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Investigating the Effectiveness of VVortex-Enhanced Particle Settling in a Hydraulic
Separator Using Physical Modeling

Cheng He?, Padala Chittibabu?, David Nguyen® and Quintin Rochfort*

Abstract: Hydraulic particle separators which incorporate “Vortex” technology often imply that
they provide enhanced particle settling. In this study, a generic vortex particle separator was
closely examined using physical modeling to help understand typical flow hydraulic conditions.
The study was conducted using particle capture analyses under different internal structure
configurations, inflow rates and inlet pipe configurations to examine how resulting changes to flow
conditions influenced the settling of particles. The purpose of this paper was not to evaluate
performance or obtain absolute particle removal rates of a particular particle separator design;
instead, the focus was on understanding how modifications to the flow conditions in the examined
separator could affect the particle settling efficiency. The comparison results showed that the
inflow-generated large internal vortex does not effectively improve the particle settling; possible
explanations were given based on hydraulics and physics principles. The study method and results

can be extended to examine and improve other hydraulic particle separators.
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Introduction

Hydraulic particle-liquid separators have been widely applied in stormwater best management
practices (Andoh and Saul, 2003; Faram et al., 2005; Lee et al., 2011; Yu et al., 2013) for reducing
discharges of solids and adsorbed pollutants into receiving waters, where they would affect water
quality and aquatic ecosystems. One type of widely used particle-liquid separator is called the
Hydrodynamic Vortex Separator (HDVS) (Andoh et al., 2002). The principle of these devices is
to mimic natural phenomena, such as hurricanes, tornados or whirlpools, because the rotating
flows (vortices) are often associated with strong vertical pulling forces, usually generated by a
sharp gradient of a physical parameter, such as temperature or fluid flow velocity. However, the
principle may give the wrong impression that any horizontal swirling motion can induce strong
vertical velocities and forces. Instead, what often happens in nature is that the strong flow vertical
movement induces the horizontal swirling motion, because horizontal swirl motion can supply the
needed flow mass with minimum hydraulic resistance. Strong horizontal flow movement is not
necessary to produce strong vertical flow, even though it can induce some weak secondary vertical
circulation, which may not necessarily augment particle sedimentation. For instance, a typical
solid-liquid separator or clarifier built with a closed bottom cylindrical container with a vortex
flow pattern inside is unlikely to generate a major vertical flow movement nor a strong central
suction effect to achieve the expected results for enhancing sedimentation. The flow behaviors in
such cylindrical containers can be compared to those generated in a stirred teacup. Any settleable
sediment would be conveyed by secondary circulation to the center of the cup bottom where the
bed shear stress is the smallest, creating the appearance of enhanced particle settling because all
particles agglomerate in the center.

Over the past 50 years, various HDVSs have been developed and commercialized worldwide.
HDVSs have been the subject of numerous performance evaluations in both field and laboratory
settings (Tyack et. al., 1992; Michelbach and Wohrle, 1993; and Andoh and Smisson, 1994;
Auverill et. al., 1997; Arnett and Gurney, 1998; Turner, et. al., 2000; Okamoto et. al., 2002;
Davidson and Summerfelt, 2005). However, testing results of HDVS performance can vary greatly.
One of the reasons for such large variations among different studies is that there are many
uncertainties in the test results. For example, when using simultaneous sample collection at the
inlet and outlet to determine particle removal rates, it assumes that the inflow and outflow rates
are unvarying and reproducible, which is often not the case in practice. If negative removal rates
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are obtained (which is that suspended particle concentrations measured in the outflow are higher
than those measured in the inflow), the error in the calculated results will be magnified (He et al.,
2014). In laboratory tests, to obtain the true performance (absolute particle removal rates) of a
particle separator, a full-size unit is often required because the gravity force on settling particles
cannot be scaled. For an accurate assessment, a large quantity of consistent inlet and outlet samples
are needed and the experiments have to be run for a long enough period to ensure repeatable testing
results. Even though many precautions are taken, uncontrolled errors can still easily occur in a
large-scale test, especially in handling of smaller-sized (e.g., silt and clay) particle samples. With
these large variations and uncertainties, it makes comparisons challenging and it is difficult to
accurately connect the effects of any changes to hydraulic conditions. To assess performances of
different particle separators of identical size and surface-loading rate, Davidson and Summerfelt
(2005) did a comparison study. A radial-flow settler (inflow from center of the unit) was found to
provide approximately twice the Total Suspended Solids removal efficiency of a swirl separator
(inflow from tangential pipe on the side wall of the unit), but detailed explanations of the observed
results were missing. This study used a physical scale model to investigate the abilities of vortex-
generated flows to affect enhanced particle settling. Particle capture efficiencies were determined
under various inflow rates and two different inlet pipe configurations. The focus was on examining
the vortex functionalities on enhancing light and smaller particle sedimentation, rather than assess
the overall performance of a particular particle separator, therefore, only relative, and not absolute
removal rates were important. To help understand the observed results, theoretical explanations were
given based on hydraulics and physics principles. Some suggestions for improving the

performance of the tested particle separator were also discussed.
Description of the physical model

The physical model (PM) used in this study was constructed using the basic requirements of a
theoretical vortex-based separator (baffling, inlet below outlet, center outlet, tangential flow inlet
etc.). The model was designed in reference to, but was not a replica of any existing units. The PM
internal parts were created in SolidWorks® modeling software and printed by a 3D printer with
PLA plastic, while the external case was built with transparent PVC to ensure water-tightness and
structural integrity. One of the tested configurations of the PM is shown in panel A of Fig. 1. This

particular hydraulic separator configuration was selected for use in this study because it reflected


https://www.sciencedirect.com/science/article/pii/S0144860904001049#!
https://www.sciencedirect.com/science/article/pii/S0144860904001049#!

89
90
91
92
93
94
95
96
97
98
99

100

101
102
103
104
105
106
107
108
109
110
111
112

113
114
115
116
117
118

the typical operating qualities of an HDVS. A large and stable vortex was generated by the
tangential direction inflow, even under low flows. In order to generate different flow patterns in
the separator for the comparison study, two inlet pipes of 5.1 cm in diameter were added to the
external wall. One pipe was oriented perpendicularly to the tank and the other was tangential
(tangential shown in Fig. 1). These were located opposite to the discharge pipe and at the same
height as the tangential inlet pipe. Since this second perpendicular inlet pipe was higher than the
bottom edge of the inner cylinder (baffle), the inflow impacted the wall of the inner cylinder to
force the inflow to flow out through both sides of the inner cylinder, therefore, no rotational flow
occurs in this configuration. Flow from the tangential inlet pipe was directed along the one side of
the inner cylinder with a large vortex in the settling chamber of the separator. During the tests,

only one inlet pipe was connected to the water supply at a time with the other one being blocked.
Experimental Design and Procedures

A schematic diagram of the experimental setup and the PM main dimensions are shown by Fig. 2.
It is a closed loop system; the flow is pumped (A) into the separator via a 5.1 cm inlet pipe from a
large water supply tank (B). Between the pump and the water supply tank, a flow meter (C) and a
control valve (D) were installed, with the latter as a means to regulate flow rates. After passing
through the separator, the flow exited from a central discharge pipe of 6.3 cm diameter. The free
discharge from this pipe was intercepted by a 75 um particle capture screen (E) before flowing
back into the water supply tank. All of the sample particles were collected by this screen, so they
would not be recirculated through the system. The maximum inflow rate of the tested PM was
around 2.3 L/s.

Large and light particles are typically more sensitive to flow conditions than smaller and heavier
particles, so crushed walnut shell particles with density = 1.35 g/cm? and size range = 125 - 180
um were chosen for all the experiments, which corresponded to sand particles from 62.5 um to 90
um and with a density of 2.40 g/cm?® for an equivalent settling velocity (determined by Stokes'
law). Other advantages of using such particles included easy handling and recovery (preventing
their recirculation), and good visibility (given by their characteristic brownish color) which helped
with visual observations of flow conditions in the settling tank. Realizing that the density and size
of walnut particles can vary slightly after being wet and then dried, this was a comparison study

only. Providing that the study procedure was consistent for all tests, the results should be directly
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comparable, although not absolute. This has been shown by our repeatability testing results as
well as our other studies (He and Marsalek 2009; He, et al., 2014; He, et al., 2014; He, et al.,
2015).

Seed particles were prepared before each experiment by mixing (using a pitched blade impeller
mixer) 500 g crushed walnuts with 4 L tap water in a container. A peristaltic sampling pump was
used to draw the particle samples from the bottom of the container through a5 mm (inside diameter)
flexible tubing with a flow rate of 0.235 L/min. This was fed into the path of the incoming flow
by inserting the tubing into the bottom of the vertical feeding pipe about 300 mm upstream of the
settling tank inlet mouth. In such an arrangement, particles should be well mixed by the incoming
fast turbulent flows. A mixer (with a pitched blade impeller), was used to disturb particles in the
sample container for the 17 minutes required to empty all of the particles into the inlet feed. The
incoming flow continued for an additional three minutes, which ensured that all particles had a
chance to pass through or settle in the separator. Captured particles were drained through a bottom
drain (with thorough rinsing of the separator), and collected in a 75 um screen located below the
exit of the drain pipe. The captured particles were oven dried overnight at a temperature of 40 °C
(to prevent burning) and weighed to determine their total weight. Experiments were run under
well-controlled conditions; for the configuration shown in Fig. 1 and 1.25 L/s inflow rate, the
standard deviation of the obtained particle removal rates (n = 5) was < 0.9 %. Therefore, no
duplicated runs were performed in most particle removal rates tests.

Results and Discussion

Fig. 3 shows the results for particle retention comparisons of the tested separator (PM) with various
internal baffles, two different inlet configurations and inflow rates of 0.75, 1.25 and 2.0 L/s. The
purpose of these comparison tests was to examine how internal modifications and different inlet
configurations could potentially affect hydraulic conditions and thus performance. It could also
demonstrate effects of the large vortex in the middle of the settling chamber on suspended particles.
The blue solid and dashed curves represent testing results of the empty tank (see Fig. 4) with
tangentially and perpendicularly connected inlets. It can be seen that the performance with the
tangential inlet pipe seems to be the greatest at midrange flow rates with a slight drop off at higher
flow rates. In this case, the inflows from the tangential pipe traveled a longer distance in the settling
tank by flowing along inside of the tank wall compared to the case of the perpendicularly-

connected inlet, where the inflow directly flowed toward to the outlet. Additional tests under the
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same conditions but with an inner cylindrical baffle added in the settling chamber (see Fig. 5),
were also carried out; the results are shown by green solid and dashed curves in Fig. 3. Both of
these two different inlet connection configurations performed better than the empty tanks
(comparing particle removal rates of green curves with blue curves in Fig. 3). Interestingly, their
particle removal rates (see two green curves) were about the same, despite generated flow
conditions in the settling tank being very different. It can be seen then, that the vortex generated
from a tangential inflow did not appear to have any notably positive influences on particle settling.
The main functions of an inner cylinder are for removing the floating materials and increasing the
flow travel distance (which affects both tangential and perpendicular flows in a similar way), so
this result is understandable.

To further examine the vortex effects on enhancing particle sedimentation and examine tank-wide
vortex influences on the settled particle behaviors, experiments were conducted with and without
a bottom structure. This structure directs any particles which land upon its surface to slide down
into the protected tank bottom and takes advantage of the downward vortex currents, (see Fig. 1).
The results are shown by the red solid and dashed curves in Fig. 3. The results were unexpected,
because adding the bottom structure not only reduced performance under higher flow rates, but it
was noted that with the tangential inlet pipe, the results were no better than the empty tank.
Observations of the particle settling pattern on the bottom structure, as shown in Fig. 7, may help
to clarify the reasons. With the perpendicularly-connected inlet pipe, the wall of the inner
cylindrical baffle functioned to dampen inflow velocities, reducing momentum. The reduced
inflow velocities resulted in less penetration into the deeper areas of the settling chamber. This
encouraged the suspended particles to continue settling after they moved out of the turbulent region
until they reached the tank bottom, where they would likely stay undisturbed, or slide down into
the protected sediment collection chamber. A layer of sediment collected on the surface of the tank
bottom as shown in panels A and C of Fig. 7. The pictures in Fig. 7 were taken from experiments
with inflow rate of 1.25 and 2.0 L/s (two different inlet connection arrangements) after experiments
were stopped and water was slowly drained out. With the tangential inlet pipe configuration, the
results were very different. The particle distribution patterns on the tank bottom are shown in
panel B and D of Fig. 7. Only a very small amount of particles accumulated in the center of the
bottom. The possible explanation was that the rotational motion generated by the tangential inflow

reached deeper into the tank, with little energy loss and higher flow velocities. This means that
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most of the settling particles (1) were pushed by strong rotational flow into the isolated sediment
storage space; (2) remained suspended (due to high-energy turbulent flows); and (3) settled on the
slopped bottom but could be resuspended (due to high bed shear stress caused by the strong vortex
flow).

However, the effects of the above-discussed hydraulic differences may be potentially reduced by
increasing the tank depth. This is why the performance of settling tests with the inner baffle only
(and no bottom structures), or even an empty tank, were better than those with the bottom structure
in place. In order to confirm the results, a duplicated test of the experiment with the solid red curve
was conducted and the results (solid black curve in Fig. 3) did not show any real differences with
previous test. A bottom structure with a much steeper slope (as shown by Fig. 6), designed to
increase particle sliding speed, was also tested with the tangentially connected inlet pipe. The
results were similar to the conventional sloped bottom and were not shown here. This implied that
large bed shear stress was still strong enough to keep particles in suspension and thus reduce
performance. The results of the simple comparisons above indicate that the generated tank-wide
vortex would be unlikely to enhance the particle settling and may in fact reduce performance. It
should be pointed out that there was no underflow (a small amount of discharge at the separator
bottom used to continuously convey settled particles away) in all tested cases because the small
underflow was not expected to have significant influences on the flow conditions in the tank main

chamber and made comparisons between settling conditions easier to assess.

The behaviors of the inflow-induced tank-wide vortex can also be examined from the point of fluid
dynamics theory, which may help further to understand its effects on the suspension of particles.
Vortices can be present in many complex forms, however, there are two important special types
(Milne-Thomson, 1968):

1) Irrotational Vortices

In the absence of external forces, a vortex usually develops fairly quickly toward the irrotational
flow pattern, where the flow tangential velocity V: is inversely proportional to the distance R,

except in the center core where the velocity is zero.
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where a is a constant and  is the flow rotation angular speed. Irrotational vortices are also called
free vortices. The water draining in a bathtub and hurricanes or tornadoes induced by rising hot air
are good examples of irrotational vortices. They are generated to provide flow mass (mass

conservation) for fast flow vertical movement with the least flow resistance.
2) Rotational VVortex (Forced Vortex)

A rotational vortex can be maintained indefinitely in that state only through the application of
some external forces; it cannot be generated by the fluid motion itself. The flow tangential velocity

Vi can be estimated by,
Vi= R (2)

For example, if a water bucket is spun at constant angular speed  about its vertical axis, the water
will eventually rotate in rigid-body fashion. A tank wide vortex created by tangential inflow force
(as was the case in this study) is also a rotational vortex. Its tangential velocity distribution should
satisfy equation (2). This was confirmed from evidence of the settled particle pattern on the tank
bottom, because the tangential velocity is proportional to the distance from center. Higher bed
shear stress, which can scour settled particles, will be generated at the outer region of vortex.
Therefore, as shown by panels B and D in Fig. 7, only a small amount of sediments can stay at the
center of the tank bottom. A rotational vortex generated and maintained by a continuous external
force acting at the outer edge of the vortex is not necessarily associated with strong downward
force in the center; the accumulated sediment at the center of the vortex is simply due to the fact
that the bed shear stress is at a minimum in this location.

The flow velocity distributions in the two vortex types are quite different, even though the swirling
movement looks similar; the gradient of pressures created by the fluid motion in different vortices

can be in the opposite direction. In accordance with Bernoulli's principle,
p+ %pV2+pgh = constant (3)

pressure decreases with increasing flow velocity. Where p is the pressure, p is the density of the
flow, V is the velocity of the flow, h is elevation, and g is the gravitational acceleration, Therefore,

based on the relationship between flow velocity with distance from the vortex center (equations
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[1,2]) and the relationship between flow velocity and pressure (equation [3]), it is possible to
calculate that the force generated by pressure gradients in an irrotational and rotational vortex of a
fluid with constant density, is toward and away from the vortex center, respectively. The flow-
generated horizontal dynamic force in a rotational vortex will actually cause particles to move
away from the vortex center, instead of towards the vortex center as one might assume. As
mentioned before, the reason that the particles stay in the center of the bottom (as shown in Fig. 3)
IS because this area has the least bed shear stress. Therefore, the concept of enhancing particle
settling using a vortex separator may not reflect what actually happens in practice. However, for
the examined HDVS, the direction of the pressure force (away from the vortex center) should
benefit the capture of the suspended particles. As the discharge is located in the center of the
vortex, it will reduce the possibility of particles being washed away in the exiting flow. These
effects tend to be minimal because the flow rotation speed is typically quite slow.

Another argument used to promote some HDVS (in some HDVS brochures) suggest that the tank-
wide vortex could potentially enhance sedimentation by creating additional forces that increase
the intensity of the acceleration field, thereby augmenting gravity to overcome drag forces and
increase the particle settling velocity for enhanced settling performance. The acceleration or force
is a vector, and identifying the direction of a vector is critical in any vector analysis. A forced
liquid vortex in an open top container gives the free surface in the form of a parabolic distribution

as described by following equation (Milne-Thomson, 1968):

w?R?

29

(4)

Z — 1o =

Where g is the constant of gravity acceleration and z is the vertical distance from the datum to the
free surface minimum (taken as zo). The vortex free surface will increase with R, and in order to
conserve the mass, the free surface of a rotational vortex will be higher than the free surface of the
fluid at rest in the outer region and lower toward to center. The additional force produced by the
vortex has upward and downward components in outer and inner regions, respectively, which
maintains the shape of the vortex free surface. This will reduce and increase the gravity force
effects in outer and inner regions, rather than augmenting gravity everywhere; this extra force can
become very weak under low inflow rates. Regarding the function of the drag forces, due to the

location of the outlet relative to the inlet (i.e., in the center), the drag force in the outer region of
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the vortex will be downward, but it will be upwards near the center. Vortex-generated additional
forces will reduce the drag force in the inner region of the vortex which will help particles to stay
in the settling chamber. However, in the outer region, the smaller drag force due to vortex-
generated additional force will slow down particles traveling to the tank bottom area and thus
increase the likelihood that particles will remain suspended and go directly to the outlet. The
additional vortex-generated forces can thus play both helping and hindering roles in such a settling
device, depending on the region, so it is difficult to assess whether this additional force provides
an overall positive or negative impact. This brings into question of the true assistance offered by

vortex-induced additional forces (accelerations) to enhance the particle settling.

The mechanisms of particle suspension and transport in turbulent flows and circular clarifiers can
be rather complex, and when analyzing such phenomena, substantial simplifications are often
needed, so scale models can be important tools to optimize designs. This study focused on the
potential effects of two different types of vortices. These differences tend to be magnified as flow
speed increases in the vortex. Other forces, such as gravity and centrifugal force, may have stronger
influences on vortex-carried suspended particles, but their effects on the particle movements in

different types of vortices will be similar.

Conclusions

From simple and direct physical modeling comparisons and theory analyses, the following

conclusions may be drawn:

1) Though the swirled-flow motion generated by a tangential inflow can potentially increase
the flow travel distance and bring the suspended solids to the tank bottom area, due to its
low momentum and energy loss, the flow can penetrate into deeper regions with a large-
enough bed shear stress to wash away particles which have already settled on the tank
bottom. These negative effects became worse with a shallower settling tank and increased
inflow rates. The comparison results with two different inlet pipe connections did not show
that the vortex in the settling chamber of the studied HDVS could notably enhance the
particle settling.

2) Behaviors of two important types of vortices were compared and briefly discussed. A

rotational vortex, as generated in most particle separators, usually does not have strong

10



294 upward or downward force at its center, due to the way it was induced and maintained. The

295 pressure (induced by flow movement in the vortex) will push the suspended particles away
296 from the vortex center because of the negative pressure gradient (outward), however, this
297 pushing force was not expected to have strong influences on particle settling.

298 3) Vortex-generated additional vertical forces can have both additive and subtractive forces
299 on suspended particles in a vortex, depending upon the region, so it becomes difficult to
300 assess the cumulative effects on particle settling.

301 Inconsistent support for the benefits of using vortices to enhance suspended particle settling
302  suggests that these devices may not be able to target the smaller, lighter particles, which tend to
303 carry the greatest burden of pollutants. This study provides a useful method to examine the flows

304 in more detail, understand the principles involved and this approach can be used in other studies.
305 Notation

306

307  The following symbols are used in this paper:

308 a=aconstant;

309 g = the gravitational acceleration;

310 h=theelevation;

311  p = the pressure;

312  z =the vertical distance from the datum to the free surface minimum (taken as zo);
313 R =the distance from the center;

314 V =the velocity of the flow;

315 Vi =flow tangential velocity;

316  w = the flow rotation angular speed,;

317  p = the density of the flow;

318 Data Availability Statement

319  Some or all data, models, or code that support the findings of this study are available from the

320 corresponding author upon reasonable request.
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List of Figure Captions:

Fig. 1: Physical model of the studied HDVS with inlet pipes tangentially and perpendicularly
connected (perpendicular shown blocked in this figure).

Fig. 2: Schematic of experimental setup and structures dimensions. A-water pump, B-supply tank,

C-flow meter, D-control valve, E- particle capture screen.

Fig. 3: Results of comparison tests with the different inlet pipe connections and inflow rates: (1)
blue curves for empty tank, (2) green curves for inner cylinder added, (3) red curves for all
structures in the tank and (4) black curve is duplication test of red solid curve; solid lines for
tangential pipe and dashed lines for perpendicular pipe configurations

Fig. 4: Tested Empty tank with tangentially and perpendicularly connected inlet pipes.

Fig. 5: Tested HDVS with tangentially and perpendicularly connected inlet pipes and inner
cylindrical baffle added (no bottom structures).

Fig. 6: The bottom structures with two different slopes, (A) steeper slope (B) standard slope

Fig. 7: Top view of the captured particle distributions on the tank bottom: panels A and B for
inflow rate = 1.25 L/min and perpendicular and tangential inlet pipe, respectively, panels C and D

for inflow rate = 2.0 L/min and perpendicular and tangential inlet pipe, respectively.
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