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ABSTRACT 

 

Hydrocyclone density-driven particle separation may offer up improved settling performance for 

wastewater treatment facilities experiencing poor settleability. Hydrocyclones are fed mixed 

liquor through the feed inlet and experience a centrifugal motion that separates solids based on 

density. The variation in hydrocyclone nozzle sizes will report different calculated hydraulic and 

mass split percentages for the overflow and underflow. Previous research conducted with 

hydrocyclones have at multiple full-scale facilities used a 10 m
3
/hr  hydrocyclone to promote 

better settleability as well as aid the formation of aerobic granular sludge (AGS). There has been 

a multitude of settling improvement experiments and initiatives for full scale wastewater 

treatment. However, little research has been produced utilizing larger hydrocyclones (20 m
3
/hr) 

at a full-scale wastewater treatment facility during continuous operation. 

 

Two Hampton Roads Sanitation District (HRSD) plants served as sites for this research: James 

River (JR) Wastewater Treatment Plant located in Newport News, VA and Urbanna (UB) 

Wastewater Treatment Plant located in Urbanna, VA. Both treatment facilities have utilized the 

hydrocyclone for more than two years, to fulfill wasting requirements. The JR plant operates the 

hydrocyclone continuously for wasting purposes, while UB only uses the hydrocyclone for 

approximately 30-45 minutes per day. In order to evaluate the effectiveness of the hydrocyclone 

and its overall impact on settleability at the JR plant, eight hydrocyclones were installed. JR 

samples were taken from the underflow sample port (representing a mixture of underflow 

samples representing the number of hydrocyclones operational at the sample time) and overflow 

samples were taken from the outfall point of a single hydrocyclone. The UB plant only operated 

one 5 m
3
/hr hydrocyclone on Treatment Train 1 during wasting operations, while Treatment 

Train 2 served as the control train for the duration of this research. Hydrocyclone performance at 

JR was assessed through direct measurement of hydraulic and mass split of the underflow and 

overflow components, initial settling velocity (ISV), sludge volume index (SVI), and 

SVI5/SVI30 ratio. UB hydrocyclone and settling performance was measured by ISV, SVI5, 

SVI30, and SVI5/SVI30 ratios during different comparison experiments: hydrocyclone vs. no 

hydrocyclone, hydrocyclone vs. polymer addition, and hydrocyclone with polymer addition to 

Train 1 vs. polymer-only addition to Train 2. Nutrient concentrations from both treatment trains 

were collected and analyzed to determine any significant changes based on hydrocyclone use. 

 

T-test statistical analysis, and a dose response analysis included direct measurements of the ISV, 

SVI5, SVI30, mass split percentages, along with the effect of polymer with and without the use 

of a mechanical selector.  

 

Hydrocyclone settleability measurements at JR over time revealed a statistically significant 

positive correlation with the ISV, SVI5, and SVI30 measurements of the aeration effluent. 

Therefore, the hydrocyclone statistically had a strong impact on three settling parameters that are 

instrumental in determining overall settling efficiency. Statistically, no strong correlation was 



 

determined between the hydrocyclone operation and the total phosphorus (TP) concentration in 

the secondary effluent, or the ferric addition to the secondary clarifiers. The dose response based 

on the underflow ISV rate provided understanding of the nozzle comparison and the effect it 

provided to the underflow sample. 

 

Hydrocyclone performance at UB was hindered by the re-seed of Train 1 (inDENSE™) due to 

over wasting, and most of the data were not representative. Before the re-seed, hydrocyclone 

performance was improving the overall settleability of the mixed liquor in comparison to Train 2 

(Control). All settling parameters measured were in favor of the hydrocyclone operation. After 

the re-seed the plant mixed liquor changed microbial populations for a brief time and was not 

representative of the overall treatment efficacy. The hydrocyclone did provide a quicker settling 

velocity than the polymer addition when the polymer addition was steady, and through both 

polymeric spikes. Polymeric addition to both trains, while inDENSE™ train still employing the 

hydrocyclone did not provide any conclusive data as to whether polymer addition with the use of 

a hydrocyclone was more effective than polymer-only addition. Nutrient profiles from UB did 

not provide any change in NH4-N, NO3-N, NO2-N, or PO4-P, with the hydrocyclone being 

operational or not on the secondary clarifier effluent.  
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GENERAL AUDIENCE ABSTRACT 

 

Wastewater treatment facilities rely on settling tests to be indicators for plant settling 

performance. A way to improve plant settling is to separate the sludge on a density basis and 

retain the dense sludge in the system for better performance downstream, while the less dense 

sludge is taken out of the system. By implementing a mechanical device that can ensure the 

separation of dense material and be retained in the system can aide in improved plant settling 

performance by improving settling parameter measurements. With the ability of using a 

mechanical device (a hydrocyclone) to physically separate sludge on a density-basis, it will 

improve settling measurements of the plants taken by operators on a daily basis. 
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1. Introduction 

 

1.1 Motivation 

 

Secondary treatment at a wastewater treatment facility removes readily biodegradable organic 

matter, nutrients (nitrogen and phosphorus), as well as greatly reduces suspended solids. 

Secondary treatment issues that arise are inattentive use of chemical addition such as ferric 

chloride to the secondary clarifiers to aide in phosphorus removal, or an overuse of polymer 

addition often used to decrease the secondary effluent total suspended solids concentration, with 

the sole purpose to promote better settleability through decreased sludge volume index (SVI) 

measurements at five and thirty minutes. Proper settleability measurements are of the utmost 

importance when operating a wastewater treatment facility, because the measurements directly 

correlate with the overall operation of the secondary clarifiers. There can be many underlying 

problems that affect the settling capabilities within secondary clarifiers such as low dissolved 

oxygen concentrations, nutrient deficiencies, inadequate monitoring of solids retention time, or a 

disproportionate production of extracellular polymeric substance (Ford, 2018). Due to the 

increase interest and overall positive impact that improved settleability provides a wastewater 

treatment facility, new forms of biotechnology have been observed. Selective wasting of poor 

settling sludge and the intensification of aerobic granular sludge have been novel approaches to 

the settleability issue. Thus, in order to minimize chemical addition and excess chemical 

expenditures in order to meet desired regulatory requirements, the sludge settleability is high 

priority.  

 

The primary purpose of secondary clarifiers is to perform solid-liquid separation on the clarifier 

influent. The clarifier influent enters the clarifier, and by gravitational force the mixed liquor 
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particles and biological flocs begin to settle towards the bottom of the clarifier, where it will exit 

via the sludge outlet, and be classified as the return activated sludge, a portion of which is wasted 

to control SRT (WAS). The remaining liquid that did not exit via underflow is the effluent with 

low total suspended solids (TSS) concentration and small amounts of floc present, flows over the 

peripheral weir of the clarifier, and is further directed to disinfection.  

 

Aerobic granular sludge (AGS) is a wastewater biotechnology that improves the settling capacity 

through secondary treatment and performs nitrification, denitrification, and phosphorus removal 

through the inner redox zones of a single granule; therefore, utilizing the aerobic granule is 

highly advantageous for a wastewater treatment facility. Aerobic granules are more dense than 

activated sludge flocs, hence promotion of better settling characteristics for secondary treatment. 

The application of AGS and its short settling time also provides an increase in flow capacity to 

treatment upstream of the secondary clarifiers (Kent et al, 2018). 

 

In order to obtain better settleability for wastewater treatment facilities, a mechanical external 

selector, a hydrocyclone, was evaluated. The hydrocyclone has been used before in other fields 

of industry as a mechanical method to separate solids according to particle density, and has 

shown promising results of improved settleability. The use of the hydrocyclone as an external 

selector in order to promote better settleability  in two wastewater treatment plants was the focus 

of this research. 
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1.2 Project Background 

1.2.1 James River Wastewater Treatment Plant 

Hampton Roads Sanitation District (HRSD) currently operates nine wastewater treatment 

facilities located in the Hampton Roads area of Virginia. HRSD also operates four plants located 

on the Middle Peninsula. The total combined operational capacity of HRSD is approximately 

249 million gallons/day (MGD). The James River (JR) Wastewater Treatment Plant, located in 

Newport News, VA is one of the sites for this research. JR is hydraulically rated for 

approximately 20 MGD; however, typical average influent flow is 13 MGD. Influent waste is 

predominantly domestic waste with roughly 10% industrial waste. JR operates as an A2O with 

an integrated fixed-film activated sludge (IFAS) system within the first aeration zone (Figure 

1.1). JR has a desired solids retention time (SRT) of five days; however, normal operational 

aerobic SRT is roughly 1.5-3 days. Total SRT for the plant is in the range of 4-6 days.  

Primary Clarifier Anaerobic/Anoxic Zones IFAS Secondary Clarifier

Gravity Belt 
Thickener

Gravity Thickener

Anaerobic 
Digestion

Centrifuge

AnitaMox™ 

Influent

Return Activated Sludge

Effluent

 

Figure 1.1 JR process schematic before hydrocyclone installation 
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JR has been experiencing settling problems with an average SVI30 of 142+/- 18 mg/L. Within 

the past year the SVI30 measurements have progressively increased (Figure 1.2). One potential 

explanation for the poor settleability issues is the inadequate sizing of the secondary clarifiers. 

The three important factors that drive clarifier settleability performance are: surface overflow 

rate (SOR), solids loading rate (SLR), and depth (Table 1.1). JR operates five under-sized 

circular secondary clarifiers that are peripheral fed with organ-style suction pipes for settled 

solids.  

Table 1.1 Measurements of JR’s Five Secondary Clarifiers 

Clarifier # Surface Overflow Rate*  

 

 (gpd/ft
2
)                      (m/hr) 

Solids Loading 

Rate** 

(lb/day∙ft
2
) 

Side Water 

Depth 

(ft) 

1 

331 0.5 6.9 

8.8 

2 8.8 

3 8.8 

4 8.8 

5 11.9 

*Surface overflow rate assuming proportional flow split among five clarifiers’ surface area 

**Solids loading rate assuming RAS is proportional to surface area of clarifier  
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Figure 1.2 Historical SVI5 and SVI30 Data for JR 

(Averages: SVI5= 275 mL/g +/- 40 mL/g and SVI30= 142 +/- 18 mL/g) 

 

Historical SVI5 and SVI30 data were collected from January 2013 to June 2016 to evaluate past 

settling correlations before hydrocyclone installation (Figure 1.3). From past settling 

measurements, it was found that a positive direct relationship existed between the SVI5 and 

SVI30 measurements, whereas as the SVI5 rose the SVI30 rose. Therefore, no significant change 

occurs between a measurement at five minutes and a measurement at 30 minutes.  
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Figure 1.3 Historical SVI5 and SVI30 Correlation Before Hydrocyclone Implementation 

 

1.2.1.1 JR Nutrient Limits 

JR operates under a bubble permit where it includes seven other treatment facilities within the 

Hampton Roads area that operate under HRSD. Nutrient limits for those plants operating under 

the bubble permit consist of a total phosphorus less than 0.7 mg/L, and total nitrogen to be less 

than 7-9 mg/L. 

1.2.2 Urbanna Wastewater Treatment Plant 

In addition to the plants within the Tidewater region of Virginia, HRSD also operates four plants 

located on the Middle Peninsula. The second location for hydrocyclone research was in Urbanna, 

VA. UB wastewater treatment plant has a designed hydraulic capacity of 100,000 gallons per 

day; however, typical operating conditions render it to 60,000-70,000 gallons per day. A 

majority of the flow that enters the UB plant is a byproduct of the Bethpage campground site, 

leading to elevated influent nutrient concentrations, especially ammonia. The UB plant consists 

of above ground tanks, and operates two approximate identical trains of treatment (Figure 1.4). 
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Prior to HRSD mandated upgrades to the facility, UB operated as an extended aeration facility. 

Currently, HRSD operates UB as a Modified Ludzack-Ettinger (MLE) consisting of an anoxic 

zone, and two aeration zones. The aeration zones previously were equipped with coarse and fine 

bubble diffusers on both trains, but now all trains contain fine bubble diffusers. UB clarifiers 

operate a SOR of approximately 18.43 gal/ft
2
∙hr and a side water depth of 8.08 ft. UB operates at 

a high SRT of approximately 20-25 days, with an average mixed liquor suspended solids 

(MLSS) concentration of 4,500 mg/L.  

 

  

Anoxic Zone
Aeration 

Zone
Aeration 

Zone

Anoxic Zone
Aeration 

Zone
Aeration 

Zone

Clarifier

Clarifier

Equalization Basin

UV Disinfection

Digester

Digester

Drying Bed

Effluent

Influent

RAS

RAS

IMLR

IMLR

Feed

Underflow

Overflow

 

Figure 1.4 Process Schematic for UB Wastewater Treatment Facility 

 

The UB plant typically has poor settling sludge in the summer months. Within the past two years 

the summer SVI30 measurement increased (Figure 1.5). Therefore, an additional daily settling 

test, a diluted sludge volume index (DSVI), was performed because of the high MLSS. Nutrient 
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concentrations of the final effluent at UB before hydrocyclone operation are shown in Figure 1.6. 

Ammonia (NH4-N) and orthophosphate (OPO4) concentrations were consistently low. Nitrate 

and Nitrite (NOx) concentrations in the final effluent were sporadic and inconsistent prior to 

hydrocyclone operation. Internal Mixed Liquor Recycle (IMLR) was not operational during the 

experimental phase, because the RAS pumps are oversized by approximately three-fold for the 

load at the plant. It is very difficult to run larger IMLR pumps, because the total return would be 

too much for a small package plant.  

 

 

Figure 1.5 Historical SVI30 Measurements at UB Plant 
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Figure 1.6 Historical Nutrient Concentrations in Final Effluent at UB Plant 

 

1.3 Research Objectives 

1.3.1 Research Objectives for James River 

The research objectives for this study performed at JR were:  

1) evaluate the separation efficiency and settling velocity of the hydrocyclones during 

continuous full-scale operation, 

2) investigate the effect of settling differences between different hydrocyclones and modes 

of operations 

3) evaluate the efficiency of the hydrocyclone on plant operations through various modes of 

operation  

4) analyze the overall impact that the hydrocyclone imparts on the overall treatment of the 

plant. 
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1.3.2 Research Objectives for Urbanna 

The research objectives for this study performed at UB were: 

1) evaluate and compare the separation efficiency and settling velocity of the hydrocyclone 

during allotted wasting times on both trains 

2) compare various modes of hydrocyclone operation (i.e. hydrocyclone on/off, and 

hydrocyclone vs. polymer addition) 

3) determine any benefits using the hydrocyclone coupled with polymer addition for better 

settling measurements 
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2. Literature Review 

2.1 Types of Settling 

Primary and secondary clarifiers are designed with the sole purpose of optimizing the removal of 

solids, while paying particular attention to SLR and SOR. Settling rates imposed by different 

particles within suspension will contribute to the particle settling velocity within a given 

solution.  The four types of particle settling are Type I (discrete settling), Type II (flocculent 

settling), Type III (hindered/zone settling), and Type IV (compression settling). Particle 

separation and settling ability is dependent on drag forces, gravitational forces, and buoyancy 

forces acting on the free-falling particle within suspension (Zhu & Wilderer, 2003). Acting 

forces on a settling particle is in Figure 2.1. The drag force (FD) acts as a resistance force, the 

gravitational force (FG) is the attractive force, and the buoyancy force (FB) is the pressure that is 

put on the particle by the fluid.  

 

 

Figure 2.1 Forces Acting on a Singular Free-Settling Particle within a Solution 
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2.1.1 Type I- Discrete Settling 

Discrete settling particles within a dilute suspension do not interact or flocculate to one another. 

The particles settle individually. Discrete settling occurs in processes with low solids 

concentration with little effect from hydrodynamic flow (Mahdavi Mazdeh, 2014; Ramalingam 

et al., 2012). Examples of discrete settling applications in environmental engineering include 

pre-sedimentation for removal of sand prior to coagulation at a drinking water plant, the settling 

of sand particles during cleaning of rapid sand filters, and the separation of grit from within the 

grit chambers (Davis & Cornwell, 2013).  

 

2.1.2 Type II- Flocculent Settling 

Flocculent particles within a dilute suspension aggregate during settling creating a larger 

combined surface area with an increased settling velocity. Examples of flocculent settling at a 

wastewater treatment facility include primary treatment settling and the addition of chemicals to 

promote coagulation and flocculation of influent wastewaters and surface waters. A specific 

example of chemical addition is the infusion of iron or alum in primary sedimentation and within 

trickling filter settling tanks (Davis & Cornwell, 2013). In order to evaluate a flocculent 

suspension, a batch column test is performed with samples collected at different times and at 

different column heights, thus obtaining a representative data set of flocculation within a single 

column.  

 

2.1.3 Type III- Hindered/Zone Settling 
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During zone settling the particles are at higher concentrations, above 1,000 mg/L, and tend to 

settle as a mass that creates a clear separation between the supernatant and sludge zone (Davis & 

Cornwell, 2013). The particles settling as an aggregated mass(to achieve maximum separation) 

inhibit fluid velocity, by increasing the drag force and buoyancy force in solution (Yousuf, 

2013).  Particles within solution are so close to one another that inter-particle forces hold them 

together in a semi-fixed position.  Examples of zone settling are sludge thickeners, lime-

softening, and activated sludge sedimentation.  

 

2.1.4 Type IV- Compression Settling 

Compression settling occurs in highly concentrated solutions. The amount of settled solids is so 

concentrated that they are compressed into one another by gravity. As the solids continue to 

compress on one another, liquid is squeezed from between them, and inter-solid space 

disappears. Compression settling occurs at the bottom of clarifiers, due to a high solids 

concentration present (Davis & Cornwell, 2013). Compression settling is important in the gravity 

thickening process. An example of compression settling in wastewater treatment is in final 

activated sludge settling tanks (Davis & Cornwell, 2013). 

 

2.2 Operational Problems with Settling 

2.2.1 Bulking Sludge 

There is a great concern for viscous and filamentous sludge bulking and the accumulation of 

Nocardioform foam within the secondary clarifiers at wastewater treatment facilities. Viscous 

bulking results from the presence of over saturated amounts of extracellular polymeric 

substances present in the secondary clarifiers  (Novák, Larrea, Wanner, & Garcia-Heras, 1993; 
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Peng, Gao, Wang, Ozaki, & Takigawa, 2003), whereas filamentous bulking occurs from the 

growth of filamentous organisms (Martins, Pagilla, Heijnen, & Van Loosdrecht, 2004). Bulking 

sludge poses a threat to secondary treatment by the inability to control and contain the sludge 

blanket within the secondary clarifiers. This will affect settling parameters, such as SVI5 and 

SVI30 measurements. The inability for the sludge to settle and create a defined solid-liquid 

separation within the clarifier can cause MLSS to flow from the clarifier as part of the clarifier 

effluent impeding downstream filtration, and effecting poor disinfection requiring additional 

chemical treatment. The overall result can be permit violations and sequential monetary fines to 

the organization or municipality.  

 2.2.1.1 Filamentous Sludge Bulking 

Filamentous growth bacteria form a structure where the filaments from single-cell organisms 

attach themselves to one another producing an increase in surface area to mass ratio, the result is 

a poor settling potential (Metcalf & Eddy, 2014). Occurrences of filamentous sludge bulking are 

driven for example by low substrate concentrations and completely mixed tanks. Identification of 

filamentous microorganisms can assist in identifying operational discrepancies at the treatment 

facility (Shao, Starr, Kaporis, Kim, & Jenkins, 1997). An example of filamentous bacterium is 

Microthrix parvicella: a common bacterium found internationally in activated sludge wastewater 

plants that causes severe sludge bulking and excessive foaming  (Rossetti, Tomei, Nielsen, & 

Tandoi, 2005). 

 2.2.1.2 Viscous Sludge Bulking 

Viscous bulking is typically experienced in nutrient-limited treatment facilities. Here, the food-

to-microorganism (F/M) ratio is exceedingly high with excess of readily-biodegradable chemical 

oxygen demand (rbCOD) in the influent wastewater (Wanner, 1994). Excessive growth of 
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microorganisms and the over excretion of EPS causes poor mixed liquor compression by the 

absorption of surrounding water by EPS resulting in flocs having a specific gravity 

approximately equivalent to the surrounding water (Akker, Beard, Kaeding, Giglio, & Short, 

2010; Peng et al., 2003; Shin, Kang, & Nam, 2001). The result is little/no solid liquid separation.  

 2.2.1.3  Control Measures for Sludge Bulking 

To mitigate sludge bulking from occuring, a number of operational parameters require stringent 

monitoring. Influent wastewater nitrogen and phosphorus need to be monitored, either of which 

at low concentrations can lead to sludge bulking. Dissolved oxygen (DO) must be maintained at 

a stable and sufficiently high concentration to prevent sludge bulking. Prevention of overloading 

can be countered by controlling the return timing of recycle loads, and avoiding  peak hydraulic 

and organic loading times (Metcalf & Eddy, 2014).  

 2.2.2 Nocardioform Foam 

Formation of Nocardioform foam is common with the utilization of fine bubble diffusers and 

high airflow rates in the aeration tanks, as well as with anoxic selectors. The outer surface of 

foaming bacteria create a hydrophobic layer where the bacteria float on the surface of the 

aeration tanks. Conditions favorable to foaming are: pH below 6.5 or above 9.0, insufficient or 

lack of control of DO, nutrient limitations, and seasonal temperature change (Khairnar, Pal, 

Chandekar, & Paunikar, 2014). Foaming within activated sludge aeration tanks and secondary 

clarifiers remains a concern in wastewater treatment. Currently there are several approaches to 

mitigate excessive foaming. They include a reduction in SRT, classifying selectors, spray water, 

polymer addition, surface wasting, and chlorination (Khairnar et al., 2014; Mamais, Kalaitzi, & 

Andreadakis, 2011; Shao et al., 1997).  

2.2.3 Rising Sludge 
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 Rising sludge is predominantly caused by denitrification. Here, the conversion from NOx to 

nitrogen gas is contained within the sludge mass and cannot escape. The result is a compromise 

in sludge buoyancy as it begins to float to the top of the tank or clarifier.  Rising sludge is 

common in short SRT systems with MLSS continuously active (Metcalf & Eddy, 2014). 

Methods for controlling rising sludge include increasing the RAS rate, increasing sludge 

collection in settling tanks, and optimizing the SRT (Mamais et al., 2011).  

2.3 Aerobic Granular Sludge 

2.3.1 Definition 

In 2006, the first aerobic granular sludge workshop was held in Delft, The Netherlands. At the 

workshop, the general definition was established for aerobic granular sludge (AGS).  Aerobic 

granules are composed of select microorganisms that expedite settling more so than activated 

sludge flocs (de Kreuk, Kishida, & van Loosdrecht, 2007). Utilizing AGS improves the sludge 

settling velocity by accelerating the solid-liquid separation of the sludge. Microorganism 

metabolism is directly correlated to higher settling velocities of the granules: that is, the more 

vigorous the metabolism of the microorganisms in the granules the faster the settling velocity of 

the granules (Moy et al, 2002; Schwarzenbeck, Erley, & Wilderer, 2004; Zhu & Wilderer, 2003).  

2.3.2 Redox Zones of Granules 

Typical aerobic granules consist of three layers, or redox zones. There is an aerobic outer layer, 

an anoxic middle layer, and an anaerobic core. The anatomic layout of aerobic granules is 

depicted in Figure 2.2. The aerobic redox zone performs nitrification using ammonia oxidizing 

bacteria (AOBs) and nitrite oxidizing bacteria (NOBs), while phosphorus accumulating 

organisms (PAOs) take up biological phosphorus (Seviour, 2012). In the anoxic redox zone, 

denitrification is performed by ordinary heterotrophic organisms (OHOs). At the same time, 
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biological phosphorus is released by PAO activity into the anoxic redox zone of the granule. The 

inner-most layer of the granule, the anaerobic core, promotes biological phosphorus removal 

through the release of excess phosphorus; however, the PAOs do not obtain energy within the 

anaerobic core and, therefore, do not grow  (Mari Karoliina Henriikka Winkler et al., 2018). 

Aerobic granulation is a highly sought after biotechnology because it provides simultaneous 

nitrification, denitrification, and enhanced biological phosphorus removal (EBPR) within a 

single granule.  

 

Figure 2.2 Diagram of Aerobic Granular Sludge Granule Within an SBR System 

2.3.3 Properties of Aerobic Granular Sludge 
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The diameter of an aerobic granule is approximately 0.2 millimeters, and is no larger than 

approximately five millimeters (Figdore, Stensel, Neethling, & Winkler, 2016). Granules have a 

smooth surface with a compact-like structure. Variations in granule color denote the variety of 

granule types within the system. For AGS the granule ranges from white to shades of light 

yellow, while anaerobic granules are black, and anammox granules have a reddish tint (Figdore 

et al., 2016).  Extra-cellular polymeric substances (EPS) coupled with additional polysaccharides 

add durability to the granule ensuring maintenance of shape despite multiple treatment processes  

(Mari K.H. Winkler, Bassin, Kleerebezem, Sorokin, & Van Loosdrecht, 2012).  

Microorganisms found in the different redox zones of the granules are distributed based upon 

accessible substrate and individualized redox condition.  The regions within an aerobic granule 

contain a separation based on density.  The outer region of the granule is composed of active 

biomass and EPS production, making it high density. The inner region is composed of non-

cellular proteins from cell decay, making it lower density (Mari K.H. Winkler, Kleerebezem, 

Khunjar, de Bruin, & van Loosdrecht, 2012).   

2.3.4 Previous Research on Aerobic Granular Sludge  

To understand the production of AGS, it is important to analyze where AGS has already been 

cultivated.  AGS has already been cultivated in bench-scale sequencing batch reactors (SBR), as 

well as, in full-scale SBR systems at plants. Previous research on AGS is extensive utilizing 

SBRs and SRT control for AGS growth to establish settling properties and characteristics that 

can be expanded on in future research. 

2.3.4.1 Utilizing SBRs for Aerobic Granular Sludge Production 

Previous research has utilized SBR systems to cultivate and grow aerobic granules. However, it 

is now acknowledged that a continuous flow reactor should be used to model wastewater 
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treatment operating systems rather than an SBR. Settling selection in an SBR is simple, because 

it allows for the adjustment of settling and decanting times, however this is not the case for a 

continuous flow process (Kent et al., 2018). Most, if not all, full scale wastewater treatment 

facilities are designed for continuous flow operation, so modeling aerobic granulation to support 

a continuous flow system is imperative for advancement in wastewater biotechnology (Kent et 

al., 2018). SBRs can also only attain a certain volume of wastewater for treatment at a given time 

interval, which could require the storage of larger volumes of wastewater in the future. An 

example of a SBR system implemented into full scale wastewater treatment is the Nereda® 

process, a technology that utilizes a large SBR that can hold a large volume of wastewater with 

three phases of operation: concurrent fill/draw, aeration, and settling (Cornea, Crǎciun, & Dinu, 

2013). During the aeration and settling phases influent flow is ceased, in order for treatment to 

occur.   

2.3.4.2 SRT Control 

SRT is thought to have a significant impact on the growth and retention of aerobic granules. 

However, a recent study by Dong Li et al. (2016), demonstrated that operating a continuous flow 

system with a long SRT (30 days) and low chemical oxygen demand (COD) resulted in superior 

granule settling behavior. In contrast, a long SRT and high COD loading impeded the granules’ 

settling behavior and resulted in over growth of filamentous bacteria. The long SRT and high 

COD also affected the metabolism of the PAOs in the system (Li, Lv, Zeng, & Zhang, 2016).  

2.3.4.3 Settling Properties of Aerobic Granular Sludge 

AGS does not have a set cutoff SVI measurement; however, many researchers have cultivated 

granules with SVI measurements within the range of 30-60 mL/g (de Kreuk & van Loosdrecht, 

2004). The SVI at five minutes is very important, because approximately all of the sludge 
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compaction should be completed within those initial five minutes for sludge to be classified as 

“granular”. An SVI5/SVI30 ratio is representative of granulation is approximately 1.0 in an SBR 

controlled system, where the rate of compaction at five minutes is equivalent to the compaction 

at thirty minutes. The SVI5/SVI30 ratio is indicative of faster settling rates, where most of the 

settling occurs within a shorter time frame, and an optimum separation interface between the 

solids and supernatant is achieved. In a full scale implementation of aerobic granulation the 

SVI5/SVI30 ratio will be higher, approximately 1.3, due to the presence of flocculent sludge 

being inevitable. Biological nutrient removal secondary clarifiers  are designed for an average 

SOR of approximately 24-32 m/day and a SLR 5-8 kg/m
2
hr (Metcalf & Eddy, 2014).  Poor 

settling sludge is represented with a settling velocity less than 0.5 m/hr, good settling sludge 

classified with a settling velocity greater than 5 m/hr, and aerobic granulation with a settling 

velocity greater than 9 m/hr (Mancell-Egala et al., 2017). Therefore, an efficient full-scale 

continuous flow granular sludge system would have the following qualities: a settling velocity 

greater than 9 m/hr, an SVI5/SVI30 ratio of approximately 1.3, and SVI30 measurements below 

60 mL/g. 

2.3.5 Factors Affecting Aerobic Granular Sludge Production 

Operational parameters that are important for AGS growth and stability are: SRT optimization, 

solid liquid separation, COD feeding regime, and hydraulic shear conditions. 

2.3.5.1 Solid Liquid Separation 

Solid-liquid separation is key to describing granular sludge. Employing short settling times with 

the range of five to ten minutes (in an SBR) is imperative for classification of granular sludge. It 

is a clear representation of dominant dense sludge. Hydraulic selection pressure aides in a 

granular system by promoting the washout of slow-settling sludge and the retention of fast-
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settling sludge (Figdore et al., 2016). Using a hydraulic selective pressure offers up a separation 

mechanism for expediting the settling process. The hydraulic selective pressure will separate 

sludge based on particle size and density. The smaller/less dense (flocculent) sludge will be 

washed out from the system, leaving only the dense sludge. As a result, competition for substrate 

between granular sludge and flocculent sludge will be greatly reduced, making certain that the 

granular sludge is dominant within the system (Figdore et al., 2016). The solid-liquid separation 

within the system will be improved by the retention of the dense sludge, since the dense sludge 

will settle quicker than less dense-flocculent sludge.  

 

2.3.5.2 COD Feeding Regime 

COD feeding regime promotes aerobic granulation through selection of microorganisms in the 

system such as PAOs and GAOs. Readily biodegradable chemical oxygen demand (rbCOD) 

presence is essential for growth of slower growing organisms, such as PAOs. High quantities of 

rbCOD present in solution promote substrate diffusion to the interior of the granule, enabling the 

granule to become biologically active (Figdore et al., 2016). So, exposing microorganisms to 

rbCOD in solution is advantageous for AGS growth (Martins, Heijnen, & Van Loosdrecht, 

2003). During the “feast” period in an anaerobic selector volatile fatty acid (VFA) is taken up 

and stored as poly-β-hydroxylalkanoate (PHA) and orthophosphate is released. During the 

“famine” period in the aerobic zone, the PAOs use the stored PHA from the feast period and use 

it as an energy source for cellular growth, where the electron donor is the PHA and oxygen is the 

electron acceptor (Metcalf & Eddy, 2014). This ultimately helps the slower growing PAOs, as 

they internally store the rbCOD, release phosphorus, and out select the OHOs (OHOs need an 

electron acceptor of oxygen, nitrate, or nitrite). 
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2.3.5.3 Hydraulic Shear Conditions 

Hydraulic shear conditions affect the strength and the shape of the granules. Many studies have 

demonstrated that the degree of shear force applied to aerobic granules is strongly associated 

with the granule formation and stability. High shear force will sculpt granules into smooth, dense 

entities (Moy et al., 2002). And smooth, dense granules settle quicker, make for an overall higher 

settling velocity.   

 

 

2.4 Hydrocyclones 

2.4.1 Definition 

A hydrocyclone is a mechanical technology that applies a centrifugal motion to classify and 

separate the influent components based on density. Historical development of the hydrocyclone 

started in the late 1800s, with the first hydrocyclone patent approved in 1891 to be used to 

separate pulp in the paper industry (Bradley, 1965). Later, more industries would begin to utilize 

the hydrocyclone including  paper, pulp, and mining facilities. Hydrocyclones offer up 

advantages to the wastewater treatment field due to its low cost energy consumption (in an SBR) 

and simple structure for installation and maintenance (Wei, Yu, Zheng, Xia, & Wei, 2017).   

2.4.2 Hydrocyclone Layout and Operation 

The hydrocyclone consists of multiple parts that aide in function and operation (Figure 2.3).  
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  Figure 2.3 Hydrocyclone Components (courtesy of Robert A. Jones II, HRSD, 2019) 

2.4.2.1 Tangential Feed Inlet 

The influent enters as a pressurized stream through the tangential feed inlet into the 

hydrocyclone. Feed inlet geometry has minuscule effects on the separation efficiency, where 

having a circular inlet is not as efficient as a rectangular inlet despite equal area (Bradley, 1965).  

Centrifugal force within the hydrocyclone is the main driver for separation of particles based on 

density and shape. The centrifugal force will push the denser and more spherical particles to the 

interior wall of the conical body where they will travel to the spigot/nozzle to be discharged via 

the underflow spout. The less dense particles are moved upward and discharged via the overflow 

spout where proper wasting protocol will be followed.   

2.4.2.2 Vortex Finder 
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The vortex finder is a crucial component of the hydrocyclone, because it separates the fine-inert 

material from the coarse-dense material. The vortex finder can be modified to affect the size of 

the overflow; however, such modification does require restructuring of the hydrocyclone (Hwang 

& Chou, 2017). The vortex finder extends beneath the feed inlet to prevent short circuiting 

(Arterburn, 1976). Also, the nozzle size is crucial in maintaining a pressure set point and 

achieving separation. A small nozzle will restrict the flow that reports to the underflow create a 

greater volume within the conical body, and increase the material that the vortex finder will need 

to separate to distinguish the overflow mass (Bradley, 1965). These factors can be manipulated 

to quantify a desired mass and hydraulic split favorable for wastewater treatment.  

2.4.3 Separation 

A hydrocyclone that is used for the sole purpose of separation of solids from liquids is referred to 

as a cyclone thickener. Here, the hydrocyclone can effectively separate particles ranging from 5 

to 200 µ (Bradley, 1965). The hydrocyclone can handle particles larger than 200 µ; however, that 

mandates installation of a larger nozzle. Previous studies suggest that overall hydrocyclone 

performance is heavily dependent upon the feed diameter and the overflow diameter: cyclone 

diameter does not appear to be a factor (Bradley, 1965). Fluid viscosity is also a significant 

characteristic having an impact on the separation of particles within the hydrocyclone. If the 

viscosity of the fluid rises then the settling rate of the particles drops. Thus, the coarser material 

within the hydrocyclone must have a higher viscosity to reach the underflow spout (Kawatra, 

Bakshi, & Rusesky, 1996).  

2.4.4 Flow Pattern 

Centrifugal and drag forces are present and act on one another to ensure the separation and 

classification of the particles within the hydrocyclone. The centrifugal force and drag force 
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oppose one another and keep the particles in equilibrium during laminar flow conditions. 

However, turbulent flow conditions may occur due to the diurnal flow curve, which could upset 

the equilibrium, thus disrupting the separation and the flow pattern. Fluid enters the 

hydrocyclone in a downward flow on the outer edge of the body and this flow, combined with a 

rotational motion, forms the outer flow spiral. The inward flow spiral appears when some of the 

fluid moves centrally, and since not all liquid can be removed from the apex outlet (underflow), 

this central fluid will reverse its direction and flow upwards to the overflow outlet spout 

(Bradley, 1965) (Figure 2.4).  

 

 

Figure 2.4 Hydrocyclone Flow Pattern (used with permission of Robert A. Jones II, 2019) 
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So, the particles within the outer spiral that are denser and migrate to the apex opening of the 

hydrocyclone will be classified as the underflow component. The particles within the inner spiral 

are less dense and will ascend to the overflow discharge and exit through the vortex finder. They 

are classified as the overflow component.  
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2.4.5 Full Scale Treatment Facilities Utilizing Hydrocyclones 

2.4.5.1 Strass, Austria 

The Strass wastewater treatment facility, located in Strass, Austria implemented hydrocyclones, 

specifically S-Select® technology, into its full- scale treatment system. Many factors contributed 

to the poor settling that the plant experienced, such as changes in ambient temperature and 

inconsistent organic/hydraulic loading due to the influx of tourists (Bott et al., 2015). By 

installing hydrocyclones with the purpose to improve sludge settleability, the original SVI of 

approximately 180 mL/g was significantly reduced to well below 100 mL/g  (Bott et al., 2015). 

Strass also experimented with the use of hydrocyclones for mainstream aerobic granulation. 

Indeed, the Strass plant seeded anammox granules from a side stream deammonification 

(DEMON) SBR. Hydrocyclones were implemented into both the side stream and mainstream 

treatment to retain the anammox granules. The hydrocyclone system did produce granules, 

however not as large as lab-scale reactors that were running concurrently. Within the mainstream 

operation of the hydrocyclones, approximately 4-9% of the sludge could be classified as 

“granular” after a nine month trial period. In response to this, Strass removed the hydrocyclones 

replacing them with sieves. 

2.4.5.2 Ejby Molle Odense, Denmark 

The Ejby Molle Odense treatment facility located in Denmark is another full scale wastewater 

treatment facility that utilized hydrocyclones for formation of anammox granules. Ejby Molle 

Odense wastewater treatment facility implemented hydrocyclones into its mainstream treatment 

exactly as the Strass plant did; however, different results were observed. By employing the 

hydrocyclones, the plant produced an estimated 35% granular sludge (on a mass basis) in its 

mainstream mixed liquor after two years of operation. 
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2.4.6 Other Fields of Work Where Hydrocyclones Are Employed 

2.4.6.1 Pulp/Paper Industry 

Hydrocyclones have been in industry for over 100 years, the first model used to separate sand 

and water. In 1937, hydrocyclones were employed in the paper and pulp industry for segregating 

contaminated particles from the cellulose fiber in a liquid suspension creating the final paper 

product (Afianio & Machado, 1992). With this success, hydrocyclone use was expanded 

elsewhere within the paper industry to include: removal of dirt from various parts of the paper-

making process, removal of varying density contaminants, and potential prefabrication of fibers 

(Covey, 2009).  

2.4.6.2 Mineral Industry 

The mineral industry uses hydrocyclones because it provides better size control separation, lower 

water consumption, increasingly low operational costs, and requires less space than other 

separation devices (Afianio & Machado, 1992). The mining industry still utilizes hydrocyclones 

as a static technology that enables separation of minerals. 

2.4.7 Hydrocyclone Promotion of Improved Settling  

The hydrocyclone is a mechanical external selector that separates dense material from lighter 

material. The dense material reports to the underflow where it will stay within the treatment 

process. The underflow’s dense material will aide in improving settling rates in the secondary 

treatment. Desired SVI values below 120 mL/g indicate good settling sludge; however, optimum 

settling rates should be below 100 mL/g. Typically, SVI values above 150 mL/g are indicative of 

settling problems, such as excessive filamentous growth. Due to mechanical selection of denser 

material via the hydrocyclone, settling rates should decrease and improve settling velocity as 

well as the SVI measurements at the plant.  
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Theoretically, the hydrocyclone’s selection of more dense material should allow for an increase 

in clarifier solids loading rate. The hydrocyclone solids loading rate could reduce the stress 

applied to inadequate sized clarifiers at treatment facilities. With faster particle separation and 

settling applied to the secondary clarifiers, the flow rate to the secondary clarifiers can increase 

causing a slight increase to the surface overflow rate. 
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3. Methods 

3.1 Wastewater Plant Set-Up 

3.1.1 James River Hydrocyclone Operation Set-Up 

The hydrocyclones in the inDENSE™ process were provided by World Water Works and 

incorporated into the mainstream treatment process. The manifold consists of 6- 20 m
3
/hr 

hydrocyclones with a 4-inch vortex finder, and 2-10 m
3
/hr hydrocyclones with a 3-inch vortex 

finder, totaling 8 hydrocyclones.  The hydrocyclones were installed on a 12ftx 10ftx 10ft tank. 

Duration of run time on the hydrocyclones extended from August 2018 to July 2019. The 

hydrocyclone manifold is located in the solids handling building of the plant. Figure 3.1 is a 

schematic of James River Wastewater Treatment Plant with the added hydrocyclones.  

 

 

Figure 3.1 James River Treatment Plant Schematic with inDENSE™ Process 
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Two pumping systems were in place to provide the pumping requirements for the hydrocyclone 

manifold, making up two banks. Each bank consisted of four hydrocyclones: 3-4 inch 20 m
3
/hr 

hydrocyclones, and 1-3 inch 10 m
3
/hr hydrocyclone (Figure 3.2). Hydrocyclones could be placed 

online or offline by individual isolation valves. Pressure of the hydrocyclone was maintained at 

30 ± 1 psi. This was accomplished by controlling the two pump speeds per bank, and by 

manually inputting pump speed via Emerson Ovation Distributed Control System (DCS). The 

number of hydrocyclones online at any given time is determined by the waste rate 

(approximately 0.4-0.5 MGD) the plant wants to achieve. The underflow flows into the aeration 

tanks where it mixes with primary clarifier effluent (PCE) and return activated sludge (RAS), 

then equally distributed among the nine aeration channels. The overflow, classified as the waste 

activated sludge (WAS) discharges into a holding tank, before moving to the gravity belt 

thickener (GBT). The underflow sample point consists of a gate valve that can turn counter-

clockwise for sample retrieval. Overflow samples are taken directly from the overflow pipe 

outlet, directly above the hydrocyclone body. However, location of overflow did change when 4-

inch and 3-inch hydrocyclones operated together, changing the overflow sample location to the 

WAS sink. DCS provided quantifiable total flow rate, overflow flow rate (seen on DCS as the 

WAS rate), and the underflow flow rate at any time the hydrocyclones were operating.  
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Figure 3.2 James River Hydrocyclone Configuration for Mainstream Wastewater Treatment 

(used with permission of Robert. A Jones, 2019) 
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3.1.2 Urbanna Hydrocyclone Set-Up 

Urbanna’s wastewater treatment is a continuous flow process with two identical treatment trains.  

Since Urbanna contains two identical treatment trains, Train 1 consists of the external selector 

hydrocyclone, while Train 2 remains the control train, providing a comparative analysis between 

the two. Urbanna operates 1-5 m
3
/hr hydrocyclone at 30 ± 0.5 psi supplied by World Water 

Works. Due to the size of the plant and having open tanks, the hydrocyclone was mounted above 

the Train 1 anoxic zone. The mixed liquor from the first aeration zone provides the influent feed 

into the hydrocyclone. The underflow is discharged directly into the first anoxic zone, and the 

overflow ejects into the digester adjacent to the anoxic zone (Figure 3.3).  

 

Figure 3.3 Urbanna Hydrocyclone Implementation with Locations of Underflow and Overflow 
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3.2 Data Collection 

3.2.1 James River Data Collection 

3.2.1.1 Mass and Hydraulic Split for a Single Cyclone Test 

The feed flow to the cyclone was measured with a magnetic flow meter.   The overflow rate was 

measured by change in level of the overflow storage tank. The underflow rate was determined by 

the difference.   

One cyclone was run at a time with known diameter nozzle. The cyclone would run at a pressure 

of approximately 30 psi. Once the pressure was achieved, measurements were taken for initial 

and final position, and the difference was taken. Hydraulic splits were then quantified for the 

underflow and overflow. Equations 1 and 2 below were used to determine underflow and 

overflow hydraulic splits, respectively.  

Equation 1.  

  

Equation 2. 

 

Mass of hydrocyclone overflow and underflow were determined by running a total suspended 

solids (TSS) analysis performed per Standard Methods 2540D. Once TSS measurements were 

determined, a mass split percent could be calculated. Equation 3 was used to calculate the mass 

loading rate (mass split) for each sample.  
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Equation 3. 

 

The mass split calculations follow the same equation as the hydraulic split; however, they 

employ the mass loading rate instead of a hydraulic flow rate. 

3.2.1.2 Initial Settling Velocity 

ISV measurements were taken for the underflow and overflow fractions of the total flow from 

the hydrocyclones as well as the aeration basin effluent. The target MLSS concentration of 2,500 

mg/L was achieved by either diluting or concentrating the sample. 2,500 mg/L represents JR’s 

mixed liquor concentration in secondary treatment and typical operating concentration for the 

plant. JR TSS measurements were performed using an Insite (Slidell, LA) IG Model 3150 

Suspended Solids probe. Once samples were diluted or concentrated to the target concentration, 

the samples would then be transferred to a 2L graduated cylinder where it would be given 30 

minutes to settle. For the first five minutes of the test, values of the height of the sludge column 

would be measured every 30 seconds. After the initial five minutes, measurements would be 

taken every one minute. After 10 minutes, values would be recorded every two minutes, until the 

30 minute timeframe had expired. Determination of the SVI5 and SVI30 from respective SSV5 

and SSV30, were by the method of Mohlman (Mohlman, 1943).  

3.2.1.3 Nozzle Testing 

The following nozzles were tested during the initial nozzle testing for JR continuous 

hydrocyclone operation: 10mm, 15mm, 18mm, 20mm, 22mm, 25mm, and 27.5mm. ISV, SVI5, 
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and SVI30 measurements were recorded and analyzed for the underflow and overflow of each 

nozzle. Mass and hydraulic split were also determined for each nozzle. 

3.2.1.4 Continuous Operation 

During continuous operation ISV, SVI5, and SVI30 were measured each week. The hydraulic 

and mass split were recorded and evaluated to ensure proper splits. If deviation from known 

splits occurred, then all of the hydrocyclones were inspected for potential clogs in the nozzle 

head by throttling the isolation valve for each hydrocyclone.  

3.2.1.5 4-Inch and 3-Inch Hydrocyclone Comparison 

A comparison between the 4-inch and the 3-inch hydrocyclone was assessed to determine if there 

were any noticeable differences in the settling field.  Nozzle diameters evaluated on both 

hydrocyclones were: 15mm, 18mm, 20mm, 22mm, and 25mm. A 10mm nozzle was only used 

on the 4-inch hydrocyclone, since there was not enough flow to maintain the pressure set point 

on a 3-inch hydrocyclone. ISV, SVI5, and SVI30 measurements were taken for each nozzle’s 

underflow and overflow samples. A mass split was also determined enabling a comparison 

between the two size hydrocyclones. 

3.2.1.6 Examination of Hydrocyclone Not Operational  

Hydrocyclones were turned off for approximately one month to observe whether noticeable 

differences in secondary settling behavior occurred. To investigate the hydrocyclones impact on 

secondary settling, ISV, SVI5, and SVI30 measurements were taken on Train 2’s aeration 

effluent. Total phosphorus (TP) in the final effluent was recorded via the monthly plant 

operations report (MPOR). 
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3.2.1.7 Statistical Analysis 

Statistical analyses were performed on the hydrocyclone data set for JR looking at the 

effectiveness of hydrocyclones on overall settling treatment. Settling parameters evaluated were 

the ISV, SVI5, and SVI30 measurements for the different hydrocyclone operations. The null 

hypothesis stated that there was no difference in the effluent characteristics of the plant based on 

varying hydrocyclone operation. A direct comparison could be made between two different 

operation methods and a statistical T-test with two independent means was evaluated. The p-

value, which indicates how likely it is for the null hypothesis to be true, was calculated. A 

significance level of α=0.05 was used, and if p<0.05, then the null hypothesis was rejected. The 

T-test could then be used to study the effect size, in this study Hedges’ G was used, because of 

the different sample sizes. Effect size is a general indicator of the strength of the T-test result. 

The greater the effect size, the stronger the statistical difference. Table 3.1 depicts the general 

impact and indicated the Hedges’ G effect size value.  

Table 3.1 Hedges’ G Effect Size Classification 

Small Effect 0.2 

Medium Effect 0.5 

Large Effect 0.8 

(Nakagawa and Cuthill, 2007) 
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3.2.1.8 Dose Response Analysis 

A dose response analysis was conducted in order to evaluate the underflow settling velocity 

performance for the four nozzle sizes, 18mm, 20mm, 22mm, and 25mm diameter nozzles. 

Continuous settling performance data was evaluated from the hydrocyclones, for each respective 

nozzle. The average ISV for each nozzle’s underflow was calculated and compared to one 

another. The dose response analysis offers a potential valuable insight into hydrocyclone 

operation. Should settling performance be related to nozzle size then operations can employ 

nozzle size as a risk management tool for optimizing settling performance. 

3.2.1.9 SVI5/SVI30 Ratio 

The SVI5/SVI30 ratio can be used as an indirect indication of granular sludge in a treatment 

system. A system that is completely dominated by granules would display a SVI5/SVI30 ratio of 

1.0; however this ratio is more representative of a granule-dominated SBR system. For full-scale 

treatment facilities, a ratio that is approximately 1.3 would be more representative, because of 

the inevitable presence of flocculent sludge  (Figdore et al., 2016; Haandel & Lubbe, 2012). 

3.2.2 Urbanna Data Collection 

3.2.2.1 Nozzle Testing 

The hydrocyclone at UB was supplied with four different nozzle diameters. The nozzles were 

identified as A, B, C, and D. The identification letter with its respective diameter size, measured 

using a micrometer, are in Table 3.2. 
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Table 3.2 Nozzle Diameter Measurements (mm) 

Nozzle Classification Nozzle Diameter (mm) 

A 13.3 

B 13.0 

C 11.5 

D 9.5 

 

ISV, SVI5, and SVI30 measurements were taken for each nozzle’s overflow and underflow 

samples. Operating pressure was maintained at 30 psi during the entire test. Mass split was also 

quantified to ensure proper mass retention within the system.  

3.2.2.2 Mass and Hydraulic Split 

Hydraulic splits were determined by using a “bucket test.” A stopwatch was used to time how 

long it took the hydrocyclone to fill up the five-gallon bucket with both the underflow and 

overflow. The quantified flow rates could then be used to calculate the hydraulic split percentage 

using Equations 1 and 2 above. TSS measurements from both the underflow and overflow 

provide a mass split in relation to the mass loading rate. Equation 3 can be used for calculating 

the mass loading rate.  
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3.2.2.3 Initial Settling Velocity Measurements 

Samples were taken from the overflow and underflow of the hydrocyclone as well as from both 

treatment trains’ aeration effluent from the last aeration tank. Secondary clarifier effluent from 

both treatment trains was also collected in order to dilute the samples to 4,500 mg/L, which is the 

typical MLSS concentration the plant operates. The same protocol, mentioned before in Section 

3.2.1.2 was followed. 

3.2.2.4 Polymer Addition vs. Hydrocyclone Operation 

To evaluate which option is better a comparative analysis was conducted, Train 1 using the 

inDENSE™ process employing hydrocyclones, while Train 2-control was fed C-309P polymer. 

ISV, SVI5, and SVI30 measurements were taken and evaluated to determine if chemical addition 

surpassed a mechanical selector (hydrocyclone). 

3.2.2.5 Polymer Addition to Both Treatment Trains  

C-309P polymer was added to the inDENSE™ train to analyze the effect of chemical addition 

coupled with a hydrocyclone. In this way, hydrocyclone impact on polymer effect could be 

determined. ISV, SVI5, and SVI30 measurements were explored. 

3.2.2.6 Profiles With/Without Hydrocyclone 

Samples were taken from both trains to monitor nutrient concentrations when the hydrocyclone 

was operating (operational time for the hydrocyclone at UB was only during wasting, 

approximately 30-45 minutes daily). Ammonia (NH4), nitrate (NO3-N), nitrite (NO2-N), and 

phosphorus (PO4-P) were tested for each sample.  
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3.2.2.7 Plant Profiles 

Sampling of the plants nutrient concentrations was performed to evaluate nutrient changes in the 

overall process, with and without operational hydrocyclones. Ammonia (NH4), nitrate (NO3-N), 

nitrite (NO2-N), and phosphorus (PO4-P) were tested for each sample. For UB testing purposes, 

total suspended solids and volatile suspended solids analyses were performed following Standard 

Methods 2540D and 2540E, respectively.  

Phosphorus (PO4-P) Analysis 

Orthophosphate analysis was performed using HACH Test‘N Tube Plus 846 with a range of 1.6 

– 30.0 mg/L PO4-P.  

Ammonia (NH4-N) Analysis 

Ammonia analysis was performed using Hach Test‘N Tube Plus 830, 831, and 832 with ranges 

of 0.015 – 2.0 mg/L, 1.0 – 12.0 mg/L, and 2.0– 47.0 mg/L NH4-N, respectively.  

Nitrate (NO3-N) Analysis 

Nitrate analysis was performed using the HACH Test‘N Tube Plus 835. The range for analysis 

was 0.23 – 13.5 mg NO3-N/L. If detection was above 2.0 mg L-1NO2-N, then approximately 10 

mg of sulfamic acid was added to a 5.0 mL sample and allowed to react for 10 minutes to 

prevent nitrite being oxidized and causing interference on the nitrate analysis. 

Nitrite (NO2-N) Analysis 

Nitrite analysis was performed using the HACH Test‘N Tube Plus 840. The range was 0.6 – 6.0 

mg/L NO2-N and used EPA method 10237.  
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3.2.2.8 SVI5/SVI30 Ratio 

Same protocol was followed as mentioned in Section 3.2.1.9. 
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4. Results and Discussion 

4.1 James River Results and Discussion 

4.1.1 Nozzle Testing/Mass and Hydraulic Split 

Preliminary nozzle testing was conducted to determine the impact on hydraulic mass separation 

and the ISV rate between the underflow and overflow. 15mm, 20mm, 22mm, 25mm, and 27.5 

mm diameter nozzles were tested on a single 4-inch 20 m
3
/hr hydrocyclone (Figures 4.1 and 

4.2).The goal of the preliminary nozzle testing was to select a nozzle that could provide enough 

mass and flow to the underflow, and a high settling velocity that would make a noticeable 

difference in settling performance. A smaller nozzle was hypothesized to provide a better 

separation in settleability as evidenced by overflow and underflow ISV (Figure 4.3) and SVI 

measurement, but a smaller mass split reporting to the underflow and consequently less potential 

impact on settleability of the process mixed liquor.  Conversely, a larger nozzle diameter size 

would be able to achieve the high flow rate for the underflow, but produce a poorer mass 

separation and settling rate. The 25mm nozzle was chosen to act as the first nozzle to be run at 

continuous operation at JR, based on the fact that the mass and hydraulic percent reporting to the 

underflow was hypothesized to be sufficient to offer adequate retention of mass with a high 

settling velocity.  
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Figure 4.1 Hydraulic Percent Preliminary Nozzle Testing  
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Figure 4.3 ISV Measurements Preliminary Nozzle Testing 

4.1.2 Continuous Operation 

During continuous operation approximately 4-5 hydrocyclones were online depending on the 

waste rate for the day as established by the plant. The 25mm nozzles were the first nozzles 

implemented into the hydrocyclone operation. Start-up time for the hydrocyclones produced 

excellent ISV separation between the overflow and underflow, while an acclimation period was 

needed for the aeration effluent. Yet, as time progressed with the 25mm nozzle, separation began 

to decrease and overall settling did not improve. A 22mm nozzle was implemented to compare to 

the 25mm nozzle, due to the relative closeness of the hydraulic and mass split percent during the 

preliminary nozzle testing. The 22mm nozzle ran for a short continuous time; however, its 

presence did not produce a higher separation between the underflow and overflow, and the 
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aeration effluent settling was more similar to the overflow settling behavior than the underflow. 

The 22mm nozzle was switched out for the 18mm nozzle, and experienced similar results in 

settling behavior, but did produce slightly improved separation between the overflow and 

underflow. The aeration effluent still modeled settling velocities similar to the overflow. All 

samples exhibited increased settling velocities from switching the 22mm to the 18mm nozzle, the 

smaller nozzle selecting out more dense material that settles quicker (Figure 4.4). Polymer 

addition was recorded as being “on/off” with “off” being represented as flat on the 0 value line 

of the y-axis, and “on” being represented as a positive “blip” off the 0 value line of the y-axis.   

 

Figure 4.4 Hydrocyclone Continuous Operation with 25mm, 22mm, and 18mm Nozzles 

 

Plant SVI data did not show any major decrease of SVI5 or SVI30 measurements during 

continuous operation. However, statistical analysis indicated that, between the 25mm nozzle 

25     22     18  
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aeration effluent ISV and the 18mm and 22 mm ISV, the different nozzle sizes had a significant 

medium effect (from Hedge’s G) on the change of aeration effluent ISV (Table 4.1). Nozzle size 

appears to have a significant impact on ISV, suggesting that settling is better with a large nozzle 

hydrocyclone (statistically, this was a high medium effect size). 

 

Table 4.1 Statistical Analysis for the Comparison of the 25mm Nozzle and the 22 &18 mm 

Nozzle Aeration Effluent ISV Measurements 

Nozzle Size n 

µ (+/- SD) 

(m/hr) 

p-value t-test value Hedges G 

25mm 20 2.46 (+/- 0.76) 

0.03 1.94 0.72 

22 & 18mm 11 1.97 (+/- 0.48) 

 

 Plant SVI5 and SVI30 data (Figure 4.5) did not show any change in aeration effluent settling 

through the change of nozzle during continuous operation period. 
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Figure 4.5 JR SVI5 and SVI30 Plant Measurements During Continuous Operation of 

Hydrocyclones 

 

4.1.3 4-Inch and 3-Inch Hydrocyclone Comparison-JR 

Hydrocyclone size comparison exhibited no improvement in settleability characteristics by 

utilizing only the 4-inch hydrocyclones for continuous operation. Nozzle testing was conducted 

over three trial days. Two 3-inch hydrocyclones were then added to the continuous operation that 

would operate alongside the four inch hydrocyclones. The comparison analysis did indicate that 

based on a 90/10 mass split the 3-inch hydrocyclone provided better settleability than the 4-inch 

(Figure 4.6). However, this split is not representative of a continuous flow system, because the 

mass return of the underflow to treatment is not enough to make a noticeable difference in 

overall treatment. Therefore, other mass splits were explored, but did not indicate any difference 

between the two sizes.  
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Figure 4.6 4-Inch and 3-Inch Hydrocyclone Comparison on a Mass Split Basis 

 

4.1.4 Examination of Hydrocyclone Not Operational 

Hydrocyclone operation ceased for approximately one month in order to examine the effect of 

the hydrocyclone on the aeration effluent settling properties. Once the hydrocyclone manifold 

was turned off, the SVI5 and SVI30 measurements of the aeration effluent began to increase, 

indicating poorer settling behavior (Figure 4.7). The ISV of the aeration effluent decreased, 

indicating a slower settling velocity than what was previously experienced when the 

hydrocyclone was operational (Figure 4.8). Decreasing ISV values and increasing SVI5 and 

SVI30 measurements suggest that the hydrocyclone did have an impact on the settling 

characteristics of the aeration effluent; the impact was that when the hydrocyclone was 
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operational ISV rates increased and SVI5 and SVI30 measurements decreased implying 

improvement in settling; however, not enough to distinguish a noticeable difference in treatment 

efficiency. 

 

Figure 4.7 Examination and Comparison of Hydrocyclone Operation 

 

Figure 4.8 Aeration Effluent ISV Comparison of Hydrocyclone Operation 



52 

 

4.1.5 Statistical Analysis  

The null hypothesis, as stated before, suggests that there was no difference in effluent 

characteristics of JR with or without the hydrocyclones being operational. Table 4.2 outlines the 

settling parameters that were evaluated, with and without the hydrocyclone being operational, 

with the respective statistical tests and calculated values. 
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Table 4.2 Statistical Analysis Quantities for Settling Parameters With/Without the 

Hydrocyclone Operational and its Effect on Settling Behavior 

Sample n µ +/- SD p-

value 

t-test 

value 

Hedges G Effect Size 

ISV (with 

hydrocyclone) 

8 2.12 (+/- 0.73) 

0.015 2.54 1.13 Large 

ISV (without 

hydrocyclone) 

6 1.33 (+/- 0.54) 

SVI5 (with 

hydrocyclone) 

25 222 (+/- 26) 

0.007 2.75 0.57 Large 

SVI5 (without 

hydrocyclone) 

22 246 (+/- 22) 

SVI30 (with 

hydrocyclone) 

25 119 (+/- 14) 

0.001 1.88 0.97 Large SVI30 

(without 

hydrocyclone) 

22 132 (+/- 12) 

 

A statistically significant difference in ISV was detected between hydrocyclone “on” and “off”. 

Hedge’s G suggested this difference amounted to a large effect, thus it appears that the 
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hydrocyclone had a strong positive effect on the settling velocity of the aeration effluent from 

Tank 2. However, it must be noted that the data set analyzed consisted of multiple nozzle sizes 

and variations in the number of hydrocyclones online for treatment.  

SVI5 measurements collected with and without the hydrocyclone operating also demonstrated a 

statistically significant difference. With a large effect, suggesting that the hydrocyclone had a 

positive impact on the settling velocity of the aeration effluent.  

SVI30 measurements collected with and without the hydrocyclone operating yielded a 

statistically significant difference. The hydrocyclones had a strong effect on the SVI30, 

indicating a strong correlation between hydrocyclone operation and improvement in settling 

behavior.  

Data were also collected looking at the impact of ferric addition to secondary clarifiers as well as 

total phosphorus concentration in plant’s final effluent with and without the hydrocyclones. No 

statistically significant relationship between hydrocyclone operation and the ferric addition to the 

secondary clarifiers or the quantity of total phosphorus in the final effluent was demonstrated 

(data not shown).  

4.1.6 Dose Response Analysis 

The dose response analysis demonstrated an inverse relationship between nozzle size and ISV 

(Figure 4.9), that is as the nozzle diameter increased the ISV measurement decreased. This is not 

unexpected as the particle size distribution is highly dependent on the nozzle diameter size of the 

underflow. Average ISV values were produced by continuous operation of the 4-inch 

hydrocyclones (between four and five hydrocyclones on line based on daily wasting 

requirements), except for the 20mm nozzle. The 25mm nozzle did produce an increased average 
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ISV value, but this could have been caused by the initial start-up time of the hydrocyclone 

continuous operation, and the fact that the 25mm nozzle was the first nozzle installed on the 

manifold. The hydrocyclone manifold had been dormant for approximately one year before 

continuous start up took place, where the feed into the manifold had not produced previously 

selected particles, would have produced a different settling velocity than continuous operation 

selection.  

 
* = use of 4-inch and 3-inch hydrocyclones operational during collection of underflow sample 

 

Figure 4.9 Continuous Operation Underflow Dose Response Diagram 

 

4.1.7 SVI5/SVI30 Ratio 

SVI5/SVI30 ratio with hydrocyclones being continuously operated did not exhibit any 

differences from no operation (Figure 4.10). SVI5/SVI30 ratios were consistently above 1.5 +/- 

0.1, with an average SVI5/SVI30 ratio of approximately 1.8 +/- 0.1. Therefore, the SVI5/SVI30 

ratio was not indicative of granule formation at JR during this time. 
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Figure 4.10 SVI5/SVI30 Ratio at JR during Hydrocyclone Operation 

 

4.2 Urbanna Results and Discussion 

4.2.1 Nozzle Testing/Mass Split 

Nozzle A (13.4mm diameter) produced a mass split (Figure 4.11) where the underflow percent 

mass was greater than the overflow, and an ISV rate (Figure 4.12) where the underflow had a 

faster settling velocity than the overflow. Nozzle A was used for the daily wasting that took 

place at Urbanna.  
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Figure 4.11 Calculated Mass Splits for Urbanna Treatment Plant 

0

0.2

0.4

0.6

0.8

1

1.2

u
n

d
er

fl
o

w

o
ve

rf
lo

w

u
n

d
er

fl
o

w

o
ve

rf
lo

w

u
n

d
er

fl
o

w

o
ve

rf
lo

w

u
n

d
er

fl
o

w

o
ve

rf
lo

w

Nozzle A Nozzle B Nozzle C Nozzle D

IS
V

 (
m

/h
r)

Nozzle

 

Figure 4.12 ISV Measurements for Nozzle Testing at Urbanna Plant 
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4.2.2 Hydrocyclone Operation 

A re-seed of the inDENSE™ train activated sludge was needed after an over-wasting event 

occurred. This issue was resolved, but the new activated seed sludge needed an acclimation 

period for the new microorganisms, and so data collection was suspended for two weeks. Before 

the re-seed of the activated sludge for the inDENSE™ train, there was optimum separation 

between the overflow and the underflow, indicating superb performance by the hydrocyclone. 

There were instances where the inDENSE™ train did have a faster settling velocity than the 

control train; however, it was not conclusive (Figure 4.13). After the re-seed, separation between 

the overflow and underflow was not as distinct as before, and the control train had a faster 

settling rate than the train with the hydrocyclone. 

 
(Red line = re-seed of inDENSE™ train with York River Wastewater Treatment Plant biomass, two black arrows= 

polymeric spikes in Control train) 

 

Figure 4.13 Comparison of Treatment Trains With/Without inDENSE™ Process 

 



59 

 

4.2.3 Polymer Addition vs. Hydrocyclone Experiment 

A comparative study on settling behavior was conducted to evaluate the differences between 

polymer addition to the control train and the utilization of the hydrocyclone on the inDENSE™ 

train. The absence of ISV measurements in the beginning phase of the experiment was due to the 

frigid weather that UB encountered. The hydrocyclone froze; no samples could be taken. The 

two spikes in polymer addition represent operator error, due to personnel turnover at UB. The 

spikes in the amount of polymer added to the control train did provide useful insight into the 

effect of overdosing that is worsening the settling rate of the control train. At low polymer 

additions, settling in the control train maintained a range of ISV rates between 1.3-1.8 m/hr. UB 

tends to use a lot of polymer, seen in Figure 4.12, in comparison to large plants who may add 

0.5-1.0 mg/L of polymer during wet weather events. Polymer addition leveled out for 

approximately one month until the first spike occurred. The hydrocyclone did provide a faster 

settling velocity than the polymer addition when the polymer addition was steady, and through 

both polymeric spikes (Figure 4.14). 
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Figure 4.14 Polymer Addition vs. Hydrocyclone Operation at Urbanna 

 

4.2.4 Polymer Addition to Both Treatment Trains 

Polymer was then added to both treatment trains to analyze the effect of continuous use polymer 

addition to continuous use of polymer addition with the hydrocyclone. Experimental data was 

collected over a two month time frame. Over the two months of operation, there was no 

conclusive data indicating that polymer with the hydrocyclone provided faster settling rates than 

polymer only addition (Figure 4.15). 
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Figure 4.15 Polymer Addition to Both Treatment Trains 

 

4.2.5 Nutrient Profiles 

Nutrient Profiles were conducted to evaluate the change in nutrient concentrations over time 

(Figures 4.16 and 4.17). The inDENSE™ train did have a significant NO3-N decrease, indicating 

improved performance of nitrification within the first aeration tank. High NO3-N concentrations 

at the beginning of the profiling period contributed the anoxic tank back-mixing with the first 

aeration tank in both treatment trains. Baffle walls were installed in order to mitigate the 

problem. In mid-October, a washout of crucial wastewater microbiological communities within 

the treatment system occurred due to over-wasting at the plant. A re-seed of activated sludge was 

necessary for inDENSE™ train. Sampling did not take place at the plant for approximately two 

weeks, due to the acclimation period for the microorganisms.  NH4-N concentrations were 

sporadic throughout examination of both trains, possibly due to the lack of automated DO 

control in the aeration basins. 
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(Orange Line = Hydrocyclone On for Wasting Only) 

 

Figure 4.16 Nutrient Profiles for inDENSE™ Secondary Clarifier Effluent 

 

Figure 4.17 Nutrient Profiles for Control Secondary Clarifier Effluent 
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4.2.6 SVI5/SVI30 Ratios 

SVI5/SVI30 ratios at UB over a ten month time span were calculated and plotted (Figure 4.18). 

SVI5/SVI30 ratios in the first months did approach values below 1.4, but quickly increased until 

the re-seed to Train 1. After the re-seed, the SVI5/SVI30 ratios were very low, which could be a 

result of the fresh sludge from a larger treatment facility, and as a result, is not the best 

representation of UB sludge. Once the sludge was acclimated to UB process, the SVI5/SVI30 

ratios increased to approximately 2.0, most likely the result of the frigid weather as UB has open 

and above ground tanks that readily freeze. Polymer addition to Train 1 did stabilize the 

SVI5/SVI30 ratio for approximately 3 weeks with SVI5/SVI30 ratios below 1.5, but increased 

with the average SVI5/SVI30 ratio of approximately 2.0 after polymer addition.  

 
 

Figure 4.18 SVI5/SVI30 Ratio for inDENSE™ Process at UB 
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5. Conclusion/Engineering Significance 

5.1 Conclusion for James River 

Hydrocyclones did have a marginal impact on settleability at the James River wastewater 

treatment facility. ISV, SVI5, and SVI30 measurements did provide insight into how the 

hydrocyclone was contributing into overall settling treatment efficacy. Continuous operation of 

the 20 m
3
/hr hydrocyclones, with approximately 4-5 hydrocyclones constantly operating, did not 

improve plant settling parameters by examining the MPOR, however it appears that the nozzle 

size does have a significant impact on the aeration effluent ISV, suggesting that the settling is 

better with a larger nozzle hydrocyclone at this plant. Once the hydrocyclone operation was shut 

down there was a decrease in ISV and an increase in SVI5 and SVI30 values of the aeration 

effluent, indicating that the hydrocyclone did have a small impact on settling, however not 

enough to change plant operations. No noticeable change in ferric addition to the secondary 

clarifiers or total phosphorus in the effluent was observed.  Nozzle selection for the 4-inch and 3-

inch hydrocyclone comparison did not appear to impact settling parameters. Since there was no 

differentiation between the two sizes of hydrocyclones, the two 10 m
3
/hr hydrocyclones were 

placed online with the 20 m
3
/hr hydrocyclones.  No considerable change occurred with the 20 

m
3
/hr and 10 m

3
/hr hydrocyclones operational at the same time. However, a mass split with little 

mass reporting to the underflow, did produce a significant settling velocity separation, but would 

not be operational at a full-scale treatment facility because of the lack of mass returned to the 

system. There was no difference in total phosphorus concentration in the secondary effluent, 

with or without the hydrocyclones. There was also no difference between the amount of ferric 

chloride being added to the secondary clarifiers and hydrocyclone operation. Overall, the 

hydrocyclones had little impact on the overall settleability at James River Treatment Plant; 
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however, statistically the hydrocyclones did have some impact on settling behavior. Further 

research should be conducted by returning the underflow from returning to the beginning of the 

anaerobic zone where it mixes with PCE and RAS, to a separate tank and enter the anaerobic 

zone for each nine aeration channels independently. This suggestion should be taken with 

caution due to the need of extensive maintenance and cost that would be required to fulfill this 

action. There is potential for the 4-inch hydrocyclones to replaced with all 3-inch hydrocyclones, 

however a 10/90 mass split of the overflow/underflow may be difficult to achieve and maintain 

at full-scale.  

5.2 Conclusion for Urbanna 

Installation of the hydrocyclone did provide exceptional separation between the overflow and 

underflow and provided the inDENSE™ train with better settling sludge due to the retainment of 

the underflow portion within the system. After the re-seed, however, separation by the 

hydrocyclone was not as evident as before. This concludes that there was little difference in 

utilizing a hydrocyclone as a selective pressure to provide better settleability. Further research is 

needed; another extended period experiment on the comparison of using a hydrocyclone as a 

selective pressure should be performed. An interesting component of this research was found 

when comparing settleability between polymer addition and hydrocyclone utilization, that is the 

hydrocyclone did outperform the polymer addition. However, this could be a result of 

overdosing of polymer by plant operators. Equal polymer addition to both trains of treatment did 

not provide conclusive evidence as to whether the hydrocyclone aided the settling of the 

biomass, due to having to consistently pull the hydrocyclone pump in order to de-rag it from the 

excessive polymer dosage. Comparison of nutrient concentrations with the hydrocyclone and 
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polymer addition configurations did not provide any conclusive information about differentiation 

in operations of the two treatment trains’ secondary clarifiers.  

5.3 Engineering Significance 

Hydrocyclone implementation as a means to improve poor settleability characteristics at a plant 

can drastically improve not only wastewater effluent characteristics, but also can be a cost 

savings technique. Full scale hydrocyclone implementation will provide a cost savings to the 

plant by retrofitting the hydrocyclones to treatment characteristics and not having to replace 

improperly sized secondary clarifiers. A way to balance the solids loading in the small secondary 

clarifiers would be to increase the aeration tank capacity. In order to increase the aeration tank 

capacity, the SVI measurements need to be low. Designing secondary clarifiers is based on the 

90th percentile SVI which models the worst case scenario of SVI that the plant could incur. By 

controlling the SVI and driving the SVI down, aeration tank capacity and the plant capacity will 

be impacted positively. With the ability to decrease the SVI, the SLR can increase and increase 

the mixed liquor at the plant, leading to more capacity at the plant. The use of a hydrocyclone 

can also cut down on chemical addition, such as polymer addition for the plant, an added cost to 

overall treatment expenses. Optimization of the hydrocyclone in a full scale system does provide 

the wastewater engineering field with valuable insight into the application of a mechanical 

external separator as a means for improving settleability as well as optimum effluent quality 

characteristics with minimal maintenance work while at a low capital cost for the industry.  

Hydrocyclone operation at both JR and UB provided mixed results of whether hydrocyclones 

have a positive influence. These mixed results are probably the result of collecting data at full-

scale operational plants where unexpected events, sporadic weather conditions, and operational 
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exigencies interfere with ideal research platforms and parameter collection. Despite this, there 

are hints in this research that suggests hydrocyclone benefits within the field of wastewater 

treatment and environmental engineering. 
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