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Abstract

Two grit removal systems were tested side-by-side for the treatment of wastewater from a combined-sewer system. The two units were operated at
constant flows and variable grit loads ranging from 1.2 to 745 Kg/m?3/h that covered the typical range of dry and wet weather conditions experienced
at the treatment facility. The average mass grit removal for the multi-tray free vortex unit was 92.6% and it was 85.4% for the forced vortex system.
Both units consistently failed to remove particles with sand equivalent sizes, which their respective overflow rates would otherwise predict. This
observation can be explained by uneven force distributions over non-spherical grit particles with lumpy grease deposits and variable curvature that

effect motion traverse to flow, increase buoyancy and cause particle lift.

Keywords: Free vortex; Forced vortex; Grit separation; Multi-tray system; Particle buoyancy

Introduction

Inorganic suspended particles with sizes between 0.05 and 1.0 mm
constitute grit in wastewater. Inside treatment plants, grit increases
the cost to operate and maintain unit processes through accumulation
in tanks and conduits. In addition, grit can accelerate wear in moving
parts of mechanical equipment such as pumps, heat exchangers and
centrifuges. Therefore, grit removal systems are installed in the front-
end of treatment plants with the objective of removing all grit that is
practical and economical to do. Grit removal systems include three
steps, namely, grit separation, where suspended grit particles are
diverted from influent wastewater; grit washing, where organic
matter both attached to grit particles or in suspension is removed
from the grit slurry; and grit dewatering, where excess water is
discarded to leave a clean, dry grit product that can be recycled
or disposed, but only the first unit process is the focus of this
paper. Grit can be removed by gravity since the density of a clean
grit particle is larger than water, with a typical specific gravity of
2.65. However, interaction of grit with grease and other organic
material in collection systems can significantly reduce the density
differential between particle and water and cause real grit particles
to settle at lower velocities than their size would predict using
Newton’s Law of force balance [1].

For spherical particles, the settling (terminal) velocity [2] is
obtained by equating the gravitational force to the frictional drag
force as expressed in Newton’s law:
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Where

v_is the settling velocity of the particle, in meter per second
p

g is the gravity acceleration, in meter per second squared

C, is the drag coefficient, unit less

p, is the density of the particle, in kilogram per cubic meter

p,, is the density of water, in kilogram per cubic meter

dP is the diameter of the particle, in meter

Also, real grit particles have odd shapes that deviate from round
spheres and have one or two of their dimensions larger than the third,
which further affects their effective settling velocities [3]. For this,
it has been proposed to use the Sand Equivalent Size (SES) of grit
particles for the design and assessment of grit removal systems. The
SES of a grit particle is the size of a clean, round sand particle with a
density of 2.65 g/cm® that would settle at the same velocity. However,
most systems are still designed based on particle size as generating
SES is costly. A complete review of particle settling in turbulent flows
applicable to grit removal from wastewater is available elsewhere [2,4].

San Francisco has a combined-sewer system with two watersheds
draining into the Pacific Ocean and the San Francisco bay, respectively.
The Southeast Treatment Plant (SEP) discharges into the bay and
receives its raw sewage from three different sources, the main source
being from the northeastern part of San Francisco and the other two
being local sources in close vicinity of the treatment facility. The SEP
is a high-purity oxygen activated sludge treatment plant designed
for carbon removal only that includes pre-treatment (coarse and
fine screening and grit removal), primary settling tanks and sodium
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hypochlorite disinfection. Typical effluent concentrations of Biological
Oxygen Demand (BOD) and Total Suspended Solids (TSS) are less
than 20 mg/L. Due to an aging aerated grit chamber with mechanical
problems and an underperforming vortex separator, great amounts
of grit passed through the existing infrastructure, mostly during rain
events when the inflow to the plant increases by 400% to 11 m*/s, and
caused severe operational problems and excessive maintenance costs.
Thus, for 2014, the amount of grit that was not captured at the plant
was on the order of 1000 metric tons.

Limited space and slow settling velocities of real grit particles have
necessitated the adoption in urban wastewater treatment plants of
compact grit removal technologies, with devices that use a vortex flow
pattern being widely adopted. There are two types depending whether
the vortex originates hydraulically or mechanically and depend on
a tangential entry of the flow for circular motion and either shape
(for the free vortex system) or an impeller (for the forced vortex
system) to create velocity gradients between liquid and particle to
ensure separation of the target particle size in the residence time of
the unit, measured in minutes rather than hours typical of aerated
grit chambers. The flow regimes of the two systems are different and
affect how grit is collected after separating from wastewater, with the
free vortex system discharging both streams near the center where the
velocity gradient is maximum and the Forced Vortex System (FVS)
discharging wastewater at the periphery where the velocity gradient is
maximum in this case, and separated grit moving along the bottom of
the device, under a separating plate and into a fluidized hopper. The
main disadvantage of free vortex systems is their energy consumption,
which is higher for smaller sizes of particles targeted for removal
and has led to the development of the Multi-Tray Free Vortex (MTS)
system that incorporates a variable number of stacked trays depending
on the size of the grit particle to remove. MTS greatly increases surface
area and minimizes settling distances, thus becoming very compact
and energy efficient. Vortex systems for grit removal are proprietary
and although their design must be based on Newton’s Law, their
performance can only be confirmed after installation due to factors
such as baftles; impeller shape and speed; flow entrance and exit; and
distribution structures and devices that can affect particle removal
according to manufacturers. Therefore, if the design criteria are not
met during testing, it can lead to costly retrofits and higher operational
and maintenance costs for the life of the infrastructure [5].

Section 1 introduces the work while Section 2 lists the objectives
and Section 3 presents the materials and methods. Section 4 presents
the results while Sections 5 and 6 respectively present the discussion
and the conclusions.

Objectives

The objective of the study was to side-by-side compare the
performance of two wastewater grit removal technologies, namely a
Multi-Tray Free Vortex System (MTS) and a Forced Vortex System
(FVS), treating the same influent wastewater to better understand the
physical mechanisms governing the removal of grit by each technology
and how they affected removal efficiency. In addition, we assessed the
dependence of grit removal on the characteristics and quantity of grit
particles in wastewater.

Materials and Methods

There is very limited data about the particle size distribution
and quantity of grit in combined sewer systems but a recent grit
characterization effort at SEP provided the results in table 1. These
data represent results from samples collected for two weeks and

Table 1: SEP Grit Characteristics.

Dry Weather Wet Weather

Inﬂue(ngt /?nr:; Load Average Range Average Range
Daily 30 18-45 144 36-372
Hourly 1.2-84 6-745
Particle Size (um) Percent Percent
d>300 28 40
300>d>150 50 43
150>d>106 18 14
d<106 4 3

show great ranges in loading conditions throughout a single day,
between the days of one week and between dry and wet weather. Also,
significant changes in particle size distribution were observed, which in
combination with the uncertainty in design parameters of proprietary
technology as described above, justified the need for parallel testing
of pilot systems capable to remove 95% of particles greater than 106
um or better, under a wide range of loads that were representative of
conditions at the SEP.

Ratios of maximum day to average day load and the range of
average loading conditions in table 1 are typical of values published
in the literature [1] for combined-sewer systems and therefore data
gained from this work should be representative of these systems. On
the other hand, only dry weather data may be applicable to separate-
sewer systems based on typical ratios and average loads [6].

This study was carried out at the SEP in San Francisco, CA and
used one MTS pilot unit with rated capacity for 0.23m?/s and one FVS
pilot system with rated capacity for 0.31m?/s. The MTS was designed
to remove 95% of incoming particles equal or larger than 75 um in
diameter whereas the FVS design targeted 95% of incoming particles
with a diameter equal or larger than 106 pm. The pilot units received
flow from a side stream downstream of the bar screens of the treatment
plant. The screened wastewater was pumped with constant flows of
0.23 and 0.27 m*/s to the MTS and FVS pilot units due to limitations
in pumping capacity. Figure 1 shows a schematic of the pilot systems.
The pilot units were operated during the dry weather season for nine
weeks and for four weeks during the wet weather season to capture the
full range of grit loading conditions observed at the SEP.

Two-inch grit sampling taps were installed in the influent and
effluentlines of both pilot units and plumbed to grit settlers. Grit settlers
were constructed from 208-liter plastic complete-drain inductor tanks
with an influent port and a discharge weir. Flow entered the tank and
was diverted to the side with a 90° elbow to reduce the velocity and
turbulence. Grit settled to the bottom of the tank and wastewater
exited through the top weir. The surface area of the settler in figure
215 0.29 m? and the flow through it was 0.5 /s for an overflow rate of
1.74 x 10 m/s and slower than the settling velocity of a 50 um sand
particle of 2.12 x 10~ m/s, thus ensuring the capture of virtually all grit
particles. At the end of the sampling period, the sample was decanted
from the bottom of the settler and split into aliquots to facilitate the
rinsing of organic material. The aliquots were then combined into a
single composite sample and immediately classified through four
sieves in five different diameter ranges as seen in table 2. The weight of
each fraction of grit particles was measured using methods 2540B and
2540E of Standard Methods (APHA-AWWA-WEE 1998) [7].
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Figure 1: Schematic of Pilot Systems.

Results

For the duration of the study, the mass of grit entering and leaving
the two pilot units was measured and this data is presented in figures 3
and 4, which address the performance of the MTS and FVS and their
dependence on grit load. Figure 3 shows to what extent each system
removed incoming grit over the full range of loading conditions
observed during the study. Grit loading appears in the x-axis and
is normalized by the average load of 30 g/m’ (250 pounds (Ibs)/10°
gallon (Mgal)) experienced throughout the three months of operating
the pilot units. Normalization of loading conditions is later used to
analyze the performance of the MTS and FVS for the different grit
particle sizes in table 2.

As can be seen in figure 3, the MTS performed better than the FVS
for all loading conditions. High grit loading conditions at the SEP
typically occur during wet weather events when surface runoff enters
the combined sewer system and the water velocity increases, causing
more and larger grit particles to arrive at the treatment plant. In those
conditions (normalized grit loading of 2.0 or greater) the MTS clearly
outperformed the FVS. At normalized grit loading of 0.5 or less,
the FVS performed very poorly, in particular at very light loading
conditions (i.e., 7.5 g/m’ or less) when grit passing through the system
exceeded 30% of the incoming load. Thus, only for average loading
conditions, the performance of the two pilot systems was comparable
albeit the MTS still performed somewhat better than the FVS.

Figure 4 also clearly demonstrates that the MTS performed better
than the FVS under the conditions tested. The linear correlations
between grit loading and grit pass through included in figure 4 are
statistically significant at the 95% confidence level (T-test of the
differences) and show that on average the MTS removed 92.4% of the

Table 2: Grit particle sizes.

diameter<106 pm

106 pm<diameter<150 um

150 pm<diameter<212 um

212 pm<diameter<300 pum
d>300 um

incoming grit load whereas the FVS removed 85.4%. In other words,
the FVS let through grit at twice the rate than the MTS did.

The regression factor of a linear correlation provides an estimate of
how well the free variable predicts the value of the dependent variable.
In this case, the observed regression factors for MTS and FVS suggest
that the performance of grit removal systems is mostly dependent on
the loading conditions, with between 71 and 76% of the grit passing
through being predicted by grit load. Moreover, the scatter in the data
in figure 4 can be attributed to grit characteristics such as size, shape,
and density of the grit particles, in combination with hydraulic effects
in the separation devices, and account for about 25% of the observed
response of the pilot units.

On different days throughout the program, influent and effluent
grit samples were collected and sieved as described in the Methods
sections to gain information on the response of the grit separation
systems to grit particles of various sizes. Table 3 presents the
aggregated data in three ranges of normalized loading values,
representing light, medium and heavy loading conditions. For all
particle sizes and loading conditions, MTS removed more grit mass
than FVS clearly demonstrating that it was the better technology
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Figure 3: Multiple Tray vs Forced Vortex Systems Performance.
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for the conditions tested. Both systems struggled with light loading
conditions, but showed a very consistent performance over all
other loading regimes.

Larger grit particles were removed more effectively by both systems,
reflecting their respective design criteria, even though they were
clearly not met for particle sizes up to 212 um. The FVS did particularly

poorly for particle sizes ranging from 106 to 212 pm across all loading
regimes when compared to the MTS, which contributed to its overall
worse performance. Also of note is the fact that both units appeared
to remove large particles (i.e., diameter larger than 212 um) less
efficiently under light loads, although the two systems are designed to
completely remove them.
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Figure 4: Grit Pass Through vs Grit Load.
Table 3: Percent Removal by Weight of Grit of Different Sizes by MTS and FVS and Overall.
MTS FVS
Normalized Loading Normalized Loading

Grit Size NL<0.4 0.4>NL>1.6 2.0>NL>4.0 NL<0.4 0.4>NL>1.6 2.0>NL>4.0
diameter<106 um 56.6 67.3 70.1 54.1 64.9 63.3
106<diameter<150 um 70.9 82.3 82.6 55.0 62.8 61.5
150<diameter<212 pm 78.8 89.2 89.4 57.9 65.9 67.0
212<diameter<300 um 89.0 95.2 95.8 82.5 91.4 90.9
diameter>300 um 91.1 97.8 98.3 84.3 95.8 95.3
Overall 86.7 93.3 94.6 78.3 88.1 87.6
Discussion performance, even after considering that the contribution of particles

The Overflow Rate (OFR) of a settler has the dimensions of velocity
and can be used to analyze the particle size that will be removed in
the tank by equating it to the particle’s settling velocity using Newton’s
Law, thus providing the basis for the design of grit separators [8,9]. In
this study, the overflow rates were 0.078 m/s for the MTS and 0.366 m/s
for the FVS, which translate to the settling velocities of particles with
a SES of 95 and 206 pm, respectively. When compared with the design
criteria of these systems, the MTS appears to effectively be designed
based on OFR albeit with a slightly optimistic expected performance
when compared to results from this study that the overall mass removal
under all load conditions tested was slightly over 92%. Moreover,
performance data shows a contradictory picture: a design criterion of
95% removal of particles 75 um but observed removal rates for particle
sizes below 212 pum consistently below expectations [10]. On the other
hand, there is an evident discrepancy between design criteria and OFR
for the FVS and the overall observed mass removal of around 85%
would suggest neither OFR nor design criteria accurately predict actual

smaller than 106 pm to the total mass load was between 3 and 4%
(Table 2). Moreover, removal rates of particle sizes between 212 and
300 pum did not conform to the unit’s OFR either. Thus, following the
design criteria of manufacturers to design a grit separation device will
lead to more grit passing through into downstream unit processes than
anticipated, and pilot testing in combination with grit characterization
would seem advisable to gain as much insight as possible before such a
system is implemented at treatment facilities. However, the less costly
combination of a grit characterization study and proper OFR selection
may suffice to install a well-performing M TS grit separation device for
combined-sewer systems.

Figure 3 clearly demonstrates MTS to be more effective at removing
grit than FVS under the test conditions as would be expected from the
respective operating OFR with more than 7% more mass passing through
the FVS overall, which for the 2014 SEP data reported above translates
to about 150 tons/year of excess grit affecting downstream processes.
This result agrees with the units respective operating OFR and observed
improved grit removal in FVS when influent flow rates are lowered [5].
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Grit quality, namely particle shape and degree of coverage with
grease and other organic matter play an important role in grit removal
by affecting settling characteristics [3]. However, according to figure 4
between 24 and 29 % of observed removal rates cannot be explained by
grit loading alone and the hydraulic regimes in MTS and FVS appear
to hinder the separation of grit from wastewater [11,12].

The viscosity of wastewater causes the flow around grit particles
to slow down while being in contact with the surface, forming a
boundary layer [13]. Due to the variations in curvature in real
particles, the boundary layer will separate from the body forming
vortices that change the pressure distribution along the surface of
the particle. When vortices are formed asymmetrically around the
body (with respect to its mid-plane) due to shape or uneven grease
coverage, different lift forces develop on each side of the particle that
cause motion traverse perpendicular to the flow line [13], increasing
buoyancy and hindering removal. Moreover, separated grit moves
along the bottom of the FVS to reach the hopper in the center of the
unit and, if vortex-induced vibrations lift a particle off the surface, the
upward flow near the discharge structure of the FVS can carry it over
with the treated effluent [14]. Similarly, grit traps are often installed in
combined sewer systems to remove grit before the material reaches the
treatment facility but grit re-entrapment into the bulk of the liquid can
occur if not designed properly [15].

These mechanisms may help explain the results in figure 4 as well
as the lack of performance of MTS and FVS when compared to their
respective operating OFR. In MTS this is apparent for particle sizes
between 106 and 212 pm, with larger, heavier size particles being
removed at expected rates as vortex-induced lift forces have less
influence [16]. In FVS, decreased removal extends to particle sizes
between 212 and 300 um as wastewater velocities are greater due to its
higher OFR. Light loading conditions seem to exacerbate the problem
in part because the quantity of large particles is smaller and perhaps
because there are lesser opportunities for particles to coalesce into
larger ones that are more readily removed.

The requirement to remove 95% of particles greater than 106 um
may not be necessary to adequately protect downstream unit processes
from the effects of grit for treatment facilities in combined-sewer
systems like the SEP. In this study, for loading conditions between 12
and 120 g/m® (100-1000 lbs/Mgal), the average mass grit removal was
94% while the specific removal rates for particle sizes smaller than 212
pm was less than 90%. The greater weight and concentration of large
particles in such systems is helpful with this metric. Stricter design
criteria may however be necessary for separate-sewer systems, unless
loads are small (e.g., 7.5 g/m®) and so is the quantity of grit pass-
through.

Conclusions

Grit separation in MTS was more efficient than in FVS because
of their different operating OFR and hydraulic regimes. On average
the MTS removed 92.4% of the incoming grit load whereas the FVS
removed 85.4%. Neither system performed as would be expected from
their OFR and grit removal rates were particularly poor under light
loading conditions. Non-spherical shape and uneven grease coverage
of real grit particles account for the scatter observed in mass grit
removal data. Vortex-induced vibrations on non-spherical, buoyant

particles could cause grit that should settle under operating OFR to
avoid capture decreasing the effectiveness of tested systems for grit
separation. However, MTS would still sufficiently protect downstream
unit processes in combined-sewer treatment facilities by removing
94% of grit by mass over most observed loading conditions. Grit
characterization and in-situ testing of units are greatly recommended
before design of grit removal systems.
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