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{ Introduction

.l Background

A cyclone separates particles or droplets from a liquid or a gas.
There are two classes of cyclones: gas and liquid cyclones., In this work
liquid cyclones or hydrocyclones are studied although The general term
cyclone is often used in this thesis. Hydrocyclones are for separational
problems in the steel and chemical industies, for the separation of con-
centrated mixtures and for the prevenfion of water pollution.

A side and plan veiw of a typical cyclone is shown in Figure~l. The
cyclone is essentially a cone, however fthe upper section is usually cylin-
drical to make attachment of the fangential feed pipe simplie. The feed
fluid is injected at the top of the cyclone body at a tangent to the wall.
The fluid spirals down toward the bottom exit or underflow where some
fluid leaves the cyclore. Due to inward radial flow, some |liquid is trans-
ported toward the central axis and an upward spiral carries this fluid
out the overflow. The overflow pipe, or vortex finder, protrudes into the
cyclone bedy below the feed pipe. If a density difference exists be-
tween particles(or droplets) in the feed and the carrier fluid, these paf—
ticles will move relative to the fiuid due To the high cenlrifugal forces
generated in the cyclone. Heavier particles migrate toward the wall
and lighter particles migrate toward the central axis. Heavier and {ighter
parficles lecave by the underflow and the overflow respectively. In gsneral,
this device can be used o classify or separate particles greater than
three microns in diameter.

Hydrocyclonas are widely used in industry because of their low initial
cost, the small flcor area requirements and the asbsence of moving parts.

However, at present, procaduras for the design of hydrocyclones are not based



Figure-|

Schematic Representation of Spiral Flow in a Hydrocyclone
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on fundamental concepts tut on empirical correlations. The difficulty in
obtaining a well designed hydrocyclone is a major drawback in the use of
the device.

1.2 Desian of Hvdrocvclongs

Many design procedures have been gresented in the open literature.
Perhaps the most notable works are those of Bradley[B-Z], Kelsall[K-21,
Lilge[L-1]], Moder and Dahistrom{M-2], RietemalR-1] and Yoshioka and Hotta
LY-1]. Some of these design techniques are based on empirical considerations;
others on relationships derived from hypothesized separation mechanisms.

The methods are limited by the narrow limits of applicability for each
method and discrepancies resulting from the d;fferenf methods. The effect
of a gas(or vacuum) has yet to established quantitatively. There has been
a problem in defining cyclone pressure drop and efficiency. The situation is

not

vholly negative. Many of the design techniques are very useful when
applied within the limits for which they were formulated. Clearly, a more
unified design approach, applicable over a wide range of operating con-
ditions would be useful. ’

The purpose of this work is fo develop a technique to observe fluid
movement inside a hydrocvclone. Based on such knowledge, more genzrally ap-

plicable design techniques can be developed.

| .3 Description of Hydrocyclone Flow Patterns.

In the past, the qualitative description of the fiow patterns was
based on the vork of Kelsall[K~2], Bradley[B-3,B-47, Ohasi and Maedal0O-1]
and Fonteinl F-27].

The cylindrical co-ordinate system shown in Figure-2 has been adonted
because the major part of the cyclone is symmevrical with the central, z-axis,

The fluid has three velocity components: tThe tencential comporent, v the
h e I3 ?

& ’

axial or vertical componenf,v7 apd the radial component, vr.Each componant
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Hydrocyclone Co-ordinate System
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is discussed separately.

1.3.1 The Tanaential Velocity Component

Two concentric tangential flow-regimes form. Close o the central
axis a forced vortex develops. This implies solid body rotation where the
tangential velocity varies linearly with the radius. At a radius estima-
ted by Kelsali[K-2] as 0.14R, a free vortex fiow regime begins to form.
in this region the ftangential velocity, Ve? varies with i/rn, where The
constant, n, is less than 1.0. Bradley[3-4] has compiled a table of n
values for a wide ranage of geometries and operating conditions. All va-
lues of n are for cyclones operating with an air core.

For a mass to have a tangential velocity, it must rotate ahout an

4
i

(Y

axis at a finitc distance. For this reason, the tangenticl velocity

the central axis of a cyclione operating without an alr core must he zero.



Because there is no slip at a solid-liaguid interface, the the tangential
velocity at the wall must be zero.

}.3.2 The Radial Velocity Component

Only Kelsall[K-2] and Ohasi and Maeda[ O-i] have attempted to measure
this velocity component in a hydrocyclone.

Kelsall's numerically derived values suggest that inward radial flow
increases uniformly from zero, at the radius of the air core, to a maximum va-
lue close to the cyclone wail whereupon it drops to zero at the wall. there is
also a suggestion of outward radial flow in the upper reaches cf the
cyclone where eddy flow may occur. The radial velocity profiles of Ohasi and
Maeda suqgest that inward and outwerd radial flow occurs at all levels,

In general,' there is clearly ground for further investigation of
this flow component. The effect of the radial velocity is most important
In describing the mechanism by-which perticles are assisted or hindered in
their radial migration across the cyclone.

1.3.3 The VYertical Velocity Component

The vertical flow patterns inthe hydrocyclone are intimately related
to the radial flow patterns. The relationship is shown schematically in
Figure-3.

There are two axial flow regimes one up and one down. Fiow down is
considered negative. The *two flow regimes suggest that there should be 2
surface or locus of zero vertical velocity. This has been confirmed by Kelsall
[K-27] and Sradley[B-3]. When formulating design relationships, it is im-
portant to insure that particles heavier than the carrier fluid migrate fo
the outside of the surface and lighter particles migrate to the inside of the
n o thisg way, heavy particles will leave by The under{fiow and lighter

particltes will leave by the overflow. The surface of zero vertical velocity

;.
v

hown in Fiqure-3,
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Schematic Representation of the
Non-Tanaential Flow in a Hvdrocvclone
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Due to the tangential feed arrangement, liquid spirals down through
the cycione. There is radial! flow throughout. {inward radial flow feeds
the upward spiralling flow which becomes the overflow. The underflow
comes from the remaining portign of the downward stream. This is shown
schematically in Figure-3which also illustrates the possibility of re-
circulation due to outward radial flow near the vortex finder.

"Short circuit" flow, indicated by heavy lines in Figure-3 cén occur
in cyclones. Feed liquid passes by the shortest possible route from the
feed port to the vortex finder. This fiow shou!d be eliminated if pos-
sible or feed material can pass through the cyclone without being sub-
jécted to the device's separating power, with a resulling decrease in the

net separation.

|.4 Review of tethods of Measuring Fluid Velocity in a Hydrocyclone

Many different methods have been used to measure the fluid velocity
and/or its compotients. Probes or spinning objects have been immersed
in the fluid in the hydrocyclone to measure the velocity directiy. Some
indirect methods include the measurement of the pressure profile along
the wall of the cyclone and the optical study of moving particies or dyes.
Table-1 lists the methods and investigators.

{.4.1 Direct Methods

Direct methods have three serious drawbacks, First, they can be
used only to measurc the tangential velocity, and secondly fthe inser-
tion of foreign objects causes an irreversible friction foss at the point
of measurement, the effect of which on the fluid velocity is difficult
To estimate., Finally, the use of spinning balls or rotating vanes re-

-

quires very difficult experimenta!l design and conctruction, end the pre-

sence of a gas core.



Table-1

Hydrocyclone Studies Involvina Fluid Velocity Measuremonts

Direct Methods

Investigator Technique Cyclone Geometry* Reference
Baldina pitot tube cylindrical B-1
Bradley spinners conventional B-5
Fontein & , .
Di jkeman rotating vanes conventional F-1
Kearsey & . . .
Qigb;ris rotating vanes cylindrical K-1
Lilge pitot tube conventional L-1
Peebles & . .
Carb*rd pitot tube spherical P-1
2 &)
Witson spinners cylindrical W1
Yoshioka & . .
otta " pitot tube conventional Y-i
Iindirect Methods
Bradiey & .
Pulliné ) photography, dyes conventional B5-3
Bradley & ~ N - 2
Pulling pressure along conventicnal B-3
- woll

narticle movement X -
Kelsall E?crorcopy "'1  conventional K-2

is ' -
Ohasi & L. .
' particle movement, o "
tezeda Shotoaranhy conventional O-1

Jit
. . cylindricai

Saito & particle movement, Fiinarical S-!
" . vorfex chamber
tto photoaraphy
‘X.

) =t . , .
conventionai, LJ cylindrical, L#ﬁ;) spherical
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{.4.2 indirect or Tracer YMethods

Bradley and Pulling[B-3] used the external pressure profile along
the cyclone wall fo infer the internal conditions.

Chasi and Maeda[0-} used = multiple exposure technique to follow
the movement of pérspex spheres{density 1.03 gm/cc) in water inside
a 3.1 inch diameter cyclone operating with an air core. Tangential,
vertical and radial velocities were measured for various geometries and
flow arrangements.

Saito and Ito[5-1], using conventional cine photography, followed
fhe‘movemenf of five millimetre gypsum and beeswax béi!é(@ensifyﬁSi.OO
gm/cc) in a simple open vortex chamber. Oniy tangential vé{écifies
were measured. |

Kelsal!l[[K-27] viewed alumina particles(density 2.70 gm/cc) moving
in a 3.0 inch diameter hydrocyclone operating with an air core by means
of a microscope squipped with two rotating objective lenses., Only tan-
gential and vertica! velocities were mezsured. The particles were assumed
to move identicaily with the water except in the radial direction. For
this reason, radial velocities were calculated from continuity con-
siderations.Keisall used a longer vortex finder and larger cone angle
t+han those recommended by !ater worksTR-1,Y-{,B-3 H-i]. This does not
affect the validity of his results, determined over a wide range of geo-
metries, feed rates and flow splits, but rather their appiicability.

With +racer techniques, the three velocity components can be mea-
sured without disturbing the cyclone flow patterns. The choice cf tracer
par+?cles must be made with care.

1.5 Objectives of the Present Study

)

in svmmary, no work nas hesn published in the copen literature
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on the velocity profiles within hvdrocyclones onerating without an
air core. Such conditions are important for industrial applications.
The most attractive experimental technique is the photographic
study of the three velocity components of a ftracer. The tracer is selected
so that it behaves like the fluid.
The objectives of the present study wvere:

(i) To develop the necessary photographic and tracer tech-
niques and equipment for the indirect measurement of
the three components of fluid velocity within a hydro-
cyclone, The cyclone would be designed based on the
present design criteria for the optimum separation of
liquid~solid systems. The design procedures are tased
on data collected from systems operating with an air
core.

(i1) To measure the velocity distribution for one set of
operatina conditions,
(iii) To compare thess results with those for operation with

an air core.
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2 Exnerimental Approach

2.1 Theoretical Considerations

In this work small droplets of an immiscible liquid are injected
into the fluid and viewed from two mutually perpendicular directions.
The motion is Then recorded with high speed cine photography. The fiims
of the droplet movement are analyzed to determine the tangential, ver-
tical and radial velocity components of the droplets. A macroscopic ma-
terial balance can be used as a consistency check on the data.

it would‘be ideal if the movement of a small parcel cf fluid inside
the hydrecyclone could be observed. However, if this small fluid par-
cel is replaced by adroplet of an immiscible liquid having the same
density as the continuous phase and the refractive indicies differ suf-
ficiently so that the two phases are visually distinguishable, then
the small fluid parcel can be obsearved. The droplets will be referved
to as tracer or marker particles.

For this study, water and anisole(C6H50CH5) were chosen as the
continuous and dispersed phases respectively. Anisole was dyed red
by adding 0.2%(by weight) Flaming Red oil-soluble dve. This was done
to Increase the contrast for photographic work. Physical and optical
properties of the two liquids are summarized in Table-2.

Consider now the resolution of the individual velocity compenents.,
tf an object, moving in three dimensional space, is viewed from iwo
mutually perpendicular directions, each view shows the projections of
two velocity components. In this way, four projections of veilocity com-
ponents can b2 seen, One of the velocity components will be the same

in each view.



Table-2

Density and Refractive Index of Anlisole and Water

anlsole water temperature reference
°c)
density
0.99327 0.99823 20 1-t, P=2
{gm/ce) ,
refractive
i ndex 1.51791 1.33299 20

- Zl-
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invariably, the path of a droplet inside the hydrccyclone is a
vertical spiral atout the ceniral axis. The viewing directions used in
this work define a gorizonfal plane as shown in Figure-4. One vfew
shows the droplets moving horizontally and vertically-while the ofheg
view shows the droplet spiralling up or down abou+ the central axis.

The resoliution of tangential and vertical components of velocity
from view A is straightforward. The vertical velocity can be mecasured
simply from recordings of droplet movement in view B while measurement
of the radial velocity from this view is more complicated.

Two methods of calculating the radial velocity from view B recor-
dings were developed. The first method involves using ftangential ve-
locity data determined from view A recordings, while the second method
gives values of the radial velocity which are not dependenf on previous
measurements,

The approach in the first method is illustrated in Figure-5, which
shows a plan view of a droplet moving in the cyclone. Timing is known
from measuring the film speed. The distance of importance is (r—ré).

{f it assumed that v, is constant over a short arc length , then r, can

©

be calculated from the retationship, |

_ 2 27
%~Urﬂb)4%gA+)] —————————————————————— (1

The radial velocity is
v =(r-r2).

r A
Inward radial veiocity is considered positive to follow the convention

of earlier workers. Combinations of equ?fions (1) and (2) aives

2

L T D (3)

, AT
This method was not used because:

(i) Yalues of Vg which are subject to experimental er-

-
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Figure-4

Viewind Droplet Movement in the Hydrocyclone
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Figure-5

First Method of Measurina Radial Velocities
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ror, had to be used which compound the total possible
error in Ve

(ii) Values of Ve had fto be interpoliated often.

(iii) Unreasonabie values of v, were calculated close to the

central axis.
The second method is illustrated in Figure-6. As before, timing is
determined from measuring the film speed. 1f it is assumed that the ver-

tical velocity is constant over a shorf vertical distance, then the ver-

tical dispalcement about the "r'" position is equal for equal short time

infervals {or equal numbers of frames as film speed is constant over about
50 framec). Using this criterion the projected radius difference, (d'—dz)

can be measured, and the angles, & and stef equal.

The distance required is (rl—rz). From an inspection of ihe three

similar trianales in Fidure-6, it can be seen that if

8 = 9'= 82, —————————————————————————————————— (4)
then
d d
cosO :—F} - 2 g T e e e e e (5)
{ 2
so that
d,-d
r‘—rz =-L-E—. ———————————————————————————— (6)
cos8

Since only r is known and the total arc tength considered is very small,

cosB is estimaied &3

(d,+d,)/2

| 72 3
cosd = T T e e e e (7

r r

Th ‘

o Fo, 5‘-d5”

v_ = '{T C571~~n:4i.r ——————————————————————— (8)
& Latd

In order fo estimate the error in using equation (8), the values

of d/r were calculated for sach valus of v . The values were observad to
- serve
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Figure-6

Second Method of Measuring Radial Velocities
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‘approach 1.0 within 5 per cent. In other words, there is only a small er-
ror involved in assuming that (d'-dz) is equal to (p‘~r2).

The latter method(equation (8)) gave more reasonable values of v
toward the centfral axis and haq the advantage of requiring no previous
data. This method was used to calculate all radial velocities in this
study.

More details of film analysis and the calculations involved are in
the appendix, section A3.1.

The material balance can be used to check the consistency of the data.
External and internal material balances are shown in Figufe-7. The over-
al! material balance using envelope |, is

0, = 0, + 0, .-cmmmmmm e (9)

S | 2 3

Quantities O‘ and 02 are obtained from calibrated flow meters, hence 03

is also knoun. A material balance around enveiope 2 vyields the re-

lationship,

\ 1

O'+ 02 = O, + 02 @ T e e e (iO)
1 1
The net flow down, 03, is constant throuahout the cyclone., O‘ and 02 can
be calculated by an integration of 2 vertical velocity profile. 03 is

then calculated and compared with the actual value.

Figure-8 illustrates how the vertical velocity profiles can be
1 L '
used to calculate O'and 02. The flow up, 02 is
t
R
t
QZ =S 2{rvzdr,~—«——~~—w———~~ww———(lI)
0
1
and the flow down, Ql is
R
] Vi
= Ly o N P O 4
Qi S;«rvzdr. i

1

R
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Figure-7 Lo

Hvdrocvclone Material Ralances
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R is the radius at which the vertical velocity is zero and Rw is the
wall radius at the elevation considered. Equations (11) and (12) are only
applied at levels below the vortex finder. In this region, the vertical
velocity is assumed to be symmefric about the central axis. At levels
above the vortex finder, several velocity profiles,at different angular
positions would be required to integrate correctiy. 3

Thus, if the caculated net flow based on vertical velocity measure-
ments does not agree with the actual underflow, 03, within + 10 per cent,

then the velocity measurements are incorrect. The tolerance of + 10 per

cent is based on the accuracy ¢f overall fiow measurements.

2.2 Equipment Desiqgn, Constructinn and Operation

The equipment employed in this work can be divided into four cate-
gories: the nhydrocyclone, the peripheral flow system, the optical arrangs-
ment and the high =peed cine camera. The procedures for operating the
above equipment and for analyzing the final films are also discussed.

2.2.} The Hydrocyclone

The cyclone georetry was based on design procedures recommended by
Rietema[R-1] together with the suggestions of Bradley and Pulling[B-3]
for the diamefe; of the underflow and Haas et al[H-1] for the cylinder
height. The internal cyclone diameter chosan was 3 inches. This size
cyclone is common in industrial practice and also ailows =asy compa-
rison with the results of Kelsal![K-2] and Ohasi and MaedalO-1].

The actual dimensions of the cyclone used in this study are shown
in Figure-9., For safety, the cyclore was constructed of thick-wall glass
throughout. The inlet and over flow pipe were tapasred to alliow coupling
with metal fittings employing fTeflon seals. The geometries used in this sfudy

study and those used by Kelsall and Ohasi and Maeda are summarized in
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Table-3,

The operating conditions selected for fﬁis study, as well as those
used by Kelsall and Ohasi and Maeda are listed in Tabte—é. The operating
conditions were chosen to be within the range of the velocity measuring
technique and cf industrial bracfice. Details of the selection of cpera-
ting conditions are given in the appendix, section Al.3,

2.2.2 The Peripheral Flow System

The peripherai flow system is shown in Fiqure-10. The reservoir
supplies two centrifucal pumps in parallel with the cyc!ohE. Anisole is injec-
ted from a pressure reservoir into the {eed pipe where the fturbulence
disperses this immiscible fluid. The overfiow is recycled and the under-
flow drained. The make~up water feed rate is set egual tc the underflcow
rate tc maintain steady state.

Flowrates and pressureswere measured on calibrated rotameters and
pressures gzauges, respectiveiy. The underflow rate was checked by weigh-

ing an amount of water coliected in a known fime.

2.2,3 The Optical Arrazngement

A small volume inside the hydrocyclone is viewsd from two mutualiy
perpendicular‘direcfions, so that the three velocity comporents can be
resolved.

Figure-I1 shows the cptical arrangement. Two concentrated arc
lemps were matched by eye to give equal intensity, by using 2 variable
transformer on one of the lamp power supplies. Converging lenses and coi-
limators gave two narrow beams of paralle! light which produced the two
silthovettaed views of droplets moving in the hydrocycione, The [ight was
then directed by prisms to a half-silvered mirror which superimposes Th

two views and transmits fhen to the hiah speed cine camera, A half-silver-



Table-3

Comparison of Cvclone Geometries

Dimrension This Study Kelsall* Chast and Maeda*
D (in.) 3.00 3.00 3.1
Dl 0.28D 0.210 0.24D
D, 0.34D ‘ 0.170 0.320
Ds 0.16D ' 0.170 0.076D
2 0.400D | 1.33D 0.75D
H 0.670%* ? {.060
[ 5D 2.8D¥*¥ 4 . 84D%*%
0  {degrees) 11.3 20 15.3
. ==
fead entry or 4

¥The ocsometries of Kelsall and Cnasi and Maeda listed above are those which

are ciosest fo the geometry used in this study and for which there is velocity
nrofile data available in the onen literature.

¥EA valve of 0.5D was the suaqasted optimum but the value above was required for

cltacss blowing.,

¥X¥XCo+imatad valua.,



Comparison of Operating Conditions

—-vz-

Quantity This Study Kelsall * Chastl and‘Maeda*
O‘ {USGPH) 7.5 (5.8 ‘;is'“
02 {USGPtD 6.0 7.0 4.4
03 {USCPM) .5 8.8 2.9
Pl (PSICY 15.7 40 14.4
P, (PSIG) 10.5 ? ?
PS (PS10) .o ? ?
{ye}‘(FEET/SFC) 4.34 25.9 9.67
{VZZZ(FEET/SEC) 2,37 L5 5.90
Alr Core (YES or NO) | NO YES YES
Temperatura °c) 18 ? ?

* The opasrating conditions of Kelsall and Ohasi and Maeda listed above

are those which are closest to those used in this study and for which

thare {s velocity profile data availabie in the open literature.
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Figure-1i1

Optical Arrangement

o
O
83)

LEGEND ' -

riant anale prism

converging lens(3 in, F.L,
arc tamp (100 watt)

) ’ i

water and anisole drops

glass cyclone

water

plexigloss jacket

haif-silvered mirror

powar supplv{l50 watts d.c

./

variablie transformer

high soeed cire camara

telenhoto lens{IS4.8mm F.L.

axtension tubel6.75 in.)

nulse asnerator

pewer sunplyla.c.)

olane of study

I E:;rn x|l O M MO QT >

coitlimator




-27-

ed mirror refiects half the incident light while the remaining half is
transmitted in the incident direction.

In Fiqure-l1, the cyclone is showh with a transparent jacket. This
machined plexiglass jacket, enclosing the cyclone, is filled with water.
The presence of the water reduces the distortion due to the curved sur-
face of the cycione. The surfaces of the jacket presented to incident pa-
rallel light are flat and perpendicular to the light's direction, elimi-
nating distortion at this interface. Since water is on both sides of the
cyclone wall, distortion dus to the curved wall of the cyclone is lateral,
that is, light is shiffed horizontally but not obliquely. Some oblique
distortion is encvitable in view B . as the focal plane moves close 1o the
cyclone wall,

The {amps, lenses,’collimafors, prisms, the half-silvered mirror
and the camera were attached to a steel plate machined to a folerance
of + 0.0005 inch. This plate could be moved vertically and horizontally
relative To the jacketted cyclone. torizontal{radial) measurements were
made using a sliding scale arrangement accurate to + 0.01 inch., Vertical
measurements were made with a leveled cathetometer accurate to + 0.005
cm.

The plane of investigation, shown in Figure-!!, was chosen for
fwo reasons. First, throughout most of the cyclone body the flow can be
assumed to be axi-symmetric so that point fluid velocities measured on
any r-z plane can be assumed identical. This assumption can be verifiad.
Second, provision for a third direction of movement presents many con-
structional difficulties.

The cyclone wvas mounted on a larqge, angle steel table equippned with

feveling screws. The tahte was leveled nrior to cyclone installatios.
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Then, the jacketted cyclone was mounted on the table and a 0.002 inch thick
copper plumb [ine was hung through the overflow and underflow nipes and

the cyclone's position adjusfed until the plumbline was suspended through
the center of each outlet pipe. This procedure ensured that the central
axis of the cyclone was vertical.

All devices used for viewing the system were aligned and fixed in
position. The arc lamps, which are effectively point light sources, were
positioned one focal lenyth away froﬁ the lenses. The lenses' flat faces
wvere set parallel to the face of the cyclone jacket using a machinist's
square. The prisms’' faces were also set parallel to the face of the cy-
clone jacket in the same way. The camera was subsequently positioned on
the centerline of the half-silvered mirror at the focal length of the
lens —extension tube arrangement and a plumbline bhung co~incident with
the cyclone's central axis. Then, viewing through the cameral’s evepisce,
the haltf-silvered mirror was rotated until both images were superim-
posed. The mirror was then f?xed in position.

A detailed drawing of the optical table, showing the mechanical de~-
tails and actuail dimensions, appears in the appendix, saction A!;Z.

2.2.4 Hiah Speed Photography

A rotating prism cine camera(Hycam mode! number K20S1BE) with a
max imum exposuré rate of 36,000 quarter frames per seccnd was used. A speed
of approximately 20,000 quarter frames per second was used throughout all
the experimental runs.

The shutter speed at the selected exposure rate is 1/30,000 of a
second. This shutter speed required 400AZA Eastman Kodak 4-X Nagztive type
7224 16 rm film(in 100 ¢+, rolis). Concentrated arc lamps{Sylvania KIGCO

d.c.) were selected as {jaht sources.
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Since The camera accelerated to the desired spead relatively slow-
ly, true film speed was established by using a calibrated pulse generator
which powered a small neon bulb in fthe camera. The bulb puts tiny dots
or biips of light on the film; the time between each is known froé the
‘frequency of The'pulse generator, which was set at 1,000 cycles per second
throughout all runs. The accelsration characteristics of the camera,
provided by the manufacturer, are included in the appendix, section A4.4,.

Various I€ns-extension tube arrangements were tried to reduce the
depth of field as much as possible. The arrangement shown in Figure-1i
was finally selected and the depth of field estimaied as 2 to 3 mm. The
imp!icafipns of this are discussed later in section 3. 2.

2.2.5 Experimental Procedure

The discussion beiow is, of necessity, general., Details are given
in the appendix, section AZ.l. In *+his section all the positions at
which rolls of film were exposed are tabulated.

An experimental run is definad as a number of Tilms exposed at var-
ious radial positions at one vertical elevation. Six runs were zarried out.

To conduct a run, the opticail piate was placed at the desired ele-
vaticn and the vertical distance from the inside top of tha cyclone to
the center of the camera lens was measured with the leveied cathetometer.
The plumbline was then hung through the cyclone and adjusted until it was
co-incident with the cyclone central axis, The optical plate was then mo-
ved radiaitly untii, viewing through the camerz, the two images wesre exact-
iy superimposed., The scale reading was then taken for later radiai position-
ing. The plumbiine was susequentiy photographed from each direction, se~
perateiy. One 100 ft. roll Qf film was sufficient fer this ¥ the fiilm

speed was maintained at about 5,000 quartar frames per second.
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The ntumbline was then withdrawn aﬁg the cyclone coupled into the
flow system. The operating conditions mentioned previously were set and
the entire system éllowed to run for approximately 15 minutes. The tempe-
rature in the reservoir and the’ feed, overflow and underflow pressures
were reccrded. Then, a small amount of dved anisole, sufficient so that
it could just be seen with The naked eye, was injected continuously.
Rolls of film were then exposed at various predetermined radiai positions.
At the end of a run the underflow rate was checked by collecting and
weighing an amount of water colected in a known time.

A list of the filming positions used in.This project’s six runs
is given in Table- 3.

2.2.6 Film Analvsis

The movement of aﬁisole droplets in the cyclone was recorded on
tracing paper attached to a backprojection screen. Detalls of the back-
projection apparatus are in the appendix, section Al.Z.

By photographing a rotating scale hung on the cyclone's central
axis, droplet movement in the cyclone could be related to image movement
on the screen, Details of the calibration are in the appendix, section Ad.l.

Image velocity on tha screen was determined by counting the number
of frames between timing dots. Angle measurements could be made using
the fracing of the plumbline as a reference.

The films were analyzed for droplet movement in view A to de-
termine tangential and vertical velocities . The films were then re-
analyzed to record droplet movemant in view B so that vertical and
radial velocities could be calculated.

The entire detailed analvsis procedure and the calcutations for

cections AZ.7? and A3.}.



Filming Positions !nside the Hydrocvclone

3}~

Table-5

z r z r
{in.) {(in.) (in,) {in.) {in.) (in.)
-1.00 0.64 -1.51 .10 -2.02 0.05
0.80 0.20 0.10
1.00 0.30 0.17
.20 0.30%¥ 0.20
.40 0.50 0.30
1.50% 0.70 0.50
0.70%% 0.75
0.90 i.00
1.10 .33
.30 1.45
| . 30%% I.50%
] .50%
z r z r z r
(in.) (in.) {in.) (in.) {(in.) (in.)
-2.49 0.10 -3.00 0.05 -3.51 0.05
0.20 0.10 0.10
0.30 0.15 D.15
0.50 0.20 0.25
0.75 0.25 0.50
1.00 0.50 0.75
1.25 1.00 {.00
1.25 1.25
1.35 |.35%
l.40%

¥ wall radius

¥%* replicates for reproducibility study
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3. Results and Discussion

From the 55 rolls of film recording the movement of anisole droplets
in the cyclone at various points, 18 velocity profiles have been pre-~
pared, depicting the flow patterns near the vortex finder in a hyrdo-
cyclone operating without an air core.

3.1 Comparison of the Results with those of Xelsall and Dhasi and Maeda

The results of this study and those of the above-mentioned inves-
tigators were put in dimensionless form to provide a simple basis for
comparison.

The following dimensionless quantities were defined:

s B s (13)
A e s (14)
v
A S (15)
° g
v
S (16)
AL
v
L (17)
r <Ve)n

The average inlet velocify(ve?i and the average velocity in the over-

flow pipe have been chosen to caiculate v;, v: and vt. Quantities R’L'<Ve;ﬁ

’and KV, can befound in Tables-3 and 4.
| Before comparing the results of the three studies, the overall dif-
ferences in operation and investigation should be made clear.

‘n this sfudy, no air core was a!lowed to form bacauss of back pres-
sure maintained at both underfiow and overflow. !nvesfigéfion was con-

centrated in the region near the vortax finder es this region had not besen



considered in detail e%perimenfa!ly. Kefsall worked with an air core pro-
duced by free discharge of the underflow. Also, the vortex finder was
unusually long. He did this to stabilize the flow. lnvestigation as in
the case of Chasi and Masda, was directsd toward the cyclone as a whole.
Ohasi and Maeda unlike Keisall, used a flooded underflow which produced
air cores of much smaller diameter.

Comparison of the vatlous works [s considered possible. The inlet
Reynolds number in this work was 2.7x!04 while Keisall's was 7x104 and
OChasi and Maeda's value was 6xl04. The proximity of these values indicates
comparison of the various results is reascnable. Also, Kelsall's large num-
ber of results showed that they were relatively independent of toval pres-
sure drop and fiow split sc that comoarison of his results with those
of this study is pessible. The fact that Ohasi and Maeda's pressure drop
and flow split were close to those in this work is another justificatien
for comparison of their results with those of this study.

The tangential veifocities shown in Figure-12 indicate that the
transition from forced to free vortex is not so well marked in a cyclone
operating without an air core. The extent of tangential veiocity fail-
off with radius is not as areat as with cycleones operating with an air
core., This is 2tso reflected in the values of n determined by fitting

eazh worker's results to the relationship,

which has been proposed for free vortex flow in a hydrocyclorne. The re-
jationship has no fundarentai basis only empirical., In this study n was

determined 1o be 0.122, 0.229, 0.334, 0.300 and 0.217 &t the levels of

4

z equal to -0.101, -0,134, -0.165, -0.200 and -0.234 respectively, Xsl-

sall and Ohzasi and Mzeda found (aversge) vatues of n of 0,77 and 0.74
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respectively for the operating conditions cited in Table-4.

The vertical velocities determined in this study are shown in Fi-
gures |3 and 4. View A data are defefmined by averaging anywhere from
2 to 12 individual measurements taken from a single roll of fiim. The
averaging was required because of the depth of field problem. For the
sake of clarity, only the average measurements are shown except in Figure-
13 for v: versus r+ at z+ = -0.134. In This plot, to illustrate the
range of the individual measurements, all points have been plotted. Ave-
raging of view B me2asurements was not necessary as droplets invariably
crossed the focal plane of this view at right angles. The agreement of
the data from the two views is considered satisfactory. The depth of field
problem is discussed in more detail in section 3.2.

The curves shown in Figure-1% were determined by drawing the smoo-
thest curves possibie through fthe data in Figures 13 and 4.

Comparison of the three sets of vertical velocities indicates an
important difference in the three studies. Perhaps because Kelsall had
an unusually long vortex finder and because Ohasi and Maeda determined
their prefiles at large vertical displacements, short circuit flow was
not detected. Such a flow pattern wes found in this study at elevation
z' = -0.101. This is illustrated by the "hump” in Figure-15. The flow
produced by this part of the profile has been estimated as 5.7% of the
feed flow, which beina quite small reinforces Rietema's[R-11 sug-
gesticns for op¥imum geometry.

The locus of zero vertical velocity in Figure-i5 suagests that in
both modes operation, i.e., with or without an air core, the locus of

zero vertica! velocity reflects the shape of the cyclons,
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VERTICAL VELOCITY PROFILES
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In general, it would seem that vertical transport of fluid in a
‘hydrocyé!qne is quifte similar whether or not an air core is present,

To check the consistency of the data, vertical velocity inteqgrations
were carried out as described in section 2.1. The results, determined
graphically, as described in ;ecfion A3.3, are shown in Table-6.

At the top elevation, no velocities were determined in the vortex
finder pipe. Hence, at this position 03 was not calculated. The value

t
of QI at this position is however much higher than Q, indicating that

|
circular flow symmetry does not exist at this position. Tnis is also in-
dicated at the levetl, z+ = -0.10}!, where there Es:mos? likely assymetric
flow conditicns alsc since at the remaining four elevations, the calcu-
lated and actual walues of 03 agree satisfactorily.

In general, in Table-6 O; decreases down the cyclone while Q; in-
creases up the cycione. This trend is in agreement with the discussion

-

on verticaj and radial flow given in section 1.3.3,

A further data consis?enc? check is provided in Figure-16 where cail-
culated and experimental values »f the radial velocity are compared. The
experimental values are observered to be in modest ageement with Thé v:
valiues caicu%a%ed from r-z internal material balances assuming axial sy-
mmetry, Details of this cafculation are given in the appendix in sec-
tion A3.4.

The radial velocities determined in this study are cutward toward
+he cenfratl axis and inward toward the wall. large gradients in the ra-
dial velacity profiles as evident in those of Keisasll and Ohasi znd Maeda,

were not observed in this study. Rather, the radial veiocity anpears
) ’ Yy agp

to be constant ower most of the distance between the central axic and tha

wall.
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Table-6

Vertical Velocity Inteqrations

calculated actual
+ 1 1
z 0y 0, O3 0z
{UsSGPM) (USGP1) (USGPH) (UsGPM)
-0.067 23,6 | emmmmem | e 1 .50%
~0.101 t7.3 8.30 9.00 | .50%
-0.134 7.02 5.70 | .32 1.55%%
-0.166 7.36 5.77 |.59 |, 47%%
-0.200 6.77 5.727 1.50 | 51%%
-0.234 6.42 5.02 {.40 | .58%*

* determined from feed and ovaerflow rotamster readings

¥ determined by wolght-time measurcnonts
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The behaviour of the radial velocity at elevations below those considered
may of course be different as the effect of the cyclone taper becomes
more important. Both Kelsall and Ohasi and Maeda used tracer particles
which were heavier than wafef; This may have caused the radial velocities
Yo be exaggerated somewhat.
+ 4+ + . .
A listing of all the measured valyes of Vor Vz' and vr is given

in *he apperdix in secticn A3,I,
. i

£

3.2 Error_Analysis

For determining tangential and Qer?ical velocities, the error in
fluid metering(5%), film speed measurement(0.5%), screen calibration(0.5%},
screen distance measurement(1%) and angle measurement(X 0.5°) are far
overshadowed by the depth of field problem in view-A which was pro-
duced by the lens-extension tube arrangement adopfedsin this study. The
problem Is illustrated in Fiqure=17,

The depth of field has been estimated as 2 mm, by moving an il-
luminated targef. Reduction of the depth of field beyond the
present value would require a much lenger lens-extension tube combination
than the i0 inch combination used im ¥his study. A longer arrangement,
when combined with the camera would make the photographic section of the
equipment unwieldy and difficul¥ ¥o align with the other optical devices.

The depth of field is only a problem when view A droplet behawviocur
{s observed. In %h%s view anisoie droplets moved almost paralle! o the
$ocal plane, which due fo the degth of field had a finite thickness. To
overcome this problem, the behaviour was observed and averaged. The mean
value was assigned the radial positicn at the center of the fTocal plane.

When measuring distances on a ?racfng paper recording, an ab-

solute error of 0.02 screen units has been estimated. This is acceptable
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Figure-17
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when measuring distances of the order of 2.00 screen units or greater
which was the case for the majority of measurements made to determine
v: and v;. However, as described in section Z.1, the determination of
v: values from screen recordings required measurements of +the small
horizontal difference, (d‘—dz). Consequently, the relative error in this
term méy be as high as 60%. The calculated values of vr+ are considered
more reliable., These latter values were calculated from smaill flow seg-
ment where the error has been estimated as 10% so Thaf the celculated
values of v: are considered accurate to within 20%.

At z+ = =0.101, replicate measurements were made to study the re-
producibility of the technique. The results are shown in Table-7. The

velocities appear to be reproducible to within 4%,

3.3 General Discussion

The veleocity profiles prepared in this work were determined by ob-
serving the btehaviour cf small anisole droplets dispersed in water. The
character of these droplets bears further discussion.

As stated, the droplefs were dispersed by the turbulence in the
feed pipe at a "tee" joint. From visua! observations, it was concluded
that if the anisole reservoir pressure was maintained constant, the drop
size and distribution was a function oniy of the fota! feed rate. Feed
rate and reservoir pressure were maintained constant throughcut all runs
so that it is concluded that the drop size and distribution was idehfi-
cal for each run. The actual drop sizes ranged from about 50 to about
350 microns.

The densify difference between anisole and water at 20°C is $.00596
gm/cc. Thisimplies that anisole droplets behaved as neutraily buoyant
spheres. Much information has been colliected about the behavicur of neu-

+rally buovant spheres in Poiseuille flow in straight tubes.
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Table-7

Reproducibility Heasurements*

Film r+ V+

Roll Mo. o
SRK-87 0.200 {.48
SRK-88 0,200 1.43
SRK-90 0.467 1.24
SRK-91 0.467 1.23
SRK-94 0.867 1.26
SRK-95 0.867 1.28

z =-=0.101
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Lateral migration of such spheres has éeen found to be proportional
to such parameters as drop to ftube diameter (to about the power three)
~and tube Reynolds number and inversely proportional to the disfanée from
the wall. Although the flow situations are decidedly different the impli-
cation is that no lateral migration occurs. |
An inspection of all the velocities lisféd in the appendix fqr
view A measurements shows there is no apparent relationship between droplet
size and velocity.
During the six runs carried out in this study, the feed, overflow
and underflow pressures were recorded as listed in Tabie-4. It is to be
noted that the total préssure drop was much larger than that estimated
in section Al.3, whére a correlation based on air core operation was used.
Due to the great number of droplet images seen in both views, the
uniformity of the drop size distribution and the problem caused by the depth
of field, it was not possible to identify a given droplet in both views
simultaneously. Had this been possible, the film analysis w0uld-have been

simplified.
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4 Conclusions

4.1

(i)

Gii)

{iv)

(v)

{vi)

{vii)

4.2

(i)

(ii}

(1i)
(iv)

(v)

New Conciusions

The tangential velocity profiles in a hydrocyclone operating

without an air core are similar in character to thoce produced with

‘air core operating although the exponent, n, in equation(i8) is

much reduced.

The vertical flow patterns in a hydrocyclone operating with and

without an air core are very similar.
"Short circuit" exists in hydrocyclones operating without an air core.

There is-outward radial flow near the central axis and inward radial
flow toward the wall in a hydrocyclone operating without an air core.

No large radial velocity gradients were observed.

Anisole droplets in the size range 50 to 350 microns can be used as

tracer particles to measure water velocities.

-

+ .  ae s
Mass balances based on vV, profiles closed to within an average of 9.29

for profile s produced in this work.

The method devised in this study is a reascnable method for obtain-
ing fluid velocity data, but the technique would be much improved
by a combination of reduction of the depth of field and compaction
of the equipment. Although difficult film analysis is involved, any
other arrangement of the views would require vicwing from the top

which would be hampered by the preserice of the vortex finder.

Confirmé+ion of Earlier Findinas

The major part of the tangential flow regime can be described as free
vortex flow and equation (18) models this physical behaviour satis-

factorily.

The locus of zero vertical velccity reflects the shape of the

cyclone.
Inward radial flow occurs at radii greater than 0.4R.
Outward radial flow cccurs near the central axis.

The vertical and tangential velocity profiles indicate that there i

[

effectively siip flow at the cycione wall.
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5 Recommendations

(1)

(ii)

(vii)

(iv)

(v)

A more complete analysis of the hydrocyclione encorporating more
angular and radial positions coﬁld be initiated.

The effect of feed rate, flow split and air core absence or pre-
sence on point fluid velocities could be studied.

Observation of the behaviour of particles heavier or iighter than
water could be studied.

Reduction of the depth of field by using a microscope would be a
significant improvement to the technique.

Various mechanical improvements to the equipment could be made,
such as: flow measurement of the anisole, temperature control on

the vater reservoir and manometers to replace pressure gauges.
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6 Momenclature

6.1 Latin alohabet

Ai cross sectional area of c¢cyclone inlet pipe, ffz

AZ dimensionless arca proportiondl to small vertica! flow segment, dimensionless
d radial distance projected into view B, ft

D inside diameter of cylindrical section of cyclone, ft

D droplet diameter, ft

D droplet diameter(see section Al.3), ft

D inlet diameter, ft

D, overflow digmeter, ft

D, underflow diameter, 4

g gravitational acceieration, f+/sec2

A

H  vortex finder height, ft

, . . nt
K  sropertionality constant, £t ’/

sec

| height of cylindrical section of cycfone, ft
L  overall cyclone height, ft

n exponent, dimensionless

(8P), cyclone pressure drop{see section Al.3}, lb/H'2

+
0, feed rate, fTB/sec

0, flow down a2t elevetion z, ffs/scc

02 overfiow rate, ff3fsec

0, flow up ot elevation z, fT3/sec

Qx underflow rate, ffs/sec

r radius, ft

r radius, dimensioniess

R cyctone cvlindrical section radius, ft

R radius at which vertical velocity is zerc, 1
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Rw wall radius at elevation z, ft

(Re)i inlet pipe Reynolds number, dimensionless
ot time interval, sec

v, radial velocity, ft/sec

vi radial velocity, dimensionless

v, vertical velocity, ft/sec
»v: vertical velocity, dimensionless

v, Tangential velocity, ft/sec

v: tangential velocity, dimensionliess

{Vg?; Barea average inlet velocity, ft/sec
(vz)z area averaqge overflow veiocity, ft/sec

z vertical distance, ft

z vertical distance, dimensionless

6.2 Greek Alphabet

/7 continuous phase viscosity, ft/lb.sec
7 universal constant,dimensionless

& angle, degrees

/9 continuous ghase density, lb/ff3

R

solid density, Ib/f+3
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Aopendix Al

Experimental Equipment




=55~

Al.l Backprojection Apparatus

A backprojecfioﬁ device was made Yo simplifly the analysis of the
films. |

This apparatus was designed to maintain the full frame projector at
a fixed distance from the screen and to provide sufficient magnification
so that simple granhical analysis of screen recordings could be carried
out on a conventional drawing board directly.

The frame was constructed of one inch square tubular steel. The screen
and projector suoports were constructed of 0.5 inch pniywood and set at
30 and 60 degrees to the vertical respectively. The screen was a piece
of 0.25 inch plate glass 20 inches by [0 inches.

Figure Al-1l shows a side and plan view of The apparatus.

An extension contro! was used with the #rojecfor so that it could

be confrolled while viewing the screen.



projector
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Figure Al-Il
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Al.2 Optical Table Assembly

A simplified drawing of the optical table assembly is shown in
Figure-Al-3, The four upright poles which govern the vertical movement
of the optical nlate, are notched as iflusirated in Figure-Al-2, it is
in these notches that the swing-in latches, shown in Figure-Al-3, are en-
gaged to position the optical plate.A detailed drawing of the optical
plate is given in Figure-Al-4,

ALl ptatesshown in Figures Al-3 and Al-4 were machined to a tolerance
of ¥ 0.005 inch. The bushings were brass. Steel roller bearings were in-
stalled in the set of bushings guiding the vertical movement of the op-

tical plate.

Figure-At-2

Detail of Notched Upright Poles

N
0.25"
\J
t
0.25" 7}
0.z5"
Q\sﬁ/




Flaure-Al-3
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Figure-Al-4

Plan View of Optlical Plate
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Al.3 Selaction of Operating Conditions

Given the cyclone described in this work, what are reasonable ope-
rating conditions?

Exploratory experiments showed that a feed rate of 7.5 USGPM was a
reasonable flow rate at which to employ the optical technique devised
in this study. The flow split was se!ecfeé arbitrarily as 4 to | so that
80% of the feed was directed to the overflow and 20 % directed to the
underflow. This split is within the range of industrial application.

To insure that the chosen operating conditions approached those used
in industrial practice, the cut diameter(diameter of a particle which
has an equa! chance of exiting by the underflow or overfiow), D, and
the pressure drop across the cyclone, (AP)f, were calculated forsg hy=-
pothetical mineral dreséing problem.

The problem details and solution are described below,

Mineral Dressing Problem

Statement of The Problem

A cyclone is fed a feed mixture of less than 1% solids and water
at a rate of 7.5 USGPM. The ore to ba separated has a specific gravity
of 1.5, The flow split is set at 4 to |. All physical properties are to
be evaluated at 20°C.

Solution
Method: Rietemal[R-1(paper 1V)]

Restrictions: (i) Rietema's method of design has been developed for

cyclones opersting with an air core.

(ii} Rietema's method of design has been developed for

an optimum goometry that he has proposed,



Solution Details

The first restriction will be dealt with later while it is noted
that the first restriction has been met. The physical dimensions of
the cyclone used in this work were determined using Rietema's suggestions
for opTiQO geometry.

The required physical properties are listed below.

i
Ve

Y

7.06x10”% 1b/¢+.sec

62.5 Ib/ft>

93.8 Ib/ft°

it

Also,

0, = 7.5 USGPM or 1.67x1072 #+/sec.

|
The average inlet velacity is
AT

where Ai is the cross secticnal area of the feed port.

o2 -
Ai - ﬁDE - (3.!4)é0.84/|2) = 3.85x]0"° f+2,

Thus

= e = !
Vg7 3 8510 4,35 ft/sec.

The inlet Reynolds number is
4

-2
400, _ (A62.5)(1.67x10°D) -
Re)y = b1, = (3.14)(0.84712) (7.06x10™ 7 2-6%¢10

From Figure-2 in the above mentioned reference,

@ry =40,
(0,5)0<v€ ;
where (AP)* is the pressure drop betwecen the feed and overflcw pipes.
2 2
: L 4.8010.50 vy, _ (4.0000.5)(62.5Y(4.35) .
“ht = ey © ' T (37,77 (147 = 0.51 psig.

Refering again to Rietema's vork,
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2
(6.5)07 AP (aP)
DSOP t

,72.

where ap is the density difference between the ore and the water. D

(Re)i =

P50
can now be computed. -
(Re)i 2,72_]0.5
D =
p 1 (6.5)4 (aP)_j
50 | U
0.5
5 (2.68x10") (7.06x1 072 CLerxiot
Psg (6.5)(31.3)(0.511)(32.2)(144) o
or
D = 5] microns
P50
The two desired quantities D and (AP), have been estimated but

P50 t
must be considered in light of the fact that the above design method

has been developed for cyclonss cperating with an air core. The effect
of the presence of an air core on Dpso has yet to be determined while it
has been observed that if the air core is not present the pressure drop
increases., For Thié reason, the value of (AP)f estimated above must be
considered conservéfive. The observed pressure distribution is given
in Table~-4.

In general, the values of DpSO and (AP)_r calculated above are re-

presentative of thosc encountered in industrial practice. Sece for example

the following operating reports: A-{, H-3, $--2, and T-1.
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Al .4 Equipment Suppliers

A list of all equipment suppliers is given in Table-Al-| along

with their addresses and brief specifications of the various items,

-~
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Table-Al~1

List of Equipment Suppliers

ITEM

SPECIFICATIONS

SUPPLIER

anisole and flaming
red dye

reagent grade

Fisher Scientific
184 Railside Rd.
Don . Mitls, Ont.

camera power supply

and projector

-0 Yo 320 v. (A.C.)

- 0 to 32 frames/sec

Photographic Analysis
8 Brian Cliffe Dr.
Don Mills, Ont,

cine camera

model no. ¥20S(BE
{(see also Section
2.2.4)

Photographic Analvysis
8 Brian Cliffe Dr.
Don Mills, Ont.

cyclone

see Section 2.2.1

Glass Blowing Shop
McHaster University
Hamilton, Ont.

cyclone jacket

0.25" plexigiass
see also Figure-Al-3

Chem. Eng. Mach. Shop
McMaster University
Hamilton. Ont.

feed rotameter

tube no. R-}3A-25-3
float no. 13-RV-310
316 SS with teflon
packing

Brooks Instrument
Division

Emerson Electric

Box 150, Markham, Ont,

half-silvered mirror

Eafing Scientific
719 Lajoie Ave.
Dorval 760, P.O.

tamps

{00 watts D.C.
Xenon-filied

Sylvania Llectric
Products Inc.
Salem Yass.,
U.S.A.
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Tablie-Al-1 {(continued)

{TEM

SPECIFICATIONS

SUPPLIER

lamp power supplies

150 watts D.C.

George W. Gates Inc.
Franklin Sq. L.1.,N.Y.
U.S.A.

lenses

3 inch focal length
converging lens

Hami {ton Photographic
Repair, 30 Market St.
Hami lton, Ont.

optical table

see Section Al.2

Engineering Mach. Shop
Mcmaster University
Hamilton, Ont.

overflow rotemeter

tube noc. FP-!-35-G-10/
float no. I—GSVGT769—
(T60)

33 Fischer Porter
{110 Wilson Ave.
Downsview, Ont.

pressure gauges

Brian Engineering
45 Shaft Rd.
Rexdale 603, Ont,

prisms

45°-45°-90°
I in. on the side

Faling Scientific
719 Lajoie Ave.
Dorval 760, P.Q.

puise generator

100 or 1000 cycles/sec

Potter Instrument Co.
Plainview, N.,Y,
U.S.A.

DuUMPS

|0 usGPt 8 80 £+,
head, 3450 RPM, 3i{6 SS

Hayward Gordon
50 Chauncey Ave.
Toronto 18, Ont.

tubing and fittings

0.75" and 0.625"
316 SS and teflon

Miagara Vatve and
Fittings Ltd., 174
Parkdale Ave. N.,Ham,

valves

0.5" globe and gate
0.25" needle valve
316 SS

Miagara Vavle and
Fittings Ltd., 174

Parkdale Ave. N., Hem,

valvaes (other?

i" gate and globe

brass

Neo Metals Ltd.
75 Mead Ave.
Hamilion, Ont.
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Appendix A2

Experimental and Film Analvsis Procedures
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A2.! Detailed Exnerimental Run Procedure

The optical plate was set in the desired position. This was accom-
plished by swinging out the four latches and raising or lowering

the plate as required, and then swinging the latches in.

‘The cathetometer Was leveled and the distance from the inside top

of the cyclone to_the center of the camera lens was measured.

The copper wire plumb line was hung through the cyclone's exit
ports and adjusted until it hung coincident with the central axis
of the cyclone.

The optical plate was moved radially with the handwheel until,
viewing through the eyepiece of the camera, the two images of the
ptumb iine were superimposed exactly.

The reading on the s!iding scale arrangement was recorded. This
was the reading for r = 0.00, Other radial positions were related
to this measurement.

The piumbline> was photographed with each prism, separately, at

a film speed of approximately 5000 cuzrter frames per second.

The plumb was withdrawn and the cyclone coupied into the flow
system.

The male-up water valve was opened and the reservoir fiiled to
about 809 of its capacity.

The anisoie reservoir pressure was set at 40 psig using the pres-
sure requlator.

The puﬁDs were started and the feed rate adjusted to 7.5 USCPM,

The overflow rate was adjusted to 6.0 USGPI! by throitiing the

underflow.
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The make-~up water flowrate was adjusted so that the level in Thé
reservoir was constant and then the syéfem was allowed to run about
20 minutes. The three pressures and the reservoir temperature

were then recorded.

The optical assembly was then set at the first predetermined radial
position and the arc lamps switched on and the intensities matched,
by viewing eacﬁ separately through the eyepiece of the camera and
adjusting the intensity of one with a variable transformer.

The pulse generator was switched on and the signal sent to the
camera. The voltage supply for the camera was then set at 155 volts
(A.C.). This voltage gives a film speed of approximately 20,000
aquarter frames per second.

Enough anisole was continuously injected so that it could be just
seen with the naked eve.

A 100 f+. roll of film was then threzded into the camera and the
film exposed by switching on the camera power supply.

The film was subsequently Taﬁen out of the camera and returned to

a sealed fiim tin. The camera was then inspected for fiim chips

and cleaned if necessary.

Steps p. to q. were repeated at predetermined radial positions,
After all the fiims had been exposed, the system was stopped and

drained.
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A2.2 Film Analysis

Two views of the droplets! movements inside the cyclone are re-

corded on each roll of film, Each film was viewed first to record

the movements of droplets in view A and then re-examined to record

droplet movement in view B. Each set of recordings were then zna-

fyzed on a conventional drawing board to yield the numerical data used

to calculate the final velocities.

The procedure for franscribing the informa+ién from the films

to tracing paper is given for views A and B.

A2.2.1 Recordinag Droplet Movement in View A

The procedure for view A is as follows:
A piece of tracing paper(lI7" x |1") was fixed to the backpro-
Jection screen with masking tape.
The image of the piumb!ine was then traced oa}o the paper.
The first data fiim was threaded into the prcjector and run aft
16 full frames per second.
A droplet in clear focus was selected and the projector stopped.
The outline of the droplet was traced.
The position of the center of the droplet was recorded with dots
as it was moved oné full frame at a time across the screen.
The projecfor was reversed and the droplet image returned to
its original position.
The image was then moved forward frame by frame until a timing
dot was seen at the side of the film. The image and timing dot
position were ther marked with the same letter of the Latin alpha- .
bet. This procedure was carried out (alphabetically) until the

image was out of view.
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i. The sequencé of letters along an image's path was used to identify
the direction of the droplet's and the film's movement.
j. Steps c. to i. were repeated with néw droplets until the film was run
through or the tracing paper became too crowded. |
k. A second sheet of tracing paper was placed on top of the old and
the ptumb line tracing transferred from one sheet to the other.
I. The first tracing paper recording was removed from under the new one,
m. Steps c. to I. were then repeated for ali the remaining fiims.
A typical recording of droplets moving in view A is shown in Figure-

A2-1. This figure is a photoreduced copy of a recording used in this study.

A2.2.2 Recording Droplet Movement in View B

The procedure for view B is as follows:

a. Tracing paper was attached to the screen and the plumbline traced
as before.

b. A film was threaded into the projector and run at 16 full frames per
second.

¢c. A dropiet in clear focus was selected and the projector stopped.

d. The image was recorded as described aboye.

e. The positioning of the plumbline and the Latin lettters with reference
to image and timing dot positicons was carried out as described in sec-
tion A2.2.1.

f. Steps b. to e. above were repeated for the entire film,

g. Steps b. to f. were repeated for all the fiims.

A typical recording of droplet movement in view B is shown in Fi-
gure-A2-2. This figure is a photoreduced copy of a recording used in

this study,
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A2.3 Screen Recordina Analvysis

In general, this section describes measurement of horizontal and

. . . . s eann
vertical distances and time intervals based on ideas discussed in Sec

tion 2.1. ’

A2.3.1 Analysis of View A Recordings

»

The analysis of view A screen data is illustrated in Figure-A2-3,
This recording is for one roll of film exocosed at one position in the cy-
clone., It is a simplified representation of how a recording such as that
shown in Figure=A2-l was analyzea.

All distances which were measured in screan units were assigned
FORTRAN names for later programming requirements. The distances VECT,
VERT, PARS!Z; HORIZ and FRACT were measured with a divider and a ruler.
The number of full frames fof an image to progress from a code letter to
a successive code letter was counted and multiplied by 4 to give the num~—
ber of quarter frames. A quarter frame is 4.31 screen units high on the
screen so that dividing the quantity FRACT by 4.31 gave the zdditional
fraction of a quarter frame between the successive code letters. The
time between the timing dots was 0.00! second. After the second code let-
ter of a pair of letters, the nusber of 0.001 second time inlervals was
recorded. This number was assiqgned the namc BLIP,

The above procedure was carried'ouf for all recordings of drop-
lets moving in view A, Table~AZ2-] gives a listing of all data. The ferm
screen units(S.U.) is discussed in more detail in section A4.0,

A2.3.7 Aralysis of View B Recordinas

The analysis of view B screen data is illustrated in Fiqure—AZ-4,

which is a simplificed represerntaticn of how a recordinag such as that
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Analysls of View A Recordings
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TARLE=~A2-1

DATA FROM VIEW A SCREFN PFCORNINGS

ROLL ©ARSIZ HFIGHT RADIUS VERT HORIZ VECT FRAME - FRACT eL1Ip
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-87-

shown in Figure-A2-2 was analyzed.
:{"‘ §

The %f;fances VERT, DIMD2, RMDI, PARSIZ and RADCOR were measured

as described above. The latter quatity was used to determine "r" ex-

ey
Ep
S

acfly. The quatities NFRAME and FRACT were measured to determine fiim-
. (J‘JS‘, “-‘x

speed. The term picts was measured to calculate At.

The obove procedure was carried out for all films and the data

collected is given in Table-A2-2. R

-
.
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Appendix A3

Computations
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A3.1 Computation of Final Velocities

There are no special calculations required to calculate Qeloci+y

" components from the data obtained from recordings of droplet movement

in views A and B.

In general, the calculations involve conversion of distances measured
on the screen to distances inside the cyclone by using the screen calib~
ration as described in section A4.1. By calculating the film speed, time
intervals can be measured. Afl velocities and co-ordinates have been cal-
culated in dimensionless form in accordance with the scheme discussed in
section 3. Two FORTRAN |V programs were divised for the data from the two
types of screen recordings, to facilitate handling all the data in Tables
A2-{ and A2-2.

The !isffng of the two FORTRAN programs is given on The following pages

afong with the entire output from each program.
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A3.2 Power law Representation of Tangenfial Velocity Profiles

A5'discu;sed in section |, the tangential velocity, Ve at distances
sway from the central axis, is proportional to i/r" for cyclones operating
with an air core. .

To test the above relationship for a cvclone operating without an air
core, plots of log(ve) versus log(r) were prepared for the five runs where
the relationship could possibly apply. lfihas been shown, as discussed in
section |, that close to the central axis a transition occurs in the tan-
gential velocity. For this reason the data at r < 0,10 in. was not used
in the plots fn Figures A3-1 and A3-2,

The slope, n, was determined by the least square method of fitting
stralght lines. The values of n are 0.122, 0.229, 0.334, 0.300 and 0.2!7
for the vertical locations of z+ = -0.100, -0.135, -0.166, -0.200 and -0.234

respectively.
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Figure-A3-]

Lég(v } versus,

Log(r)
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Log(ve) versus Log(r)
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A3.3 Vertical Velocity !Intearations

The integrations were carried out using the curves in Figures |3 and

+ + + +
At intervais of r =0.05, v£ was determined and the V,er product
+
calculated. This procedure was done for each of the six values of z .

Table-A3-t lists the }esulfs. The resulting dimensionles areas, propor-
|
tional to the two vertical flows at each elevation are shown at the bot-

i
f

tom of Table-A3-1. Thése areas were calculated using the trapazoidal rule.

H

The areas were converted to flows in USGPM by using the conversion,

i

|
USGPM = area(21()(vz>2(R)2(449USGPM/fT3/SeC),
!

which has its basis ip Equations (1) and (12). The converted fiow rates are

are given in Table~6 in section 3,



+ o+
vz.r Values

Table-A3-1

at All Vertica! Elevations ¥

T 2= -0.067 -0.100 -0.134 -0, 166 -0.200 -0.234
0.05 0.05 0.09 0.071 0.07 0.08

. 0.10 0.03 0.108 0.113 0.109 0.108

L 0.0315 0.120 0.138 0.125 0.129

L 0.20 0.232 0,122 0.154 0.136 0.134

L 0.25 0.308 0.125 0.158 0.133 0.130

b0 0.246 0.120 0.150 0.126 0.114

fon.35 0.165 0.105 0.130 0.109 0.105

[ 0.40 0.175 0.0864 0.100 0.092 0.084
0.45 -0.108 0.113 0.081 0.0625 0.0675 0.0585
.50 ~0.195 0.120 0.060 0.0300 0.0400 0.0250
.55 -0.270 0.110 0.044 -0.0165 0.0055 ~0.0165
060 ~0.348 0.072 0.0300 -0.0600 1=0.0360 =0.0600
0.65 -0.403 -0.0975 0.0065 -0.104 -0.0780 -0.104
0.70 -0.434 -0.259 -0.0021 -0.140 -0.133 -0.154
0.75 -0.435 -0.353 -0.0675 -0.165 -0.180 -0.203 |
0.80 -0.456 -0.455 -0.0120 -0.192 -0.232 -0.248
0.85 ~0.475 -0.561 -0.176 ~0.230 -0.272 -0.289
0.90 -0.513 -0.670 ~0.288 -0.261 -0.306 -0.324
0.95 -0.561 ~0.665 -0.456 -0.295

§ 1,00 ~0.670 ~0.660 -0.470

.+ eres - 0.0794 0.0545 0.0553 0.0505 0.0481

é - area 0.226 0.166 0.0672 0.0706 0.0648 0.0616

Moter v r:L = 0.00 at a!l elevations for r+ = 0,00

-6Z1-
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A3.4 Calculation of Radial Velocities from Vertical Vefocity Data

The calculation of the radial velocities from the vertical velocity curves

in Figures I3 and 14 involved using an r-z material balance and the
assumption that the Flow was symmetric the central axis.

The area representing a small vertical flow segment, Az is shown in Fig.A3-3.

This area is converted to the flow, QZ by

= 2'7R2A < >
Q, = 24 z SV 72
This conversion has its basis in Equations (Il and(12). The area of each
flow segment was caiculated from the data in Table-A3-i, that is, an in-

+ ‘
terval of r = 0,05 was chosen. The individual areas were considered to b=
trapazoids. The areas are tisted in Table-A3-2.
Using the assumption of circular symmetry, an r-z material balance between

+ +
z, and z, shows the net radial Flow is

]
in Z+ ‘ Qzl Z+'
i 2 _ :
The area for this Flow, shown in Figure-A3-3 is 2/7/raz., . Az was chosen

s - " . . -+ -+,
as 1.0 inch. The radia! velocity at z and r is then

r
27 &z
-+ =+ . s
where r and z are the (arithmetic) average values of z and v as shown
in Figure-A3-3.
. . .. . . . L ,
Radial velocity profiles were determined using the above equation at z = -0.101,
R +
-0.134, -0.166 and -0.200. The profiles at z = -0.067 and -0.234 were not
. . , , ) + + +

colculated as this would require extrapolation of The v,.r versus z data
and no criterion for extrapoiation was available.

The calculated values of V. presented in Table-A3-3, are also displayed in

Figure-16 whare they are compered with the experimantal values.
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Figqure-A3-3

Calculation of Radial Velocities From Vertical Velocity Data
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Tahle-A3-2

Vertical Flow Seaments (areas)

-0.234

=+ -0.067 ~0.10! -0.134 -0.166 -0.200
0675 0.001250 0.002250 0.001775 0.001750 0.00200
0.075 0.00200 0.004950 0.004600 0.004475 0.004700
0.125 0.00}538 0.005700 0.006275 0.005850 0.005925
0.175 0.006588 0.006050 0.007300 0.006525 0.006575
0.275 0.01350 0.006150 0.007800 0.006725 0.006600
0.275 0.01385 0.006150 0.007700 0.006100 0.005875
0.5 0.01028 0.005625 0.007000 0.005475 0.004550
0.3%7 0.007250 0.004725 0.005750 0.004725 0.002925
0.425 0.005950 0.004425 0.004063 0.003563 0.001225
0475 -0.00758 0.005825 0.003525 0.002438 0.002088 -0.000525
0.525 -0.01163 0.005750 0.002600 0.000338 ~0.000213 -0.002538
0,57 ~0.01545 0.004550 0.001850 -0.001913 -0.001913 -0.004388
0.675 ~0.01878 ~0.0006375 0.000913 ~0.004100 ~0.004100 -0.006325
0.675 -0.02093 -0.0089!3 0.000111 ~0.006100 ~0.006450 -0.008625
0.795 -0.02173 ~0.01530 ~0.001740 -0.007625 -0.008925 -0.01053
0.77% -0.02228 ~0.02023 -0.004688" -0.008925 -0.01128 -0.01203
3825 -0.02323 ~0.02543 ~0.007400 ~0.01055 -0.01343 -0.01363
5875 -0.02470 -0.02978 -0.011600 -0.01228 -0.01533 -0.01510
5.925 -0.02685 -0.03238 -0.018600 ~0.01390
5,075 -0.03078 ~0.03313 -0.02315




Table-A3~3

Calculated Radial Velocitles

feet / second

—eet-

7 = -0. 10! ~0.134 ~0.166 ~0.200
0.025 ’ -0.0743 0.0708 ~0.0319
0.075 o -0.123 0.0224 -0.00472
0.125 ) 0,134 ~0.00425 0.0099]
0.175 -0.0144 -0.00961 0.0147
0.225 0.0897 -0.00905 0.0189
0.275 0.0747 ~0.000644 0.0235
0.325 0.0357 0.00163 0.0267
0,375 ‘ 0.0142 0.0 0.0267
0.495 0.0157 0.00718 0.0236
0.475 0.0842 0.0252 0.0107 ’ 0.0221
0.525 0.0252 0.0365 0.0190 0.0194
0.575 ” 0.0200 0.0398 0.0232 0.0152
0.625 0.112 0.0196 0.018] 0.0126
0.675 0.110 0.0148 0.0344 0.0132
0.725 0.0490 0.0375 0.0351 0.0142
0.775 0.0805 0.0516 0.0301 0.0142
0 825 0.0684 0.0639 0.0259 0.0132
0375 0.0530 0.0708 0.015 0.0114

q.925 6.0310 0.0707

0.975 0.0276
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Appendix A4

Calibrations
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A4.| Rotating Scale Screen Calibration

In order to relate the disfancé an image moved on the screen to the
distance a droplet moved inside the hydrocyclone, it was necessary to
calibrate the screen which was maintained at a fixed distance from the
projector.

A transparent scale, divided into mfllimeffé divisions, was attached
to a thin plumbline (thread) which was hung along the centerline of the
cyclone. Figure-Ad4-1 shows Theuarrangemenf used to view the scale.

The scale was set in motion by rotating the plumbline aently. Three
rotations were then photographed using one prism at a time. The prisms wwere
used separately in ordér to calibrafé each view, When viewing the resul-
ting film on a screen, the distance between two divisions was measured ev-
ery few frames., The distance between these two divisions rose to a ma-
ximum and Then decreased. At the maximum position, the plane of the scale
was parallel to the face of the prism under consideration.

The actual distance between the two divisions mentioned above is 2.0 mm.
The distance on the screen between these two divisions was measured in screen
units (S.U.).(One screen unit is equal to 0.5 inch).Sc}een units were used
in all film analysis, so that conversion factors in screen units/mm. were
required for each view.

The conversion factors are given in Figures A4-2 and A4-3 which
shows the results of the calibration procedure mentioned above. The cali-

brations were observed to be reproducible to within 0.2%.
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Figure-A4-|

- Rotatina Scale Screen Calibration
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Figure-A4-2

View A Screen Calibration
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Figure-A4-3

View B Screen Calibration
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A4.2 Pulse Generator Calibration

The signal from the pulse generator was analyzed on an oscilloscope
to find the time between successive peaks. The results are shown below.

They indicated that no adjusiment to the pulse generator was required.

Frequency of Pulse Time Between Successive
Generator Signal Feaks
cycles/second milliseconds

1000 1.0

100 10.0
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A4.3 Rotameter Calibrations

The feed and overflcw rotameters were calibrated by the author by
weighing volumes of water collected in a known time. The flowrates were
computed in US@™ and the calibrations shown in Figures A4- 4 and A4-2

prepared.
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Overflow Rotameter Calibration
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Ad.,4 Camera Characteristics

The characteristics presented in Figure-A4-6 have been provided

by the manufacturer. Only the curve fdr mode! number K20SIBE is pertinent -

in this study.
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