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Executive Summary

The accumulation of sludge in anaerobic effluent treatnpemos usedat the majority of Australian
piggerieshas proved to be a difficult ise to manage effectivefgr severaldecadesWhile the sludge
has a significant value as an organic fertiliser and soil amendmarany instances, producers have
delayed removing sludge from their anaerobic ponds, resulting in the accumulation ofdanges
of highly denssludge deposits which have proven to be extremely difficult and expensieentove;
particularlyfrom large, deepponds. As the sludgerogressivelyaccumulatesver time the treatment
capaciy of an anaerobicpond decrease. This potentially resultsin; increasedodour emission,
ineffective treatment of piggery effluent, and carryover of satitssecondaryeffluent storaggponds.
Furthermore, the solids content and viscosity of tBeidge increasavith storage time and depth
within the sludge profileConsequentlydesludging pondsvhich have not had any sludge removed for
periods over five years, can prove to bery difficult time consuming and expensive.

Severafactors have constrained producers from effectively managjirdge These includethe lack

of reliable Australian data on sludge accumulation rgpead designs which have not adequately
considered the need for periodic desludgitexk of relatively simpland inexpensivéechnology for
effectively monitoring ladge levels in anado@ ponds, lack of reliable information and knowledge
regarding effective desludgimgethods lack of guidance on the most appropriate timinglesludging

for ease of removal, without significantly reducing the energy potentiald§slstored in covered
anaerobic ponds (CAPslack of experienced desludging contractors with suitable machinery in some
regional/rural aregsand the gnificant costs involved in employing desludging contractors and/or
labour costs to carry out desludgirmgerations. Thanajor objectives of this project were to address
the constraining factors outlined above.

Sludge profiling was carried out by Premisgriculture (formerly FSA Consulting) on eleven primary
anaerobic ponds and four secondary effluent storage ponds operatiten atommercial piggeries
located on the Darling Downs in southern Queenslamtie sludge profiling method involved using a
sonarfish finder and GPS unit mounted ithamanoperatedaluminium puntvhich waspropelled in

a grid patternover the pond surfae. The resulting sludge depth and position data wesed to
generate a digital terrain model (DTM) of the sludge surface ugirgialised computer software.
Sludge volumes were determined from the sludge DTMs and the original desigrcongtsucted
survey data for the various pond$uture developments for pond sludge profiling could include
developing a remoteontrolled raft b convey the sonar and GPS units over the pond surface, to
further improve the safety and convenience of sludge profiling dioeisa

The PigBa#t model (Skerman et al2013) was used bRAF to estimate the total solids (TS) loading
rates which hadcontributed to the sludge volumes measuréd each of the pondsThis modelling
used historical pig herd, feed consumption and paondnagement datprovided bythe piggery
operators.The resulthg TS loading rates, estimated by the PigBalelling, weraised in conjunction
with the sludge volumes determined by the sludge profiiingyey, andhe availablgpond desludging
history, to esimate sludge accumulation ratis each of the surveyed pals

The estimated sludge accumulation rates ranged from 0.00054 to 0.00324 TS, with a mean value
of 0.00238 + 0.0008 m3/kg TS (95% confidence interval$his mean value is approximtequal to

the mean of the previous design standard 0.008&&g TS (Barth, 1995) and the current design
standard 0.0013m3/kg TS (ASABE, 2011The variability in thesludge accumulation rastimates
reflects thevariation in pond design charactertst, uncertainty regarding pond desludging dates and
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volumes of sludge remove&urthermore there is the possibility ofinreported changes in pig herd,

diet and management practices, particularly as the ownership of some of the pigger@smhged

over longoperational periodsThe results demonstrate that the current design standard is within the
measured range of sludge accumulation rates and that there is insufficient evidence to suggest any
major changes to this standard.

A proceduredeveloped by DAwasused to obtairseverakamples of the pond sludge and supernatant
from three uncovered anaerobic pondé. further sludge sample was obtained from a covered
anaerobic pondCAP)undergoing desludginghese samples were analysed at the DAF Toowoomba
and UQ AWMC laboratories.

The final component of this project involved the development of computational models to predict
hydrodynamics and sludge behaviour within feelectedponds surveyed during previous stagesis

work was carried out by researchebagd at the Advanced Water Management Centre (AWMC) at
the University of Queensland (UQJ)-he modelling method involveseveralcomponents, each of
which simulatd particular aspects of the systetm provide a complete picture of pond performance
when wsed h combinationFirstly, ahydrodynamics or computational fluid dynamics (CFD) simulation
platform, usd a custom hydrodynamic physics and solver implementation to predict the liquid, solid
and combined liquidolid dynamics occurring within the pandrhis gave greater understanding of

the hydraulic flow and solids settling and sludge accumulation behaviour.

The four pondswere modelled in the hydrodynamics platform under three different bases: A two
dimensional (2D) system, in which fluid only trisvacoss a horizontal plane depicted as a #bpwn
view; a threedimensional (3D) system, in which the fluid trd@éthrough all spatial dimensions but
wasstill modelled as a sole liquid; and a thidimensional, twephase system, in which solidere
included in the framework and a more realistic representation of concentrated sludge poads
produced. Previous work in large scale systems has not included a solid Altasepartmental based
hydraulic modelusad a simplified pond geometry and parametgptimisation to further assess
hydraulic flow (and, to some extent, solids and sludge behaviour). This compartmentaimagtietn
applied to a biochemical model, to provide leegm predictions of sludge behaviour, overall pond
performance and achienent of the original objectives.

The hydrodynamic model was generally effecivgredictingflow patterns and earkpperation sludge
behaviour but was not suitable fpredictinglongterm pond performance. The compartmental based
model and biochemicahodel both performed as expected, identifying process kinetic behaviour,
sludge accumulation behaviour, and kegn pond performance. To the best of our knowledge, this

is the firg reported hydrodynamic model ofargescaleponds to include a solids pke in the
framework. Furthermore, this also appears to be the first study of sludge accumulation through an
extensive hydrodynamigiochemical simulation approach.

Each pond showedonideal mixing hydrodynamic behaviour. Solids settled rapidly in sloadd
ponds, forming a variable depiled whichoccupied a substantial fraction of the pond. Shallow ponds
were dominated by substantial surface recirculation dynamics, and werepsbgeeto solids
accumulation, while deep ponds allowed the formatiom @feltdeveloped settled fraction. The very
long HRT pond had an increased bypass, though this may also be due to a shallow depth.



The optimal pond design as determined by the mduhded assessment is 150d HRT, which balances
pond lifetime, capital cosand performance. This will have a lifetiilmeéhe order of 3-5 years without

in-situ desludging, assuming kinetics from methane potential tests. Lifetime will be longer based on the
higher extent observed from the sampling campaign. A deep pond (6m+gfexned to a shallow
pondin orderto (a) increase sludge holding capacity, (b) decrease the hydrodynamic impacts of sludge
accumulation, (c) minimise internal recycles and bypass,fand (d) enabledisitu desludging. Sloped
sidewalls are important taninimisedead zonesnd allow the sludge to accumulate in a desludging
zone. Desludging events should be at relatively teng intervals (100 days) to minimise the methane
potentid of the resulting product (and maximise thepond performance).
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1. Background to Research

The accumulation of sludge in anaerobic effluent treatnpemids usedat the majority of Australian
piggerieshas poved to be a diftult issue to manage effectively owewveradecades. Whil¢he sludge
has a significant value as an organic fertiliser and soil amendimangny instances, producers have
delayed removing sludge from their anaerobic pomesulting in the accumulatioof large volumes
of highly dense sludge deposits which have proven textremely difficult and expensive to remove,
particularly from large, degponds. In some cases, sludgided anaerobiponds have been abandoned,
requring the construction of newponds at sites where there is sufficient land area avail@tilether
sites where there is insufficient land available for the construction of a pemd, producers have
employed contractors to remove part or all of the sludgsing longeach excavatorsszacuum tankers
and agitators, various types of solids handling pumpdleatihg dredgesAs the sludgerogressively
accumulatesver time, the treatment capagjtof ananaerobigponddecrease. This potentially results
in increased odour emission, iffective treatment of piggery effluent, and carryover of solids into
secondary effluent storag@onds. Furthermore, the solids content and viscosity of the sluglgeerally
increase with storage time and depth within the sluggefile. Consequently, deslgingponds which
have not had any sludge removed for periods over fivaes/ean prove to be difficult, time consuming
and expensive.

The following factors have constrained producers from effectively managing sludge:

9 Lackof reliable Australian data asludge accumulation rates.

1 Pond designs which have not adequately consilitire need for periodic desludging.

1 Lack of relatively simple technology for effectively monitoring sludge levels in anaerobic
ponds.

1 Lack of guidancen the most appropriate timingf desludging for ease of removal without
significantly reducing the engrgotential of sludge stored in covered anaerobic ponds
(CAPSs).

9 Lack of reliable information and knowledge regarding effective desludging technologies

1 Lack of experienced desludgigontractors with suitable machineiry some regional/rural
areas

9 Signifiant costs involved in employing desludging contracémrd/or labour costs for piggery
employees to carry out desludging operations

Following the istallation of severaCAPs over the pastdecade combined heat and power (CHP)
systems are being used tergerate electrical power and heat frothe collected biogas. Consequently,
it is becoming increasingly more important to selgeind desludging inteals (triggers) to avoid
excessie premature export of volatile solids which coufmbtentially contribute gnificantly to
valuable biogas yields. Some of the recently constructeBs®Ave included sludge extraction pipes
installed at regular intervals ag the length of thepond However, there is currently minimal
monitoring data available to assist withetlelection ofappropriate extraction pipe spacing and
diameter to enable effective pond desludging.

Several new mixed hybrid @, fitted with stiring and heating systems, araremtly being planned
and installed at Australian piggeries (RCM Intermatip It is currently unknown how the addition of
stirring / sludge circulation systems will affect sludge profiles and the subsegaresjement cfludge
removal from thesgonds.
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Notwithstanding the recent interest in C&s, sludge managemem@mains asa major issue facebly

the majority of pig producers throughout Australia who continue to use conventional uncovered
anaerobigoonds for primary treatment of piggery manure. Tlo&tcomes from thisproject will assist

in the design of new anaerobjgonds by providing reliable Australian data on sludge accumulation
ratesand the formation of sludge profilesver extended time periosg, for a range of differenpond
configurations, lading rates and management practices.

Two key issues make the study and ersfanding of sludge behaviourponds difficult;

A the sludge behaviour is intimately linked to biological processes and hydrodyff@mic
conditions, both of which are influencéy the pond geometry, design loading rate and
reattime sludge inventory;

A ponds are nonsteady state systems and so undergo progressive change between
desludging events, making interpretation of grab sampéitegdifficult.

The latter is influenced by thage andistory of thepond, and hencesampling of specifionds over

a usual project period of B years, only gives a snapot of progressively changing conditioifis.
address this limitatianthis report details the development of a series of modatsd modelbased
aralyss at the AdvancedWater Management Centre (AWMCprovidingadditionalpredictions of
hydrodynamic andludge behaviour within thgonds investigated e profiling sampling and analysis
components of the projectHydrodynamic moels areused to simulate the fluid flow, solid dynamics
and settling behamiir. A compartmental modeis used tovalidate the results of the hydrodynamic
modelling and provide simplified Wobehaviour for use with a biochemical model. A biochemical
model is used to replicate the physicochemical and biochemical reactions oag@amih provide
continuous information on the compositional and physical state of components within the pond.
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2. Objectives of the Research Project

As outlined in the project agreeemt, the objectives of this project were:
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1.

To develop and trial methods faffectively monitoring sludge profiles and accumulation rates
and collecting sludge samples from uncovered anaerobic effioeds.

To determine sludge profiles in approximatefydxisting anaerobic efflueponds at souhern
Queensland piggeries.

To edimate the sludge accumulation rates in each ofgbads, based on sitgpecific data
relating to the pond loading rate (pig herd, diet and production performance), the original
pond dimensions and desludging history.

To collect several sludge samplesrfreelectedoonds (included one covered anaerolgiond)

to determine the solids and nutrient contents and the biochemical methane potential of sludge
sampled at various depths andt&tions within the ponds.

To further devel@ (including calibration) and esn integrated hydrodynamtiochemical
model to provide predictions of sludge behaviour.

To determine optimal desludging intervals for ease of pumping while avoiding sigrofisast |

of methane potential.

To provide recanmendations for the design of @robic ponds to enhance the ease of
desludging.



3. Introductory Technical Information
3.1 Previous Australian research

The followingAustralian research projects have some relevatocne present studyThe majority of
theseprojectswere carried out withfunding assistance from the Australian pork industry:

1 APL Project  No. 2012/1029 -  Sludge Handling  and Management.
https://australianpork.infoservices.com.au/items/20023REPORT

1 APL Project No. 2108 Improved piggery effluent management systems incorporating highly
loaded primary pondsttps://australianpork.infoservices.com.au/items/20088REPORT

1 RIRDC Project No. PRJ05672 - Methane recovery and use at Grantham piggery.
https://www.agrifutures.com.au/product/methameoveryanduseat-granthampiggery/

1 APL Project No 2009/2295 Sludge Management for a Covered Anaerobic Pond at Bears
LagoonPiggenhttps://australianpork.infoservices.com.au/items/20P395REPORT

1 Pork CRC Project 4C109- Enhanced methane production from pig manure in covgeuads
and digesterbttp://porkcrc.com.au/research/prografdprogram4-projects/

1 Linking bidogical processes to solids behaviour & performance in anaerpbiws, a
developing  collaborative  project between UQ and Melbourne  Water.
http://www.awmc.ug.edu.au/linkitgologicalprocessessolidsbehaviousperformance
anaerobiegagoons

3.2 Sludge profiling

Sludge profiling has generally been carried outanuallyusing a probe or Ibar from a boat to
detect the top of the sludge layén a piggery effluent pon&ludge surveys were generally carried out
in a grid patternpver the pond surfaceThis practicevaslabour and time intensive and subjedthe
operatorsto a degree of riskDetecting the indistinct top of the sludge layer walso quite subjective
due to the fluid nature of thetop layer. Physical limitations on the length of probe ®drbar also
restricted the use of this method in deep ponds.

More recently, sonar and GPS have been used to more rapidly and objectively mesladge
accumulation (e.g. Duperouzel, 20@ngh et al2007and Westerman, 2008 Sonar (fish finder) units
determine the depth to the sluddey measurindhe time lapse betweethe transmitted and reflected
signals from thesonartransducer Duperouzé (2005 found that sonamethods carrapidy measure
the depth b sludgein piggery effluent pond3his technique waalsoused by Skerman et al. (2008)
for the measurement of slgg accumulation in a highly loaded piggery effluent pond near Dalby
(Queerdand).This study indicated that the accuracy of the sonar mdthas comparable to that of
light reflectance (nephelometer) metho®&ingh et al(2007) and Westerman (2008eported on the
development ofremote controlled rafts which use@PSenabled snar equipmentto map sludge
profiles withoutdeployingpeople ina boat on the effluent pond'his was considered to be safer and
less time consuming compared t@ditional manuammethods.
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3.3 Sludge accumulation rates

O'Keefe et al. (2013) (APL Projebto. 2012/1029) reviewed the physical and rheological properties

of pond sludge and the methods used to pump, remove, dewater and manage the wet sludge. This
work has assisted in the lgetion of pumps for use irpond desludgingThey alsoprovided a
comprehensive overview of studies which identified sludge accumulati@s e piggery effluent
ponds.

Until relatively recently, ladge storage allowances used in the design of piggéoerf ponds in
Australia were generally based on tlieear Rational 2sign Standard (RDS) recommendation of
0.00303m3/kg TS (Barth, 1985)This rate of sludge accumulatiowhich was the averageale
reported by Barth and Kroes (1985) for six piggeagdons in the US, was later adopted in th6AE
standards (2004Chastin (2006) proposed a new sludge accumulation modelg dasic treatment
and mass balance approathis publicationled to the adoption ofupdated ASABE standards (2011)
which sugggted asubstantially lowesludge accumulation ratg 0.00137m3/kg TS

Hamilton (2A0) monitored sludge accumulation in two anaerobic / facultative ponds treating the
wastewater from breeder piggies over anineyearperiod. They found that sludge actwlated more
rapidly in the second unit where some sludge was remowedffluent irrigation, compared to the
first unit which was left undisturbedhis suggestethat the regular removal of sludgalso remove
some of themicro-organismsvhich wererespmsible for breaking down the wastewateesulting in
incompletedigeston of the incoming wasteThe resultsof this study suggestetthat the standard
sludge accumulation rateould be lowered t00.0012 m3/kg TS for pondswhere the sludge is
undisturbedduring operation and thetorage periodslonger than ten years. Théuglge accumulation
rate also escalatewhen sludgeaccumulation approachegD% of the ponddrawdown volumeand
following encroachment within 1.00 and 1.25from the maximum drawdown (&l

Examples of Australian studies incluiechall (2010Wwho determned a sludge accumulation rate of
0.00094m3/kg TS in a covered anaerobic pond at a commercial piggeay Bendigo (Victoria) over
afiveyearoperating period. Skerman et al. (2008j)lentified a sludge accumulation rate of less than
0.00D0m3/kg TS affer 22 months of operating a highly loaded pond.

A study carried out at a municipal wastewater pond ire€ce Papadopoulost al., 2003) suggested
that three distinctly different zoreformed within the anaerobic pond: The first zone, which formed
at the baseof the pond, consisted of inert, higiensity sludge. The second zone, which formed above
this, contiined a high concentration of volatile (easily biodegradable) sludge. Thautied zone
(supernatant), was a liquid layleaiving dow suspended dimls concentration Local climate conditions
are known to affect sludge distributions throughout the yean this pond, kidge accumulation
followed an annual sinusoidal pattewith higker rates reportedduring winter and lower ratesduring
summer dueto the increasedanaerobialigestionactivity.

3.4 Sludge distribution

The design and managemenaogerobic ponds and sludge removal systems requires an understanding
of the distributbn of sludge across the base and batters of the p&mndvious studiebave shown that
this distribution is highly uneve®Keefe et al.2013)
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For a primary pond trating municipal wastewater in of Mézadkce) the depth of sludge at the
entrance ofthe first pondwas greater than i, rapidly decreasing to less tha® n at a distance of
50 m from the irfet. Greater accumulatiorf sludge was also observed in therners of the pond.
Gaseous products of the anaerobic decomposition process appgreativey solids to the pond
surface where they are blown into the commeeby wind action (Picot et al., 200%imilar findings were
reported by Gratziou and Chalatsi (28). Ponds with steep sidewere found to provide favourable
conditions for uniform ditribution of sludge (Papadopoulos et 2D03).

Sludge accumulatiaffectively reduces the pond hydraulic retention time (HRT), potentially adversely
affecting treatrant efficiencyNelson et al. (2004) suggested that effective hydraulic retentionstime
(HRTSs) in the facultative ponds may be even further reduced by thmdtion of preferential flow
paths and dead zoneBheir research supported previous findings whiiatlicated that the majority of
sludge accumulates directly in front of the inletacdltative ponds with single inlefslternative inlet
configurationssuch as installing additional inlet pipes and/or increasing the inlet velocity or direction,
may bemore effective in distributingludge more uniformlpver a wider area.

Abis and Maat (2005) suggested that regular, elongated pond shapes may have eadauragular
distribution of the sludge solids in three pilstale facultative ponds treating nicipal wastewater in
the UK.

The previous research suggests that there are clateractions between sludge distribution and pond
hydrodynamicsTheseprocesses are poorly understood and have not been well studied for anaerobic
ponds particularly under Australian conditions
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4. Research Methodology
4.1 Sludge profiling

Sludge profiling wasarried out by Premise Agriculture (formerly FSA Consulting)etevenprimary
anaerobic ponds antbur secondary effluent storage ponds operatingeat commercial piggeries
located on the Darling Downs in southern Queenslafttails regarding the piggees and pond
capacities are provided in TableThe secondary pondsere includedin the profiling schedulafter
observing thathree of the secondary ponds were receiving effluent discharged from primary ponds,
which were storing lgh levels of sludgeshile pond 4 was receiving effluent discharged from a heated,
mixed, n-ground, hybrid digesteit was concluded that surveying thesecondaryponds may provide
valuable data on the carryover of sludge from different primary pondigorations.

The sluidge profile monitoring methodsed in this project wadeveloped basedn the experience of
Premise Agriculture and DAF employees working in this area over the past 20 gadiscludedthe
three stageslescribed below:

4.1.1 Hydro Survey

A Lowrance HDS edho sounder was attached to the transom Bfr e mi s e Agluminenrul t ur e 6
punt, just below the waterlineThe sounder was connected to a Trimble Yuma whichgkxthe

position and depth data into HydroSurvey softwafée punt waspropelled by an outboaraklectric

motor, in a grid patternover the pondsurfaceto collect defh data to the top of the sludgerhe

sludgedepths wereconfirmed usind A F &nslongaluminium teepole to physicallyeel the depth of

sludge ando confirm whether the physicallyatived depth correspondeavith the depthindicated

on the sounder readat. The physicasludge pole measurementsnsistentlyconfirmed the sounder

reading throughout the hydrosurveyprocess For total pond depthdess than 6n, the sludge pole

was pushé through the sludge until it reached a solid baseconfirm the orignal (asconstructed)

depthof the pond.

Figures 1(a) and 1(b) are photographs showing the hgdroeying procedure bejncarried out on
pond 4 (piggery A).

(b)

Figurel Premise Agriculture employee carrying out theuhyelydo determirladge profiles in secondary pond 4 at
piggery A on 4 April 2017.
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4.1.2 Ground truth survey (R3KRS)

A Topcon GR5 RTK-GPS multconstellation high performance receiver was used to sunaurate
GPS pointaround the pond sitesThe receiver wasoupled witha Panasonic Tough Book (&JL)
running Magnet Field to control the GRRTK-GPS unitA base statiorwasestablishedo correct

the GPS locations picked up by the rover unit, via@adink between the two unitsThe rover unit
wasused in conjunction wh a 2m survey staff to pick up individual survey poienchmarksvere
established at all piggeryestso that any future surveys can be compared with the previous surveys.
Surve points were taken of theffluent storagédevel, bank crest level antd pond inlets and outlets.
Additional survey points were taken in certain locations to ensure an aceuegresentation of the

size of the pond and theffluent storagdevel. For &ample, extra points were taken oourved
embankment profileto ensure hat the shape of the pond was accurately captured.

4.1.3 Post processing

The survey data was initially open@dMicrosoft Excel to convert the format for import into Topcon

Magnet softwaee. The ©O6as constructedd or Oas dedangdmaedd po
digital terrain model (DTM) was created feachpond.The ground and hydro surveys were impaodte

and a DTM created of the hydro survey dateith the outer boundary being th crest of the pond
embankment

A volume report was createtbreachponrdusi ng t he 6desi gnd D, Typlcaflyr om t h
in 0.1 m horizontal slices. This produced report that define the pond volumes in 0.1 m depth
increments A similar rgport was then generated using the hydsarveydata for the sludge heighin
similar0.1m slices. This effectively gave the psidragevolumeabovethe sludgelevel recorded
during the hydro surveyThe pond volumegrom the original (asbuilt) base ad the sludgesurface
were determinedup to the effluent storageelevation confirmedby the ground truth surveysThe
difference between these volumes gave #hedge volumen the day of the hydro surveyAerial
photographs and sludgmntour plansproduced by Premise Agriculture for the 15 ponds surveyed
for this project areprovided inSection 5.1 of this reportCrosssections were taken across the ponds
to produce a visual representation of the original design and sludge I[&heke cross sectionand
pond outline and inlet/outlet information were exported into AutodeskitACAD to produce the
figures provided in Apgndix B.

4.2 PigBal modelling

The PigBa#t model (Skerman et al2013) was used bRAF to estimate the total solids (TS) loading
rates contibuting to the sludge volumes measured for each of the pgiidble 3) This modelling
used historical pig herd, feetbnsumption and pond management data obtained from the piggery
operators. In instances when reliablsite specificmodel input data wasot available, assumptions
were made based on normal instoy practices.The PigBal modelling also provided estimatés
volatile solids (VS) loading and hydraulic retention time for each of the pasdgported in Tabld.

4.3 Sludge accumulation rate est imation

The sludge volumes determined by the sludge profiling survey weeel along with the TS loading
rates estimated by the PigBal modellingd the pond desludging historyo estimate sludge
accumulation ratesvhich are generally expressed in termistbe volumeof sludge deposited on the
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base of the pond per unit mass D8 entering the pond in the shed effluent stredmsome instances,
there were limited reliablerecords available regarding pond desludging histatgo, for pondsthat

had previosly been desludgegiggery operators were generally unable to provideuaate estimates

of the volume of sludge removedhis lack of reliable data may have affected the accuracy of the
sludge accumulation rate estimafes some of the pondsThe assuma& sludge accumulation periods
for each pond are shown in Table 3.

4.4 Sludge, supernatant and effluent sampling

DAF developed a Standard Operating Procedure (SOP) for safely and effectively sampling sludge from
uncovered effluent pond3he procedire involvel using a 3.0n long flatbottomed, aluminiunpunt

fitted with an outboad electric motor and a sludge sampling pole, developed by DAF for use in
previous projects. This SOP is included in Apperligf this report. A photograph of thesludge
samplingoperation isprovided in Figure.

Figure Sampling sludge from pongiggery B) on 21 February 2018.

Following consultation with the University of Queenslgdb®) researchers carrying out the modelling
component of this project, it was decided to émit the following samples fromonds 5, 2 and 7:
A Six sludge sampléa-F), generally along the assumed flow path between the pond inlet and
outlet.
A Three supernatantamples, from near the pond inlet, the centre of the assumed flow path
and near the ponautlet.
A One sample of the treated effluent discharged from the pond grawiérflow.

The abovesamples weresubsequentlgollectedby DAFfrom ponds 5, 2 and,on 21 February, 27
February and 8 March 2018, respectivdliiese ponds were selected for sphimg, partly because of
the physical limitations of sampling sludge uaiBgn long sampling pole and also to ensure that they
were representative of the range of porgizes, loading rates and operatipgctices adopted by
industry. The sludgesamplindocations(A-F) on ponds 5, 2 and 7 are shown Figures 3(a), (b) and
(c), respectively.The yellow arrows on these figures indicate pond effluent entry and discharge
locations.
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Figure Rerial photos showpandsludgesampling sit€a) Rnd 5, piggery, B)Pond 2, piggeryafd (cPond 7,
piggery D
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All sludge, supernatant and effluent samples were placed on ice in polystyrene bogrésr for
transport to the DAF and UQ laboratoriesOn arrival at the laborataes the sampleswvere
refrigerated atapproximately 4C prior to analysis.

In addition to the above samples collected from uncovered anaerobic ponds, a further sludge sample
was obtained on 15 May 2018 from a covered anaerobic pond (CAP) operating at a large commercial
breeder unitlocated in southern New South Wale3his samplavas collected dring an ongoing
desludging operation being carried out using a cover mounted desludging pump, as shown on the aerial
photographbelow(Figure4).

Ay

4 /’ Desludging -
/ Gpump />

Figuret Aerial photograph (GtEarth) showing the effluent inlet and outlet andsalugdiag locati®an the
covered anaerobic pond operating at a large commercial piggery in southern New South Wales.

4.5 Sample analysis

Two sets of each of theond sludge, supernatant and efflusamples were collected fdhe various
analyses carried ¢undependenthat the DAF Toowoomba laboratory and the AWMC laboratory at
UQ St Lucia campus.

The following analyses were carried out at the DAF Toowoomba laboratory:
A Total solids (TS), volatilsolids (VS) and fixed solids (FS) or &shall sludge, siernatant
and effuent samples
A Biochemical methane potential (BMB) selected sludge samples

The following analyses were carried out at tH® AWMC laboratoryon all of the sludge, supernatant
and effluent samples
A Total chemical oxygen demand (tCO8pluble chemicaixygen demand (sCOD),
Ammonium nitrogen (NHN), Phosphate phosphorus (R®), Total volatile fatty acids
(tVFA), Total Kjeldahl nitrogen (TKN), Total Kjeldahl phosphorus (TKP).
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A Various individual volatile fatty acids (VFA).
A Various traceelements and nutents.

The TSand VSconcentrations were measured in triplicate usimgnodifiedversion of themethod
recommended by Greenberg et al. (199R).the modifiedmethod, the samplewere dried at 60C

for 48 hours to avoid losses of volatile compounds whiph suspected to occur ahe higher drying
temperature$105 C) typicallyused in standart¢aboratory methods After weighingthe dried sample

to determine the TS concentrationshé samples wereshed in a muffle furnace at 5%0 for two

hours, prior to cooling in a desiccating cabinend reweighing to determine th&S andVS
concentratiors. The TS and VS analyses were commenced on the day following the sample collection.

The corcentrations of vaous trace elements and nutrients were determined by indwedy coupled
plasma optical emission spectroscopy GBS, Perkin Elmer Optima 7300DV, Waltham, MA, USA).
This involved digesting the media samples with a 6:2:2 ratio of HOD +Hd HF respedively, using

a Milestone Ethe4 microwave digester, priaio analysis using a Varian Vista Pro-[0FS instrument.

The samples analysed for P and K were solubilised using acid digestion, followed by microwave
digestion, before being ayakd using IG®ES.

For the TKN analyss, samples were diluted directly faneasurement. Then 0.5 to 20L of
homogenous sample was digested witlpbutic acid, potassium sulphate and copper sulphate catalyst
in a block digester (Lachat BIB). After the evaporation of he water, the digestionwasrun for
3.5hours at 380°CThe digested samplewere analysed on a Lachat QuikChem8000 Flow Injection
Analyser (FIA)using QuikChem method 1015-01-1-D for TKP (analysis of phosphate) and 1@r-
06-2-D for TKN (analysis of amonia).

The samples analysed for DN were centrifuged a500g and the supernatant filtered through a
syringe filter (0.4nm PES membrandjhe solutions were further diluted with MH{Y water such that

the concentrations of the samavere within the range of the standards. The diluted samples were
then analged on a Flow Injection Analyser (Lachat QuikChem8000, Lachat Instruments, Lgveland
CO, USA) using the QuikChem method.

The biochemical methane potential (BMP) analysee caried out using the automatic methane
potential test system (AMPTI§ atthe DAF Toowoomba laboratoryThe analysisethodisdescribed
inthemanuf acturerds operati ng .Whe systean has(cdpacitydgor ibgx e s s
500mL glasgeactor bottles and is therefore capable of testing to five triplicate samples (diour

samples and one blank containing inoculum only) per bdtch. AMPTSI analyses of the eleven
selected sludgeamplesvere carried out in three batches, commencing as saermpossible after the

pond sampling was completed.

Once the results of the $and VS analyses were availatile, contents of the reactor botes were
prepared for the anaerobic digestion process by addalgulatednasse®f the substrate (sludge) and
distilled water to each reactor bottléo give consistent total solids conceations for each batch of
samplesAs shown in Table 1,aeh botte contained a total mass of 4@dsubstrate + distilled water)
with total solids concentrations of 5%, 4% ar¥ $or batches 1, 2 and 3, respectivéijp inoculum
was added to theeactor bottles for these analyseaseach of the sludge samplesre collected from
active anaerobic pond3he glass reactor bottles were immersed in a water bath maintained at a
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constnt temperature of 37C. The contents of the reactor bottles wereontinuousy stirred
throughout the digestion period, which ranged frora tb 50 days

Table 1Masses of sludge (substrate) and distillechd@derto the reactor bottlsed inthe AMA'SII analyss.

Batch 1 1 1 1 1 2 2 2 2 3
Pond/Sample 5A 5D 5F 2A 2D 2F 7A 7D 7F 11
Reactor TS conc (%) 5 5 5 5 5 4 4 4 4 5
Substrate TS mass (g) 20 20 20 20 20 16 16 16 16 20

Substrate water mass (g) 42 118 98 104 87 139 27 268 264 184

Total substrat e mass(g) 62 138 118 124 107 155 43 284 280 204
Distilled water mass (g) 338 262 282 276 293 245 357 116 120 196

Total mass (g) 400 400 400 400 400 400 400 400 400 400

In the AMPTS [ICO2-absorbingunit, the biogas produced in eachactor bottle passe through an
individuall00 mL vial containing an alkaline soluti(8M NaOH). Several acid gas fractions, swch
COz and HS, are retained by chemical interaction witle NaOH, only allowing Chito pass through

to the CHigasvolume measuringdevice. A i indicator (thymolphthalein)s added to each vial for
monitoringthe acid binling capacity of the solutioin the gasvolume measuringdevice, the volume

of CH, released fromthe COz-absorbing units measured using a wet gas flow measuring device with
a multiflow cell arrangementThis measuring device works according to thenpiple of liquid
displacement & buoyancy and can monitor ulba gas flows; a digital pulse is generated when a
defined volume of gas flows through the device. An integratetieslded data acquisition systds
used to record, display arahalysehe restts (Bioprocess Control, 2016}-ifteen minute, hourly and
daily CH, production data vere downloadedat regular intervalérom the PC connected to the data
acquisition systenThe analyses were continued o further CHs production was recorded over
consecutive time periods.

4.6 Data analysis

Mean values and 95% confidence intervals were calculated for each set of chemical analysis data.

The cumulativeCHaproduction data derigd from the AMPTSII analysesvere further analysedy
performinga nonlinearleastsquares fit of a simple firstrder kinetic model (Eg. 5) to the measured
cumulative methane producd®:) at incubation timgt) (Jenseret al, 2011) for each of theten sets
of triplicate sudgesamplesnalysed using the AMPTISystem

Bi=By( &*n v 1)

Where By = degradation extent or degradability CHa. kg VSeq?); knya = fitted first-order kinetic rate
coefficient @ay?) andt = time (days).
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4.7  Hydrodynamic -biochemical model development
4.7.1 Problem Statement

In conjunctdn with the project objectives defined earlier, the model developmeasdriven by the
following questions:

1 What are the mechanisms occurring within the pond that affect thalsskttling,
sedimentation and sludge accumulation?

1 How can we accurately mresent these mechanisms using modelling and simulation and
predict the sludge behaviour?

1 What does the model reveal regarding pond and sludge behaviour, and how can we
implement histo optimise production and minimise operational expenditure for current
and future ponds?

4.7.2 Mechanisms

Hydrodynamics

The sludge and solids behaviour is mostly controlled by the dynamics of the bulk fluid. The specific
mechanisms governing solids trandpare advection and vertical flux driven by gravity. The latter can
includecompressive effects, often simulated through solids diffusion. Advection refers to the carried
transport of solids by the greater motion of the bulk fluid, and diffusive moticcuscas the solids
relocate to even out concentration gradients in comprgsesiones. Understanding the flow mechanics

of the fluid and their specific effects on the sludge is crucial to caygfawerall sludge behaviour.

To effectively represent multiplhydrodynamic interactions, the current model adopts a tploase
system, inwhich solids are represented as suspended particles subject to settling forces (i.e. the
dispersed phase). The model is developed by adding phase models successively with usontinuo
validation (i.e. application of continuity and momentum equations) nditruan Eulerian frame of
reference (i.e. phases are represented by dispersed control volumes rather than individual particles).
Firstly, the rudimentary single fluid phaseni®ddled, and standard continuity and momentum
equations applied to the fluid daain. Secondly, the solid phase is added with and additional transport
equation, which is correlated to the rheological and turbulent effects. At this stage, theligaiidi
phaseflow is described through a driftux framework, in which momentum compr&sen arises due

to interfacial slip between phases, and an additional continuity equation is added for the solid phase.
The continuity and momentum equations for typhase systemsiay be summarised by thellowing
equations:

ow) _, 2
—+Na" U =
g rau=o
U h 7 - 3
8 +na’uu=-P #a_+!+gna l_—:l?—'v v+M, N ®)

and the dispersed phase (solid) continuity equation is:
O_s+nah U =-na EV +r1&1h ) (4)
a s¥Y = G S
where: U is the velocity; is the densityh is the phase fraction, P is the pressuras the stress
tensor, t is the time, M is the interphase momentum transfer, v is the solids settling velocity, ad
a diffusion coefficignThe subscripts andl denote solids or liquidgespectively.
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Settling & Sedimentation

Settling refers to the natural settling and compressiosalfds, resulting in sinking to the pond bas

and the accumulation of sludge. In the case of ponddirggtif particles is considered as an aggregate
process primarily driven by gravity, and the counteraction is driven by forces such as drag, buoyancy,
and displacement of liquid volume. An empirical settling velocity function is considered which
representsnon-ideal (hindered) settling.

The present modekicorporates the doublexponential settling equatidifakacs, Patry, and Nolasco
1991) into the hydrodynamic model; the doubéxponential settling equation is widelised for
wastewater settling taks. The doubleexponential model uses two exponential functions to more
accurately represent the disordered relationship between solids settling velocity and concentration,
as well as the distribution of particle settlinglecities in practical setting$he double exponerndl
equation is:

vV %e™ivee™: wi t h )

X; =Xj-Xmi n (6)
where: w is the maximum settling velocity;; And Xmin are the actual and minimum settling solids
concentratiors, respectively; and,rand 1, are coeficients for hindered settling and low concentration
zones, respectively. The two terms of equatioB) (separately represent the velocities of the
flocculated section and the smaller, slowly settlingisectin this study, typical values of ci@énts

rn and K, were used as derived from previous work on modelling clarifi@srnaey, Vanrolleghem
and Lessard2001)

The doubleexponential setttig model is also based on existing workwihich setling is assumed to
occur sequentially as a series of edienensional layers. A limitiraplidsflux-type behaviour is applied
in which the gravity flux and bulk fluid flux are the sole drivers of the mlwards flux of the solids.
The velocity prdiles arethen derived by applying mass balances to each layer.

Turbulence

Turbulence, or chaotic patterns in fluid flow directions and velocities, is usually associated with mixing
of the fluid, which is a nessary component for anaerobic treatment ®ms. Tubulence is typically
modelled through a system of equations based on the kinetic en&f@n( dissipation rates], also
known as the'-¢ model. The' - model is widely used in industrial practice arasetter numerical
stability than counterart modek such as thé-. and shear stress transport (SST) mod@oukalled

et al, 2016) In the case of solid settifj, buoyancy is expected to have a large influence and must be
taken into account. Specifically, buoyancy is caused by an interaction betweelentidnergy and
potential energy, and it causesrdistions to the average flow pattern.

The ¢-¢ model, taking into account the effect of buoyancy, can be expressed as a series of equations
(Moukalled et a).2016; Brennen and Brenng®005; Brenan 2001) which are excluded from this
report for concision.

Rheology
The rheology defines viscous characteristics of a fluid, which relate the deformation behaviour of a
particle to its internal structure. Modelling the rheology is essential for theerrponds given the
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high concentrations of sludge. Under the typical methods of rheological modelling, fluids are
categorised into one of two types: Newtonian or Nexewtonian. Under Newtonian behaviour, fluids
exhibit a linear relationship between sheate and shear stress, and the viscosity remains independent
of shear rate. Conversely, NeNewtonian fluids exhibit a dependent relationship between viscosity
and shear rate. The Bingham and Hersdbalkley models of rheology are perhaps the most widely
usal for modelling of fluid behavioBrennan2001; Yang et al2009; Weiss et al2007; Eshtiaghi et

al, 2013) The Bingham model is expressed by the equati@kehal et al199):

>:-£ +> (7)
1 p

While the HerscheiBulkley model is expressed by the equati@raig, Nieuwoudt and Niemand
2013)

>=- ﬁ + Kn'l (8)
1

Where: > is the dynamic viscosity, is the yield stressy, is the plastic viscosifK is the consistency
index n is the power law exponentand! is the shear rate

Biochemical Reactions

The solids travelling through the pond are subject to a numbercloémical reactions through
interaction with other reactants within the pond. Beipgimarily organic matter, a large portion of

the solids are biological in nature. These biochemical reactions change the structure and phase of the
solids, which largelyfatt the behaviour and amount of sludge. Additionally, biochemical reactions are
the primary mechanism driving methane production and other gaseous emissions, which are primary
operational outcomes.

4.7.3 Model Description

Hydrodynamic and Settling Model

Computational Fluid Dynamics (CFD) has experienced significant development in recendye&os

the rapid expansion of processing power in common computing, and has since proven itself as an
invaluable technique for pond design and managef(®assos, Dias and von Sperlid@l6; Ho, Van
Echelpoel an@Goethals2017; Peterson, Harris and Wadhy2000) CFD modelling is a technique by
which a series of complex numericajuations governing fluid dynamics in a given system are
computationally solved to derive specific outcomes and parameters. It is hiostdarious degrees

of complexity can be applied to modelling3P, 1-3 phases), and that we have proposed a 3D, 2
phase (solid and liquid approach), with the state of the art in pond modelling being generally single
phase(Passos, Dias and von Sperliggl6; Ho, Van Echelpoel and Goeth@817; PetersonHarris

and Wadhwa2000) Previous work in large scale systems has not included incorporation of the solids.
After defining certain properties of the systesuych as the geometry of the pond, velocities under
certain constantonditions (e.g. inlet and outlet) and the behaviour of the fluid at the boundaries and
within the domain, the numerical system is solved through computational iteration and the resulting
solution can be visually or textually analysed to explain the hdydramic behaviour.

The implementations here required custom physics and solvers, and due to its ability to modify the
physics engine (and share model codes), the egmemced CFD softwar®penFOAM (v5.0) was used

29



as the platform. For the singlghase flid models, the fluid is assumed to be incompressible and

Newtonian with a density of 998 kg-frand a dynamic viscosity of 1.003 x3kg m!st. All model
dimensions are based on theiespective actual pond designs as depicted in Fiurdl results
presented are based on simulations performed for 24 hours unless otherwise stated.

Pond 2 - Piggery A

| 74.40 x  30.82 |
|

|Embankment crest level

Full storage level

Va 385 m*
Vs 6.815 m° Sludge storage volume
vt 7,200 m* | 895 x 10.76 |

Schematic drawing - not to scale

All dimensions in metres (m)

Pond 5 - Piggery B

| 124.00 x 119.95 |

|Embankment crest level

120.00 x 115.95 Full storage level

Va 22,537 m® 184

4.20
Vs 20,834 m® Sludge storage volume 2.36
vt 43,371 m* | 86.40 x 82.35 |

Schematic drawing - not to scale

Pond 7 - Piggery D

All dimensions in metres (m)

| 155.00 x 120.03 |

|Embankmenr crest level

151.00 116.03

X Full storage level

Va 10,631 m®
Vs 56.969 m? Sludge storage volume
)
40B Base
vt 67,600 m* ‘ 107.00 x 72.03 ‘

Schematic drawing - nhot to scale All dimensions in metres (m)
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Pond 16 - Piggery K (Covered anaerobic pond)

| 73.00 x 54.68 |
[ |Embankment crest level

70.50 x 52.18 Full storage level
Va 3,455 m? Active treatmentvolume 1.02
3.00
Vs 5,045 m* Sludge storage volume 198
vt 8,500 m* ‘ 55.50 x 37.18 ‘
| |
Schematic drawing - not to scale All dimensions in metres (m)

Figurés Schematic representation of four pones stodly

Four ponds were selected for medl analysis in this repod Ponds 2, 5, 7 and 16, mainly due to
availability of geometric information and validation data. Based on preliminary findings from the DAF
report, Ponds 2, 5 and 7 were selected based their exemplary pond geometries and sledg
accumulation behaviour and likeliness to reveal outcomes applicable to most other ponds. Pond 2 and
7 were comparable in HRT (~200d), but with deep and shallow geometries respectively, while Pond
5 was a very Ing HRT system. Pond 16, a covered anaer@biad, was selected for modelling as it is

the only covered pond and has a very short HRT. Hydrodynamics in each pond were simulated under
2D, singlephase 3D and twaphase (liquigsolid) 3D models as describediove. After simulations, the
post-processedmagesvere generated from simulations under steaghate flow. Flow behaviours are
depicted through posprocessed images of the dominant flow streamline patterns and ccloded
velocity and sludge concentratiocontours. All distances are given in nelocities in m/ and
concentrations in kg / (g / L) unless otherwise stated. Inlet and outlet locations were varied
throughout each model to identify positional effects.

Compartmental Based Model

A recent appoach within wastewater modelling researicivolves using a compartmentzsed model
(CBM) to couple biochemical models with preliminary results from a simplified hydrodynamic model.
The CBM approach involves modelling the pond as a collection of snralbee manageable pond
volumes (compartmenjs This allows for more specific and precise biochemical modelling, as
simulations can be performed for each compartment. This approach has been shown to produce
specific and more precise outcomes while drastjcadtucing the heavy computational demantia

model consisting entirely in CFRAlvarado, Vedantam, et 22012; Bellandi et akR019)

A virtual tracer test is first simulated in the CFD platfotm determine residence time distributions
(RTD) within each case. Then, the pond geometry is divided into discrete compartments such that a
second tracer simulation based on these compartmentsdpces similar RTD behaviour. The
compartmental tracer testare modelled in Aquasim 2.1d, which allows for direct comparison with
the RTD of the previous simulation, as well as parameter and sensitivity estimation for pertinent
variables such as compartntesolume, recycle or bypass volume or (HRT). Once the cortipant
configuration is assessed to be a good fit, biochemical modelling can be performed on each
compartment.
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The main objectives of the CBM ate identify:.

A The degree to which a simplified mel can replicate the more complex CFD model of the
pond.

A Characteristic features of the four cases assessed, including apparent bypass and inactive
volumes.

A auitable hydraulic models for biochemical modelling.

The initial virtual tracer tests were perfored in the hydrodynamic platform described in section 2.3.1.

The dimensions and parameters of each pond are given in Table 2. The feed is simulated as a pulse
injection at 1 mg/L over 1000 seconds (0.01 days), increased to 0.1 days to avoid numerical issues
caused by long HRTSs.

Table2 Pond parameters used fominitompartmentbhsed model design

Case length (m) width (m) depth (m)
Pond 2 71 30 8
Pond 5 120 116 4
Pond 7 151 116 6
Pond 16 71 52 3

The CBM consists of two main compartments in series, two bypass compartments in series, a recycle
compartment, ad an outlet compartment. The configuration is shown below in Figur& his
geometry is based on general characteristic response (partictitarty Ponds 2 and 7). The recycle
enables oscillatory behaviour, while the bypass allows for a high initial ®akiable inactive zone

was also added. Volumes for the &nd 2d maincompartments andecycle were fitted individually.

The total bypassatlume was fitted, split equally between both zones. Flows were individually fitted. A
delay was also includedpsilating mainly movement of the fluid in the inlet works prior to entering

the main pond. The data was resampled to 500 evenly spaced paiatgytiout for Ponds 2, 5 and 7.

For Pond 16, a higher sampling count was used to accurately represent thedtjghricy oscillations

seen in the initial tracer tests.

bypass 1 bypass 2
Qbypass
> P
\ 4 Qi
. : n
Qin Qmain manl |» main 2 I
outlet
recycle <
Qrecycle

Figuréé Compartmental based model configuration
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Biochemical Model

To predict longterm performance, a biochemical model was implemented using the optimal hydraulic
configuration identified ithe previous sectionTo simplify the model, and allow lotgrm simulations

over the course of years, the influent was fracticedhinto mineral solids (¥sg, degradable organics
(X4), and nondegradable organics (. A degradable fraction (of total organsolids) of 60% (BMP

of 340 mL CH/gVS) was applied in accordanegh Skermaret al (2017). An option (particularly for
covered ponds) would be to expand this to an advanced model such as the IWA ABM4tone et

al, 2002) but this is mainly used for prediction of adidse effects and chemistry, which are not
controlling mechanisms here. Badable organics are assumed to break down according to a first
order hydrolysis:

x| h:ykdh yXid )

The hydrolysis coefficient i) was set to 0.1 d(Skerman et al.2017) accounting for a decrease
from 0.3 d! based on the decreased ambient temperature (20

Within the main compartments of main 1, main 2, and recycle, a fraction of the siids &ssured

to pass through to the effluent in each pass. This is estimated based on the obsdivent asblids
from the measured data and the results from the CFD analysi®e 10%. The hydraulic volume
occupied by the solids is calculated based on the obsesliedge concentration from the sampling
campaign. No loss in degradation activity wasiagpb settled solids.

The delay was excluded from the biochemical model, given it is likely mainly due to inlet effects.
In order to compare the ponds on the samigasis, the inputs and main parameters were set

consistently based on the observed sludgefiting results $ection5.1). These were an input solids
concentration of 3%, with 80% VS fraction, and a settled sludge concentration of 10% (TS).
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5. Results
5.1 Sludge profiling

Aerial photographs and sludgentour plans, showing the depths to the sludgeface from the pond
full storage levelare provided in the following sections. Cresections showing the original-asilt
pond base anthe sludge level at théme of the survey are provided in Appendix

5.1.1 Pond 1Piggery @rimary pond000 sowfarrow to finishnitd 11,350 SPU)
. - o -

Figur& Aerial photograph of PiggefoAd 1.

3.981 (m)
3500 (m)
3.000 (m)
2.500 (m)
2.000 (m)
1.500 (m)
1.000 (m)
0.500 (m)
0.000 (m)

Figure8 Sludgeontour plafor Piggery A, Pond 1.
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5.1.2 Pond 2Piggery frimary pon@80 gilts- 1,679 SPU)

Figur® Aerial photograph of Piggery A, Rond

2.538 (m)

2.000 (m)

1.500 (m)
1.000 (m)
0.500 (m)
0.000 (m)

INLET FRY
PIGGER

Figurel 0 Sludgeontour plafor Piggery A, Pond 2.
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5.1.3 Pond 3PRiggery frimary pon8000 sow breeder unit4,705 SPU)
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Figurel1 Aerial photograph of Piggery A, Rond
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Figurel2 Sludgeontour plafor Piggery A, Pahd
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5.1.4 Pond 4PiggenA (Secondary parglower finisheunit - 48,064 SPU)

8.178 (m)
7.500 (m)

6.000 (m)

4.500 (m)
3.000 (m)
1.500 (m)
0.000 (m)

INLET FROM
PIGGERY

Figurel4 Sludgeontour plafor Piggery A, Pahd
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5.1.5 Pond 5Piggery BP(imary pondrower finisheunit- 6,350 SPU)
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2.000 (m)
1.500 (m)
1.000 (m)
0.500 (m)

0.000 (m)
-0.391 (m)

Figurel 6 Sludgeontour plafor Piggerg, Pond.



5.1.6 Pond 6Piggery ®(imary pondursery weanerunit- 3,387 SPU)

-~y

Figurel7 Aerial photograph of Pigggfyondb.

8.095 (m)
7.000 (m)
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3.000 (m)
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1.000 (m)
0.000 (m)

Q

Figurel 8 Sludgeontour plafor RggenC, Pondb.
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5.1.7 Pond 7Piggery DP¢imaryond:1,500 sow farrow to finighit- 16,000 SPU)

Figurel9 Aerial photograph of Pigderiond .

5400 i)
1.500 (m)
1.000 (m)
0.500 (m)

0.000 (m)

Figure0 Sludgeontour plafor Piggey, Pond’.
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5.1.8 Pond 8Piggery [5econdary Podgb00 sowdrrow to finishinit- 16,000 SPU)

—

Figure1 Aerial photograph of Pigderiond.

5000 {m)

1.500 (m)
1.000 (m)
0.500 (m)

0.000 (m)

A

Figure?2 Sludgeontour plafor Piggery, Pond.
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5.1.9 Pond 9Piggery E (Primary P8@DO0 sow teedeunit- 7,241 SPU)

3

Figure4 Sludgeontour plafor Piggery,Pond®.
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5.1.10 Pond 10PRiggery E (Secondary P800 sow keedetnit- 7,241 SPU)

TR
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Figure6 Sludgeontour plafor Piggerig, PondLO.
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5.1.11 Poul 11,Piggery @Primary Ponti200 sow farrow to finighit- 12,054 SPU)

3.000 (m) —=—
2500 (m)
2.000 (m)
1.500 (m) TOP OF SLUDGE
1.000 (m)
0.500 (m)

0.000 (m) —=—'SURVEYED WATERLINE

-0.500 (M) —=— CRESTLEVEL

Figure8 Sludgeontour plafor Piggery,PondL1.

44



5.1.12 Pond 12Piggery G(imarypond 600 sow breeder unit,245 SPU)

\

2450 (M) ———o
2.000 (m)

1.500 (m)

1.000 (m) TOP OF SLUDGE
0.500 (m)
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-1.000 (m)
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-2.000 (m)

-2.500 (m)

L 1-3.000 (M) —=—CRESTLEVEL

Figure30 Sludgeontour plafor Pigger$,PondlL2.
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5.1.13 Pond 13Piggery H (Secondary p8t@0 sow breeder and grower uti,546 SPU)

-

Figure31 Aerial photograph of Piggtriyond 3.
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Hgure32 Sludgeontour plafor Piggemy, Pondl3.
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5.1.14 Pond 14Piggery | (Primagynd 2,600 sow breeder un,195 SPU)

47
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-0.500 (m)
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INLET FROM
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OUTLET PUMPED TO
SECONDARY POND

Figure34 Sludgeontour plafor Piggery Pondl4.



5.1.15 Pond 15Pggery JRrimarypond growedinidier unit- 21,168 SPU)

Figure35 Aerial photograph of PiggePpnd 5.
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Figure36 Sludgeontour plafor Piggery,PondL5.
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5.2 Sludge accumulation rate estimation

Details of thepiggeries and individual pondbeve the sludge surveys were carried out are provided

in Tables3 and 4 These details include the porids andvS loading ratesstimated using the PigBal
model| hydraulic retention timesind sludg accumulation timesThe resultingsludge accumulation
ratesestimated for each of the eleven primary anaerobic ponds surveyed for this study are also plotted
in Figure37.

These estimated sludge accumulation rates ranged from 0.00054 to 0.063R4 TS with a mean
value of 0.0022+ 0.0008 m3kgTS (95% cofidence itervals).This mean value is approximately
equal to the mean of the previous design standau@0303m3/kg TS (Barth, 199% andthe current
design standard 0.0013®/kgTS ASABE,201]). The variability in thesludge accumulation rate
estimatesprobably reflects the uncertainty regardingond desludging dates and volumes of sludge
removed, and possiplsome unreported changes in pig herd, diet and management practices
particularlyas the ownership of some of the piggeries has chaogedlong gerationd periods
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Figure7 Estimated sludge accumulation rates in the eleven primary anaerobic ponds surveyebhia théaatudy.
and 95% confidence limits are shown on the graghvéh the previous (Barth, 1985) and current (ASABE, 2011)
standard vales.

Another factor which may have influenced thleidge accumulation ratealculations is the possible
increagd carryover of sludge from primary anaerobic ponds to secondary possisiudge levels in
the primary pondsapproacledthe full pondcapacity For example, the sludge level in pond 15 is noted
as 72% (Tab# and 4; however at the time of the surveythe pond overflow weir was set 0.4n
belowthe top water levelresulting in a sludge level of 82fthe effective pond capacifup to the
overflow weir leve). While this pond had the lowest estimated sludge accumulation rate of
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0.00054m3/kg TS, this value may not have accounted for relatib@ rates of sludge carryover into
the secondary ponat the high sludge storage levelhich have pevailed over recent years

As noted in Section 3.2 of this reporjamilton (2A0) found that sludge accumulated more rapidly
in a piggery effluent ponghere some sludge was removed by effluent irrigation, compared to another
unit where the slude was I|ét undisturbed. Most of the primary ponds included in this study
overflowed by gravity into secondary ponds and effluent irrigation water was pumped tfrem
secondary pond$2ond 2 was an exception to this mode of operati&ffluent stored in tts pond vas
transferred to a secondary pond by pumping fromapproximatelycentrally located pontoorfFigure

38). While no precise measurements were takéime pump suction line was probably drawing effluent
from a depth of approximately 0 below theeffluent surface At the time of the sludge survey, it
was determined that this pond was 94% full of slualge that the top of the sludge was practically at
the effluent surfacerhis suggests that some sludge was being exported from the primary pome by t
pumpirg operation; however, the degree of disturbance of the sludge layer would have been relatively
minor compared to the disturbed pond studied by Hamilt@®10) where an agitator was sometimes
used during effluent irrigation pumping operations togmsefuly remove sludge from the pondhe
sludge accumulatiorate determined for pond2 in the current studywas0.00264m3/kg TS which is
slightly higher thathe averageecordedfor the eleven primary ponds.

Figure38 Pond 2 (Piggery A) showiagdhtoormounted pump used to transfer effluent to a secondary pond.

Hamilton (2010) found thathe sludge accumulation rate escatht@hen sludgeaccumulation
approache@0% of the pondirawdownvolumeand following encroachment within 1.00 and 125
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from the maximum drawdown leveln the current study, ten of the eleven primary ponds surveyed
had sludge levels higher than 30% and several hadeslaglersencroachingwithin 1 m from the
effluent surface. The high sludge levels drastically increasetfé¢lative VS loading rates and decreased

the HRTs.The resulting reduction in anaerobic treatment capacity is the most likely cause of higher
sludg accumulation rates, although the carryover of sludge into secondary ponds may have moderated
the measuredludge acumulation rates.

The current version of PigBal, which was used for estimating the TS entering the ponds, does not
account for any TS irhee recycled effluent used for shed flushing or recharging pull plug pits at some
piggeries. This recycledfleient 5 typically drawn from a secondary effluent storage pond, having
undergone anaerobic treatment in a primary pond, followed by further selditing and facultative
treatment in a secondary storage pond. Consequently, this recycled effluenhesalig relatively
stable,typicallyhaving dow TS concentration ofpproximately0.5%. While the TS in the recycled
flushing/recharge medium coutldeoretically contribute substantially to the TS loading entering a
primary anaerobipond (particularly n high fushpiggerie} in reality it is likely to be relatively inert

or unreactive, passing through the pond system without contributing subaligrtt sludge formation

and depositionBecause sludge accumulation rates are expressed as a volumdgef depoged per

unit mass of TS entering the ponthe calculated sludge accumulation rates would be lower if the TS
in the recycled flushing mediuwasincluded in the calculation. Consequently, it is considered to be
more helpful to ignore the contribiwon to pond influent TS from recycled flushing medium, particularly
for the design of new piggery ponds where flushing practices (volume/frequaiagyrhange over
time and the concentration of TS in the recycled effluent is unknown.
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Table3 Summargf piggey pond characteristiosluding the total solids (TS) loading rates and sludge accumulatied tostsnate theludge accumulation rates

Pond Pigger Unit Piggery capacity Pond Total Sludge Sludge % Accum. TS Sludge
y ID description type capacity  volume period loading accum. rate
rate
(Sows) (Pigs) (SPU) (ML) (ML) (%) (yn (kg TS/d) (m3. kg TS™?)
1 A Farrow to Finish 1,000 11,005 11,350 Primary 72.0 48.9 68% 15.0 4,170 0.00214
2 A Gilts 0 980 1,679 Primary 7.2 6.8 95% 15.0 471 0.0054
3 A Breeder 5,000 20,739 14,705 Primary 103.1 55.0 53% 15.0 4,293 0.00234
4 A Grower/Finisher 0 38,239 48,064 Secondary 298.1 145.1 49% 15.0 19,210 0.00138
5 B Grower/Finisher 0 4,704 6,350 Primary 43.4 20.8 48% 13.4 2,303 0.00185
6 C Nursery 0 7,25 3,387 Primary 43.9 20.4 46% 19.0 908 0.00324
(Weanes)
7 D Farrow to Finish 1,500 16,000 Primary 67.6 57.1 84% 10.0 5,535 0.00282
8 D Farrow to Finish 1,500 16,000 Secondary 9.5 7.5 79% 10.0 5,535 0.00037
9 E Breeder 3,600 9,021 7,241 Primary 67.6 52.1 77% 20.0 3,216 0.00222
10 E Breeder 3,600 9,021 7,241 Secondary 11.0 2.7 25% 20.0 3,216 0.00011
11 F Farrow to Finish 1,200 12,246 12,054 Primary 50.8 35.9 71% 17.0 4,160 0.00139
12 G Breeder 600 1,649 1,245 Primary 32.6 7.1 22% 14.0 448 0.00310
13 H Breede + 3,100 19,810 18,546 Secondary 23.1 19.9 86% 6.5 6,111 0.00137
Grower

14 I Breeder 2,600 6,473 5,195 Primary 26.7 21.6 81% 11.0 1,951 0.00276
15 J Grower/Finisher 0 19,882 21,168 Primary 48.3 34.6 72% 24.0 7,264 0.00054
16 K Breeder 4,500 12973 9,57 Primary 8.5 5.0 59% 3,363

53



Tabled Summary of piggery pond charactenigtigding volatile solids (VS) loading rates and hydraulic retention times

Pond Piggery Unit Piggery capacity Pond Total Sludge Sludge Storage Batters Sludge VS loading Hydraulic

ID description type capacity  volume % depth accum. rate retention

rate time
Min? Max® Min® Max®
(Sows) (Pigs) (SPU) (ML) (ML) (%) (m) (h/v) (m3kgTS) (kg VS.m?=, (days)
day™)
1 A Farrow to Finish 1,000 11,005 11,350 Primary 720 48.9 68% 8.0 4.0 0.00214 0.048 0.149 51 159
2 A Gilts 0 980 1,679  Primary 7.2 6.8 94% 8.0 3.8/1.2 0.00264 0.054 1.018 6 117
3 A Breeder 5,000 20,739 14,705 Primary 103.1 54.9 53% 8.0 4.0 0.00234 0.034 0.073 224 480
4 A Grower/Finisher 0 38239 48,064 Secondary 298.1 145.2 49% 10.0 4.0 0.00138
5 B Grower/Finisher 0 4,704 6,350 Primary 43.4 20.8 48% 6.7 4.0 0.00185 0.044 0.084 279 537
6 C Nursery 0 7,225 3,387 Primary 43.9 204 46% 11.4 3.0 0.00324 0.017 0.032 54 102
(Weaners)
7 D Farrow to Finsh 1,500 16,000 Primary 67.6 57.1 84% 55 4.0 0.00282 0.069 0.438 38 244
8 D Farrow to Finish 1,500 16,000 Secondary 9.5 7.5 79% 3.5 4.0 0.00037
9 E Breeder 3,600 9,021 7,241  Primary 67.6 52.1 7% 55 4.0 0.00222 0.039 0.171 45 198
10 E Breeder 3,600 9,021 7,241  Secondary 11.0 2.7 25% 4.0 3.6 0.00011
11 F Farrow to Finish 1,200 12,246 12,054 Primary 50.8 35.9 71% 6.0 3.0 0.00139 0.066 0.226 63 214
12 G Breeder 600 1,649 1,245  Primary 32.6 7.1 22% 55 3.0 0.00310 0.011 0.014 1,542 1972
13 H Breeder + 3,100 19,810 18,546 Secondary 23.1 19.8 86% 5.3 3.0 0.00137
Grower

14 I Breeder 2,600 6,473 5,195  Primary 26.7 21.6 81% 5.0 3.0 0.00Z76 0.058 0.223 17 65
15 J Grower/Finisher 0 19,882 21,168 Primary 48.3 34.6 2% 54 varies 0.000% 0.127 0442 22 76
16 K Breeder 4,500 12,973 9,527 CAP 8.5 5.0 59% 3.0 25 0.319 0.784 3 7

2The minimum VS loading rates are based on the full pond capacities, prior to any sludge accumulation.

b The maximum VS loading rates are based on the reduceui@ctie capacities, estimated at the time of the sludge surveys.

¢ The minimum hydraulic retention times are based on the reduced pond active capacities, estimated at the time of thersiegige su
4 The maximum hydraulic retention timese based onhe full ppond capacities, prior to any sludge accumulation.
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5.3 Sampled sludge, supernatant and effluent a nalysis results

Figures39to 53 summarise the results of the various analyses carried out on the sludge, supernatant
and effluent samples collected frggonds 25, 7 and 16.

40%

35% A

%

25%

20%

TS and VS concentration (%)
tCOD concentration (g/L)

2A 2B 2C 2D 2E 2F 5A 5B 5C 5D 5E S5F 7A 7B 7C 7D 7E 7F 16
Pond No / Sample location

EmTS mmVS —tCOD

Figure39 Sludge TS, VS and tCOD analysis results.

The sludge TS and VS values ranged from 6% to 37% atwml B3%o0,with meant 95% confidence
interval (Cl) values of 15.% 4.0% and 7.8 1.3%, respectively (Figure 39). The highest TS
concentrations(32% and 37%\vere recorded for samples 5A and 7Aespectivelywhich were
collected near the shed effluent digrge points in ponds 5 and Thesesamples had a relatively
60gr i tt yréflecing their bighdixed solids (FS TSd V9 or ash concentrationsapparently
resulting from the settling ofelatively heavyinorganic solidsnear the pond entry pointThe COD
values ranged from 28 to 15§L; the lower values being recorded for the samples collected near the
pond inles (2A, 5A and 7A). These low COD values aralso consistent with the higher FS
concentrations occurring near thesampling points
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FigurelO Supernatant and effluent TS, VS and tCOD analysis results.

The supernatant and pond effluent TS and VS sakmgedfrom 0.44 to 3.99% and 0.17 to 320

with meanz 95% Clvalues of 1.3 0.6% and0.6+ 0.6%0,respectively(Figure40). The highest values
were observed for samples collected near the pdhdnd 7 inletsThis reflects the relatively raw
nature ofthe pondsupernatant at these points, beit undergoes effective mixing and anaerobic
decompositioftreatment The highest COD value was observed for the sample collected near the
pond 7 inlet, once agaidemonstrating limited mixing and treatmeat this samphg point. There
appears to be lite difference between the TS, VS and COD values recorded for the supernatant
samples collected near the middle of the pond and near the pond outlet and the pond effluent samples
for each of the three pondsThis suggestshat the shed effluent has undemgw effective mixing and
treatment at these sampling points and tapernatants relatively homogenous (at least in terms of
its TS, VS and COD composition) over the majority of the pond area.
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Figuretl Sudge VIFS andCODYS analysissults.

The sludge VS/TS results ranged frd3@%6 to 69%with a meart 95% Clvalue of 54:5%(Figure4l).

Excluding the results for samples 2A, 5A andwhich were collected near the pond inlets, the mean

VS/TS rationcreasel to 58+ 4% These results are consistent with
(2013)and DAF (unpublishedyho reported meansludge VS/TS resultd 60%for four Australian

piggeriesand 55% for nine primary and single piggery ponds in sautpueenslandrespectively

VSTS ratios of the piggery sludgeovide an indication of the breakdown of VS that has occurred in
the sludgeAssuming VSTS ratio 0f0.85 forraw manure enteng the pond and that the majority of
the FS component of the maraisettled in the sludge, the amount of VS degatidn can beestimated

( O6 Ke ef e Eortheaange pof sl2ad@eBBS)ratiosmeasured in the current study (30 to 69%),
the estimated rage of VS degradation is 61% to 94%is indicates that the sludgamplesvere well
degraded with only thénighly indigestiblégnin and similar componentf the VS remaining in the
sludge samples (O8Keefe et al., 2013)

The COD/VS ratios ranged from 66% to 200% with a me&#b% Clvalue of 123t16%.Relatively

low values were recorded for the sludge samples collected near the pond inlets (samples 2A, 5A and

7A). As a general rulehigh COD/VS ratig indicatehigher concatrations of higherenergy organic
compounds such as prot ei atyacicscfLaverCO/\VS radice geheeallyst 01 o
indicat higher concentrationsf lower energycarbohydrates.
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Figurel2 Supernatant and effluent VS/TSCIOV Sanalysis resul{he COLVSr e s u | t (14%pappeadtd | n &
be an anomaly anddtzeenomited fronthemean andCl calculations

The supernatant and pond effluent VS/TS ratios ranged from 30% to 82%, with & @&#nClvalue

of 44+ 11% (Figuret2). The highest values were recorded for samples collected near the inlets of
ponds 2 and’. These high walues indicated ineffective nmgi and treatment of the incoming solids at
these locationsThe average VS/TS ratio for the other samples was 36% which indicates a relatively
high level of VS breakdown.

The COD/VS ratio recorded fothe samplecollected rear the pond2 inlet appeared tdoe an anomaly

and was not includeh subsequent data analyses. The range of COD/VS ratios recorded for all other
samples was 61% to 134%, with a me&%% Clvalue of 102 15%
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Figuret3 Sludge TKN and NN analyseresults.

The sludge TKN restd ranged from1,417 to 10,96Gng/L with a meant 95% Clvalue of
6,206+ 1434mg/L.These results are lower than the DAF (unpublished) restdfsorted by Tucker
(2018) which had a mean value of 34,3d/L. The sudge NH:-N values ranged from 535 to
2,184mg/L with a meas 95% Clvalue of 1,48% 217 mg/L.This value was also lower than the DAF
mean value of 2,532g/L.On average, the NHN accounted for 31+ 10% of the TKN. The remaining
portion of the TKN wouldhave ben organieN, with negligible nitrate or nitriteN.
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Figurel4 Supernatant and effluent TKN and-Nldnalyses results.

Some inaccuracies are evident in the supernatant and effluent TKN ardNNi#dalysis results which
indicate higher NEN concentrations than the TKN concentrationfor some samples (Qut, 2 Eff
and 7Eff) This is clearly not practically possiblhe most likely explanation for these discrepancies
is the considerable dilution required féine FIA analyses carried oat the AWMC labaatory which

is primarily set up for analysimgore dilute municipal wastewater.

The supernatant and effluent TKN values ranged from 587 857Amg/L with a mean value of
893+ 197mg/L. These values are comparable to the DAF data publisheduaker (2018). The
supernatant and effluent NFN values ranged from 91 to 1,496g/L with a mean value of
731+ 222mg/L.These values are considerably higher than the DAF data which had a mean value of
144 mg/L.Differences in diets or ammonia volatilieen may acount for the observed variations.
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Figurel5 Sludge TKP, TP (ICP) andPRalysis results.

There are some obvious inaccuracies in the sludge TKP and TP (ICP) analysigfFegukd5) which
should beapproximately equabut differ corsiderablyfor some samples (e.g. 5A, 5B, 5F and AB)
noted previously, he most likely explanation for these discrepancies is the considerable dilution
required forthe TKP (FIA)analysecarried outat the AWMC laboratory which is primdly set up for
analysingmore dilute municipal wastewateFEor this reason, it is hypothesised that the TP (ICP)
analyses are likely to be more accurate.

The TP (ICP) values range from 1,267 to 10,48§/L, with an average value of 5,43@,303mg/L.

These values areaperallylower than the DAF datareported by Tucker (2018which had a mean
value of 47,000ng/L On average, P@P accounted for 1& 6% of the TP (ICP).
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Figurel6 Supernatant and effluent TKP, TP (ICP) aRdaR&lysis results.

As moted for the slidge analses, similar discrepancies between the TKP and TP (ICP) results were
observed for the supernatant and effluent analysis resHlisther discrepancies were observed
between the TP (ICP) and R results for the 5 Eff, 7 Mid, 7 Out and 7 Eff séaagdor which the
reported PO4-P concentrationgxceeded the TP (ICP) concentratioms these cases, the TKP results
appear to be more accurate.

TheTP concentrations in the supernatant and effluemigies were substantially lower than the values
recorded for the sludgeThe supernatant aneffluentTP (ICP) valuesanged from O to 419ng/L,
with a mean value of 9t 79 mg/L.This mean value is approximately one sixtieth of the mean TP
(ICP) value recaled for the sludge.
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Figurel7 Sludge K (ICB)alysisesults.

The sludge potassium (Kjoncentrationsranged from352 to 1,816mg/L, with a mean value of
1,045+ 185mg/L(Figure47). Thisis considerablyower thanthe meanvaluerecordedby DAF (7,478
mg/L), as reported by Tucker (2018). The sludge K concentrations recorded for pond 2 were
substantialljhigherthanthe valuesrecorded for ponds5, 7 and 16, which were all relativelysimilar.
Thesedifferencedetweenpondscouldpossiblybe attributed to differentpiggerydrinkingandflushing
water sources and/or dietaryvariations.
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Figuret8 SupernatargndeffluenK (ICPRanalysisesults.

The supernatanaaind effluentK concentrationswere reasonablyuniform for the three ponds,having
arangefrom 772to 1,161mg/L,with ameanvalueof 925+ 101 mg/L.Similarlyto the sludgesamples,
pond 2 recorded generallyhighereffluentK concentrations.
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Figurel9 Stackedbargraphshowinghe concentratiorts the elevermostabundantatios determinetdy ICP
analysifor thesludgesample

Figure49 showsthe concentrationsof the elevenmost abundantcationsdeterminedby the ICP
analysedor the sludgesamples.The cations concentrationsare shown in decreasingorder of

abundancewith the most abundantation (Ca) plotted closestto the x-axisfor eachof the stacked
bars.
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Figuré0 Stackedbargraphshowinghe concentratiorts the elevermostabundantationsn the supernatarand
effluensamplegjeterminetly ICPanalysis.

Figure50 showsthe concentrationsof the elevenmost abundat cationsdeterminedby the ICP
analyse$or the supernatanandeffluentsamplesThe cationsconcentrationsare shownin decreasing
order of abundancewith the most abundantation (K) plotted closestto the x-axisfor eachof the
stacked bars. While the K concentrations are relatively uniform across all samples,the Na
concentrationsare consistentlyhigher for the pond 2 samples.The total and individual cation
concentrationdn the supernatanandeffluentare substantiallyower thanthe valuesrecorded for the
sludge.

66



300

250

200

150

Concentration (mg/L)

100

50

2A 2B 2C 2D 2E 2F S5A 5B 5C 5D 5E 5F VA 7B 7C 7D JE 7F 16
Pond No / Sample location

W Acetic acid W Propionic acid Butyric acid W Valeric acid
m 4-Methyl valeric acid B iso-Valeric acid B Hexanoic acid M iso-Butyric acid
M Heptanoic acid MW Ethanol

Figuré1 Stackedbar graphshowingoncentratiorts varioud/FAén the sludgesamplesThebarrepresenting
sampled 7 hagbeentruncatedor scalingeason¢TotalVFAs 12,320mg/L).

Figureblisastackedba graphshowingthe concentrationsof VFAsin the sludgesamplesAceticacid
is by far the mostabundaniVFAmeasuredn theseanalysesThe concentrationof VFAsin samplerA,
collectednearthe pond inlet, is extremelyhighin comparisonto all other sanples. This reflectsthe
incompleteanaerobidigestionof the organicmaterialin the sludgeat this point.
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Figuré2 Stackedbargraphshowingoncentratiorts various/FAdn the supernatardandeffluensamplesThebar
forsampléd I ind@sbeentrurcatedfor scalingeasongTotalVFAs 2173 mg/L).

Figure52 is a stackedbar graphshowingthe concentrationsof VFAsin the supernatantandeffluent
samplesSimilarlyto the sludgesamplesacetic acidis by far the mostabundanVFAmeasure in these
analysesndthe concentrationof VFAsin sample7in, collectednearthe pondinlet, is alsoextremely
highin comparisonto all other samples.
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Figure53is an exampleof the cumulativeCHsproduction data plotted againstime, derivedfrom the

triplicate AMPTSII analysegarried out on sludgesample2F. The simple first-order kinetic curves
(Equationl) fitted to the AMPTSdataare alsoplotted on this graphfor eachof the three replicate
analysesThe averagevaluesof Bo (methaneyield) andknyq (rate coefficient)(refer to Sectiond.6)are

shownin Table5 for eachof the ten sludgesamplesTheseresultsshow a highdegreeof variability
betweenthe Bo andknyq valuesfor severalof the triplicate samplesThis variabilityis likely to be due
to the low magnitudef the sludgeBo valuesin comparisonto substratessuchasthe raw piggery
shedeffluentwhichtypicallyhasBo valuesfrom 300to 400 NmL CH4/gVS.

BMP (NmL CH4/g VS)

0 50 100 150 200 250 300 350
Time (hr)

B 2F1 ¢ 2F2 a 2F3 2F1 Calc 2F2 Calc 2F3Calc = = 2FAv

Figuré3 QumulativeeH, productionlataplottedagainstime derivedromthetriplicateAMP T3l analysesarried
outonsludgesamplesollectedfomsamplindgpcatiort-onpond?2.

Tables MeanBoandky,qvaluegsnd95%confidenctervalsleterminedyfittingcurveso the BMPanalysisesults.

Pond No / Bo(NmL CH./g VS) knya(day™)

Sampling location
2A 70.382 + 62.574 0.141 + 0.075
2D 3.177 + 1.897 3.643 + 8.612
2F 5.357 + 0.330 0.356 + 0.054
5A 1.663 + 0.025 4.683 + 0.103
5D 5.173 + 1.846 0.234 + 0.113
5F 3.427 + 2.286 0.335 + 0.346
T7A 121.076 + 22.452 0.100 + 0.000
7D 12.298 + 6.628 0.217 + 0.355
7F 12,567 + 10.175 0.174 + 0.355
16 16.392 + 11.906 0.125 + 0.131
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5.4  Hydrodynamic modelling results
5.4.1 2D FlowSimulation

Streamlinegor 2D simulationgor eachof the four casesare shownin Figures4. Streamlinerepresent
the highprobabilitydominantflow directionsin whichthe fluid typicallytravelsat asteadystate.Images
representatwo-dimensionahorizontalcrosssection(top view) of eachpondatinlet height.Theinlet
positionsare set at 10 m alongthe y-axis(0, 10) andoutlets are in the lower right corner (Xmax 0).
The 2D simulationsshow the behaviourof a slow-movingvortex in which the bulk of the fluid
circulatesanticlockwisearounda centraldeadzone(i.e. inactivezone with stagnanfluid), locatedin
the centre of the pond structure in all casesexceptPond5. Pond5 alsoshowsa muchlargercentral
deadzone spanningoughly 1600m2 area.Furthermore,eachpond showsa separatemuchsmaller
vortex occurring in the immediate postinlet area. This zone is representativeof a postinlet
recirculationzone,in which highvelocityfluid from the inlet impactsinto the otherwise low-velocity
bulk volume,causindurbulenceandbackmixingwithin a smallarea.

The sameflow patternsare seenin the non-dimensionaVvelocitycontoursin Figureb5. Velocitiesare
at maximumin the stream from inlet and remain higher than 50% of maximumthroughout the
recirculationvortex. Similarly the mainvortexesin eachpond show increasedvelocities,but not as
highas those at recirculation.The minimumvelocityareasmatchcloselyto the deadzonesshownin
Figureb4, either in the vortex centre or in areasnot populatedwith streamlines.

100 7

80 4

40 7 4

Figuré4 Topview(i.e x-y plane)f the streamline®r 2D sirglephasemodelonf Ponda) 2, (b) 5, (¢) 7 and(d) 16.
Notethattheunitofthex andya x areinim.
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