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ABSTRACT

Grit is routinely removed at the headworks of municipal wastewater treatment works to limit its
onerous impact on downstream processes. Grit separation technologies are normally based on
sedimentation of an homogeneous material (usually sand). However, in practice inorganic grit
particles are likely to be combined with organic matter, such as fats oils and grease (FOG),
producing a composite particle whose settling properties vary with the inorganic/organic content.

A study of the impact of particle composition on its sedimentation has been conducted
encompassing theoretical description (for particle settling in transitional flow), practical
measurement and economic analysis. Practical measurement included sedimentation tests of
homogeneous and composite particles along with characterisation of accumulated granular
material sampled from actual municipal wastewater treatment works. The economic assessment
was based on data from full-scale installations in the UK and US pertaining to remedial measures
undertaken as a result of grit impacts, primarily accumulation in vessels and channels and
damage of mechanical equipment through abrasion.

Practical tests revealed coating of the sand grains with a FOG analogue (candlewax) to generate
composite particles containing 45% wax by weight. The coated particles were then 30% less
dense, 22% larger and 14% less settleable, on average, than the uncoated particles. Samples of
accumulated grit taken from anaerobic digesters and aeration lanes from a full-scale plant
indicated a FOG content (43%) similar to that of the waxed particles in the bench-scale tests,
thus leading to a similar grain retardation of 14% assuming the FOG to be entirely associated
with the grit. An assessment of the impact of the consequential breakthrough of grit particles due
to buoyancy generated by composite particle formation indicated a $1.1 increase in operating
costs per megalitre (ML) wastewater.

Keywords: Grit removal; organic matter, composite particle; settling velocity; transitional flow,
cost.
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1 Introduction

Particle sedimentation in water forms a key part of subject areas such as powder technology
(Shahi and Kuru, 2015; Terfous et al, 2013) and river bed sediment hydraulic characterisation
(Maggi, 2013; Cuthbertson and Ervine, 2007). The modelling of particle settlement generally,
and in turbulent flow (Mazzuoli et al, 2014; McNair and Newbold, 2012) specifically, remains a
challenge for researchers in this area. Analytical expressions defining particle settlement,
primarily through the drag coefficient, have been presented in research literature dating back
several decades, with recent papers summarising the various equations developed (Betancourt et
al, 2015; Yang et al, 2015; Terfous et al, 2013). Indeed, a series of papers authored by Concha
and co-workers providing theoretical particle settlement expressions covering a wide range of
conditions have been published since 1979 (Betancourt et al, 2015; Concha and Almendra,
1979). The majority of the modelling approaches are ultimately designed to reconcile the
dependence of the drag coefficient on both the flow regime (within the transitional region) and
the particle characteristics, in generating analytical expressions.

Whilst numerous theoretical and semi-empirical expressions of particle settlement have been
presented the practical implications of these with reference to grit removal systems specifically
appears to have been largely overlooked. A review of the SCOPUS database reveals that there
are approximately 60 papers dedicated to the removal of grit from wastewaters, with less than
40% of these appearing in index-linked journals. Around 25% of the total number concern
hydrodynamic modelling (Dutta et al, 2014; Munoz and Young, 2009), and a further 60-65% are
based grit characterisation (Sherony and Herrick, 2015; Hafiz, 2013; Osei et al, 2012) and
degritter performance evaluation (Yan et al, 2014; McNamara et al, 2012), a significant
proportion of the latter being site specific. Notwithstanding the apparent paucity of research into
degritting technology per se, the vast majority of large municipal wastewater treatment works
(WwTWs) are fitted with degitters whose operation is based on sedimentation of entrained heavy
suspended solids.

Grit in wastewater takes the form of inorganic solid particles in the 0.2-4 mm size range of
density predominantly above 1800 kg/m’ (Table 1). Whilst organic matter is retained in the grit
waste, degritters are intended to selectively remove solids, which may otherwise impair
downstream processes through abrasion (of mechanical equipment or concrete channels) or
accumulation, most typically in anaerobic digesters (ADs) or aeration lanes. This stipulates the
larger inorganic solids, and the standard performance criteria used for the degritter technology is

95% removal of such solids above 210 um in size, based on national standards (USEPA, 2003).

However:

a) Recent reported practitioner accounts and experiences (Sherony and Herrick, 2015; Flanagan,
2014; McNamara et al, 2013, 2012) suggest that grit entrainment imposes a challenge even
for degritters apparently meeting the specification, with significant adverse consequences for
downstream unit process and equipment, and

b) The combination of grit with organic matter, and specifically fats, oils and grease (FOG),
whilst being noted in WwTW grit samples (Flanagan, 2014) has never been quantified with
respect to its extent and calculable impact on grit removal efficacy.
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The study aims to investigate both the impact of coating of grit particles on sedimentation and

the cost associated with residual grit on downstream wastewater unit processes. The work

described provides:

1. experimental determination of the impact of FOG coating of granular solids to form
composite particles on their settling velocity;

2. comparison of the recorded trends with those of model composite spherical particles;

3. determination of the composition of grit accumulated within components of full-scale
municipal WwTWs; and

4. the use of real-life economic data to determine the cost of retarded settling.

Table 1: Grit size range, specific gravity, shape, source, estimated settling velocity.

Grit component dy, um :f:‘f:g’c © Source Shape Vs, MH/S
Quartz Sand "> "% 212-300 1.2 Infiltration Granular 28 - 40
Limestone in grit ">’ 500-1000  2.85 Infiltration variable 30 - 60
Granite (fracture) " 1000-2000  2.66 erosion Angular 50 - 100
Gravel (Granule gravel) >+ %7 2000-4000 2.0 erosion variable 50 - 100
Clay >*7 <5.0 1.8 Infiltration sphere <4.5
Sand, wet " >? 190-275 1.92 Infiltration variable 24 -39
Silt +3-3 5.0-80 2.5-2.6 Municipal waste variable 4.7
Organic waste " ** 300-6720 0.72 Municipal waste variable 9-12
Inorganic food waste *7* 100-840 1.07-2.2 Municipal waste  variable 1-10
ggf;l%%??d organics (bones. teeth, | 361000 0.8-09  Mixedwaste  variable  1-10
Fats, oils & grease *®’ Various 0.5-0.7 Mixed waste Mild

Mixed grit * >210 2.65 Mixed waste variable  1.4-14

TAidun, 2013; 2ngnetwork, 2016; 3Flanagan, 2014; 4Maggi, 2013; 5Sherony, 2014; ®Simetric, 2016; 7Sperling, 2007; %Yesiller et
al., 2014

2 Materials and Methods

2.1 Grit samples and physical models

Real and model homogeneous and composite grit samples took the form of:

a) microsphere standards (Table 2), supplied by Cospheric, CA, USA,

b) fractionated sand grains of mean material density 2650 kg/m’,

c) coated fractionated sand, using candlewax as a FOG analogue, and

d) whole samples of accumulated solids extracted from unit processes (ADs and aeration lanes)
from four different UK sites (Table 3).

The microspheres were of three different materials and particle sizes, with the material density
generally decreasing with increasing size (Table 2) to mimic the effect of the coating of grit
particles with FOG. The sand grains were fractionated using graded sieves according to standard
particle fractionation methods (British Standard, 1990). A proportion of the 1-1.2 mm size range
of fractionated material was then coated with molten candlewax (910 kg/m’ solid density) to
represent FOG-coated particles. 40-100 of the coated particles were then optically analysed and
the cross-sectional area 4 determined using /mageJ digital image analysis software (Cherian et
al, 2014), the grain size then taken as 2(4/1)"". A sufficiently large number of the particles (100-
250) were also weighed to produce sufficient mass for accurate determination on a four-figure
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balance, so as to allow the density of the material to be measured from the mass and volume of
the sphere.

Table 2: Model and sand particles

Material Code Specific gravity (- Dia, (mm)

)
Microspheres
Polyethylene PE 1.09 0.55
Cellulose acetate CA,1 1.3 1
Cellulose acetate CA,1.2 1.3 1.2
Soda lime glass SLG,0.65 2.54 0.65
Soda lime glass SLG,0.69 2.54 0.69
Barium titanate BaT,0.27 4.15 0.27
Barium titanate BaT,0.52 4.15 0.52
Sand grains
Sand Sand 2.65 1.21
Coated sand Waxed sand 1.86 1.48
Table 3: Digester samples
Site Degritter technology Sample position Date sampled
Site A Detritor Middle digester 15/8/15
Site A Detritor Side digester 15/8/15
Site B Unknown Middle digester 19/3/15
Site B Unknown Side digester 19/3/15
Site C Detritor + constant velocity channel Top layer sludge 7/8/15
Site C Detritor + constant velocity channel Lower layer sludge 7/8/15
Site D Aerated channel 0.5 mm screening* 28/8/15
Site D Aerated channel 5 mm screenings* 28/8/15
Site D Aerated channel 0.5 mm screening* 28/8/15
Site D Aerated channel 5 mm screenings* 28/8/15
Site E Constant velocity channel Aeration lanes 4/11/15

*washed through screens with water

Particle settling velocity (vs) for the fractionated sand and microspheres was determined by
releasing the particles into a 1.5 m high, 100 mm diameter column of water. The time taken for
the particles to traverse 1 m, the particles assumed to have reached terminal velocity after 0.5 m,
was recorded for 20-50 particles, along with the water temperature. The mean and standard
deviation v, values were then calculated for each data set.

In the case of the grit samples from the digesters and aeration lanes of UK WwTW sites particle
size distribution was determined through sieve grade analysis, and sedimentation rates by the
established column method (Tyack et al, 1996). The organic content of grit was determined by
ashing the sample according standard methods (British Standard, 1990).

2.2 Mathematical modelling

Two analytical expressions for particle settling under transitional flow conditions were
considered. A simple expression for settlement of large (up to ~1.7 mm diameter) dense particles
is (Crittendan et al, 2012):
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Vs

_ ( g d'°. (p, — p)\l/u

1

where g is acceleration due to gravity, d the particle diameter, p, and p are the particle and water
densities respectively and u the viscosity. An alternative semi-empirical expression has been
proposed which is specific to sand grains settling in the transitional region (Alcerreca et al,
2013):

15
Re = 2% = (/224 1.13D7 - 4.67) 2
where the non-dimensionalised grain diameter D, is given by:
S N L L
D.=d)|% [p 1 3

The full non-analytical solution for v for spherical particles may be determined iteratively
according to Turton and Levenspiel (1986):

v, = 4dg(p)—p) 4
3pCp
_ 24 0.657y 4 0413
where Cp = == (1 + 0.173Re®6%7) + —2> S

Viscosity x4 can be determined from the water temperature 7' in °K by the general expression
(Moaveni, 2011):
U =2.414x107510247:8/(T=140) §

The overall composite particle size d. and density p. are obtained from a consideration of the
coating of a spherical grain particle of size d; and density pg. with the FOG of density prog,
viz.:

_ dgrit
d. = 31-0) 7
pe = 0ppoc + (1 — g)pgrit 8

where 6 is the fractional FOG content of the composite particle. Equations 7-8 assume the
uncoated grain to be impervious to the FOG, such that all the FOG forms a discrete layer on the
grit surface. If the densities of the grit and FOG are fixed, their relative proportions can be
determined based on the mean size and mass of the composite (waxed) sand grains and the v
values compared with those of both the model particles (microspheres) and theoretical
predictions.

2.3 Cost analysis

Cost information relating to grit arising in WwTW was obtained directly from water utilities and
municipalities in the UK and the US through liaison with asset managers and other stakeholders
within the individual organisations. 11 data in total were obtained specifically relating to grit
removal and abrasion, viz:

a) Cleaning out of the anaerobic digesters (4 data)

b) Cleaning out of the aeration lanes (3 data)

c) Primary settlement tank refurbishment (1 datum)
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d) Abraision of mechanical equipment (2 data) and concrete channels (1 datum)

3 Results and discussion

3.1 Particle size, composition and sedimentation determination
3.11  Coated/uncoated grit and microsphere size and settling velocity

Measured mean v, values for the model microspheres were found to be in good agreement -
generally within 6% - with the general expression (Equations 4-5) of Turton and Levenspiel
(1986). Deviation from this expression was apparent for the uncoated and coated sand grains
(Fig. 1), for which both sets of data were somewhere between the values predicted by Equations
1 and 2-3, provided by Crittendan et al (2012) and Alcerreca et al (2013) respectively. These
outcomes are to be expected, given the reduced sphericity of the sand grains and the associated
increased drag for which the semi-empirical expressions account.

Having appraised the applicability of the expressions, the percentage retardation of the particle
on increasing the coating can be determined using Equations 7-8 to calculate the impact on the
coating on the size and overall density and Equations 1-6 as before to compute settling velocity
(Fig. 2). A density of 880 kg/m’ was assumed for the FOG for the computed projections, a
somewhat conservative estimate given that FOG density may apparently be as low as 500 kg/m’
(Sherony, 2014; Sperling, 2007). Measurement of the mean size and weight per coated and
uncoated sand grain revealed the coating to make up ~45% of the total particle volume.
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B Alcerreca et al, 2013
M Turton & Levenspiel, 1986

CA1 CAL.2 SLG,0.65 SLG,0.69 BaT,0.27 BaT,0.52 Sand Waxed sand
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Figure 1: Experimentally-measured vs. computed theoretical settling velocities for different materials (see Table
2) and model representations. All experimental measurements subject to 7-15% standard deviation of
the mean.

The experimental data was most closely aligned with the simple analytical expression of
Crittendan et al, 2012 (Equation 1), although the projected settling velocities according to
Alcerra et al, 2013 (Equations 2-3) are within experimental error. Clearly, further experimental
data points would be needed with greater precision to confirm the veracity of the equations,
demanding coating techniques more advanced than that used in the current study. However, it is
apparent that a 13-14% reduction in settling velocity is produced on coating the particle with 880
kg/m’ FOG solids to form a particle of 45 volume % FOG, 55% sand. According to Equation 1,
the retardation is increased to 18% for a 880 kg/m’ FOG density. There is, however, no impact of
grain size on the percentage retardation for any of the three expressions indicated, only on the
absolute sedimentation velocity.

100%

Crittendan et al, 2012
— = = Alcerreca et al, 2013
----- Turton & Levenspiel, 1986

95% Experimental
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\\ ~ ~
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Figure 2: % retardation of settling velocity vs. % particle coating, model outputs and experimental datum

31.2  Site-based accumulated grit data

Site data indicated significant variation in the grit mean size and grit:organic matter ratio for
samples extracted from five different sites (Fig. 3), primarily from AD vessels, but with 75% of
the samples yielding a mean grain size in the 300-400 um range. The organic content ranged
from 15 to 74%, 43% on average. Across all samples the standard deviation for the average data
was very high (48% for the particle size and 61% for the organics content). Previous analysis of
incoming grit to more than 15 US WwTWs revealed about 50% of the particles to be smaller in
size than the standard 210 pm cut-off normally specified for a degritter (Sherony and Herrick,
2015). In the case of the current the overall mean particle size was around 400 um. If the organic
matter can be assumed to be entirely associated with the grit then the impact on sedimentation
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would be expected to be comparable to that if the wax coating of the particle from the bench-
scale experiments (Section 3.1.1), for which the coating contributed 45% of the total mass.
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Figure 3: Particle size and % mean organic content of grit sampled from different points across four UK

WwTWs.

3.2 Cost analysis

Estimation of the cost of grit impacts (Table 4) was through summing the averages of each of the

four cost contributions identified in Section 2.3, and then assuming that all costs could be

reduced by a nominal “performance improvement factor” (PIF) through enhanced grit removal.

It was assumed that the costs incurred by implementing enhanced grit removal were reduced by

this factor, for example through extending periods between cleaning out of tanks or maintenance

of mechanical equipment. Further assumptions comprised:

a) A mean inflation rate of 2.5%: the calculation is insensitive to this parameter for values
between 0 and 5%.

b) The recovered grit is subject to the same end disposal route (e.g. landfill) at the same
transport and disposal cost regardless of its source (e.g. AD, aeration lane or the grit removal
system itself), such that end disposal costs (generally to landfill) were ignored;

c) All possible cost contributions were included in the total cost without weighting, the
weighting factor being accounted for by the frequency of operation;

d) All other possible cost contributions were ignored, including:

i. pipe blockages;
ii. the temporary closure of sludge processing facility (for remedial measures associated
with clogging by grit particles) on the added cost of sites unable to export sludge;
iii. delays in refitting caused by grit blockages, where refitting of a reconditioned piece of
equipment is impeded by grit and screenings accumulation;
iv. the combined effects of grit and screenings breakthrough;
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v. impaired aeration energy efficiency.

Anecdotal evidence suggests that all of the items listed in (d) have, to a greater or lesser degree,
been identified by stakeholders as grit-related issues which incur a real but undefinable cost. Pipe
blockages could reasonably be expected be attributable to screenings rather than grit. However,
channel and pipe restriction and partial aerator occlusion can be more reasonably attributed to
grit settlement in the aeration lanes (McNamara et al, 2013; Flanagan, 2014), and would be
expected to increase aerator energy costs in the same way as aerator fouling.

Table 4: Grit impacts remediation costs, summary

Flow Freq. Cost, 2016 USD Ref

m’/h y Total USD/ML

Aeration/ASP channels cleaning

2843 1 65880 3.24 US WwTW, 2009
2843 1 82048 4.04 US WwTW, 2015
1583 5 122305 2.16 UK WwTW, 2016
Average 3.15

Primary settlement tank refurbishment

2997 20 382203 0.89 US WwTW, 2009
AD digester cleaning

2375 5 155000 2.24 US WwTW, 2008
1579 5 144300 3.13 US WwTW, 2007
2375 8 249000 2.24 US WwTW, 2016
833 10 150000 3.08 UK WwTW, 2016
1583 10 280000 3.03 UK WwTW, 2016
Average 2.74

Wear/abrasion, pumps

1893 1.5 42042 2.07 US WwTW, 2009
833 1 14676 247 UK WwTW, 2016
Average 2.27

Wear/abrasion, channels

1583 15 1467660  8.65 UK WwTW, 2016
TOTAL 17.71

ML megalitre. 1.5 USD:UK assumed.

The sum of all mean cost contributions is $17.7 per megalitre (ML). Examination of the
individual contributions indicates reasonably precise data between sources for the aeration lane
and AD cleaning (both around $3 per MLD), as well as for the mechanical equipment wear ($2.3
per MLD). However, the single instance of abrasion of the concrete channels, leading to very
costly remedial measures after an extended period of time, accounts for almost 50% of the total
mean figure. If this figure, and also that for primary sedimentation tank refurbishment, are
ignored then the total cost is reduced to $8.2 per ML.

As a rough approximation, it may be assumed that grit removal is linearly related to v, (Butler
and Davies, 2010). This being the case, a 14% reduction in v produces a commensurate change
in both the removal efficiency and, by implication, the cost impact. Taking the calculated cost
impact of $8.2 per ML treated the cost impact of the retardation in settling caused by formation
of composite particles is around $1.1 per ML.
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Considering the investment cost, if a PIF of 50% is assumed for a 25 MLD plant with an asset
life of 25 years then the total cost of extraneous grit would be ~$0.93m. Applying a discount rate
of 4% for a mean period of 12.5 years (i.e. half the assumed asset life) reduces the cost to
$0.56m. This figure represents the threshold investment cost difference, for a new build, between
a classical degritter and an advanced technology capable of reducing the cost of the deleterious
grit impacts by 50%, i.e. halving grit breakthrough. The figure rises to around $3m for a 90%
PIF grit removal asset with an associated extraneous grit cost of $15 per ML (Fig. 4), for the
most optimistic grit removal performance improvement and the most deleterious grit impacts.

Advanced technologies such as structured or multiple-tray vortex systems can be employed to
remove particles down to sizes as low as 75 pm, but this inevitably leads to the entrainment of
increased amounts organic matter. To limit the proportion of organic matter in the grit waste
stream, normally tankered off site for landfill disposal, it is normally economical to employ a grit
washing and dewatering cycle to remove the organic matter from this waste stream. The grit
washing cycle incurs an estimated capital and operating cost of around 50% and 50-75% of the
total degritting CAPEX and OPEX respectively, the exact figure depending on the grit and
wastewater characteristics. Whilst these additional costs are significant with reference to the
degritter function itself, they are small compared with the amortised investment cost range
indicated in Figure 4.
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Figure 4: Available investment for grit removal vs. cost of grit accumulation for a 25 MLD plant at various %

performance improvement factors (PIF values)

10



WR36544: Composite particle formation impacts on grit removal

4 Conclusions

The impact of the association of inorganic grit particles with organic matter on the settling of the
subsequent composite particle has been studied. An estimate is provided of the percentage
retardation of particle settling through practical measurement of actual coated sand particles
alongside model microspheres of varying sizes and densities. The size, density and settling
velocity measurements were then used to identify the most appropriate mathematical models to
represent settling in a quiescent liquid under transitional flow conditions. Whilst settling in a
degritter actually takes place in flowing liquid, it may be assumed that the determined percentage
retardation (i.e. the composite particle settling velocity normalising against that of the uncoated
grit particle) would not be greatly affected by the flow regime. Moreover, computations
indicated percentage retardation to be unaffected by particle size.

Outcomes of the study are as follows:

e Coating sand grains with 910 kg/m’ candlewax generated composite particles which were
30% less dense, 22% larger and 14% less settleable, on average, than the original uncoated
particles.

e Sedimentation of large (1.2-1.5 mm) coated/uncoated sand particles under intermediate flow
conditions more closely followed semi-empirical analytical expressions for sand grain
sedimentation than the complete iterative solution for settling spheres.

e The calculated break-even capital cost of implementing an advanced degritting technology
based on mitigating against 50% of reported costs incurred by remedial measures associated
with grit arisings and impacts in downstream processes was ~$0.56m, based on the most
conservative assumptions, increasing to $3m for 90% removal and a grit impact cost of $15
per ML (megalitre, or 1000 m’) wastewater.

e The cost of breakthrough of 14% of the particles due to the buoyancy effect of coating of
sand particles with FOG was estimated as being $1.1 per ML.

Overall, it appears that the impact of the coating of grit with organic matter is likely to have a
significant impact on their settling, and that the cost of extraneous grit in the operation and
maintenance of downstream unit processes is also significant.
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