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ABSTRACT

An experimental investigation was made of the transit of individual
pebbles in recirculated random packings of equal spherical or aspherical
pebbles., Pebbles of 1.0 inch or 0.75 inch nominal diameter and 3.0 or 3.4
specific gravity are used to form beds in a 30 inch diameter vessel with a
concave base and single axial outlet. The pebbles flow downwards under the
influence of gravity through a rotating extractor in the base. A radio-
actively tagged pebble is inserted at the top of the bed and as it descends
with the pebble packing its position is detected and recorded at intexvals
using a tracking device. 1In this way tracks and velocities of pebbles seeded
in the bed for various combinations of seeding radius, bed and pebble parameters

are determined, and are found to be generally of 'streamline' form. The



extractor rotation has very little effect on the motion of the pebbles in
the bed. Using the tracks of tagged pebbles, patterns and effects of flow
zones are deduced. Transit numbers of tagged pebbles are found to be in good
agreement with the results of similar experiments recorded in Part III of this

report series.
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PREFACE

This report is part of a series on 'Flow of Spheres and Near Spheres in

Cylindrical
Part I-

Part II -

Part IIXI -
Part IV -
Part v -
Part vI -

Part VII ~

Part VIII -

Vessels' as follows:

Experiments with recirculated random packings using flow visuali-
sation technique. G.A. Tingate, AAEC report in preparation.
Pebble transit in recirculated random packings. F.C. Gatt,
AREC/E207.

Transit spectra for recirculated random packings, F.C. Gatt,
AAEC/E225.

Individual flow paths in recirculated random packings. F.C. Gatt,
AAEC/E273 (this report).

The effect of recirculation rate on pebble transit. M.E. Edwards,
F.C. Gatt, G.A. Tingate, AAEC report in preparation.

Experiments with regular packings. G.A. Tingate, AAEC report in
preparation.,

Flow mechanisms in pebble beds. G.A. Tingate, AREC report in
preparation.

Summary and conclusions, F.C. Gatt, G.A. Tingate, AAEC report in
preparation.
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1, INTRODUCTION

In a pebble bed nuclear reactor, fuelled pebbles enter at the top of the
reactor vessel and undergo a nuclear reaction producing heat. They pass
through the bed and out through the base of the vessel via an extractor.

Important parameters are the pebble path and relative velocity through
the bed; excessive time épent in parts of the bed could result in severe
irradiation and thermal damage to the pebble with possible fission product
escape. The extreme case would be the permanent fixation of a given pebble
or group of pebbles in a region of the vessel. The feasibility of the
recirculating pebble bed depends on the maintenance of satisfactory pebble
flow through the vessel, its outlet and the pebble extractor.

In this experiment, which investigates pebble paths and velocities in
the bed, the pebbles used simulate the reactor fuel elements in size, shape,
surface and density. The levels of the pebble and bed parameters are selected
to assure that data obtained are applicable to the reactor study.

1.1 Objectives

The objectives of the work are:

{(a) To determine the track of individual pebbles seeded in the bed for

various combinations of bed and pebble parameters.

(b) To determine the velocity of individual pebbles in the bed for

various combinations of bed and pebble parameters.

(¢) To determine the effect of the various bed geometries and pebble

parameters on flow zone shapes (Deutsch 1967a).

(d) To determine pebble transit numbers of seeded pebbles in the vessel.

The transit number of the pebble 1s defined (Gatt 1970) as the number
of pebbles recirculated between the seeding of the pebble in the bed
and its exit from the bed, expressed as a fraction of the bed
inventory. 'The bed inventory is defined as the total number of
pebbles in the pebble bed.

{e}) To determine the effect on pebbles of the extractor rotation.

(f) To find the effect of the base angle and extractor diameter on the

dead zone.

{(g) To find the bed height above which plug flow occurs.

(h) To define the limits of the plug flow zone, the pipe feed zone, the

dead zone and the pipe zone in terms of the bed parameters.
2. EQUIPMENT

An outline of the pebble bed is given in Figure 1 while Figure 2 shows

the experimental eguipment. The vessel is filled to the required height with
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pebbles, thus forming the bed. A radicactively tagged pebble is inserted at
the top of the bed and extraction and recirculation of the bed is commenced
using the extractor and the conveyor. As the tagged pebble descends with the
bed, its position is detected and recorded at intervals using the tracking
device. When the tagged pebble emerges it is separated from the main stream
and the experiment is stopped.

2.1 Vessel

The vessel is an upright aluminium cylinder with diameter 30 in. and
height 60 in. A cone, in some cases a hexagon-faceted cone (concave as
viewed from above), forms the base of the vessel. Throughout this report the
different bases are henceforth referred to as either a conical or hexagonal
base. The base is either slotted or unslotted with a base angle {measured
from the horizontal) of 15°, 25°, 35° or 45 (see Figure 3). In the centre
of the base is located an extractor in a single axial outlet tube of diameter
8 or 5 inches.

2.2 Pebbles

Four types of pebbles are press-formed from plastic (polyvinyl alcohol)
bonded zirconite sand, after which they are cured to the desired hardness
and plastic coated to provide wear resistance. The finished pebbles have the

following properties:

Surface finish (projections) * 0.001 in.
Sphericity t 2 per cent
Diameter 1.0 £ 0.02 in.
0.75 t 0.02 in.
Specific gravity 3.0 +* 0.07
' 3.40 % 0,07

The value of the nominal pebble diameter (Dp) is used to specify the size
of both spherical and aspherical pebbles (for notation see Appendix A).
Agpherical pebbles are used to simulate worn spherical fuel elements. 1In
effect two sizes of aspherical pebble are produced by removing from each
spherical pebble a slab of thickness 0.10 DP centred on the pebble equator,
and then joining the identical halves. The resulting pebble has an eguatorial
diameter of 0.999 Dp and a length through the poles of 0.90 DP. Dimensions
and sphericity of the segments are held to the above tolerances.

2.3 Vessel Iloading Procedure

The procedure follows that recommended by Leesment (1965a). The vessel
is filled by loading the pebbles into a cylindrical hopper fitted with a

trapdooxr in its base. The hopper is lowered into the vessel and the trapdoor
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is released, allowing the pebbles to flow into the vessel. The hopper is then
raised slowly to minimise impact velocity. This method of loading is designed
to give a random and relatively loose packing. Leesment (1965b) shows that
the effect of the method of packing in this case was to obtain a void fraction
of between 0.401 and 0.404.

2.4 Pebble Packing

The packing of identical pebbles was made up of the following sections as
shown in Figure 1:

(i) The base section, which extends from the vertex of the vessel base
to the top or widest part of the conical or hexagonal base of the
vessel,

(ii) The cylindrical section, which extends from the top of the vessel
base to the top of the cylindrical section of the bed. The length
of this cylindrical section at the start of recirculation is termed
the pebble bed height (H).

(iii) A top conical section of pebbles extending from the top of the
cylindrical section to the apex of the cone of pebbles formed when
pebbles are dropped down the axial centre of the vessel onto the
c¢ylindrical section.

2.5 Entry Mechanism

The variation of scatter of pebbles using the entry mechanism (Leesment
and Stephenson 1964) is shown in Figure 4. The mechanism (Figure 5) is
designed to ensure, as far as possible, an even distribution of pebbles over
the bed, that the pebble entry is central and wertical and that the pebbles
rossess negligible velocity. Unevenness of the scatter would result in a
shift in the apex of the top section of the bed with a resulting nonuniformity
of pebble bed height around the vessel wall. A baffle plate below the entry
- mechanism is used to reduce vertical pebble velocity to a minimum before
hitting the top surface of the pebble packing. The pebble drop height to the
surface of the pebble packing can be varied from 0 to 8 in.

2.6 Extractor and Conveyor

The extraction mechanism used in the rig evolved from much development
work. Four of the original mechanisms are discussed by Rollinson (1963).
The extractor concept used in this work consists of a raised cylindrical centre
surrounded by a trough into which pebbles to be extracted align themselves.
The extractor rotates while the pebbles are held almost stationary by the
weight of the pebble packing above. When the elongated hole passes beneath a
pebble, that particular pebble falls into the rotating pipe attached to the



extractor and rolls out of the vessel.

The extraction devices permit pebbles to escape at controlled rates,
one at a time, rolling singly from the vessel and extractor outlet inte a
channel. When passing along the channel, the pebbles are counted automatically
with a photoelectric counter (Figqure 6) and then roll down a runway consisting
of two round bars, as shown in Figure 7. 'This acts as a broken pebble sorter
enabling parxts of broken pebbles to fall through or stop on the gently slop-
ing runway. After counting, the pebbles are elevated to the top of the bed
to the intake of the unshielded endless bucket conveyor. From the conveyor,
they roll down another channel to the entry at the centre of the vessel top
cover and then into the vessel (Figure 2).

The extraction mechanism is situated at the vertex of the vessel base
(high position), or in some cases 12 in. below the vertex of the vessel base
(low position), in a single axial outlet tube (Figure 3). The purpose of
the extended extractor is to simulate as far as possible its remote placing
in a vessel fuelled with nuclear material. The remoteness is meant to reduce
the nuclear radiation level over the extractor during operation and maintenance.

2.7 Tagged Pebbles

Throughout each trial a tagged pebble of the same sphericity, diameter,
specific gravity and surface finish as those constituting the pebble bed is
used. A typical tagged pebble is shown sectionally in Figure 8. It has a
small hole drilled to allow insertion of a radicactive cobalt-60 source.
After insertion of the source a close fitting zirconite plug is fitted and
glued flush with the pebble surface. The plug has a convex end so as to
continue the outer spherical surface of the pebble.,

The cobalt-60 source emits gamma rays which can be menitored, thus
enabiing the position of the tagged pebble in the bed to be determined. To
achieve satigsfactory tracking of the tagged pebble, the activity of the
cobalt-60 sources used must be varied to allow for the effect of shielding
by the bed during their movement through the vessgel. Maximum activity
required is approximately 0.5 curie for the pebble moving through the centre
of the vessel. On completion of each trial the tagged pebble is separated
from the main stream by the special separator gate actuated by the gamma rays
from the cobalt-60 source (with a second actuator and gate provided for
safety) and placed in a lead-shielded flask. The flask is lifted by a crane
which is used to place it in position over the required insertion tube. The
pebble is then released through a remotely operated door and falls .into place

in the tube which reaches just below (1-2 pebble diameters) the top level of
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the pebbles in the vessel. Leesment and Stephenson (1964) have noticed
that most pebbles seeded on the top surface of the cone appear to move
radially before moving downward towards the outlet. The tube thus ensures
radial location at the start of the trial.

2.8 Pebble Tracker

Movement of the tagged pebble, seeded at the different radial positions,
is followed by a tracking device (Figure 9). It uses pairs of collimated
radiation detectors (Figure 10) placed outside the vessel to obtain the
position of the tagged pebble. Three pairs of detectors are mounted on a
platform whose height may be varied. First, the centre pair (axial detector),
is used to establish the vertical position of the tagged pebble, and then the
outer pairs (theta 1 and theta 2) rotate until both are aligned with it. Its
location is then defined by the height of the platform and the angular position
of the outer detectors,

The equipment (Geeson 1965) is designed to locate the tagged pebble in
successive positions automatically (e.g. at given time intervals), display
the results and record them on paper tape for computer processing. The
method of handling the information from the tracker (on paper tape) is given
in Figure 1ll. The paper tape code used is given in Appendix B.

One of the forms of raw data from the tracker is printed paper tape
(Appendix C). When a trial is begun, the equipment prints a heading record,
the first three numbers identifying the trial sequentially and the following
five being the date. The next record (data record) is comprised of five
numbers: the first,of six digits, is the time in seconds of the 'fix' on the
pebble; the second three-digit number is the theta 1 detector position
reading in volts; the third three-digit number is the axial co-ordinate in
volts; the fourth three-digit number is theta 2 in volts; and
finally, the tracking mode (one pebble in the bed at any one time) is always
unity, '1'.

2.9 Pebble Flowrate

The pebble flowrate throughout the experiment has a variation of * 125
pebbles per minute, (228 to 478 pebbles per minute). These variations have
very little effect on the transit number (Gatt 1970). In addition Edwards
{ca. 1965) has found that a variation in flowrate of from 0.5 to 380 pebbles
per minute has no noticeable effect on the flow profile.

The pebble flowrate is repeatedly checked throughout the experiment by
using a five minute impulse counter connected to the photoelectric cell

pebble counter. In this way, the pebbles being extracted are tallied during
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any five minute period to cobtain the pebble flowrate which is then recorded.
3. EXPERIMENTAL PROCEDURE

The pebble bed is filled with unmarked identical pebbles to the required
bed height, H. The top cone of pebbles is manually formed thereby simulating
the mound of pebbles which forms naturally during recirculation.

The tagged pebble is introduced through the insertion tube to a point
just below the level of the top cone surface, at the desired seeding radius.
Recirculation of the bed, and location and tracking of the tagged pebble is
then started. The number of pebbles in transit bhetween the extractor and
reinsertion at the top of the bed does not exceed 400, which is negligible
in comparison with a typical inventory of 30,000 pebbles. The transit number
of each tagged pebble is noted at the moment of its extraction.

3.1 Dbata Analysis

An outline of the experimental data flow is given in Figure 1ll. The
temporal and positional data from the pebble tracker is in the form of five-
channel (5 hole)} paper tape. This tape is read and edited for'out of format'
punching by the computer which algo initialises each record from the paper
tape with two characters to indicate whether the record is data, heading,
error or other. The records are then fed to a magnetic tape for storage while
also being reproduced in printed form (to serve as a check with the pebble
tracker printed output). The records on the magnetic tape are analysed using
the program DClL (Appendix D; also see block diagram in Appendix E), the
purposes of which are to transform the co-ordinates from the tracker system
to the cylindrical co-ordinate (vessel) system (Appendix F) and to calculate
pebble velocities (Appendix G). The results are reproduced graphically using
a computer plotting subroutine cited in Rodwell (1965). The limitations of
this plotting technique are discussed in Appendix H.

It is stressed that in the program DCLl the elapsed time of a trial is
taken from the punched paper tape record of the trial. During the trial an
average pebble recirculation rate is taken by counting the number of pebbles
recirculated at intervals during a pericd of five minutes. In the program
BCl this average pebble recirculation rate is multiplied by the elapsed time
to arrive at an elapsed 'time' not in minutes but in pebbles recirculated.
Also, the total number of pebbles recirculated during the trial is taken from
the photoelectric counﬁer on the rig.

Of all the trial data put onto paper tape a total of 156 trials out of
204 trials (or 76%) are readable by the computer, the other trials bheing
either damaged, mispunched or misnumbered by the paper tape punch attached to



7

the pebble tracker. Those trials which are analysed are listed with their
attributes in groups in Table 1.

In the analysis of the pebble motion, the pebble velocity is presented
as five velocities, that is, axial, radial, angular, circular and resultant.
These velocities are given for each trial at particular intervals of the
pebble's motion through the bed. The units for these wvelocities are, axial:
inches per minute, radial: inches per minute, angular: degrees per minute,
circumferential: inches per minute, resultant: inches per minute, although
rebble motion can also be expressed as centimetres or inches per pebble
recirculated (Leesment 1264).

4, RESULTS AND DISCUSSION

4.1 Analysed Trials

A total of 204 separate trials were completed. A list of all trials
together with each trial's attributes is given in Table 2. Table 3 shows
these trials separated into groups having common trial attributes. Excluding
pebble drop height, recirculation rate and bed inventory, there are 53
different groups or combinations of pebble and bed configurations used;
however, after sifting out those trials unable to be processed By the computer,
the number of groups has been reduced to 44. Table 1 lists these 156 trials
in 44 groups and separates them into three classifications: & signifies
single seeding position trial groups, B, the trials with seedings both in
centre and wall positions and C, those trials seeded across the radius. The
plots for all of these trials (Figures 12 to 55) show the projection onto
one vertical plane across a bed radius of the axial and radial components
.of the tracks of the pebble. The rotational (or angular, circumferential)}
component is not taken into account for this part of the work. Turther, the
scale of the axes of the tracks are not exactly equal due to the limitations
of the plotting program used. The actual scales used are 0.162 in. = 1 in.
for the x axis and 0.166 in. = 1 in. for the y axis. The number at the top
of each plot is the trial number.

Since the C type classifications are most interesting from the point
of view of transit patterns through the bed, they are taken first; the plots
are given in Figures 12 to 26 inclusive. All of these trials show that the
motion of the pebbles down through the pebble bed is streamlined. After a
period of time spent descending the bed in a vertical direction (relatively
slow velocity near the top of the bed), the pebbles approach the vessel base
and begin to move uniformly into the centre of the pebble bed (relatively

fast velocity near the extractor).
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- As the pebble velocity increases, the magnitude of the time spent
within the boundary of each plotted point decreases (shown by the smaller
magnitude of the number allotted to each point). When the number assigned
to each point reaches 1 (or .) and the velocity is still increasing, the
distance between each point increases since, in this instance, the time
between each plotted point is generally constant. The numbers on the track
are strictly relative to that particular track only:; however, approximate
comparisons may be drawn between tracks. For further explanation of the
numbers on the tracks see Appendix H.

Although Leesment and Stephenson (1964) state that there exists a
definite time lapse before pebbles falling into the bed top surface sink into
the surface and begin to move down with the packing, this is not shown in the
pebble tracks since the tagged pebble is seeded into the bed top conical
section and not just onto the surface of the packing.

The tracks for classifications A and B are given in Figures 27 to 55
inclusive. Note that in these plots the bed centre is represented by the
vertical axis. Examination of these plots show that all pebbles follow fairly
straight paths down the cylindrical section of the bed with very little
interference or crossing between pebble paths. Then at or near the base sec-
tion the pebble paths curve in fairly uniformly towards the outlet, again with
very little mixing. Much the same conclusions may be drawn about the tracks
of the pebbles seeded in these groups as those in classification C. Some of
the pebbles seeded at the wall tend to move radially inward as they descend
down the bed.

4,2 Flow Zones

Deutsch (1967a) divides the flow patterns occurring during discharge
into the four zones, namely pipe, pipe feed, dead and plug flow zones, shown
in Figure 56.

As the name implies, the pebbles within the dead zone move extremely
glowly or not at all.

The plug flow zone is above the influence of the extractor. The velocity
profile within this zone is uniform except for a boundary layer effect. The
pebbles within the plug flow zone move as a solid mass. Pebbles entering the
pipe feed zone gain a radial velocity component towards the centre and feed
the pipe.

All pebbles leave the vessel via the pipe zone. This is a region in
which the velocity is relatively high and sensibly vertical. Continuity

requires the velocities to be high.
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Deutsch (1967b) also states that the flow patterns during discharge are
very different from the streamline flow of fluids through an orifice. Also,
the angle of repose and the dead zone angle are related to the inherent
friction angle of the pebbles and the friction developed between the vessel
wall and the pebbles. Deutsch suggests that the flow in granular materials
cannot be analysed by employing techniques of fluid mechanics, i.e. employing
the analogy of stream tubes given by Brown (1961), Roberts (1967) and Bedenig,
Von de Decken and Rausch (1967) .

An attempt is made to ascertain flow zones through which the pebble
tracks pass. An average is taken of the flow zone shapes for each of the
eight bed configurations (i.e. four base angles and two extractor diameters).
The shapes, derived largely from Figures 12 to 26, are given in Figures 57 to
64 inclusive. In some instances the shapes are incomplete because of insuffic-
ient data in the pebble tracks. The results tend to confirm that the pebble
motion directions can be grouped into zones such as Deutsch has suggested.
Furthermore, the change from a 5 in. to an 8 in. diameter outlet tends to
increase the volume of the pipe feed zone and to raise its upper limit,
especially near the vessel wall. The diagrams also show that the smaller
the base cone angle then the larger is the dead zone.

From examination of Figures 57 to 64 an estimate may be made of the
extent of the dead zone. In the case of the 15° and 25 base angles the
extent of the dead zone is similar. However, for 35 and 45° the dead zone
rise up the cylindrical section is only approximately half that of the 15°
and 25° base angle dead zones. The actual measurements are 15°: 6.5 in. to
7.5 in., 25°: 6 in., 35°: 3.5 in, to 5 in., 45 : 4 in. to 4.5 in. The
measurements refer to the maximum extent of the dead zone from the base of
the cylindrical section upwards. It is of interest to note that even though
the base angle increases to 45° , the dead zone does not entirely disappear.

Deutsch (1967b) maintains that the inclination of the dead zone boundary
to the horizontal is, in all cases, approximately twice the angle of repose.
This is not borne out exactly in the outline of the flow zcnes deduced from
experimental results; however, the inclination of the dead zone certainly
increases as the base angle increases. The actual inclinations are given in
Table 4.

To determine the inward extent of the dead zone in a randomly packed bed
of pebbles, the following experiment is performed. A vessel with a 15° base
is taken and, after filling the base with 0.75 in. spherical pebbles, a
tagged pebble is placed at the junction of base and cylinder. The vessel is
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filled to 30 in. and location of the tagged pebble, tracking and recirculation
is begun. After a recirculation of 250,000 pebbles the tagged pebble had not
moved from its original position. A similar trial is performed with the

tagged pebble placed in the cylinder two pebble diameters in and two pebble
diameters up. After 250,000 pebbles were recirculated no movement had occurred.
Again, in a third position three pebble diameters in and three pebble diameters
up in the cylinder, after recirculation of 200,000 pebbles the tagged pebble
had again not moved. Shortly after this the pebble began to move slowly and
intermittently and finally emerged after 508,000 pebbles had been recirculated.
The conclusion reached here is that if a pebble does become lodged in the dead
zone of the pebble bed it could stay there indefinitely, since very little or
no motion occurs at the vessel boundary of the dead zone.

In all the trials tested, several tracks appear to move through or graze
the edge of the dead zone. These trials are all seeded at or clogse to the
wall, and in the dead zone region the magnitude of the resultant velocity is
quite small (0.2 in. per minute compared with a maximum resultant pebble
velocity of 37.8 in. per minute). In general, pebbles passing through the bed
cloge to the dead zone all exhibit low resultant velocities.

The plug flow in the vessel appears to begin to break up at a height of
15 in. (D/2) from the vessel base. This conflicts with the results of Denton
(1953) who found that a transition from plug to pipe feed zone occurs at a
height equal to one quarter of the diameter of the vessel when using a 45
base angle. Leesment (1964) finds that the transition from plug flow to pipe
feed flow (base angle unstated) occurs with rough particles (beach sand) at a
height of 2D to 3D, while with spherical particles (glass beads) it occurs at
1D to 2D. The reason for the discrepancies probably lies in the differing
frictional coefficients of the pebbles used by Denton, Leesment and the author
of this report.

Using Figures 57 to 64 an estimate is made of the extremity of the plug

flow zone:
Base angle (degrees) 15 25 35 45
Lower end of plug flow zone (in.) 11-20 7-11 4-9 6-9

The distance indicated is measured from the base of the cylindrical section.
It is seen that as the base angle increases the variation in the lower end of
the plug flow zone diminishes and the actual lower end position of the plug
flow zone is nearer to the base of the cylindrical section,

A trend which is apparent in the shape of the flow zones when the base

angle is changed shows that both the pipe zone and the dead zone increase in
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size and move their upper limitg further up into the vessel as the base
angle decreases. This has the effect of not only decreasing the transit
number of a pebble seeded in the centre of the bed, but also of increasing
the. transit number of a pebble seeded at or near the wall of the vessel.

An attempt was made to distinguish a trend in the shape and size of flow
zones induced by changes in pebble parameters (listed in Gatt 1972). However,
fhe aataravailable was insufficient to reach any real conclusion on these
effects.

4.3 Pebble Velocity

At a constant recirculation rate in a fixed geometry bed the downward
velocity of the pebble varies with its axial and radial position (Leesment
and Stephenson 1964).

An examination of the radial, angular and circumferential velocities
shows that generally the velocity of the pebble is zero throughout the transit
(see Table 5). As can be seen from the table, a total of 5 or 3% of trials
(all near the bed centre) exhibit nil movement (for those instances chosen
by the computer) in the above three directions, while 37 per cent of the
trials show movement only towards the end of the transit, implying that the
reason for movement in the above three directions is due to the presence of
the conical or hexagonal base of the vessel. Sixty per cent of the trials
show intermittent movement throughout the whole of the transit. This
indicates that in many caées the resultant velocity of the pebble is merely
the axial (or downward) velocity. '

Table 6 shows a list of the maximum axial and resultant velocities for
each trial and where each maximum occurs (in relation to the pebble bed
height). Generally resultant velocities are small at the top cone and
cylindrical section and increase sharply towards the base section. Of the
maximum axial velocities, 84% occur within a distance of 10 in. from the
base of the cylindrical section while 91% of the maximum resultant velocities
occur in this portion of the bed. & typical plot of resultant pebble velocity
versus the axial height of the pebble in the bed is shown for trial number
363 in Figure 65. The resultant pebble velocity versus the radial position
of the pebble in the bed is shown also for trial number 363 in Figure 66.
Heré a similar situation appears to exist; as the pebble nears the centre of
the pebble bed the pebble resultant velocity increases.

In effect we have the resultant pebble velocity increasing as the pebble
descends in the pebble bed and to a much smaller extent as the pebble moves

into the centre of the pebble bed, indicating the higher velocity regions of
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the pipe feed and pipe =zones.

4.4 Extractor Influence

Bed rotation up to 8-10 Dp high from the extractor is caused by a star
wheel extractor used initially in some extractor development experiments
(Leesment and Stephenson 1964). However, bed rotation with a single hole
extractoxr (Figure 67) is appreciably less than that of a star wheel.

The influence of extractor rotation on the flow of pebbles may be found
by examination of the circumferential component of the pebble velocity in
the region of the extractor. Influence of the rotation of the extracton
cannot readily be derived from consideration of the change in angular position
of the pebble in the bed, since near the bed centre angular position can change
very quickly and over a wide range due merely to the lateral change in
position as the pebble moves down the bed. So in the analysis of data the
circumferential velocity is tabulated for all trialg in Table 7. However,
there is very little difference in the magnitude of the circumferential
velocity in either case. For example, there are no instances of nil effect
in the high position extractor cases, but there are five instances of nil
effect in the low position extractor cases. The fraction of the total
number of trials having circumferential velocities in each velocity range is
given in Table 8; however, no obvious sign of the effect of the extractor
position on the magnitude of circumferential velocity can be seen. What can
be seen is that the circumferential velocities for most trials lie within
the range 1 to 10 in. per minute (10° to 10%1).

4.5 Stream Tube Model :

Bedenig, von de Decken and Rausch (1967) propose a stream tube model for
calculating pebble bed flow. The flow iz supposed to be laminar and the core
is divided into 'concentrical ring volumina', the stream tubes being given by
paths bf motion of the spheres. Within every stream tube the mass flow is
constant because of the law of continuity for incompressible media. The
velocity at any point in the stream can then be calculated if the residence
time is known. Use can be made of the stream tube model with the knowledge
of sphere paths presented in this report.

4,6 Wall Effect

Wall effect measured in terms of local voidage extends to about 5 pebble
diameters from the vessel wall., The annular region moves more slaowly than
the central part of the bed (Leesment 1964).

A possible method of determining the difference in velocity profile

between the pebble seeded at the wall and one seeded in from the wall is to
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compare the transit numbers of the respective trials. Those trials which can
be compared and analysed are shown together with their transit numbers in
Table 9. All pairs except two show an increase in transit number from the
inner seeding position to the wall seeding position. This inner seeding posi-
tion ig8 nine inches in one case, as the adjacent seeding position trial is
not available. The two exceptions to this decrease are trial numbers 23, 24
and 27, 28 which show a fractional decrease in transit number of 0.18 and

0.06 respectively. The plots for these trials can be seen in Figures 41 and
42 but, as they are relatively incomplete plots, the results of these pairs
cannot be regarded as conclusive, and it can be assumed that there is a

general increase in transit number as the pebble seeding position approaches
the wall.

In Tahle 10 there is evidence to suggest that, in some cases, there is a
widely differing elapsed time for pebbles to exit the bed when seeded at
either the wall or the centre seeding positions in identical pebble and
vessel geometries. This table shows the identical pairs of trials with their
pertinent attributes and the times taken for the pebbles to traverse the bed.
The times are also broken down to indicate the time down the cylindrical
section as well as the time in the base section. No times are taken for the
top cone as the pebbhles are seeded through seeding tubes which extend through
the top cone allowing the pebbles to emerge from the seeding tubes near the
top of the cylindrical section.

A report by Lawther (1968) states that a problem encountered as fuel
elements pass through the pebble bed core is the 'crystallisation' or 'aging'
effect in which the formation of regular packings in layers near the wall
increases during the initial recirculation of the bed. This increases the
residence time for spheres near the wall to such an extent that it can exceed
the fuel lifetime. The work at Arbeitversuchs Reaktor (AVR) Germany (Alder
1964) sugagests that for spherical pebbles and a large D/Dp ratio, recircula-
tion of the bed increases the extent of regqularity of packing to eight to
nine pebble diameters in from the solid boundary. This factor could be the
cause of the excessive time spent by trial numbers 30, 46, 69, 88, 317 and
361 (Table 10) in traversing the bed. Another factor could be that in these
instances the tagged pebble passes close to or through the dead zone.

4.7 Pebble Transit Numbers

The pebble transit numbers for all trials are calculated and listed in
Table 11. Some of these transit numbers are in good agreement with those of
the spectral transit numbers as found experimentally by Gatt (1972). 1In this

context the range of transit number spectral mean and standard deviations are
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reproduced here in Figureg 68 and 69, In those instances where the trial
attributes can be matched to the attributes of the trials contributing to the
results in Figures 68 and 69, a total of 76% {or 87 out of 1ll4) of the transit
numbers agree to within f one standard deviation.

The transit numbers across the seeding radius for group numbers 18, 22,
34, 35, 36, 37, 38, 39, 40, 41, 42, 43 and 44 are shown in Figures 70 to 82
inclusive. These transit number spectra show reasonable agreement with the
spectra as shown in Figures 68 and 69. These spectra generally show the
increase in transit number as the seeding position changes from the centre
of the bed to the wall.

5. CONCLUSIONS

The paths of pebbles through the pebble bed are generally streamlined.
The motion of individual pebbles is intermittent with frequent local lateral
changes in direction. These changes generally constitute a lateral shift
in the streamline path of the pebble (or a 'joggle' in the path). However,
such local changes do not adversely influence the general streamline flow
pattern but appear to serve as a mechanism for changing the pebble flow
direction towards the extractor. Even though these lateral changes in
direction are present in the paths of individual pebbles there occurs very
little interference or crossing between pebble paths.

Resultant pebble velocities are small near the top cone but increase
sharply towards the base section and also (but not as markedly) towards the
centre of the bed. However there is no noticeable rotational component of
the resultant velocity in the vicinity of the rotating extractor, indicating
very little or no effect of the extractof on pebble motion.

During descent through the bed the pebbles seeded at or near the wall
tend to move in towards the centre of the bed thus avoiding the very slow
moving dead zone., This inward movement appears to begin anywhere throughout
the height of the c¢ylindrical section.

The general boundaries or limits of the four pebble bed zones are shown
to be in accordance with previous literature and all zones exist for each
base angle tested. It can be observed that the limits of the zones are
defined by the paths and velocities of the pebbles through the bed. &an
increase in extractor diameter tends to increase the gize of the pipe feed
zone.

A major factor in extending the time spent by a pebble in the bed comes
into play when the pebble grazes or passes through the dead zone. A similar

effect could be caused by regjons of ‘'crystallisation' obstructing the pebble
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in its path near the vessel wall.

Parts of the dead zone formed by a 15° base appear to be permanently
fixed, not moving at all as recirculation progresses. However, as the base
angle increases the effect of the dead zone on pebble flow decreases allowing
the transit number of pebbles seeded near the wall to be closer in magnitude
to the transit number of pebbles seeded towards the centre of the pebble
packing. Also, as the base angle increases the inclination of the dead zone
increases. If the base angle is increased to 45° the dead zone still exists
and affects pebble flow.

Ae the base angle is decreased to 15° the dead zZone size increases, the
size of the pipe zone decreases, and both move further up into the vessel
which has the effect of decreasing the transit number of pebbles seeded near
the vessel centre and increasing the transit number of pebbles seeded near the
vessel wall.

The plug flow zone extends down into the pebble packing to a height of
4 to 20 in. above the vessel base (the base of the cylindrical section)
depending on the base angle.

The transit numbers of the individual trials are in strong agreement
with statistics experimentally produced with packed beds in previous work.
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PABLE 1
ANALYSED GROUPS OF TRIALS WITH COMMON ATTRIBUTES

-—-——------———--l¢-_—---—Il—--——-———--——-‘u-----—-——----—-——_—--——-

PEBBLE
PEBBLE BED
SPECIFIC HEIGHT

PEBBLE GRAVITY (IN.,} EXTR BASE PEBBLE
DIAM PDS . SHAPE SEEDING
CLASS (INJ) PERBLE RADIUS
DROP EXTR BASE {INJ)
GROUP TRIAL PEBBLE HEIGHT OIAM ANGLE BASE
NO. NO. SHAPE {INGY  (IN) (DEG) SURFACE

-----—--a--—--—-——------———-n--.———pu——-———-—pn.——-————---a—-----——-

1 B

18 1.09 SPH 3.4 6 28 8 LOW 35 CON NSLOT 2.2

11 1.88 SPH 3.4 6 28 8 LOW 35 CON NSLOT 14,5

12 1,08 SPH 3.4 6 28 B8 LOW 35 CON NSLOT 13.5
2 8

16 1.88 SPH 3.4 6 28 8 LOW 15 CON NSLOT @.e

17 1.08 SPH 3.4 6 28 8 LOW 15 CON NSLOT 13.5

18 1.68 SPH 3.4 6 28 8 tOW 1% CON NSLOT 13.5
3 8

20 1,08 SPH 3.4 6 28 8 LOW 25 HEX NSLOT a.0

21 1,880 SPH 3.4 6 28 B8 LOW 25 HEX NSLOT 13.5

22 1,00 SPH 3.4 6 28 8 LOW 25 HEX NSLOT 14,5
4 B

23 1.0@ SPH 3.4 6 28 8 LOW 35 HEX NSLOT 14.5

24 1.086 SPH 3.4 6 28 8 LOW 35 HEX NSLOT 13.5

25 1.80 SPH 3.4 6 28 8 LOW 35 HEX NSLOT e.0
5 8

26 1.00 SPH 3.4 6 28 8 LOW 45 HEX NSLOT 8.0

27 1,08 SPH 3.4 6 28 8 LOW 45 HEX NSLOT 14,5

28 1.60 SPH 3.4 6 28 B LOW 45 HEX NSLOT 13.5
6 B ‘

29 1.88 SPH 3.4 6 28 5 LOW 25 CON NSLOT 2.0

30 1,006 SPH 3.4 6 28 5 LOW 25 CON NSLOT 14.5
7 B

31 1,88 SPH 3.4 6 28 5 LOW 35 HMEX NSLOT 0.0

32 1.8 SPH 3.4 6 28 5 LOW 35 HEX NSLOT 14.5
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11

12

13

14

15

16

i7

i8

i9

33
34

35

38

41
42

43
44

45
46

47
48

63
64

65
66
68

69

2061
202
263
204
205
206
297
298
210
211
212
213

72

1.00

1.00

1,00
1.00

1.08
1.00

1.00
1.09
1.00

2.75.

.75
e@.75
2.75%
@.75
@.75%
B.75
0.75
B2.75
8.75
@.75
.75
8.75
2.75

8.75

SPH
SPH

SPH

SPH

SPH
SPH

SPH
SPH

SPH
SPH

SPH
SPH

SPH
SPH
SPH
SPH

SPH
SPH

SPH

SPH '

SPH

SPH
SPH
SPH
SPH
SPH
SPH
SPH
SPH
SPH
SPH
SPH
SPH
SPH
SPH

SPH
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30
30
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30
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30
30

30
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5 LOW

5 LOM
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20
21

22

23

24
25

26
27

28

29
30

31
32

33

73
74

75
122
124
125
126
128
129
13¢
131
132
133
134
135

78

79
8o

81
82

a4
86

87
88

89
98

g1
92

93
95

2.75

2.75

B.75
.75
@.75
8.75
.75
@.75
2.75
#.75
2.75
0.75
2.7%
%.75
0.7%

SPH

SPH

SPH
SPH
SPH
SPH
SPH
SPH
SPH
SPH
SPH
SPH
SPH
SPH
SPH

SPH

SPH
SPH

SPH
SPH

SPH

SPH

SPH
SPH

SPH

SPH

SPH
SPH

SPH
SPH
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34

35

36

37

38

39

492

98
99

ip2
183
1p4
105
107
198
199
110
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113
114

3e0
3g1
383
384
305

386
3a7
g8
309
310

312
313
314
315
316

317
320
321
322

323
325
326
327
328

329
330
331
332
333
343
344

#.75

.75

@.75

1.00
1.00
1.e0
1.00
1.2

1.89
1.00
1.02
1.09
1.00

1,00
1,00
1.00
1,09
1.00

1.08
i.09
1.00
1.002

1.00
1,00
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1,060
i1.09
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41 C
334 1.00
336 1.00
337 1.00
338 1.08
339 1.08
34¢ 1.00
341 1.08
342 1.008

42 C
346 0.75
348 £.75
349 8.75
35¢ @.75
351 ©0.75
352 @.75
353 B.75

43 C
354 0.75
356 08,75
356 0.75
357 8.75
358 @.75
359 8.75

44 C

ASPH
ASPH
ASPH

ASPH.

ASPH
ASPH
ASPH
ASPH

ASPH
ASPH
ASPH
ASPH
ASPH
ASPH
ASPH

ASPH
ASPH
ASPH
ASPH
ASPH
ASPH
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TABLE 1 (Cont'd.)
3.0 2 30 8 LOW
3.0 2 32 8 LOW
3.0 2 33 B LOW
3.0 2 33 B8 LOW
3.8 2 35 8 LOW
3.0 2 30 B8 LOW
3.0 2 30 8 LOW
3.8 2 32 8 LOW
3.0 B 24 8 LOW
3.0 8 24 8 LOW
3.0 8 24 B LOW
3.0 B 24 8 LOW
3.0 8 24 8 LOMW
3.0 8 24 8 LOW
3.0 8 24 8 LOW
3.0 2 30 8 LOW
3.8 2 33 6 LOW
3.0 2 38 8 LOW
3.0 2 3@ 8 LOW
3.0 2 332 8 LOW
3.0 2 33 B8 LOW
3.4 8 24 B8 LOW
3.4 8 24 8 LOW
3.4 8 24 8 LOW
3.4 B 24 8 LOW
3.4 8 24 5 LOW
3.4 8 24 68 LOW

- - o S A W N Y W WS W D S G A

SPH = SPHERICAL
ASPH = ASPHERICAL

HI = HIGH
CON = CONICAL
HEX = HEXAGONAL

SLOT = SLOTTED
NSLOT = UNSLOTTED
EXTR = EXTRACTOR
NO. = NUMBER

= [NCHES
DIAM = DIAMETER
DEG = DEGREES

= POSITION
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TABLE 2
TRIAL ATTRIBUTES

TR R AT NR MR TR S Mk W MR WA GG W MR P e SR S N AR T e e e W e YR S M ST AR LN A e AL ST R MR MR SR PR e e e T e e e e S R R R RE - e e e e .

PEBBLE
BED
HETGHT
(IN.) PEBBLE
SEEDING
PEBBLE  EXTR RADIUS SEEDING EXIT
SPECIFIC DIAM (IN,? INV INV
PEBBLE  GRAVITY  (IN.) BASE (PEB) (PEB)
DIAM ANGLE  BASE |
CIN.) PEBBLE (DEG) SURFACE RECIRC
DROP SOURCE RATE BED
TRIAL  PEBBLE HEIGHT EXTR BASE STRENGTH (PEB INV
NO. SHAPE  (IN,) POS  SHAPE (MCT) PER MIN) (PEB)

T e e e T e g M W R e AR T e M Y T R e D A e e P ey b e T W A A M AR B AP TR e mm e o e e e e S o AL e e

ig 1.e2 SPH
11 1,28 SPH
12 1,08 SPH
13 1.88 SPH
14 1.89 SPH
1% 1.80 SPH
16 1.08 SPH
i7 1.2@ SPH
18 1.88 SPH
19 1.8@0 SPH
20 1.090 SPH
21 1.8@0 SPH
22 1,00 SPH
23 1.00 SPH
24 1.00 SPH
25 1,08 SPH
26 1.080 SPH
27 1.00 SPH
28 1.P0 SPH
29 1,00 SPH
30 1.00 SPH
31 1.00 SPH
32 1.98 SPH
33 1.08 SPH
34 1.0@ SPH
35 1.08 SPH
36 1.080 SPH
37 1.080 SPH
38 1.880 SPH
39 1.80 SPH
49 1.09 SPH

LOW 35 CON NSLOT @.0 540 41237 430 68380 28800
LOW 35 CON NSLOT 14.5 19 60516 435 90820 28800
LOW 35 CON NSLOT 13,5 19 90932 440 117260 28800
LOW 25 CON NSLOT 9.8 540 @ 445 16162 28300
LOW 25 CON NSLOT 13.5 19 48544 465 82730 28300
LOW 25 CON NSLOT 14.5 19 82799 465 117950 28320
LOW 15 CON NSLOT 2.2 5406 10601 442 20750 27500
LOW 15 CON NSLOT 13.5 19 20806 430 131208 27508
LOW 15 CON NSLOT 13.5 19 g 43D 307690 275400
LOW 15 CON NSLOT 14.5 19 40884 478 269877 27500
LOW 25 HEX NSLOT 0.9 542 @ 430 18438 28300
LOW 25 HEX NSLOT 13.5 19 18866 430 58048 28300
LOW 25 HEX NSLOT 14,5 19 58145 430 104860 28300
LOW 35 HEX NSLOT 14,5 19 51790 410 89650 28800
LOW 35 HEX NSLOT 19 80656 400 114600 28800
LOW 35 HEX NSLOT 540 114729 413 136340 28800
LOW 45 HEX NSLOT 540 @ 426 24852 29900
LOW 45 HEX NSLOT 19 24899 424 57672 29900
LOW 45 HEX NSLOT 19 57772 424 92608 29992
LOW 2% CON NSLOT 540 56 367 17610 28304
LOW 25 CON NSLOT 19 17781 354 69921 2830p
LOW 35 HEX NSLOT 549 385 356 23585 28800
LOW 35 HEX NSLOT 23778 345 56138 28800
LOW 45 CON NSLOT 549 @ 352 23728 2992p
LOW 45 CON NSLOT 19 23861 346 56209 29980
LOW 15 HEX NSLOT 5449 g 348 12752 27509
LOKW 15 HEX NSLOT 19 & 365 77215 27508

Hl 45 CON NSLOT 540 @ 395 25518 29900
HI 45 CON NSLOT 19 25557 485 56673 29990

H1 25 CON NSLOT 19 @ 403 33218 28300

HI 25 CON NSLOT 548 33252 395 51850 28300
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TABLE 2 (Cont'd.)

1.4 SPH 3.4 6 28 8 HI 35 HEX NSLOT 14.5 19 P 395 32212 28880
1.0 SPH 3.4 6 28 8 HI 35 HEX NSLOT 0.8 548 32269 394 52524 28800
1,00 SPH 3.4 6 28 8 HI 15 HEX NSLOT 14,5 19 P 399 183356 27500
1.08 SPH 3.4 6 28 8 HI 15 HEX NSLOT @.0 542 11068 400 22828 27500
1.880 SPHY 3.4 6 28 5 HI 25 HEX NSLOT @.8 540 @ 340 16370 28308
1.4 SPH 3.4 6 28 5 HI 25 HEX NSLOT 14.5 19 16435 354 54252 28300
1.0 SPH 3.4 6 28 5 HI 35 CON NSLOT 8.0 540 p 355 22232 28800
1,72 SPH 3,4 6 28 5 HI 35 CON NSLOT 14.5 19 22257 335 53239 28808
1.8¢ SPH 3.4 6 28 5 HI 45 HEX NSLOY 8.8 540 0 344 24319 29900
1.00 SPH 3.4 6 28 5 HI 45 HEX NSLOT 14.5 19 24325 319 54318 29900
1.p8 SPH 3.4 6 28 5 HI 15 CON NSLOT 8.0 540 B 365 11113 27588
1,890 SPH 3.4 6 28 5 HI 15 CON NSLOT 14.5 19 11213 376 770606 27509
1.09 SPH 3.4 6 28 5 HI 25 CON NSLOT 14.5 19 P 228 44997 28300
1.09 SPH 3.4 6 28 5 HI 25 CON NSLOT 14,5 19 44997 308 108910 28300
1.08 SPH 3.4 6 28 5 Hl 25 CON NSLOT 14.5 19 @ 464 59477 2830692
1.080 SPH 3.4 6 28 5 HI 25 CON NSLOT 14,5 19 59477 370 185956 28380
1.60 SPH 3.4 6 28 5 Hl 25 CON NSLOT 14.5 19 @ 381 49154 28300
1.9 SPH 3.4 6 28 5 HI 25 CON NSLOT 14.5 19 49155 368 124042 28300
1,00 SPH 3.4 6 32 8 LDOW 15 CON NSLOT 12.8 19 @ 483 27155 27500
1.80 SPH 3.4 6 32 8 LOW 15 CON NSLOT 3.0 54@ 27750 400 377508 27500
1.8¢ SPH 3.4 6 32 8 LOW 15 CON NSLOT 9.0 160 38698 411 53355 27500
1.09 SPH 3.4 6 32 8 LOW 15 CON NSLOT 6.0 168 53522 402 65747 275080
1.00 SPH 3.4 6 32 8 LOW 35 HEX SLOT 9.0 162 @ 398 22860 32100
1.8 SPH 3.4 6 32 8 LOW 35 HEX SLOT 9.0 168 22895 398 46752 321080
1.00 SPH 3.4 6 29 8 LOW 35 CON NSLOT 6.0 169 @ 385 23015 29600
1.080 SPH 3.4 6 29 8 LOW 35 CON NSLOT 9.0 168 23168 385 47716 29600
1.08 SPH 3.4 6 29 B LOW 35 CON NSLOT 12.8 19 47787 385 77115 29600
1,89 GSPH 3,4 6 29 8 LOW 35 CON NSLOT 3.8 540 77136 385 96749 29600
@.75 SPH 3.4 6 38 8 LOW 35 CON NSLOT 14.5 18 110897 408 201930 70000
#.75 SPH 3.4 6 30 8 LOW 35 CON NSLOT 0.8 588 201981 480 251437 700090
@.75 SPH 3.4 6 3@ 8 LOW 25 HEX NSLOT 14,5 18 P ap6 132489 6778P
.75 SPH 3.4 6 308 8 LOW 25 HEX NSLOT ©.9 500 132513 400 167615 67700
.75 SPH 3,4 6 26 8 LOW 45 HEX NSLOT 2.0 502 P 488 56206 63100
.75 SPH 3.4 627 8 LOW 45 HEX NSLOT 14.5 18 56208 405 129740 65100
@.75 SPH 3.4 6 3P 8 LOW 15 CON NSLOT 0.0 58 @ 496 27115 66008
@.75 SPH 3.4 6 30 8 LOW 15 CON NSLOT 14,5 18 27132 410 338378 66008
.75 SPH 3.4 4 38 8 HIl 35 HEX NSLOT 14.5 18 @ 498 82750 70280
.75 SPH 3.4 4 30 8 HI 35 HEX NSLOT @.0 508 B2770 427 132860 70000
.75 GSPH 3.4 6 39 8 HI 25 CON NSLOT 14.5 18 @ 405 79870 67700
2.75 SPH 3.4 6 38 8 Hl1 25 CON NSLOT 0.0 590 79881 400 119362 67788
.75 SPH 3.4 & 30 8 HI 45 CON NSLOT 2.0 SBo @ 400 56482 71000
.75 SPH 3.4 6 30 8 HI 45 CON NSLOT 14,5 17 63769 400 134950 710200
3,75 SPH 3.4 6 38 8 HI 15 HEX NSLOT 14.5 17 g 400 182940 66089
.75 SPH 3.4 6 30 8 HI 15 HEX NSLOT #.0 500 1082950 400 128348 66000
.75 SPH 3.4 6 32 5 LOW 35 HEX NSLOT 0.0 500 @ 409 41235 78000
.75 SPH 3.4 4 38 5 LOW 35 HEX NSLOT 14.5 17 41242 400 1525108 70000
@.75 SPH 3.4 6 38 5 LOW 25 CON NSLOT 0.8 500 P 400 25340 67700
.75 SPH 3.4 6 32 5 LOW 25 CON NSLOT 14.5 17 25432 490 150760 67708
#.75 SPH 3.4 8 28 5 LOW 45 CON NSLOT ©.0 5@0 P 400 53427 67000
.75 SPH %.4 8 29 5 LOW 45 CON NSLOT 14.5 18 53443 400 139060 69000
@.75 SPH 3.4 8 38 5 LOW 15 HEX NSLOT @.0 508 @ 405 20310 66200
.75 SPH 3.4 0 32 5 LOW 15 HEX NSLOT 14,5 17 28323 483 109657 66000
@.75 SPH 3.4 @ 30 5 HI 35 CON NSLOT 6.0 508 D 380 36367 70000
6,75 SPH 3.4 @ 38 5 HI 35 CON NSLOT 14,5 17 36381 300 172660 Teanp
.75 GPH 3,4 6 38 5 HI 35 CON NSLOT 14.5 17 @ 400 76738 70000
.75 SPH 3.4 5 38 5 HI 25 HEX NSLOT 14,5 17 @ 400 213461 67700
.75 SPH 3.4 5 30 5 H1 25 HEX NSLOT ©.0 580 213477 408 241575 6770@
.75 SPH 3,4 5 30 5 HI 45 HEX NSLOT 14.5 18 @ 408 87610 71000
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99 #.75 SPH 3.4 6 30 5 HI 45 HEX NSLOT B.0 560 B7624 402 149285 71000
106 2.75 SPH 3.4 4 320 5 HI 15 CON NSLOY 14.5 18 D 400 741085 66009
181 8.75 SPH 3.4 4 30 5 HI 15 CON NSLOT .0 5080 741188 424 760295 66020
182 .75 SPH 3.4 5 30 8 LOW 45 CON NSLOT 0.0 520 @ 340 49886 71008
103 0.75 SPH 3.4 5 30 8 LOW 45 CON NSLOT 1.0 500 53467 340 10498¢ 71092
1B4 D2.75 SPH 3.4 5 30 8 LOW 45 CON NSLOT 2.0 500 105012 340 158282 71@p@
105 @.75 SPH 3.4 5 3P 8 LOW 45 CON NSLOT 3.0 58@ 158311 348 21137¢ 71000
166 6,75 SPH 3.4 5 30 8 LOW 45 CON NSLOT 4.8 500 211377 340 265960 7190p
187 8,75 SPH 3.4 5 30 8 LOW 45 CON NSLOT 14.5 18 265964 406 344290 71909
188 B.75 SPH 3.4 5 30 8 LOW 45 CON NSLOT 14,2 18 344320 406 419878 71000
189 @.75 SPH 3.4 5 30 8 LOW 45 CON NSLOT 13.8 18 4199080 400 489401 71000
119 .75 SPH 3.4 5 30 8 LOW 45 CON NSLOT 12,0 19 489440 400 557140 71200
111 2.75 SPH 3.4 5 38 8 LOW 45 CON NSLOT 11.8 19 557167 480 621448 71008
112 2,75 SPH 3.4 5 30 8 LOW 45 CON NSLOT 5.0 15@ 621474 402 677307 71000
113 2.75 SPH 3.4 5 30 8 LOW 45 CON NSLOT 6.0 150 677337 380 734608 71200
114 0.75 SPH 3.4 5 32 8 LLOW 45 CON NSLOT 7.2 150 734619 400 792480 71000
115 2.75 SPH 3.4 5 33 8 LOW 45 CON NSLOT 8.0 150 792514 480 852160 71800
1280 .75 SPH 3,4 5 30 8 LOW 15 CON NSLOY 14.5 18 @ 358 150100 66229
121 8.75 SPH 3.4 5 30 8 LOW 15 CON NSLOT 14,0 18 B 350 10670170 66p00
122 8,75 SPH 3.4 5 38 8 LOW 125 CON NSLOT 13.8 18 @ 350 733302 66000
123 8,75 SPH 3.4 5 30 8 LOW 15 CON NSLOT 12,0 18 @ 356 68595 s6p00
124 2.75 SPH 3.4 5 39 8 LOW 15 CON NSLOT 11,0 18 @ 352 36970 66009
125 8,75 SPH 3.4 5 30 8 LOW 15 CON NSLOT 12.9 150 @ 358 36760 66000
126 8.75 SPH 3,4 5 30 8 LOW 15 CON NSLOT 9.2 15p 8 350 28630 66000
127 8.75 SPH 3.4 5 32 8 LOW 15 CON NSLOT 8.0 15p B 3580 25400 66009
128 9.75 SPH 3.4 5 32 8 LOW 15 CON NSLOT 7.0 159 @ 3580 24558 66002
129 8,75 SPH 3,4 5 339 8 LOW 15 CON NSLOT 6.0 150 @ 350 22400 66080
130 @.75 SPH 3.4 5 30 B LOW 15 CON NSLOT 5.0 15p @ 350 21230 66000
131 @.75 SPH 3,4 5 38 8 LOW 15 CON NSLOT 4,0 158 B 356 21200 66229
132 8.75 SPH 3.4 5 30 8 LOW 15 CON NSLOT 3.0 54¢ 0 350 21000 66002
133 2.75 SPH 3.4 5 380 8 LOW 15 CON NSLOT 2.0 549 @ 350 20850 66000Q
134 0.75 SPH 3.4 5 390 8 LOW 15 CON NSLOT 1,8 54p D 358 20140 66009
135 8.75 SPH 3.4 5 30 8 LOW 15 CON NSLOT 0.9 54p P 358 19890 66000
136 8.75 SPH 3,4 6 29 8 LOW 25 CON NSLOT 14.5 18 @ 358 248385 55700
137 ©.75 SPH 3.4 6 38 8 LOW 25 CON NSLOT 14,0 18 @ 350 146400 67700
136 8.75 SPH 3.4 6 30 8 LOW 25 CON NSLOT 13.8 18 A 350 126000 67709
201 .75 SPH 3.4 5 32 8 LOW 35 CON NSLOT 0.8 501 D 408 46650 70000
202 €.75 SPH 3,4 5 30 8 LOW 35 CON NSLOT 1.0 500 46696 400 95332 70000
203 2.75 SPH 3,4 5 38 8 LOW 35 CON NSLOT 2.0 500 95300 400 146250 702048
204 B.75 SPH 3,4 5 30 8 LOW 35 CON NSLOT 3.0 500 146264 408 198720 70000
205 0,75 SPH 3,4 5 30 8 LOW 35 CON NSLOT 4.0 150 198757 400 250360 709000
206 0,75 SPH 3.4 5 30 8 LOW 35 CON NSLOT 5.8 158 2 488 51238 70p00
207 8,75 SPH 3.4 5 30 8 LOW 35 CON NSLOT 6.2 150 51243 400 186680 70000
208 0.75 SPH 3.4 5 33 8 LOW 35 CON NSLOT 7.8 15 106695 400 163800 78000
289 8.75 SPH 3.4 5 38 8 LOW 35 CON NSLOT 8.0 158 163830 400 221672 70800
218 9,75 SPH 3.4 5 33 8 LOW 35 CON NSLOT 9.0 158 221688 480 279528 78902
211 @.75 SPH 3.4 5 33 8 LOW 35 CON NSLOT 14.@ 150 279533 400 342558 70008
212 8.75 SPH 3.4 5 32 8 LOW 35 CON NSLOT 11,8 18 342563 402 497229 70000
213 0.75 SPH 3.4 5 38 8 LOW 35 CON NSLOT 12.8 18 407235 400 475078 70009
214 0.75 SPH 3.4 5 30 8 LOW 35 CON NSLOT 13.0 18 475085 408 552878 70029
215 8,75 SPH 3.4 5 39 8 LOW 35 CON NSLOT 14.8 18 552880 460 627930 70000
300 1.00 SPH 3.4 2 30 8 LOW 35 CON NSLOT 14,5 17 @ 30 35258 30582
SB1 1,80 SPH 3,0 2 38 8 LOW 35 CON NSLOT 12.0 150 35250 302 63095 3@500
302 1.00 SPH 3.0 2 30 8 LOW 35 CON NSLOT 6.0 150 63095 3@0 86514 305088
SP3 1,80 SPH 3.8 2 30 8 LOW 35 CON NSLOT 9.0 150 86515 302 111843 30500
304 1.00 SPH 3,2 2 38 8 LOW 35 CON NSLOT 0.0 500 111845 300 134231 36500
305 1,00 SPH 3.0 2 30 8 LOW 35 CON NSLOT 3.8 500 134231 380 156775 39500
306 1.080 SPH 3.2 8 24 B8 LOW 35 CON NSLOT ©.2 58 B 300 14829 26620
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337 1.00 SPH 3.0 8 24 8 LOW 35 CON NSLOT 3.0 500 14831 3080 27463 26600
3g8 1.0 SPH 3.9 8 24 8 LOW 35 CON NSLOT 6.8 157 27499 300 44113 26600
399 1.2@ SPH 3.0 8 24 8 LOW 35 CON NSLOT 9.8 150 44113 3080 62107 26620
%19 1.00 SPH 3.2 8 24 8 LOW 35 CON NSLOT 12.2 150 134900 300 160943 26600
311 1.08 SPH 3.@ B 24 8 LOW 35 CON NSLOT 14,5 150 160946 3008 197583 26609
312 1.00 SPH 3.4 8 24 8 tOW 35 CON NSLOT 14.5 159 @ 30@ 37910 26608
313 1.8 SPH 3.4 8 24 8 LOW 35 CON NSLOT 12.8 17 379108 320 64403 26600
314 1,80 SPH 3.4 8 24 8 LOW 35 CON NSLOT 9.8 150 64700 380 84000 26600
315 1.0@ SPH 3.4 8 24 8 LOW 35 CON NSLOT 6.0 500 B4Q00 300 98700 26600
316 1.880 SPH 3.4 8 24 8 LOW 35 CON NSLOT 3.8 580 98700 300 114600 26600
317 1.00 ASPH 3,4 8 24 8 LOW 35 CON NSLOT 14.5 22 @ 358 41850 29508
318 1.00 ASPH 3.4 B8 24 8 LOW 35 CON NSLOT 12.8 22 @ 358 34556 29500
320 1.8 ASPH 3.4 8 24 8 LOW 35 CON NSLOT 9.8 22 75571 352 98186 29500
321 1.00 ASPH 3,4 8 24 8 LOW 35 CON NSLOT 0.8 500 98188 350 115830 29580
322 1.80 ASPH 3.4 8 24 8 LOW 35 CON NSLOT 3.8 508 115832 350 133849 295@0
323 1.80 ASPH 3.4 2 32 8 LOW 35 CON NSLOT 3.0 500 133850 350 158525 35000
324 1,00 ASPH 3.4 2 30 8 LOW 35 CON NSLOT .2 500 158525 350 184396 35000
325 1.00 ASPH 3.4 2 3@ 8 LOW 35 CON NSLOT 6.8 135 184398 350 211351 35000
326 1.80 ASPH 3.4 2 3@ 8 LOW 35 CON NSLOT 9.8 22 211351 350 239523 35000
327 1.0 ASPH 3.4 2 38 8 LOW 35 CON NSLOT 12.8 22 239523 350 274008 35000
328 1.08 ASPH 3.4 2 3@ 8 LOW 35 CON NSLOT 14.5 22 274000 350 313880 35080
329 1,00 ASPH 3.2 8 24 8 LOW 35 CON NSLOT 14.5 22 g 300 38518 29500
338 1.6¢ ASPH 3.0 8 24 8 LOW 35 CON NSLOT 12.8 22 38519 300 73000 29500
331 1.00 ASPH 3.0 8 24 8 LOW 35 CON NSLOT 9.0 22 73000 330 93368 29500
332 1.00 ASPH 3.0 8 24 B8 LOW 35 CON NSLOT 6.8 135 93360 330 111750 29508
333 1.09 ASPH 3,0 8 24 8 LOW 35 CON NSLOT 2.9 560 126590 33P0 142850 29500
334 1.00 ASPH 3.8 2 30 8 LOW 35 CON NSLOT @.8 560 142850 330 166690 35000
335 1,88 ASPH 3,0 2 30 8 LOW 35 CON NSLOT 6.0 135 166690 339 193000 35000
336 1.02 ASPH 3.8 2 38 8 LOW 35 CON NSLOT 3.8 135 193000 330 217300 35090
337 1.8@ ASPH 3.0 2 30 8 LOW 35 CON NSLOT 14.5 22 217308 340 263950 35000
338 1.08 ASPH 3.0 2 39 8 LOW 35 CON NSLOT 9.8 22 263958 340 292000 35000
339 1.00 ASPH 3.0 2 38 8 LOW 35 CON NSLOT 12,0 22 292080 340 324420 35000
340 1.008 ASPH 3.8 2 32 8 LOW 35 CON NSLOT 6.8 135 @ 340 250861 35800
341 1.00 ASPH 3.8 2 30 8 LOW 35 CON NSLOT 3.8 135 25861 340 48109 35000
342 1.M@ ASPH 3.0 2 38 8 LOW 35 CON NSLOT @.8 135 48109 340 71733 35800
343 1.00 ASPH 3.2 8 24 8 LOW 35 CON NSLOT @.8 135 77253 340 92172 29500
344 1.08 ASPH 3.0 8 24 8 LOW 35 CON NSLOT 3,0 135 92172 349 107077 29580
346 ©.75 ASPH 3.8 8 24 8 LOW 35 CON NSLOT 12.8 18 112320 350 184328 68000
347 $.75 ASPH 3.0 8 24 8 LOW 35 CON NSLOT @.0 145 184320 350 221190 68000
348 @.75 ASPH 3.0 8 24 8 LOW 35 CON NSLOT 14.5 19 221190 36 303787 68020
349 2,75 ASPH 3.0 8 24 8 LOW 35 CON NSLOT 12.0¢ 19 303787 360 368308 68000
358 6.75 ASPH 3.0 8 24 B LOW 35 CON NSLOT 6.8 1608 368308 360 402640 680020
359 %,75 ASPH 3.¢ B8 24 8 LOW 35 CON NSLOT 3.0 1602 492643 390 438277 68000
355 ¥.75 ASPH 3.0 8 24 8 LOW 35 CON NSLOT 6.0 168 438277 408 476815 68000
353 ¢.75 ASPH 3.2 8 24 8 LOW 35 CON NSLOT 9.8 168 476816 38@ 523517 680600
354 §.75 ASPH 3.0 2 30 8 LOW 35 CON NSLOT 9.0 168 523522 360 5896092 800¢0
35% P.75 ASPH 3.8 2 30 8 LOW 35 CON NSLOT 6.0 160 589680 360 649356 BODPA
356 3,75 ASPH 3,0 2 32 8 LOW 35 CON NSLOT 3.0 168 649356 420 706478 8PR200
357 3.75 ASPH 3.0 2 30 B LOW 35 CON NSLOT 0.0 16¢ 706478 440 763773 80000
358 #.75 ASPH 3.0 2 3@ 8 LOW 35 CON NSLOT 14.5 19 763773 440 856666 80009

359 8.75 ASPH 3,0 2 30 8 LOW 35 CON NSLOT 12.0 19 856666 430 937800 80000
360 0,75 SPH 3,4 B 24 8 LOW 35 CON NSLOT 12.2 18 @ 436 57736 58000
361 #.75 SPH 3.4 8 24 8 LOW 35 CON NSLOT 14.5 18 57743 420 140253 58000
362 .75 SPH 3.4 8 24 8 LOW 35 CON NSLOT 9.8 145 140256 440 182173 58000
363 #,75 SPH 3.4 B 24 8 LOW 35 CON NSLOT 6.0 145 182173 410 218920 58020
364 @.75 SPH 3.4 8 24 8 LOW 3% CON NSLOT 3.2 145 218920 430 252180 58000
365 @.75 SPH 3.4 8 24 8 LOW 35 CON NSLOT @.9

145 252188 440 285820 58000
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SPH = SPHERICAL
ASPH = ASPHERICAL

HI = HIGH
CON = CONICAL
HEX = HEXAGONAL

SLOT = SLOTTED
NSLOT = UNSLOTTED
EXTR = EXTRACTOR

INV = INVENTORY

NO. = NUMBER

IN. = INCHES

DIAM = DIAMETER

DEG = DEGREES

MCI = MILLICURIES
RECIRC = RECIRCULATION
MIN = MINUTE

PEB = PEBBLES

POS = POSITINN
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TABLE 3
GROUPE OF TRIALS WITH COMMON ATTRIBUTES

ek . M P WA W e b T M e ek W A R T T S WD M W Y mm e ke e S MR R SR W Em mm S MR SR AR DM AR A D e e

- PEBBLE
BED
HEIGHT
PEBBLE (IN,)
SPECIFIC
PEBBLE GRAVITY EXTR BASE PEBBLE
DIAM POS SHAPE SEEDING
(IN,) PEBBLE RADIUS
DROP EXTR BASE (IN,)
TRIAL PEBBLE HEIGHT DIAM ANGLE BASE
NO. SHAPE (IN.) (IN.) (DEG) SURFACE

g el v P e D W A R N WD P v W MR S e A mm i ah B R ek R N S g W NS NS n M s ey w S O AN R SR R SR S5 M5 M e e e A

i 1.e9 SPH 3.4 6 28 8 LOW 35 CON NSLOT A.0
i1 1.00 SPH 3.4 6 28 B8 LOW 35 CON NSLOT 14.5
12 1,00 SPH 3.4 6 28 B8 +O0W 35 CON NSLOT 13.5
13 1.08 SPH 3.4 6 28 8 LOW 25 CON NSLOT ¢.0
14 1.00 SPH 3.4 6 28 8 LOW 25 CON NSLOT 13.5
15 1.09 SPH 3.4 6 28 8 LOW 25 CON NSLOT 14,5
16 1.08 SPH 3.4 6 28 8 LOW 15 CON NSLOT .o
17 1.08 SPH 3.4 6 28 8 LOW 15 CON NSLOT 13.5
i8 1.00 SPH 3.4 6 28 8 LOW 15 CON NSLOT 13.5
19 1.90 SPH 3.4 6 28 8 LOW 15 CON NSLOT 14.5
20 1.00 SPH 3.4 6 28 8 LOW 25 HEX NSLOT p.o0
21 1,00 SPH 3.4 6 28 8 tLOW 25 HEX NSLOT 13,5
22 1.00 SPH 3.4 6 28 8 LOW 25 HEX NSLOT 14,5
23 1.00 SPH 3.4 6 28 8 LOW 35 HEX NSLOT 14,5
24 1.99 SPH 3,4 6 28 8 LOW 35 HEX NSLOT 13.5
25 1.29 SPH 3.4 6 28 8 LOW 35 HEX NSLOT a.0
26 1.@0 SPH 3.4 6 28 8 LOW 45 HEX NSLOT 9.0
27 1.e9 SPH 3.4 6 28 8 LOW 45 HEX NSLOT 14.5
28 1.80 SPH 3.4 6 28 8 LOW 45 HEX NSLOT 13.5
29 1.08 SPH 3.4 6 28 5 LOW 25 CON NSLOT g.0
32 1.00 SPH 3.4 6 28 5 LOW 25 CON NSLOT 14.5
31 1.00 SPH 3.4 6 28 5 LOW 35 HEX NSLOT B.0
32 1.00 SPH 3.4 6 28 5 |OW 35 HEX NSLOT 14.5
33 1.00 SPH 3.4 6 28 5 LOW 45 CON NSLOT 9.0
34 1.00 SPH 3.4 6 28 5 LOW 45 CON NSLOT 14.5
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SPH 3.4 6 28 5 LOW 15 HEX NSLOT
SPH 3.4 6 28 5 LOW 15 HEX NSLOT
SPH 3.4 6 28 8 HI 45 CON NSLOT
S5PH 3.4 6 28 8 HI 45 CON NSLOT
SPH 3.4 6 28 8 HI 25 CON NSLOT
SPH 3.4 6 28 8 HI 25 CON NSLGT
SPH 3.4 6 28 8 HI 35 HEX NSLOTY
SPH 3.4 6 28 8 HI 35 HEX NSLOT
SPH 3.4 6 28 8 HI 15 HEX NSLOT
SPH 3.4 6 28 8 HI 15 HEX NSLOT
SPH 3.4 6 28 5§ HI 25 HEX NSLOT
SPH 3.4 6 28 5 HI 25 HEX NSLOT
SPH 3.4 6 28 5 HI 35 CON NSLOT
SPH 3.4 6 28 &5 H1 35 CON NSLOT
SPH 3.4 6 28 5 HI 45 HEX NSLOT
5PH 3.4 6 28 5 HI 45 HEX NSLOT
SPH 3.4 6 28 5 HI 15 CON NSLOT
SPH 3.4 & 28 5 HI 15 CON NSLOT
SPH 3.4 6 28 5 HI 25 CON NSLOTY
SPH 3.4 6 28 5 HI 25 CON NSLOT
SPH 3.4 6 28 5 HI 25 CON NSLOT
SPH 3.4 6 28 5 H! 25 CON NSLOTY
SPH 3.4 6 28 5 H1 25 CON NSLOT
SPH 3.4 6 28 5 H1 25 CON NSLOT
SPH 3.4 6 32 8 LOW 15 CON NSLOT
SPH 3.4 6 32 8 LOW 15 CON NSLOT
SPH 3.4 6 32 8 LOW 15 CON NSLOT
SPH 3.4 6 32 8 LOW 1% CON NSLOT
SPH 3.4 6 32 8 LOW 35 HEX SLOT
SPH 3.4 6 32 8 LOW 35 HEX SLOT
SPH 3.4 6 29 8 LOW 35 CON NSLOT
SPH 3.4 6 29 8 LOW 35 CON NSLOT
SPH 3.4 6 29 8 LOW 35 CON NSLOT
SPH 3.4 6 29 8 LOW 35 CON NSLOT
SPH 3.4 6 3@ 8 LOW 35 CON NSLOT
SPH 3.4 6 30 8 LOW 35 CON NSLOT
SPH 3.4 5 38 8 LOW 35 CON NSLOT
SPH 3.4 5 3@ 8 LOW 35 CON NSLOT
SPH 3.4 5 38 8 LOW 35 CON NSLOT
SPH 3.4 5 38 8 LOW 35 CON NSLOT
SPH 3.4 5 38 8 LOW 35 CON NSLOT
SPH 3,4 5 30 8 LOW 35 CON NSLOT
SPH 3,4 5 3@ 8 LOW 35 CON NSLOT
SPH 3.4 5 386 8 LOW 35 CON NSLOT
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209 @.75 SPH 3.4 5 32 8 LOW 35 CON NSLOT 8.0
219 ©.75 SPH 3.4 5 3@ 8 LOW 35 CON NSLOT 9.0
21t 8.75 SPH 3.4 5 30 8 [|OW 3% CON NSLOT 10.9
212 ©.75 SPH 3.4 5 3¢ 8 LOW 35 CON NSLOT 11.8
213 2.7% SPH 3.4 5 30 8 LOW 35 CON NSLOT 12,0
214 0.75 SPH 3.4 5 32 8 LOW 3% CON NSLOT 13.8
215 @.75 SPH 3.4 5 38 8 LOW 35 CON NSLOT 14.2
71 B.75 SPH 3.4 6 30 8 LOW 25 HEX NSLOT 14.5
72 B.75 SPH 3.4 6 38 8 LOW 25 HEX NSLOT g.e
73 B.75 SPH 3.4 6 26 8 LOW 45 HEX NSLOT g.0
74 B.75 SPH 3.4 6 27 8 LOW 45 HEX NSLOT 14.5
79 @2.75 SPH 3.4 6 30 8 LOW 15 CON NSLOT e.0
76 9.75 SPH 3.4 6 390 8 LOW 15 CON NSLOT 14.5
i2e 2,75 SPH 3,4 5 38 8 LOW 15 CON NSLOT 14.5
121 @.75 SPH 3.4 5 30 8 LOW 15 CON NSLOT 14.0
122 @.75 SPH 3.4 5 3¢ 8 LOW 15 CON NSLOT 13.0
123 8.75 SPH 3.4 5 3¢ 8 LOW 15 CON NSLOT 12.9
124 @.75 SPH 3.4 5 3 8 L0OW 15 CON NSLOT 11,0
125 @8.75 SPH 3.4 5 32 8 LOW 15 CON NSLOT 10.9
126 @.75 SPH 3.4 5 32 8 LOW 15 CON NSLOT 2.0
127 @.75 SPH 3.4 5 3P 8 LOW 15 CON NSLOTY 8.0
128 @.75 SPH 3.4 5 30 8 LOW 15 CON NSLOT 7.0
129 B.75 SPH 3,4 5 30 8 LOW 15 CON NSLOT 6.0
130 B.75 SPH 3.4 5 328 8 LOW 15 CON NSLOT 5.0
131 @.75 SPH 3.4 5 32 8 LOW 15 CON NSLOT 4.9
132 0.75 SPH 3,4 5 30 8 LOW 15 CON NSLOT 3.0
133 @.75 SPH 3,4 5 30 8 LOW 15 CON NSLOT 2.0
134 2.75 SPH 3.4 5 30 8 LOW 15 CON NSLOT 1.9
135 8.75 SPH 3.4 5 38 8 LOW 15 CON NSLOT .0
77 8.75 SPH 3.4 4 30 8 HI 35 HEX NSLOT 14.5
78 B.75 SPH 3.4 4 38 8 HI 35 HEX NSLOT 2.0
7% 8,75 SPH 3.4 6 3P 8 HI 25 CON NSLOT 14.5
88 B.75 SPH 3.4 6 32 8 H! 25 CON NSLOT 2.0
B1 0.75 SPH 3.4 6 3¢ 8 HI 45 CON NSLOT a.0
82 0.75 SPH 3.4 & 30 8 HI 45 CON NSLOT 14.5
83 8.75 SPH 3.4 6 38 8 HI 15 HEX NSLOT 14.5
B4 B.75 SPH 3.4 6 3P 8 HI 15 HEX NSLOT 0.0
85 B8.75 SPH 3.4 & 3P 5 LOW 35 HEX NSLOT 2.0
86 0.75 SPH 3.4 4 3@ S5 LOW 35 HEX NSLOT 14,5
87 0.75 SPH 3.4 6 30 5 LOW 25 CON NSLOT b.0
868 0.75 SPH 3.4 6 30 5 (LOW 25 CON NSLOT 14.5
89 0.75 SPH 3.4 B8 28 5 LOW 45 CON NSLOT 2.0
93 @.75 SPH 3.4 8 29 5 LOW 45 CON NSLOT 14.5
91 B.75 SPH 3.4 & 32 5 LOW 15 HEX NSLOT 2.0
92 @.75 SPH 3.4 @ 38 5 LOW 15 HEX NSLOT 14.5
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93 8.75 SPH 3.4 9 30 5 HI 35 CON NSLOT 2.0
94 P.75 SPH 3.4 © 30 5 HI 3% CON NSLOT 14.5
95 B.75 SPH 3.4 6 30 5 HI 35 CON NSLOT 14.5
96 B8.75 SPH 3.4 5 3@ 5 HI 25 HEX NSLOT 14,5
97 8.75 SPH 3,4 5 3@ 5 HI 25 HEX NSLOT 2.0
98 B.75 SPH 3,4 6 30 5 HI 45 HEX NSLOT 14.5
99 @8.75 SPH 3.4 6 30 5 HI 45 HEX NSLOT g.9
180 @.75 SPH 3.4 4 32 5 Hl 15 CON NSLOT 14,5
161 @.75 SPH 3,4 4 3@ 5 HI 1% CON NSLOT 2.9
192 @.75 SPH 3.4 5 32 8 LOW 45 CON NSLOT e.0
183 @2.75 SPH 3.4 5 32 8 (LOW 45 CON NSLOT 1.8
164 .75 SPH 3.4 5 38 8 LOW 45 CON NSLOT 2.0
ig5 @.75 SPH 3.4 5 30 8 LOW 45 CON NSLOT 3.0
i6e 8.75 SPH 3,4 5 3P B8 LOW 45 CON NSLOT 4.0
197 @.75 SPH 3.4 5 3@ 8 {(OW 45 CON NSLOT 14,5
igs @.75 SPH 3.4 5 32 8 LOW 45 CON NSLOT 14.9
189 @.75% SPH 3.4 5 38 8 LOW 45 CON NSLOT 13.@
118 8.75 SPH 3.4 5 30 8 LOW 45 CON NSLOT 12.8
111 8,75 SPH 3.4 5 38 8 LOW 45 CON NSLOT 11,8
112 B.75 SPH 3.4 5 30 8 LOW 45 CON NSLOT 5.0
113 P2.75 SPH 3.4 5 38 B8 LOW 45 CON NSLOT 6.0
114 @.75 SPH 3.4 5 38 8 LOW 45 CON NSLOT 7.0
115 8.75 SPH 3.4 5 38 8 LOW 45 CON NSLOT .o
136 ©.75 SPH 3.4 6 29 8 LOW 25 CON NSLOT 14.5
137 #.75 SPH 3.4 6 30 8 LOW 25 CON NSLOT 14.0
138 9.75 SPH 3.4 6 3/ 8 LOW 25 CON NSLOT 13.0
390 1.00 SPH 3,8 2 30 8 LOW 35 CON NSLOT 14,5
301 tL.00 SPH 3.8 2 38 8 LOW 35 CON NSLOT 12.0
382 1.00 SPH 3.0 2 38 8 LOW 35 CON NSLOT 6.8
303 1.08 SPH 3.8 2 30 B8 LOW 35 CON NSLOT 9.9
3g4 1.00 SPH 3.8 2 30 8 LOW 35 CON NSLOT 2.0
385 1.00 SPH 3.8 2 3@ 8 LOW 35 CON NSLOT 3.0
3g6 1.00 SPH 3.2 8 24 8 LOW 35 CON NSLOT 6.2
387 1.900 SPH 3.8 8 24 8 LOW 35 CON NSLOT 3.0
3@ 1,09 SPH 3.8 8 24 8 LOW 35 CON NSLOT 6.0
309 1.09 SPH 3.8 8 24 8 LOW 35 CON NSLOT 9.9
310 1.99 SPH 3.0 8 24 8 LOW 35 CON NSLOT 12,0
311 1.00 SPH 3.2 8 24 8 LOW 35 CON NSLOT 14.5
312 1.00 SPH 3.4 8 24 8 LOW 35 CON NSLOT 14,5
313 1.9 SPH 3.4 8 24 8 LOW 35 CON NSLOT 12,0
314 1,00 SPH 3.4 8 24 8 LOW 35 CON NSLOT 9.8
315 1.80 SPH 3.4 8 24 8 LOW 35 CON NSLOT 6.0
316 1,00 SPH 3.4 8 24 8 LOW 35 CON NSLOT 3.0
317 1,00 ASPH 3,4 8 24 8 LOW 35 CON NSLOT 14.5
318 1.8 ASPH 3.4 8 24 8 LOW 35 CON NSLOT 12.0
320 1.00 ASPH 3.4 8 24 8 LOW 35 CON NSLOT 9.0
321 © 1.0 ASPH 3,4 8 24 8 LOW 35 CON NSLOT @.a
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322 1.88 ASPH

(7]
E -
[+ ]
n
+H
(7]
=

LOW 35 CON NSLOT

323 1.88 ASPH
324 1.088 ASPH
325 1.88 ASPH
326 1.0@8 ASPH
327 1.8@ ASPH
328 1.88 ASPH

LOW 35 CON NSLOT
LOW 35 CON NSLOT
LOW 35 CON NSLOTY
LOW 35 CON NSLOT
LOW 35 CON NSLOT
LOW 35 CON NSLOY

F- - - g e
- - . ® @ @

329 1.88 ASPH
338 1.88 ASPH
331 1.80 ASPH
332 1.8@ ASPH
333 1.88 ASPH
343 1.84 ASPH
344 1.00 ASPH

LOW. 35 CON NSLOT
LOW 35 CON NSLOT
LOW 35 CON NSLOT
LOW 35 CON NSLOT
LOW 35 CON NSLOT
LOW 35 CON NSLOT
LOW 35 CON NSLOT

- e

.- ® » e ® ®» e

bbb DB mEeTes annoeanED aonmmmmeEe® anmhamm

e 2 & = ° *

334 1.980 ASPH
335 1.0 ASPH
336 1.80 ASPH
337 1.P8 ASPH
338 1.80 ASPH
339 1,00 ASPH
340 1,88 ASPH
341 1.08 ASPH
342 1,88 ASPH

LOW 35 CON NSLOT
LOW 35 CON NSLOT
LOW 35 CON NSLOT
LOW 35 CON NSLOT
LOW 35 CON NSLOT
LOW 35 CON NSLOTY
LOW 35 CON NSLOT
LOW 35 CON NSLOT
LOW 35 CON NSLOT
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346 0.75 ASPH
347 @A.75 ASPH

LoWw 35 CON NSLOT
LOW 35 CON NSLOY
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.0 8 .

2 8 .
348 @.75 ASPH 3.8 8 24 LOW 35 CON NSLOT 14,
349 ©2.75 ASPH 3.0 8 24 LOW 35 CONM NSLOT 12,
35¢ @.75 ASPH 3.8 8 24 LON 35 CON NSLOT .
351 2,75 ASPH 3.8 8 24 £LOW 35 CON NSLOT .
352 B.75 ASPH 3.0 8 24 LOW 35 CON NSLOT .
353 @.75 ASPH 3.8 8 24 LOW 35 CON NSLOT .
354 D.75 ASPH 3.0 2 30 LOW 35 CON NSLOT 9,
355 0.75 ASPH 3.8 2 30 LOW 35 CON NSLOT 6.
356 ©0.75 ASPH 3.0 2 30 LO¥ 35 CON NSLOT 3,
357 ©.75 ASPH 3.8 2 30 LOW 35 CON NSLOT 2,
358 B.75 ASPH 3.2 2 30 LOW 35 CON NSLOT 14,
359 @.75 ASPH 3.0 2 3@ LOW 35 CON NSLOT 12,
368 2,75 SPH 3.4 8 24 LOW 35 CON NSLOT 12.0
I61 @.75 SPH 3,4 B8 24 LOW 35 CON NSLOT 14,5
362 B.75 SPH 3.4 8 24 LOW 35 CON NSLOT 9.0
363 @.75 SPH 3.4 B 24 LOW 35 CON NSLOT 6.0
364 ©,75 SPH 3.4 8 24 LOW 35 CON NSLOT 3.9
365 @.75 SPH 3.4 8 24 LOW 35 CON NSLOT 0.8
SPH = SPHERICAL NSLOT = UNSLOTTED
ASPH = ASPHERICAL EXTR = EXTRACTOR
HI = HIGH NO. = NUMBER
CON = CONICAL IN. = INCHES
HEX = HEXAGONAL DIAM = DIAMETER
SLOT = SLOTTED DEG = DEGREES

POS = POSITION
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TABLE 4
INCLINATION OF THE DEAD ZONE BOUNDARY

S W W S S Sy e RS S e S e A R M E R R WS W S P M TS e e mk W  mm ae BE

BOUNDARY
INCLINATION
AS A
DEAD ZONE MULTIPLE
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TABLE 5
TRIALS WITH EFFECTS IN RADIAL,

]
ANGULAR, AND CIRCUMFERENTIAL VELOCITIES

—---.-—---———-—--.-——--—-.-——-—-.—---_——--—--—--——-—_—--——-——--—-—-

VELOCITIES TRIALS WITH
NOT VELOCITIES
GREATER GENERALLY .

THAN ZERD GREATER THAN ZERO TRIALS WITH VELOCITIES
DURING THROUGHOUT ONLY GREATER THAN
TRIAL TRIAL ZERO NEAR END OF TRIAL

10 16 17 18 22 11 12 20 21
26 24 27 28 32 23 25 29 39
184 33 35 41 42 31 34 38 44
283 43 47 48 59 45 46 61 65
285 6 62 63 64 66 70 74 8@
68 69 72 73 81 88 89 90
75 78 79 82 98 102 1120 112
84 86 87 91 129 133 135 202
92 93 95 99 206 2087 208 210
1903 105 1987 188 212 213 3p8 383
169 113 114 122 3g4 397 315 316
124 125 126 128 328 321 323 325
130 131 132 134 326 338 334 336
201 294 211 381 337 34p 354 355

35 326 3Ip8 309 359

—--.--——-_-..---—...——-..u-_--—-_———--—-1.-——_--—_-------——_---———-
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TABLE 6

MAXIMUM PEBBLE VELOCITIES
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307

3g8
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312
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326
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328
329
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331
332
333
334
336
337
338
339
340
341
342
343
344
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348
349
350
351
352
353
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355
356
357
358
359
360
361
362
363
364
365
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TARBLE 7
INFLUENCE OF EXTRACTOR CN PEBRLE MOVEMENT

— D e T N PN G SR mp e A e e A TR W S A W V. M M e W M A M S CR A O S omm o SRk G R AR

TRIAL
NO.

CIRCUM
ABSOLUTE
VELOCITY

RANGE

CIRCUM
VELOCITY
START

(POWER OF 18) HEIGHT

LOCATION

oF

MAJORITY

of
CIRCUM

VELOCITIES

[ —————— ek e hd it et

+01
+91
+01
+Q00
+01
+B1
+00
+00
+04
+a0
+00

+08
+00
+81
+01
+61
+09
+00
+0B
T
+80
+00
+B0
+00
+01
+p1
+00
+01
+01
+01
+00
+00
+08
+BB
+0p
+B1
+01
+80
+00

+ 3
+ 5
+21
+27
+28
+14
+13
+26
+11
+ 2
+11

+ 0
+ 1
+16

+ 4
+26
+24
+ 2
+26
+ 2
+ 9
+28
+12
+19
+13
+10
+19
+21
+27
+28
+15
+30
+30
+30
+ b
+ 4
+26
+ 4

NTL

BASE

BASE
SCATTERED
SCATTERED
SCATTERED
BASE

BASE

BASE

BASE

BASE

BASE

NIL

BASE

BASE

BASE

BASE

BASE

BASE

ToP

BASE
SCATTERED
BASE
SCATTERED
SCATTERED
BASE

BASE

BASE

BASE

BASE

BASE

BASE
SCATYERED
BASE
SCATTERED
SCATTERED
TOP

BASE

BASE
SCATTERED
SCATTERED

LOHW
LOW
LOW
LOW
LLOW
LOW
LONW
LOH
LOKW
LONW
HI
HI
HI
HI1
HI
HI

HI

HI

LOW
LOW
LOW
LOHW
LOW
LOW
LONW
LOW
LOW
LOMW



114
122
124
125
126
128
129
130
131
132
133
134
135
201
202
203
204
2925
206
287
208
211
211
212
213
509

+01
+01
+01
+70
+32
+0@
+01
+09
+91
+00
+01
+90
+00
+Pg
+@0
+00
+00
+0D
+09
+0f
+00
-01
+0g

+91

+00
+PG
+70
+30
+pa
+@2
+0B
+30
+@0
+01
+00
+pg
+30
+0@
+31
+01
+@1
+30
+0p
-g1
+0p
+20

+B82

-@1
+B2
+01
+P1
+29d
+20
+80
+20
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+17
+26
+26
+ 4
+30
+19
+27
+ 6
+ 3
+24
+24
+18
+29
+13
+ 9
+ 2
+25
+34d
+29
+30
+ 6
+28
-5
+20

+27
+23
+30
+28
+ 4
+ 7
+29
+25
+30
+24
+27
+28
+27
+21
+30
+27
+24
+14
+25
+ 4
+29
+11

+25

-1
+ 8
+12
+ 4
+24
+ 7
+10
+11

SCATTERED
SCATTERED
SCATTERED
BASE
SCATTERED
SCATTERED
SCATTERED
BASE

BASE

BASE

BASE

BASE
SCATTERED
BASE

BASE

BASE
SCATTERED
SCATTERED
SCATTERED
BASE

BASE
SCATTERED
BASE
SCATTERED
NIL
SCATTERED
BASE

BASE

BASE

BASE

BASE

BASE
SCATTERED
SCATTERED
BASE

BASE
SCATTERED
SCATTERED
BASE
SCATTERED
SCATTERED
SCATTERED
SCATTERED
SCATTERED
BASE
SCATTERED
BASE

NIL

BASE

NIL

BASE

BASE

BASE

BASE

BASE

BASE

BASE

BASE

LOMW
LOW
LOW
LOW
LOW
HI
HI
H1

HI

H1

LOW
LOW
LOW
LOW
LOMW
LOHW
LOW

HI

HI

HI

LOW
LOW
LOW
LOW
LOW
LOW
LOW
LOW
LOW
LOW
LOH
LOW
LOW
LOW
LOW
LOHW
LOW
LOW
LOW
LOHW
LOW
LOW
LOW
LOW
LOW
LONW
LOW
LOW
LOW
LOW
LOW
LOW
LOW
LOW
LOW
LOW
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38t +38 +28 BASE LOW
303 +@1 + 3 BASE LONW
304 +p1 + 3 BASE LOMW
385 +P0 +30 TOP LOW
326 +00 +22 SCATTERED LONH
307 +30 +10 BASE LOW
388 +01 +17 BASE LOW
389 +0p +15 BASE LOW
310 +00 +16 BASE LOW
312 +00 + 2 BASE LOW
313 =21 +20 TOP - LOW
314 +pa +23 BASE LOW
315 +01 + 4 BASE LOKW
316 +01 + 3 8ASE LOW
317 +B9 +21 BASE LOW
328 +00 + 9 BASE LOW
321 +@1 - 2 BASE LOW
322 +0P +20 BASE LOW
323 +00 + 9 BASE LOM
32% «00 + 6 BASE LOW
326 +01 +14 BASE LOW
327 +00 +27 BASE LOW
328 +@2 +15 BASE LOW
329 +00 +19 BASE LOW
330 +03 + 3 BASE LOW
331 +00 +20 SCATTERED LOW
332 ~01 +21 SCATTERED LOW
333 +P1 +21 SCATTERED LOW
334 -@1 +15 SCATTERED LOW
336 +01 +12 BASE LOW
337 +0d + 9 BASE L.OW
338 +00 +24 BASE LOW
339 +@e +29 SCATTERED LOW
540 +30 +14 BASE LOMW
341 +o1 +25 BASE LOH
342 +81 +30 BASE LOW
343 +31 +21 BASE L.OW
344 +00 +22 SCATTERED LOW
3546 +00 +24 SCATTERED LOW
348 +B@ +21 BASE LOW
349 +09 +23 SCATTERED LOW
350 +0@ +22 BASE LOW
351 +0¢ +23 BASE LOW
352 +@1 +22 BASE LOW
353 +0@ +21 BASE LOW
354 +00 +13 BASE LOW
355 +04a +15 BASE LOW
356 +00 +24 SCATTERED LOW
357 +21 +30 SCATTERED LOW
358 +02 +23 BASE LOW
359 +00 + 7 BASE LOW
360 +008 +22 BASE ) LOW
- 361 +00 +21 BASE LOW
362 +08 +16 BASE LOW
363 +01 +23 BASE LOW
364 +01 +24 SCATTERED LOKW
365 +01 +24 BASE LOW

-y e e e Sk e A TR A S P e mm G W NS WD R R A mm D e A M TS S RS A mR S b R WD G W

NO. = NUMBER

CIRCUM = CIRCUMFERENTIAL
EXTR = EXTRACTOR

POS = POSITION
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TABLE 8
TRIAL CIRCUMFERENTIAL VELOCITIES

L e e L L L T e R R R

FRACTION
OF TOTAL
CIRCUMFERENTIAL NUMBER
NUMBER VELOCITY OF TRIALS
EXTRACTOR oF RANGE IN EACH
POSIT]ON TRIALS (POWER OF 10) RANGE
NTL 2.04
, -2 10 -1 2.04
LOW 137 -1 70 @ .68
@ TO +1 @,28
+1 TO +2 2.4
NIL 2.00
-2 T0 -1 2.85
HIGH 19 ~1 70 O .58
@ TO +1 2.37
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TABLE 9
VELOCITY PROFILE DIFFERENCE

T AR P RS g e S AL i SR S PR R S e e L SR MR SR W Wk e T T MR WS S NS e e e

PEBBLE DIFFERENCE
SEEDING PEBBLE OUTER -~ INNER
TRIAL RADIUS TRANSIT reememccmcccwe-

NO . (IND) NO, CUTER
11 14.5 1.85
12 13.5 a4.91 B.13
22 14.5 1.65
21 13,5 1,38 R.16
23 14,5 1.40
24 13.5 1.18 "Gpia
27 14.5 1.12
28 13.5 1.17 -@.06
69 14.5 1.32
213 12.0 @.97 @.25
187 14.5 1.19
198 14.0 1.86 g.04
3¢ 14.5 1.16
301 12.9 #.91 2,22
312 14.5 1,43
313 12,9 1,00 B.30
317 14,5 1.39
320 9.9 8,77 @.45
328 14.5 1.14
327 12.9 8,99 B.13
329 14.5 1.3
332 12,0 1.17 2.11
337 14,5 1,33
339 12,8 0,93 2.30
348 14,5 1.21
346 12.9 1,06 g.12
358 14.5 1.16
359 12,0 1.01 8.13
361 14,5 1.42
368 12.6 1.00 8.30
NO. = NUMBER

IN. = INCHES

{-) IN LAST COLUMN DENOTES A DECREASE IN
TRANSIT NUMBER FROM INNER SEEDING
POSITION TO WALL SEEDING POSITION,
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TABLE 10
WALL CENTRE IDENTICAL GEOMETRY PAIRS

A e B o M e g dn AR W Ry U g e R S R MM TE em W Em b b e mm SR SR R A AR PR R M AR e e =S S WS e

PEBBLE
SPECIFIC BASE
PEBBLE GRAVITY ANGLE
SEEDING | (DEG)
RADIUS PEBBLE -
(IN.) SHAPE PEBBLE PEBBLE TRANSIT TIME
BED (MIN)
PEBBLE HEIGHT =~ meemmcemmemmmceeeooo
TRIAL DIAM DIAM CYLIND BASE  TOTAL
NO. (IN,) RATIO SECTION SECTION

e N D e e TR W G i TN R A M R G G W N W N W UE M S MR TR S G RN S W G SR N A S SR S N WE SRR R A TR T AN WL Y NS G W W e e

10 2.0 1,886 SPH 3.4 0.93 35 68.3 - 68,3
11 14.5 1.0 SPH 3.4 B.93 35 61,0 6.¢ 67.0
4
4

2Q 2.2 1.88 SPH

3. 2,93 25 41.0
22 14.5 1,38 SPH 3,

1.0 42.0
2.93 25 91.7 8,0

99.7
25 2.8 1.2 SPH 3.4 ©,93 35 50.0 1.2 51,0
3.4 B.93 35 64,3 7.0

23 14,5 1.00 SPH 71.3
29 2.0 1.8 SPH 3.4 08,93 25 35.7 - 35.7
38 14,5 1,00 SPH 3.4 0.93 25 152.0 6.0 158.8
31 0.0 1,00 SPH 3,4 .93 35 62.7 - 62,7
32 14,5 1.99 SPH 3.4 8.93 35 85.3 i8.7 96.0
42 2.0 1.0 SPH 3,4 0.93 35 49.3 - 49,3
45 8.0 1.66 SPH 3.4 £,93 25 48.0 - 48,0
46 14.5 1.90 SPH 3.4 8.93 25 98.7 5.3 104.9
47 f.0 1.8 SPH 3.4 0,93 35 62.7 i.9 63,7
48 14.5 1.08 SPH 3.4 £.93 35 85.0 6.3 91.3
79 2.0 2,75 SPH 3.4 1,00 35 656.0 3.8 653.0
69 14.5 .75 SPH 3.4 1,00 35 992.90 158.9 1150.0
80 2.0 #,75 SPH 3.4 1,00 25 98.3 - 98,3
79 14.5 A.7% SPH 3,4 1,00 25 189.8 4.7 193.7
87 2.8 2.75 SPH 3.4 1.80 25 60,3 2.4 62.7
88 14,5 #.75 SPH 3.4 1,00 25 311.9 5.0 316.@
93 2.0 .75 SPH 3.4 1,08 35 94,7 - 94.7
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TABLE 10 (Cont'd.)}

»4 1.00 35 175.0 i6.2 191.9

365 8.0 #.75 SPH
364 14.5 #.75 SPH

4 0,80 35 71.3 2.8 73.3
4 2,80 35 155.0 35.8 i%0.08

95 14,5 #.,75 SPH 3
304 .2 1.90 SPH 3.8 1.00 35 67.5 1.8 69.3
388 14.5 1,80 SPH 3.9 1.29 35 98.8 9.0 187.0
321 0,0 1.0 ASPH 3.4 0.88 35 46.5 2.8 47,3
317 14.5 1.00 ASPH 3.4 @.80 35 103.0 20.8- 123.0
333 2.0 1.80 ASPH 3.0 0.8d 35 53.7 - 53.7
329 14.5 1.8 ASPH 3.8 0,88 35 98.0 20.9 118.0
334 2.0 1.00 ASPH 3.0 1.p0 35 75.7 - 75.7
337 14,5 1.82 ASPH 3.8 1,00 35 122.9 22.0 144.0
350 6.0 #.75 ASPH 3.2 0.80 35 102.0 4.0 166.0
348 14.5 #.75 ASPH 3.8 @.80 35 214.4 23.0 237.0
357 2.8 @.75 ASPH 3,0 1.00 35 122.0 3.8 125.0
358 14,5 B.75 ASPH 3.8 1.80 35 174.4 32.0 ev6.0

3

3

- o e o o sk PN A R TS SR YR Wy A Gk gy SR W WU W am G b AL TE AN S R S Se WS M SR R g SR G A S e e w

*«' IN PEBBLE TRANSIT YIME COLUMN DENOTES THAT THE TIME TO
TRAVERSE THIS PARTICULAR SECTION WAS UNSEPARATED
FROM THE TOTAL TIME.

SPH = SPHERICAL

ASPH = ASPHERICAL
NO. = NUMBER

IN. = INCHES

DIAM = DIAMETER

ODEG = DEGREES

CYLIND = CYLINDRICAL
MIN = MINUTES



TABLE 11

PEBBLE TRANSIT NUMBERS

Y TR em e b On TR e R s S NS TR g e AN A Mk W A A e e W e W S A R M SR T A ww AR vw e TR S e e Aer W e e e S A

PEBBLE

BASE SEEDING PEBBLE

SEEDING

INV
(PEB)

EXIT
INV
(PEB)

A S e WS A e e WS MD s mm G S 4R A S Wh e ar S e e ey e Wy me b mr wmk mr A A e e e e W YU R M8 R e e e

TRIAL ANGLE RADIUS TRANSIT
- NO, (DEG) (INJ) NO,
12 35 Q.0 .66
11 35 14,5 1.85
12 35 13.5 8.91
13 25 2.0 06.57
14 25 13.5 1.21
15 25 14,5 1.24
16 15 g.2 8.37
17 15 13.5 4.21
18 15 13,5 1.12
19 15 14.% 8.33
20 25 2.2 0.65
21 25 13.% 1.38
22 25 14,5 1.65
23 35 14.5 i.e0
24 35 13,5 1.18
25 35 2.0 @.75
26 45 2.0 @.83
27 45 14,5 1.10
28 45 13,5 1.17
29 25 0.0 B.,62
30 25 14.5 1.85
31 35 .2 .81
32 35 14,5 1.12
33 45 2.0 @.79
34 45 14.5 1.08
35 15 2.0 B.46
36 15 14,5 2.81
37 45 2.9 0.85
38 45 14.5 1.04
39 25 14,5 1.17
4@ 25 2.0 g.66
41 35 14.5 i.12
42 35 e.0 .70
43 i5 14,5 3.76
44 15 0.0 8.43
45 25 0.0 g.58
46 25 14,5 1,34
47 35 2.9 0.77
48 35 14,5 1.08
49 45 4.2 g.81
50 45 14.5 1.00
51 15 2.0 @2.402
52 15 14,5 2.39

41237
68516
208932

a

48544
82799
10601
20806
P
40884
@
18866
58145
51790
80656
114729
2
24899
57772
56
17701
385
23774

2
23861
B
2
@
25557
332852
]
32269
a
11068
2
16435
2
22257
@
24325
@
11213

60380
90820
117268
16160
827389
1179580
2@75¢
131208
30780
269877
184302
58048
ip4860
806549
114600
1363409
24852
57672
92608
17619
69921
23585
56138
23728
56209
12752
77215
25518
56673
33218
51850
32212
52524
133356
22828
163740
54252
22232
53239
24319
54318
11113
77260

28300
28300
27500
27508
27500
27500
28309
28300
28300
28890
28800
2868009
29900
29900
29900
28380
283¢0
28820
28800
299900
29908
27500
27500
29988
29922
28308
283902
28800
28800
27500
27500
283e0
28300
28800
28600
2990¢@
29908
27500
27509
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TABLE L1 (Cont'd.)

53 25 14.5 1.59 @ 44997 28300
54 25 14.5 2.23 44997 1p8010 28300
55 25 14.5 2,19 i 59477 28308
56 25 14.5 1.64 59477 185956 28300
57 25 14.5 1.74 a 49154 28309
58 25 14.5 2,65 49155 124042 28309
59 15 12,0 2.99 @ 27155 275049
60 15 3.0 8,36 27758 37750 27500
61 15 9.0 8.56 38008 53355 27500
62 15 6,82 2,44 53522 65747 27500
63 35 9.0 g.71 /) 22860 3210808
64 35 2.0 .74 22895 46752 32100
55 35 6,0 @.78 @ 23015 29600
66 35 9.0 .83 23168 47716 29600
67 35 12.9 B2.99 47787 77115 29600
68 35 3.8 .66 77136 96749 296080
69 35 14,5 1.38 118897 201939 708200
78 35 2.0 B.71 201981 251437 70000
71 25 14,5 1.96 7 1324880 67700
72 25 2.0 .52 132513 167615 677089
73 45 2.2 2.89 g 56206 63102
74 45 14,5 1,13 56208 129740 651099
75 15 2.0 2.41 ) 27115 66000
76 15 14.5 4,72 27132 338378 66000
77 35 14.5 1.18 8 82750 78020
78 35 Q.0 8.72 B2778 132860 70000
79 25 14.5 1.18 -8 79878 67789
8@ 25 g.0 .58 79881 119360 67708
81 45 @.0 B,80 @ 56482 71800
82 45 14,5 1.0 63769 134990 71009
83 i5 14.5 1.56 @ 182940 56000
84 15 .0 8,38 102950 128348 660068
a5 35 g.0 8,59 2 41235 76008
86 35 14.5 1.59 41242 1525108 70000
87 25 a.e 0.37 @ 25340 677060
88 25 14,5 1.85 25432 158760 67708
89 45 é.2 f.80 @ 53427 67000
99 45 14,5 1.24 53443 139060 69908
91 i5 2.8 2.31 ] 28310 66000
92 15 14.5 1.35 208323 199857 66008
93 35 2.0 @.52 2 36367 70800
94 35 14.5 1.95 36381 172660 70880
95 35 14.5 1.10 2 76730 78080
96 25 14.5 3,15 2 213461 67700
97 25 2.0 @.42 213477 241575 67708
98 45 14,5 1.23 @ 87610 71000
99 45 e.a g.74 87624 149285 71000
100 15 14.5 11,23 a 741085 6560804
101 15 #.0 .29 741108 760295 66200
ie2 45 .2 9.70 2 49886 71000
183 45 1.9 8,73 53467 194980 71000
104 45 2.8 2.75 185012 158282 71000
105 45 3.8 .75 158311 211379 71000
106 45 4,0 .77 211377 265960 71000
107 45 14,5 1.10 265964 3442949 71000
128 45 14,8 1.086 344329 419870 710008
189 45 13.0 .98 419900 489401 710880
1ig 45 12.0 B.95 4894440 557140 71080
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TABLE 11 (Cont'd.)

111 45 11.0 2.91 557167 621449 71000
112 45 5.8 2.79 621474 677307 71089
113 45 6.0 g.81 677337 734600 71000
114 45 7.8 g.81 734619 792480 71000
115 45 8.0 @.64 792514 852160 71200
120 i5 14,5 2.27 f 150120 660800
121 15 14,0 1.62 é 1g701m 66000
122 15 13.0 1,11 2 73330 66000
123 15 12.8 1.04 g 68595 66000
124 15 11.0 B.56 2 36970 6608020
125 15 1.0 3.56 2 36760 66020
126 15 9.0 .43 a 28630 66000
127 15 8.2 g8.38 a 25409 66080
128 15 7.0 a.37 g 24550 66000
129 15 6.0 .34 2 22400 66000
130 15 5.0 a,.32 2 21230 66200
131 15 4,08 p.32 '] 21200 66000
132 15 3.a B8.32 2 21008 66009
133 15 2.0 B.32 g 206850 66000
134 15 1.0 #.31 2 20140 66000
135 15 9.0 2.38 g 19892 66000
136 25 14.5 3.78 B 248385 65700
137 25 14,0 2.16 @ 146400 67780
138 25 13.@ 1.86 @ 1260002 67700
201 35 2.0 @.67 g 46650 70000
2e2 38 1.0 @.69 46696 95300 joepae
283 35 2.0 B.73 95300 146258 70200
204 35 3.8 .75 1462614 198720 70000
205 35 4.8 B.74 198757 250360 70808
206 35 5.0 6.73 a2 51230 Jgee0
207 35 6.0 .79 51243 106680 76200
208 35 7.0 .82 196695 163800 70880
209 35 8.0 2.83 163830 221670 707280
2149 35 9.0 0.83 221680 279520 76000
211 35 ig.n 2,99 279533 342550 78000
212 35 1.2 .92 342563 497228 70009
213 35 12,9 6.97 407235 475078 78009
214 35 13.02 1.11 475085 552870 70000
215 35 14.0 1.7 55288¢ 627930 70000
300 35 14.5 1.16 ) 35250 30500
301 35 12.0 @.91 35250 63095 30500
382 35 5.0 0.77 63095 86514 - 30500
303 35 9.0 @2.83 86515 111843 30500
304 35 2.0 @.73 111845 134231 39500
3e5 35 5.0 #.74 134231 156775 3500
306 35 6,0 .56 ] 14829 26600
367 35 3.0 0.47 14831 27463 26600
368 35 6.0 B.62 27499 44113 26609
309 35 9.0 2.68 44113 62107 26600
318 35 12.0 2.98 134980 160943 26608
311 35 14,5 1.38 160946 197583 26600
312 35 14,5 1,43 2 37910 26620
313 35 12.9 1.00 37910 644p3 26600
314 35 9.0 @.73 647049 84080 266089
315 35 6.0 @.55 84000 98798 26600
316 35 3.0 @.60 98700 114600 26600
317 35 14,5 1.39 "} 41050 29500
318 35 12.8 1.17 2 34556 29509
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TABLE 11 (Cont'd.)}

8,77
.60
g.61
8.79
0.74
A.77
#.880
.99
1.14
1.31
1.17
B.69
B.62
8.55
.68
#.75
2.69
1,33
0.80
B.93
B.72
3.66
9.67
2.51
2.51
1.06
.54
1.21
@.95
2.5@
.52
8.57
3.69
.83

75571
98188
115837
133850
158525
184398
211351
239523
274000
@
38519
73000
93360
126590
142859
166690
1930080
217300
263950
292800
2
25961
48109
77253
92172
112320
184320
221199
323787
368308
482643
438277
476816
523520
589600
649356
786478
763773
856666
]
57743
148256
182173
218920
252180

98186
115838
133849
158525
184396
211351
239523
2740202
313880

38518

730082

93360
111758
142850
1666940
193000
217308
263950
292080
324400

250861

48109

71733

92172
igre77
1843290
221192
3p3787
366308
402640
438277
476815
523517
589600
649356
706478
763773
856666
937800

57736
148253
182173
218920
252189
285820

295480
29500
29500
35000
35000
35880
35080
35000
35000
29500
29500
29500
29500
29500
35080
35080
35000
35000
35000
35000
35009
35000
35000
29500
29580
68000
68000
68000
68000
68000
68000
48200
68000
8000
agons
8eB00
8R03A
sppon
agena
58000
58000
58000
5689000
56008
58000

- o om R D A P S g EE e Y ww SR AR AT AL 4w A MR ER A A R R mE W Y T s b T mb e v SR sk ML S A 6D R S R R

"W ounau

NUMBER
DEGREES
INCHES
INVENTORY
PEBBLES






TAGGED PEBBLE
INSERTION TUBE

TOP
SECTION

RECIRCULATED PEBBLE FLOW
CYLINDRICAL
SECTION
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BASE
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MANUALLY FORMED TOP
CONE OF PEBBLES

PEBBLE
ANGLE OF
REPOSE

ja o]
CYLINDER
PEBBLE
% BED
= CORE
g

EXTRACTOR

FIGURE 1. PEBBLE BED



(a) Diagrammatic. View of Experimental
Equipment,
(Szomanski, 1967)

{b)} Vessel and Tracker

(¢) Operating Console

FIGURE 2. EQUIPMENT FOR THE PEBBLE BED EXPERIMENT
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FIGURE 4. ENTRY MECHANISM PEBBLE SCATTER

FIGURE 5. ENTRY MECHANISM AND TAGGED
PEBBLE SEEDING TUBES



AR EERLIARES

(a) Pebble Qutlet Chute and Tagged Pebble
Handling Mechanism.

(b) Lead Shielding Removed Showing Pebble
Photocell Counter and Tagged Pebble
Sorter.

FIGURE 6. PHOTOCELL AND PEBBLE COUNTER



FIGURE 8. TAGGED PEBBLE



VERTICAL DRIVE MOTOR

PEBBLE INLET

‘ | | DETECTORS
PEBBLE :
TRACKER = [t )i

et

| PEBBLE EXTRACTOR

FIGURE 9. PEBBLE TRACKING DEVICE

-
-

FIGURE 10. DETECTOR HEADS
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TEMPORAL AND
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VIA
COMPUTER

TEMPORARY
MAGNETIC TAPE
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DATA CONVERSION

y 1l PROGRAM

CONVERTS TRACKER COORDINATE
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FIGURE 11. EXPERIMENTAL DATA FLOW



FIGURES 12-55

PATHS OF PEBBLES THROUGH PEBBLE BED
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FIGURE 12. GROUP 15.



PEBBLE BED BOUNDARY
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FIGURE 13. GROUP 17.
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FIGURE 14. GROUP 18,
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FIGURE 66. PLOT OF RESULTANT PEBBLE VELOCITY VERSUS PEBBLE
RADIAL POSITION FOR TRIAL NUMBER 363



(a) Top - High Position Extractor
Bottom - Low Position Extractor

(b) 8 inch Extractor Showing Outlet and
0.75 inch Diameter Spherical Pebbles.

FIGURE 67. PEBBLE EXTRACTORS
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FIGURE 68. RANGE OF TRANSIT NUMBER SPECTRAL MEANS FOR
VARYING BASE ANGLE AND SEEDING RADIUS
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FIGURES 70-82

TRANSIT NUMBERS VERSUS RADIAL SEEDING POSITIONS
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FIGURE 71. GROUP 22.

15



TRANSIT NUMBER

0.5 -

1.5 1

0 r T

0 5 10

RADIAL SEEDING POSITION (in.)

FIGURE 72. GROUP 34.

15



TRANSIT NUMBER

1.5 1

1.0 1

0.5 1

5 10
RADIAL SEEDING POSITION (in.)
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FIGURE 74. GROUP 36.
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APPENDIX A
NOTATION

Vessel diameter

Pebble diameter

Height of the cylindrical section of the pebble bed at the start of
recirculation.






APPENDIX B
PAPER TAPE CODE

e N WS R Ry e s TR W A Np e Me Wm mm W SR

i R L TR W e R MR R WS LR R Sy T Sm R Em W W Se e TR W

RDORNOIN D WP

CR (CARRIAGE RETURN)}
SPACE

NEGATIVE SIGN -
POSITIVE SIGN +
FIGURES

LETTERS

LINE FEED

L R R

IN THE CODE,
PUNCHED HOLE
NO PUNCHED HOLE

1

- - ————

11121
11801
10008
21219
go001
19101
11100
g1ieo0
ped11
21101

pee1s
Qo108
110060
10601
11811
11111
01060






APPENDIX C
EXAMPLE OF TRACKER PRINTED OUTPUT

D S TR mh o TSR SR D Y M e i SU A b S e S W W WS D Swm W MmO WD M M MR G i e b e ER G R WR W WP MR A MR P T A am

TRIAL NUMBER TRIAL DATE

(1 MAY 1968)

HEADING RECORD ~——(36301568)
CATA RECORD ———p0P0028 249 288 248 (D————MODE
BEOP40 245 288 248

TIME —(8BD060) 245 288 248
{SECONDS) pPPP8M 245 288 248
P00120 245 294 248

POB1@3 245 294 248
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POD160 246 294 248

BeP180 246 300 248

THETA 1 BoR230 (346) 300 (248)
(VOLTS) @0B220 246 300 248
G00240 246 305 248
620260 246 385 248
POB28A 246 306 248
g00300 245 305 248
P0B320 246 318 248
B20340 246 248

THETA 2
(VOLTS)

o s e e R s e e

HEIGHT
(VOLTS)






APPENDIX D

PROGRAM DC1l - PEBBLE TRACKING PROGRAM
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APPENDIX E
BLOCK DIAGRAM OF PROGRAM DC1

I I
I START 1
1 I

el R R R R e d

1 I
1 READ IN TRIAL I
I PARAMETERS (CARDS) 1
I I

SN e TR WS S TS S R e e

I READ IN EXPERIMENTAL !
! DATA (MAGNETIC TAPE) |

o S e ey W

e . e T e T S G TR R G T P S W Em G S R AR R W

l I
I CONVERT EXPERIMENTAL DATA [N 1
I ANGULAR COORDINATES TO I
I CYLINDRICAL COORDINATES 1
[ )

e Y e e e e M WP e gy e e D e R WS W T A S T A N Ry R W By W S W e

SELECT RECORDS FOR PRINTOUT AT INTERVALS
OF APPROXIMATELY 1988 RECIRCULATED PEBBLES

WP D S Y R g A Y P W AR A e W e A e

I PRINTOUT DATA AND RESULTS IN I
I GRAPHICAL AND TABULATED FORM !

=y Yy ey pmy






APPENDIX F
TRANSFORMATION OF CO-ORDINATES FROM THE TRACKER SYSTEM (8;, 0,, %)

TO THE CYLINDRICAL CO-ORDINATE SYSTEM (r, 0, z)

@, = (6, +25°) a, = (90° - 6,)

KP = RK tan o,

KP

XQ tan «,

RK + KQ =L
From Egquations (1) and (2)
RK tan o, = KQ tan o,

EQ. tan Gy
or B rm———
RK tan az

Combining Equations (4} and (3)

tan o, L-RK

=
tan o, RK

daty
R K
L

cee (1)
«ea (2)

.o (3)

.o (4)
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tan [+ 3]
or Lo +1
RK  tan O,
o L L tan o,
~ tan o, " tan ¢, + tan o,
—— ]
tan 0!.2
L tan Oy
RK = - L % ]
tan 0, + tan Gy (5)
L
PT = =~ ~
2 RK
tan az
1
PT = I, 3 eee (B}

tan o, + tan Oy

From Equation (1) viz
KP = RK tan al

we have by (5)
L tan 0; tan a,

KP ees (7)

=
tan o, + tan o,

and thus OT is given by

L tan o, tan oy
oT = S ...(8)

" tan a, + tan a,

r and O now may be calculated using Equations (6) and (8)

r = Jor? + pp?

for computational purposes it may be neater to evaluate OT and PT separately

L tan o, tan a,]? )
= - - + L
o S tan o, + tan o,

e {9

e
s

tan Qg }2
tan o, + tan o,

Equation (9) may be rearranged

51n Gl sin G.z

L
L tan o, tan a, cos al cos O,

=
tan ¢o. + tan ., 8in o, sin o

1 2

+
cos o, cOo8 O,

L sin al sin az _ L sin 0, sin a,

8in &) cos 0, + sin a, cos o,  sin (a, + o)
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sin 0,

tan Oy cos uz

tan o; + tana, sina, sina,

+
cos Gl cos az

2 cos u1 sin dz

cos O, + cos o, sin q, sin (ul +0Q,)

cos o, sin o

~ sin o,

Therefore Equation (9) may be written

L sin o, sin 0,7’ cos o, sin o, |
r=4f(s - + 1?1 - ... (10)

sin (o, +a,) 2  sin (0, +a,)

In terms of 0, and 0,, Equation (10) becomes

L sin (6, + 25°) sin (90° - 0,)7
S sin (6, + 25° + 90" - 9,) ¥

\ cos (6, + 25°) sin (90° - 9,)7?
¥z - sin (8; + 25 + 90° -~ 0,)

_— 1l
cos (6, - 6, + 25°) 2 cos (0, - 9, + 25°

, cos (8, + 25°) cos 8,
FI=Ll " oo (8, - 8, ¥ 25)

It
(2]
™

L sin (9, + 25°) cos Bz]i Lz[ cos (0, + 25°) cos 92]2

L sin (8, + 25°) cos 0,

OF = § -
-]
cos (Bl -6, +257)
PT
tan 0 = oT
= tan~} X
e tan oT

Yom)? + (pT)2

For computational purposes

r

r = 'RAD’ 6 = '"THETA'
0, = "3! 62 = 'm4!
L = 25.5 in., S = 24,25 in.






APPENDIX G
PERBLE VELOCITIES CALCULATION

Assume that a pebble cccupies positions

1
¢ 1, 2, 3,... Then the average velocity
a
Zﬁq ! between successive locations is given
-— As e
at = == :
1 B V= e
5 bt‘
8,

N4

The necessary assumption is that pebbles travel in straight lines between
successive stations. Each station is characterised by its co-ordinates, r,

06, z.

r, -r, = 4r
6, -6, =40
z, -z, = Az

In orthogonal cartesian co-ordinates AS

can be expressed as follows:

As = /Ax?® + Ay? + Az?

Now, the relationship between cartesian and cylindrical co-ordinates is

z=z, x=rcos O, y=1r sgin 6



G2

Therefore

A =J(.1:2 cos 6, - r, cos 61)2 + (r, sin 0, - r, sin 61)2 + (z, - 21)2

- 2 2 - 2 2 2 2 _-.
-Jrz cos 62 2 r,r, cos 6, cos 91 + r, cos Bl + x, sin 82

LI

2 r,r, sin 92 sin 61 + r

2 2

. 2
sin® 0, + (z, z,)

_ |2 2 _ . . _ 2
-Jrz + r] 2 r,r, {cos B1 cos 92 + sin 91 gin 82) + (z2 zl)

=Jr§ +r2 4+ (=211, +2r,r,) - 2r,x, cos (6, - 8,) + (Az)?

=J(r; - r1)2 + 2 r,r, - 2 r,r, cos (92 - 91) + (z2 - zl)z

i.e., finally

As =‘/(r2 - rl)2 + 2 r,r, (1 - cos (92 - 91)) + (z2 - 21)2

The velocity may now be calculated

(x, - rllz + 2 r,r, (1 - cos (62 - 81) + (z, - zl)2

Vi,2

Aty,2

Velocity profiles are obtained from the above expression.



APPENDIX H
LIMITATIONS OF COMPUTER PLOTTING SUBROUTINE

There are limitations to the computer plotting subroutine used (Rodwell
1965). A point is plotted on the line corresponding to the value of the
ordinate if the point falls on that line or up to half the distance between
that line and the line on either side. Furthermore, if one point is being
plotted in any one print position, it is represented by '.'. If more than
one point is being plotted in the same print position, they are represented by
the actual number of points in that position (up to nine). If more than nine

points are being plotted in the same position, they are represented by '+'.






