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ABSTRACT

A resistance wire strain gauge system was used to experimentally study time-
averaged and fluctuating characteristics of turbulent pressure in a hydrocyclone
for the first time. In the main space inside the hydrocyclone, pressure distribution
could be described with a mathematical model in which pressure is a function of
positional radius. When positional radius decreases, pressure drops, but the radial
gradient of pressure increases. In the central area under the vortex finder, the
radial gradient of pressure, pressure fluctuation, and relative pressure fluctuation
are all very large. That is, both energy loss and turbulent energy dissipation are seri-
ous in this area. In the main space inside the hydrocyclone, turbulent pressure mostly
fits in Gaussian distribution. At some positions within the cylindrical area and the up-
per part of inner helical flow, turbulent pressure does not fit in Gaussian distribution,
which indicates turbulent fine-structure intermittency exists at these positions in the
hydrocyclone.
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INTRODUCTION

Hydrocyclone separation is becoming a universal separation technique.
There have been numerous successful applications of this separation technique
in many industries, such as mineral processing, petrochemical engineering,
chemical engineering, and environmental engineering. More and more atten-
tion is being paid to hydrocyclones. Unfortunately, one of the main disadvan-
tages in conventional hydrocyclone separations is that energy consumption is
high, resulting in high operating costs. To make good use of energy and reduce
the operating costs of hydrocyclone separation, it is essential to investigate the
energy-consumption mechanism and energy-saving principles.

Energy consumption in a hydrocyclone is dependent on the turbulent pres-
sure inside the hydrocyclone to a considerable degree. Therefore, it is essen-
tial to investigate the pressure field to understand the energy-consumption
mechanism. Unfortunately, there have not been any systematical experimen-
tal investigations of the structure of turbulent pressure in hydrocyclones. Pre-
vious experimental research on turbulent flow fields in hydrocyclones focused
on flow pattern and velocity field; only a few considered pressure characteris-
tics, even though the pressure structure is also important for understanding the
separation process in hydrocyclones. The fluctuating phenomenon is one of
the most important characteristics of turbulent structures. However, previous
investigations on pressure characteristics only gave time-averaged pressures
at some partial positions in hydrocyclones, because it is difficult to measure
the fluctuating characteristics of turbulent pressure, because of the limitation
of measurement instruments. For flow pattern and velocity field, the mea-
surement instrument could be a non-contact-type instrument, e.g., tracer (1),
dyeing (2, 3), or Laser Doppler Anemometer (4, 5). The measurement of pres-
sure has had to depend on contact-type instruments up to now. A pilot gauge
with usual dimensions could not be used to measure pressure fluctuation be-
cause the resulting inertia is too large (6).

For the first time, a resistance wire strain gauge system was used to exper-
imentally investigate both the time-averaged and fluctuating characteristics of
turbulent pressure in hydrocyclones.

EXPERIMENTAL

Instrument and Apparatus

When a turbulent flow field is measured with a contact-type instrument, ex-
amining elements and related instruments must meet a series of demands (6).
After considering these demands, syringe needles with an outer diameter of
1.4 mm and an inner diameter of 0.8 mm were selected as pressure probes.
Tests confirmed that the selected syringe needles had enough strength and
rigidity to measure pressure inside hydrocyclones. A BPR-12-type of resis-
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tance wire strain gauge, with rated pressure of 0.1 MPa, was chosen as a pres-
sure sensor. Nonlinear error, delay error, and duplication error of the gauge
were all less than 0.2%. The magnitude of output voltage signal from the pres-
sure sensor was in millivolts, thus the signal should be amplified before being
sent to a data-collection system. The signal transmission line was shielded to
prevent interferential signals from infiltrating. The automatic on-line data-col-
lection system with synchronous treatment was mainly composed of a HT-
1232-type of A/D converter, a digital signal display, a computer, and relevant
software. The A/D conversion was triggered by software, with a typical time
of 10 ws, converting precision of *0.03%, and nonlinear error of =1 LSB.
The static-pressure test of this pressure-measurement system showed that both
overall nonlinear error and range error were less than 0.25%.

The schematic diagram of the experimental system is shown in Fig. 1. The
system was composed of a hydrocyclone, liquid-transportation system, and
pressure-measurement system.

15 6 5

| 10
! g I 16 17

FIG. 1 Schematic diagram of the experimental system: (1) hydrocyclone; (2) pressure probe;

(3) pressure sensor; (4) amplifier; (5) A/D converter; (6) digital display; (7) computer; (8)

printer; (9) water tank; (10) pump; (11) electromagnetic flowmeter; (12) digital display; (13)
gauge; (14)—(17) valves.
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The geometry of the hydrocyclone used in the experiments is shown in Fig.
2. The hydrocyclone was made up of an overflow volute, inlet, vortex finder,
cylindrical section, cone section, underflow pipe, and underflow transit box.
The geometry of the hydrocyclone was designed according to Rietema’s opti-
mum geometry for separation (7). The ratio of the length of the cylindrical part
to the hydrocyclone diameter was 1.6, and the value of H in Fig. 2 was 120
mm.

Program

The liquid used in the experiments was water. The measured points for
pressure inside the hydrocyclone were distributed as shown in Fig. 3. At those

J)\\:

fsaln

FIG. 2 Hydrocyclone geometry: (A) inlet; (B) vortex finder; (C) cone section; (D) underflow
pipe; (F) cylindrical section; (I) overflow volute; (II) underflow transit box.
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FIG. 3 Distribution of measured points in the hydrocyclone.

axial positions with axial distance from the top (Z) being 5, 25, 55, 85, 115,
145, 175, 205, 235, 265, and 290 mm, measurement holes were made in the
hydrocyclone wall, and every hole was sealed by elastic rubber. A pressure
probe could be inserted radially into the hydrocyclone by passing through the
elastic rubber. The radial step of the measured points in the hydrocyclone was
3 mm. Thus, the measured points in the hydrocyclone were a series of netted
points. Because the flow fields in hydrocyclones could be taken as axially
symmetrical fields (8), it is enough to understand the pressure structure in hy-
drocyclones by measuring the pressure at those points, as illustrated in Fig. 3.

To investigate the pressure distribution at the entrance of hydrocyclone,
pressure probes were also set around the inlet with the same method as men-
tioned above. These measured points were all set in the same horizontal level
as that of the inlet axis. The distance between two adjacent measured points in
inlet wall was 20 mm, and points in the hydrocyclone wall were arranged with
the central angle between two adjacent points as 30°.
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Constant inlet pressure of 0.08 MPa was maintained. The capacity of the
hydrocyclone was measured by an electromagnetic flow meter.

RESULTS AND DISCUSSION

Time-Averaged Characteristics of Turbulent Pressure
Radial Distribution of Pressure in the Hydrocyclone

Radial distribution of pressure in the hydrocyclone is shown in Fig. 4. Ex-
perimental radial distribution of pressure fits well with theoretical results (9).
With positional radius decreasing, pressure drops; meanwhile, the radial gra-
dient of the pressure increases. An exceptional phenomenon was found: the ra-
dial drop of pressure is very small in the annular space between the outer wall
of vortex finder and the inner wall of hydrocyclone, and pressure even rises
slightly near the outer wall of the vortex finder.

In a sense, the overall pressure of liquid stands for usable mechanical en-
ergy (10). The overall pressure drop could be used to characterize energy loss.

r,mm
0 10 20 30 40
30 — .
0

8 &8 8

Z,mm
3

210

240

270

300

FIG. 4 Radial distribution of pressure in the hydrocyclone.
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FIG.5 Axial distribution of pressure in the hydrocyclone.

Therefore, energy loss in the annular space between the vortex finder wall and
the hydrocyclone wall is small, but it is serious in the inner helical flow below
the vortex finder. Most of the energy loss in the hydrocyclone is distributed in
the central space below the vortex finder. Consequently, controlling the struc-
ture of the flow field in the central area near the hydrocyclone axis could be
an effective way to reduce energy loss inside hydrocyclones.

Axial Distribution of Pressure in the Hydrocyclone

Figure 5 shows the experimental axial distribution of pressure in the hydro-
cyclone, where r(wall) stands for the radius of the inner surface of hydrocy-
clone wall at a certain axial position. The curve of » = r(wall) illustrates the
axial distribution of pressure on the inner surface of hydrocyclone wall. Pres-
sure barely drops axially near the hydrocyclone wall in the cylindrical section,
but decreases sharply with increasing axial distance in the cone section. When
the radial position is fixed, pressure varies little with the variation of axial
position.

Time-Averaged Characteristics of a Pressure Field

A three-dimensional surface plot for a time-averaged pressure field in the
hydrocyclone is shown in Fig. 6. The central area in the inner helical flow un-
der the vortex finder is a space where pressure decreases sharply; while in the
other areas inside the hydrocyclone, pressure drop is minimal.
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P, 100 kPa

FIG. 6 Three-dimensional surface plot for the time-averaged pressure field in the hydrocy-
clone.

Figure 7 is a contour plot for a time-averaged pressure field in the hydrocy-
clone. Contour lines of pressure in the hydrocyclone are almost all parallel to
the hydrocyclone axis. Where contour lines are denser, the pressure gradient
is larger, i.e., pressure loss is larger, and therefore energy loss is more serious.
Figure 7 shows that the area where energy loss is significant is the annular
space between radii r = 0.14R and r = 0.45R, where r is the positional radius,
and R is the radius of the hydrocyclone.

Except those positions near the outer wall of the vortex finder, radial distri-
bution curves of pressure in the hydrocyclone are almost all coincident. There-

Z,mm
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280

H B

r,mm
8RB asd o

FIG.7 Contour plot for the time-averaged pressure field in the hydrocyclone.
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fore, the relationship between positional radius and pressure in the hydrocy-
clone could be described with the following mathematical model

P =70 — 72.5 exp[—0.06[r — 4.5)'*%], (r = 4.5mm) (1)

Where, P (kPa) is the pressure of liquid at the radial position with a radius of
r (mm).

Pressure Distribution at the Entrance of the
Hydrocyclone

Experimental pressure distribution at the entrance of the hydrocyclone is
shown in Fig. 8. At those points near the entrance of the hydrocyclone, pres-
sures are almost at the same pressure level. Although the pressure varies
slightly at one or two points, the variation is much smaller than that in the main
space inside the hydrocyclone. That is to say, when the movement of fluid
flow is changed from a one-dimensional rectilinear motion into a three-di-
mensional cyclonic motion at the entrance of the hydrocyclone, the pressure
is barely reduced. This indicates that energy loss is not as serious as imagined
at the entrance of the hydrocyclone. Compared with energy loss in the central
space inside the hydrocyclone, energy loss at the entrance could even be
neglected.

Fluctuating Characteristics of Turbulent Pressure
Pressure Fluctuation and Relative Pressure Fluctuation

Fluctuation phenomenon is an important characteristic of turbulent struc-
tures. In a turbulent flow field, turbulent pressure could be taken as the sum of

0.8 |-
07}
06}
£ os)-
S04t
o3}
02}
0.1

FIG. 8 Pressure variation at the entrance of hydrocyclone.
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time-averaged pressure and fluctuating pressure. To characterize the intensity
of pressure fluctuation, the concept of mean-square deviation of the least-
square method is introduced. The larger the mean-square deviation of turbu-
lent pressure, the more serious the pressure fluctuation phenomenon is. Two
characteristic parameters are

a. Pressure fluctuation: the mean-square deviation of turbulent pressure, i.e.,

PF =3p (2)

where, PF is pressure fluctuation, and &p is the mean-square deviation of tur-
bulent pressure, and

b. Relative pressure fluctuation: the ratio of the mean-square deviation of
turbulent pressure to the time-averaged pressure, i.e.,

rpF = PE 20 3)
P P
where, RPF is relative pressure fluctuation and P is time-averaged pressure.

The energy needed for maintaining turbulence is taken from the averaged
motion and then transferred to the turbulent motion (6). Therefore, the pres-
sure fluctuation could be used to characterize the absolute value of energy
taken from the averaged motion, and the relative pressure fluctuation could be
adopted to characterize the ratio of energy taken from averaged motion to the
total energy in averaged motion.

Pressure Fluctuation in the Hydrocyclone. Radial distribution of
pressure fluctuation in the hydrocyclone is illustrated in Fig. 9. Pressure fluc-
tuations are within 0.5-0.6 kPa inside the hydrocyclone. With positional ra-
dius decreasing, pressure fluctuation first reduces near the hydrocyclone wall,
then enters a relatively steady area, and finally increases sharply in the central
space near the air core. This radial-distribution law of pressure fluctuation is
the same as that of velocity turbulence in hydrocyclones, which has been mea-
sured by Laser Doppler Velocimeter (LDV) (11). This consistency indicates
the pressure-measurement-instrument system used in this investigation is ap-
propriate for studying turbulent pressure.

Both pressure fluctuation and velocity turbulence are very large in the inner
helical flow area near the air core inside the hydrocyclone; that is, both the en-
ergy taken from averaged motion by turbulent motion and the energy dissi-
pated in turbulent motion are serious in this area. Therefore, controlling the
structure of turbulent flow in the inner helical flow area near the air core
should be the key to reducing energy loss in hydrocyclones.

Because of both the pressure of the helical flow on the hydrocyclone wall
and the friction between the helical flow and the hydrocyclone wall, pressure
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FIG.9 Radial distribution of pressure fluctuation in the hydrocyclone.

fluctuation is large near the hydrocyclone wall. Turbulence is so violent in the
inner helical flow near the air core because all the shape, size, and space posi-
tions of the air core are very unsteady, and the fluid around the air core is
forced to rock with the air core. Therefore, the fluid flow should be in a tur-
bulent state. Additionally, the large radial pressure gradient and large radial
velocity gradient in the inner helical flow around the air core indicate that
transformation between the pressure head and the kinetic head in this area is
intensive, which contributes to the turbulence. Improving the existing state of
the air core and the flow structure of fluid around the air core should effec-
tively reduce energy loss in hydrocyclones.

Relative Pressure Fluctuation in the Hydrocyclone. Figure 10
shows radial distribution of relative pressure fluctuation in the hydrocyclone.
In the area where the positional radius is larger than the outer radius of the vor-
tex finder, relative pressure fluctuations are steady within 0.6—1.0%. This in-
dicates that energy taken from averaged motion by turbulent motion is low in
this area and only accounts for 0.6—1.0% of total energy in averaged motion.
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FIG. 10 Radial distribution of relative pressure fluctuation in the hydrocyclone.

However, in the space where the positional radius is smaller than the outer
radius of the vortex finder, relative pressure fluctuation increases sharply with
decreasing radius and the gradient is very large in the upper central area of the
cone section. This again shows that the violent turbulent motion in the inner
helical flow under the vortex finder results in considerable energy consump-
tion. The ratio of the energy taken from averaged motion to the total energy in
averaged motion is as high as 60% at one or two points. Controlling the struc-
ture of turbulence in the inner helical flow under the vortex finder should be
considered for reducing energy loss in hydrocyclones.

Pressure Fluctuation and Relative Pressure Fluctuation at the
Entrance of the Hydrocyclone. Pressure fluctuation and relative pres-
sure fluctuation at the entrance of the hydrocyclone are shown in Fig. 11.
When fluid flows from test points 1 to 10, the variation law of pressure fluc-
tuation is similar to that of relative pressure fluctuation, because the time-av-
eraged pressure varies little in this flow region. From test points 1 to 6, both
pressure fluctuation and relative pressure fluctuation increase slightly, then



10: 54 25 January 2011

Downl oaded At:

ENERGY CONSUMPTION AND HYDROCYCLONE SEPARATION. Il 2555

PF. kPa

FIG. 11 Pressure fluctuation and relative pressure fluctuation at the entrance of hydrocyclone.

decrease slightly. Both the sudden enlargement of the cross-sectional area of
fluid flow and the orientation variation of fluid flow will contribute to turbu-
lence near the entrance. From test points 6 to 10, both pressure fluctuation and
relative pressure fluctuation increase quite notably, which indicates that vio-
lent helical flow in hydrocyclones causes larger pressure fluctuation near the
wall rather than in the pipe flow at the inlet. Compared with fluctuation in the
main space inside the hydrocyclone, turbulence is less than expected at the en-
trance of the hydrocyclone.

Distribution Characteristics of the Probability Density of
Turbulent Pressure

Besides pressure fluctuation and relative pressure fluctuation, distribution
characteristics of probability density of turbulent pressure are also important
for describing the fluctuating structure of a pressure field. To quantitatively
describe the deviation of probability distribution of turbulent pressure from
Gaussian distribution, two coefficients are introduced (12)

a. Skewness coefficient

M3
B = 4)
c
where, Bg is the skewness coefficient for describing skewness of a distribu-
tion, |3 is a three-order central matrix, and o is the standard deviation.
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b. Kurtosis coefficient

g
Bx="— )
o
where, By is the kurtosis coefficient for describing kurtosis of a distribution,
and 4 is a four-order central matrix.
When the sample number is large enough, skewness coefficient and kurto-

sis coefficient could be calculated by the following formulas

Vi 3X; — X)?
Bs= S0q - X717 ©
and
n3X; — X)*
Bg = [S(X; — )—()2]2 (7)

where, n is the sample number, X; is the individual sample value, and X is the
averaged value of the overall samples.

For Gaussian distribution, the skewness coefficient is equal to zero, and the
kurtosis coefficient is equal to three. Therefore, the skewness coefficient and the
kurtosis coefficient could be introduced to jointly test and describe the deviation
of the probability distribution of turbulent pressure from Gaussian distribution.

Experimental skewness coefficient, kurtosis coefficient, and Gaussian dis-
tribution test of turbulent pressure inside the hydrocyclone and at the entrance
of the hydrocyclone are shown in Tables 1 and 2, respectively, where the sym-
bol “Yes” stands for turbulent pressure that fits in Gaussian distribution and
“No” for the contrary. A Gaussian distribution test was carried out according
to a skewness coefficient in combination with a kurtosis coefficient. Figure 12
illustrates the Gaussian distribution test at the level of & = 0.05 and o = 0.01,
where turbulent pressure was taken as fitting in Gaussian distribution if point
(|Bs|, By) falls into the range enclosed by the critical lines, and vice versa.

TABLE 2
Skewness Coefficient (B,), Kurtosis Coefficient (B;) and Gaussian Distribution (G.D.) Test of
Turbulent Pressure at the Entrance of Hydrocyclone

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

By 0.348 0.211 0.080 0.148 0.091 0.005 0.072 0.114 0.186 0.010
By 3252 2276 2368 2544 2735 2.091 2.113 2212 2225 2.748
G.D. Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
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FIG. 12 Gauss distribution test of the turbulent pressure inside hydrocyclone and at the
entrance of hydrocyclone.

Figure 12 shows that turbulent pressures fit in Gaussian distribution at most
positions inside the hydrocyclone and at the entrance of the hydrocyclone. The
Gaussian distribution tests in Tables 1 and 2 were carried out at a = 0.01.

Table 1 shows turbulent pressures mostly fit in Gaussian distribution inside
the hydrocyclone; while at some positions in cylindrical space and in the up-
per inner helical flow region, turbulent pressures do not fit in Gaussian distri-
bution. These non-Gaussian distributions indicate that turbulent fine-structure
intermittency (13, 14) exists at these positions. In Table 2, all turbulent pres-
sures fit in Gaussian distribution at the entrance of the hydrocyclone.

CONCLUSIONS

1. With positional radius decreasing, time-averaged pressure drops,
whereas radial pressure gradient increases. In the main space inside hydrocy-
clones, time-averaged pressure barely varies with the variation of axial posi-
tions, but varies with positional radius. The contour lines of pressure are al-
most all parallel to the hydrocyclone axis. Pressure distribution could be
described with a mathematical model in which pressure is a function of posi-
tional radius in the hydrocyclone.

2. In the inner helical flow under the vortex finder, the radial pressure gra-
dient, pressure fluctuation, and relative pressure fluctuation are all very large.
That is, energy loss and turbulent energy dissipation are serious in this area.
At the entrance of the hydrocyclone, the pressure drop, pressure fluctuation,
and relative pressure fluctuation are not significant. Both energy loss and tur-
bulent energy dissipation are not as serious at the entrance as expected.
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3. Turbulent pressures inside the hydrocyclone mostly fit in Gaussian dis-
tribution, but at some positions in the cylindrical area and the upper inner he-
lical flow area turbulent pressure does not fit in Gaussian distribution, which
indicates that turbulent fine-structure intermittency exists at these positions.
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