.5559 
-23.6328 
•23.7031 
•23.7694 
•23.8321 
•23.8900 
•23.9434 
•25.9936 
•24.0401 
•24.0845 
-24.1250 
•24.1635 
•24.1Y'88 
•24.2522 
•24.2654 
•24.2927 
•24.3198 
-24.3449 

-16.8171 
-16.6895 
-16.5561 
-16.4144 
-16.2654 
- 1 6 . 1 0 6 1 
-15.9406 
-15.7680 
-15.5875 
-15.^952 
-15.1912 
-14.9783 
-14.75^7 
-14.5202 
-14.2779 
-14.0^27 
-13.7778 
-13.5116 
-13.2412 
-12.9666 
-12.6855 
-12.^965 
-12.0965 
-11.7967 
-11.4HB5 
-11.1761 
-I0.A:;55 
-10.5503 
-10.1969 
--9.8655 
-9.5259 

-0.0297 
-0.0282 
-0.0267 
-0.0255 
-0.0259 
-0.0226 
-0.0214 
-0.0203 
-0.0192 
-0.0182 
-0.0172 
-0.0162 
-0.0155 
-0.0145 
-0.0157 
-0.0150 
-0.0125 
-0.0116 
-0.0110 
-0.0104 
•0.0098 
-0.009^ 
-0.0088 
-0.0094 
-O.ÜO79 
-0.0075 
•0.0071 
-0.0067 
-0.0064 
-0 .0000 
-0.0057 

0.0858 
0.0851 
O.O864 
0.0878 
0.0892 
O.O9O8 
0.0925 
0.0959 
0.0956 
0.097"' 
0.0991 
0.1010 
0.1029 
0.1049 
0.1069 
0.1090 
0.1110 
0.1152 
0.1155 
0.1174 
0.1196 
0.1218 
0.12^9 
0.1261 
0.1283 
0.1504 
0.1 "26 
0.1347 
0.1568 
0.1589 
0.1409 

-0.0297 
-0.0282 
-0.0267 
-0.0255 
-0.0259 
-0.0226 
-0.0214 
-0.0205 
-0.0192 
-0 . 0 1 8 2 
-0.0172 
-0.0162 
-0.0155 
-0.0145 
-0.0157 
-0.0150 
-0.0125 
-0.0116 
-0.0110 
-0.0104 
-0.0098 
-0.0095 
-0.0088 
-0.0034 
-0.0079 
-Ü.OO75 
.0.0071 
•0.0067 
•0.0064 
•0.0060 
•0.0057 

0.0225 
0.0256 
0.0249 
0.0265 
0.0278 
0.0295 
O.O3O8 
0.0524 
0.0541 
0.0^58 
0.0-^76 
0.0^95 
0.0414 
0.0454 
0.0455 
0.0475 
0.0496 
0.0517 
0.0558 
0.0560 
0.0581 
O.O6O5 
0.0625 
0,0646 
0.066b 
•0.06H9 
O.O71I 
().07'2 
0.0753 
0.077^1 
0.0794 

'{I'JYNOLDS 
NIÎÎV,I3KR 

0.6804L)-01 
0.6804^-01 
O.68O4D-OI 
0.68041^-01 
0.6804I)-01 
O.68O4D-OI 
0.6804J)-01 
O.68O4D-OI 
Û.68O4D-OI 
O.68O4D-OI 
0.68041^-01 
O.68O4D-OI 
0.6804i ) -01 
O.68O5D-OI 
0.6805D-01 
O.68O5D-OI 
0.6805D-01 
0.6305D-01 
O.68O5Ü-OI 
O.68O5D-OI 
O.68O5D-OI 
0.680513-01 
0.6805D-01 
O.68O5D-OI 
O.68O5J-OI 
O.68O5D-OI 
0.6SÜ5D-01 
Ü.6805D-01 
Ü.68O5.D-OI 
0 . Ò 8 0 5 D - 0 1 
O.68O5D-OI 

'A'0RTK-̂ "Ü̂ "SNT 
ON PAKTICLE 

05 
05 
05 
05 
05 

-O.5654U 
-O.56I8D 
-0.55811) 
-O.5542D 
-O.55OOD 
-O.5456D 05 
-Ü.54IOD 05 
-0.^561D 
-0.5511Í3 
-0.'^258D 
-O.52OID 
-O.5142D 
-0.5079Í) 
-O.5OI5D 
-0.2948D 
-0.28801) 
-0.2810D 
-O.2737D 
-0.26651) 
-0.2588D 
-0.251 ID 
-O.2455D 
-0.2552D 
-O.227ID 
-0.2189D 
-O.2IO5D 
-0.2020D 
-0.19541) 
-O.I846D 
-0.17581) 
-0.1669ÍJ 

05 
05 
05 
03 
05 
05 
05 
03 
03 
0^ 
03 
05 
05 
05 
05 
05 
05 
03 
03 
03 
05 
05 
03 
03 

TRIALS 

40 
20 
54 
33 
36 
20 
20 
10 
25 
25 
12 
29 
13 
13 
14 
16 
2 

16 
16 
19 
19 
20 
2 
2 
2 

26 
26 
28 
2 

34 
2 



uATA SUiiSET 610101 PARTICLE PARAK'hiTEH I.IObSOOi; 00 VELOCITY PARAlViETEH 0.170001) 00 PAGB $ 

EijDY bPACIMG- IN X D I R N . 5.06250D 01 IN Y D I R N . 5.06250D 01 GRAVITATIONAL PARAI/.ETER 1 .00001) 00 

COORDINATES 
TIME 

FLUID VELOCITY 
COMPONENTS 

PARTICLE VELOCITY REYNOLDS 
COMPONENTS NUMBER 

WORK-MOMENT 
ON PARTICLE 

TRIALS 

0 .65156D 03 -24 .5449 -9 .5259 -0.0057 0 . 1409 -0.0057 0.0794 0 .6805D. -01 -0.1669D 05 2 
0 .65581D 05 -24 .5684 -9 .1842 -0.0054 0 . 1429 -0.0054 O.O8I4 0 .6805D--01 -0.15800 03 2 
0 .659911) 05 -24 .3898 -8 .8466 -0.0051 0 . 1448 -0.0051 0.0855 0 .6805D--01 -0.1492D 03 2 
0 .66597D 05 -24 .4099 -8 .5049 -0.0048 0 . 1466 -0.0048 0.0851 0 .68O5D. -01 -O.I4O4D 05 2 
0 .668O4D 05 -24 .4288 -8 .1547 -0.0045 0 . 1465 -0.0045 0.0870 0 .6806D--01 -O.I515D 03 2 
0 .67202^ 05 -24 .4465 -7 .8046 -0.0043 0 . 1502 -0.0045 0.0887 0 .68O6D. -01 -0.1225D 03 2 
0 .675950 05 -24 .4624 -7 .4544 -0.0040 0 . 1519 -0.0040 0.0904 0 .6806U--01 -0.11^4D 03 2 
0 .679770 05 -24 .4773 -7 .1043 -0.0058 0 . 15^5 -0.0058 0.0920 0 .6806D. -01 -O.IO44D 03 2 
0 .68554D 05 -24 .4910 -6 .7542 -0.0055 0 . 1551 -0.0035 0.0956 0 .6806D. -01 -O.955ID 02 2 
0 .68725D 05 -24 .5037 -6 .4041 -0.0033 0 . 1566 -0.0053 0.0951 0 .6806J--01 -O.8663D 02 2 
0 .6909ID 05 -24 .5154 -6 .0540 -0.0051 0 . 1580 -0.0051 0.0965 0 .6806D--01 -0.77771) 02 2 

ro 
VD 



.liHiJ CK RiCSULTS TOH DATA SU!5oJT 610101 

Vi!JLOCITY PAHAHWTER 0 .1 7000D 00 

LAST COMPUTED POINT OK' TRAJECTORY -

NIBIBER 5075 
TIME 6.9O9077752O64559OOOD 02 
POSITION COORDINATES X -2.4515570506019460001) 01 

Y -6.055980655875631000D 00 

PARTICLE VELOCITY COMPONENTS X .084573750405562000D-05 
Y 9.646066501529300000i)-02 

fV) 0\ 



INPJT DATA î '̂ Oii jATA ijî JT 6 2 0 1 0 0 - THIS I S SET Nm'BiiR 1 OF 1 S ^ T / S TO Bii l-iJzlAiJ li^ RUN 6 2 

PAHTICLK PARAI^iiiTEH 1 . 1 0 6 8 0 0 0 0 D 0 0 

s p a c i n g ; o f e d d y c e n t h e s - x 5 .06250D 01 
Y 5 .O625OD 01 

(GRAVITATIONAL PARAi.iETER 1 .OOOOOD 0 0 

STARTING POINT - X - 2 . 4 5 1 5 5 7 0 5 0 6 0 1 9 4 6 0 0 0 D 01 
Y - 6 . 0 5 5 9 8 0 6 5 5 B 7 5 B 5 1 0 0 0 D 0 0 

STARTING TIME 6 . 9 0 9 0 7 7 7 5 2 0 6 4 5 5 9 0 0 0 D 0 2 

NUMBER OF STEPS 1 0 0 0 0 

STEP LIlViIT 2 . 0 0 D - 0 2 

CONVERGENCE CRITERION 1 .OOD-07 

AijDED MASS COr]FFICI;^]NT 0 . 5 0 D 00 

j.EICriiTli^G FACTOR 2 . 0 0 D 0 0 

PARTICLE VELOCITY COMPONENTS AT STARTING POINT HAVE BEEN READ I N . 
UPTT - O . 3 O 8 4 5 7 6 7 5 O 4 O 5 5 6 I O O D - O 2 
VPTT O.9646O665OI5295OOOOD-OI 

VELOCITY PARAiviETERS O.I7OOD 00 

COORDINATES AND VELOCITIES ARE PRINTED FOR EACH OF THE FIRST 50 COMPUTED POINTS, AND 
THEN AFTER EVERY 25 POINTS. 

I F KPUNCH IS SET NE 0 , A CARD I S PUNCHED AFTER EVERY 25 COMPUTED POINTS. 

STARTING CODE KSTART 1 - EQUALS 1 IF PARTICLE VELOCITY COMPONENTS AT STARTING 
POINT ARE TO BE READ I N . 

PUNCHING CODE KPUNCH 1 - EQUALS 0 IF 7̂0 CARD OUTPUT IS REQUIRED. 

TliYiE LIi.1IT PARAAiETER ITIl.^E 9 



¿ÏAftT ÜK RhiSULTS I<̂ CR üATA bUi3b¿¡T 6 2 0 1 0 1 

\^üíLOCITY PAHAIvMtíR 0 . 1 7 Ü 0 0 U 0 0 

V^iiJLOÇITï Ulb ïHlB 'JTIOl i - rJUDÏ ARRAY 



DATA SUBSh'T 6 2 0 1 0 1 P A R T I C L E PARAlVliSTiiJR 1 . 1 0 6 8 0 0 D 00 V E L O C I T Y PAi iAMETER 0 . 1 7 0 0 0 1 ) 0 0 PAGE 1 

EDDY S P A C I N G - I N X D I R N . 5 . O 6 2 5 O D 0 1 I N Y D I R N . 5 . O 6 2 5 O D 0 1 G R A V I T A T I O N A L PARAMETER 1 .OOOOD 0 0 

C O O R D I N A T E S 
T I M E 

O . 6 9 0 9 I J ) 05 
O . 6 9 I O 5 D 05 
O . 6 9 1 2 O D 0 5 
0 . 6 9 1 5 4 1 ^ 0 5 
0 . 6 9 1 4 9 c 0 5 
O . 6 9 I 6 5 D 0 5 
O . 6 9 1 7 8 D 0 5 
O . 6 9 1 9 2 D 05 
O . 6 9 2 O 7 D 0 5 
O . 6 9 2 2 I D 0 5 
O . 6 9 2 5 6 D 05 
O . 6 9 2 5 O D 05 
O . 6 9 2 6 4 D 05 
0 . 6 9 2 7 9 i ^ 05 
O . 6 9 2 9 3 D 05 
O . 6 9 5 O 0 D 03 
O . 6 9 3 2 2 D 05 
O . 6 9 5 3 6 D 05 
0 . 6 9 5 5 1 1 ^ 0 5 
0 . 6 9 3 6 5 1 ) 05 
0 . 6 9 5 8 0 D 03 
0 . 6 9 3 9 4 1 ^ 03 
O . 6 9 4 O 8 D 03 
0 . 6 9 4 2 3 ^ 03 
0 .69437^:1 03 
0 . 6 9 4 5 1 - ^ 03 
O . 6 9 4 6 6 D 03 
0 . 6 9 4 8 0 D 03 
0 . 6 9 4 94^^ 03 
O . 6 9 5 O 8 D 03 
0 . 6 9 9 2 3 D 

F L U I D V E L O C I T Y 
COMPONENTS 

P A R T I C L E V E L O C I T Y 
COMPONENTS 

- 2 4 . 5 1 5 4 
- 2 4 . 5 1 5 8 
- 2 4 . 5 1 6 5 
- 2 4 . 5 1 6 7 
- 2 4 . 5 1 7 1 
- 2 4 . 5 1 7 6 
- 2 4 . 5 I 8 O 
- 2 4 . 5 1 8 5 
- 2 4 . 5 1 8 9 
- 2 4 . 5 1 9 3 
- 2 4 . 5 1 9 8 
- 2 4 . 5 2 0 2 
- 2 4 . 5 2 0 6 
- 2 4 . 5 2 1 1 
- 2 4 . 5 2 1 5 
- 2 4 . 5 2 1 9 
- 2 4 . 5 2 2 3 
- 2 4 . 5 2 2 8 
- 2 4 . 5 2 3 2 
- 2 4 . 5 2 3 6 
- 2 4 . 5 2 4 0 
- 2 4 . 5 2 4 5 
- 2 4 . 5 2 4 9 
- 2 4 . 5 2 5 3 
- 2 4 . 5 2 5 7 
- 2 4 . 5 2 6 1 
- 2 4 . 5 2 6 5 
- 2 4 . 5 2 6 9 
- 2 4 . 5 2 7 3 
- 2 4 . 5 2 7 7 
-24.5282 

- 6 . 0 5 4 0 
- 6 . 0 4 0 0 
- 6 . 0 2 6 0 
-6.0120 
- 5 . 9 9 8 0 
- 5 . 9 8 4 0 
- 5 . 9 7 0 0 
- 5 . 9 5 6 0 
- 5 . 9 4 1 9 
- 5 . 9 2 7 9 
- 5 . 9 1 3 9 
- 5 . 8 9 9 9 
- 5 . 8 8 5 9 
- 5 . 8 7 1 9 
- 5 . 8 5 7 9 
- 5 . 8 4 3 9 
- 5 . 8 2 9 9 
- 5 . 8 I 5 9 
- 5 . 8 0 1 9 
- 5 . 7 8 7 9 
- 5 . 7 7 3 9 
- 5 . 7 5 9 9 
- 5 . 7 4 5 9 

- 5 . 7 3 1 9 
- 5 . 7 1 7 9 
- 5 . 7 0 3 9 
- 5 . 6 8 9 9 
- 5 . 6 7 5 9 
- 5 . 6 6 1 9 
- 5 . 6 4 7 9 
- 5 . 6 3 3 9 

- 0 . 0 0 5 1 
- 0 . 0 0 5 1 
. 0 . 0 0 3 1 
. 0 . 0 0 5 1 
. 0 . 0 0 3 1 
- 0 . 0 0 3 0 
- 0 . 0 0 3 0 
- 0 . 0 0 3 0 
- 0 . 0 0 3 0 
- 0 . 0 0 3 0 
- 0 . 0 0 3 0 
- 0 . 0 0 3 0 
- 0 . 0 0 3 0 
- 0 . 0 0 3 0 
- 0 . 0 0 3 0 
- 0 . 0 0 3 0 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 8 
- 0 . 0 0 2 8 
- 0 . 0 0 2 8 

0 . 1 5 8 0 
0 . 1 5 8 0 
0 . 1 5 8 1 
0 . 1 5 8 1 
0 . 1 5 8 2 
0 . 1 5 8 2 
0 . 1 5 8 3 
0 . 1 5 8 3 
0 . 1 5 8 4 
0 . 1 5 8 4 
0 . 1 5 8 5 
0 . 1 5 8 5 
0 . 1 5 8 6 
0 . 1 5 8 6 
0 . 1 5 8 7 
0.1588 
0.1588 
0 . 1 5 8 9 
0 . 1 5 8 9 
0 . 1 5 9 0 
0 . 1 5 9 0 
0 . 1 5 9 1 
0 . 1 5 9 1 
0 . 1 5 9 2 
0 . 1 5 9 2 
0 . 1 5 9 3 
0 . 1 5 9 3 
0 . 1 5 9 4 
0 . 1 5 9 4 
0 . 1 5 9 5 
0 . 1 5 9 5 

- 0 . 0 0 3 1 
- 0 . 0 0 5 1 
- 0 . 0 0 5 1 
. 0 . 0 0 3 1 
- 0 . 0 0 3 1 
- 0 . 0 0 3 0 
- 0 . 0 0 3 0 
- 0 . 0 0 3 0 
- 0 . 0 0 3 0 
- 0 . 0 0 3 0 
- 0 . 0 0 3 0 
- 0 . 0 0 3 0 
- 0 . 0 0 3 0 
. 0 . 0 0 3 0 
- 0 . 0 0 3 0 
- 0 . 0 0 3 0 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 9 
- 0 . 0 0 2 8 
- 0 . 0 0 2 8 
-0.0028 

0 . 0 9 6 5 
0 . 0 9 6 5 
0 . 0 9 6 6 
0 . 0 9 6 6 
0 . 0 9 6 7 
0 . 0 9 6 7 
0 . 0 9 6 8 
0 . 0 9 6 8 
0 . 0 9 6 9 
0 . 0 9 6 9 
0 . 0 9 7 0 
0 . 0 9 7 1 
0 . 0 9 7 1 
0 . 0 9 7 2 
0 . 0 9 7 2 
0 . 0 9 7 3 
0 . 0 9 7 3 
0 . 0 9 7 4 
0 . 0 9 7 4 
0 . 0 9 7 5 
0 . 0 9 7 5 
0 . 0 9 7 6 
0 . 0 9 7 6 
0 . 0 9 7 7 
0 . 0 9 7 7 
0 . 0 9 7 8 
0 . 0 9 7 8 
0 . 0 9 7 9 
0 . 0 9 7 9 
0 . 0 9 8 0 
0 . 0 9 8 0 

REYNOLDS 
NUMBER 

0 . 6 8 0 6 D - 0 1 
0 . 6 8 0 6 D - 0 1 
O . 6 8 O 6 D - O I 
0 . 6 8 0 6 D - 0 1 
0 . 6 8 0 6 D - 0 1 
O . 6 8 O 6 D - O I 
0 . 6 8 0 6 D - 0 1 
0 . 6 8 0 6 D - 0 1 
0 . 6 8 0 6 D - 0 1 
0 . 6 8 0 6 D - 0 1 
0 . 6 8 0 6 D - 0 1 
0 . 6 8 0 6 D - 0 1 
0 . 6 8 0 6 D - 0 1 
O . 6 8 O 6 D - O I 
0 . 6 8 0 6 D - 0 1 
O . 6 8 O 6 D - O I 
0 . 6 8 0 6 D - 0 1 
0.6806D-01 
0 . 6 8 0 6 D - 0 1 
O . 6 8 O 6 D - O I 
0 . 6 8 0 6 D - 0 1 
0 . 6 8 0 6 D - 0 1 
0 . 6 8 0 6 D - 0 1 
0.6806D-01 
O . 6 8 O 6 D - O I 
0 . 6 8 0 6 D - 0 1 
0 . 6 8 0 6 D - 0 1 
0 . 6 8 0 6 D - 0 1 
0 . 6 8 0 6 D - 0 1 
0 . 6 8 0 6 D - 0 1 
0 . 6 8 0 6 D - 0 1 

WORK-MOMENT 
ON P A R T I C L E 

0.0 
O . 3 5 5 7 D 0 0 
0 . 7 0 7 4 1 ) 0 0 
O . I O 6 I D 0 1 
O . I 4 1 5 D 0 1 
O . I 7 6 8 D 0 1 
0 . 2 1 2 2 D 0 1 
0 . 2 4 7 5 D 0 1 
0 . 2 8 2 9 D 0 1 
0 . 3 1 8 2 D 0 1 
O . 3 5 5 6 D 0 1 
0 . 3 8 8 9 I > 0 1 
O . 4 2 4 2 D 0 1 
0 . 4 5 9 5 1 ) 0 1 
0 . 4 9 4 9 1 ) 0 1 
0 . 5 3 0 2 D 0 1 
0 . 5 6 5 5 D 0 1 
O.6OO8D 0 1 
O . 6 3 6 I D 0 1 
0 . 6 7 1 4 1 ) 0 1 
0 . 7 0 6 7 D 0 1 
O . 7 4 2 O D 0 1 
0 . 7 7 7 3 D 0 1 
O . 8 I 2 6 D 0 1 
0 . 8 4 7 8 D 0 1 
O . 8 8 3 I D 0 1 
O . 9 I 8 4 D 0 1 
0 . 9 5 3 7 1 ) 0 1 
0 . 9 8 8 9 D 0 1 
O . I O 2 4 D 02 
0 . 1 0 5 9 D 0 2 

T R I A L S 

. 0 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 



DATA SUBSIST 6 2 0 1 0 1 P A R T I C L E PARAMhiTER I . I O 6 B O O D 00 VSLOn TTY PARAJvih^TrJR O.I7OOO1) 00 PAOii: 2 

t l D M 3 P A C I K a - I N X D I R N . 5 .0625013 0 1 I N Y DTRN. 5 . 0 6 2 5 0 U 01 GRAVITATIONAL PARAi.'Ii^iTER 1 .OOOOD 00 

COORDINATES 
T I M E 

F L U I D V E L O C I T Y 
COMPONENTS 

P A R T I C L E V E L O C I T Y REYNOLDS 
COMPONENTS NUMBER 

X Y 

7/ORK-ROMENT 
ON P A R T I C L E 

T R I A L S 

0 . 6 9 5 2 5 1 1 05 - 2 4 . 5 2 8 2 - 5 . 6 3 5 9 -0^ . 0 0 2 8 0 . 1 5 9 5 - 0 . 0 0 2 8 0 . 0 9 8 0 0 . 6 8 0 6 D - •01 0 . 1 0 5 9 D 0 2 2 

0 . 6 9 5 3 7 1 ) 05 - 2 4 . 5 2 8 6 - 5 . 6 1 9 9 - 0 . 0 0 2 8 0 . 1 5 9 6 - 0 . 0 0 2 8 0 . 0 9 8 1 0 .6806.0-- 0 1 0 . 10951) 0 2 2 

0 . 6 9 5 5 1 D 05 - 2 4 . 5 2 9 0 - 5 . 6 0 5 9 - 0 . 0 0 2 8 0 . 1 5 9 6 - 0 . 0 0 2 8 0 . 0 9 8 1 0 . 6 8 0 6 D - - 0 1 0 . 1 1 5 0 D 02 2 

0 . 6 9 5 6 6 D 05 - 2 4 . 5 2 9 4 - 5 . 5 9 1 9 - 0 . 0 0 2 8 0 . 1 5 9 7 - 0 . 0 0 2 8 0 . 0 9 8 2 O.68O6D-- 0 1 0 . 1 1 6 5 D 0 2 2 

0 . 6 9 5 8 0 D 03 - 2 4 . 5 2 9 8 - 5 . 5 7 7 9 - 0 . 0 0 2 8 0 . 1 5 9 7 - 0 . 0 0 2 8 0 . 0 9 8 2 0 . 6 8 0 6 D - - 0 1 0 . 1 2 0 0 D 0 2 2 

0 . 6 9 5 9 4 0 03 - 2 4 . 5 3 0 2 - 5 . 5 6 3 9 - 0 . 0 0 2 8 0 . 1 5 9 8 - 0 . 0 0 2 8 0 . 0 9 8 5 O.68O6D-- 0 1 0 . 1 2 5 6 D 0 2 2 

0 .696O8D 05 - 2 4 . 5 3 0 6 - 5 . 5 4 9 8 - 0 . 0 0 2 8 0 . 1 5 9 8 - 0 . 0 0 2 8 0 . 0 9 8 5 O.68O6D-- 0 1 0 . 1 2 7 1 D 0 2 2 

0 . 6 9 6 2 3 D 03 - 2 4 . 5 5 1 0 - 5 . 5 3 5 8 - 0 . 0 0 2 8 0 . 1 5 9 9 - 0 . 0 0 2 8 0 . 0 9 8 4 0 . 6 8 0 6 D - - 0 1 0 . 1 5 0 6 D 0 2 2 

0 .69637I> 05 - 2 4 . 5 5 1 3 - 5 . 5 2 1 8 - 0 . 0 0 2 8 0 . 1 5 9 9 - 0 . 0 0 2 8 0 . 0 9 8 4 0 . 6 8 0 6 D . - 0 1 0 . 1 3 4 1 D 0 2 2 

0 . 6 9 6 5 1 1 ) 03 - 2 4 . 5 5 1 7 - 5 . 5 0 7 8 - 0 . 0 0 2 8 0 . 1 6 0 0 - 0 . 0 0 2 8 0 . 0 9 8 5 0 . 6 8 0 6 D - - 0 1 0 . 15771) 0 2 2 

0 .696651) 05 - 2 4 . 5 5 2 1 - 5 . 4 9 5 8 - 0 . 0 0 2 8 0 . 1 6 0 0 - 0 . 0 0 2 8 0 . 0 9 8 5 0 . 6 8 0 6 D - - 0 1 0 . 1 4 1 2 D 0 2 2 

0 .696791) 03 - 2 4 . 5 3 2 5 - 5 . 4 7 9 8 - 0 . 0 0 2 7 0 . 1 6 0 1 - 0 . 0 0 2 7 0 . 0 9 8 6 0 . 6 8 0 6 D . - 0 1 0 . 1 4 4 71) 0 2 2 

0 . 6 9 6 9 4 D 05 - 2 4 . 5 5 2 9 - 5 . 4 6 5 8 - 0 . 0 0 2 7 0 . 1 6 0 1 - 0 . 0 0 2 7 0 . 0 9 8 6 0 . 6 8 0 6 D - - 0 1 0 . 1 4 8 2 D 0 2 2 

0 .697O8D 03 - 2 4 .535^; - 5 . 4 5 1 8 - 0 . 0 0 2 7 0 . 1 6 0 2 - 0 . 0 0 2 7 0 . 0 9 8 7 0 . 6 8 0 6 D . - 0 1 0 . 1 5 1 7 1 ) 0 2 2 

0 . 6 9 7 2 2 D 05 - 2 4 . 5 5 3 7 - 5 . 4 3 7 8 - 0 . 0 0 2 7 0 . 1 6 0 2 - 0 . 0 0 2 7 0 . 0 9 8 7 0 . 6 8 0 6 D . - 0 1 0 . 15531) 0 2 2 

0 . 6 9 7 3 6 D 05 - 2 4 . 5 3 4 1 - 5 . 4 2 3 8 - 0 . 0 0 2 7 0 . 1 6 0 3 - 0 . 0 0 2 7 0 . 0 9 B 8 0.6806:J - - 0 1 0 . 1 5 8 8 D 0 2 2 

0 .6975OD 05 - 2 4 . 5 M 5 - 5 . 4 0 9 8 - 0 . 0 0 2 7 0 . 1 6 0 3 - 0 . 0 0 2 7 0 . 0 9 8 8 0 . 6 R 0 6 D -- 0 1 0 . . 1 6 2 ^ 0 0 2 2 

0 . 6 9 7 6 5 0 05 - 2 4 . 5 3 4 8 - 5 - 0 . 0 0 2 7 0 . 1 6 0 4 - 0 . 0 0 2 7 0 . 0 9 8 9 O.68O6U. - 0 1 0 . , 16581 . 0 2 2 

0 .697791) 05 - 2 4 . 5 5 5 2 - 5 . 3 8 1 8 - 0 . 0 0 2 7 0 . 1 6 0 4 - 0 . 0 0 2 7 0 . 0 9 8 9 O.68O6D. - 0 1 0 . ,16931) 0 2 2 

0 . 6 9 7 9 5 D 05 - 2 4 . 5 5 5 6 -5" . 3 6 7 8 - 0 . 0 0 2 7 0 . 1 6 0 5 - 0 . 0 0 2 7 0 . 0 9 9 0 0 . 6 8 0 6 D . - 0 1 0 , , 1 7 2 9 1 ) 0 2 2 

0 . 7 0 1 4 4 1 ) 03 - 2 4 . 5 4 4 7 . 0 1 7 7 - 0 . 0 0 2 5 0 . 1 6 1 6 - 0 . 0 0 2 5 0 . 1 0 0 2 O.68O6D. - 0 1 0 . ,2607I> 0 2 2 

0 .7049213 03 - 2 4 . 5 5 3 0 - 4 . 6 6 7 6 - 0 . 0 0 2 3 0 . 1 6 2 7 - 0 . 0 0 2 3 0 . 1 0 1 2 0 . 6 8 0 6 D . - 0 1 0 , -54831) 0 2 2 

0 . 7 0 8 ^ 6 D 0^ - 2 4 . 5 6 0 5 - 4 . 3 1 7 6 - 0 . 0 0 2 1 0 . 1 6 5 8 - 0 . 0 0 2 1 0 . 1 0 2 3 0 . 6 8 0 6 J - - 0 1 0 , . 4 3 5 7 D 0 2 2 

0 . 7 1 1 7 7 ^ 03 - 2 4 . 5 6 7 ^ - 3 . 9 6 7 5 - 0 . 0 0 1 9 0 . 1 6 4 7 - 0 . 0 0 1 9 0 . 1 0 3 2 0 . 6 8 0 6 D . - 0 1 0 , . 5 2 3 0 0 0 2 2 

0 . 7 1 5 1 5 1 ) 03 - 2 4 . 5 7 5 5 - 3 . 6 1 7 4 - 0 . 0 0 1 7 0 . 1 6 5 6 - 0 . 0 0 1 7 0 . 1 0 4 1 0.6806J)-- 0 1 0 , , 6 1 0 0 D 0 2 2 
0 . 7 I B 5 O U 03 - 2 4 . 5 7 9 0 - 3 . 2 6 7 4 - 0 . 0 0 1 6 0 . 1665 -0.001'^^ 0 . 1 0 4 9 0 . 6 8 0 6 J-- 0 1 0 , .69691) 0 2 2 
0 . 7 2 1 8 2 J 03 - 2 4 . 5 8 3 9 - 2 . 9 1 7 3 - 0 . 0 0 1 4 0 . 1 6 7 1 - 0 . 0 0 1 4 0 . 1 0 5 6 0 . 6 8 0 6 J-- 0 1 0 . . 7 8 5 7 D 0 2 2 
0 . 7 2 5 1 5 1 ) 05 - 2 4 . 5 8 8 2 - 2 . 5 6 7 3 - 0 . 0 0 1 2 0 . . 1 6 7 7 - 0 . 0 0 1 2 0 . 1 0 6 2 0 . h 8 0 6 D -- 0 1 0 . . 8 7 0 3 0 0 2 2 
0 . 7 2 8 4 2 x j 05 - 2 4 . 5 9 1 9 - 2 . 2 1 7 3 - 0 . 0 0 1 0 0 , , 1 6 8 2 - 0 . 0 0 1 0 0 . 1 0 6 7 O.68O6D. - 0 1 0 , .9568D 0 2 2 
0 . 7 3 1 6 9 1 ) 05 - 2 4 . 5 9 5 0 - 1 • 8 6 7 2 - 0 . 0 0 0 9 0 . . 1 6 8 7 - 0 . 0 0 0 9 0 . 1 0 7 2 0 . 6 8 0 6 D -- 0 1 0 . . 10431) 03 2 
0 . 7 3 4 9 5 i J 05 - 2 4 . 5 9 7 6 - 1 . 5 1 7 2 - 0 . 0 0 0 7 0 , . 1 6 9 1 - 0 . 0 0 0 7 0 . 1 0 7 6 0 . 6 8 0 6 D . - 0 1 0 , . 1 1291^ 05 2 



DATA SUBSiiT 620101 PARTICLE PAHAMBTER 1.106800D 00 VELOCITY PARAMETER O.I7OOOD 00 PAGE 5 

EDDY S P A C O G - IN X DIRN. 5.O625OD 01 IN Y DIRN. 5.O625OD 01 GRAVITATIONAL PARAJ-IETER 1 .OOOOD 00 

TIME 
COORDINATES 

X 

FLUID VELOCITY 
COMPONENTS 

X Y 

PARTICLE VELOCITY REYNOLDS 
COMPONENTS NUMBER 
X Y 

WORK-MOMENT 
ON PARTICLE 

TRIALS 

0 . 7 M 9 5 D 05 -24. .5976 -1.5172 -0.0007 0. 1691 -0 .0007 0.1076 0 ;6806D. -01 0.1129D 03 2 
0 .75820D 05 -24 < .5997 -1.1672 ^-0.0005 0. 1694 -0 .0005 0.1079 0 .6806D. -01 0.1216D 03 2 
0 .741441^ 03 -24-.6012 -O.8I72 -0.0004 0. 1696 -0 .0004 0.1081 0 .6806D. -01 0.1302D 03 2 
0 .744671) 05 -24. .6021 -0.4672 -0.0002 0. 1698 -0 .0002 0.1083 0 .6806D. -01 0.1388D 03 2 
0 .7479OD 03 -24. .6026 -0.1172 -0.0001 0. 1698 -0 .0001 0.1083 0 .6806D. -01 0.1474D 03 2 
0 .75163D 03 -24 .6024 0.2868 0.0001 0. 1698 0 .0001 0.1083 0 .68O6D. -01 0.1574D 03 5 
0 .75581D 03 -24 .6014 0.7388 0.0003 0. 1697 0 .0005 0.1082 0 .6806D. -01 0.1685D 03 2 
0 .75999D 03 -24 .5995 1.1908 0.0006 0. 1694 0 .0006 0.1079 0 .68O6D. -01 0.179^D 05 2 
0 .76415D 03 -24 .5968 1 .6368 0.0008 0. 1690 0 .0008 0.1075 0 .6806D. -01 O.I9O6D 03 9 
0 .76855D 03 -24 .5931 2.0887 0.0010 0. 1684 0 .0010 0.1069 0 .6806D--01 0.20171) 03 2 
0 .77259I> 05 -24 .5885 2.5407 0.0012 0. 1677 0 .0012 0.1062 0 .6806D. -01 0.21291) 03 2 
0 .7768OD 03 -24 .5830 2.9866 0.0014 0. 1669 0 .0014 0.1054 0 .68O6D. -01 O.2239D 03 9 
0 .78111D 03 -24 .5764 3.4385 0.0016 0. 1660 0 .0016 0.1045 0 .6806D. -01 O.235ID 03 2 
0 .78545^' 03 -24 .5688 3.8904 0.0019 0. 1649 0 .0019 0.1034 0 .68O6D. -01 0.24641) 05 2 
0 .789791) 03 -24 .5601 4.3363 0.0021 0. 1637 0 .0021 0.1022 0.6806D. -01 0.25751) 05 7 
0 .794241) 03 -24 .5502 4.7882 0.0024 0. 1624 0 .0024 0.1009 0 .6806D--01 0.26871) 03 2 
0 .798571) 03 -24 .5395 5.2221 0.0026 0. 1610 0 .0026 0.0995 0 .6806D. -01 O.2796D 03 2 
0 .80211D 03 -24 .5300 5.5720 0.0028 0. 1597 0 .0028 0.0983 0 .68O6D. -01 0.28841) 03 2 
0 .8O569D 03 -24 .5196 5.9219 0.0030 0. 1585 0 .0050 0.0970 0 .6806D. -01 0.2972D 03 2 
0 .80935i) 03 -24 .5083 6.27I8 0.0032 0. 1571 0 .0032 0.0956 0 .6806D. -01 O.3O6OD 03 2 
0 .8I3OID 05 -24 .4960 6.6217 0.0034 0. 1556 0 .0034 0.0942 0 .6806D--01 O.3149D 03 2 
0 .8I676D 03 -24 .4827 6.9716 0.0037 0. 1541 0 .0057 0.0926 0 .6306D--01 O.5238D 03 2 
0 .82057D 03 -24 .4682 7.3214 0.0059 0. 1525 0 .0039 0.0911 0 .6806D. -01 O.3327D 03 2 
0 .82445D 03 -24 .4526 7.6713 0.0042 0. 1509 0 .0042 0.0894 0 .68060--01 O.3417D 03 2 
0 .82840D 03 -24 .4357 8.0212 0.0044 0. 1491 0 .0044 0.0877 0, .68O6D--01 O.5506D 03 2 
0 .85245JJ 05 -24 .4173 8.5710 0.0047 0. 1473 0 .0047 0.0859 0, .68061)--01 O.3596D 05 2 
0 .836451) 03 -24 .^980 8.7125 0.0050 0. 1455 0 .0050 0.0840 0, .6806D--01 O.3685D 03 2 
0 .84O56D 03 -24 .3770 9.0539 0.0053 0. 1436 0 .0055 0.0821 0, .6806D--01 O.5773D 05 2 
0 .84472D 03 -24 .5545 9.5912 0.0056 0. 1417 0.0056 0.0802 0, .68O61)--01 0.5861D 03 2 
0.848971^ 03 -24 .3302 9.7284 0.0059 0. 1597 0 .0059 0.0782 0, .68O6D-•01 O.5949D 03 2 
0 .855291^ 03 -24 .3041 10.0614 0.0062 0. 1577 0 .0062 0.0762 0, .68O6D--01 0.40570 05 53 



IJATA 6 2 0 1 0 1 PARTICI,H] PARTAKKTAR 1 . 0 0 V.̂ LL'̂ '" TTY PA KAI-JT'-J RT O.V/OOOU 0 0 I'A'JTÌ /: 

I'JDUY 5PACI^IG- m X ULFÌT'. 5 . 0 6 2 3 0 1 ; 01 I F Y 'ÌIRÌI. 5 . 0 6 2 3 0 D 01 I VATKU^AL PAKAIV: KTH; R 1 .OUOOU 0 0 

TIME 

0 . 8 5 5 2 9 D 0 3 
0 . 8 5 7 7 6 1 ) 0 3 
O . 8 6 2 3 4 D 03 
0 . 8 6 6 9 3 1 ) 0 3 
0 . 8 7 1 5 3 1 ) 0 3 
0 . 8 7 6 1 6 1 ) 0 3 
0 . 8 8 0 9 4 1 ) 0 3 
0 . 8 8 5 6 9 1 ) 0 3 
0 . 8 9 0 5 4 1 ) 0 3 
0 . 8 9 5 5 0 1 » 0 3 
0 . 9 0 0 5 0 D 0 3 
0 . 9 0 5 5 4 1 ) 05 
O . 9 1 0 7 I D 0 3 
0 . 9 1 5 8 9 1 ) 0 3 
0 . 9 2 1 0 7 I ) 0 3 
O . 9 2 6 4 7 D 0 3 
0 . 9 5 2 1 4 1 ) 0 3 
0 . 9 3 780D 0 5 
0 . 9 4 5 2 9 1 ) 0 3 
0 . 9 4 8 8 2 D 0 3 
0 . 9 5 4 3 8 D 0 3 
0 . 9 5 9 8 7 I J 0 3 
0 . 9 0 5 2 8 D 
0 . 9 7 0 7 5 1 ) 0 3 
0 . 9 7 I ' 2 9 L ' 03 
0 . 9 0 1 8 5 I ) 0 5 
0 . ^ 8 7 3 5 1 ) 0 3 
0 . 9 9 2 8 2 I J 0 3 
0 . 9 9 8 4 7 1 ^ 0 3 
0 . 1 0 0 5 9 U 0 4 
0 . 1 0 0 9 4 1 ) 0 4 

COORDINATES .^LIJID ^TTÌLOGITY 
COI;:PON«NTS 

PAKVICLRJ VIIILOCITY 
GOIVIPONSKTS 

- 2 4 . 3 0 4 1 
- 2 4 . 2 7 5 4 
- 2 4 . 2 4 4 5 
- 2 4 . 2 1 1 7 
- 2 4 . 1 7 6 9 
- 2 4 . 1 4 0 0 
- 2 4 . 0 9 9 7 
- 2 4 . 0 5 7 5 
- 2 4 . 0 1 2 0 
- 2 3 . 9 6 2 9 
- 2 5 . 9 1 0 5 
- 2 5 . 8 5 4 8 
- 2 3 . 7 9 4 5 
- 2 3 . 7 3 0 6 
- 2 3 . 6 6 3 2 
- 2 3 . 5 8 8 7 
- 2 5 . 5 0 6 1 
- 2 3 . 4 1 8 6 
- 2 3 . ^ 2 8 8 
- 2 3 . 2 5 3 1 
- 2 3 . 1 5 1 5 
- 2 5 . 0 2 4 9 
- 2 2 . 9 1 4 5 
- 2 2 . 7 9 6 5 
- 2 2 . 6 7 0 0 
- 2 2 . 5 5 6 5 
- 2 2 . ^ 9 6 1 
- 2 2 . 2 4 9 2 
-22.0890 
- 2 1 . 9 2 5 5 
- 2 1 . 7 5 ^ 0 

1 0 . 0 6 1 4 
1 0 . 3 9 8 6 
10,7316 
1 1 . 0 5 6 2 
1 1 . 3 7 2 4 
11 . 6 8 0 2 
1 1 . 9 8 8 0 
12.28^2 
1 2 . 5 7 4 2 
1 2 . 8 6 0 9 
1 5 . 1 5 9 5 
1 5 . 4 0 9 5 
1 5 . 6 7 5 1 
1 5 . ^ " ^ 0 8 
1 4 . 1 7 5 6 
1 4 . 4 2 0 5 
1 4 . 6 6 5 1 
1 4 . 8 9 8 1 
1 5 . 1 1 5 5 
1 5 . 5 2 0 1 
1 5 . 5 1 7 8 
1 5 . 7 0 5 8 
1 5 . 8 7 8 1 
1 6 . 0 4 5 5 
1 6 . 2 0 6 4 
1 6 . 5 5 9 2 
1 6 . 5 0 5 5 
1 6 . 6 5 8 8 
1 6 . 7 7 1 0 
1 6 . 8 9 1 7 
1 7 . 0 0 5 8 

0 . 0 0 6 2 
0 . 0 0 6 6 
0 . 0 0 7 0 
0 . 0 0 7 4 
0 . 0 0 7 8 
0.0082 
0 . 0 0 8 7 
0 . 0 0 9 1 
0 . 0 0 9 6 
0.0102 
0.0108 
0 . 0 1 1 4 
0.0120 
0 . 0 1 2 7 
0 . 0 1 5 4 
0 . 0 1 4 2 
0 . 0 1 5 0 
0 . 0 1 5 9 
0.0168 
0 . 0 1 7 8 
0.0188 
0 . 0 1 9 9 
0.0210 
0.0222 
0 . 0 2 3 4 
0.0248 
0 . 0 2 6 1 
0 . 0 2 7 6 
0 . 0 2 9 1 
0 . 0 3 0 7 
0 . 0 5 2 4 

0 . 1 5 7 7 
0 . 1 5 5 5 
0 . 1 3 5 4 
0 . 1 3 1 2 
0 . 1 2 9 1 
0 . 1 2 6 9 
0 . 1 2 4 7 
0 . 1 2 2 6 
0 . 1 2 0 4 
0.118^ 
0.1161 
0 . 1 1 4 0 
0 . 1 1 1 9 
0 . 1 0 9 8 
O . I O 7 R 
0 . 1 0 5 7 
0 . 1 0 ^ 7 
0 . 1 0 1 7 
0 . 0 9 9 8 
0 . 0 9 8 0 
0 . 0 9 6 2 
0 . 0 9 4 5 
0 . 0 9 2 9 
0 . 0 9 1 5 
0.0898 
0 . 0 8 8 5 
0 . 0 8 6 9 
0.0856 
0.0842 
O . O 8 3 O 
0.0818 

0 . 0 0 6 2 
0.0066 
0 . 0 0 7 0 
0 . 0 0 7 4 
0 . 0 0 7 8 
0.0082 
0 . 0 0 8 7 
0 . 0 0 9 1 
0 . 0 0 9 6 
0.0102 
0.0108 
0 . 0 1 1 4 
0.0120 
0 . 0 1 2 7 
0 . 0 1 3 4 
0 . 0 1 4 2 
0 . 0 1 5 0 
0 . 0 1 5 9 
0.0168 
0.0178 
0.0188 
0 . 0 1 9 9 
0.0210 
0.0222 
0 . 0 2 5 4 
0.0248 
0 . 0 2 6 1 
0 . 0 2 7 6 
0 . 0 2 9 1 
0 . 0 3 0 7 
0 . 0 5 2 4 

0 . 0 7 6 2 
0 . 0 7 4 0 
0 . 0 7 1 9 
0 . 0 6 9 7 
0 . 0 6 7 6 
0 . 0 6 5 4 
0 . 0 6 3 2 
0.0611 
0 . 0 5 8 9 
0 . 0 5 6 8 
0 . 0 5 4 6 
0 . 0 5 2 5 
0 . 0 5 0 4 
0 . 0 4 8 5 
0 . 0 4 6 3 
0 . 0 4 4 2 
0 . 0 4 2 2 
0 . 0 4 0 2 
0 . 0 5 8 3 
0 . 0 ' ; 6 5 
0 . 0 5 4 7 
0 . 0 ^ 5 0 
0 . 0 5 1 4 
0 . 0 2 9 8 
0 . 0 2 8 5 
0.0268 
0 . 0 2 5 4 
0 . 0 2 4 1 
0 . 0 2 2 7 
0 . 0 2 1 5 
0 . 0 2 0 5 

KIIIYJ OLDS 
T'L^IBER 

0 . 6 8 0 6 D - 0 1 
0 . 6 8 0 6 D - 0 1 
O . 6 8 O 6 D - O I 
0 . 6 8 0 6 D - 0 1 
0 . 6 8 0 6 D - 0 1 
O . 6 8 O 6 D - O I 
O . 6 8 O 6 D - O I 
0 . 6 8 0 6 I ) - 0 1 
0 . 6 8 0 6 D - 0 1 
0 . 6 8 0 6 D - 0 1 
0 . 6 B 0 6 D - 0 1 
O . 6 8 O 6 D - O I 
0 . 6 8 0 6 D - 0 1 
O . 6 8 O 7 D - . O I 
O . 6 R O 7 D - O I 
0 . 6 8 0 7 I ) - 0 1 
O . 6 8 O 7 D - O I 
O . 6 8 O 7 D - O I 
0 . 6 B 0 7 1 ) - 0 1 
O . 6 8 O 7 D - O I 
O.6BO7D- .OI 
O . 6 8 O 7 D - O I 
O . 6 8 O 7 D - O I 
0 . 6 8 0 7 : ) - 0 1 
O . 6 8 O 7 D - O I 
O . 6 8 O 7 D - O I 
0 . 6 8 0 7 I J - 0 1 
0 . ( ) B 0 7 I ) - 0 1 
O . 6 8 O 7 D - O I 
0 . 6 8 0 7 I > - 0 1 
0 . 6 8 0 7 0 - 0 1 

?/0 KK-KOM HJMT 
ON PARTICLE 

0 . 4 0 3 7 1 ) 0 3 
0 . 4 1 2 5 1 ) 0 3 
0 . 4 2 1 4 1 ) 0 3 
O . 4 3 O O D 0 3 
0 . 4 3 8 4 1 ) 0 5 
O . 4 4 6 6 D 0 3 
O . 4 5 4 9 I Ì 0 3 
O . 4 6 2 9 D 0 3 
O . 4 7 0 7 D 0 3 
0 . 4 7 8 5 1 ) 0^ 
O . 4 8 6 I D 05 
O . 4 9 5 5 D 0 5 
O . 5 O O 7 D 03 
0 . 5 0 7 8 D 0 5 
O . 5 1 4 5 D 0 3 
0 . 5 2 1 5 1 ) 0 5 
0 . 5 2 B 0 D 0^ 
0 . 5 5 4 5 1 ^ 0^ 
0 . 5 4 0 5 D 0^ 
0.54621>) 03 
0 . 5 5 1 7 0 0 3 
0 . 5 5 6 9 1 ) 0 3 
O . 5 6 I 8 D 0 5 
0 . 5 6 6 4 1 ) 05 
0 . 5 7 0 9 1 ^ 03 
0 . 5 7 5 2 I J 0 3 
0 . 5 7 9 2 I J 0 3 
0 . 5 8 5 0 D 0 3 
0 . 5 8 6 6 D 0 3 
O . 5 9 0 O D 0 3 
O . 5 9 5 I D 0 3 

T R I A L S 

55 
2 

2 9 
2 
2 

23 
2 

20 
18 
2 

16 
17 
15 
16 
16 
14 
14 
12 
10 
2 5 
2 5 
21 
25 
40 
19 
1 7 
52 
17 
19 
21 
22 



I M T A STJiS3>]T 6 2 0 1 0 1 P A H T I C L r ] PAHA: l^TfiiR 1 . 1 0 6 8 0 0 i v 00 V E L O C I T Y PAJUI'/IETBR 0 . 1 7 0 0 0 D 0 0 P A G E 5 

.••JDDY S P A C I j J G - IV K L I R N . 5 . 0 * ^ 2 5 0 0 Q1 I N Y D I R N . 5 . 0 6 2 5 0 J ) 0 1 n R A \ A I T A T I 0 M L PARAMbiTKR 1 . 0 0 0 0 1 » 0 0 

T I M E 
C O O R D I N A T E S 

X 

F L U I D V E L O C I T Y 
COMPOTJENTS 

P A R T I C L E V E L O C I T Y 
COMPOTIRNTS 

0 . 100941» 04 - 2 1 . 7 5 5 0 1 7 . 0 0 5 8 0 . 0 5 2 4 0 . 0 8 1 8 
0 . 1 0 1 4 8 D 04 - 2 1 . 5 7 2 4 1 7 . 1 1 2 6 0 . 0 5 4 1 0 . 0 8 0 6 
0 . 1 0 2 0 4 D 0 4 - 2 1 . . 5 7 7 2 1 7 , 2 1 5 6 0 . 0 ^ 6 0 0 . 0 7 9 4 
0 . 1 0 2 5 9 1 ) 04 - 2 1 , . 1 7 5 1 1 7 . 5 1 1 5 0 . 0 5 8 0 0 . 0 7 B 5 
0 . 1 0 5 1 4 D 04 - 2 0 . . 9 5 7 5 1 7 . 4 0 1 6 0 . 0 4 0 0 0 . 0 7 7 2 
0 . 1 0 5 7 0 D 04 - 2 0 . . 7 2 9 7 1 7 . 4 8 5 8 0 . 0 4 2 2 0 . 0 7 6 2 
0 . 1 0 4 2 4 D 04 - 2 0 , . 4 9 5 5 1 7 . 5 6 5 1 0 . 0 4 4 4 0 . 0 7 5 1 
0 . 1 0 4 7 8 D 04 - 2 0 , . 2 5 1 0 1 7 . 6 5 5 1 0 . 0 4 6 7 0 . 0 7 4 2 
0 . I O 5 2 9 D 04 - 2 0 . . 0 0 5 7 1 7 . 6 9 5 7 0 . 0 4 8 9 0 . 0 7 5 2 
0 . 1 0 5 7 8 D 04 - 1 9 - . 7 6 0 5 1 7 . 7 5 1 0 0 . 0 5 1 2 0 . 0 7 2 4 
0 . 1 0 6 2 5 D 04 - 1 9 - . 5 1 5 5 1 7 . 7 9 9 9 0 . 0 5 5 5 0 . 0 7 1 5 
0 . I O 6 7 6 D 04 - 1 9 . 2 5 6 4 1 7 . 8 4 8 6 0 . 0 5 6 0 0 . 0 7 0 6 
0 . I O 7 2 5 D 04 - 1 8 . . 9 5 5 4 1 7 . 8 9 1 5 0 . 0 5 8 5 0 . 0 6 9 7 
0 . 1 0 7 7 4 0 04 - 1 8 . . 6 6 1 9 1 7 . 9 2 9 6 0 . 0 6 1 2 0 . 0 6 8 9 
0 . 1 0 8 2 2 D 04 - 1 8 . . 5 6 2 1 1 7 . 9 6 2 9 0 . 0 6 5 8 0 . 0 6 8 0 
0 . 1 0 8 6 7 D 04 - 1 8 . . 0 6 6 4 1 7 . 9 9 0 6 0 . 0 6 6 4 0 . 0 6 7 2 
0 . I O 9 I 4 D 0 4 - 1 7 . 7 4 9 8 1 8 . 0 1 5 2 O . O 6 9 I 0 . 0 6 6 5 
0 . I O 9 5 9 D 04 - 1 7 . 4 5 5 1 1 8 . 0 5 5 1 O . O 7 I 8 0 . 0 6 5 5 
0 . , 1 1 0 0 2 D 04 - 1 7 . 1 1 6 5 1 8 . 0 5 0 6 0 . 0 7 4 5 0 . 0 6 4 7 
0 . , 1 1 0 4 5 ^ 04 - 1 6 . 7 9 1 4 1 8 . 0 6 ^ 2 0 . 0 7 7 2 0 . 0 6 ^ 8 
0 - . 1 1087I> 04 - 1 6 . 4 6 2 2 1 8 . 0 7 0 4 0 . 0 7 ^ 9 0 . 0 6 ^ 0 
0., . 1 1 1 2 8 D 04 - 1 6 . 1 5 5 0 1 8 . 0 7 4 7 0 . 0 8 2 6 0 . 0 6 2 2 
0 , . 1 1 1 6 8 D 04 - 1 5 . 7 9 1 2 1 8 . 0 7 5 6 0 . 0 8 5 5 0 . 0 6 1 5 
0 , . 1 1 2 0 8 D 04 - 1 5 . 4 4 5 1 1 8 . 0 7 ^ 1 0 . 0 8 8 0 0 . 0 6 0 4 
0 , . 1 1 2 4 7 D 04 - 1 5 . 0 9 4 9 1 8 . 0 6 7 1 0 . 0 9 0 7 0 . 0 5 9 5 
0 . . 1 1 2 8 6 D 04 - 1 4 . 7 4 4 7 1 6 . 0 5 7 9 0 . 0 9 5 5 0 . 0 5 8 6 
0 04 - 1 4 . 5 9 4 5 1 8 . 0 4 5 6 0 . 0 9 5 9 0 . 0 5 7 7 
0 . 1 1 5 5 9 D 04 - 1 4 . 0 4 4 4 1 8 . 0 5 0 ^ 0 . 0 9 8 4 
0 . 1 1 5 94 D 04 - 1 5 . 6 9 4 2 1 8 . 0 1 2 5 0 . 1 0 0 9 0 . 0 5 5 9 
0 . 1 1 4 2 8 D 04 - 1 5 . 5 4 4 0 1 7 . 9 9 1 4 0 . 1 0 5 5 0 . 0 5 5 0 
0 . 1 1 4 6 2 J 04 - 1 2 . 9 9 5 9 1 7 . 9 6 7 9 0 . 1 0 5 7 0 . 0 5 4 0 

0 . 0 ^ 2 4 
0 . 0 5 4 1 
0 . 0 5 6 0 
O . O 5 8 O 
0 . 0 4 0 0 
0 . 0 4 2 2 
0 . 0 4 4 4 
0 . 0 4 6 7 
O . O 4 B 9 
0 . 0 5 1 2 
0 . 0 5 5 5 
0 . 0 5 6 0 
0 . 0 5 8 5 
0 . 0 6 1 1 
0 . 0 6 5 8 
O . O 6 6 4 
0 . 0 6 9 1 
0 . 0 7 I 8 
0 . 0 7 4 5 
0 . 0 7 7 2 
0 . 0 7 9 9 
0.0826 
0 . 0 8 5 5 
0.0880 
0 . 0 9 0 7 
0 . 0 9 5 5 
0 . 0 9 5 9 
0 . 0 9 8 4 
0 . 1 0 0 9 
0 . 1 0 ^ 5 
0 . 1 0 S 6 

0 . 0 2 0 5 
0 . 0 1 9 1 
0 . 0 1 7 9 
0 . 0 1 6 8 
0 . 0 1 5 7 
0 . 0 1 4 7 
0 . 0 n 6 
0 . 0 1 2 7 
0 . 0 1 1 7 
0 . 0 1 0 9 
0.0100 
0 . 0 0 9 1 
0.0082 
0 . 0 0 7 4 
0 . 0 0 6 5 
0 . 0 0 5 7 
0 . 0 0 4 8 
0 . 0 0 4 0 
0.00^2 
0 . 0 0 2 5 
0 . 0 0 1 5 
0 . 0 0 0 7 

-0.0002 
-0.0011 
-0.0020 
- 0 . 0 0 2 9 
-0.00^8 
- 0 . 0 0 4 7 
- 0 . 0 0 5 6 
- 0 . 0 0 6 5 
- 0 . 0 0 7 5 

R E Y N O L D S 
NITll/iBER 

WORK-MOMENT 
ON P A R T I C L E 

T R I A L S 

O . 6 8 O 7 D - O I 0 . 5 9 5 1 1 ^ 05 2 2 
0 . 6 8 0 7 i j - 0 1 O . 5 9 6 I D 05 2 5 
0 . 6 8 0 7 1 ^ - 0 1 0 . 5 9 8 9 D 05 1 0 
O . 6 8 O 7 D - O I O . 6 O I 5 D 05 1 0 
O . 6 8 O 7 D - O I O . 6 O 4 O D 0 5 1 2 
O . 6 8 O 7 D - O I O . 6 O 6 5 D 05 1 2 
O . 6 8 O 7 D - O I 0 . 6 0 8 4 1 ^ 0 5 1 5 
O . 6 8 O 7 D - O I 0 , 6 1 0 5 D 0 5 1 4 
O . 6 8 O 7 D - O I 0 . 6 1 1 9 D 0 5 1 6 
O . 6 8 O 7 D - O I O . 6 I 5 4 D 0 5 1 6 
O . 6 8 O 7 D - O I 0 . 6 1 4 7 - D 0 5 1 8 
O . 6 8 O 7 D - O I O . 6 1 6 O D 0 5 1 6 
0 . 6 8 0 7 I > - 0 1 O . 6 1 7 I D 0 5 2 1 
O . 6 8 O 7 D - O I 0 . 6 1 8 1 D 0 5 2 0 
O . 6 8 O 7 D - O I O . 6 I 9 O D 0 5 2 
O . 6 8 O 7 D - O I O . 6 1 9 7 D 0 5 2 4 
O . 6 8 O 7 D - O I O . 6 2 O 5 D 0 5 2 6 
O . 6 B O 7 D - O I O . 6 2 O 8 D 0 5 2 
O . 6 8 O 7 B - O I 0 . 6 2 1 2 D 0 5 2 
O . 6 8 O 7 D - O I 0 . 6 2 1 5 1 ) 0 5 2 
O . 6 8 O 7 D - O I O . 6 2 1 7 D 05 2 
O . 6 8 O 7 D - O I O . 6 2 I 8 D 05 ? 8 
O . 6 8 O 7 D - O I 0 . 6 2 1 9 D 05 2 
O . 6 8 O 7 D - O I O . 6 2 I 8 D 05 2 
O . 6 8 O 7 D - O I 0 . ^ . 2 1 7 1 ) 0^ 2 
0 . 6 R 0 7 D - 0 1 O . 6 2 1 5 D 05 2 
O . 6 8 O 7 I J - O I 0 . 6 2 1 2 D 0 5 2 
0 . 6 8 0 7 D - 0 1 0 . 6 2 0 8 1 ; 05 2 
O . 6 8 O 7 D - O I 0 . 6 2 0 4 D 05 2 
O . 6 8 O 7 D - O I 0 . 6 2 0 0 D 0 5 2 
0 . 6 8 0 7 1 ^ - 0 1 0 . 6 1 9 5 D 05 2 



. - A j ' A ^ A ( T l C L i j J F A i i A r . -Jl^vH l . i O ' V í O ü J n o v j i i O - ' l ï v / A U ; O .^'C.Í.JOÚ 0 0 F A i tí 

•.ui/t . v i ' A J J r ..i- J K X 1.1 iU, 01 I I ! Y úíRii. ' ^ . JmL ' -^CD 01 - h í A V Î Ï A ' r i û ^ A L F A H A k j j T i - I U I . O O O Ü D U( 

no i - 'POT ' j J í ' í Ta 
X Y 

i ^ A ' í T J í i L i ^ 

X Y 

u ' O R K - i ; O K , r i r T 
c r i P A r í r i c L t í 

t h i a l s 

1 0 4 - 1 2 . 9 9 ' ^ 9 1 7 . ^ ) 6 7 9 0 . 1 0 5 7 0 . 0 5 4 0 0 . 1 0 5 6 - 0 . 0 0 7 5 O . 6 8 O 7 D - O I 0 . 6 1 -^51) 05 2 

ü . 114 ? 4 U 04 - 1 2 . 6 4 5 7 1 7 . 9 4 I 8 0 . 1 0 7 9 0 . 0 5 3 0 0 , . 1 0 7 9 - 0 . 0 0 8 5 0 . 6 8 0 6 1 ) - 0 1 0 . 6 1 8 9 D 05 2 

0 , 1 1 5 2 6 D 04 - 1 2 . 2 9 5 6 1 7 . 9 1 3 1 0 . 1 1 0 2 0 . 0 5 2 1 0 . 1 1 0 1 - 0 . 0 0 9 4 0 . 6 8 0 6 J - 0 1 0 . 6 1 8 ^ D 0 ^ 2 

0 . 115581) 0 4 - 1 1 . 9 4 5 4 1 7 . 8 8 1 9 0 . 1 1 2 5 0 . 0 5 1 1 0 . 1 1 2 3 - 0 . 0 1 0 4 Ü . 6 8 O 6 Ü - O I 0 . 6 1 761) 0 5 2 

0 . 115891^ 0 4 - 1 1 . 5 9 ^ 3 1 7 . 3 4 8 1 0 . 1 1 4 4 0 . 0 5 0 1 0 . 1 1 4 4 - 0 . 0 1 1 4 0 . 6 8 0 6 J - 0 1 O . 6 I 6 9 D 05 2 

0 , 1161 91) 0 4 - 1 1 . 2 4 5 2 1 7 . 6 1 1 8 0 . 1 1 6 4 0 . 0 4 9 0 0 . 1 1 6 4 - 0 . 0 1 2 5 0 . 6 8 0 6 D - 0 1 O . 6 I 6 I D 0 3 2 

0 , 1 1 6 4 9 Ü 04 - 1 0 . 8 9 5 1 1 7 . 7 7 3 1 0 . 1 184 0 . 0 4 8 0 0 . 1 1 8 4 - 0 . 0 1 3 5 0 . 6 8 0 6 1 ) - 0 1 0 . 6 1 5 5 Í > 05 2 

0 . 1 1 6 7 8 D 0 4 - 1 0 . 5 4 3 0 1 7 . 7 5 1 8 0 . 1 2 0 2 0 . 0 4 6 9 0 . 1 2 0 2 - 0 . 0 1 4 6 O . 6 8 O 6 D - O I 0 . 6 1 4 5 1 ) 05 2 

0 . I I 7 0 7 D 0 4 - 1 0 . 1 9 2 9 1 7 . 6 8 8 0 0 . 1 2 2 0 0 . 0 4 5 8 0 . 1 2 2 0 - 0 . 0 1 5 7 0 . 6 8 0 6 D - 0 1 0 . 6 1 5 6 1 ) 0 3 2 

0 . 1 I 7 5 6 D 0 4 - 9 . 8 4 2 8 1 7 . 6 4 1 8 0 . 1 2 3 8 0 . 0 4 4 7 0 . 1 2 5 8 - 0 . 0 1 6 8 0 . 6 8 0 6 i ) - 0 1 O . 6 1 2 6 D 05 2 

0 . 117641) 04 . 4 9 2 7 1 7 . 5 ^ 2 9 0 . 1 2 5 4 0 . 0 4 5 5 0 . 1 2 5 4 - 0 . 0 1 8 0 0 , 6 8 0 6 Ü - 0 1 0 . 6 1 1 6 L > 0 5 2 

0 . 1 1 7 9 2 U 04 - 9 . 1 4 2 6 1 7 . 5 4 1 5 0 . 1 2 7 0 0 . 0 4 2 4 0 . 1 2 7 0 - 0 . 0 1 9 1 O . 6 8 O 6 D - O I O . 6 I O 6 Ü 03 2 

0 . 1 1 f 3 l 9 i J 0 4 - 8 . 7 9 2 5 1 7 . 4 8 7 5 0 . 1 2 8 5 0 . 0 4 1 2 0 . 1 2 8 5 - 0 . 0 2 0 5 0 . 6 8 0 6 j - 0 1 O . 6 O 9 6 D 05 2 

0 . 1 18461» 0 4 - 8 . 4 4 2 4 1 7 . 4 5 0 8 0 . 1 2 9 9 0 . 0 4 0 0 0 . 1 2 9 9 - 0 . 0 2 1 5 0 . 6 8 0 6 l ) - 0 1 0 . 6 0 8 5 1 ) 05 2 

0 4 - 8 . 0 9 2 3 1 7 . 5 7 1 5 0 . 1 5 1 5 0 . 0 3 8 7 0 . 1 5 1 5 - 0 . 0 2 2 8 O . 6 8 O 5 Û - O I 0 . 6 0 7 3 1 ) 0 3 2 

0 . 1 1 3 9 9 Í J 0 4 - 7 . 7 4 2 5 1 7 . 5 0 9 5 0 . 1 5 2 5 0 . 0 5 7 4 0 . 1 3 2 5 - 0 . 0 2 4 0 0 . 6 8 0 5 I > - 0 1 0 . 6 0 6 2 1 ) 0 5 2 

0 . I I 9 2 6 D 0 4 - 7 . 3 9 2 2 1 7 . 2 2 2 4 ü . 1 5 5 7 0 . 0 5 6 1 0 . 1 5 5 7 - 0 . 0 2 5 4 O . 6 8 O 5 D - O I 0 . 6 0 4 9 1 ) 05 2 

0 . 1 1 9 5 2 i J 0 4 - 7 . 0 4 2 2 1 7 . 1 7 6 6 0 . 1 3 4 8 0 . 0 3 4 8 0 . 1 3 4 8 - 0 . 0 2 6 7 0 . 6 8 0 5 1 1 - 0 1 Ü . 6 0 5 7 Í ) 05 2 

0 . 1 19781» 0 4 - 0 . 6 9 2 1 1 7 . 1 0 5 8 0 . 1 3 5 8 0 . 0 5 5 4 0 - 0 . 0 2 8 0 0 . 6 8 0 5 1 ) - 0 1 0 . 6 0 2 4 D 0 5 2 

0 , 1 2 0 0 5 D 0 4 - 6 . ^ 4 2 1 1 7 . 0 3 2 0 0 . 1 5 6 7 0 . 0 5 2 0 0 . 1 3 6 7 - 0 . 0 2 9 4 O . 6 8 O 5 . D - O I Û . 6 0 1 0 D 05 2 

0 . 1 2 0 2 9 Ù 0 4 - 5 . 9 9 2 0 1 6 . 9 5 5 0 0 . 1 5 7 6 O . O 3 O 6 0 . 1 5 7 6 - 0 . 0 3 0 9 O . 6 8 O 5 D - O I O . 5 9 9 6 D 05 2 

0 . 1 2 0 5 4 Ü 0 4 - 5 , 6 4 2 o 1 6 . 8 7 4 9 0 . 1 3 8 3 0 . 0 2 9 2 0 . 1 5 8 ^ O . 6 8 0 5 D - O I 0 . 5 9 8 2 1 ) 0 5 2 

0 . 120791) 0 4 . 2 9 1 9 1 6 . 7 9 1 4 0 . 1 3 3 9 0 . 0 2 7 7 0 - 0 . 0 ' S 5 8 0 . h 8 0 5 D - 0 1 0 . 5 9 6 7 1 ) 0 3 2 

0 . 121051^ 0 4 - 4 . 9 4 1 9 1 6 . 7 0 4 4 0 . 1 3 9 5 0 . 0 2 6 1 0 - 0 . 0 - ^ - 5 4 0 . 6 8 0 5 Ü - 0 1 0 . 5 9 5 2 1 ) 0 5 2 

0 . I 2 I 3 O J 0 4 - 4 . 5 9 1 9 1 6 . 6 1 ^ 9 1 ^.Qq 0 . 0 2 4 6 0 . 1 4 0 0 - 0 . 0 ^ 6 0 0 . ^ - - 8 0 5 Ü - 0 1 0 , 5 ^ 3 6 D 0 3 2 

0 . 1 2 1 5 5 ^ 0 4 - 4 . 2 4 1 9 I 6 . : v 9 1 7 0 . 1 4 0 ^ 0 . 0 2 ^ 0 0 . 1 4 0 3 - 0 . 0 3 8 5 0.6:-^04L>-01 0 . 5 9 2 0 1 ) 05 2 

0 . 1 2 1 8 0 D 0 4 . 8 9 1 9 1 6 . / 1 2 1 7 0 . 1 4 0 6 0 . 0 ? 1 5 0 . 1 4 0 6 - 0 . 0 4 0 2 r ) . ( ^ . 8 0 4 U - 0 1 0 . 5 9 0 4 D 0 5 2 

0 . 1 2 2 0 4 J 0 4 . 5 4 1 9 1 6 . 3 1 9 7 0 . 1 4 0 7 0 . 0 1 Q 6 0 . 1 4 0 8 - 0 . 0 4 1 8 0 . 6 8 0 4 ; ) - 0 1 0 . 5 8 8 7 Ü 05 2 

0 . 1 2 2 2 9 ^ 0 4 . 1 9 1 9 1 6 . 2 1 3 5 0 . 1 4 O 8 0 . 0 1 7 9 0 . I 4 O 8 - 0 , 0 4 ^ 6 0 . 6 f t 0 4 J - 0 1 0 . 5 8 6 9 D 0 ^ 2 

0 , , 1 2 2 5 4 û 0 4 - 2 . 8 4 1 9 1 6 . 1 0 ^ 0 0 . . 1 4O8 Ü . O I 6 I 0 . I 4 O 8 - 0 . 0 4 5 ' - 0 . 6 8 0 4 ! ) - 0 1 O . 5 8 5 I D 0 5 2 

0 , , 1 2 2 7 9 U 0 4 - 2 . 4 9 1 9 1 5 . 9 8 8 0 0 . , 1 4 0 6 0 . 0 1 / ! . ^ 0 . 1 4 0 6 - 0 . 0 / 1 7 2 0 . ^ 8 0 4 1 ) - 0 1 0 . 5 8 5 2 D 0'^ 2 



U A T A S U B S E T 6 2 0 1 0 1 P A R T I C L E P A R A M E T E R 1 . 1 0 6 8 0 0 J 3 0 0 \ ^ E L O C I T Y PARA}:r iTh;R 0 . 1 7 0 0 0 D 0 0 P A G E f 

¿DDY S P A C I i i G - I N X D I R N . 5 . O 6 2 5 O D 0 1 I K i D I R N . 5 . O 6 2 5 O D 0 1 G R A V I T A T I O N A L P A R A I O T E R 1 , 0 0 0 0 D 0 0 

T I M E 
C O O R D I N A T E S F L U I D V E L O C I T Y 

C O M P O N E N T S 

X Y 

P A r t T I C L E V E L O C I T Y R E Y N O L D S 

C O M P O N E N T S N m i B E R 

X Y 

WORK-MOMENT 
ON P A R T I C L E 

T R I A L S 

0 . 1 2 2 7 9 1 ) 0 4 - 2 . 4 9 1 9 1 5 . 9 8 8 0 0 . 1 4 0 6 0 . 0 1 4 5 0 . 1 4 0 6 - 0 . 0 4 7 2 O . 6 8 O 4 D - O I 0 . 5 8 5 2 D 0 5 2 
0 . I 2 5 O 4 D 0 4 - 2 . 1 4 1 9 1 5 . 8 6 8 2 0 . 1 4 0 4 0 . 0 1 2 5 0 . 1 4 0 4 - 0 . 0 4 9 0 0 . 6 a 0 4 D - 0 1 0 . 5 8 I 5 D 0 5 2 
0 . 1 2 5 2 9 1 3 0 4 - 1 . 7 9 1 9 1 5 . 7 4 5 6 0 . 1 4 0 0 0 . 0 1 0 6 0 . 1 4 0 0 - 0 . 0 5 0 9 0 . 6 8 0 4 D - 0 1 0 . 5 7 9 5 1 ) 0 5 2 
0 . 1 2 5 5 4 1 ) 0 4 - 1 . 4 4 1 9 1 5 . 6 1 5 7 0 . 1 5 9 6 0 . 0 0 8 6 0 . 1 5 9 6 - 0 . 0 5 2 9 0 . 6 8 0 4 D - 0 1 0 . 5 7 7 2 D 0 5 2 
0 . 1 2 5 7 9 1 ) 0 4 - 1 . 0 9 1 9 1 5 . 4 7 B 5 0 . 1 5 9 0 0 . 0 0 6 6 0 . 1 5 9 0 - 0 . 0 5 4 9 0 . 6 8 0 4 D - 0 1 0 . 5 7 5 I D 0 5 2 
0 . 1 2 4 0 4 D 0 4 - 0 . 7 4 2 0 1 5 . 5 5 7 5 0 . 1 5 8 5 0 . 0 0 4 5 0 . 1 5 8 5 - 0 . 0 5 6 9 0 . 6 8 0 5 D - 0 1 0 . 5 7 5 O D 0 5 2 
0 . 1 2 4 5 O D 0 4 - 0 . 5 9 2 0 1 5 . 1 9 0 2 0 . 1 ^ 7 5 0 . 0 0 2 4 0 . n 7 5 - 0 . 0 5 9 0 0 . 6 - 3 0 5 D - 0 1 0 . 5 7 0 7 D 0 ^ 2 
0 . 1 2 4 5 5 1 1 0 4 - 0 . 0 4 2 1 1 5 . 0 ^ ; 6 7 0 . 1 5 6 6 0 . 0 0 0 5 0 . n 6 6 - 0 . 0 6 1 2 O . 6 B O 5 D - O I 0 . 5 6 8 4 D 0 5 2 
0 . 1 2 4 8 1 D 0 4 0 . 5 0 7 9 1 4 . 8 7 6 5 0 . 1 5 5 6 - 0 . 0 0 2 0 0 . 1 5 5 6 - 0 . 0 6 5 4 O . 6 8 O 5 D - O I 0 . 5 6 6 O D 0 5 2 
0 . I 2 5 0 7 D 0 4 0 . 6 5 7 8 1 4 . 7 0 9 2 0 . 1 M 4 - 0 . 0 0 4 2 0 . 1 ^ 4 4 - 0 . 0 6 5 7 0 . 6 R 0 5 D - 0 1 0 . 5 6 ^ 5 1 ) 0 ^ 2 

C o m p u t e d T r a j e c t o r y N o . 6 2 0 1 0 1 c o n t i n u e s t o : 

O . I 5 8 6 9 D 0 4 9 . 7 5 0 2 - 2 . 5 7 1 1 



¿I'D OF iiiiJ^LJLTb FOR DATA SUI^SiJT 6 2 0 1 0 1 

\/ii;LOCITY PAHAi.i^JTjiR O . I 7 O O O D 0 0 

LAST COMPUTfciD P O I N T ON THAJECTOHY -

NUTVIBER 4 8 7 5 

T I M K 1 . 3 8 6 9 5 5 0 5 O 4 8 O 9 2 7 O O O D 03 

P O S I T I O N COORDINATliS X 9 . 7 ^ 0 2 4 6 5 5 5 0 2 8 6 7 2 0 0 0 1 ) 0 0 
Y - 2 . v n 0 6 - 5 l 6 0 1 5 5 ^ 8 1 0 0 0 U 0 0 

PAHTICLs; ^^liiLOCITY C01V>P0N.i]KT3 X . 0 4 6 5 2 0 5 1 5 8 5 1 5 9 2 0 0 0 J - 0 2 
i - 1 . 5 6 9 8 0 2 5 ; i 6 8 . 5 7 4 5 6 0 0 0 U - 0 1 

I ••! 

h < 

I 



COkPUTiiii) PARTICL/J THAJl'XTORY No. 4^00101 (No. 1 . 2 , Table l ) 

^•ote: In the ori^^inal computer output, computed points on the trajectory were 

listed at intervals of 10 computed' points - that i s , position coordinates etc were 

printed for every tenth computed point. In order to reduce the len^jth of this 

tabulation, points are tabulated herein at intervals of 20 co-nputed points, except in 

the region in which the trajectory intersects the line X = 0 . 0 after one circuit of 

the eddy. In this re^^ion, points are tabulated at intervals of 10 computed points, as 

in the ori;';inal output. Such intervals are identified by an asterisk ( * ) . 

OOORDIMATii^S 
X Y 

COOrtUINATaS 

X Y 

cuoi-{Di>:ATii:s 

X Y 

COOfiUlT.'ATiiio 

X Y 

COOIiL-IJiATiilS 

X Y 

0. .0000 15. .0000 6 . )909 1 3 .7571 . 1 9 4 4 8 .1707 
0. . 2 7 2 0 14. .9985 7 .2708 1 3 .6205 13 .5557 7 . 8 9 0 6 
0. . 5 5 2 0 14. .9950 7 . 5 5 0 7 1 3 .4964 13 . 4 6 8 9 7 .6105 
0. . 8 5 2 0 14. .9840 7 . 8 5 0 6 1 5 .3649 1? . 5 9 4 5 7 . 5 5 0 4 
1. . 1 1 2 0 1 4 . .9714 8 . 1 1 0 4 1 3 .2255 15 . 7 1 2 9 7 . 0 5 0 5 
1. .5920 14 .9551 8 . 3 9 0 5 1 5 .0776 15 .8244 6 .7702 
1. .6719 14 .9550 8 . 6 7 0 2 1 2 . 9 2 0 7 ^^ .9294 6 . 4 9 0 1 
1, .9519 14 .9115 8 . 9 5 0 0 12 .7542 1 4 . 0 2 8 1 6 .2100 
2̂  .2519 1 4 .8857 9 . 2 2 9 9 1 2 .5773 14 .1209 5 .9299 
2 .5119 14 .8523 9 . 5 0 9 7 12 .5894 14 .2081 5 . 6 4 9 8 
2 .7918 14 .8169 9 .7895 12 .1895 1 4 .2898 5 .5698 

5 . 07 I8 1 4 .7775 10 .0695 11 . 9 7 6 8 1 4 . 5 6 6 2 5 .0897 
.5518 14 .7541 10 . 5 4 9 1 11 .7499 1 4 .4576 4 . 8 0 9 6 
.6517 14 . 6 8 6 5 10 . 6 2 3 9 11 .'^078 1 4 .5042 4 .5296 

5 .9117 14 .6S45 10 11 .2488 1 4 . 5 6 6 0 4 .2495 
4 . 1 9 1 6 1 4 .5782 1 1 .1872 10 .9725 14 .9695 
4 .4716 14.5174 11 .4507 10 .6925 14 . 6 7 6 1 5 .6894 
4 .7515 14 .4519 11 . 6 9 6 9 10.4120 1 4 .7246 . 4 0 9 4 
5.0514 14 .5815 11 .9274 10 .1518 14 .7689 5 .1295 

5 . M 14 14 .^.062 1 2 .1455 1 .8517 14 .8091 2 .8495 
5 .5915 14 .2256 12 .5465 9 .5715 14 .8455 2 .569^ 

5 .8712 14 .1597 12 .5570 9 .291^ 1 4 .8776 2 .2892 
6 .1512 14 .0481 1 2 .7164 9 .0112 1 4 .9059 2 .0092 
6 .4511 I'i . 9 5 0 7 12 .8855 8 . 7 ^ 0 1 4 .9^05 1 .7292 
b . 7 1 1 0 15 .8471 . 0 4 4 4 8 .4509 1 4 .9515 1 .4492 

14.9685 

I4 . 9BI7 

14.9914 

14.9975 

14 .9999 

14.9987 

14.9958 

14.9855 

14.97^^1 

14.9577 

14.9578 

1 4 . 9 1 4 5 
1 4 . 8 8 7 4 
1 4 . 8 3 6 4 
1 4 . 8 2 1 6 
14.7827 

14.7598 

1 4 . 6 927 

1/1 . 6 4 1 ^ 
14.5855 

14.525^ 

1 4 . 4 6 0 ^ 
1 4 . 5 9 0 6 
14.^159 

14.2^60 

1 . 1 6 9 2 
0.^3892 

O . 6 O 9 I 
0.^291 

0.0491 

-0.2^69 

-0.5169 

-0.7968 

- 1 . 0 7 6 8 
-1.5568 

- 1 . 6 5 6 8 
- 1 . 9 1 6 8 
- 2 . 1 9 6 8 
-2.4767 

-2.7567 

. 0 5 6 7 

-5.5966 

.8765 

- 4 . 1 5 6 5 
- 4 . 4 5 6 4 
- 4 . 7 1 6 4 
-4.996^. 

-5.2762 

-5.5562 

14 .1508 

14 .0599 

15 .9652 

1 5 . 8 6 0 4 
15.7515 

1 5 . 6 5 5 5 
15.5125 

1 5 . 5 8 1 9 

15.2454 

1 5 . 0 9 6 6 
1 2 . 9 4 0 9 
12.7756 

1 2 . 6 0 0 1 
1 2 . 4 1 5 6 
12.2155 

1 2 . 0 0 4 2 
11.7792 

11.5'^91 

11.2825 

1 1 . 0 0 7 7 
1 0 . 7 2 7 4 
10.4472 

1 0 . 1 6 7 0 
9 . 8 8 0 8 
9.'^^06 6 

-5.8561 

- 6 . 1 1 6 0 
-6.5959 

-6.6758 

-6.9558 

-7.2556 

-7.5155 
-7.7954 

- 8 . 0 7 5 3 
-8.5552 

- 8 . 6 5 5 0 
- 8 . 9 1 4 9 
-9.1947 

-9.4746 

-9.7544 

- 1 0 . 0 ^ 4 2 
- 1 0 . 5 1 4 0 
-10.5958 

-10.^756 

-11.1528 

-11 . 4 186 

- 1 1 . 6 6 6 9 
- 1 1 
- 1 2 . 1 1 7 1 
- 1 2 . 2 16 
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c c o K j i r i ' Ja COORlJlJ^iATES CüORDirATHJS COO RDI I'AT.'S CCCí^Jl^WPES 
X y X r X Y X Y X Y 

9 . 5 2 6 5 _ • 2 . 5 1 5 7 0 .9245 - 1 4 . 9 3 0 2 - 7 . 4 3 0 4 - 1 5 . 5 2 3 2 - 1 4 .00^.9 - 6 . 2 8 0 5 - 1 4 . 3 ^ 4 5 2 . 1 2 6 5 
9 . 0 4 6 5 - 2 . 6 9 4 5 0 .6445 - 1 4 . 9 9 0 4 - 7 . 7 6 0 5 - 1 5 . 5 9 3 7 - 1 4 . 0 9 3 2 - 6 . 0 0 0 2 - 1 4 . 3 6 4 5 2 . 4 0 6 5 
B . 7 6 6 2 _ 2 . 8 6 4 7 0 . 5 6 4 5 - 1 4 . 9 9 6 9 - 3 . 0 4 0 2 - 1 ^ . 2 6 1 5 - 1 4 . 1 3 6 7 - 5 . 7 2 0 1 - 1 4 . 3 5 0 7 2 . 6 3 6 4 
8 . 4 8 6 0 - 5 . 0 2 5 0 0 . 0 3 4 5 - 1 4 . 9 9 9 B - 8 . 5 2 0 1 - 1 5 . 1 1 5 5 - 1 4 . 2 6 9 3 - 5 . 4 4 0 1 - 1 4 . 7 9 2 3 2 . 9 6 6 4 
3 . 2 0 5 9 - 5 . 1 7 6 0 - 0 . 2 0 1 7 - 1 4 . 9 9 9 1 - 8 . 5 9 9 9 - 1 2 . 9 6 0 9 - 1 4 . 5 4 7 5 - 5 . 1 6 0 0 - 1 4 . 7 5 0 9 5 . 2464 
7 . 9 2 5 8 — 5 . 5 1 8 4 - 0 . 4 8 1 7 - 1 4 . 9 9 4 6 - 3 . 8 7 9 8 - 1 2 . 7 9 6 9 - 1 4 . 4 2 0 2 - 4 . 3 7 9 9 - 1 4 . 7 0 4 9 5 . 5 2 6 5 
7 . 6 4 5 6 - 5 . 4 5 2 6 - 0 . 7 6 1 7 - 1 4 . 9 3 6 6 - 9 . 1 5 9 6 - 1 2 . 6 2 2 7 - 1 4 . 4 8 7 9 - 4 . 5 9 9 9 - 1 4 . 6 5 4 6 5 . 3 0 6 5 
7 . 5 6 5 5 - 5 . 5 7 9 2 - 1 . 0 4 1 7 - 1 4 . 9 7 4 9 - 9 . 4 5 9 5 - 1 2 . 4 5 7 6 - 1 4 . 5 5 0 9 - 4 . 5 1 9 8 - 1 4 . 6 0 0 0 4 . 0 8 6 2 

7 . 0 8 5 4 — 5 .6984 - 1 . 5 2 1 7 - 1 4 . 9 5 9 5 - 9 . 7 1 9 5 - 1 2 . 2 4 0 9 - 1 4 .6095 - 4 . 0 5 9 8 - 1 4 . 5 4 0 3 4 . 5 6 6 2 

6 . 8 0 5 5 - 5 . 8 1 0 8 - 1 . 6 0 1 7 - 1 4 . 9 4 0 4 - 9 .999 1 - 1 2 . 0 5 1 4 - 1 4 . 6 6 5 5 - 5 . 7 5 9 7 - 1 4 . 4 7 7 1 4 . 6 4 6 1 
6 . 5 2 5 2 _ 5 . 9 1 6 5 - 1 . 8 8 1 6 - 1 4 . 9 1 7 6 - 1 0 . 2 7 3 9 - 1 1 . 3 0 8 5 - 1 4 . 7 1 2 3 - 5 . 4 7 9 7 - 1 4 . 4 0 3 6 4 . 9 2 6 1 
0 . 2 4 5 2 — 4 . 0 1 6 1 - 2 . 1 6 1 6 - 1 4 . 3 9 1 0 - 1 0 . 5 5 3 7 - 1 1 . 5 7 0 1 - 1 4 . 7 5 8 2 - 5 - 1 9 9 6 - 1 4 . 5 5 5 1 5 . 2 0 6 0 

5 . 9 6 5 1 — 4 . 1 0 9 6 - 2 . 4 4 1 6 - 1 4 . 3 6 0 5 - 1 0 . 8 5 8 5 - 1 1 . 5 1 5 5 - 1 4 . 7994 - 2 . 9 1 9 6 - 1 4 . 2 5 6 6 5 . 4 3 5 9 
5 . 6 8 5 0 4 . 1 9 7 5 - 2 . 7 2 1 6 - 1 4 . 3 2 6 1 - 1 1 . 1 1 8 1 - 1 1 . 0 4 2 3 - 1 4 . 3 5 6 6 - 2 , 6 5 9 6 - 1 4 . 1 7 2 7 5 . 7 6 5 8 

5 . 4 0 4 9 — 4 . 2 7 9 3 - 5 . 0 0 1 5 - 1 4 . 7 8 7 3 - 1 1 . 5 3 6 2 - 1 0 . 7 6 2 6 - 1 4 . 3 6 9 8 - 2 . 5 5 9 5 - 1 4 . 0 3 5 5 6 . 0 4 5 3 

5 . 1 2 4 9 - 4 . 5 5 6 9 - 5 . 2 8 1 5 - 1 4 . 7 4 5 4 - 1 1 . 6 5 6 6 - 1 0 . 4 3 2 4 - 1 4 . 3 9 9 2 - 2 . 0 7 9 5 - 1 5 . 9 8 3 1 ó . ^ 2 5 7 
4 . 8 4 4 8 - 4 .4290 - 5 . 5 6 1 5 - 1 4 . 6 9 3 3 - 1 1 . 3 7 0 9 - 1 0 . 2 0 2 2 - 1 4 . 9 2 4 7 - 1 . 7 9 9 5 - 1 5 . 8 3 6 3 6 . 6 0 5 6 

4 . 5 6 4 7 - 4 . 4 9 6 1 - 5 . 3 4 1 4 - 1 4 . 6 4 3 0 - 1 2 .0905 - 9 . 9 2 2 0 - U . 9 4 6 4 - 1 . 5 1 9 5 - 1 5 . 7 7 9 5 6 . 3 3 5 5 
4 . 2 8 4 7 - 4 . 5 5 8 5 - 4 . 1 2 1 4 - 1 4 . 5 9 2 3 - 1 2 , 2 9 6 6 - 9 . 6 4 I 8 - 1 4 . 9 6 4 4 - 1 . 2 5 9 4 - 1 5 . 6 6 5 1 7 . 1 6 5 4 
4 . 0 0 4 6 4 . 6 1 6 5 - 4 . 4 0 1 5 - 1 4 . 5 ^ 5 1 - 1 2 .4905 - 9 . 5 6 1 6 - 1 4 . 9 7 3 7 - 0 . ^ 5 9 4 - 1 5 . 5 4 5 9 7 . 4 4 5 5 
5 . 7 2 4 6 - 4 . 6 6 9 7 - 4 . 6 8 1 2 - 1 4 . 4 6 3 7 - 1 2 . 6 7 2 4 - 9 . 0 3 1 5 - 1 4 .93^55 - 0 . 6 7 9 4 - 1 5 . 4 1 5 5 7 . 7 2 5 2 

5 . 4 4 4 5 - 4 . 7 I 8 8 - 4 . 9 6 1 2 - 1 4 . 5 9 9 6 - 1 2 . 3 4 5 9 - 3 . 3 0 1 5 - 1 4 .9965 - 0 . 5 9 9 4 - 1 5 . 2 7 9 0 3 . 0 0 5 1 
5 . 1 6 4 5 - 4 . 7 6 5 6 - 5 . 2 4 1 1 - 1 4 . 5 2 5 5 - 1 5 .0054 - 3 . 5 2 1 2 - 1 4 .9997 - 0 . 1 1 9 4 . 1 5 4 5 3 . 2 3 4 9 
2 . 8 8 4 5 — 4 . 3 0 4 5 - 5 . 5 2 1 0 - 1 4 . 2 4 6 5 - 1 5 . 1 5 7 6 - 3 . 2 4 1 0 - 1 4 .9994 0 . 1 6 6 6 - 1 2 . 9 3 0 9 8 . 5 6 4 8 

2 . 6 O 4 4 4 . 3 4 1 0 - 5 . 8 0 1 0 - 1 4 . 1 6 1 3 - 1 5 . 5 0 1 0 - 7 . 9 6 0 9 - 1 4 .9954 O./1466 - 1 2 . 8 1 3 0 3 . 3 4 4 7 
2 . 5 2 4 4 — 4 . 8 7 5 7 - 6 . 0809 - 1 4 . 0 7 1 6 - 1 5 . 4 5 6 2 - 7 . 6 3 0 8 - 1 4 . 9 3 7 3 0 . 7 2 6 6 - 1 2 . 6 4 5 1 0 . 1 2 4 5 
2 . 0 4 4 4 _ 4 . 9 0 2 6 - 6 . 5 6 0 3 - 1 ^ . 9 7 5 7 - 1 5 . 5 6 ^ 7 - 7 . ^ 0 0 7 - 1 4 . 9 7 6 5 1 . 0 0 6 6 - 1 2 . 4 6 1 5 Q . 4 0 4 4 
1 . 7 6 4 5 4 . 9 2 7 6 - 6 . 6 4 0 7 - 1 ^ . 3 7 5 7 - 1 5 . 6 8 5 3 - 7 . 1 2 0 6 - 1 4 . 9 6 1 6 1 . 2 3 6 5 - 1 2 . 2 6 6 2 1 . 6 3 4 2 
1 . 4 3 4 5 4 . 9 4 3 9 - 6 .9206 - 1 5 . 7 6 5 5 - 1 5 .7^:>70 - 6 . 3 4 0 5 - 1 4 1 . 5 6 6 5 - 1 2 . 0 5 3 5 q .9640 
1 . 2 0 4 5 - 4 . 9 6 6 4 - 7 . 2 0 0 5 - 1 5 .650^ - 1 5 . 9 0 5 6 - 6 . 5 6 0 4 - 1 4 . ^ 2 0 7 1 . 3 4 6 5 - 1 1 . 8 5 7 1 1 0 . 2 4 5 3 



COf-iPUTiiiiJ P A H T I C L K T k A J J C T O H Y 45OOIOI (continued) 

C 00 Ri) l i ^ A Ï K S C OOHiJ 11̂ : A T l i J S 

X Ï X Y 

-11 .6008 10.5256 -5 .2548 14 .7527 
-11.5484 IO.8O54 -2 .9547 14 .7945 
-11.0780 11.0851 -2 .6747 14 .8522 
-10.7978 11.5556 -2 .5947 14 .8659 
-10.5175 11.6061 -2 .1146 14 .8957 
-10.2575 11.3424 -1 .8546 14 .9217 
- 9.9571 12.0657 -1 .5546 14 .9459 

-9.6770 12.2714 -1 .2746 14 .9625 
-9.5968 12.4666 -0 .9946 14 .9771 
-9.1166 12.6502 -0 .7146 14 .9882 
-8.8565 12.8229 -0 .4546 .9956 
-8.5565 12.9856 -0 .2946 .9980 
-8.2762 15.1590 -0 .1546 .9994 
-7.9961 15.2855 -0 .0146 .0000 
-7.7160 15.4197 0 .1^14 .9996 
-7.455a .̂ 4̂81 0 .2714 14 -k. .998^ 
-7.1557 15.6691 0 .4114 .9961 
-6.8756 15.7852 
-6.5955 15.8906 
-6.5155 15.::̂ 916 
- 0 . 0 5 5 4 14.0867 
-5.7555 14.1759 
-5.4752 14.2597 
-5.1951 14.5531 
-4.9151 14.411^ 
-4.6550 14.4797 
-4.5550 14.5455 
-4.0749 14.6022 
-5.7949 14.6567 
-5.5148 14.7069 
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APPENDIX IV 

THE FORTRAN COMPUTER PROGRAM FOR THE PLOTTING 
OF THE COMPUTED PARTICLE TRAJECTORIES. 

The FORTRAN program listed on pages IV. 3 - IV. 10 was developed 

for the purpose of plotting the computed trajectories of particles in the 

model eddy field. The plotting was carried out on the "Calcomp" 

Plotter at the University of New South Wales Computing Centre. 

The coordinates of the computed points on the particle trajectory 

are read f rom cards (which are punched during the computation of the 

trajectory, as described in Section 4. 5. 1) together with the values of the 

parameters defining the eddy field and particle characteristics and the 

values of the significant program-control parameters. This latter in-

formation is incorporated in the title which is written on the plotted sheet. 

The data subset identification numbers (that is, the trajectory 

identification numbers) and the card identification numbers are checked 

for discontinuities, as the cards are read. 

The plotting scale is determined by the program, with the criterion 

that the plotted trajectory should be as large as possible but must, to-

gether with the title and associated information, fit within a 15 inch by 

10 inch format. 

The mean fall velocity^ based on the vertical displacement of each 

computed point relative to the starting point of the trajectory, is calcul-

ated for each computed point on the trajectory, and is printed in the 
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printed output. 

The position coordinates of each point at which the computed 

particle trajectory crosses an eddy axis (that is, a line passing through 

an eddy centre parallel to either of the two coordinate axes) are cal-

culated, together with the associated time parameter» This inform-

ation is included in the printed output. 

A modified version of the listed program was employed in the 

plotting of the computed trajectories of particles falling through waves, 

as described in Chapter 5. 

The subroutines called in the program are library subroutines 

which form part of the plotter operatmg system at the University 

of New South Wales Computing Centre. 

The axes of the graph have been rotated through 90® , so that 

the longer dimension of the graph Hes along the length of the plotting 

paper and hence is not restricted by the width of the paper. 

Accordingly, the x axis of the computed trajectory coincides with the 

y axis of the plotter. 
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F O R T R A N P R O G R A M F O R P L O T T I N G THE C O M P U T E D 
P A R T I C L E T R A J E C T O R I E S 

DIMENSION XD(3000) , YD(3000), ID( 100), XCR( 100), YCR(100),TCR(100) 
DIMENSION SC(3) 
DATA N C P / 2 / , X L I M / 2 0 . 0 / , Y L I M / 1 0 . 0 / , P O S N / 0 . 0 / 
DATA S C / 0 , 5 , 1 .0 , 2 . 0 / 
DATA NREAD / 1 / , NWRITE / 3'/ 
READ (NREAD, 230) P A R T , U E D D Y , X C N T R , Y C N T R 

230 F O R M A T ( E 2 0 . 8 , E 1 0 . 3 , 2 E 2 0 . 8 ) 
R E A D (NREAD, 231) X S T A R T , YSTART, T S T A R T 

231 F O R M A T (3E20. 8) 
READ (NREAD, 232) S T E P , D E L S C R , GRAY, W, IPUNCH 

232 F O R M A T (4E10. 2, 110) 
NCR = 0 
NDISCl = 0 
NDISC2 = 0 
NPAGE = 1 
WRITE (NWRITE, 200) N P A G E 

200 F O R M A T ( '1 DATA I N P U T P A G E ' ,13, / / ' DATA SUBSET CARD POINT N 
1 UMBER 6X, ' T I M E 13X, ' X 14X, ' Y 8X, ' MEAN F A L L VELOCITY 
2 / / ' ' ) 

READ (NREAD, 201) I D l , NCARD, NL, T T l , X T l , Y T l 
201 F O R M A T (110,15 ,110 , 3 F 1 5 . 4) 

WRITE (NWRITE, 203) I D l , NCARD, NL, T T l , X T l , Y T l 
203 F O R M A T (' ' , 18 , 5X, 15, 3X, 18, 4X, F 1 5 . 4, 2X, F15 . 4 , 2X, F 1 5 . 4, 12X, E12 . 4) 

NLINE = 1 
X T I D = X T l / X C N T R 
Y T I D = Y T l / Y C N T R 
X I D = 0 . 0 
X2D = 0 , 0 
YID = 0 . 0 
Y2D = 0 . 0 
IF ( X T I D . G T , 0 , 0 ) X I D = X T I D 
IF ( X T I D , L T . O . 0) X2D = ABS(XTID) 
IF ( Y T I D , G T . 0 . 0 ) YID = Y T I D 
IF ( Y T I D , L T . 0. 0) Y2D = ABS( YTID) 
XD(1) = X T I D 
YD(1) = Y T I D 
N E X P = NCARD+1 
NID = 1 
ID(NID) = IDl 
NA = 1 
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31 R E A D (NREAD, 201,END=51) IDENSS, NCARD, NL, T T 2 , X T 2 , YT2 
X T 2 D - X T 2 / X C N T R 
Y T 2 D = Y T 2 / Y C N T R 
NA = NA+1 
XD(NA) - X T 2 D 
YD(NA) = Y T 2 D 
IF ( ( X T 2 D . G T . 0 , 0 ) , A N D o ( X T 2 D . G T . X l D ) ) X I D = X T 2 D 
X T 2 A = ABS(XT2D) 
IF { ( X T 2 D . L T . a . O ) , A N D . ( X T 2 A , G T . X 2 D ) ) X 2 D = X T 2 A 
IF ( ( Y T 2 D o G T . 0 , 0 ) . A N D . { Y T 2 D . G T . YID) ) Y I D = Y T 2 D 
YT2A = ABS(YT2D) 
IF ( {YT2D, L T . 0 , 0 ) , A N D . { Y T 2 A . G T . Y2D)) Y 2 D = Y T 2 A 
IF (IDENSS. EQ.ID(NID)) GO TO 33 
WRITE (NWRITE, 204) 

204 F O R M A T (' ') 
NID = NID+1 
ID(NID) = IDENSS 
NDISCl = NDISCl+1 
NLINE = NLINE+1 
GO T O 34 

33 CONTINUE 
IF (NCARD. E Q . N E X P ) GO T O 34 
WRITE (NWRITE, 205) 

!05 F O R M A T (' ') 
NDISC2 - NDISC2+1 
NLINE ^ NLINE+1 

34 N E X P = NCARD+1 
IF ( ( ( X T I D , L E . 0 . 0). A N D . (XT2D. G T . 0. 0)) . OR. ( ( X T I D . GE. 0. 0) . AND. (XT2D. 

1 L T , 0 , 0 ) ) ) GO TO 13 
rXl - INT(XTID) 
1X2 - I N T ( X T 2 D ) 
IF ( I X 1 . E Q . I X 2 ) GO T O 16 
X C D = 0e50^-HFLOAT(TXl+IX2+l) 
IF ( X T I D , L T . 0. 0) X C D - X C D - l o O 
X C I = XCD^i^XCNTR • 
GO T O 14 

13 XCI = 0 . 0 
14 NCR = NCR+1 

XCR(NCR) = XCI 
YCR(NCR) - YT1+(YT2 - Y T 1 ) ^ K X C I - X T 1 ) / ( X T 2 - X T 1 ) 
TCR(NCR) - T T 1 + ( T T 2 - T T 1 ) ^ K X C I - X T 1 ) / ( X T 2 - X T 1 ) 
WRITE (NWRITE, 206) TCR(NCR) , XCR(NCR) , YCR(NCR) 

06 F O R M A T (' 14X, ' AXIS CROSSED ' , 5 X , F15 . 4, 2X, F15 . 4, 2X, F15 .4 ) 
NLINE = NLINE+l 
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16 CONTINUE 
IF ( ( (YTID . G E . 0. 0). AND. {YT2D. L T . 0. 0)). OR. ( (YTID. L E . 0. 0). AND. (YT2D. 

I G T . 0 , 0 ) ) ) GO TO 19 
l Y l = I N T ( Y T I D ) 
IY2 = INT(YT2D) 
IF ( I Y 1 . E Q . I Y 2 ) GO T O 22 
YCD = 0. 50^i<FLOAT(IYl+IY2+l) 
IF ( Y T l D o L T . 0 . 0 ) Y C D = Y C D - 1 . 0 
YCI = YCD^KYCNTR 
GO T O 20 

19 YCI = 0 . 0 
20 NCR= NCR+1 

YCR(NCR) = YCI 
XCR(NCR) = XT1+(XT2-XT1)>KYCI- Y T l ) / (YT2- Y T l ) 
TCR(NCR) = TT1+(TT2-TT1)>!^(YCI-YT1)/(YT2-YT1) 
WRITE (NWRITE,206) TCR(NCR), XCR(NCR), YCR(NCR) 
NLINE = NLINE+1 

22 CONTINUE 
V F A L L = 0 , 0 0 
D E L T = T T 2 - T S T A R T 
IF ( D E L T . E Q . O . 0) GO TO 25 
V F A L L = ( Y T 2 - Y S T A R T ) / D E L T 

25 CONTINUE 
WRITE (NWRITE, 203) IDENSS, NCARD, NL, TT2 , XT2, YT2, V F A L L 
NLINE = NLINE+1 
IF (NLINE. L T . 50) GO TO 32 
NPAGE = NPAGE+1 
WRITE (NWRITE,200) NPAGE 
NLINE = 0 

32 CONTINUE 
X T I D = X T 2 D 
Y T I D = YT2D 
X T l = XT2 
Y T l = YT2 
T T l = T T 2 
GO TO 31 

51 CONTINUE 
N P = NA 
WRITE (NWRITE,214) NDISC2 

'14 FORMAT ( '1 THE NUMBER OF DISCONTINUITIES IN THE CARD NUMBERS 
1 WAS ' , 15, / ' ') 

WRITE (NWRITE,215) NDISCl 
'15 F O R M A T (' T H E N U M B E R O F DISCONTINUITIES IN THE DATA SUBSET 

INUMBERS WAS M 5 , / / ' ') 
WRITE ( N W R I T E , 2 1 6 ) (ID(NK), NK = 1,NID) 
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216 FOR]\/LA.T (' THE F O L L O W I N G DATA SUBSETS A R E R E P R E S E N T E D 
1 / / ( ' lOX, 110)) 

W R I T E (NWRITE, 220) 
220 FORiVIATCl AXIS CROSSINGS ' / / / ' M 5 X , ' X M 7 X , ' Y M 5 X , ' T I M 

I E 7 ' ') 
DO 89 N J = 1 , N C R 
WRITE (NWRITE, 221) XCR{NJ), YCR(NJ) , TCR(NJ) 

89 CONTINUE 
221 F O R M A T (' ' , 3 F 2 0 , 4 ) 

WTD = X i m X 2 D 
HTD = Y1D+Y2D 
SD = L O 
WMAX - 1 0 , 0 
HMAX = 12 .0 

50 DO 59 J = l , 3 
S F T = S C ( J ) - S D / X C N T R 
WTI = W T D / S F T 
HTI = H T D / S F T 
IF ( ( W T L L E . WMAX). AND. (HTI. L E . HMAX)) GO TO 52 

59 CONTINUE 
SD = SD^^lt),0 
GO TO 50 

52 SF =SFT 
W P D = WMAX^^SF 
H P D = HMAX^-^SF 
DEL = 0,25^^SF 
NXl - INT(X1D) + 1 
NX2 = INT(X2D) + 1 
WGD - FL0AT(NX1+NX2) 
XMARD - W P D - W G D 
IF (XMARD. L T . 0 . 0 ) GO TO 53 
XORD - 0, 50^XMARD+FLOAT(NX2) 
N C X l = NXl 
NCX 2 - NX2 
X L l = F L O A T ( N C X l ) + D E L " 
XL2 = F L O A T ( N C X 2 ) + D E L 
GO T O 56 

53 F X l - F L O A T ( N X l ) - X I D 
FX2 - F L O A T ( N X 2 ) - X 2 D 
IF ( F X 2 , G T . F X 1 ) GO TO 54 
WGD - F L O A T ( N ^ 2 ) + X I D 
XMARD = W P D - W G D 
IF (XMARD. L T . 0. 0) GO TO 55 
XORD = 0, 50>^XMARD+FLOAT(NX2) 
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N C X l = N X l - 1 
NCX2 = NX2. 
X L l = X I D + D E L 
XL2 = FLOAT(NCX2)^^DEL 
GO T O 56 

54 W G D ^ F L O A T - ( N X l ) + X 2 D 
XMARD = W P D - W G D 
IF (XMARD. L T . 0 . 0 ) GO T O 55 
X O R D = 0.50^^XMARB+X2D 
N C X l = NXl 
NCX2 = NX2- 1 
X L l = F L O A T ( N C X l ) + D E L 
X L 2 = X2D+DEL 
G O T O 56 

55 XMARD = W P D - WTD 
XORD = 0.50^i<XMARD+X2D 
N C X l = N X l - 1 
NCX2 = N X 2 - 1 
X L l = X I D + D E L 
XL2 = X2D+DEL 

56 CONTINUE 
I F ( X L l . G T . (WPD-XORD)) X L l = W P D - X O R D 
IF ( X L 2 . G T . X O R D ) XL2 = XORD 
N Y l = INT (YID) + 1 
NY2 = INT(Y2D) + 1 
HGD = FLOAT(NYl+NY2) 
I F (HGD. G T . HPD> GO TO 61 
YORD = F L O A T ( N Y l ) 
N C Y l - NYl 
NCY2 = NY2 
Y L l = F L O A T ( N C Y l ) + D E L • 
YL2 = F L O A T (NCY2)+DEL 
GO T O 65 

61 F Y l = F L O A T ( N Y l ) - Y l D 
FY2 = F L O A T ( N Y 2 ) - Y 2 D 
IF ( F Y 1 . G T . F Y 2 ) GO TO 63 
HGD=FLOAT(NYl )+Y2D 
I F (HGD. G T . HPD) GO T O 64 
YORD = F L O A T ( N Y l ) 
N C Y l = NYl 
NCY2 = N Y 2 - 1 
Y L l = F L O A T ( N C Y l ) + D E L 
YL2 = Y2D+DEL 
GO T O 65 
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63 HGD = FLOAT(NY2)+YlD 
IF (HGD.GT.HPD) GO TO 64 
YORD = Y I D 
NCYl = N Y l - 1 
NCY2 = NY2 
Y L l = YID+DEL 
YL2 = FLOAT(NCY2)+DEL 
GO TO 65 

64 YORD = YID 
HGD = Y I D +Y2D 
NCYl - N Y l - 1 
NCY2 = NY2-1 
Y L l = YID+DEL 
YL2 - Y2D+DEL 

65 CONTINUE 
YMARD ? HPD-HGD 
YMXD = 2.00^i<SF 
IF (YMARD. GT, YMXD) YMARD - YMXD 
YORD = YORD+(2. 60^!<SF)+(0.50^:=YMARD) 
CALL NGRAPH(NCP, XLIM, YLIM, POSN) 
CALL S C A L E d . 00, 1. 00) 
CALL ORIGNI(2. 00, 0. 00) 
X = 0 ,00 
Y = 0 .25 
CALL SYMBOL(Y,X, 0. 20, 'PARTICLE TRAJECTORY 90. 0, 19) 
X = 0 .15 
Y = 0 .60 
DO 84 NK=1, 6 
IF (NK,NE.4) GO TO 83 
X - 1.60 
Y = 0 .60 

83 IDK = ID(NK) 
CALL NUMBRI(Y,X, 0 .20 , IDK, 9 0 . 0 , - 1 ) 
IF (NK.EQ.NID) GO TO 85 
Y = Y+0.32 
IF ( (NK.EQ.5 ) .AND. (NID.GT.6 ) ) GO TO 86 

84 CONTINUE 
GO TO 85 

86 CONTINUE 
CALL SYMBOL(Y,X , 0. 18, 'AND OTHERS', 90 .0 , 10) 

85 CONTINUE 
X = 3 .70 
XN = 5.75 
Y = 0 .16 
DYl = 0 .22 
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DY2 - 0, 17 
C A L L S Y M B O L ( Y , X , 0, 12, 'EDDY SPACING X ' , 9 0 . 0 , 2 1 ) 
C A L L N U M B R F ( Y , XN, 0 . 12, X C N T R , 90. 0, 3) 
Y = Y+DY2 
C A L L SYMBOL ( Y , X , 0 . 12, ' Y ' , 9 0 . 0 , 2 1 ) 
C A L L N U M B R F ( Y , X N , 0. 12, YCNTR, 90. 0, 3) 
Y=Y+DY1 
C A L L S Y M B O L ( Y , X , 0. 12, 'VELOCITY P A R A M E T E R ' , 90. 0, 21) 
C A L L N U M B R F ( Y , X N , 0 . 12, UEDDY, 9 0 . 0 , 4 ) 
Y = Y+DYl 
C A L L SYMBOL (Y,X, 0. 12, ' P A R T I C L E P A R A M E T E R ' , 90. 0, 21) 
C A L L N U M B R F (Y, XN, 0. 12, P A R T , 90. 0, 4) 

•Y=Y+DY1 
C A L L S Y M B O L ( Y , X , 0. 12, ' GRAVITATIONAL P A R A M . ' , 90. 0, 21) 
C A L L N U M B R F (Y, XN, 0. 12, GRAV, 90. 0, 4) 
Y=Y+DY1 
C A L L S Y M B O L ( Y , X , 0, 12, 'CONVERGENCE C R I T E R N . ' , 90. 0, 21) 
DELSC7 = DELSCR>K10.0>i<^i=7) 
C A L L N U M B R F ( Y , X N , 0 . 12, DELSC7, 90. 0, 2) 
X - X N + a , 5 0 
C A L L SYMBOL(Y,X , 0. 12, ' . 1 0 ' , 9a. 0, 3) 
X=X+0»30 
Y = Y - 0 . 0 8 
C A L L S Y M B O L ( Y , X , 0 . 0 6 , ' - 7 ' , 90. 0 , 2 ) 
X = 7 . 0 0 
XN = 9 . 0 5 
Y = 0 . 1 6 
C A L L S Y M B O L ( Y , X , 0. 12, 'STARTING POINT X ' , 9 0 . 0 , 2 1 ) 
C A L L N U M B R F (Y,XN, 0, 1 2 , X S T A R T , 90. 0, 4) 
Y=Y+DY2 
CALL S Y M B O L ( Y , X , 0 . 1 2 , ' Y ' , 9 0 . 0 , 2 1 ) 
C A L L N U M B R F ( Y , X N , 0 . 12, YSTART, 9 0 . 0 , 4 ) 
Y=Y+DY2 
C A L L S Y M B O L ( Y , X , 0 . 1 2 , ' TIME ' , 9 0 . 0 , 2 1 ) 
C A L L NUMBRF( Y, XN, 0 . 12; TSTART, 90. 0, 4) 
Y = Y+DY1 
C A L L S Y M B O L ( Y , X , 0. 12, ' S T E P LIMIT ' , 9 0 . 0 , 2 1 ) 
C A L L N U M B R F ( Y , X N , 0 . 12, S T E P , 90. 0, 4) 
Y=Y+DY1 
C A L L S Y M B O L ( Y , X , 0. 12', 'WEIGHTING FACTOR 90. 0, 21) 
C A L L NUMBRF(Y,XN,Oo 12, W, 9 0 . 0 , 2 ) 
Y=Y+DY1 
C A L L S Y M B O L ( Y , X , 0 . 1 2 , ' P L O T T E D A T EVERY ' , 9 0 . 0 , 2 1 ) 
C A L L N U M B R I ( Y , X N , 0 . 12, IPUNCH, 90, 0, - 1) 
Y=Y+DY2 
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CALL SYMBOL(Y ,X , 0. 12, ' COMPUTED POINTS 90 .0 , 21) 
CALL SCALE(SF, SF) 
CALL ORIGNV(YORD,XORD) 
YL1= - Y L l 
NX=NCX1+NCX2+1 
NY-NCY1+NCY2+1 
DO 77 J=1,NX 
X = F L O A T ( N C X l + l - J ) 
XLAB = X - X C N T R 
X L = X-(0.05>!^SF) 
IF (X, L T . O . O ) X L = X+(0 .20*SF) 
YL = Y L l - ( 0 . lO^^SF) 
CALL NUMBRFCYL, X L , 0. 12, X L A B , 180. 0, 4) 
CALL P L O T ( Y L l , X , 1) 
CALL PLOT(YL2 , X , 0) 

77 CONTINUE 
X L = (0,25^'^SF) - XL2 
XL2 = - X L 2 
DO 78 J=1,NY 
Y = F L O A T ( N C Y l + l - J ) 
YLAB=Y*YCNTR 
YL= Y+(0,05*SF) 
YL = - Y L 
CALL NUMBRF(YL, X L , 0. 12, Y L A B , 90. 0, 4) 
Y= -Y 
CALL P L O T ( Y , X L l , 1) 
CALL P L O T ( Y , X L 2 , 0) 

78 CONTINUE 
YD(1) = -YD(1 ) 
CALL P L O T (YD(1) ,XD(1) , 1) 
D 0 91NN=2 ,NP 
YD(NN) = -YD(NTNF) 
CALL PLOT (YD(NN),XD(NN),0) 

91 CONTINUE 
CALL CLOSE 
STOP 
END 
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APPENDIX y . 

Experimental Procedure for the Determination of 
the Trajectories of Non-buoyant Particles falling 

through Waves. 

This appendix contains a description of the procedure followed in 

the determination of the experimental particle trajectories discussed in 

Section 5. 3. 

The experiments were carried out in a glass-sided wave flume at the 

University of New South Wales Water Research Laboratory, Manly Vale, 

New South Wales. The working length of the flume was about 11. 9m. The 

width of the flume was 915 mm and the maximum available depth of water 

was approximately 1200 mm. Waves were generated by means of a motor-

driven oscillating wave paddle. The waves travelled through a filter con-

sisting of an array of rolls of fine wire mesh before entering the working 

zone. Initially, the examination of the trajectories of particles in a pro-

gressive wave train was contemplated; it was proposed that the waves 

should be absorbed on a non-reflecting beach at the far end of the flume. 

It was concluded, however, that difficulty would be experienced in effectmg 

complete absorption of the incident waves, and that consequently the actual 

wave motion in the operating section of the flume might contain some re-

flected wave components in addition to the incident wave train. Accordingly, 

it was decided that a standing-wave system should be adopted, the standmg-

wave system being formed by reflection of the incident wave train. 
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In order to achieve conditions which approached (as closely as poss-

ible) complete reflection of the incident wave train, a vertical impervious 

bulkhead was fixed across the flume, perpendicular to the flume walls. In 

preparing for each experiment, water was admitted to the two sections of 

the flume (one each side of the bulkhead). Equalisation of the undisturbed 

water levels on the two sides of the bulkhead ensured that the force to be 

resisted by the bulkhead was limited to that due to wave action. The 

spaces between the edges of the bulkhead and the flume walls were sealed 

with modelling clay. The effectiveness of this sealing was confirmed by 

observations which indicated that no discernible motion of the water on the 

far side of the bulkhead was in evidence, with the wave generator in op-

eration. 

The longitudinal position within the flume of the reflecting bulkhead 

was dictated by structural considerations. The distance from the wave 

paddle to the bulkhead was approximately ll,, 9 m, of which approximately 

3m adjacent to the bulkhead was available for observation and photography, 

through glass panels in the side of the flume. 

In order to establish a velocity field which could be simply defined 

mathematically, it was desirable to operate under conditions which would 

satisfy the criterion for "deep-water" waves - that is, that the water 

depth should be equal to T>r greater than one-half the wave length. In 

practice, the range of conditions available which would satisfy (or nearly 

satisfy) this criterion was severely limited. The wave period was adjust-
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able over a wide range, by means of a variable- speed unit in the drive 

train. The construction of the wave paddle was such, however, that it 

was not poss ib le to reduce the amplitude of oscillation of the paddle below 

a certain minimum. It was necessary that the wave period (and the wave 

length) should be relatively short, in order that the deep-water criterion 

might be satisfied within the range of water depths which could be a c comm-

odated in the f lume. Under these conditions (of short wave period), how-

ever, it was found that if the water depth were increased beyond a certain 

limit (of the order of 700 mm) breaking of the wave near the paddle 

occurred (even with the amplitude of oscillation of the paddle at its minimum) 

and the establishment of a we l l - f o rmed system of stationary waves was not 

possible. The depth of water which could be employed was consequently 

limited. It was'found, furthermore , that if the wave length were reduced 

below a certain value, transverse oscil lations were set up within the f lume. 

At wave lengths which were approximately equal to the width of the f lume, 

the amplitude of the transverse osci l lations became large (of the order of 

150 mm, when the amplitude of the incident wave was of the order of 20 mm). 

Accordingly , little opportunity existed for variation of the character^ 

istics of t-he waves . Within these limitations, however, careful adjustment 

of the wave period permitted the establishment of a reasonably wel l - formed 

system of standing waves : nodes (points of zero vertical displacement and 

maximum horizontal displacement) and anti-nodes points ui maximum ver 

tical displacement and zero horizontal displacement) were clearly defined 
at positions which 
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remained nearly stationary (although with some variation in position) 

throughout an experiment. The charact^i i s t i cs of the waves employed 

are l isted in Table 2. 

Wave lengths were measured by marking, on the side of the flume, 

the positions (as estimated by eye) of the nodes and antinodes of the wave 

system, and measuring the distances between the m a r k s by means of a 

tape. The measurements were averaged, over a distance extending about 

one wave length in each direction from the zone of r e l e a s e of the par t ic les . 

Wave heights (and hence amplitudes) were determined by marking (on the 

glass side of the flume) the l imits of the ver t ica l excurs ions of the water 

surface at an anti-node, and measuring the distance between the marks with 

a sca le . Wave periods were determined by timing, with a stop-watch, 

100 cyc les of the wave generator . 

In order to faci l i tate photography of the part ic le , it was necessary 

that the water within the flume should be as c l e a r a s poss ible . As the 

volume of water which was required precluded the use of distilled water, 

water drawn from the mains supply was used. The water was flocculated 

with potassium alum and allowed to stand within a large tank for severa l 

days. It was then f i l tered through a diatomaceous - earth f i l ter before 

being placed in the flume. 

The par t i c les used in this s e r i e s of experiments consisted of spheres 

of petroleum wax, each weighted with a single grain of quartz sand. As 

the density of the wax was l e s s than that of water, suitable select ion of the 



size of the sand grain and variation of the overall diameter of the particle 

would permit the preparation of buoyant, neutrally-buoyant or non-buoyant 

particles» In the present investigation, the objective was to prepare non 

buoyant particles, with settling velocities (in quiescent water) of the order 

of 1G~20 mm per second. In order to ensure that the particles could be 

conveniently photographed, it was specified that the particles should be 

about 1 mm - 2 mm in diameter. The wax was dyed yellow to facilitate 

the observation and photographing of the particles. 

The particles were formed by hand: a single grain of sand was 

pressed into the approximate centre of a small body of wax, which was 

then rolled between a convex and concave glass surface (laboratory "watch-

glasses") until it acquired a spherical form. The settling velocity (in 

quiescent water) of each particle was checked immediately it was made; 

particles having settling velocities of the order of 10 to 20 mm per 

second were retained, those with settling velocities considerably greater 

or less than this figure were rejected (as were any buoyant particles). 

It became evident that the wax particles, when immersed, absorbed 

a certain amount of water. Accordingly, the selected particles were 

allowed to stand in distilled water for about one day after being manufactured. 

Each particle was then removed f rom the water and allowed to dry in a gentle 

air stream, until the f i lm of moisture on the surface of the particle just 

disappeared. In this "sur face -dry" condition the particle was then 

weighed on an analytic balance, to - O.OOOOSg. 
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The diameter of each particle was measured by means of a 30 x 

microscope with a graticule scale, permitting measurement of the 

diameter to within ^ G.a2mm (in the early stages of the investigation, 

some particles were measured with a 10 x magnifier to an accuracy of 

about - 0» 05 mm)o At the same time, the sphericity of the particle 

was checked visually. 

The particle was then again wetted, care being taken to remove 

any air bubbles from its surface by gently rolling the particle between 

the fingertips below the surface of distilled water. The settling velocity 

of the particle in quiescent water was then measured, by timing its fall 

over a measured distance (of approximately 300 mm) in distilled water. 

The measurement was repeated at least five times, obviously inconsistent 

results (occurring on occasions as a result of the particle^s encountering 

a foreign body or an air bubble in the water) being rejected. 

For a spherical particle settling through quiescent water, re-

arrangement of the expression equating the fluid drag force and the net 

gravitational force on the particle leads to the relationship 

(s-1) - 0.75 C^ Vg^/dg (Vol) 

where s = the ratio of the density of the particle to the 

density of the surrounding fluid 

Vg = the velocity of settlement of the particle 

d = the particle diameter 

g = the gravitational acceleration 



V7 

Cj^ = the dimensionless drag coefficient 

Substitution of the measured value of d, the experimental value of 

the settling velocity v , and the value of C (based upon the measured s i_) 
value of d, the experimental value of v and the drag coefficient curve s 

for spherical particles of Fig, IL 1) permits the calculation of the value 

of s for the particleo Substitution of this value, together with the meas-

ured mass m of the particle, into the expression 
1/3 

d = 6 m (V. 2) 

where /O^ - the density of the water, then yields a new estimate of d. 

This calculation was repeated using the new estimate of d to obtain a re -

vised estimate of s f rom Equation (V. 1) and hence a further estimate of d 

f rom Equation (Ve2). This procedure was continued until no significant 

further variation occurred in d; the current values of d and s were then 

adopted as the properties of the particle. In the later phases of the in-

vestigation, a program was written which enabled this calculation to be 

carried out on an IBM "MATH" terminal which was available at this 

stage = 

The variation between the initially-measured value of d and the 

finally^ adopted value of d did not exceed ±-0.03 mm for any particle 

which was used in the experiments. 

In a number of cases in which particles were salvaged from the 

bottom of the flume after their use in an experiment, the particles were 
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re-examined with the object of detecting any change in their properties; 

no significant changes were observed. 

In preliminary trials, particles were released above the surface of 

the water in the flume and allowed to drop through the water surface. It 

was concluded, however, that in order to prevent the attachment of air 

bubbles to the particle and to avoid the entanglement of the particle with 

sm.all pieces of debris on the water surface, it would be necessary to 

have the particles continuously immersed in water during their release 

into the flumec The following procedure for the release of a particle 

was consequently developed: the wetted particle was inspected to ensure 

its freedom from attached air bubbles and debris, and was placed in a 

tube of rigid polyvinyl chloride, about 5 mm in internal diameter and 

about 1 m in length, closed at one end» The tube was then filled with 

water: in order to avoid the effects of temperature differences, the 

tube was filled with water which had immediately beforehand been with-

drawn from the flume. The tube was held in a vertical position with 

its closed end downwards, and the particle was allowed to settle through 

the water within the tube until it was near the closed end of the tube. The 

tube was then quickly inverted and its open lower end placed beneath the 

surface of the water within the flume, the wave generator having previously 

been set in motion. The particle then settled through the water within the 

tube until it reached the open end of the tube, whereupon it emerged into 
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the water within the f lume. The release tube was then withdrawn, as 

soon as the particle had moved far enough away from the end of the tube 

to permit its withdrawal without causing undue disturbance to the motion 

of the particle. The photographic recording of the trajectory was not 

commenced until the particle had fallen to a point some distance below 

its point of release. 

Particles were released at a distance of 100 mm from the outer 

surface of the glass side of the flume - that is, approximately 88 mm 

from the inner surface of the glass. This distance was controlled by 

holding a simple gauge-block between the inner face of the glass and the 

release tube. The essentially two-dimensional nature of the velocity 

field within the wave system was confirmed by observations which in-

dicated that all the particles reached the bottom of the flume at distances 

between 50 mm and 150 mm from the outer face of the glass, after havmg 

fallen through a depth of water of about 700 mm o 

The zone of release of the particles was approximately one wave 

length in front of the face of the reflecting bulkhead. The wave gener 

ator was operated for at least five minutes before the release of each 

particle, in order to allow the wave field to become fully established. 

It was observed that if the wave generator were operated continuously 

for more than about 30 minutes, a tendency existed for the development 

of extraneous longitudinal mass-transport currents. With an approp 

ríate limitation on the duration of each period of operation of the wave 
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generator, it was observed that the particles generally settled to the 

bed of the flume with little net translation in the longitudinal direction. 

Runs in which undue net translation in the longitudinal direction occurred 

were rejected. 

In order to permit the calculation of the coordinates of the recorded 

particle positions, a square grid was marked on the outer face of the glass 

side of the flume. The value of the abscissa or ordinate, in the plane of 

motion of the particles, represented by the trace of each line of this grid 

was determined as follows: Prior to the start of each experiment, the 

camera which was to be used to record the particle trajectory was set 

up approximately opposite the centre of the grid, with its optical axis 

perpendicular to the plane of the glass wall of the flume, A sheet of 

clear acrylic plastic was temporarily set up inside the flume with its face 

in the plane of release of the particles (this plane is referred to below as 

the "particle plane"). This face of the plastic sheet carried a second 

grid of lines, at spacings of 100 mm in the horizontal and vertical 

directions. The plastic sheet was positioned in the flume so that the 

vertical grid lines were located at distances of 1600, 1700, 1800, 1900 

and 2000 mm from the face of the bulkhead, while the horizontal grid 

lines were at elevations of 100, 2t)0, 300 mm etc. above the bed of the 

flume. A photographic exposure was then made and the plastic sheet 

carrying the "particle plane" grid was removed from the flume. The re-

sultant photograph showed two sets of grid lines: those marked on the glass 
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side of the flume, and those marked on the plastic sheet and located in 

the "particle plane". (The two sets of lines were distinguished by mark-

ing small circles at the intersections of the lines on the plastic sheet in 

the "particle plane"). By proportioning the distances between the lines 

of the grid in the "particle plane", the coordinate (in the particle plane) 

corresponding to the trace of each line of the grid on the glass side of the 

flume could be established. The grid on the side of the flume appeared on 

each exposure made during the experiments. 

Initially, particle trajectories were photographed by means of a 

Shackman Sequential-Frame Camera. This camera exposes a series of 

frames, approximately 25 mm square on standard 35 mm film, at nominal 

rates of up to 4 frames per second. This maximum rate of exposure was 

employed; the actual interval between exposures was determined to be 

0, 255 seconds. These experiments were conducted in daylight in the rel-

atively subdued ambient lighting of the laboratory. Illumination consisted 

of one 150a watt quartz-iodide lamp, suspended at a distance of approx-

imately 500 mm above the water surface, immediately above the zone of 

release of the particles. The bed and rear wall of the flume were painted 

black, to minimise reflections. A typical exposure duration was 1/100 

sec. at an aperture of f 5.6, on Kodak Tri-X Pan Film. 

After photographing the reference grid in the particle plane as 

described above, and without movement of the camera in the interim, the 

particle was released and the camera mechanism set in motion, the 
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successive positions of the particle being recorded on successive frames 

of the film. On each frame of the processed film the coordinates of the 

particle position were measured, by means of a hand magnifier fitted with 

a measuring graticule, relative to the grid lines on the glass wall of the 

flume. On each frame, a measurement of the displacement of the water 

surface (at or near an anti-node) was also made, in order to establish the 

phase of the wave. 

It was assumed that linear relationships existed between coordinates 

measured with respect to the grid on the glass wall of the flume and the 

corresponding coordinates on the particle plane, throughout the field of 

view (only small departures from linearity were in evidence). From 

measurements on the frame which depicted the grid on the glass wall of 

the flume and the grid in the particle plane (as described above) the 

appropriate relationships were derived, for the horizontal and vertical 

coordinates, by a Least-Squares Regression process» The relationships 

for horizontal and vertical coordinates were almost identical. These 

relationships were used to convert the coordinates measured from the 

negatives to the corresponding coordinates on the particle plane. 

The compilation of the particle trajectory in this manner proved to 

be extremely tedious, and later experiments were photographed by means 

of a stroboscope. 

The stroboscope employed was a Phillips PR9107, with a narrow-
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beam flash lamp. Early trials in which the light from the flash lamp was 

directed downwards through the water surface were unsuccessful. It was 

concluded that scattering of the light by the water was so great that the 

instantaneous positions of the particle were not registered on the photo-

graphic film by the individual flashes. 

After some trials, a successful technique for stroboscopic photography 

was eventually developed. It was found necessary to work in darkness. 

The light emitted from the flash lamp was concentrated into a narrow beam 

by fitting to the front of the lamp a converging cone with a reflecting inner 

surface, terminating in a cylindrical tube of an inside diameter of approx-

imately 10 mm and approximately 100 mm in length. The inner surface of 

the cylindrical tube had a non-reflective black surface. When this device 

was fitted, virtually all the light emitted from the flash lamp was contained 

within a beam with a nearly constant diameter of approximately 10 mm. 

In order to photograph an experiment, the camera, a Nikon 35 mm 

with an 85 mm lens of f l . 8 maximum aperture, was set up opposite the 

centre of the particle-release zone, with its optical axis perpendicular to 

the plane of the glass side of the flumeo As described above, a reference 

grid in the "particle plane" - that is, the plane in which the particle was 

to be released - was photographed first. The actual experiment was 

photographed on a succeeding frame, without movement of the camera in 

the interim. The particle having been released as described above, the 
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camera shutter was opened; the shutter was kept open until the particle 

approached the bed of the flume or until it was decided that a sufficient 

length of trajectory had been registered. As the diameter of the light 

beam was small in relation to the excursions of the particle, it was nec-

essary for the experimenter to follow the particle with the light beam, 

endeavouring to ensure that the particle was at each flash illuminated by 

the beam. The tip of the tube at the front of the flash lamp was held 

close to the glass side of the flume, the lamp being held at such an angle 

that the light beam was as nearly perpendicular to the glass as possible, 

without the line of sight from the particle to the camera being obstructed 

by the flash lamp and its appurtenances. The "spot" of light formed 

where the light beam passed through the glass was concealed from the 

camera by means of a small shield fastened to the flash lamp. 

In this way, successive positions of the particle were recorded (by 

successive flashes of the lamp) on a single frame of the film. Light from 

the flash lamp which was transmitted and reflected within the glass caused 

the registration on the film of some of the grid lines marked on the glass. 

Flashing rates of five and ten flashes per second were employed, in 

various experiments. 

A photograph of a typical trajectory recorded in this manner is re-

produced as Figure 16. The flashing rate in this case was 10 flashes per 

second. The trajectory numbered 125Q201 and described in Section 5.3 

forms part of the trajectory illustrated in Figure 16. 
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The photographic records were converted to plots of the particle 

trajectory at the desired scale as follows2 Positive transparencies 

were prepared f rom the negative f i lm. The transparency which depicted 

the grid in the "particle plane" together with the grid on the glass side of 

the flume was placed in a slide projector and projected on to a screen. 

The distance between the projector and the screen, and the focus of the 

projector, were adjusted until a sharp image was obtained in which the 

distance between the lines of the "particle plane" grid was equal to the re -

quired distance - that is, to the actual grid spacing (100 mm) multiplied 

by the desired scale factor. The positions of the projected images of 

both sets of grid lines were then marked on a sheet of paper attached to 

the screen. This transparency was removed from the projector, and 

replaced by a transparency showing a particle trajectory (photographed 

from the same camera position as was the previous transparency). 

Slight adjustments of the direction of the optical axis of the projector, 

and to its focus (to compensate for differences in the positions of the 

transparencies within their mounts, and for differences in the positions 

of the mounts withiTi the slide holder) permitted the projected images of 

the grid lines on the glass to be brought into coincidence with the 

corresponding positions previously marked on the screen. The success-

ive particle positions were then marked on the paper in pencil. The re-

sult was a plot, to the desired scale, of the particle trajectory. 
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APPENDIX VI 

The Computation of the Trajectories of Nori-buoyant Particles 
Falling through Waves, 

This appendix contains a description of the procedure followed in 

the computation of the computed trajectories which are described in 

Section 5 .3 . 

The computer program used in the computation of the trajectories 

of particles in the standing wave system is essentially similar to the pro-

gram which was developed for the computation of the trajectories of par-

ticles within the model eddy field and which is described in Chapter 4 

and Appendix IIL The computational structure of the programs i s ident-

ical, and the modifications which were necessary to adapt the program 

for the purpose at present under discussion concerned, principally, the 

definition of the velocity field, and the input and output structures. 

The material within this appendix is presented as follows:-

VI. 1 The FORTRAN computer program for the computation of 

a particle trajectory within the standing wave system. 

VI. 1'. 1 The main program, and the subroutine DRAG. 

VL 1.2 The subroutines VEL and VELID. 

VI. 2 The application of the computer program in the computation 

of a particle trajectory within the standing wave system. 
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^ ' ' ^ The FORTRAN Compurer Program f o r the Computation of a Part ic le 

Traject<^-ry .vahin the Standing Wave System 

VI 1. i T T I H Ma.wi Program and the Subroutine DRAG 

A s ststrrd abin ej the mam program is essentially simalar to the pro-

gram descr ibed in Chapt-^r 4 and Appendix IIL The fol lowing modi f i c -

ations were mad-^; 

(i) Input (READ) and O-irpui (WRITE^ en line printer o r card punch) 

Statements were mociili^ a to accomm.odate the different data -variables 

involved - the alterations in the data variables are discussed below, 

(ii) Format statemtrnts were modified accordingly . 

(ill) COAI^MOX declaration statements \\ere modif ied, as necessitated 

by the ne.^' data variables . 

(iv) The maximum fluid velocity o c c u r r m g withm the wave system 

(UIVLAX) replaced the Eddy Velocity Parameter UEDDY In the calculation 

of the bas ic tim.e step DTBAS, 

(v) The loop struciurti causing tht program to carry out the c o m -

putation of a partic le tra jectory f o r each of th- several (NV) values of 

the Eddy Velocity Parameter UEDDY was deleted, 

(vi) Si.s p s r a m e t - r s , CONSTT, . , - , CONST6, are evaluated within the 

main program and are made access ib le to the subroutine VEL (which de-

f ines the velocity distribution) by a COAniON Declaration Statement. The 

values of these parameters depend only upon the characteristics of the 

wave system and of th^ particle and are invariant with position and time. 
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Accordingly, they are evaluated once only, within the main program 

in order to avoid repeated (identical) evaluations each time the sub-

routine VEL is called. The parameters CONSTl. . . CONST6 are de-

fined in Section V I . 1.2 below. 

(vii) The variables which are read as data, in the operation of the 

program, are generally as listed in Table IILA with the omission of 

XCNTR, YCNTR, NV and UEDDY (which are associated with the defin-

ition of the velocity distribution within the model eddy field) and the sub-

stitution of the folio wing:-

Dimensionless Wave Length WLNG = L = ^^^^^ ^ — (VI. 1) 
Q 

Dimensionless Wave Period WPER = P = (s+k) J 
a 

I (VI. 2) d 

Dimensionless Wave Amplitude WAMP = A = (VI. 3) 

Dimensionless Water Depth DPTH =H = (VI.4) 

Phase Parameter PHSE = € (VI. 5) 

where X = the length of the wave 

9 = the period of the wave 

a = the amplitude of the wave 

= I the height (trough to crest) of the wave 

h = the water depth 

e = a phase constant 

s = the ratio of the density of the particle to the 

density of the surrounding fluid 
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k = the added mass coefficient 

d = the diameter of the particle 

g = the gravitational acceleration 

The derivation of the dimensioniess parameters from the corres -

ponding dimensional quantities is in accordance with Equations (2,20), 

(2 ,21), (2. 20) and (2,20; p, 40, respectively» 

The calculation of the work done on (or by) the particle during its 

traverse of each segment of the trajectory (as described in Section 4.4) 

was retained within the modified program. The quantities which are 

evaluated are, however, of no significance within the present context. 

No modification of the subroutine DRAG was required. 

VIo 1. 2 The Subroutines VEL and VELID 

A new subroutine VEL was written to define the velocity distrib-

ution within the standing wave system. The velocity distribution was 

assumed to conform to the expressions presented by Wiegel (VL 1) for 

the components of velocity within a standing wa\?e of small amplitude: 
g.a.n cosh(n. (y+h)) , . / 4. , ^ \ /t7t c\ 

u (x ,y , t ) = - • (VL6) 

g. a.n sinh(n.(y+h) ) , , . / ^ , x /^n nv v(x, y, t = • . . • sm(n.x).cos ( cr.t + e ) (VI. 7) 

' cr cosh(n.h) 

where u (x, y, t) = the component, in the x coordinate direction, of the 

fluid velocity at the point (x,y) and at the time t 

v(x, y, t) ^ the component^in the y coordinate direction, of the 

fluid velocity at the point (x, y) and at the time t 
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g = the gravitational acceleration 

a = the amplitude of the wave 

1 the height (trough to crest) of the wave 

n = the wave number 
2 rr 
X 

X = the length of the wave 

h = the water depth 

cr = the frequency of the wave 
2Tr 
9 

9 = the period of the wave 

^ = a phase constant 

X and y are position coordinates, with the origin at a node (a 

point of maximum horizontal motion and zero vertical motion) 

of the standing wave system, and at the elevation of the un-

disturbed water surface. 

The term ^^^" in Equations (VL6) and (VI. 7) represents a velocity 

which is in fact the maximum velocity which occurs within the wave 

system: 

u max cr 
= g-^-Q (VI. 8) 

X 

The associated dimensionless parameter Umax (to which corres-

ponds the FORTRAN variable UMAX) may be derived, in accordance 

with Equation (2. 18) p. 39 : 
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n u. ^max max 
dg 

= g ' ^ ' j 

Xjdg~ 

= (s + k) ^ (s+k)d (s+k) J d 
X 

(s+k) d 
G. A. P 

L 

where G, A, P and L are the dimensionless parameters corresponding to 

g, a, 0 and X , in accordance with Equations (2.19), (2. 20), (2.21) and 

(2.20)-po39 and 40 - respectively. 

G = (s + k) . = ( s + k) g 
A = (s+k)d 

P = ^ 

L = 

( s + k ) 

X 

d 

(s + k) d 

The conversion of length and time parameters to the corresponding 

dimensionless parameters in accordance with Equations (2.20) and (2.21) 

or in accordance with any consistent system ~ will not affect the values 

of the trigonometric and hyperbolic functions, and hence Equations 

(VL 6) and (VI. 7) may be^written in terms of dimensionless parameters 

as follows:-
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/ I X A .P sinh{N (Y+H) ) , T 
^ ( X . Y . T ) = cosh(N.H) •^i"<N.X)cos (VL 10) 

where U and V are the components,in the two coordinate direction^ of 

the dimensionless fluid velocity, 

X and Y are dimensionless position coordinates 

T = a dimensionless time 

N = the dimensionless wave number 

A = the dimensionless wave amplitude 

P = the dimensionless wave period 

L = the dimensionless wave length 

H = the dimensionless water depth 

6 = a phase constant 

s = the ratio of the density of the particle to the density of the 

surrounding fluid 

k = the added mass coefficient. 

The components, in the two coordinate directions, of the fluid acceleration 

are: 

3u 
Jt (x ,y, t) )x 

V, )u : 
(x,y, t) 3y i(x,y,t) where u=u(x,y,t) 

v=v(x,y, t) 

= u .(-l).o:sin(o:t+e) + u. u , M ) . n . sin(nx) + v. u.n. sinh(n(y+h)) 
cos{cr.t+6) cos<nx) cosh(n{y+h) ) 

= - u. cr. tan(a:t+e ) - u^. n. tan(nx) + u .v .n , tanh(n{y+h) ) 

= -u [o;tan(cr.t+G) + n [u. tan(nx)-v. tanh(n(y+h))] } 



VI. 8 

and a - = a (x, y, t) 
fy fy 

)v 
3t 

+ u. 
(x, y, t) :)x (x ,y , t) 

+ V. )v where u=u(x, y, t) 
(x, y, t) v=v(x, y, t) 

V . ( -1 ) . cr . sin(cr.t+e) + u. . n.cos(rxx) + v. v. n. cosh(n(y+h) ) 
sinh(n(y+h) ) cos(cr.t4- e) 

= - V. cr , tan(cr.t+ £ ) + 

sin<n.x) 

u. v. n + V .n 
tan(nx) tanh(n(y+h) ) 

= - V [cr.tan(cr.t+ e ) - n u + 
_ tan(rxx) tanh(n(y+h) )JJ 

In terms of the dimensionless parameters, the components of fluid accel-

eration are A^ (X, Y, T) = -U fx — . tan [U.tan(N.X)-V. 
tanh (N(Y+H) )' (VI. 11) 

Afy (X, Y, T) 
- U + V 
jtan(N;X) tanh(N(Y+H) )J 

1 (VI. 12) 

In the following description, the FORTRAN variable names which 

occur correspond to those used in the program; the description employs, 

however, the ordinary notation of algebra rather than the notation of the 

FORTRAN language. 

The following six parameters are evaluated within the main program, 

shortly after the commencement of the computation of a particle trajectory 

and before the subroutine VEL is called for the first time: 

CONST 1 = s + k 
1 + k = 1 + 1 + k 1 + GRAV 

1 + A DM ASK 

CONST 2 = N = 2TT 

L 
2TT 

WLNG 



CONST 4 = 
vr,9 

2vr 2 rr 
P W P E R 

A P 1 -/--DA^r,-. A W A M P . W P E R CONST 5 = ( s . k ) . , 
(CONST3) CONST 6 - € = PHSE 

T h e v a l u e s of t h e a b o v e p a r a m e t e r s a r e dependen t on l j^upon t h e 
c h a r a c t e r i s t i c s of the w a v e s y s t e m and the c h a r a c t e r i s t i c s of t he 
p a r t i c l e ; t h e y a r e i n v a r i a n t w i th p o s i t i o n and t i m e . A c c o r d i n g l y , t hey 
a r e c o n v e n i e n t l y e v a l u a t e d (once orJ.y) wi th in the m a i n p r o g r a m , in 
o r d e r to a v o i d the c a l c u l a t i o n of i d e n t i c a l v a l u e s in e a c h execu t ion of 
the s u b r o u t i n e V E L . T h e v a l u e s of the p a r a m e t e r s a r e m a d e a v a i l a b l e 
wi th in t he s u b r o u t i n e V E L by a COMMON D e c l a r a t i o n S t a t e m e n t . 

T h e s u b r o u t i n e V E L , a s m o d i f i e d f o r t he c o m p u t a t i o n of the 
t r a j e c t o r y of a p a r t i c l e wi th in the s t a n d i n g w a v e s y s t e m , i s a s f o l l o w s : 

SUBROUTINE V E L (XD, YD, TD) 
I M P L I C I T REAL^^8(A'G, O - Z ) 
COMMON P A R T , R N O , CD, U F L , V F L , F D R X , F D R Y , E F A X , F F A Y 
COMMON C O N S T l , CONST2, CONST3, CONST4, CONST5, CONST6 
A R G l = ( C O N S T 2 - Y D H C O N S T 3 
ARG2 = (CONST2^;^XD) 
A R G 3 = (CONST4>i<TD)+CONST6 
S N H l = DSINH(ARGl) 
CSHl = DCOSH(ARGl ) 
T N H l = D T A N H ( A R G l ) 
SIN2 = DSIN(ARG2) 
COS2 = DCOS(ARG2) 
TAN2 = DTAN(ARG2) 
SIN3 = DSIN(ARG3) 
COS3 = DCOS(ARG3) 
TAN 3 = DTAN(ARG3) 
U F L = CONST5>i^CSHl>:^COS2*COS3 
V F L = CONST5^^SNHl-SIN2^;^COS3 
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A F X = -UFL^:<((CONST4>:<TAN3)+CONST2^K(UFL.tTAN2)-(VFL^!=TNHl))) 
A F Y = -VFL=:=((CONST4>:<TAN3)-CONST2=K(UFL/TAN2)+(VFL/TNHl))) 
F F A X = A F X / C O N S T l 
F F A Y = A F Y / C O N S T l 
RETURN 

END 

A subroutine VELID, which c a u s e s the printing of an appropr ia te 

ident i f i cat ion, i s a s s o c i a t e d with the subroutine V E L . 
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VI. 2 The Application of the Computer Program in the Computation of 
a Particle Trajectory within the Star^ding Wave System 

In the computation of the trajectory of a particle within the stand-

ing wave system, by means of the computer program described in 

Section V[, 1 above, the following procedure was adopted. 

(i) From the experimentally measured characteristics of the wave 

system and properties of the particle, the dimensionless parameters 

WLNG, WPER, WAMP and DPTH were evaluated, 

(ii) By examiriation of the photographic record of the experimentally 

determined particle tra3ectory, a suitable section of the trajectory was 

selectedo The criteria for suitability included— 

(a) Visibility of the particle, and the absence of unduly large gaps 

in the recorded tra3ectory. As discussed in Appendix V, it was 

found necessary to confine the light from the stroboscope lamp 

into a narrow beam, and to follow the excursions of the particle 

with this beam. Occasionally, the light beam would fail to 

illuminate the particle during one or more flashes of the lamp, 

resulting in gaps in the recorded trajectory, 

(b) Freedom from undue drift - that is, from undue net horizontal 

motion of the particle in the direction of the length of the flume, 

(iii) The dimensionless coordinates (XSTART, YSTART) of the starting 

point of the selected section of the trajectory were determined. These 
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parameters were evaluated either by converting (in accordance with 

Equation (2, 20),p. 40 ) the dimensional coordinates, or directly from 

dimensionless plots of the experimentally determined trajectories. In 

all cases, the first node to the right of the starting point was selected 

as the origin of the coordinate system. The parameter TSTART was 

invariably assigned a value of zero, 

(iv) The value to be assigned to the phase parameter PHSE was estim-

ated as follows:-

(a) In the case of a trajectory recorded by means of the Shackman 

Sequential-Frame Camera, the elevation of the water surface on 

a selected vertical line (at or near a point of maximum vertical 

displacement) within the field of view was measured, on the 

frame which showed the particle at the selected starting point, 

on a number of frames which preceded this frame and on a number 

of frames which followed this frame. These measurements 

yielded a plot of water surface elevation (at the selected vertical) 

versus time, and from this plot the phase relationship at the 

starting point was estimated, 

(b) In the case of a trajectory recorded by means of the stroboscope, 

the phase relationship at the selected starting point was estimated, 

by examination of the relative positions of the selected starting 

point and preceding and succeeding recorded points on the 

particle trajectory. 
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(v) The values to be assigned to the components (UPTT and VPTT) of 

the particle velocity at the starting point were estimated, 

(a) by measuring the components of the displacement, relative to 

the starting point, of the succeeding recorded particle position. 

The magnitudes of these displacement components, together with 

the known time interval between the photographic records, yielded 

an estimate of the components of particle velocity at the starting 

point. 

(b) in those cases in which the phase relationship at the selected 

starting point indicated that the horizontal component of the fluid 

velocity at the starting point would approach zero, the horizontal 

component of particle velocity at the starting point (UPTT) was 

assigned a value of zero, and the vertical component of particle 

velocity at the starting point (VPTT) was assigned a value corres-

ponding, in magnitude and sense, to the dimensionless settling 

velocity, in quiescent water, of the particle, 

(vi) From the experimentally determined properties of the particle, 

the particle-fluid parameter PART and the gravitational parameter 

GRAY were evaluated. 

The specific values assigned to the parameters discussed above, 

in the computation of the trajectories under discussion, are listed m 

Tables 2 and 3, 
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It was found that the efficiency of the computation tended to be 

greater, in the case of the computation of the trajectories of the ex-

perimental particles, than in the case of the computation of the traject-

ories of the (hypothetical) neutrally-buoyant particles in the model eddy 

field as described in Section 5.2. The experimental particles were of 

considerably greater diameter and mass than would be the neutrally-

buoyant particles of Section 5, 2» If a given change occurs in the force 

impressed on a particle, then the consequent effect on the form of the 

particle trajectory will be less in the case of a particle of greater mass 

than in the case of a particle of lesser mass. The enhanced efficiéncy 

of the computation in the case of the experimental particles is therefore 

attributed to the effect of increased particle mass in reducing the sens-

itivity of the form of the particle trajectory to a given change in the 

forces acting on the particle. In the execution of the computation as 

described in Section 4, 2, variations in the estimated magnitudes of the 

avera-ge force components acting on the particle during its traverse of 

a segment of the trajectory will have comparatively little effect on the 

form of the trajectory segment, in the case of the experimental 

particles. Accordingly, the convergence criterion established by a 

given value of the parameter DELSCR will be satisfied after the com-

putation of a relatively small number of trial trajectory points. In the 

computation of the trajectories of the experimental particles, thé 

parameter DELSCR has been assigned a value of and the criterion 
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thus established has apparently usually been satisfied after the com-

putation of two trial points, this being the minimum number permitted 

within the structure of the program, 

A computer program was developed for the purpose of plotting 

the computed trajectories of particles in the wave field, by modification 

of the program previously developed for the plotting of particle traject-

ories in the model eddy field. 

Reference Cited in Appendix VL 

(VI. 1) W i e g e l R . L . "Oceanograp hi cal Engineering" Prentice-Hall Inco, 

Englewood Cliffs N .J . , U.S.A. 1964, 
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APPENDIX VII 

The Iiiterchange of Energy between a Suspended 
Particle and the Surrounding Fluid, 

This appendix contains the results of the calculation of the inter-

change of energy between particle and fluid, for a number of computed 

particle trajectories. The provisions made in the computer program 

for the examination of the energy interchange are described in Section 

4 ,4 , Ihe implications of the results are discussed m Section 6. 3.6. 

In a,ccordance with the sign convention specified in Section 2» 2, 9 

and Section 4, 4, the transfer of an element of energy from the fluid 

to the particle has been assigned a positive sense. Conversely, the 

transfer of energy from the particle to the fluid has been assigned a 

negative sense. 

In the course of the development of the computer program, the 

evaluation of the integral j F. ds was carried out, in the computation 

of the particle trajectory numbered 600101. F represents the force 

exerted on the particle by the fluid during the traverse by the particle 

of the element ds of its trajectory, and e^.ch elemental product F.ds is 

assigned a sense in accordance with the convention outlined above. 

i ra jectory No, 600101 is shown in Figure VIL lo Table VILA 
^(X, Y) 

shows values of the integral / F, ds evaluated between the 
tXo . Yo) 

starting point (XQ. YQ) and the a r b i t r a r i l y ^ s e l e c t e d points whose co-

ordinates (X/Y) are tabulated. Also tabulated are values of (Y-Yo), 
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the vertical displacements of the particle with respect to its starting 

point. 

Examination of Table VILA indicates that -

(i) the value of 0 F .ds integrated around one circuit of the trajectory 
4 

f rom the starting point {0.0, YQ) to the point (0,0^ YQ + AY^, is very 

nearly equal to zero; 

(ii) the interchange of energy between the particle and the fluid is assoc -

iated primarily with variations in the potential energy of the particle. 

These results are in conformity with expectations: the particle, 

after executing one circuit of the eddy";, returns (virtually) to its starting 

pointy with a velocity which differs very little f rom its velocity at the 

starting point, and consequently it is to be expected that the net transfer 

of energy between the particle and the fluid throughout one circuit of the 

eddy should be virtually zero. Also , the variations in the velocity of the 

particle which occur during the particle 's traverse of its trajectory are 

relatively small, and consequently the variations in the kinetic energy of 

the particle are small, in comparison with the variations in the potential 

energy of the particle. 

The predominance of the particle potential energy in the inter-

change of energy between the particle and the fluid is demonstrated by 
(X,Y) 

the close correspondence between the values of j F , d s and the 
(Xo, Yo) 

values of (Y-Yo) in Table VILA, In the computation of the trajectory 

at present under consideration (No, 600101) the gravitational parameter 
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(GRAY) was assigned a value of 1,0, corresponding to a ratio of 2, 0 be-

tween the density of the particle and the density of the fluid. When this 

ratio has this particular value, a numerical equivalence exists between 

the dimensionless units of (potential) energy and the dimensionless units 

of elevation^ as demonstrated in the following paragraphs» 

The potential energy of a non-buoyant spherical particle which is 

submerged in a fluid may be expressed as 
TTd̂  e = - J — /o) gy (VILl) 

where e - the potential energy of the particle^ with respect to 
an arbitrary datum plane, 

d = the diameter of the particle 

^ the density of the particle 

= the density of the fluid 

g ^ the gravitational acceleration 

y ^ the elevation of the particle, above the datum plane o 

In the formulation of the equation of motion - Equation (2, 17), p, 3 9 

on which the computation of the particle trajectories has been based, 

terms with the dimensions of a force have been made dimensionless 

by dividkig by the weight of a fluid element having a volume equal to that 

of the particle - that is^ by dividing by —g— g 

Equation (VIL 1) consequently leads to the following relationship 

between the dimensionless units of energy (E) and the dimensionless 

units of elevation (Y): 
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E = ( s - l ,0 )Y 

where s = the ratio of the density of the particle to the density of the 

fluid. 

Accordingly, in the particular case of a particle for which the value 

of s is 2, 0, a numerical equivalence exists between the dimensionless 

units of energy and the dimensionless units of elevation. 

In the computation of the trajectory 6101Q1-620101, which is illus-

trated in Figure 17, the "Moment of Work" has been computed as 

described in Section 4. 4. As defined by Equation (4» 5) p. 67 the "Moment 

of Work" is evaluated as 

M = ^ R(F.ds) 

where R is the radial distance from the eddy centre, as (more strictly) 

defined below Equation (4, 5), 

The results of this computation are shown in Appendix III, In a re-

started computation (as in this case) the accumulated value of the Moment 

of Work has not been automatically transferred from the initial comp-

utation to the subsequent computation. Accordingly, the values of Moment 

of Work in Computation 620101 must be adjusted, by a value corresponding 

to the sum accumulated up to the final point of Computation 610101, 

Some representative results are shown in Table VIL B, The tab-

ulated values^ for a number of arbitrarily-selected points on the computed 

trajectory, comprise the position co-ordinates X and Y, the radial distance 

R from the eddy centre to the computed point, and M(X, Y), the moment 
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of work integrated from the starting point (XQ, YQ) to the point (X, Y) 

(X, Y) M (X,Y) R(F.ds) 
(XQP Y Q ) 

Interpolating between the last two points tabulated in Table VIL B, 

the value of M^ integrated around the trajectory traversed by the 

particle in executing one circuit of the eddy, is estimated to be + 490. 

The sense and magnitude of this quantity are to be interpreted as 

described below « 

As the radial distance R and the length of the trajectory segment 

ds are, by definition, positive in sense, each element of the integral 

has the sign corresponding to the sense of the associated transfer of 

energy, as specified in Section 4.4. Throughout one circuit of the eddy, 

the net transfer of energy to the particle is zero, as pointed out in the 

discussion (above) of the trajectory 6OOIOI0 Consequently, if j R(F,ds), 

evaluated around one circuit of the eddy, has a positive sense, it is 

implied that the transfer of energy to the particle from the fluid (a 

transfer in this sense having been assigned a positive sense) has, on the 
C 

average, occurred at a greater distance from the eddy centre than has the 

transfer of energy from the particle to the fluid» Accordingly, if 

j R(F. ds) has a positive sign, as in the case at present under consider-

ation, it is implied that energy has b e e n transferred towards the centre 

of the eddy from the more outlying zones traversed by the particle traj-

ectoryo The occurrence of a negative sign would,conversely, imply 
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an outward transfer of energy 

In examining the magnitude of ^ R(F.ds) it is convenient to assume 

that all the energy involved in the particle-fluid energy interchange can 

be accounted for as potential energy of the particle. This assumption is 

justified in the light of the discussion above of the results for the traj-

ectory 600101, The trajectory at present under discussion (610101-

620101) has been computed for a particle having a density ratio s of 2,0 

and hence, as pointed out above, a numerical equivalence exists between 

the dimensiordess units of potential energy and the dimensionless units 

of elevation. Table VIK B indicates that the magnitude of the vertical 

excursion of the particle, between the vertical extremities of its trajectory, 

is (18, 0775 + 18.0756) units or, that is, 36c 1531 units. (The points tab-

ulated in Table VILB include those two points, of the computed points 

for which results have been printed, which have extreme values of Y)o 

Accordingly, within those segments of its trajectory in which the vertical 

component of the particle velocity has a negative sense^ the particle will 

contribute to the fluid a total quantity of energy AE equivalent to 36» 15 

units (rounding-off the above figure). Within the "rising" segments of 

its trajectory, the particle will acquire from the fluid an equal quantity 

of potential energy. 

The mean change in radius associated with the transfer of this 

quantity of energy is given by 

AR = i - R i Z i d s ) , 
AE 
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490 . 13,6 Units 
36c 15 

Table VIIo C shows the results of some calculations, similar to 

that outlined above, for a number of computed trajectories of suspended 

particles. The magnitude of AR (the mean interval of radial distance 

over which the transfer of energy occurs) appears to be dependent upon 

the specific characteristics of the trajectory, as might be expected. In 

the case of the first five trajectories tabulated in Table VIL C, however, 

the magnitude of AR relative to the spacing of eddy centres tends to be 

fairly constant, in spite of variations in the parameters which define the 

properties of the particle and of the eddy field. The starting point of 

each of these five trajectories is at the same relative position within the 

eddy field (XQ = OoO, YQ = 0,3 Yc), and the trajectories are generally 

similar in overall form. In the case of the final two trajectories in 

Table VIIc G the relative positions of the starting points within the eddy 

field differ from that associated with the first five trajectories, and the 

forms of the trajectories differ somewhat from those of the first five = 

as indicated in Figure 22, in which the forms of these trajectories may 

be compared with that of Trajectory No, 2. 16 (610101=620101), The 

values of AR (relative to the spacing of eddy centres) associated with 

these hYO trajectories are somewhat less than those associated with the 

first five trajectories, but are nevertheless of the same order of magr. 

itude - namely, of the order of one^fifth of the spacing of the eddy 
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centres. In all cases the sense of the net transfer of energy is 

inward - that is, toward the eddy centre. 

The above results are specific to the conditions applying in the 

particular computations involved, and no general quantitative conclusion 

can be drawn. The computations have demonstrated, however, that the 

suspension of a particle within an eddy can cause a net transfer of 

energy between different zones of an eddy 
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(o-o, i 5 o ; 

F IGURE VIU: PARTICLE TRAJECTORY 600101 
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T a b l e V I L A Compu ted P o i n t s on P a r t i c l e T r a j e c t o r y 600101 

X Y 

. (X, Y) 
F . d s 

(XoYo) 
Y - Y^ 

0 . 0 0 0 0 15 .0000 o . o o o o 0 . 0 0 0 0 
3 . 1 3 5 4 13 .7152 - 1 . 283 - 1 . 2 8 4 8 
6 . 2 8 4 1 1 1 . 5 6 9 3 - 3 . 4 3 0 - 3 . 4 3 0 7 
8 . 6 5 6 3 8 . 8 0 1 2 - 6 . 1 9 8 - 6 . 1 9 8 8 
9 . 9 1 4 2 6 . 3 5 0 3 - 8 . 6 4 7 - 8 . 6 4 9 7 

1 0 . 8 0 5 8 3 . 1 9 9 7 - 1 1 . 80 - 1 1 . 8 0 0 3 
11. 0884 0 . 0 4 9 5 1 ! - 1 4 . 9 5 - 1 4 . 9 5 0 5 
1 0 . 8 2 7 9 - 3 . 1003 - 1 8 . 10 - 1 8 . 1 0 0 3 

9 . 9 6 4 5 - 6 . 2 4 9 7 -.21. 25 - 2 1 . 2 4 9 7 
8 . 7 3 9 4 - 8. 6988 - 2 3 . 7 0 - 2 3 . 6 9 8 8 
6 . 4 1 7 5 - 1 1 . 4 7 8 3 - 2 6 . 4 8 - 2 6 . 4 7 8 3 
3 . 2 6 6 1 - 13 .6776 - 2 8 . 6 8 - 2 8 . 6 7 7 6 
0 . 1 1 5 5 - 1 4 . 9 9 9 5 - 3 0 . 0 0 - 2 9 . 9 9 9 5 

- 2 . 3 3 4 6 - 1 5 . 6 5 5 3 - 3 0 . 6 5 - 3 0 , 6553 
- 5 . 1 3 4 5 - 1 6 . 1 0 5 1 - 3 1 . 10 - 3 1 . 1051 
- 8 . 1 3 7 9 - 1 6 . 2 6 9 3 - 3 1 . 27 - 3 1 . 2 6 9 3 

-12. 1844 - 1 5 . 8 9 5 9 - 3 0 . 9 0 - 3 0 . 8 9 5 9 
- 14.9828 - 15 .0112 - 3 0 . 0 2 - 3 0 . 0 1 1 2 
- 1 8 . 5362 - 1 2 . 0 0 0 9 - 2 7 . 0 1 - 2 7 . 0 0 0 9 
- 2 0 . 1 8 0 5 - 8 . 1 4 8 6 - 2 3 . 1 6 - 2 3 . 1 4 8 6 
- 2 0 . 8 9 7 9 - 3 . 9 4 7 5 - 1 8 . 9 5 - 1 8 . 9475 
- 2 1 . 0 8 2 6 - 0 . 0 9 7 2 - 1 5 . 1 0 - 1 5 . 0 9 7 2 
-20.. 8786 4 . 1 6 2 5 - 1 0 . 8 4 - 1 0 . 8 3 7 5 
- 2 0 . 2 2 1 9 8 . 0 1 1 4 - 6 . 9 9 7 - 6 . 9 8 8 6 
- 1 8 . 4 0 8 7 1 2 . 2 0 8 9 - 2 . 8 0 2 - . 2 . 7 9 1 1 
- 1 5 . 1404 14 .9579 - 0 . 0 5 2 6 6 - 0 . 0 4 2 1 
- 1 2 . 3388 1 5 . 8 8 4 5 0 . 8769 0 . 8 8 4 5 
- 8..1373 16 .2896 1 .287 1 .2896 
- 5 . 3 3 6 8 16 .1476 1 . 1 4 8 1 .1476 
- 2 . 1 8 6 6 1 5 . 6 4 6 5 0 . 6 4 8 3 0 . 6 4 6 5 
- 0 . 0 8 6 7 1 5 . 0 9 0 3 0 . 0 9 2 3 8 0 . 0 9 0 3 

0 . 2 6 3 3 1 4 . 9 7 7 5 - 0 . 0 2 0 4 4 - 0 . 0 2 2 5 



Table VIL B 
VII. 11 

Computed Points on Particle Trajectory 
610101-620101. 

X Y R 
. (X, Y) 

R(F.ds) 

^(Xo. Yo) 
0.0000 15.0000 15.0000 0.0000 
3.1352 13.2603 13.6258 -24.78 
5.5816 11.2077 12.5207 -51.55 
7,9032 8.0562 11.2855 -88.95 
8.9724 5.6055 10.5794 -115.7 
9.6544 2,8050 10.0536 -144.5 
9. 8713 0.0049 9.8713 -172.3 
9.6579 -2.7950 10.0542 -200.1 
8.9803 -5 .5945 10.5804 -228.9 
7.9169 -8 .0438 11.2863 -255^7 
5.2629 -11 . 5401 12.6835 -297.4 
3.1619 -13. 2556 13.6275 -320.0 
0.0111 -15. 0132 15.0132 -345.0 

-6 .2889 -17.0225 18.1471 -377.9 
-11 . 8876 -17.8790 21.4703 -394.7 
-16.0142 -18.0775 24.1506 -399.2 
-18.1706 - 17. 9832 25. 5649 -396.9 
-22.3412 -16 . 5561 27.8071 -358. 1 
-23.5559 -14 . 5202 27.6716 -301.5 
-24.1250 -11 . 7967 26.8548 -227.1 
-24.4099 - 8 . 5049 25.8491 -140 .4 
-24.5261 -5 .7039 25.1806 -68.94 
-24.5882 -2.5673 24.7219 9.26 
-24.6026 -0 .1172 24.6029 69.6 
-24.5885 I 1 2.5407 24.7194 135. 1 
-24.5196 5.9219 25.2246 219.4 
-24.3980 8.7125 25.9070 290.7 
-24.1400 11.6802 26.8173 368.8 
-23.5061 14.6651 27.7056 450.2 
-22.3961 16. 5033 27.8199 501,4 
-19.5153 17.7999 26.4137 536.9 
-18.0664 17.9906 25.4962 541.9 
-15.7912 18.0756 24.0019 544. 1 
-13.3440 17.9914 22.3998 542.2 
-11.2432 17.8118 21.0635 538.3 
-9 .1426 17.5415 19.7811 532. 8 
-5 .9920 16, 9550 17.9827 521. 8 
-2 .8419 16.1030 16.3519 507.3 
-0 ,0421 15.0367 15.0368 490.6 

0.3079 14.8765 14.8797 488.2 
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0 . 1 8 0 5 

- 0 . 1 8 0 4 
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<1 
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APPENDIX VIII 

The Spiral Form of the Computed Trajectories of Non-
buoyant Particles 

The spiral form of the computed trajectories of non-buoyant 

particles suspended within the model eddy field has been described in 

Section 6o3,7o The magnitude of the spiral effect^ in the computed 

trajectories of a number of suspended particles^ is indicated in Table 

VIIIoA, The tabulated quantities S' and S represent the increase in 

the radial distance from the eddy centre to the particle trajectory, as 

compared with the corresponding distance at the starting point, when 

the angular displacement of the particle from its starting point (with 

the point (0,0, 0,0) as origin) is TT and 21T radians respectively» 

These quantities are defined in the diagram which accompanies Table 

Villa A, In the case of Trajectory 6,1, the starting point is at the 

eddy centre (0, 0, 0, 0) and S is the abscissa of the point in which the 

particle trajectory, after executing one circuit of the eddy, intersects 

the line Y - 0, Oo 

The trajectories listed in Table VIILA generally differ somewhat 

in form, one from another, and so precise comparisons are not possible, 

The general trend of the effect of the density of the particle, relative to 

that of the suspending fluid, is shown in Figure VIIL 1, in which the 

values of S for Trajectories 2, 16, 3,5 and 4o 8 are plotted against the 

values of (s- 1, 0) where s is the ratio of the density of the particle to the 
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density of the suspending fluid. In the computations of these three 

trajectories, all parameters had constant values, with the exception of 

the gravitational parameter (s-1.0) and the characteristic fluid velocity 

within the eddy field. 

It is of interest to note that in Table VIII. A the values of S' tend to 

be relatively close to the corresponding values of S. This trend implies 

that most of the spiral effect occurs in that section of the trajectory be-

tween 0 = 0 and 9 = IV . In each case, this section of the trajectory is 

shorter than is the section between 0 = TT and 0 = 2Tr , and accordingly 

it is implied that the rate of spiralling is not uniform along the length of 

The former section of the trajectory 
the trajectory.iO ^ 0 ^ TT) traverses a zone which is relatively close to 

the eddy centre, and in which the curvature of the streamlines is relatively 

sharp. In the case of Trajectory 2.16, S' is slightly greater than S; no 

explanation of this phenomenon is available. 

shows. 

The final column of Table VIII. A for each trajectory, the mag-

nitude of S relative to the overall height (between vertical extremities) 

of the computed particle trajectory. It is evident that the values of S 

are small, in relation to the overall dimensions of the computed traj-

ectories, as is borne out in the plotted trajectories (as, for example, 

in Figure 17). 
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Table VIII, A The Spiral F o r m of Computed Particle Trajector ies , 

Definitions: 

Trajector;^ R e f N® 6.\ 

Trajectory Starti 
0 

Ln^ Point 0 - TT 0 - 2 r r 
"^ex 

S 
^ e x 'So 03 . 

H 

Starti 
0 

Ln^ Point 0 - TT 0 - 2 r r 
"^ex 

S 
^ e x 'So 03 . 

H Xo Yo X Y S' X Y s "^ex 
S 

^ e x 

2.16 
u, 
7 0,0000 15,0000 0,0000 -15.0182 0.0182 0.0000 15.0178 0.0178 36. 15 .00049 

2/9 7 0,0000 40.0000 0.0000 -40.0314 0,0314 0.0000 40.0504 0.0504 90.19 .00056 
2. 18 7 0.0000 80,0000 0,0000 -80.0196 0.0196 0.0000 80.0225 0.0225 180. 24 .00012 
3.5 8 0.0000 15.0000 0.0000 -15.0317 0.0317 0.0000 15.0322 0,0322 37.30 .00086 
4. 8 9 0.0000 15.0000 0,0000 -15,2450 0,2450 0.0000 15, 3068 0»3068 37.21 .0082 
5.4 10 0,0000 0.1500 0.0000 -0,1503 0.0003 0.0000 0.1504 0.0004 0.36 .0011 
6.2 11 0,0000 5,0000 0.0000 --5,0105 0,0105 0.0000 5,0197 0.0197 16.21 .0012 
6, 1 l o .oooo 0,0000 0,0081 0.0000 0,0081 [ 12.26 .00066 
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APPENDIX IX, 

The Symmetry of the Computed Particle Trajectories 

In Section 6, 3., 8, attention is drawn to the existence of certain 

symmetries in the computed particle trajectories. Consecutively -

traversed sections of the trajectory, located within quadrants which 

are on a given side of the line X = 0.0 , form symmetrical pairs. 

In discussing the symmetry of sections of the particle trajectory, 

it is convenient to consider a pair of trajectory sections, one of which is 

located in the first quadrant (X ^ 0, Y ^ 0) and the other of which is lo-

cated in the second quadrant (X ^ 0, Y ^ 0), For this pair of traj-

ectory sections, the axis of symmetry will be the line Y = 0,0, The 

discussion will, however, be applicable to any pair of consecutively-

traversed sections of the trajectory, provided that both are on a given 

side of the line X = 0 ,0 , 

The direction (relative to the coordinate axes) of the particle traj-

ectory at any point depends upon the ratio of the components, parallel 

to the respective coordinate axes, of the velocity of the particle at that 

point. If the sections of the trajectory located within the first and 

second quadrants are symmetrical (in geometric form) about the line 

Y - OoO, it is implied that the particle, having passed through a point 

(X, Y) in the first quadrant, will subsequently pass through the point 

(X, - Y) in the second quadrant, with the following relationship being 
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satisfied:-

- Up (X, Y) _ Vp (X, Y) 
Up(X , -Y ) ~ V p ( X , - Y ) 

where Up (X, Y) and Vp (X, Y) are the components, in the x and y co-

ordinate directions respectively, of the velocity of the particle at the 

point (X, Y), and r is a constant, for all pairs of points (X, Y), (X,-Y)« 

Examination of the results of the computations of particle traj-

ectories - as typified by the results of the computation of the trajectory 

identified as No, 610101 - 620101 (Figure 17 and Appendix III, p,III.15-

IILSe)-indicates that these conditions are substantially satisfied. Further-

more, when the components of particle velocity at a point (X, Y) are 

compared with the corresponding velocity components at the computed 

point (for which results are-printed) which is closest to the point (X, - Y) 

then it is evident that the somewhat more restrictive condition, that the 

value of r should be unity, is substantially satisfied. This implies that 

the distribution with distance (measured, from the line Y = 0,0, along 

the two sections of the trajectory) of the magnitudes of the particle 

velocity components must be identical, along the two sections of the traj-

ectory. It is also implied that the time required for the particle to 

traverse that section of its trajectory which lies within the first quad-

rant should be equal to that required for its traverse of the section which 

lies within the second quadrant, the two sections being equal in length. 

The results indicate that this condition is substantially fulfilled. 
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The conditions for the existence of symmetry of geometric form, 

and of symmetry of particle velocities (as observed to exist in the com-

puted trajectories) may be expressed in terms of particle accelerations: 

Apx (X, Y) - Ap^ (X, = Y) 

Apy (X, Ŷ  - " Apy (X,-Y^ 

where Apx (X, Y) and Apy (X, Y) are the components, in the x and y co-

ordinate directions respectively, of the particle acceleration at the 

point (X, Y), 

provided that contiauity of the particle velocity exists at the inter-

section of the particle trajectory with the line Y = 0.0, 

The existence of symmetry of the particle trajectory about the 

line Y = 0,0 implies that the particle trajectory must cross this line 

orthogonally» The computed trajectories satisfy this condition. This 

is to be expected^ since at the line Y = 0, 0 the horizontal component 

of the fluid velocity is zero, and consequently the velocity of the 

particle tends to be in the direction of the gravitational vector (that is, 

vertically downwards)« 

For the existence of symmetry about the line X = 0 ,0 , it would be 

necessary that the particle trajectory should cross the line X = 0,0 

orthogonally» It has been observed, however, that at all points on its 

trajectory a non-buoyant particle tends to have a sensibly invariant, 

non=zero vertical component of velocity relative to the surrounding 

fluid. The fluid streamlines cross the Tine X = 0.0 orthogonally. 
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and hence the existence of such a component of relative velocity pre-

cludes the particle trajectory's crossing this line orthogonally. The 

computed trajectories of non-buoyant particles indicate considerable 

asymmetry about the line X = 0.0. 




