Miniature Hydroclones as Slurry Concentrators
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Miniature hydroclones were evaluated for use with thorig-urania slurries being considered
as fuels for one type of homogeneous nuclear reactor. In addition to extensive room temperature
data on concentrating performance, the results of tests with thoria slurries at a pressure
of 2,000 Ib./sq. in. and temperatures up to 550°F. are given. The data correlation presented
allows prediction of the concentrating performance of o given clone provided that the proper-
ties ond particle size distribution of the slurry feed are known.

The proposed homogeneous-slurry
nuclear reactor, which is fueled with
an aqueous thoria-urania suspension,
requires devices capable of both con-
centrating and diluting the slurry fuel
during start-up and shut-down. Hy-
droclones seemed particularly suitable
for such purposes, being easily de-
signed for high pressures and tempera-
tures, simple and durable, and devoid
of moving parts to complicate remote
maintenance. In addition they have
proved highly efficient in the removal
of micron-size particles from the uranyl
sulfate solutions that are employed in
one type of aqueous homogeneous re-
actor (11). Therefore the concentrat-
ing behavior of miniature hydroclones
was investigated as one part of an ex-
tensive feasibility study of the homo-
geneous slurry reactor (14, 15).

Most previous investigations (4 to
8, 11, 16, 19) have been concerned
primarily with the classification action

of hydroclones. The solids-separation.

ability of the hydroclones was de-
scribed in terms of the particle diame-
ter at which 509 of the particles enter
the underflow. Since the thoria-urania
slurry contains an appreciable quantity
of submicron particles, use of the
smallest miniature hydroclone practi-
cal (5 to 10 mm.) at reasonable pres-
sure drops (20 to 40 Ib./sq. in.) results
in a ds which is above the size of an
appreciable fraction of the particles.
To predict the concentrating effective-
ness with thoria-urania slurry it is
therefore necessary to describe quan-
titatively the behavior of particles
below the ds size.

This problem was considered in the
work of Yoshioka and Hotta (20) on
full-sized hydroclones. These investi-
gators studied the velocity distribution
in several hydroclones and the classi-
fication of clay slurries in a 6-in.

hydroclone with a 20-deg. included

angle. The solids-removal efficiency at
a given particle size was defined as the
percentage of feed particles of a given
size which is removed by the under-
flow. The ratio Q./Q, was found to
have a significant effect on the separa-
tion efficiency. For a specific clone at a
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fixed feed rate, Yoshioka and Hotta
found that

10— E=K(1—Q/Q,) (1)
To allow for the underflow effect, they
defined d's as the particle size at which
(100—E)/(1—Qs/Q,) is equal to
50%. The values of d’, they ob-
tained are correlated by

d, _ ( lLl )0.5 D0.1 F‘O.G OO.S
L P»— p1 Qo.s
(2)
Solids-removal efficiencies at other

particle sizes were graphically cor-
related by a fractional recovery curve
showing (100 — E)/(1 — Q,/Q,) as a
function of d/d'.

EXPERIMENTAL PROGRAM

The present experimental study of
miniature hydroclone performance was
divided into two phases. The first
phase was a room-temperature investi-
gation, aimed at providing enough
basic information to allow the formula-
tion of generalized correlations describ-
ing the concentrating action of minia-
ture hydroclones. The second phase
was the testing of prototype clones
with thoria-urania slurries at reactor
plant conditions (550°F. and 2,000
Ib./sq- in.)

The hydroclones tested in this pro-
gram ranged from 5 to 50 mm. in
diameter. The detailed dimensions of
the units used are tabulated in Figure
1. It may be seen that both individual
clones and assemblies of several clones
in parallel were tested. (Owing to the
small throughput of the individual
clones, plant-sized units would consist
of such assemblies. )

EXPERIMENTS AT ROOM
TEMPERATURE

The concentrating action of 50- and 10-
mm. clones (clone assemblies A and C of
Figure 1) was investigated by the use of
a bypass line of a 50 gal./min. test loop.
The flow rates were measured by rota-
meters, and valved tees were provided for
sampling. Samples were taken of overflow,
underflow, and feed to determine concen-
trations, settling rates, and particle size
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distributions. To ensure that the loop con-
centration was uniform, data were taken
only after the slurry had circulated for 1
hr.

10-mm. Clone Assembly

The 10-mm. clone assemblty was tested
with a thoria-urania slurry of a type and
composition similar to that pr(;posed for
the reactor plant (weight ratio of urania to
thoria = 0.03) used. Microscopic examina-
tion of the thoria urania showed that many
of these particles were collected in large
flocs having diameters of 20 to 150 u.
Particle-size determinations by the An-
dreasen sedimentation pipette method

(1, 2) in the presence of a sodium-silicate
dispersant showed these flocs to be com-
posed of particles ranging from approxi-
mately 0.3 to 7 u in size. The particle size
so determined, rather than the floc size,
was taken to be representative of the con-
ditions within the hydroclones. This as-
sumption is based on the results of Bennett
and Thomas (3), which indicated that the
high shearing force developed in the
hydroclones reduces the large, loose thoria
flocs into individual particles.

" Test conditions E)r the 10-mm. clone
assembly included pressure drops ranging
from 10 to 50 Ib./sq. in. and concentra-
tions ranging from 30 to 300 g./liter. At
each condition the flow distribution was
varied over a large range by throttling the
valve in the underflow line.

Separation efficiencies as a function of
particle size were obtained in essentially
the same manner as described by previous
investigators (4, 19, 20). The Andreasen
pipette technique was used to give the
particle-size distribution in terms of weight
fraction of particles having free-settling
rates higher than any given free-settling
rate. Multiplication of the respective
particle-size  distribution curves by the
fraction of total feed solids in each stream
yielded curves of the cumulative weight
Fraction of feed solids. The solids-removal
efficiency at a given free-settling rate
equals one hundred times the ratio of the
slopes of the underflow and feed curves at
that settling rate.

Figure 2 shows a typical set of data
calculated by the above procedure. The
pronounced effect of the underflow ratio
should be noted. The general shapes of
the curves are in agreement with the ob-
servations of Yoshioka and Hotta (20).
At very small particle sizes the solids-
removg efficiency approaches the under-
flow ratio, and the curves for the various
underflow ratios approach each other as E
approaches 100%. There exists a settling
rate above which all particles enter the
underflow. As expected, the settling rate at
which this occurs decreases with increasing
pressure drop.

The observed underflow-ratio effect was
compared with the relationship by
Yoshioka and Hotta [Equation (1)]. It
was found that their relationship holds for
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Fig. 1. Dimensions of minicture hydroclones used in this investigation.

low values of r but gives poor agreement
as r is increased. It was found that over the
range of r used (0.03 to 0.3), E/100—E
is directly proportional to r/1—r. In the
calculation of r it was assumed that the
thoria particles were half water. By defin-
ing a concentration factor « such that

= (IOOE—E )-( 17)

one can describe the hydroclone perform-
ance independently of the underflow ratio
being used. It will be noted that a rep-
resents the ratio of the concentration of
a given size particle in the underflow to
the concentration of the same size particle
in the overflow, or

a = C*/C*,

(3)

(4)

This concentration factor is quite similar
to the concentration factor defined by
Haas et al. (11) for hydroclone operation
with an underflow pot.

The data indicate that « is a function
of feed concentration as well as head loss
across the clone. Figure 3 shows the effect
of feed concentration on « with the pres-
sure drop across the clone fixed at 40
lb./sq. in. Although there is appreciable
scatter, there is an observable increase in
a as the feed concentration is decreased.
Fitch and Johnson (9) cited a similar
dilution effect.

50-mm. Clone

The 50-mm. hydroclone was tested with
a glass-bead—water slurry of suitable par-
ticle size (10 to 40 u). The tests were
conducted at feed concentrations of ap-
proximately 200 to 50 g./liter and fluid
head losses ranging from 50 to 500 cm.
Concentrations, settling rates, and particle-
size distribution were measured in the
manner previously described. These data

Vol. 6, No. 2

could be correlated in the same fashion as
those obtained with thoria. It was found
that the ratio Qs/Q, differed negligibly
from r for the thoria slurries used but that
there was an appreciable difference be-
tween those quantities for the glass slurries.
A noticeably poorer correlation of the glass
data results 1? r is replaced by Q./Q:.

GENERALIZED CORRELATION OF
ROOM-TEMPERATURE DATA

To arrive at a means for relating
the glass- and thoria-slurry data and
to develop a correlation for the con-
centration ratio in terms of system
properties and operating conditions, it
is desirable to consider the behavior of
a particle within the hydroclone. The
radial movement of a given particle is
determined by the relative values of
the water radial velocity and the radial

settling velocity of the particle gene-
rated by the centrifugal forces devel-
oped in the clone. It therefore seems
plausible, for a given underflow ratio,
that the ratio of the mass of a given
particle-size class collected in the
underflow to the mass of the same
particle-size class collected in the over-
flow is related to the ratio of the parti-
cle radial settling velocity to the water
radial velocity; that is

—=1(%)

100 — E (5)

At any radius in the hydroclone the

radial settling velocity of the particle
is given by

\'s Uy

o= (6)
provided that the particles are in the
size range to which Stokes’s law nor-
mally applies. Noting that the corres-
ponding values of R are proportional
to the hydroclone diameter and making
use of Kelsall's (16) observation that
U/V at any radius is independent of
throughput, one may restate Equation

(5) as
e )]
(M

For hydroclones where the ratios of
O/D and F/D are held constant the
tangential velocity would be very
nearly proportional to the square root
of the product of the acceleration of
gravity and the fluid head loss across
the hydroclone. The experimental data
of Kelsall (16) show this to be a very
close approximation of the facts. Con-
sequently the functional relationship is

modified to
= "[ vp ( ) 1/2 ]
=f D g

E
(8)

100 — E
Since the experimental results show,
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Fig. 2. Typical curves of separation efficiency as a function of particle settling
rate and underflow ratio.
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for a given slurry and hydroclone
operating over a range of underflow to
overflow ratios, that E/(100—E) is
directly proportional to r/(1—r), this
dependence is inserted explicitly. The
correlation expression then becomes

. [1

5 () |-rw
(9)

If one extends this correlation to in-
clude the effect of feed and overflow
port sizes, one has

a= 170 x 7 (2
(10)

It should be noted that ¥ is dimension-
less.

In computing v, an allowance must
be made for the effect of slurry con-
centration. For the glass-bead system
this was done on the basis that v,
should show the same concentration
dependence as the slurry hindered
settling rate. The value of v, at any
concentration was then computed as
the product of v, and the ratio of the
hindered settling rate at the given con-
centration to the extrapolated value at
zero concentration.

The above procedure was not
readily applicable to the thoria suspen-
sions owing to the marked floc forma-
tion of these slurries. In this case the
approximation was made that Stokes’s
law can be applied if the properties of
the liquid are taken as those of the
slurry mixture considered as homo-
geneous fluid medium. This does not
strictly apply unless the particle under
consideration is appreciably larger than
those surrounding it. However Hap-

pel’s (13) comparison of various sede-
mentation velocity correlations shows
that this approach is in fairly good
agreement with the available experi-
mental data. Basing vs on the proper-
ties of the shury feed, one then has

( [ ) ( Py — Pm1 )
UV, =10, "
Hm Pr— P

(11)
The above relationship is not ade-
quate for non-Newtonian fluids such as
the thoria shurries investigated in this
study. Since these slurries approximate
Bingham plastic behavior and since the
yield value may be disregarded at the
high values of shear in the hydroclone,
the slurry viscosity may be replaced
by the modulus of rigidity:

( e ) (pp-—pm)
v, = v,
N Py — P

(12)
Values of 5 were measured for the
thoria slurries, and the particle density
was calculated on the basis that the
thoria particles were half water.

In Figure 4 all the room-tempera-
ture data for both glass-bead and
thoria slurries are plotted as « — 1 vs.
¥. The graph shows that the data for
various concentrations and head losses
are brought into agreement. At values
of ¥ below 2 X 10° the data for
the 10-mm. clone assembly can be
represented by the equation

a—1=24 X 10°(¥)**

(13)

The data for the 50-mm. clone, which
has O/D and F/D ratios higher than
those of the 10-mm. units, are repre-
sented by

a—1=>55 X 10'(¥)** (14)

It would appear that the concentrating
factor may therefore be expressed by
equations of the form

a—1= (K¥)*° (15)

where K is dependent on the O/D and
F/D ratios. To evaluate further the
effect of O/D and F/D the data of
Matschke and Dahlsttom (18, 19) on
the classification of clay slurries by
miniature hydroclones were recom-
puted. Happel’s correlation (I8) of
hindered settling rate with void vol-
ume was used for calculation of v,
From these data and the results of the
present study it was found, as shown
in Figure 5, that K is inversely pro-
portional to the cube of (\/OF/D).
Care should be used in extending this
proportionality to values of (\/OF/D)
below 0.16. One would not expect
hydroclone performance to improve
continuously as (\/OF/D) is de-
creased, but an optimum should be
reached. This has been observed by
other investigators (12, 19). The fact
that the lowest value of (\/OF/D)
tested exhibits a K below the general
correlation may indicate that the opti-
mum is somewhat above this ratio.
This would be in agreement with Fitch
and Johnson’s observation (9) that the
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optimum occurs at (\/OF/D) values
between 1/5 and 1/6. Additional data

at lower (\/OF/D) ratios are needed
to establish definitely this optimum for
miniature clones.

The results of the generalized cor-
relation are shown in Figure 6. It is
seen that the data for the various mini-
ature clones tested are brought into
reasonable agreement. For values of
¥(\/OF/D)™ below 0.15 the data can
be correlated by

a— 1 = 350[¥(~/OF/D)>]**
16)

At values of ¥(~/OF/D)™ above 0.22
o may, for all practical purposes, be
considered infinite. From the dotted
lines on Figure 8 it can be observed
that for the vast majority of points the
ratio of the experimentally determined
value of E to the value predicted by
Equation (16) lies between 0.65 and
1.35.

Use of Equation (16) allows one to
predict the concentrating action of a
éiven miniature hydroclone providing

e properties and size distribution of
the slurry feed are known. The sim-
plest procedure is probably one similar
to that used by Yoshioka and Hotta
(20) with their fractional recovery
curve. The feed size distribution is
plotted in terms of weight percentage
per size class. Values of « and E are
then computed for each size class. The
over-all solids-removal efficiency is the
weighted average of the individual
values of E. The values of E can also
be used to compute the size distribu-
tion in the overflow and underflow.

To determine the utility of « and ¥
in correlating the performance of full-
size hydroclones the data of Dahlstrom
(4) and Yoshioka and Hotta (20)
were recomputed in those cases where
there was enough information to do
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so. Again the correlation of Happel
was used to estimate the hindered settl-
ing rate of the slurries used. The re-
sults of these recalculations are shown
in Figure 7. The data of Dahlstrom for
a 9-in. clone with a 20-deg. included
angle was fairly well correlated by
Equation (16). However a somewhat
better fit is obtained with

a — 1 = 1,000[%(r/OF/D)~7’
(17)

The data of Yoshioka and Hotta’s 6-in.
clone with a 20-deg,. included angle fall
to the right of Dahlstrom’s data. Yoshi-
oka and Hotta’s data for the various

values of (\/OF/D) tested were
brought into agreement and can be
correlated by

a— 1 = 250[¥(n/OF/D"?
(18)

The reason for the discrepancy be-
tween these data and those of Dahl-
strom is not known,

HYDROCLONE PERFORMANCE TESTS
AT REACTOR-PLANT CONDITIONS

To test miniature hydroclones under
conditions similar to those at which
they might be used in a slurry reactor
plant several units suitable for opera-
tion at temperatures up to 600°F. and
pressures up to 2,500 lb./sq. in. were
obtained (hydroclone assemblies D, E,
and F of Figure 1). The units were all
constructed of 300 series stainless steel,
since tests had shown this material to
be resistant to corrosion erosion by
high temperature thoria slurries.

The high-pressure hydroclones to-
gether with the necessary test instru-
mentation were mounted on portable
dollies. High-temperature rotameters
were used for flow measurements, dif-
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ferential pressure cells for measure-
ment of head loss, and thermocouples
for temperature measurements. Valved
tees with cooling coils provided the
means for withdrawing samples. A
high-temperature thoria-slurry source
was provided by connecting the dolly
across one of the high-temperature cor-
rosion test loops which have been
described elsewhere (14). Since the
test-loop volume was relatively low,
most of the experiments were con-
ducted by returning both the under-
flow and overflow to the loop. The
temperature level was kept constant
during each run but was varied from
250° to 550°F. during the course of
these experiments.

For most of the operation a large
(2-in. diameter) scalping clone pre-
ceded the miniature clones to insure
the removal of any large particles.
This is believed highly desirable, since
examination of the scalping unit
showed it had collected a number of
large-size pieces of dirt which might
have been capable of plugging the
small clones.

Tests were conducted with a mixed
thoria-urania slurry (loop G runs) and
a thoria slury (loop B runs). The
preparation of these slurries differed
considerably, and the pure thoria
slurry had a high temperature settling
rate considerably greater than the
mixed thoria-urania slurry. As would
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be expected the concentrating per-
formance was appreciably better with
the more rapidly settling material.
The Andreasen pipette technique (I,
2) for determining particle size distri-
bution did not yield fruitful results
when applied to samples taken from
the high temperature hydroclone tests.
This difficulty arose from the fact that
the average particle size of the mate-
rial in the high-temperature loop
(99% below 1 u) was appreciably less
than encountered in the room-tempera-
ture tests. It was found however that
the data could be represented approxi-
mately by the use of an overall con-

centration factor:
= (s ) (55)
a =
r
(19)

100— E

It seems reasonable to assume that the
hindered settling rate of the slurry
flocs is related to the average settling
rate of the particles which comprise
the flocs. If this is the case, it would
be expected for clones having a con-
stant (\/OF/D) ratio that the values
of o' could be approximately correlated
by an equation of the form

res(3) ()
o—1 f( D p

(20)
To determine the applicability of
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centration and temperature. Two meth-
ods were used for this determination.
In the first of these a sample of slurry
is placed in an agitated autoclave. Upon
cessation of the agitation the shurry in-
terface is followed by means of a float
having a density intermediate between
the slurry and the supernate. The posi-
tion of the float is indicated by a mag-
netic follower located outside the auto-
clave. In the second of these methods
the settling rate is determined in a ver-
tical bypass line connected to the test
loop itself. When flow through the line
is stopped, settling occurs. The rate of
movement of the slurry interface is de-
termined by the time required to pass
between two heated wire probes. The
passage of the interface over one of
the wires is observed by a change in
temperature of the wires. Details of
these procedures are described by
Garber and Taylor (10) and Kivenson
and Foster (17).

Figure 8 shows the high tempera-
ture performance data treated in the
manner indicated by Equation (20).
Although there is appreciable scatter in
the data, they can be approximately

fitted by
1= [5(55)" ]
i (21)

D

Comparison of the data of Figure
8 with those of the 10mm. clone in
Figure 4 shows that equivalent values
of a were obtained at particle settling
rates approximately 1/900 of the floc
settling rates. This is additional evi-
dence that the high shear rates exist-
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ing in the clone break down the flocs
into their component particles. The
action of a standard hydroclone in this
case would appear to be somewhat
self-defeating, since the high shear
rates required to separate small parti-
cles produce even smaller particles for
the clone to separate. Haas and Unger
(12) have designed a hydroclone with
a feature which partly counteracts the
shearing of the slurry flocs. This unit,
shown as hydroclone G in Figure 1, is
equipped with an integral underflow
setling tank. Here a low shear-stress
region is provided where the flocs can
reform and settle out. This unit was
given preliminary tests under the same
conditions used for the standard de-
sign. In all cases an underflow stream
was continuously removed. These tests
showed the unit with the integral un-
derflow pot to provide values of o« ap-
proximately 1% times that of the
standard hydroclone.

Operational experience with the
high - temperature  hydroclones was
highly satisfactory. No clogging diffi-
culty was encountered during normal
operation. However with the rapidly
settling pure-thoria slurry it was found
that if stagnant slurry remained in the
lines overnight, it was necessary to
backflush the clones with water before
taking the data. When this was not
done, the hydroclones exhibited an ap-
preciably lower efficiency than usual.

HEAD-LOSS STUDIES

Head loss across the clone, as a
function of flow rate, was measured
throughout the room-temperature and
elevated-temperature tests. All of the
clones shown in Figure 1 were used for
these flow tests. It was found that
Matschke and Dabhlstrom’s (19) em-
pirical equation

Q = 14.8(0 X F)**(aH)** (22)

fits the data for each clone with an
average deviation of less than 59.

CONCLUSIONS

This investigation has provided a
generalized correlation which can be
used to predict the concentrating ef-
fectiveness of a given miniature hy-
droclone providing the properties and
particle size distribution of the slurry
feed are known. Recalculation of the
available literature data indicated that
the same type of relationship is also
applicable to full-size hydroclones.

The range of performance of minia-
ture hydroclones handling thoria stur-
ries at temperatures up to 550°F. was
established. The applicability of the
generalized correlation to the high-
temperature data could not be estab-
lished, since the available technique
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for particle size determination was not
adequate for the small sizes en-
countered. While it would have been
desirable to use a centrifuge technique
for particle size determinations, the
termination of the contractual arrange-
ments under which this program was

pursued precluded this additional
work.
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NOTATION

C = total slurry concentration,
g./liter of suspending fluid
= concentration of given size
particle, g./liter of suspend-
ing fluid
= hydroclone diameter, cm.
d = particle diameter, cm.
= particular particle diameter

509, of which goes into un-

derflow of hydroclone, cm.

solids-removal efficiency for
given particle size =

weight of given particle size

in underflow/weight of same

particle size in feed X 100,

%

E = over-all solids-removal effi-
ciency = (Cs/C,)r = mass
of solids in underflow/mass
of solids in feed x 100, %

f, £, etc. = functional relationship

F = equivalent diameter of feed

port, cm.

= local acceleration due to grav-

ity (981 cm./sec.?)

head-feed to overflow- at
feed concentration, cm.
overflow port diameter, cm,
flow rate, (cc./sec.)
underflow ratio = underflow
liquid rate/feed liquid rate,
dimensionless

radial distance from center

of hydroclone (cm.)

water radial velocity (cm./

sec.)

v, = hindered settling
shurry flocs, cm./sec.

v, = gravitational settling rate of
individual particle in slurry
feed (cm./sec.)

0, = radial settling rate of parti-
cle in hydroclone (cm./sec.)

v, = Stokes settling rate of parti-
cle in an infinitely dilute sus-
pension in water at room
temperature (cm./sec.)

1% = tangential liquid velocity in
hydroclone (cm./sec.)

C‘
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00 % o
I

i

fas)
l

1

rate of
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a = concentration factor for
given particle size, [ (1—r)/
r] - [E/(100—E)], dimen-
sionless

over-all performance factor,
[(1—r)/r] - [E’/(100—E")]
coefficient of rigidity of
slurry (g./sec. cm.)
viscosity (g./sec. cm.)
performance parameter (v,/
D) (AH/g)™

density, g./cc.
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g

= feed stream

overflow stream

underflow stream
suspending liquid

slurry mixture (mixture be-
ing considered as homogene-
ous medium)

splid particle
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