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Abstract
Hydrocyclones offer the potential for the remediation and volume reduction of the contaminated
sediment found in dredging operations and can be utilized to minimize the mass of sediment shipped
to confined disposal facilities. The objective of the undergraduate student-led research project was to
develop and test a hydrocyclone that was designed and built with university and corporate support to
separate particles in a liquid suspension. The results of the laser diffraction analysis, at a mass flow
rate of 0.835 kg/s, showed that the D50 of the overflow was 4.546 µm, while that of the underflow
was 12.68 µm. At this flow rate, the hydrocyclone appears capable of separating particles less than
24.2 µm from the inlet stream and delivering these particles to the overflow. Considering that fouled
silt sediment ranges in size from 4–62 µm, the hydrocyclone would be suitable for environmental
cleanup of this form of contaminated sediment. The hydrocyclone will be used to study the viability of larger units for commercial applications. The research supports undergraduate education in
contaminant remediation.
Introduction
While established in the mining industry for mineral separation, hydrocyclones offer potential for
the remediation and volume reduction of contaminated sediment found in dredging operations 1 .
Bayo et al. 2 demonstrated hydrocyclone technology to be an ideal resource for separating toxic
sludge from industrial wastewater. Mansour-Geoffrion et al. 3 conducted extensive experiments using hydrocyclones to separate contaminated sludge in wastewater treatment plants where the sludge
consisted of 15–45% suspended solids. The technology if implemented may have substantially reduced the mass of sediment shipped to the Saginaw Bay Confined Disposal Facility (CDF) during
the recent dredging of the Saginaw River north of Independence Bridge in Bay City.
Dredging operations typically involve sediment that is at least partially submerged in water. The
initial dredged material may have 10–15% solids concentration (high percent water) by weight 4 .
Dewatering of the process stream is therefore essential for cost efficient transport of sediment to
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Fig. 1. The fundamentals of hydrocyclone separation.

CDFs. Solids concentrations of 45–80% by weight can be achieved by hydrocyclone dewatering
processes 5 . The technology offers low investment and operating costs as well as low maintenance. It
is presently being developed for a range of mineral dewatering applications 6;7;8;9 and shows potential for dewatering dredged materials 10;11 .
Hydrocyclones rely on a centrifugal process to separate the light and heavy solids, as shown in Fig.
1. A high speed spiraling vortex accelerates the solids. The heavy solids are driven toward the wall
by centrifugal force and descend to the lower outlet as underflow, while the light solids entrained in
the flow ascend to the upper outlet as overflow. The vortex finder prevents the heavy solids near the
feed inlet from entering the overflow stream. The length of the vortex finder can be increased to allow more time for the heavy solids to be entrained in the underflow stream, increasing the separation
efficiency of the unit.
The objective of the undergraduate student-led research project was to develop and test a hydrocyclone that was designed and built with university and corporate support to separate particles in a
liquid suspension.
Hydrocyclone Design and Sizing
The hydrocyclone design was based on the paper by Arterburn 12 . The D50C is defined as the particle size of which 50% reports to the overflow and 50% to the underflow, as shown in Fig. 1. The
D50C (base) is the particle size that a standard cyclone can achieve operating under base conditions,
and is given as
D50C (application)
D50C (base) =
(1)
C1C2C3
where C1 is the hydrocyclone feed concentration correction, C2 is the pressure drop correction, and
C3 is the specific gravity correction, given as


53 −V −1.43
C1 =
(2)
53
C2 = 3.27∆P−0.28
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TABLE I
C HARACTERISTIC DIMENSIONS OF THE HYDROCYCLONE .

Parameter
Particle size, µm
Passing to overflow, %
Multiplier
D50C (application), µm
C1
C2
C3
D50C (base), µm
Cylinder diameter, D, cm

Dimension
24.3
80.0
1.25
30.4
1.15
1.30
1.62
12.6
9.56

TABLE II
E XPERIMENTAL PARAMETERS .

Parameter
Solids concentration, %
Solids density, kg/m3
Solids mass, kg
Tank volume, m3
Inlet flow rate, kg/s

Dimension
5
1630
3.02
37.9
0.835–1.13

0.5
1.65
(4)
C3 =
GS − GL
and where V is the percent solids by volume of hydrocyclone feed, ∆P is the pressure drop in units
of kPa, GS is the specific gravity of solids, and GL is the specific gravity of liquid. The diameter and
height of a hydrocyclone chamber (units of centimeters) can be calculated from


D50C (base) 1.515
D=
(5)
2.84


H =D

(6)

The hydrocyclone was sized to produce an overflow of 80% while passing a particle of 24.3 µm.
The D50C (application) was calculated as 30.4 µm using the constants given in Table I. The pressure
drop across the hydrocyclone was determined to be approximately 6 psi from Fig. 9 of Arterburn 12 ,
by assuming a 20 GPM flow rate. The flow rate can be reasonably achieved in a laboratory environment by recirculating fluid through a 50 gallon storage tank with a 1.5 hp motor/pump. The specific
gravity of the solids was specified as that of silica sand. The characteristic dimensions of the hydrocyclone and the experimental parameters are shown in Tables I and II, respectively.
The hydrocyclone was built at the university from 0.375 inch thick sheets of polycarbonate. The
polycarbonate was machined in a Bridgeport CNC. The inlet scroll and cone of the hydrocyclone
were shaped by heating the polycarbonate in a convective oven and forming the material over mandrels. The fabricated hydrocyclone test apparatus is shown in Fig. 2.
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Fig. 2. The hydrocyclone test apparatus.

Procedures
Before beginning the experiments the hydrocyclone, as shown in Fig. 2, was leveled by using the adjustable pads as necessary. The apparatus was then flushed with clean water for at least five minutes
to remove any residual silica and other contaminants from previous experiments. The reservoir was
filled with ten gallons of water and 0.5 gallons of silica sand to achieve a five percent solids concentration by volume. Inside the reservoir of the apparatus, a mixing pump was switched on to agitate
the slurry. Also, the main pump that provided the means of fluid motion through the hydrocyclone
itself was switched on. An ultrasonic mass flow meter was attached to the inlet line of the hydrocyclone and an electronic pressure gauge was attached to the pressure ports of the inlet and outlet of
the device. In order to achieve steady-state operation, both pumps were allowed to run for 30 minutes with fluid passing through the hydrocyclone and recycle line for the duration. After steady state
was reached, the appropriate samples were taken from the inlet, underflow, and overflow, depending
on the specific needs of the experiment. For each sample acquisition, the mass flow rate, pressure
drop, and fluid velocity were recorded.
In order to conduct the sand sieve analyses of the samples, the water was first removed from the
specimens using a furnace at 90–120◦ C. The samples were left in the furnace for several days until
all of the water had evaporated. Each specimen was subject to a standard foundry sand sieve analysis for 15 minutes. At the end of the 15 minute test, each sieve was removed from the testing apparatus and the contents were weighed to produce a size distribution. More comprehensive distributions
were obtained through a contract with Particle Technology Labs (PTL). Samples were obtained from
the hydrocyclone at two unique inlet flow rates and sent wet to PTL for processing.
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Data and Results
The particle size distribution from the sand sieve analysis for a mass flow rate of 0.835 kg/s is shown
in Fig. 3. The figure shows an increasing trend in percent by volume of silica sent to the overflow
as particle size decreases. It can be seen that the cutoff diameter for the experiment was less than
53 µm. The particle size distribution from the sand sieve analysis for a mass flow rate of 1.13 kg/s
is shown in Fig. 4. As was shown in Fig. 3, an increasing trend is observed for percent by volume
of silica sand sent to the overflow as particle size decreases. Given the relatively low resolution of
the sand sieve analyses, the cutoff diameters can be approximated as being less than 53 µm for the
parameters of the experiments.

Fig. 3. Particle size distribution obtained from sand sieve analysis for mass flow rate of 0.835 kg/s.

Fig. 4. Particle size distribution obtained from sand sieve analysis for mass flow rate of 1.13 kg/s.
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The particle size distribution from the PTL laser diffraction analysis at a mass flow rate of 0.835
kg/s is shown in Fig. 5. The D50 of the overflow is 4.546 µm, while that of the underflow is 12.68
µm. The particle size distribution at a mass flow rate of 1.13 kg/s is shown in Fig. 6. The D50 of the
overflow is 7.960 µm, while that of the underflow is 12.77 µm. The displacement of the D50 values
for the overflow and underflow provide a measure of the separation efficiency.

Fig. 5. Particle size distribution obtained from laser diffraction analysis for mass flow rate of 0.835 kg/s.

Fig. 6. Particle size distribution obtained from laser diffraction analysis for mass flow rate of 1.13 kg/s.
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Discussion
Hydrocyclone separation performance can be explained by a simple force balance on individual particles entering the device during steady-state operation. As the flow rate increases, larger particles
experience more centripetal force inside the hydrocyclone, are forced to the wall, and eventually
exit the device through the underflow. Smaller particles are pushed out the overflow due to the pressure distribution inside the hydrocyclone and the drag forces the particles experience as they flow
through the slurry. This phenomenon was quantified during the experiment as the pressure differential across the inlet and overflow outlet. As mass flow rate increased, so did the pressure differential, and a larger volume of small particles experienced high drag forces inside the hydrocyclone
and exited the overflow of the device. Figures 3 and 4 exemplify the physical phenomena showing
that as particle size decreased, an increasing volume percentage of particles was sent to the overflow.
From the sand sieve analysis, it was shown that the hydrocyclone can successfully separate particles 53 µm in size and smaller from a suspension. Considering that fouled silt sediment ranges in
size from 4–62 µm, the hydrocyclone would be suitable for environmental cleanup of this form of
contaminated sediment. The hydrocyclone will be used to study the viability of larger units for commercial applications.
The research grant provided funding for laser diffraction analysis to determine the separation efficiency of the device more accurately. From the results of the PTL laser diffraction analysis at a
mass flow rate of 0.835 kg/s, the D50 of the overflow was determined to be 4.546 µm, while that of
the underflow was 12.68 µm. At a mass flow rate of 1.13 kg/s, the D50 of the overflow climbed to
7.960 µm, while that of the underflow remained relatively constant at 12.77 µm. The separation efficiency is superior at the lower flow rate, as the D50 values are further apart. Furthermore, at a mass
flow rate of 0.835 kg/s, the hydrocyclone appears capable of separating particles less than 24.2 µm
from the inlet stream and delivering them to the overflow, as shown in Fig. 5.
Conclusions
The study met the objective of the undergraduate student-led research project—to develop and test a
hydrocyclone that was designed and built with university and corporate sponsorship to separate particles in a liquid suspension. A thorough analysis of the hydrocyclone would not have been possible
without the continuous size distributions gained from the contracted laser diffraction analyses. There
were several possible sources for error in the experiment. The most likely was the sand sieve analyses, as potential errors were magnified by the fact that the analyses were conducted using a large
foundry sieve with samples of relatively fine silica sand. The laser diffraction analysis results were
far more accurate. Additionally, the density of the slurry was approximated as the density of water
for calculation purposes, but the presence of five percent silica sand by volume undoubtedly had an
effect on the density. The research project represents a step forward in the development of commercial opportunities for cleanup efforts throughout the Saginaw Bay Watershed.
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