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ABSTRACT

The effect of the structure of flow field in the hydrocyclone on energy consumption
was experimentally studied systematically with orthogonal design. The results show
that the effect of the inserted central part on energy consumption is the largest, while
that of the underflow pipeisthe least. The energy saving performance of the winged
core is the best among the inserted central parts. The time-averaged and fluctuating
characteristics of pressure structure in the hydrocyclone with low energy loss were
also investigated experimentally. Both the time-averaged and fluctuating characteris-
tics of pressure structure in the hydrocyclone with low energy 1oss are much different
from those in the conventional commercial hydrocyclone. The energy saving mecha-
nism wasinvestigated, and the energy saving principles and relevant measuresfor hy-
drocyclones were proposed systematically.

KeyWords. Hydrocyclone; Energy consumption; Energy saving; Structure
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FIG.1 Theenergy consumption system in the conventiona hydrocyclone separation process.

INTRODUCTION

After the turbulent pressure structure and energy consumption inside the
conventional hydrocyclone were studied by means of theoretical investigation
(1), numerical simulation (2), and experimental study (3), the general picture
of the distribution and composition of energy loss in the conventional hydro-
cyclone separation process was obtained, as shown in Fig. 1.

In this paper, the investigation focused on the energy saving principles and
measures. The results shown in the investigations (1-3) indicated that con-
trolling certain characteristics of the structure of turbulent flow field would ef-
fectively reduce the energy loss in the hydrocyclone. Therefore, the effect of
the structure of flow field on energy consumption inside hydrocyclones was
studied systematically, and then the energy saving principles and relevant
measures were determined.

EXPERIMENTAL METHODS

Apparatus

To investigate the effect of the structure of flow field on energy consump-
tion, the structure of flow field in hydrocyclones was changed to match the
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conventional hydrocyclone illustrated in the literature (3). The change of the
structure of flow field resulted from the variation of boundary conditions of
the hydrocyclone. Because many studies have been performed on the dimen-
sion scale of the hydrocyclone, the investigation in this paper did not concern
the variation of dimension scale, but focused on the variation of the charac-
teristics of boundary conditions of the hydrocyclone. In this study, the fol-
lowing geometric parameters were always kept the same as those of the con-
ventional hydrocyclone used in the literature (3): (a) The hydrocyclone
diameter, (b) the area-equivalent diameter of inlet, (c) the diameter of vortex
finder, (d) the length of vortex finder, (e) the diameter of underflow pipe, and
(f) the length of cone part. The variation of the characteristics of boundary
conditions mainly included that of the inlet, vortex finder, cone part, under-
flow pipe, cylindrical part, and the central area near the hydrocyclone axis.

The Inlet Geometry (A)

To change the structure of flow field in and near the inlet, the variations of
inlet geometry include the variation of cross-sectiona shape of inlet and the
variation of connection pattern between inlet and hydrocyclone body. Fivein-
let designsare shownin Fig. 2 and Table 1. All of theinletshad the same area-
equivalent diameters. The diameters of the round cross-sections were 20 mm,
the longer sides of the rectangular cross-sections were parallel to hydrocy-
clone axiswith lengths of 29.92 mm, and the lengths of the shorter sideswere
10.5 mm. The dlanting angle in type A4 was 20°.

22727227

FIG. 2 Schematic diagram of the inlet pipes.
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TABLE 1
Design of the Boundary Conditions
Structural factors Level
Label Name 1 2
A Inlet pipes Involute type Tangent type
B Vortex finders Straight pipe with thinwall ~ Straight pipe with thick wall
C Cone parts Parabolatype Hyperbolatype
D Underflow pipes Straight pipe 20° diffuser
E Central inserted parts Without inserted part Solid core
F Length of cylindrical part 0.4D 0.8D

The Vortex Finder (B)

Five designs of the vortex finder areillustrated in Fig. 3and Table 1. All of
the entrance diameters were 25 mm, and all of the lengths were 125 mm. The
wall thickness of the vortex finder in type B1 was 2.5 mm, and that in type B2
was 7.5 mm. The design of the annular teeth in type B4 was according to pre-
vious investigations (4, 5), and the ratio of the outer diameter of the annular
teeth to hydrocyclone diameter was 0.67. In type B5, a siphon device was con-
nected with the outlet of the vortex finder and the siphonage was equal to the
water column with height of 1200 mm.

The Cone (C)

The designs of the cone parts are given in Fig. 4 and Table 1. The lengths
and the inner diameters of both larger ends and smaller ends of all the cone
parts were the same. In type C5, the inner diameters of the larger end and
smaller end were 75 and 12.5 mm, respectively, with a cone angle of 20°. In

FIG.3 Schematic diagram of the vortex finders.
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of the Hydrocyclones

3 4 5

Arctype Slanting pipe Spiral type

30° diffuser plus cone 20° diffuser plus annular teeth Straight pipe with thin wall plus
siphon

20° cone with spiral 20° cone with rings 20° cone with smooth surface

30° diffuser plus cone Straight pipe plus cone Straight pipe plus water-sealed
tank

Central cone Inner diffuser Winged core

12D 16D 20D

type C4, the height of the rings was 3 mm, the width was 5 mm, and the axial
distance between the rings was 25 mm. In type C3, the spiral angle was 20°,
and with the same spiral direction as that of the outer helical flow in the hy-
drocyclone. The height of the spiral was 3 mm, and the width was 5 mm. In
type C2, the generatrix equation was described as follows:

Z = 1259.58r°1 - 876.67 (1)

where the coordinate center was at the center of the larger end of the cone; Z
is the axial position in millimiters, and r designates the radial position in
millimeters.

Ct

FIG.4 Schematic diagram of the cone parts.
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In type C1, the equation of the generatrix was described as
Z = 0.003277r*-0.8 (2

where the coordinate center was chosen at the center of the smaller end of the
cone.

The Underflow Pipe (D)

The designs of underflow pipes are shown in Fig. 5 and Table 1. All of the
underflow pipe lengths were 60 mm, and al of the inner diameters of the en-
trances of underflow pipeswere kept as 12.5 mm. Type D1 was the underflow
pipe used in the conventiona hydrocyclone (3). In type D5, akind of water-
sealed tank was installed outside the straight underflow pipe.

The Central Inserted Parts (E)

The previous investigations (1-3) showed repeatedly that controlling the
structure of flow field in the central area was important to reduce the energy
consumption in the hydrocyclone. Therefore, some central inserted parts
were designed to change the structure of flow field in the central areainside
hydrocyclones. The designs of central inserted parts are given in Fig. 6 and
Table 1. Because all of the central inserted parts need to be located and
fixed, a kind of thin wire was introduced. The diameter of the wire was ex-
perimentally selected as 4 mm under the presupposition that the insertion of
the thin wire has no obvious effect on the shape, size, and rocking condition
of the air core in hydrocyclones. To let the comparability of experimental re-
sults be more convincing, the thin wire was aso fixed inside the hydrocy-
clone to balance the effect of the existence of thin wire when no centra in-
serted parts were introduced. The same consideration was also taken in the

FIG.5 Schematic diagram of the underflow pipes.
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FIG. 6 Schematic diagram of the central inserted parts.
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hydrocyclone used in the literature (3). In Fig. 6, type E1 was the thin wire
without the inserted part.

The solid core shown as type E2 was designed according to the literature
(6). Theratio of the diameter of the solid coreto theinner diameter of the vor-
tex finder entrance was 0.56. The upper end of the solid core wasinserted into
the vortex finder, and the lower end was above the entrance of the underflow
pipewith axial distance of 40 mm. In type E3, the upper cone angle and lower
cone angle of the central cone were 120° and 60°, respectively, and the diam-
eter ratio of the larger end of the central cone to the hydrocyclone was 0.41;
the larger end was located below the entrance of the vortex finder, with an ax-
ial distance of 15 mm. The length of the inner diffuser illustrated as type E4
was 50 mm, the outer diameter was 14 mm, the inner diameter of the upper
larger end was 10 mm, and that of the smaller end was 6 mm. The inner dif-
fuser was inserted into the vortex finder, and the smaller end was located
above the entrance of the vortex finder with an axial distance of 5 mm. Intype
ES5, the thickness of the wing was 4 mm, and the smallest angle of theright tri-
angle part of the wing was 10°, which was the same as the semiangle of the
cone part of the hydrocyclone. Theradial width from the axis of the wing was
15mm. Theaxial length of the rectangle part of thewing varieswith thelength
of cylindrical part of the hydrocyclone, which allows the upper end of the
wing to be located at the horizontal level where the entrance of the vortex
finder exists. When the length of cylindrical part of the hydrocyclone is
smaller than that of the vortex finder, the axial length of the rectangle part of
the wing will be zero.



Downl oaded At: 10:53 25 January 2011

2686 CHU ET AL.

The Cylindrical Part (F)

Thevariation of the cylindrical part of the hydrocyclonewas mainly related
to the length. The parameter designs are shown in Table 1.

Program

To scientifically design the experiments, orthogonal design method (7) was
adopted. Thelabels of the structural factorsand levels of the hydrocyclone are
givenin Table 1. From Table 1, a conventiona hydrocyclone with code A2-
B1-C5-D1-E1-F4 could be designed. This is the same hydrocyclone as that
used in the previous experimental investigation (3).

The design of the experiments in this study was according to the orthogo-
nal design table L,s(5°). The combinations of the structural factors and the lev-
elsare shownin Table 2.

TABLE 2
Orthogonal Design Table Ls (5°)

Structural factors (Level)

Experiment number A B C D E F
1 1 1 1 1 1 1
2 1 2 2 2 2 2
3 1 3 3 3 3 3
4 1 4 4 4 4 4
5 1 5 5 5 5 5
6 2 1 2 3 4 5
7 2 2 3 4 5 1
8 2 3 4 5 1 2
9 2 4 5 1 2 3

10 2 5 1 2 3 4
11 3 1 3 5 2 4
12 3 2 4 1 3 5
13 3 3 5 2 4 1
14 3 4 1 3 5 2
15 3 5 2 4 1 3
16 4 1 4 2 5 3
17 4 2 5 3 1 4
18 4 3 1 4 2 5
19 4 4 2 5 3 1
20 4 5 3 1 4 2
21 5 1 5 4 3 2
22 5 2 1 5 4 3
23 5 3 2 1 5 4
24 5 4 3 2 1 5
25 5 5 4 3 2 1
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In all of the experiments, theinlet pressureswere always maintained at 0.08
MPa.

RESULTS AND DISCUSSION

Effects of Structure of Flow Field on Energy
Consumption

Definition of the Energy Loss Coefficient

The energy loss in the hydrocyclone separation process is composed of in-
let loss, internal loss, and outlet loss, as shown in Fig. 1. The energy loss co-
efficient of hydrocyclone is defined as the ratio of overall energy loss to the
inlet kinetic energy by referring to the concept of loss coefficient in fluid me-
chanics (8), i.e.

_ (Pe—0)/pg _ Pe
vel2g pval2
where K isthe energy loss coefficient; Pe istheinlet pressure; p isthe density
of liquid; ve istheinlet velocity of liquid; g is the gravitational acceleration;
and (Eu), stands for the inlet characteristic Euler number.

Equation (3) shows that the energy loss coefficient defined above is physi-
cally the inlet characteristic Euler number. The larger the coefficient K, the
more energy is consumed.

The hydrocyclone characteristic numbers used to be described with a hy-
drocyclone characteristic velocity (9), e.q.:

pDv
(Re)c = o (Eu)c =

= (Eu)e ®3)

UZ

Pe
7z (e=7pg @
where (Re). is the cyclone characteristic Reynolds number; (Eu). is the cy-
clone characteristic Euler number; (Fr). is the cyclone characteristic Froude
number; D is the hydrocyclone diameter; p and . are the density and viscos-
ity of liquid, respectively; and v is the hydrocyclone characteristic velocity
with formula:

_4Q
wD?
where Q. is the capacity of hydrocyclone.

The relationships between the energy |oss coefficient and the cyclone char-
acteristic numbers could be described as follows:

v

©)

<= (2] e ©)
<= (25 e )
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K = (Zpedg)(mgl ®)

where de isthe inlet diameter.

Effects of the Structures of Flow Field on Energy
Consumption

The orthogonal analysis of the effect of flow field structure on the energy
loss coefficient isshown in Fig. 7. According to the degree of influence on the
energy loss coefficient, the structural factors could be put in the following or-
der: central inserted parts > inlet pipes > cylindrical parts > vortex finders >
cone parts > underflow pipes. The central inserted parts influence the energy
loss coefficient most, whereas the degree of effect of the underflow pipes on
the energy loss coefficient is the smallest.

To investigate the influences of structural factors on the energy loss coeffi-
cient, the structural factors and levels adopted in the hydrocyclone used in the
literature (3) are chosen as the basic group for the comparison. The structural
combination code of the basic group isA2-B1-C5-D1-E1-F4. The comparison
iscarried out in each structural factor group individualy. For example, in the
inlet pipe group, the geometric coefficient of A2 isset as 1.00. Therefore, the
geometric coefficient for the energy loss coefficient of Al isthe energy loss
coefficient ratio of A1 to A2, and the geometric coefficient of A3 isthe energy
loss coefficient ratio of A3 to A2. Then, the rest of the comparison is con-

16
~14
e
= 12
C
o
© 10
5
o 8 ? /
o
» Level 1
@ 6 B Level 2
- 4 B Level 3
o Level 4
o 2 0O Level 5
wi
0 i bLE
A B C D E F

Label of hydrocyclone structural factors

FIG. 7 Effects of hydrocyclone structural factors on the energy loss coefficient.
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TABLE 3
Geometric Coefficient for the Energy L oss Coefficient

Structural factor

Level A B C D E F
1 1.69 +1.00 0.99 *1.00 *1.00 135
2 +1.00 1.03 1.05 0.88 0.84 117
3 1.28 0.87 0.92 0.98 0.94 1.10
4 1.09 0.87 1.04 0.96 0.88 »1.00
5 111 0.94 +1.00 0.90 0.51 0.90

@ Bullets refer to the basic group for comparison.

cluded by analogy. The geometric coefficient for the energy loss coefficient is
shown in Table 3. Physically, the geometric coefficient showsthe variation of
energy loss coefficient changing with the levels of structural factor when the
traditional commercial levelsare used asthe basisfor comparison. When age-
ometric coefficient is larger than 1.00, the related energy loss coefficient is
larger than that of the related basic level, and vice versa. However, if two or
more structural factors vary simultaneously, the overall geometric coefficient
of the hydrocyclone cannot be derived by ssmply multiplying the individual
geometric coefficients, because the effects of structural factors on the flow
field in hydrocyclones are complicated and nonlinear. Therefore, the compar-
ison of the geometric coefficient could only be carried out in each structural
factor group.

The results shown in Fig. 7 and Table 3 illustrate that all of the energy loss
coefficients of hydrocyclones with central inserted parts are smaller than that
of the hydrocyclone without an inserted part. Compared with the energy loss
coefficient of the hydrocyclone without inserted part, the energy loss coeffi-
cient of the hydrocyclone with central solid core decreases 16%, that with cen-
tral cone decreases 6%, that with central inner diffuser decreases 12%, and
that with central winged core decreases 49%.

The reason the energy |oss coefficient decreases so much when the winged
core is introduced as the central inserted part is explained mainly by the fol-
lowing three aspects. First, thewinged core hasafunction similar to that of the
large eddy break-up device (10, 11). Most investigations on the flow field in-
side hydrocyclones have verified that the motion of the central air core and the
nearby liquid in conventional hydrocyclonesisin astate of forced vortex (12).
Falco’'sinvestigation (11) shows that the energy transportation and frictional
dissipation in the large eddy are the main manner of turbulence energy con-
sumption, and that the introduction of a device to break up the large eddy
could cause the energy loss to decrease. The central winged core could break
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LSRR AEDAE

FIG.8 Flow patternin and around the winged core: (1) outside helical flow; (2) winged core;
(3) inside helical flow.

up the large forced vortex inside the hydrocyclone, as shown is Fig. 8. Exper-
iments with tracer dye show that the large forced vortex is broken up into
smaller eddies by the central winged core, i.e., the structure of turbulence is
effectively changed, and from which the reduction of turbulent energy con-
sumptionresults.

Second, the central winged corerestrainsthe sharp increase of theliquid ve-
locity in the inner helical flow around the hydrocyclone axis, and then re-
strains the fast transition between the kinetic energy and pressure head; there-
fore, the pressure head loss is controlled. Furthermore, because the existence
of the central winged core results in effective control of the tangential veloc-
ity of the liquid in the inner helical flow, the kinetic head loss within the out-
let flow could be reduced; consequently, the overall energy lossis reduced.

Third, the insertion of the winged core eliminates the air core, cancels the
energy consumption in the air core, and then decreases the energy loss
coefficient.

The experimental results on the inlet pipes (Fig. 7 and Table 3), are some-
what unexpected. The data show that the energy loss coefficient of the hydro-
cyclone with tangent type inlet pipe is the smallest, whereas when involute,
arc, slanting, or spiral type pipes are introduced as the inlet pipe, the energy
loss coefficients all increase to some extent. Some previous investigations
(13-15) indicated that the inlet energy loss would decrease when the tangent
typeinlet pipe was replaced by involute, arc, or spiral type pipe. These results
need to be reconsidered from the overall point of view. The geometric varia-
tion of theinlet pipeinfluences not only thefluid flow structure at the entrance
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of the hydrocyclone, but also the fluid flow structureinside the cylindrical part
or even inside the cone part of the hydrocyclone. The disadvantage of involute
arc, and spiral types of inlet pipeisthat theinlet pipe still hasfairly strong di-
rectional guidance after guiding the liquid into the hydrocyclone. The surplus
directional guidance makes the liquid move in acircular motion, and then the
circular motion must be changed into helical motion to fit in thefluid flow pat-
tern inside the hydrocyclone. Thus, the fluid has to change direction twice:
First from rectilinear motion into circular motion, and second from circular
motion into helical motion. The tangent type inlet pipe directly changes the
rectilinear motion of liquid into helical motion, and therefore the overall en-
ergy loss coefficient of the hydrocyclone is smaller. The danting pipe is de-
signed to reduce the minor loss caused by the directional change of liquid from
circular motion into helical motion, but the result shows that the energy loss
coefficient increases slightly instead of decreasing. This may result from the
negative influence caused by use of an unsuitable slanting angle. |dedlly, the
slanting angle should be the same as the spiral angle of the helical motion of
liquid inside the hydrocyclone.

Fig. 7 and Table 3 show that the energy loss coefficient of the hydrocyclone
decreaseswith theincrease in length of the cylindrical part. Thisindicatesthat
thefrictional loss accountsfor only alittle of the total energy loss, because the
frictional loss should be directly proportional to the distance of fluid flow. The
longer the cylindrical part, the larger the space inside the hydrocyclone, and
then the longer the retention time of fluid flow across the hydrocyclone; thus,
the smaller the minor loss and turbulent dissipation in the hydrocyclone, and
the smaller the energy loss coefficient.

In vortex finders, 30° diffuser plus cone type and 20° diffuser plus annular
teeth type are both the most effective to reduce the energy loss coefficient. The
main reason is that the diffuser effectively transforms the kinetic head into a
pressure head, then reduces the outlet |oss, and therefore the energy 10ss coef-
ficient is reduced.

Compared with the conventional 20° cone with a smooth surface, the 20°
cone with spiral causes the energy loss coefficient to decrease 8%. The spird
on the cone surface guides the outer helical flow and then controls the turbu-
lent dissipation to some extent, from which lower energy loss coefficient
results.

The effect of underflow pipe on the energy |oss coefficient isthelowest, be-
cause the flow rate of the underflow isrelatively low. Compared with the con-
ventional straight pipe, al the measurements taken for the underflow pipein
this study result in lower energy loss coefficient. The 20° diffuser reduces the
energy loss coefficient 12% by transforming the kinetic head in the underflow
into a pressure head. The cone and the water-sealed tank set under the under-
flow pipe prevent air from entering the hydrocyclone and then hinder air core
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from forming, thus the energy lossin the air core is canceled, and the energy
loss coefficient is reduced.

In summary, the hydrocyclone code of optimum geometric combination
that related to the lowest energy loss coefficient is A2-B3-C3-D2-E5-F5.

Pressure Structure in the Hydrocyclone with the Lowest
Energy Loss Coefficient

Toreveal the energy saving principlesinside the hydrocyclone, thetime-av-
eraged and fluctuating characteristics of turbulent pressure in the hydrocy-
clone coded A2-B3-C3-D2-E5-F5 with the lowest energy loss coefficient
were investigated.

Time-Averaged Characteristics of Turbulent Pressure in
the Hydrocyclone with the Lowest Energy Loss
Coefficient

Radial Distribution of the Pressure. The experimenta radial distribu-
tion of pressure inside the hydrocyclone coded A2-B3-C3-D2-E5-F5isshown
in Fig. 9. Compared with the experimental results on the conventional hydro-
cyclonein the literature (3), the radial distribution illustrated in Fig. 9 isvery
different. InFig. 9, the pressurein the outer helical flow reducesrelatively fast

Z, mm

FIG.9 Radia distribution of pressure in the hydrocyclone with low energy loss.
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FIG. 10 Axial distribution of pressure in the hydrocyclone with low energy loss.

with decreasing radius, and reaches the minimum when the radius falls at the
radial position where the outside edge of the winged core exists. In the space
between the wings, pressure increases again and the radius continues to de-
crease. The pressure in the central space no longer reduces sharply. In the
space between the wings, the velocity of liquid is hindered from increasing,
and then the kinetic energy istransformed into a pressure head; therefore, both
the pressure lossin the central space and the kinetic energy loss carried by the
outflow are controlled effectively.

Axial Distribution of the Pressure. Theaxia distribution of pressure
in the hydrocyclone with the lowest energy loss coefficient is shown in Fig.
10, where r(wall) is the radius of point on the inner wall of hydrocyclone. At
theradial position of r = 16.5 mm, when the axial position increases, the pres-
sure gradually decreases at first, reaches the minimum near the outer edge of
the central winged core, and then gradually increases slightly under the
winged core. At theradial position of r = 4.5 mm, the pressure gradually de-
creases when the axial position increases, and the pressures are all positive.
Thisisvery different from that in the conventional hydrocyclone showninthe
literature (3).

Time-Averaged Characteristics of the Pressure Field. The
three-dimensional carpet plot of time-averaged pressure in the hydrocyclone
with thelowest energy loss coefficient isshown in Fig. 11. Compared with the
resultsrelated to the conventional hydrocyclone shownintheliterature (3), the
pressure in the hydrocyclone with the lowest energy |oss coefficient decreases
relatively more sharply radially in the space where theradial positionislarger
than the radius of the outer wall of vortex finder. However, in the space where
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P, 100kPa

FIG. 11 Three-dimensiona carpet plot of the distribution of time-averaged pressure in the
hydrocyclone with low energy loss.

the radia position is smaller than the radius of the outer wall of the vortex
finder, the pressure slightly increases radialy instead of decreasing sharply.
Thus, before the fluid in the inner helical flow enters the vortex finder, the ki-
netic head of the fluid has been partially transformed into a pressure head by
the winged core. Therefore, not only the internal energy loss but also the out-
let energy loss is reduced, and a lower energy loss coefficient results. The
winged core could make a remarkable contribution to the energy saving of the
hydrocyclone separation process.

Pressure Distribution at the Entrance of the Hydrocyclone.
Pressure distribution at the entrance of the hydrocyclone with the lowest en-
ergy loss coefficient is shown in Fig. 12, and is different from the results of
the conventional hydrocyclone shown intheliterature (3). In Fig. 12, the pres-
sure varies within arelatively large range. From point 1 to point 3, the pres-
sure decreases because of frictional loss in the pipe. From point 3 to point 4,
the fluid enters the hydrocyclone from the inlet pipe, and the pressure in-
creases because of the sudden enlargement of the cross-sectional areaof fluid
flows. From point 4 to point 10, pressure generally decreases.

Fluctuating Characteristics of Turbulent Pressure in the
Hydrocyclone with the Lowest Energy Loss Coefficient

Pressure Fluctuation Inside the Hydrocyclone. Fig. 13 shows the
radial distribution of pressure fluctuation (PF) inside the hydrocyclone with
the lowest energy loss coefficient. The results show that most PFs in the hy-
drocyclone are in the range of 0.8-1.3 kP,. The general distribution law dic-
tates that the PFs are relatively high in the spaces near the hydrocyclone wall,
the outer wall of the vortex finder, and the outer edge of the winged core. The
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FIG. 12 Pressure variation at the entrance of the hydrocyclone with low energy loss.
PFsin therest of the spaces are relatively low and the PF near the apex isthe
lowest. Compared with the experimental results related to the conventional
hydrocyclone shown in the literature (3), the average dimensions of the PF in
Fig. 13 arelarger. In addition, in the inner helical flow near the hydrocyclone

FIG. 13 Radia distribution of pressure fluctuation inside the hydrocyclone with low energy
loss.
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axis, the PF in Fig. 13 decreases instead of sharply increasing with the de-
creasing radius, which is due to the insertion of the winged core.

Relative Pressure Fluctuation Inside the Hydrocyclone. Radia
distribution of the relative pressure fluctuation (RPF) inside the hydrocyclone
with the lowest energy loss coefficient isshown in Fig. 14. In the space where
the winged core exists, the RPF at the outer edge of the winged core is the
maximum, and the RPF inside the space between the wings radially decreases
with a decreasing radius. In the space outside the winged core, the RPF gen-
eraly decreases slightly with an increasing radius. Compared with the results
of the conventiona hydrocyclone shown in the literature (3), the RPFsin the
inner helical flow near the hydrocyclone axis here are effectively controlled
by introducing the winged core. The RPF at some points in the central space
in the conventional hydrocyclone is as large as 60% (3), whereas the maxi-
mum RPF in Fig. 14 is only about 10%. In the hydrocyclone with the lowest
energy loss coefficient, the average ratio of the energy from averaged motion
to the total energy in the averaged motion is much lower compared with that
in the conventional hydrocyclone. This is due to the effective control of the
relative pressure fluctuation in the central space. That is, the winged core
could effectively control the structure of turbulence in the central space and
then reduce the turbulent energy dissipation there.

FIG. 14 Radial distribution of the relative pressure fluctuation inside the hydrocyclone with
low energy loss.
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PF, kPa

FIG.15 Pressurefluctuation (PF) and relative pressure fluctuation (RPF) at the entrance of the
hydrocyclone with low energy loss.

Pressure Fluctuation and Relative Pressure Fluctuation at the
Entrance of the Hydrocyclone. The PF and RPF at the entrance of
the hydrocyclone with the lowest energy loss coefficient are shown in Fig.
15. The results illustrate that the PFs at the entrance are more stable than
those in the conventional hydrocyclone shown in the literature (3), and
amost al of the pressure fluctuations are at the level of 1.5 kP,, which is
somewhat higher than that in the conventional hydrocyclone. The RPFsareal-
most maintained at the level of 2.5%, which isaso somewhat higher than that
in the conventional hydrocyclone. When fluid flows from test point 6 to 10,
both the PF and RPF increase significantly in the conventional hydrocyclone
(3), whereas those in Fig. 15 do not.

Distribution Characteristics of the Probability Density of Tur-
bulent Pressure. The skewness coefficient, kurtosis coefficient, and the
Gaussian distribution test of turbulent pressure inside the hydrocyclone with
the lowest energy loss coefficient and at the entrance of the hydrocyclone are
shown in Tables 4 and 5, respectively. The symbol “Yes’ indicates that tur-
bulent pressure fits the Gaussian distribution, and the symbol “No” meansthe
contrary result. The Gaussian distribution test is carried out according to the
skewness coefficient in combination with the kurtosis coefficient. Fig. 16 il-
lustrates the Gaussian distribution test at thetest levelsa = 0.05and o = 0.01
(7). Theresultsin Fig. 16 show that most of the turbulent pressures inside the
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TABLES
Skewness Coefficient (Bs), Kurtosis Coefficient (Bk), and the Gaussian Distribution (GD)
Tests of the Fluctuating Pressure at the Entrance of Hydrocyclone with Low Energy Loss

No. 1 2 3 4 5 6 7 8 9 10

Bs -0028 -0.016 -0.067 -0.001 0.025 -0.004 -0.007 -0.019 -0.017 0.030
Bk 1504 1438 1528 1507 1470 1514 1461 1564 1.440 1464
GD No No No No No No No No No No

hydrocyclone with low energy loss and at the entrance of the hydrocyclone do
not fit the Gaussian distribution at the test level o = 0.01, and that only at a
few positions do the turbulent pressures fit a Gaussian distribution at the test
level « = 0.05. The Gaussian distribution tests in Tables 4 and 5 are carried
out at thetest level « = 0.01.

Tables 4 and 5 show that most of the turbulent pressures do not fit a Gaus-
sian distribution, which is mainly because the kurtosis coefficients are all
fairly small. The above results illustrate two facts. (a) The average PF in the
hydrocyclone with the lowest energy loss coefficient isrelatively large, which
indicatesthat the turbulent energy dissipation in the space outside theinner he-
lical flow areais the minor composition part of the total energy loss; and (b)
The turbulent fine-structure intermittency (16, 17) exists at the most positions
in the hydrocyclone coded A2-B3-C3-D2-E5-F5.

B T LT N

-a=0.05, n=120
—a=001,n=120]
o EXP.

0 i i i i i i P
0 02040608 1 12 14 16
[Bsl

FIG. 16 Gaussian distribution test of the fluctuating pressure inside and at the entrance of the
hydrocyclone with low energy loss.
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Energy Saving Principles and Measures

Principles

From the investigation mentioned above and a series of previousinvestiga

tions (1-3), some energy saving principles could be concluded as follows:

1

2.

To reduce the inlet energy loss, the main principle is controlling the mi-
nor loss which is due to the directional change of fluid and the eddies.
To effectively reduce the total energy loss, remove all of the turbulent
loss, kinetic head loss, and frictional lossin the air core by eliminating the
air core.

Theinner helical flow area near the hydrocyclone axis subject to signifi-
cant energy loss. Effective control of the turbulent loss and the minor loss,
which are due to the acceleration of fluid in thisarea, could result in ano-
table reduction of the total energy loss in the hydrocyclone separation
process.

Theturbulent loss, frictional loss, and minor loss in the spaces, excepting
those spaces mentioned above (initems 1, 2, and 3), makerelatively small
contributions to the total energy loss.

The kinetic head loss with the outflow of the conventiona hydrocyclone
makes a notable contribution to the total energy loss. Therefore, it is es-
sential for the recovery of partial kinetic head and the reduction of the to-
tal energy loss to partially transform the kinetic head in the outflow into
the pressure head.

The total energy loss could be reduced by decreasing the pressure head
loss carried by the outflow. Thisresults from the reduction of the outflow
pressure level, which must be maintained to ensure that smooth outflow
flows out of the hydrocyclone.

Measures

1

To reducetheinlet loss of the hydrocyclone, it is essential to consider the
problem from the overall viewpoint instead of focusing on the local situ-
ation, i.e., the target parameter should be the total energy loss of the hy-
drocyclone rather than merely the inlet loss. The experimental results
show that the tangent type pipe is the best inlet pipe for the reduction of
the total energy loss.

There are many methods to eliminate the air core, such as introducing a
winged core, central solid core, or central cone inside the hydrocyclone,
and attaching the solid cone or water-sealed tank to the underflow pipe.
The winged core results in the most notable effect on the reduction of the
total energy loss.

Both central solid core and winged core are effective in reducing the tur-
bulent loss and the minor loss in the inner helical flow area near the hy-
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drocyclone axis that is due to the acceleration of fluid, in which the over-
all function of the winged core is much more efficient.

4. To further reduce energy loss in the spaces, in addition to the methods
mentioned in measures 1, 2, and 3, some possible effective measures are
to increase the length of the cylindrical part of hydrocyclone, or introduce
spirasto the inner wall of the cone part.

5. There are two main measures to reduce the kinetic head loss in the out-
flow. Thefirst isto take curved diffusers as a vortex finder and as an un-
derflow pipe, and therefore partialy transform the kinetic head into a
pressure head in the outl et pipes. The second measureisto insert awinged
coreinthe central areaof the hydrocycloneto let thetransformation of en-
ergy from the kinetic head into the pressure head take place before the
outflow enters the vortex finder. The combination of these measures
could result in notable recovery of the kinetic head carried by the outflow.

6. There are many measures to reduce the pressure level needed for the
smooth outflow of the hydrocyclone. For example, the use of curved dif-
fusers asvortex finder and underflow pipe, insertion of inner diffuser into
the vortex finder, and attachment of a siphon or vacuum device to the out-
let of vortex finder. Of these methods, the measure that uses curved dif-
fusers asvortex finder and underflow pipeisthe best choice because both
the overall energy saving function and the structural simplification are
considered.

CONCLUSIONS

The effect of structure of flow field on the energy consumption was inves-
tigated systematically. The degree of influence of the structural factors on the
energy loss coefficient can be put in order from higher to lower as follows:
central inserted parts > inlet pipes > cylindrical parts > vortex finders >
cone parts > underflow pipes. In the central inserted parts, the winged coreis
the best location for reducing the energy loss. The optimum geometric com-
bination of the hydrocyclone related to the lowest energy loss coefficient is
coded as A2-B3-C3-D2-E5-F5.

The turbulent pressure structurein the hydrocyclone with the lowest energy
loss coefficient, including all of the time-averaged characteristics and fluctu-
ating characteristics, is very different from that in the conventional hydrocy-
clone, and the difference is especially large in the inner helical flow area near
the hydrocyclone axis. The energy saving mechanisms in the hydrocyclone
were examined by comparing and analyzing the differences in these charac-
teristics.

The energy saving principles and relevant effective measures for hydrocy-
clones were proposed systematically and discussed.
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(Eu)c
(Eu)e

F2
F3
F4
F5

(Fr)e

GD

NOMENCLATURE

involute typeinlet pipe

tangent type inlet pipe

arc type inlet pipe

slanting pipe inlet pipe

spira typeinlet pipe

vortex finder being straight pipe with thin wall
vortex finder being straight pipe with thick wall
vortex finder being 30° diffuser plus cone
vortex finder being 20° diffuser plus annular teeth
vortex finder being straight pipe with thin wall plus siphon
kurtosis coefficient

skewness coefficient

parabola type cone part

hyperbolatype cone part

cone part, 20° cone with spiral

cone part, 20° cone with rings

cone part, 20° cone with smooth surface
hydrocyclone diameter

underflow pipe being straight pipe

underflow pipe being 20° diffuser

underflow pipe being 30° diffuser plus cone
underflow pipe being straight pipe plus cone
underflow pipe being straight pipe plus water-sealed tank
inlet diameter of hydrocyclone

without inserted part

central inserted part, solid core

central inserted part, central cone

central inserted part, inner diffuser

central inserted part, winged core

cyclone characteristic Euler number

inlet characteristic Euler number

length of cylindrical part, 0.4 D

length of cylindrical part, 0.8 D

length of cylindrical part, 1.2 D

length of cylindrical part, 1.6 D

length of cylindrical part, 2.0 D

cyclone characteristic Froude number
gravitational acceleration

gaussian distribution test

energy loss coefficient

2703



10: 53 25 January 2011

Downl oaded At:

2704 CHU ET AL.

Pe inlet pressure

PF pressure fluctuation

Qe capacity of hydrocyclone

r radial position

(Re)¢ cyclone characteristic Reynolds number
RPF relative pressure fluctuation

v hydrocyclone characteristic velocity
Ve inlet velocity of liquid

Z axial position

v viscosity of liquid

p density of liquid
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