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Chapter 1 Introduction

1.1. Background

1.1.1. The water conundrum in South Africa

South Africa is a water scarce countryanked 3 driest globally(GreenCape, 2016)with an annual rainfall

of just 50% of the world averag@&/WF-SA, 2016) Moreover, precipitation is seasonal and fluctu&ég/F-

SA, 2016)and rainfall patterns could be further impacted by climate ch&BgeenCap, 2016) As a
consequence, South Africads fresh water supply in
to be replenished at the time and to the extent required.

Sout h Avéter soaree@aeas (WSAK)Yhe land areas thargduce ruroff into the river systems are

located in a belt along the coastal region of the country, inland toward the mountainous Drakensberg area and
then in the north along the Mozambican borWF-SA, 2016) TheWSAsare of key importance because

the country reliepredominantly on surface water from the river systems into which they drain. At present, only
16% of theWSAsare protected in national parks, natteserves and nature conservancies. This percentage is

too low, given that these areas are some of SouthiAt ad6s most valuable natur al
some of the WSAs in the Drakensberg, Mfolozi and Mpumalanga regions are overlapped by cOAfids

SA, 2016) Coal mining and coal fired power contribute significartth the South African econon({pOE,

2018, Koko, 2018) This is just one example of the challenge that faces multiple industries and government
departments alike: ensuring that productivity is maximized within the constraints of sufficiesdtion of the

natural environment.

1.1.2. #1711 OAT ET AOET 1T 1T &£ 31 OOE ! £#OEAAGO0 xAOAO OAOI
Poor water quality has a major negative impact on the livelihood of all South African citizens, as well as the
surrounding ecosystem. Water quality in South Afr

decades; in some cases to such aentxthat the water has become a serious health threat. The primary

contributors to the pollution of the countryédés wai
1 Release of raw sewage
1 Acid mine drainage
1 Release of untreated industrial effluent
1 Excess nutrients from agricultural wfh (WWF-SA, 2016)

Exacerbating the problem is the number of munioizér service athorities plagued by poor service delivery
and any of a range of factors, including increased urbanization, aging of the engineered infrastructure, lack of

maintenance and shortage of skills could be blamed. To compound this, many inhabiexf #re country are
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either in remote locations or are unplanned, rapidly expanding informal settlements; neither of which are
serviced by the existing, although deteriorating, water treatment fac{Mi®gF-SA, 2016, Swartz, 2009)

Without urgent attention, South Africa could be faced with a serious water quality and availability crisis.

1.1.3. South African water legislation

South Africads constituti on abascrigforewery titzem.tTheanammer s s t
in which this constitutional right is upheld is also important because the unique constitution also grants the
environment the basic right to water. Hence, provision of water in South Africa becomes a careful balance
bet ween adequate supply and pr ot gWWHSAR016)f t he <coul

South Africads water resources are governed by th
1998 (WWF-SA, 2016, Govt.SA., 200). The South African Department of Water and Sanitafidw/s) is
mandated to protect, manage, devel op and contr ol
this is the provision of sanitation services; also falling under the DWS umbrella. In line with the requirements
ofthetwowateractsandgoy nment 6 s Nati onal Devel op mevisedNatohah n ( N
Water Resource Strategy (NWRS2). The NWRS2 outlines how the department and other key role players will
achieve effective management of the national water resources. The sinatedgs security of water supply,

managing environmental degradation and curbing pollution of water resources.

The National Resource Management Programme (NRM) was initiated in 1995 by the South African Department

of Environmental Affairs (DEA) withthé wor ki ng for water 6 initiative.
water by eliminating invasive alien plant species.
for fired, O6working for forest s ot e mswiampesonbg colinry we |

has, since 2002, achieved a 5% improvement in the provision of fresh water to households. However, there are
still approximately 2.5 million people without access to this essential res@oee SA., 2017)and new and

innovative programmes will bequired to reduce this figure further.

1.1.4. Sustainable water infrastructure and the green economy

The increasing demand for water, coupled with the low average annual rainfall input, means that planning and
development are essential to increase ciypand maintain an adequate supply of fresh water, but all too often
this is done without sufficient consideration of the ecological infrastructure. The DEA and the South African
National Biodiversity Institute (SANBI) define ecological infrastructuré dsh e -based aquivalent of built

i nfrastruct ur dhe ecosystemsastahresult ofwheir rhtsiral functionality, provide essential
services to society and support see@mnomic developmerirh terms of, for examplehe provision of wate

and soil and climate control. The DEA and SANBI have, thus, announcedt8tragegic Integrated Project
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(SIP19)inordet 0o rehabilitate, develop and prot@®WWESA Ecol
2016) This project is still in its early phases, but pilot projects are undgSvpBI, 2014)

As South Africa works towards developing its ecological infrastructure, opportunity arises to move from
centralized to decentrakd wastewater treatment facilitiexamples of which include potof-use household
technologiegSEAL, 2018, CWC, 2015\imbus, 2017)rainwater harvesting installations, gneqter green
roofs and water recycling and reclamation systéaneenCape, 2016] he popularity of decentralized systems
is growing as a result of the need to:
9 reduce or eliminate transport and pumping costs
9 improve acess to water and sanitation services; particularly in remote areas and establishments that are
not connected to the sewage infrastructure
prevent pollution of water bodies and
find solutions that are easy to install, quick to implement, span a broaderaohtreatment capacities,

have minimal power requirements and have low maintenance(GrsenCape, 2016)

1.1.5. The role of constructed wetlands and biomimicry
Constructed wetlands (CWs) are engineesgstems, designed to utilize the soil, vegetative and microbial
processes of natural wetlands to assist in the treatment of wastewater of differen{\dyigiazal, 2005)CWs
have been identified as a viable, green technology solution to water management in the following areas:

9 regulation of water supply

9 drought alleviation

1 regulation of water qudli (and particularly for biological and temperature control)

1

purification of watef(GreenCape, 2016)

Biomimicryisdef i ned as #fAthe practice of | earning from &
probl ems and cr eat e (Biomngcry.SA, 20158)Asthe bypes of wastbwateribecone 0
more diverse, so the need for more economical, efficient and robust systems to cope with the treatment demands
emerges. The biomimetic principléscorporating both the ecologicand | i f e 6 §Todgp andnci p
Josephson, 1996, Benyus, 20X¥#bvide valuable tools to inform the design of improved CW systems.
Biomimetic wetlands are setiontained, ecologically engineered gyst where waste streams are recycled
wherever practicable. In addition, they can be a source of nuticlrfertilizers and renewable energy and can

act as carbon sinks, air quality regulators, temperature regulators and habitats for biodens#izakir et

al., 2015)

The Department of Science and Technology (DST) is at the helm of creating awareness around and moving

forward with the ecological infrastructure work initiated by the DWS and SANBI. In addstiakeholders in
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environmental consultancy, research institutions, the Water Research Commission (WRC) and Biomimicry SA
are coordinating research projects to develop biomimetic design solutions forahent r y-rélsted wat e |
challenges.There is real sque for CWstopr ovi de a valwuable addition
infrastructure. Thepffer all of the advantages of decentralized systems and, when designed using biomimetic
principles, can offer benefits beyond just water remediation. A cgsarihis thesuccessful prototype in the
Langrug informal settlement close to Fransch@kmimicry.SA., 2018) This is one of the first Systems for

People to Access a Clean Environment (SPACE) projects, initiated five years ago by teen\Wepe
government and carried out in full-operation with the local community. Langrug has been convertedrinto
Ecomachineg(JTED, 2014, U.S.EA, 2002) which uses biomimicry to address water purification, stormwater

and solid waste management, as well as provide potential for revenue gern®i6rSA, 2016) Overall,
CWshave an important role to play in expanding the ecological infrastructure and biomimicry offers a more
holistic and sustainable approach todesign and implementation of these systems.

1.2. The relevance of this research
Much of the I|iterature vi e-depth Khddedga of thé tom@exities dnd x e s

interdependencies of the chemical, hydraulic, kinetic and microbiolquyimedses is still lacking; evethough

more recent studies have begun to report data from various internal of locationhealemgth of the wetland
bed(Sheridan et al., 2la, Bonner et al., 2017b, Bonner et al., 201Thjs research focuses on ardiepth
hydraulic characterization and baseline physiemical description of a newly established piloale CW;
followed by a fve month period of feeding artificial domestic wastewater into the wetland and continually
monitoring the chemical and physical changes. In addition, external climatic conditions and vegetation
development will be monitored. The analytical procedure iregtlividing the CW into a grid of sample ports:
seven ports down the length of the bed, each of which is divided into three depths. The multitude of sampling
locations and samples will provide insight into the internal spatial development and oper#tierwetland
system. More specifically, the hydraulic characterization will describe fluid flow behaviour throughout the
wetland and provide insight into the validity of making stestdye mathematical assumptions in a real,
dynamic system. The chemicalaracterisation will provide insight into the kinetics of carbon and nitrogen
transformation. It issnvisagedthat this research may enhance the existing body of knowledge on design
methodology and visual representation of CW systems by including morenatfon on the internéluxes

and, thus, act as a framework for future research and development.
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1.3. Research objectives
1. To use impulseesponse tracer tests determine the hydraulic characteristics of thdustrial and
Mi ni ng Wat er (IRwaRe) pilot-scale CWsr{antelptiseesidence time distribution,
velocity profiles, reactor behavioydocation of dead zones and areas of sbiocuiting/bypask and
thento compare, angossiblyvalidate the findings using stephange tracer studi@sthe same systems
(in conjunction with Ricky Bonner).
2. Toinvestigate the hydraulic and chemical kinetic performance of aguiédeé CW in the statip phase
at the Helmholtz Centre for Environmental Resedtdblmholtz UFZ)in Leipzig, Gemany. The
investigative method vgato be chosen based on the conclusions drawn from objective 1.
3. To collate and analyse the data collected aneldgva framework for improve@W designfrom the
perspective of:
a. optimizing fluid flow pathways
b. maximizing fluid residece time in the areas of the bed where the rates of contaminant removal
are greatest
4. To compare the impulsesponse performance of a fluoride probe with that of a fluorescent chemical
tracerto investigate the suitability of a sélased tracer.

5. To determine whether mictorganismsnay be used as reliable tracers.

1.4. Structure of the thesis

This thesis comprise&chapterplus the appendices of experimental d&aapters 4, 5 and 6 aneade up of
published papers iBcological EngineeringWater SAandScience of the Total Environmerdspectively. The
authors plan to submit thexperimentafindingsin Chapter 7 for publicatiorCertain sections afhe theory

presented in the literature review (Chapteayl the materials and methods (Cleai®) may be repeated in

similar sections of the papers. The author reques:

The appendices contain the experimental data, Matlab code and other supplementary information to support this
thesis. More data and infoationis given on the CDs and anything additioceah be made availabba& request
The experimental data supporting the paper in Chapter 4 is presented in the thesis written by Ricky Bonner and

submitted to the Faculty of Engineering and the Built Envirent of the Uiversity of the Witwatersrand.
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1.5.
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Chapter 2 Literature Review

2.1. Introduction to constructed wetlands

2.1.1. Natural wetland ecosystems
Natural wetlands are areas intermediate between water and land; examples of which include swamps, marshes

andbogs.Figure2-1 gives the definition and classification of natural wetland sys{&iwaisi, 2001)

Natural Wetlands

Intermediary areas
between land and water
Distinguishing features:
- Wet soils
- Plants adapted to wet soils

Salt & Freshwater Marshes Bogs
Swamps - Soft-stemmed plants - Mosses & acid-loving
- Flooded areas plants

- Woody plants & trees

Figure2-1: The definition of natural wetlands, their distinguishing characteristics and their classification according to the
dominantplant specie¢Kivaisi, 2001)

Natural wetlands have a number of important ecological functional roles; namely water purification, water
capture and storage, flow regulation, flood attenuadiath shoreline stabilization and protection. These roles

are represented diagrammaticallyFigure 2-2. Without their diversity of vegetation, microbial and aquatic
species and wildlife, wetland ecosystems would not support these fun@ieaisi, 2001) It is, thus, not
surprising that natural wetlands should be the inspiration for a solution to water treatment challenges; namely

theconstructed wetland.
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Aquatic
diversity
Microbial |, Wetland
diversity Species
Wildlife
diversity

Inorganic
" Chemicals

High rate of accumulation

Stabilize & Protect
Shorelines

Figure 2-2: The functional roles of a natural wetland (the dashed arrows represent contaminant removal by the wetland
system)(Kivaisi, 2001)

2.1.2. Historical development of constructed wetlands

Historically, wetlands were considered wastelands of little use and poor aesthetic appeal and often converted
into landforms of supposed better value. However, as knowledge grew of how vital a part of the natural
environment these ecosystems wéweys turned towards their preservation and protection and the development

of CWs for wastewater remediati(Reed, 1993)Quoting Jan Vymazal of tHauke University Wetland Centre

NRnCWs are engineered systems that have beenoldhgsi gne
wetl and vegetation, soils and the associ &ymadal, mi cr «
2005) often acting as polishing systems following the primary and secondagy tkedtment stagg8rix,

1994b) CWs have three characterising features:

A soil, gravel or sand filled be(Brix, 1994b, Haberl et al., 2003)

One of more types of specialised macrophyte, which are adapted to the hydric and oxygen depleted
conditions, known to aid in the removal of various types of wastewater contaminants anchdithsta
harsh chemical environmen®rix, 1994b, Haberl et al., 2003)
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3. Specific hydrologic conditions in that the soil matrix be saturated with water up to a depth of 2m, either

continually or inter mitt eseasolfHaberletal.r20038)g t he vege

Organic matter and nutrients are removed from the water flowing through the wetland owing to its ability to
transform or store these speci&six, 1994b) Originally, CWs treated domestic and municipal sewage, but
their use was later extended to industrial and agricultural wastewater, landfill leachate, acid mine drainage
(AMD) and stormwater and mining reoff remediation(Vymazal, 2005, Reed, 1993jligh levels of removal

of sulphate, manganese, iron and certain heavy metals from acid mine water have also been(Shaéryed
1997)

2.1.3. Types of constructed wetlands

CWs are broadly categorized according to the class of dominant macrophyte athek threxjor type of fluid

flow through the system. This classification is illustrated by means of the diagFigune 2-3. Freefloating
macrophyte systems were developed largely as a means of enhancing the performance of stabilization ponds;
whereas submerged macrophyte systems were intended to act as palighémgs post the primary and
secondary water treatment stages. These two classes of CWs are not widely used and it is the emergent
macrophyte systems that dominate; hence their further classification based on the primary fluid f{Bnnpath

1994b)

Constructed
Wetlands
|
| | |
Emergent Macrophyte Free-floating Suhnllel'ged
Systems Macrophyte Mg:f;?gﬂ':g'te
- Aquatic macrophytes, with roots Systems o
in the bed beneath the water surface - Aquatic surface - Aquatic macrophytes
and vegetation above the water macrophytes with no rOgtﬁ vﬁt?ltl)n thetlt:;etc:l
surface rooted attachment to bed Aanciiola Pyinencarnine
| water surface
[ | I
Freewater surface Subsurface horizontal Vertical Flow
flow flow
oW :
- Water flows over the - Water flows beneath the t o\t]f;el:agl:g ? tfg':lélegl?nsgrface
surface and is exposed to surface; largely in a horizontal vertical direction (system is
the atmosphere (systemis direction across the bed i ]
flooded) (system is water-saturated)

Figure2-3: Classification of constructed wetlan(Brix, 1994b)
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The horizontal subsurface flopiSSF) CWemerged as the preferred system for wastewater remediation and
wetlands of this type find were most commonly installed. However, as the number of classes of wastewaters
requiring treatment continued to increase, it became evident that-stagke HSSFCW systems were not

always adequate, depending on the level of treatment required. This lead to the development of hybrid CWs.
Hybrid CWs consist of two or more classes of wetlands connected together, in various configurations of series
or parallel units, tdetter utilize the treatment capabilities of the individual systems. For example, nitrogen
removal efficiency is poor in singlgtage HSSF systems, but HSSF and vertical flow (VF) hybrid CWs improve

the overall efficiency of nitrogen remov@dymazal, 2005)

2.1.4. Wetland vegetation

There have been a number of debates over the i mpc
majority of studies have concluded that wetland vegetation plaglagart in wastewater remediation in these
systemgBrix, 1994a, Brisson and Chazarenc, 2008, Brix, 1997, Stottmeister 20@8, Tanner, 2001)

Types of wetland vegetation

CWs may be planted with one or more types of macrophyte. The term macrophyte broadly describes
macroscopic, aguatic species which may be emergent, submergedftodiieg. The distinguishing feature

of the macrophytes is their ability to survive in wagaturated soils or in aquatic environments. In addition,
they also show fast growth, quick establishment, high rates of biomass generation and hdeectagied root

and support systentBrix, 1994a, Brisson and Chazarenc, 2008ble2-1 summarizes th macrophytes most
commonly used or studied in treatment wetland systBmsson and Chazarenc (2008yiewed 35 different
experiments involving a variety of wetland speciRisragmites australiandTyphalatifolia appear in the most

studies; followed byr'ypha angustifolilmndSchoenoplectus validus

Table2-1: Commonspecies of macrophy{@risson and Chazarenc, 2008)

Species Sub-species

Baumea articulata
Bolboschoenus | fluviatilis

Canna indica

Carex lacustris, rostrata
Commelina communis

Cyperus corymbosus, dubius, grandis, immensus, involucratus, papyrus
Digitaria bicornis

Echinochloa pyramidalis, cordifolius
Eriocaulon sexangulare

Glyceria maxima

Iris pseudacorus

Juncus effusus

Kyllinga erectus
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Leptochloa fusca

Ludwigia octovalvis

Pennisetum purpureum

Phalaris arundinacea

Phragmites sp., australis, mauritianus, vallatoria
Sagittaria latifolia

sp., acutus (Syn. Scirpuscutus), mucronatus (Syn. Scirpus mucronat

Schoenoplectus pungens (Syn. Scirpus pungens), validus (Syn. Scirpus validus)

Scirpus sp., atrovirens, cyperinus, globulosus, grossus

Spartina patens

Stenotaphrum secundatum

Typha sp., angustifolia, capensis, domimges, latifolia, orientalis, subulata
Urochloa mutica

Vetiveria zizanoides

Zizania latifolia

Zizaniopsis bonariensis

Role of vegetation in contaminant removal

Wetland plants have important physical and metabolic functions in(B¥%s 1994a) which will be discussed

in this section. The physical functions are the following:

1 Wetland surface stabilization, particle filtration and light attenuation
Primarily, wetland vegetation prevents erosion of the surface layers (Bs8rjl1994a) although this
function is somewhat less important in gralkabed HSSF CWs which are bounded by impermeable
walls. The dense root region created by macrophyte species aids in trapping suspended solids travelling
through the wetland. The aerial vegetation reduces the intensiltyas¥iolet light reaching the surface
of the wetland; thereby preventing excessigalagrowth(Brix, 1994a)
Preventing clogging in vertical flow systems
Insulating the wetland
Decaying plant matter forms a litter layer on the wetland surface which shelters the soil from frost
during winter and keeps it cool and moist during sum(Beix, 1994a)
9 Provision of oxygen in the root zone (rhizosphere)

The water saturated state of a CW lends itself towards being anaerobic and supporting anaerobic
mechanisms of pollutant removal. However, macrophytes have efficient mechanisms of internal oxygen
transport from their aerial organs to their submerged rdlo¢gseby providing an oxygemch zone
which is essential for aerobic degradation processes and nitrification in the rhizd&shered94a)
Most of the oxygen is released from the apical regiondgregf new growth) behind the root apex, or
tip (Armstrong, 1979)Some oxygen may leak into the rhizosphere from young fine laterals protruding

from the root base, but no oxygen is released from established roots or rhiZomesong and
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Armstrong, 1988)The vegetation provides in excess of 90% of the oxygen avaitalbite iroot zone
via their various internal transport mechanigReddy et al., 1989)

1 A habitat for wildlife
Aesthetic appeal
Flowering wetland plants, such as this pseudacaous (Yellow Flag), Canna indica(Canna lily or
Indian shot)Brix, 1994a)or Zantedeschia aethiopidé&rum lily) (Bonner et al., 2017kgan be chosen

to increase the visual appeal of a CW.

Themetabolic functions include:
1 Providing a large surface area (specifically in the root zone) for microbial (biofilm) attachment and
growth

9 Plant uptake of nutrients from the wastewater

Due to their characteristic high productivity, wetland plants absatistane larger amounts of nutrients in their
biomass. However, this amount is typically small in comparison to the influent contaminant loading from the
wastewate(Brix, 1994a, Haberl et al., 2003)

Macrophyte species selection

A number of factors must be considered andsetf against one anothethen choosing the most suitable
vegetation for a planted CW, such as root depth, wastewater loading tolerance and plant health and productivity.
Wetland design, the type of wastewater and contaminants, climate and the time available for wetland
establishrent also play a roléBrisson and Chazarenc, 2008pr examplePhragmites australisake up to

three years to reach full maturgyVy ma z al and KNMdRepvereiflaerabig degrdtidOnspjocesses

and, thus, oxygenation of the rhizosphere are important for the type of wastewater being treated, then plants
supporting high convective througlow of gases should be chos@Brix, 1994a) Phragmites astralisare a

good example of macrophyte which transport gases via convective tHtowgfArmstrong and Armstrong,

1991)

Brisson and Chazarenc (2008yiewed 35 studies regarding the influence of macrophyte species on pollutant
removal efficiency in various types of CW. Tleeus was largely on microcosm studies comparing at least two
species of macrophyte cultivated under identical experimental conditions and measuring the influent and
effluent concentrations as an indication of pollutant removal efficiency. Microcosm mepési are not truly
representative of real systems and replication was minimal (and often carried out in the same unit rather than
across identical units), so the results should be treated with cdbtmser and Keddy, 1997)\evertheless,

they do give an indication of the relative performance between common wetland species within the constraints
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of reasonable cost and time. Validation of the microcosm findings in aspi¢ or fullscalewetland system

is still required(Brisson and Chazarenc, 2008)

The pollutants under osideration in the studies reviewed Byisson and Chazarenc (2008gre ttal
suspended solids (TSS), organic matter in terms of chemical or biological oxygen demand (COD or BOD), total
Khejdahl nitrogen (TKN), total nitrogen (TN), nitrate (BJQ total phosphorus (TP), phosphate (PCand
ammonium (NH"). Overall, they foundhat removal efficiency for a number of contaminants was different
from species to species, but no generalizations (based on definite correlations across jheobloatze
formulated.

Differences in nitrogen (and particularly MDremoval efficienciebetween species were most commonly
observed; most likely because nitrogen is known to be assimilated in the biomass or transformed by aerobic
microbial activity in the root zone. This is evidence of the advantage of combining more than one species of
macr@hyte in CWs to utilize the differences in removal efficiencies under different conditions. No trends were
apparent for suspended solids, organic matter and phosphorus réBrissdn and Chazarenc, 2008he

studies involving HSSF mesocosms planted Wiihagmites australiare summarized iable2-2. In general,

no difference in removal efficiency was seen betwBaragmites australiand Typha latifolia or Typha
angustifolig with the exception of experiment 2 whdrgpha latifoliashowed a igherremoval efficiency for

nitrogen and phosphorus.

Table2-2: Investigation of the removal efficiencies of various pollutants between Phragmites australis aspecsas
of Typha in a horizontal subsurface flow mesocofBrsson and Chazarenc, 2008)

Experiment Macrophyte species Removal efficiency observations
number
5 Phragmites australis 1 BOD, COD: no difference
Typha latifolia f Typhalat. Showedigher removal of TKN, TP, N#, PQ*
Ph it trali
26 ragmites australls | ¢ cop, 755, TKN, TP: no difference
Typha angustifolia
Phragmites australis
27 gm u ) ! 1 BOD, COD, TSS, TKN, TP, P9: no difference
Typha angustifolia
Ph it trali .
28 ragmites ags r-a S 1 COD,TSS, TSS: no difference
Typha angustifolia

The majority of studies reviewed Brisson and Chaarenc (2008showed that there were differences in
removal efficiencies between many species; even though these were experimental condition specific and the
results should be treated with caution. Nonetheless, the review is evidence that macroptiyva selan
important consideration in CW design. It is not yet possible to make a set of general guidelines for macrophyte

species selection as more research is required into the different mechanisms of contaminant removal between
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the common types of wland plants and better factors correlating measureable plant features to treatment

efficiency must be found.

Importance of root exudates

As part of their metabolic activitigdlarschner, 1995)plant roots secrete a mixture of compou(fesres et

al., 1999) collectively referred to as root exudates. These exudates are thought to play a vital role in the
maintenance of rhizospheric microbial communities, which are, in turn, essential for some of the remediative

processes occurring in CWs.

Specialized trangpter protein molecules are responsible for the active transport of exudate material across the
root plasma membran@aetz and Martinoia, 2014Plants can alter the chemical composition of the exudate
material in response to various internal and external stimuli and it is theupakethe exudates that largely
defines the surrounding soil environment and microbial community stru@aetz and Martina, 2014)

There are few studies devoted to a detailed characterization of the exudate composition according to plant
species, but they can be grouped broadly into two categories. The first is the low molecular weight class,
examples of which include ano acids, organic acids, simple sugars and phenolic compounds. The second
category is the high molecular weight species, such as long chain polysaccharides and\pfalieénst al.,

2003) The expressed proteins often act as transporter molecules for other root exudate cofBtietzrand
Martinoia, 2014)

Plant root exudates have a number of important functions; namely regoft@microbial community in the
surrounding soil, alteration of t h e deteoce suppsrt op h'y s i
symbiotic relationships in the rhizosphere and prevention of invasion by competing plant Gpedest al.,

2000) Root exudates are also the medium of transport of photosynthetically fixed carbon from the plant to the
rhizosphergMarschner, 19953nd it is believed that they serve as chemical messengers between plant roots,
the rhizosphere and soil miecovganismgWalker et al., 2003)As an example, parasitic plants secrete root
exudates to stimulate the growth of invasive organs which can suffocate or drain nutrients from other plant

speciegKeyes et al., 2000)

The role of root exudates in plant defence is a vital but complexBmetz and Martinoia, 2014Root
secretions may contain antimicrobial compounds for the protection of the plant against herbivorous species,
fungi and pathogen@ardi et al., 2000)Many of the compounds initially associated with defence were low
molecular weight species and enzymes, but it has been subsequently discovered that high molecular weight
proteins and extracellular DNA also play a role by bindirapping and aggregating pathogenic bact@kiian

et al., 2007a, Wen et al., 2007b, Wen et al., 20B2)dates can also contain a mix of regulatory compounds.
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Regulators are required, in one instance, fdutlygcontrolling the release of photosynthetically synthesized

carbon from the plant which, if excessive, is a large carbon drain for theBéaatz and Martinoia, 2014)

2.1.5. Advantages of constructed wetlands

Provided that an adequate area of land is available at an affordable price, CWs are relia¢tisctiost
energyefficient and lowmaintenance systems that pose minimal risk of public exposure to contaminants within
the systen{Reed, 1993)They can also providearious additional benefits; namely carbon sequestration, air
guality regulation, evapotranspiration, temperature regulation, a habitat for biodiversity and nutrient cycling
(DamaFakir et al., 2015)

2.2. Wastewater quality

There are various physicochemical parameters which provicienation about water qualitfFor example:

1 A positive redox potential indicates an oxidizing solutibany pollutants require strong oxidants to
facilitate their decompositio (Bellingham, 2012)yet some ofthe oxidative processes (processes
requiring oxygen) generate sulphur dioxide, nitrate and nitrite. These reduced ppedieea drop
in redox potential whicleould impeddurther oxidative decompagn.

1 NH4" is a byproduct of the decomposition of urddigh levels of NH" can produce an environment
which is toxic to aquatic organisms.

9 Organic carbon is also an important water quality indicator, for which maximum allowable limits are
commonly pulished in environmentadégislation; particularly for the chemical oxygen demand (COD)
and biological oxygen demariBOD).

2.3. Remediation of wastewater using constructed wetlands

2.3.1. Contaminant removal mechanisms in constructed wetlands

Contaminants are removed from CWSs via physical, chemical and biological (Bubtes1994b) Physical
removal relies upon sedimernitat and entrapment of solids within the wetland bed. Chemical removal involves
reactions which convettarmful contaminants into less dangerous compou8dsne of these reactions rely
upon reducing conditions associatedhathe saturated wetland sofldaberl et al., 2003)ut many are dien

by biological processes in the root region of the wetland veget@tieadley and Kadlec, 20Q7)able 2-3

summarizes the primary contaminants and their mechanisms of removal from CW systems.
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Table2-3: The primary contaminants and their mechanisms of removal from CW sy@tgmazal, 2005, Brissoand
Chazarenc, 2008)

Contaminant Mechanism of Removal

Organic Matter Aerobic and anaerobic degradation by bacteria attached to plant niatsnes and
media surfaces

Suspended solids | Filtration and sedimentation

Nitrogen e e C . . '
(ammonia/nitrate) Nitrifi cation / denitrificatiorand adsorption (if soil grain is sufficiently fine)
Phosphorus Ligand exchange reactierin the presence of iron, aluminium or calcium hydr
(phosphate) oxides

2.3.2. Removal of organic carbon

The potential for degradation of organic compounds is measur€®bByandBOD. COD is a measure of the
oxygen required to oxidise organic matter by any means. BOD measures the amount of dissolved oxygen
required by micredorganisms to metabolize organic qumoinds. Therefore, COD is representative of all organic
matter present, while BOD is an indicator of the organic matter whichrdgrbe biologically decomposed

BOD and COD are widely utilised sum parameters for the removal of organic matter, but isitodibe

removal of specific types of organic compounds have also been conducted. Examples include hydrocarbons
(petrochemical compounds), oil and grease, mineral oil, chlorinated volatile organic compounds, aromatic
compounds, cyanide, glycols, atrazi@eherbicide), trinitrotoluene (TNT), RDX or cyclonite (an explosive)

and general organics found in dairy farm, pig farm, slaughterhouse and olive mill wastewater plus landfill
leachate. In these studies, emphasis has been placed on the selectionrttthar pdant species best suited

to the removal of the specific organdompound(Haberl et al., 2003)CWs produce BOPdue to the
degradation of dead plant matter. As a result, there may be a residuaMBBID the system and complete

removal willseldombe achievedReed, 1993)

Although the primary mechanismsaiganic matter removal are biologic&r example fermentation, aerobic
respiration, anaerobic respiration and -bigmentation(Table 2-3), other degradative processes such as
volatilization, oxidation (photochemical), sorption by plants and sedimentaticelstsve effective Research

into the mechanistic details of the rerabpathways for orgéc compounds is still ongoindhe removal
efficiency for organic compounds in CWs is high, but will vary depending on the type of organic compound
and the plant species selectdd.such, the genetic modification of plants in suclag as to enhance the uptake

of a specific organic compound could be one way to improve CW removal efficiftty these factors in

mind, and careful consideration of the environmental conditions, CWs can be designed for maximur remova

efficiency of orgaic matter(Haberl et al., 2003)
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2.3.3. Removal of nitrogen

The primary mechanisms of nitrogen removal are microbial procéadér et al., 1996)Higher nitrogen

removal efficiencies are achieved in planted, grimsled systemg¥ang et al., 2001, Brix, 1994ayith
adequateoxygen, minimal algal growth and $igfent hydraulic residence tim@Reed, 1993)Nitrogen is

involved in many processes and reactions within a constructed wetland, yet often it is only transformed from
one nitrogenous species to another. The processes that ultimately remove nitrogen from wetland waste water
are volatilization, denitification, anaerobic ammonia oxidation (ANAMMOX), adsorption, plant uptake

coupled with biomass harvestiagd buriaVymazal, 2007)

Ammonia volatilization
Volatilization is the loss foammonia (NH) gas from the wetland surface to the atmosphere. This is an
equilibrium reaction represented by Eel:

.(C (/ARz. ( AN /( AN c.p

A pH above 7.0 shifts the equilibrium towards thft, while a pH below 7.0 shifts the equilibrium towards the
right. Hence, losses of Ny volatilization are greater at higher pH; particularly abovgRe®ldy and Patrick,
1984)

Nitrification

Nitrification is the aerobic transformation of NWHinto NOs by nitrifying bacteria and is influenced by
temperature, pH, inorganic carbd) availability, the microbial population, the contration of NH* ions,
the dissolved oxygen (DO) concentration and the bicarbonate {H&@centration. Nitrification is a twstep
process, represented by the overall 4.

S Coop®/o 1 q( (/ .G
.l /o ./ co
- ( ¢/ o . ¢( (/7 G.1

In Eq.2-2, a nitrite (NQ") intermediate is formed by the action of ammonia oxidising bacteria. These bacteria
draw their energy from inorganic carbon, carbon dioxide-J@® carbonate (C§&) (Hauck, 1984, Paul and
Clark, 1996) NGO, is then transformed intOs by nitrite oxidizingbacteria Eq. 2-3), which may also derive
energy from organic compounds in additiomNiO,” (Paul and Clark, 1996, Schmidt et al., 2001, Schmidt et al.,
2003) In low oxygen environments, only partial nitrification takes pl&tp2-2 proceeds in the same way, but

a lack of oxygen means thidO, is transformed into nitrous oxide 48) or nitrogen gas (Nl ratherthan into

NOs (Bernet et al., 2001)
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Denitrification

Denitrification is the anaerobic transformatiohNOs to N.. Under anaerobic or anoxic conditions, nitrogen
acts as an electron accep(®edd and Patrick, 1984)out the rate of denitrification is fastest under anoxic
conditions. The process, shownEqg. 2-5, is induced by denitrifying bacteria which use organic carbon, such
as formaldehyde (C#D), as a source of enerdidawck, 1984, Jetten et al., 1997, Paul and Clark, 1996)
Denitrification is influenced by the DO concentration, redox potential, temperature, pH, soil characteristics,
presence of organic matter, the concentration of Id@d the presence of free water on the wetland surface
(Vymazal, 2005, Focht and Verstraete, 1977)

o# (/ T./ %e#/! ¢. o(/ G.L

Denitrification may also proceed in the presence of oxygen; in whisghaganic carbon is oxidized (oxygen

acts as an electron acceptor) and @ water (KHO) are produced as fproductsReddy and Patrick, 1984

Anaerobic ammonium oxidation (ANAM MOX)

ANAMMOX is the anaerobic transformation of MHand either N@ or NO; to nitrogen. The ANAMMOX
process can be describedty. 2-6 and2-7 (Mulder et al., 1995, van de Graaf et al., 19%98though mthNOs
and NQ can act as electron acceptors in the ANAMMOX reactid@; is the key electron accept(Strous
et al., 1997)

v. ( o./ ©r1. of 1 ¢ C.Q
- ( S0 G.X

Dissimilatory nitrate reduction (DNRA)

DNRA, also known as nitrate ammonification, is the reduction of MONH.* by nitratereducing or nitrate
ammonifying bacteria. The process is influenced by the G:NfDo, the DO concentration and temperature
(Vymazal, 2007)DNRA is described by three remts, which are given below, witkg. 2-8 being aform of
bacterial cellular respiratiofMegonigal et al., 2004)

. ( °./ (/7 140 .y
! o( ¢(°.( ¢ (/ C.w
ot (oo o/ Gpm

The NH* producel may be taken up by the wetland plants (high levels of uptake, however, can lead to
eutrophication), assimilated by mieooganisms or adsorb to various negatively charged surfsgesazal
2007)
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Assimilatory nitrate reduction

Macrophytes, algae and heterotrophic bacteria take up inorganic nitrogen and convert it into organic nitrogen
containing compounds, such as amino acids. By this process, they assimilate nitrogen. Soluble forms of
nitrogen, such as N{Xo NH,4*, are the preferred nitrogen containing species for this prf¢gssazal, 2007)

Ammonification

Ammonification describes the transformation of organtoogen into NH. Ammonification is biologically
driven and influenced by temperature, pH, the C:N ratio, nutrient availability, the type of soil matrix and the
presence of oxygefVymazal,2007) with the rate of ammonification being fastest under aerobic conditions
(Reddy and Patrick, 1984Ammonification occurs via a numbef intermediate steps, known as deamination
steps, and may be either an oxidation or reduction process. Oxidative deamination is dbgdEQezill
(Savant and DeDatta, 198)d reductive deamination by Ef312 (Rose, 1976)

Al EARPARN EAABRPAEKA AR PPAQ C ¢pp
Al EARBEPAGA OO QAERAY ¢ ¢.Pp g
Nitrogen fixation
Fixation is an enzyme (nitrogenase) catalyzed reaction by whigafis converted to NHStewart, 1973)

under anaerobic, or reduced, conditiqiiresh et al., 1980)Macrophytes, heterotrophic bacteria and
cyanobacteria are all capable offixation (Johnston, 1991)

Adsorption

NH," ions can adsorb to negatively charged sites on detritus, sediments and soils. This is an equilibrium reaction
which establishes a balance with NiH the wetland watefsee Eq2-1). Theequilibrium can be shifted by a
change in the concentration of WHand Q in the water. For example, nitrification decreases the concentration

of NH4* ions in solution and would drive desorption of ammonia from the sediikadtec and Knight, 1996)

Organic nitrogen burial

Detritus is composed partly of organic nitrogen. Nitrogen locked up in peat and decaying organic matter, such
as leaves, becomes pwnently unavailable in the nitrogen cycle, but is only removed from the bed if the
wetland is cleared of this debris. Organic nitrogen removal has only been reported to contribute to nitrogen

removal in natural wetlands rather than Cf¥gmazal, 2007)

2.3.4. Removal of phosphorus
Phosphorus is largely removed by chemical adsorption; particularly onto iron, aluminium and calcium hydrous

oxides(Adler et al., 1996)The removal of phosplnas may be ineffective, largely due to limited contact time
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between the flowing water and the sifeed, 1993)but higher removal efficiencies have been reported for

mineral soil containing wetlands as compared to gravel based sy3tangset al., 2001)

2.3.5. Removal of additional contaminants

The removalof faecal coliforms (FC) is normally insufficiefReed, 1993) Although high FC removal
efficiencies, in the region of 90%, may be achiefideralla et al., 2000}his is largely dependent on favourable
climatic conditions andkvelsof FC reduction that can be achieved in wetland systems afterotcomply
with regional discharge standar@Smith et al., 2005)(Kassim, 2007) In addition, removal of pathogenic
microorganisms and viruses aadonkilled. Therefore, additional disinfectiaf theeffluent may be required
such as chlorinatiofNeralla et al., 2000)

2.4. Constructed wetland hydraulics

CW hydraulics broadly describes fldshavioumwithin CW systems. The geometry, as well as various physical
properties, can influence how water moves through a CW and both should be carefully selected during the
design procesin relation to sitespecific loading and treatment requirements. Ultimately, CW performance and
sustainability will be governed by how successfully designers can optimize and operators can control the

hydrological regime and flow behavio{Reed et al., 199%ersson et al., 1999)

2.4.1 Chemical engineering reactor theory

Chemical engineering is the branch of engineering characterised by the commercialization of chemical reactions
to turn raw materials into a desired product. Hence, the discipline of chemical engineering involves,
predominantly, the design and operatiorcbémical reactors as well as the supporting processes to take the
process from start (material feed) to end (separation and purification of desired product and adequate treatment

of waste generatedl.evenspiel, 1999b)

The wide variety of industrial chemical reactions are carried out in various types of chemical reactor. The choice
of reactor depends on:
i. the number and sequence of reactions (a single reaction, reactions in series, reactions in parallel,
complex reactions)
ii. whether the reactions are to be carried out in a continuous arombinuous process
iii. whether the reactions are exothermic or endotlerm
iv. the effect of temperature on the selectivity and reaction kinetics (which governs the distribution of
products)

v. whether a catalyst is requiréidevenspiel, 1999b)
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Table2-4 sunmarizes the main classes of chemical reactors, their operational featlieesaamples of where

each may be usdéfroment et al., 2011)ndustrialreactors could also be designed as combinations of these

types.

Table2-4:; Classes of chemical reactgFroment et al., 2011)

Type of Reactor

Operational Features

Areas of Application (select
examples)

Batch reactor

1 Single vessel (may contain an agitator)

1 All reactants are fed into the reactor at onc{
after which the reaction is left to run to
completion

1 Uniform composition and temperature
throughout the reactor at any pointime

1 Composition changes with time as the
reaction proceeds

1 Isothermal or nofisothermal

1 Specialty chemicals
1 Polymers
1 Pharmaceuticals

Semtbatch reactor

All characteristics of a batch reactor but
1 Reactants are fed into or removed from the
reactorintermittently

1 Specialty chemicals
1 Polymers
1 Pharmaceuticals

Plug flow reactor
(PFR)

1 Tubular reactor

fFluid is assumed to
with uniform velocity along the reactor

1 Fluid conditions (velocity, temperature,
composition) are uniform at anyass section
along the reactor at a point in time

1 Isothermal or notisothermal

1 Adiabatic or noradiabatic

9 Pressure drop can be large

1 May contain a solid packing material
depending

1 Perfect plug flow (no intermixing between
successive fluid elements) is mlealized
case

1 Gasoline production

1 Oil cracking (olefin
production)

1 Ammonia synthesis

Mixed flow reactor
or continuous stirred
tank reactor (CSTR)

1 Reactor is a well agitated vessel

1 Continuous flow process

1 Assume concentration and temperature are
uniformthroughout the reactor (therefore th
effluent has the physical and chemical
properties as the contents of the reactor)

1 Opposite extreme to plug flow (perfect
mixing is an idealized case)

1 Biazzi process (temperature
control is critical)

1 Polymerization of htadiene &
styrene (reaction requires
constant compaosition)

1 Two-phase reactions

1 Ziegler catalytic reactions &
Hercules Distillers process
(catalyst must be kept in
suspension)

Fixed bed catalytic
reactor

1 Tubular reactors packed with solid catalyst
particles, over which the reactaocontaining
fluid stream flows

1 Steam reforming
1 Watergas shift reaction
1 Carbon monoxidenethanation
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1 Catalyst bed is fixed (catalyst particles are | 1 Ammonia, methanol & sulfurig
bound to a surface) acid synthesis

1 Isothermal or nosisothermal 1 Petroleum refining

1 Adiabatic or noradiabatic

1 Pressure drop can be large

1 Reactor must be shdbwn to regenerate
catalyst

1 A portion of solid catalyst particles move
against the flow of reactawbntaining fluid

1 Suitable forhighly exothermic reactions
(require close temperature control)

1 Opportunity to recycle and regenerate
catalyst in a continuous process

1 Fluidized bed reactor in which all catalyst
particles are entrained in the reaction fluid | 9§ FischerTropsch process

1 Catalytic cracking of gas oil
(gasoline production)

1 Oxidation of naphthalene

1 Oxychlorination of ethylene

1 Union Carbideprocess

Fluidized bed reactor

Transport or riser

reactor
stream
1 Reactor in which reactions are brought abg
Biological reactor by the action (metabolism) of nmi 1 Brewing
organisms

A HSSF CW closely resembles a horizontal flow packed bed reactor. The CW is packed with a solid medium
and bounded by an impermeable barrier. The packing material creates the many channels through which
wastewater can flow, acts as support for the rodesys of the wetland vegetation and provides the surface on
which various micreorganisms can attach (as a biofilm). These mizganisms play an important role in the

degradation of organic contamina(#dcocer et al., 2012)

2.4.2. Types of fluid flow

Fluid flow through any enclosed space dmndescribed as one of two types; namely laminar or turbulent.
Laminar flow occurs when fluid velocities are | ow.
law of viscosity applies. Flow can be visualized as parallel layers sliding alengisé another, without any

mixing between the layers. In contrast, turbulent flow is the result of high fluid viscosities which result in the
formation of eddies, or swirls, and unstable flow patterns. Turbulent flow can be visualized as streams of fluid
moving in multiple directions and at many angles to the primary direction of movement. There is a distinct

velocity, known as the critical velocity, at which flow transitions from laminar to turb(@esdnkoplis, 1993)

The flow regime within a system is dependent on a number of factors; namely fluid velocity, fluid density, fluid
viscosty and channel diameter. The existence of laminar or turbulent flow conditions can be determined using
thedimensionlesfReynolds Nimber Re(Geankoplis, 1993) The Reynol ddéds Number f o
is given by Eq2-13 (Subramanian, 2004Jh e Rey n o | dlisld bN less bhanr X0r laminar flow

(Miller and Clesceri, 202).
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whereDj, is the equivalent spherical diameter of the packing material (¢3,tble superficial fluid velocity (s , | i s
the density of the fluid (Kn®) , U is the fractional voidage of fsthe pac

The equivalent spherical diameter is estimated using-E§and the superficial velocity is calculated according
to Eq.2-16 (Mayo, 2014)
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whereQ is the volumetric flow rate (fs?2), h is the water depth (nand B is the breadth, or width, of the reactor.(m)

Nominal Residence Time
The extent of pollutant degradation is closely related to the amount of time that these contaminants spend

travelling through the CW. This is referred to as the residence tilsaldsired that the flow regime be as close
to ideal plugflow as possible, as this condition would maximize the residence time of the fluid travelling
through the system and result in maximum contaminant decompdgigogers et al., 201L8Ynder ideal plug

flow conditions, all material should experience the same time of detention within the §&ibhet al., 2010)

The time required for a single exchange of the entire wetland volume, referred to as the nominal residence time,
U, i s &gq.2-16 (Fegter, 2096)

6
zZ 1 CPpo
whereV is the total volume of fluid within the system and Q issteadystatevolumetric flow rate
For gravel bedCW systems, the volume of fluid would be expresseBdpp-17 (Alcocer et al., 2012)
6 E"R P X

whereh is the water depth, B is the width of the wetland (perpendicular to the direction of flow), L is the length of the
wetland from inlet to outlet and.U is the frac
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2.4.3. Hydraulic tracer tests

Flow through a wetland system can be visualized as being composed of the thermofement of many
consecutive elements fluid. Due to the physical characteristics of the wetland system, slementof water

will travel through the wetland faster, less impeded, than others; giving rise to a distribution of travel times

from inlet to outlef{Headley and Kadlec, 20Q7)

In order to generate aqpure of the distribution of residence times and describe the flow of water through a
CW, a tracer test is performeltlis assumed that the tracer follows the same pathway as the portion of water
with which it travels and, thus, provides a reasonableatidin of theesidence time distributigfiRTD). In any

type of tracer test,rinert tracer is injected into the inlet stream and tracked to the outlet. Samples are taken
from the outlestreamat pre-definedtime intervalswhich arebased on thaverageesidence timef water in

the wetland. The samplirffgequency should be the greatedten thetracerconcentrations are changing most
rapidly (this isusuallybetween 50 and 90 percent of #stimatedesidence time)lhe outletvolumetric flow

rate should also be recordatith each samplerhe concentration of the traceriiseach sample idetermined

by means of a suitable analytical techniditee time varying concentration datdahgused tlot theresidence

time distribuion function(Headley and Kadlec, 20Q7)

There areghreetypes of tracer test; namelfrequency tests, aimpulseresponse anthe stepchangetracer
study Frequency tests are not used and are thus excluded from this dtuén impulseresponse type
experiment, a single pulse of tracer of know mass is injected into the inlet stream ataiingiate the test.

For the stefchange test, thefilow is changed from feed water to a solution of known concentration of tracer

at t. The input and output signals from the two types of traceatestiustrated ifFigure2-4.

a) Step’ PFR b) Impulsel PFR c) Stepi CSTR d) Impulsei CSTR

LHY

I
L}
1
i
Ll
1
! 1
i
1
1
i
i

i
I
4 ,

Tracer concentration

v

Time

Figure2-4: The impulse and step changetputconcentration arves for ideal (dotted lines) andmileal (dashed lines)
reactors in response to an impulse or step increase in input concentration (bold lines with arroeheeads]b) depict
plug flow and(c) and (d) represent complete migi(Headley and Kadlec, 20Q7)
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2.4.4. The residence time distribution for steady -flow systems

The RTD function, E(), is the primary descriptor of wetlamydraulic behaviourt is a plot of thespread of

residence times faall elements of fluid flowing through the systéRersson et al., 1998@ndis generated by
means okither an impulseesponse oa step changtracerexperimentThe impulseresponse trzer test is the
more widely usednd the mathematical equations relatinghie type offlow testonly are described in the

sections to follow.

Consider a hypothetical imfseresponse tracer test in whiatknown mass of inert tracer;,iis injected at the
wetland inlet at timegtand the tracer concentration, C(t), is meas@a®a@ function of time, t, at the system
outlet. Theconcentration breakthrough curve (BTC) can be obtained by plotting tracer concentration against
time, as illustrated ifrigure2-5.

a) b)

C(t) area = mass recovered E(t)

Figure 2-5: (a) Hypothetical concentration breakthrough curve for an idealized impegpense tracer test afi) the
correspondingesidence time distributioiunction

The RTD function is definedy Eq.2-18 (Fogler, 2006)

%0 cpy

O O

#
#O0AO0
Furthermore, the fractional recovery of wamaterial is calculated accandito Eq.2-19 (Fogler, 2006)

AO

(@)

1. #

|’ C.pw

whereN is the fractional recovery of tracer, Q is the steady flow rate over théatuod the tracer test (or the best
approximation thereof), # O A @epresergthe total mass of tracer recovered at the wetland outlet aisctimetotal
mass of tracer injected at the start of the flow. test

One important assumption of RTD theorytigat steadystate flow is maintainedin the systems under
investigation. When flow is variable, the fluid entering the wetland will not have the same residence time as

that exiting and, as such, the same pulse of tracer will produce different concemqrafiles depending on
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whether the flowrate increases or decreases over time. This presents a number of cliadldérgjegdraulic

calculations and subsequemtalysisNaumann, 1969)

2.4.5. Normalization of flow data

Normalization refers to the mathematical technique of converting physical data, such as time and concentration,
into dimensionless quantitieg/hen experimental conditions, such as flow rate, system volume and mass of
trace injected, are dissimilar, direct comparisons betwdi#arentRTDs cannot be made unless the data has
been normalizedThe same applies to comparisons of RTDs from diverse CW sy@Bamger et al., 2017b,

Wabhl et al., 2010, Lange et al., 201Hpwever, flow must be in the laminar region (and, therefore, reversible)

to make nomalization of the RTD function possibl€he normalized RTD function is giveby Eg.2-20 and

Eq.2-21 (Rengers et al., 2016)

I 0 C.G
- T
z .
1#]
%[ Z‘I'— cCp
whered i s di mensi onl e snalresidemoetmand U is the nom

2.4.6. The residence time distribution for variable flow systems

To account for norsteady flow conditiondVerner and Kadlec (1996lefined a dimensionless flow weighted

ti me, 0, and correspondi ng out22PandEqR228n creems padt ionel
an expression of time in terms of total volume excharigesp is the nominal residence time and is comparable

t o U216 EqThe area beneath t he Co (edtihg1008 ofithe racar mass).s h o

N 1C‘)AA
i 60 (SIS
#N 6N
# N B (GO
where Q(td) is the variabl eifd owd atme, VYOt ) ias Atdluenmyar i
is the time of tracer injection, V(0) is the system v
injected
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2.4.7. Moments of the RTD

The moments of the RTD are used to evaluatedutit performance. In order to calculate the moments, a
selection of mathematical equations are applied, all of which reduce the RTD function to a single value. This
makes comparisons between different RTDs more convefRenigers et al., 2016q.2-24 to 227 outline

the four important momenthathave been defingdrogler, 2006)

nOEl | Ad- O llﬂo ot
pODI 1 Ad-0O WOA O @ ¢Qu
¢ ATi1 Ad-0O O & %OAOK CGC O
cOAT I Ad-0 Ii] 6 & %OAOO C.C X
The moments of the dimensionless RTDgikenin Eq. B-31 (Rengers et al., 2016)

mOET I Ad-O %[ A QY
pODI T Ad-O [w[ A QW
¢ ATi1 Ad-0O [ - %[ A COT
GOAT I Ad-O0 > [ - s A cop

J' I

The zeroth moment (M gives the fractional recovery of tracer material. The first momen} idthe mean
residence time@d (Fogler, 2006) When 100% ofhe tracer material is recovered (M 1), the first moment
represents the centroid of the RTD. The variance, or spread of data about the mean, is given by the second
moment (M) (Rengers et al.,, 2016A large vaiance indicates significant departure from ideal glow

(Persson et al., 1999The third moment () ter mewnedshsed,0 srkepresents the
distribution is skewed to either side of the méaogler, 2006)

Page §i6



The dimensionless moment of t he CO6(0) vs 0O c uB8lavithahe apprgpriatee n b
substitutions of the concentration and time normalized vari@idlabl et al., 2010} &2 - & pand- = ™

under ideal conditions. Any deviations from ideality are used to quantify the hydraulic efficiency.

2.4.8. Flow behaviour in constructed wetland systems

Flow nonideality (departuregrom plugflow) is the symptom of physical, flow, geometric and physiological
parameters; examples of which could include fluid density, water flow rate, wetland length and
evapotranspiration, respectively. The presence of a packinggmeadso has a significant impact on flow
behaviour. In addition, CW hydrodynamics may display varying levels of complexity depending on the extent
of occurrence of shedircuiting, zones of stagnation (dead zones), zones-oirgelation, dispersion and
mixing effects; the presence of which are seen in the shape and spread of ti{Rd&RigBrs et al., 2016,
Thackston et al., 1987)

Short-circuiting

In CW systems, water flows preferentially along the paths of least resistance. When a pocket of fluid moves

through the system at a velocity markedly greater than the average of the bulk flow and reaches the outlet in a
time much shortet han U, this poclkdtr cius teaidod ttho o lwigditmgtish £ h avre
characterized by a significant amount of material reaching the outlet in a normalized travel time of less than 0.4

(Thackston et al., 1987)

Dispersion
Dispersion has been widely used to quantifying the degree of departure from ideal flow in detention systems
(Persson et al., 1999ispersion is the result of both vertical and lateral variation in the average velocity at a
paricular location within the wetland. As depictedrigure2-6a, dispersion can be identified by a noticeable
broadening of the base of the RTD curvd aigh degrees of dispersioreaaccompanied by a change in peak
shape(Thackston et al., 1987Dne way of gantifying dispersion is by determining the dispersion indgx
according tcEq. 2-32:

A

A — G.0¢
@

Plugflow conditions will produce a sharp peak and smi@hdard deviation in the close vicinity of the nominal
residence tim¢Persson et al., 1999 representation of whiadan be seen iourvel of Figure2-6a. A large

value ofd is synonymous with a wide distribution of residence times and an increased broadenirgTdd the
peak Figure2-6a). This means that a significant quantity of material exits the wetland well ahead of or well
behind the mean residence tifidackston et al., 1987It should be noted that the mean residence time is not

dependent on the degree @mkrsion or vice versa. All of theurves inFigure 2-6a have the sam@ and_
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but each a different value df Further, thdour RTDsin Figure2-6b haveidentical values ofl but different
values of® and_ (Thackston et al., 1987)

: . CURVE 1 - LARGE AMOUNT OF DEAD ZONE. /T =0.25
Fe——CURVE T - LITTLE CURVE 2~ MODERATE AMOUNT OF DEAD ZONE. +/T =05
DISPERSION CURVE 3- SMALL AMOUNT OF DEAD 20NE, /T =076
CURVE 4- NO DEAD ZONE. 1T =1.0

CURVE 2 - MODERATE
DISPERSION

CURVE 3 - MUCH
DISPERSION

TRACER CONCENTRATION

TRACER CONCENTRATION

Figure2-6:()Thr ee hypot hetical RTDO6s showing the effect of th
and (b) Four hypothetical RTDs showing the influence of the amount of dead volume on the position of fhed@k&on
et al., 1987)

As analternative Levenspiel (1972used the dispersion number, @yvenin Eq. 233. In this expressiorD
approaches zero under plfigw conditions but approaches infinity as the extent of mixing nears comgésten
(Persson et al., 1999)

A _
G c%cop A GO0

Dead (stagnant) zones

Dead zones often occur in shallow areas, corners and behind baffles or obstructions. The rate of exchange of
water in and out of a stagnant zone is greatly reduced; velocities are significantly lower than in the main
advective flow pathseddy recirculation is typical; mixing between stagnant water and the bulk flow is poor

and fluid entering a dead zone will have a significantly longer residence time than the mean. As a consequence,
the cumulative volume of the dead zones is considesednéially unavailable and the effective treatment
volume, \&i, becomes smaller than the actual wetland volume, V. The presence of dead zones tends to reduce
the mean residence time of the body of water as a whole; resulting in a shift of the RTD towards

normalized times, as is illustratedfigure2-6b (Thackston et al., 1987)

Mixing effects
The concentratiotime profile of a completely mixed system is an exponentially decaying function, as shown
by the dashed curva Figure2-7. In such reactors, the combined effect of a high degree of mixing and steady

flow results in a continually diminishing tracer concentration detected at the systengRergsbn et al., 1999)
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In general, a system whose flow behaviour is predominantly advective produces a RTD with a sharp, narrow
peak. Advective zones provide channels for unimpeded flow through the wetland, with minimal lateral
dispersion. Therefore, the mean residence timdeasignificantly shorter than the nominal residence time. On

the other hand, water which enters a dead zone during its passage through the system wilibaittetdthis

area for an extended period and only emerge gradually. For this reason, tlaatr&LD will have a straight,
elongated tail. These two cases are illustrated by the solid and dotted hypoB¥@isahFigure2-7, bothof

which indicate sharp peaks for advective flow dominated systems. The larger the amount of dead space, the
longer the tailing Thackston et al., 1987)

| I e e s e s

e
g. 1L HYPOTHETICAL GURVE FROM DASIN DOMINATED
i s‘/BY ADVEGTIVE FLOW AND WELL-MIXED ZONES.

THEORETICAL GURVE FROM A COMPLETELY~MIXED BASEN,

—_——
e

/T

Figure2-7: The typical exponentially decaying concentration time profile of a perfectly mixed reactor and hypothetical
concentration time breakthrough curves for two systems displaying various distributions of advective and stagnant zones
(Thackston et al., 1987)

Further, systems displaying less advective flow dominance but still a high degree of mixing will also produce
long-tailed RTDs. The extent of tailing will be directly related to the degree of mixing; in other words the tail
extends further as the system approaches a fully mixed state. In comparison to the hypothetical RTDs given in
Figure 2-6, the peak will be flatter (display a lower maximum value) and broader and possiblmuodéil
(Persson et al., 1999)

2.4.9. Hydraulic efficiency

Wetland systems utilizing a maximal amount of the available treatrokmhe and maintaining near phiigw
conditions are hydraulically efficienfPersson et al., 1999nd, n general, wil yield a high degree of
contaminant degradation or transformation. Thus, efficiency is a balance between the degree of pollutant
removal, the wetland area or volume required to achieve this extent of removal and the corresponding treatment
time. For thigeason, the RTD is an important pegjuisite for the determination of treatment efficiency, and a
variety of design factors including the mean residence time, the inlet and outlet valve position, the vegetation

and the type, size and shape of the wetlaiidoear influencgPersson et al., 199%hackston et al., 1981f
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meaningful comparisons between wetland systems or across a selection of experimental conditions are to be
made, then the calculation of hydraulic efficiency should be based on the normalized RTD f{\Wetibet
al., 2010)

In reality, the attainment of ideal pkilpw is not possible. Thus, the observed mean residence @meill
not be equal t o t he Thackston et all (1987paéntaided thatle was therpeimary U .
determinant of hydraulic efficiency and quantifiechiterms of an effective volume utilization ratio, e, given
in Eq. 234.

6
A P
5 0T

a
zZ
Persson et al(1999)explained the combined importance of both uniformity of flow and maximal use of
effective volume for assessing hydraulic efficiency. Hlag/ conditions alone may not guarantee good wetland
design because pldtpw could be the result of a Higlegree of shostircuiting. Similarly, approximately equal

mean and nominal residence times do not always imply high efficiency as these times could be very similar
even in the undesirable case that the peak of the RTD is broad and flat. Hetheed@elopment of their
expression for lyiyedinBguB5beowgaHeaatio assigaad o gffectivae yolume utilization,

e, by Thackston et al. (198@nd a term involving the equivalent number of tanks in seriggogler, 2006,

Kadlec and Knight, 1998yere combined. Both terms are equally weightedivwiben 0 and 1) in the equation.

1 Ap

cov

—|o
N|O

wheret, is the maximum concentration peak time recorded at the wetland. outlet

The number of tanks in series, n, is the parameter in the Tat8eries (F1-S) model, which was developed

to account for noideal flow behaviour in reactor systems. This model has been widely applied to the modelling
of HSSF CWs containing a gravel bed, as these systems are considered a category of packed Hdeabteactor.
(2006)defined the number of tanky Eq. 236:

oo

>[N

However, Eq. 6 relies upon the determination of the mean, variance and standard deviation of the RTD. If
these descriptors are determined experimentally, the shape of the curve, the extent of the tailing and the often
arbitrary seletion of the engpoint of the tracer test can have a large influence on the statistical (Esutson

et al., 1999) For this reason, alternative expressions for the mean and standard deviation have been suggested

and rely upon determination of the time at which specified mass recoveries are achieved or concentration
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maxima are detected. Hence, the number of tanks iessexay be also be calculateg Eq. 237 (Kadlec and
Knight, 1996)

T —= C.0X

2.4.10. Hydraulic indexes

In order to quantify the extent of flow nadeality, simplify RTD analysis and allow for meaningful comparison
between different systems, various hydraulic indexes have been d@feieeira and Siqueira, 2008)s has
been discussed in the previous section, departure frordlpludnas an adverse impact upon wetland treatment
efficiency and it is the shape of the RTD that alludes to the occurrence-mfasbfiow within the system. Yet,
the RTD function itself is only a qualitative indication of flow behaviour.

The hydraulic indexes reduce the RTD to a single value by means of various mathematical operations. In this
way, they provide a quantitative assment of hydraulic performance by comparing the flow behaviour in a
real wetland system to that which would be expected in the same system operating under ideal flow conditions
(Teixeira and fueira, 2008) However, although these indexes give good insight into fluid flow behaviour,

they have been found to be poorly correlated to effluent pollutant compd§ttogers et al., 2016)

There are tw main categories of hydraulic indexes; namely sbiocuit and mixing indexes. Various other
indexes have been defined, but these do not fit into one particular TkEgsira ad Siqueira (2008)
summarized seventeen hydraulic indexes already existing in the literature and assessed each according to its
1) Definition and adequate representation of identified physical phenomenon
2) Sensitivity to changes in that phenomenon

3) Statisti@l variability

Their motivation for such a study was the apparent lack of standards for the assessment of wetland hydraulic
performance and that different indexes measuring the same phenomenon can yield different results. Their
investigation considered BB for five flow regimes (from disperse pliigw to completely mixed) and
identified the hydraulic index most suited to evaluating the stianiting and mixing phenomena. Their

findings are presented below.

Short-circuiting index

Shortcircuiting is he result of the development of preferential flow paths and typically results in a mean
residence time shorter than the nominal residence (limieira and Siqueira, 20Q8Yisually, the RTDwiill

be shif t(&ahlebak,|20l®Teikeira and Siqueira (20085sessed eight shaitcuit indexes based

on the assumption that they describe the advective movement of the tracer front. It was concludeddhat the t

index is the best measure of shartuiting because it is closely related to advective flow, it displays low
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statistical variability and it is a good indicatorabfannellinghrough the system. Thetndex is defined as the
amount of time taken for the first 10% of the injected mass of tracer mass to reach the system outlet. In addition,
ti (the time taken for the first concentration above baseline to be recorded at the outlet) is a valuable index
beause it indicates the degree of skwrtuiting within the system without requiring measurement of the full
RTD. Expressed in terms of dimensionless variablesshibetcircuiting indexes can be expressedgs 238

and Eq. 239 (Rengers et al., 2016)

oy

.-N|O) NI O

Mixing index

Mixing is a manifestation of the random spreading of material owing to diffusion, recirculation and the presence
of zones of stagnation. The result is an extended period of detention (or the mean residence time exceeding the
nominalresidence timejTeixeira and Siqueira, 200Q8Yisually, mixing will result in a broadening of the RTD
function(Wahl et al., 2010)The inlet and outlet configurations can bear large influence over the extent mixing;
particularly for closed systemgeixeira and Siqueira (2008yaluatedsix mixing indexes with the assumption
that this index best describes the &(sebEq.t226gaorthe di s p
dimensionlessecondnmoment- (see Eq2-30), is the most suitable index for quantifying mixing effects, due

to its close relation to the physical phenomenon and the fact that it is widely used in many kinetic models.
Ho we v2eloes have the disadvantage of hgdtistical variability when mixing effects are minimal. The t

T ti0 index shows better statistical reproducibility for all degrees of mixing, but Teixeira and Siqueira still

s u g g e s t?bedhe tndeadf chaice due to its other advantages. In oestanf a low degree of mixing, the

Morril Index, MDI, in Eq. 240 is preferred Teixeira and Siqueira, 2008, Rengers et al., 2016)

O>| (o]
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wheretg is the time taken for 90% of the injectedssaf tracer to exit the system

Moment index

Wabhl et al. (2010proposed a new index for hydraulic efficiency; termedMlmenent Index. They identified

the major limitation of the existing hydraulic indexes to be their susceptibility to being skewed by the tail effect.
Tailing refers to the often encountered long extension of the end section of the RTD function which
asymptoically approaches zero. In general, it is assumed that a flow test is complete and the tail of the RTD

has returned close enough to the initial baseline (zero) concentration after a minimum of three mean detention
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times(Levenspiel, 1999b)n this context, residence, or detention, time is defined as the flow rate andvolume
dependent total travel time frosystem inlet to outletHowever, in many practical situations it may be
impractical to continue experiments for this length of time. The Moment Index, thus, aims to resolve the
uncertainty regarding measurement of the residence time as this can havécarsigmpact upon the RTD

and, therefore, the computed hydraulic efficiefahl et al., 2Q0).

The Moment Index is determined using the RTD and the hold back parameter (HBT). The HBT was defined by
Stamou and Noutsopoulos (19%%) the prenominal area, which is the areaunteh e RTD f uncti on
up until the nominal divide (corresponding to a f
a single exchange of the reactor volume only, so the arbitrary truncation of flow data defining the end point of
the fow test does not impact upon the result. In other words, the Moment Index is not subject to tail effects. In
addition, it has no connection to either the short circuit or mixing indexes; it shows greater sensitivity than many
other indexes; it can be cefated to the effluent pollutant composition for first order reactions and it accounts

for vegetation density, wetland shape and wetland bathyrfwal et al., 2010)
The Moment Index, MI, given ikq.2-41, is based on the following two assumptions:

i. I'f the residence time is equal to orylonger th
i.h The fraction of materi al reaching the outlet p

efficiency. Hence, the most weight is given to the shortest residence times.

-) P - T p

whereMpre is the prenominal moment taken about the nominal divide

The prenominal moment is definebdy Eq.2-42. A decrease in hydraulic efficiency produces a proportional
increase in the magnitude of the m@minalmoment and, thus, a decrease in the value of the Moment Index
(Wabhl et al., 2010)

- p N # 00 A C.T G

To illustrate the value of the Moment IndéXahl et al. (2010xonsidered 42 hypothetical RTDs. For select
cases, the normalized concentration against flow weighted time curves were plotted and used to evaluate
hydraulic efficiency. Firstly, théunctions were qualitatively ranked from most to least efficient based on

function shape and position relative to G = 1 (be

(OT12),e @ Tz)a n dA e P(j ) were calculated and used to again rdwekhypothetical reactors from most

Page p3



to least efficient. The results were compared and it was found that MI ranking was the closest to the qualitative
predictions in each case. In order to further quantitatively substantiate their findings, plots@#)),& and
& versus effluent pollutant fraction were produce

It was again found that Ml displayed the best fit witbRing closest to 1.

2.5. Chemical kinetics

The term O6ki net i cmtéat whictoaacidmical speciescig transfersmed frdmeone form into
another. The kinetics of the contaminant degradation processes are an important indication of the treatment
efficiency of a CW(Sheridan et al., 2014a)

In order to investigate the ki nesessendtial toddve atborough mi n
understanding of the flow hydraulics. Al t hough re
been limited, there have been a number of studies reporting on how the variousrgacrisms and plant

species interachiorder to breaklown pollutants in the wastewater. Although each CW system is unique and
should be dealt with on a cabg-case basis, it is generally accepted that wetlands operating as close to ideal
plug-flow as possible will yield greater kinetic efiiéncies. Higher aspect (lengtitrwidth) ratios, higher

loading rates and packing of smaller diameter is helpful in inducing nearer to ideal plug flow behaviour in
packed bed systenf8icocer et al., 2012)

2.6. Biomimicry and constructed wetland design

Biomimicry is a design methodology wherehgtural or biological processes are simulated in-made
systemgBiomimicry.SA., 2015)It is the principles of selbrganization, selfegulation and seifhvention that

enable biological systems to successfully adapt to changing, and threatening, environmental conditions. This
ability to adapt and survive is possible only because of species diiaitifiman, 1993)Given their origins,

CW6s are inherently biomi meti c b®ynprovediy the appticatenoé r ,
the more recently developed biomimetic principles.

26.1. AT 1T CEAAT AT A |, EEA8O O0OET AEDPI AO

I n order to stimulate biomimetic design, t wo sets
have been developed. These guidelines are based upon extensive observation of natural ecosystems, a thoroug
understanding of the fundamental piples underlying natural processes and abstraction of those traits which

ensure that living species survive and thrive in their particular enviror(Benyus, 2017)
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Ecological Principles

The ecological principles are a set of general criteria to be used in the design of technologies based on natural
ecosystemg¢Todd and Josephson, 1998he elevenprinciples, with brief explanations, apeovided inTable

2-5 (Benyus, 2017)

Table2-5: The Biomimetic Ecological Principles

Ecological Principle Description

Soils rich in a variety of minerals are better able to sup
biological diversity. The wider the nutriemariety, the
greater the species diversity and the better the capabil
the system as a whole to adapt and optimize.

The assortment of nutrients in the soil must be in a
available form to support life.

A living system in which there are distinct or lar
differences in or between measurable physical
chemical properties supports a greater diversity
chemical reactions/transformations and creates n|
alternative pathways through the gyst The recycling o
material is one way of creating gradients within a syst¢
The surface area for chemical reactions in biologigaé
reactors must be accessible to the greatest volum
material as is possible. It must neither disturbed by the
flow regime nor itself obstruct flow. Increasing t
diversity of the reactive surfaces increases the diversi
chemical reactions/transformations supported.
Exposing a living system to simulated, regular change
well as arbitrary disturbances helps it to adapt to
Periodic and random pulsed exchanges recognize alterations in the environment. In this way,
system becomes more robust and the impact of ch
becomes less during steady agi&m.

The cell is the basic building block of living organisn
Individual cells are able to function independently
together with other cells via a communication netwd
Cells are also able to specialize tarry out specifi
Cellular design and structure of mesocosms | functions. Cellular design of living systems means f{
resources are used more efficiently, systems can inc
or decrease in size as the need arises andumationing
cells can be removed without jeopardizing the system
whole.

No ecosystem functions in isolation of the environmen
adjacent ecosystems. At least three separatsygibms
Law of the Minimum (linked only by flows) should be incorporated into desi
This is the generally accepted norm in creating a §
sugaining system over the long term.

Many reactions taking place in living systems
catalyzed by bacteria. In addition, nucleated algae, W

Geological diversity and nutrient complexity

Nutrient and micrenutrient reservoirs

Ste@ gradients

High exchange rates

Diverse microbial communities
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and slime mold, slime nets, fungi and protozoa are
capable of supporting mgnimportant reactions. Th
greater the diversity of bacteria and micnganisms
incorporated into the design of a living system, the gre
the number of reactions supported by the system.
Plants in living systems provide thate for biological
reactions (the root zone). In addition, their o
photosynthetic metabolism can play an important rol
contaminant and pathogen removal. Living systems
greater plant diversity are more successful in mana
their energy, oxygeand chemical balances.

Different animal species, of different levels of gene
Phylogenetic diversity complexity, play an important role in regulatin
controlling and maintaining living systems.

A living system must be designed in harmony with
Microcosm as a tiny mirror image of a surrounds and be capable of harnessing external resg
macrocosm to sustain itself, while not disturbing surroundi
ecosystems, and also offer benefit to its surrounds.

Photosynthetic communities

, EEZA8 O POET AEDPI AO

The | ifebs principles are a set of criteria which
of a biomimetic systerf with emphasis placed on evaluation of how a system functions as a sum of its parts.
Li feds pr i nc ihedverachirgmpatteris foand dmormgst living species surviving and thriving in
their particular environmer{Benyus, 2017)

2.6.2. Biomimetic approach to wastewater treatment

The biomimetic approach says that the most sustai
in general, are found in nature. In short, natineuld acks a model, measure and mer{enyus, 2017)As

the types of wastewater to be treated increase and become more diverse, so the need for more economical

efficient and robust systems to cope with the treatment demands emerges.

Successfully designed biomimetic water treatment syssbimsldbe developed as ecosystem technologies and
function according to the ecological and |ifebdbs p
sync harmoniously with one another anehust be realised that the system as a whole cannot operate efficiently
without contribution from all of its individual part@Benyus, 2017) Biomimetic wetlands are, thus, self

contained, ecologically engineered systems, which effectively and efficiently mimic the natural actimhs of a
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interactions between bacterial communities, microbial communities, algae, plants, trees and aquatic organisms
(DamaFakir et al., 2015)

The biomimetic approach would, ideally, lead to the design ofwastesystems and systems that display
multiple functionality. CWs can act as carbon sinks, air quality and temperature regulators and habitats for
biodiversity. Furthermore, multiple functionality could be achieved through, for example, the recycling of waste
streams, the production of nutrienith fertilizers and the generation of renewable energy. Therefore, there is
potential for additional income generation from these syst&wos example, wetland vegetation may be
harvested and sols a means of incomergationDamaFakir et al., 2015)Table2-6 outlines some examples

of successful projects from companies at the forefront of biomimetic water treatment technologies.

Table2-6: Summary okuccessfubiomimetic wetland dsigngDamaFakir et al., 2015)

Company Name

- Floating Island
International
- Bright Water Company

- John Todd Ecological
- Worrel Water Technologies

- Natural Systems
Utilities

- Naturally Wallace
Consulting

- Whole Water System

Natural system
being mimicked

Wetland and aquatic
ecosystems

Natural wetland systems

Natural wetland
systems

- Biohaven Wild Floating

- Natural Systems

the water and the
associated microbes
remove excess nutrients
from the water

Biomimetic Islands - Living Machines
. . - Treatment Wetlands
product/process - Bright Water Company | - EcoMachines .
: - CW Bioreactor
Floating Idands
: Multi -functionality of
o The role of floating plants . . y
Principles of . Aerobic and anoxic water natural wetlands in
in the removal of excess . o .
natural system . treatment as observed in organic, inorganic and
. nutrients from natural . . . .
operation facultative ponds biological contaminant
wetland waters
removal
1) Pre-treatment: anaerobic zong - Integration of natural
2) Flow equalization: zone to systems with ossite
- Bouyant islands ensure uniformity of flow wastewater treatment
constructed out of layers ¢ 3) Primary treatment: and reuse
polymer batting and independent tanks in series - Decentralization of
Biomimetic containing pocketsf containing different combinationy wastewater treatment
svstem wetland plants/vegetation | of gravel/rocks, plants/vegetatiorn to expand water
ystem - Plant roots extend into | and aquatic species for purification
description

decomposition of
organic/inorganic matter and
consumption of byproducts
(Living Machines may contain
screens, biofilters, plumbing

systems and other mechanical

capabilities across a
range of wastewaters
and contaminants and
create (self)
sustainable water
treatment/
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devices taaccelerateéhe natural | recycling/reuse
purification process) solutions
4) Polishing: Ecological
Fluidized Bed or small CW
Type of Water bodies, such as - High strength industrial - Municipal
livestock ponds, golf .
water/wastewater . wastewater - Commercial
course ponds, \dlife .
treated . - Sewage - Industrial
habitat areas etc.
Currently available in
USA
egfieMont i (
Currently available in USA, UK, H. u b@n a.naerob|c
: . . digester using
I Currently available Australia, China & Ghana . .
Availability of . . industrial wastewater
e.g. Du Noon township, | e.g. construction phase of
technology . and sewage sludge,
Western Cape Langrug project, Western Cape,| . .
e with other wastes) in
soon to be initiated
the development phas
by PPA, Eastrn Cape,
South Africa
(Middleton, 2012)

In summary, the biomimetic approach relies upon careful observation anedisciftinary partnerships to
develop a deeper understanding of the hydraulic, biological, chemical, physical and kinetic processes occurring
within wetland systems and then transferring this knowledge to improved design guidelines f(BeDWss,

2017)
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Chapter 3 Materials and Methods

A description of the materials and methods is given in this chapter. The detail underlying the hydraulic and
kinetic calculations is left to be described in the individual chapters dealing with each topic. This is done to
avoid repetition and also to aikdet flow and understanding of the results presented in the subsequent chapters.
The author requests the reviewer snayasa@beinckidedintheas t h

published papers.

3.1. Experiments at the University of the Witwatersrand

3.1.1. Constructed wetland description

The CWs were stationed at thdWaRU outdoor research facility on the east campus at Wits UniveTsity.
pilot-scale CWseach a&ustommade plastic trough (4.2m x 0.8m x 0.8iitied with quarry gravelwere used.

One wetland containednly grave] while the seconctontained gravel andias planted with avariety of
indigenous macrophyteg&um lily, Cyperus papyrus nana, Typha capensis, Juncus effuses, Chondropetalum

tectorun). The wetland wa divided nto five zones defined by the vegetation within each seci®showrnn

Figure3-1. In bothcases, the height of the gravel beasapproximately 0im.

Figure 3-1: The experimental constructed wetlands at the IMWaRU site, Wits University showing the five zones of
vegetation (left), the planted and unplanted wetlandstsjggde and the Jojank setup (right). The outlet configurations
(inlet configurations are not shown but are of the same design), the syphon break and the sample ports are also visible

(right).

The wetlands we fed by two Jad watertanks Figure 3-1). One tank containednimpellor and the other a
stbmersible pump so that water coblel circulated between the two; thereby ensuring homogeneity of the feed
solution. Eab wetlandwas fitted with identical inlet and outlet water distribution networks (built using PVC

elbows and Ipieces, high quality garden hegipe and metal worm clamps)he JoJo tanks were connected
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to the wetland inlets via a length of hosepijpgo which amunicipal flow meter and dye injection port
(consisting of a PVC FPpiece and rubber bungjas fitted. A syphon break wéitted to each outleto control

the level within the wetland.

Thirteen sample portsere inserteahto the wetlands. Theg®rts wee constructed of plastimoated wire mesh

so as not to disturb the flow path of water through the(EMure3-1). All sample portsvere fitted with three
differentlengths of PVC tubinghereby dividinghe bed into a gridike network and allowng for sampling at

three depths. The experimental-gptis illustratedn Figure 3-2. The fivesampleports positioned down the
centre of the bed contadremovable cages packed with the same gravel as found in the larger system. The
gravelwas divided into thredifferent heightsections, with ope spaces between theifthe remainingight

sample ports werecatedat fixed pointsalong the edges of the wetlands.

Flow of water

INLET L v OUTLET
Zone 1: Arum Zone 2: Cyperus  Zone 3: Typha Zone 4:Jjuncus Zone S: Chondropetalum
lilies papyrus nana capensis effuses tectorum
) el
oo 2 L 2
E o W o IS
il AlcT e Tormfion, Bl

0
- 10
=0

e ettt N
e EEE TR EEEEE N

iniaiieiad Skt |

Figure3-2: IMWaRU (Wits University) constructed wetland configuration showingraovable cage and sample tubing
to three depths. The outlet distribution network is also visible and the inlet distribution network is of the same artangemen
The red dashed lines illustrate the division of the wetland system into a grid of sample points

3.1.2. Wits Experimental timeline
The timeline of the experimental regime in 2015 is preseintédgure 3-3. The experimental procedure is

elabornted on in the sections to follow.

Wetland system Impulse-response tracer

preparation: tests (duplicate):

March 2015 April - May 2015
Tracer test trial run: Step-change tracer
April 2015 tests (duplicate):

May - June 2015

Figure 3-3: Experimental timeline for the experiments conducted in the constructed wetlands at the University of the
Witwatersrand, 2015.
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3.1.3. Wetland preparation
Before commencing with the experiments, the wetlands were drained of all residual water and flushed twice
with tap water available esiteto ensure any residual chemicals were remoVhd tap water from the site was

analysed to determine the baseline for fectrophotometric measurements.

3.1.4. Hydraulic studies

Tracer test trial run

A tracer test trial run was conducted to investigate the operational characteristics of th¢ssys$tspecifically

to set the valve positions on the inlet configuration t@ @gin evenly distributed inflowjo perfect the tracer

dye injection and sample removal techniques and to briefly observe the movement of tracer dye through the
wetlandsand determine the sampling regime

Once the inlet valve positions has been #e influent and effluent water flow rates were monitored to
determine the range of inflow and outflow rates achievable. Based on this, an inflow rate of 20 L/min was
chosen for the trial run; yielding an experimental time of 10 hours. The trial run wasdsengsponse tracer

test, using FWT Red fluorescent dye. Based on the experience gained and results obtained from the trial run, an
inflow rate of 5 L/min (for an experiment of 24 hours in duration) was chosen for the subsequent-impulse

response and stahange tracer tests.

Impulse-response tracer tests

The inlet valves were opened to the positions determined during the trial rureandlét valve were opened

fully. The outlet valve from theoJo tankwvas opened and adjusted to achieve thalptermined inflow rate of

5 L/min. The syphon break at the outlet was also adjusted to ensure that the water level in the wetland coincided
with the gravel surfacénce thewaterlevel wasbeing maintained and etflow hadreached pseudo steady

state the pulseof FWT Red liquid dye (30ml) wasjected into the feed line.

Samplesvereremoved from each of the three deptiheachsampleportat 30 minute intervals until the peak

of the concentration had been sasped. Thereaftesamples were taken at 2 min, 15 min and 30 min after
injection; then on a halfiourly basis and then a two hourly basis up to 12 hours after injection. Thereatfter,
samples at 24 and 29 hours after injection were collected to comple®d Ih¢ail. Based on the flow rate
(distance moved in a specified time interval) and visual observation of the intensity of the pink colour of the
samples removed, sampling was conducting in a cascade fashion. More samples were removed from the front
sectio of the wetland soon after injection but none at the back end of the wetland until the dye front had moved
closer to the latter sample ports. As such, the time of the greatest sampling frequency was determined on a port

by-port basis.
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The FWT Red concerdtion in eachsamplewas analysed using a Merck Spectroquéand absorbanee
concentration calibration curvajter filtration Thetime-variant FWT Red concentration datasused tgplot

theexperimental RTD, from which various hydraulic parameters e&liilated (see Chapter.4)

Step-change tracer tests

The valves were opened and adjusted as described for the imgapemse tracer tests. Once the water level

had stabilized and the flow had reached pseudo swaty, the feed was changed over tolat®n of known
concentration of FWT Redhe same sampling regime was followed and sample analysis performed as for the
impulse response tracer tests and the same hydraulic parameters calculated; although by a different
mathematical technique (see Chapte

3.2. Experiments at the Helmholtz UFZ

3.2.1. Constructed wetland description

The pilot CW is located at the Helmholtz Zentrum fir Umweltforschung (UFZ) in Leipzig, Germany.
Construction was completed in October 2013 and the first experiments coathieugust 2015-igure3-4

is aschematic diagram of the wetland system, which is a horizontastdce flow (HSSF) CW. The stainless
steel cotainer is 6 m in length and 0.70 m in height and one longitudinal boundary is constructed at 16° from
the vertical, such that the widths at the top and base of the container are 1.2 m ane:dp@ctiyely Figure

3-4b). The CW is an unusual shape as it was built using-agstructed SS containérhe wetland has been

dug into the ground, such that the upper rim and 20 cm of the boundamyretaltle above the ground. The
system is filled with glacial gravel (bed height 0.50 m; particle siz8 shm; 36% voidage) and planted with
Phragmites australisThree fully removable, stainlesteel baskets (height 0.7 m; diameter 0.30 m) have been
insertedinto the central flowpath Figure3-5a). Each basket contains the same gravel and vegetation as in the
surrounding wetland system. The basket cagee bvenly distributed pores of the same diameter as the average
gravel particle size to minimize flow disruption. The purpose of the baskets is to analyse, in more detail, a
predominantly undisturbed section of the CW under laboratory conditions. Thisfphe methodology has

been developed from previous studies on laborsdogye planted fixed bed reactor (PFBR) systems

(Kappelmeyer et al., 2@) Liinsmann et al., 20168photographs of the wetland are givefrigure3-5.
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Figure 3-4: (a) Aerial view of the constructed wetland showing seven internal sample ports, three inlet valves and one
outlet valve and (byrosssectional view showing the gravel bed and valve heights.

Figure 3-5: (a) Photograph of the pilot, gravel horizontal subsurface flow constructed wetland at the Helmholtz UFZ,
Leipzig(July 2015) and (bhe middle basket when removed from the wetland showing aderedlloped root system (Sept

2015).

The system is fed by three evenly spacaldes Figure3-4a), positioned 5 cm above the wetland base. The
discharge is removed via a single outlet vakig\re3-4a), centred and also 5 cm above the wetland base. The
inlet and outlet water flow rate is regulated via a gear pump (VGS120, Verder Pump, Germany), a motor
(SEV6324, SEVA Tec, Germany) and a frequency controller (EF2Z24025, MOELLER,Germany). Data is
logged to allow for continual flow rate monitoring. The water level within the wetland is controlled by means

of a syphon at the wetland outlet.

The system was allowed to establish naturally, without any external nutrient sourc®chamer 2013 to July
2015. During this time, municipal tap water was fed into the system in the spring, summer and autumn. The

feed was shut off during the coldest winter months (Deceinbebruary).
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3.2.2. UFZ Experimental timeline
Timelines of the expanental regimes in 2015 and 2016 are preseint&igure 36 and 37. The experimental

procedures are elaborated upon in the sections to follow.

Wetland system Baseline sampling

establishment: campaign:

Oct 2013 - Jul 2015 July, Aug, Sept & Oct
Tracer flow tests: Artificial wastewater
-29th Sept:  Port1,6,7 samping campaign:
- 13th Oct Port3,4,5 - AWW introduced:
-22nd Oct: Port 2 21st Oct

- Weekly sampling
28th Oct - 8th Dec

Figure3-6: Timeline of experiments conducted in tnstructed wetlands at the Helmholtz UFZ during 2015.

Tracer flow tests:
-12th Apr: Port1,7

- 2nd May: Port2,7 Artificial wastewater sampling
- 6th June: Port3-3& 4 campaign:

- 22nd Aug: Port3-2& 7 - Introduction of AWW:

- 20th Sept: Port 5 23rd June

- 17th Oct: Port 6 - Weekly sampling (10 weeks):
- 7th Nov: Port 3-1,7, 8-2 1st July - 1st Sept

Baseline sampling campaign:

- Vegetation density measurement:
Monthly (April - Sept)

- Initial baseline determination:
13th April

- Nutrient feed solution:
22nd April

- Bi-weekly sampling (8 weeks):
29th April - 15th June

Figure3-7: Timeline of experiments conducted in the constructed wetlands at the Helmholtz UFZ during 2016.

3.2.3. Hydraulic studies

Investigation in to the suitability of fluoride as a tracer

Phragmites australis were harvested from the outdoor wetland and equal masses were placed in five brown
bottles in the laboratory. One bottle was left as the control and the other four were filled with solutions o
different fluoride concentrations (500 mg/L, 1g/L, 2 g/L and 5 dfhge experiments, specifically the health of

the plants in each bottle, were monitored over a period of two weeRA(Ryisti 7" September 2016) by
measuring the amount of evapotnaination and thaiffusion conductance of the leaf surfaces (AP4 Porometer,

AT DeltaT Device$ (see Appendix F).
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Impulse-response tracer tests

Stainlesssteel sampling devices (hereafter referred to as samplers) were inserted into the gravel bed at six
locations Figure3-4). Thesamplers were 4shaped, hollow tubes containing several holes at the base of their
long ends. These openings were too small to allow for gravel to enter, but large enough to alksy for e
movement of water. The long end was inserted into the gravel bed and the short end, containing a single opening,

extendedhbove the surface.

The samplers were connected in pairs; one being the outlet tube (from which water was removed from the
wetland and the second the return tube. The return tube was fixed to the outlet tube such that the base of its
long end was positioned 6 cm above the base of the outlet tube. This arrangement ensured that water was
removed from and returned to the wetland inwghly spherical zone, so as to minimize flow disturbances. The
short ends were connected to a peristaltic pump (BVP_Z, ISMATEC SA, Switzerland), a -ouestiem
stainlesssteel flow cell(Schnegg, 2002and a fluoromedr (GGUNFL, Albillia, Switzerland) using black
norprene tubing. A schematic diagram of thistgetan be founah Figure3-8. Thefluorometer was ddbrated

before each experiment using a tpaint calibration.

30mg of Uranine fluorescent tracer powder was dissolved into 1L of distilled water and injected as a single
pulse. For the duration of each flow test, water was pumped from the wetlandeifitmticell and returned to

the bed at the same locatidrigure 3-8) to ensure that the total system volume was maintained. The peristaltic
pump ratewas kept low to minimize impact on flow behaviour. The fluorometer was programmed to record a

potential (mV) at 10 second intervals, which was converted to Uranine concentration.

Stainless steel Return tube
sampler pair -

Peristaltic
Pump

Outlet tube
a

Fluorometer

Flow Cell

— —

6cm f

Figure 3-8: Stainlesssteel sampling devices (samplers), peristaltic pump, flow cell and fluorometer configuration for the
impulseresponse flow tests.

Flow tests in 2015
Flow tests were conducted at each of the internal sample ports and at the system outlet during September anc
October 2015. These were the very first hydraulic tests in the pilot wetland. Samplers were inserted to mid

depth (24cm below the gravel surfacH)e inlet flow rate was set to provide a retention time of approximately
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five days and the syphon was adjusted to maintain a water level of 0.5 m (coinciding with the gravel surface).
The inlet and outlet flowrates were monitored three times daily: 6 2mpdn and 6 pm. During the stai

phase, the system was fed with only tap water.

Flow tests in 2016

The hydraulic investigation was extended during 2016, with flow tests being run from April through November
at the six internal sample ports and a& #slystem outlet (in duplicate). Three pairs of samplers were inserted at
each port (12 cm, 24 cm and 36 cm below the gravel surface), with 6 cm separating each pair. The inlet flow
rate was set to provide a retention time of approximately seven dayseasyption at the outlet was adjusted

to maintain a water level of 0.44m (6cm below the gravel bed surface). In addition, vegetation density was
determined monthly, inlet and outlet flow rates were monitored throughout each day and weather data (air
temperatire, global radiation, humidity and wind speed) was compiled hourly at tsgeoweather station.

During the April flow test, the system was fed with only tap water. In May and June, the wetland received a
nutrient solution (urea). For the remaining seghe feed was artificial wastewater (AWW). An AWW
concentrate was prepared, based on a published standard, and contained 30 g/L casein peptone, 20.62 g/L me:
extract, 5.62 g/L urea, 5.25 g/L dipotassium hydrogen phosphate. The concentrate was dlised adth
municipal tap water before entering the wetléiaslJC., 2001)

3.2.4. Chemical and kinetic studies

Water sampling protocol

Samplers were inserted into the gravel bethede depths (12cm, 24cm and 36cm) at eackixofnternal
locations(Figure 3-4) and in the same arrangement as described for the tracer tests above. In addition, black
norprene tubing was connected direttiyhe disbarge valve at the system outlet. The short ends of the sampler
pairs were connected, in turn, to a small peristaltic pump (REGLO MS 2/6, ISMATEC SA, Switzerland) via
identical lengths (1.2m) of black norprene tubing. Water was pumped continually thimaghconsecutive

plastic flow cells for the measurement of dissolved oxygen (DO) (Fibox 3, Presens, Germany), exidation
reduction (redox) potential (MwiB40, WTW, Germany) and pH (MuliB40, WTW, Germany). The
temperature within the bed and of the waiassing through the flow cells was also recorded. 20ml samples
were collected and filtered through 0.45egm syring
analytical laboratory for carbon and nitrogen analysis (Multi N/C 21005, Analyéiki@ermany), while the
remaining volume was used for ammonium @NHN) and nitrate (N®@- N) analyses (Nova 60 Spectroquant,

Merck, Germany).

Page p6



Introduction of artificial wastewater

An artificial wastewater (AWW) concentrate containing casein peptonat exéract, urea and dipotassium
hydrogen phosphate was prepared, autoclaved and injected into the CW system via a metering pump (Gamma
L GALA1000, ProMinent, Germany). The concentrate was formulated from a published standard based on the
average composin of the water released from a treatment plant of Class 2 in Germany; representing between

1 000 and 5 000 inhabitant equivale(EMJC., 2001) A typical analysis of German Class 2 effluent is given

in Table3-1.

Table3-1: Legal limits on environmental discharges for a treatment plant of Class 2 in Germany (based on an inflow of
3001600 kgd' 'BODs)

Component Concentration (mg-L" )
acob 110.0

aBODs 20.0

bTOC 22.80

TN 9.14

alegal standard
bmeasured in laboratory (Helmholtz UFZ, Leipzig) from AWW concentrate

Before the AWW was introduced into the wetland, a full set of baseline samples were taken (samples were taken
from the inlet, outlet and at three depths at each internal sample port. This was done once a month for three
months leading up to the AWW samgicampaign in 2015 and every week fime weeks prior to AWW
introduction in 2016.

The separate feed water and AWW feed lines were combined into a single pipe and the two fluid streams mixed
before entry into the wetland. The AWW flow rate was monitoreeilgu |l ar 1y via the &ébucx
method. Weekly sampling commenced 1 week after the introduction of the wastewater and continted for 7
10weeks. Samples were taken from 24 cm below the gravel surface at eachpsatnatedescribed previously.

Detailed description of feed water composition 2015

Prior to the introduction of the AWW (21 October 2015), the system was fed with municipal tap water only.
The AWW concentrate used for this set of experiments contained 3L'5&gsein peptone, 2BEL' meat
extract, 7.03 d." lurea and 6.56-4§' dipotassium hydrogen phosphate. The individual feed water and AWW

loading rates are present@dlable 32.
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Table3-2: Feed water and artificialastewater inflow loading rates during 2015

HLR (L -m' 3d" ) HLR (L -m' 3d" ) Flow ratio
Week | Date (2015) Inflow AWW Inflow AWW | (inflow:AWW)
1 | 2L0cti 280ct | 7614 | 00982 | 4524 0583 776
2 | 280cti 4Nov 7695 | 00899 | 457.2 0.534 856
317 |4Novi 8Dec 2054 | 00806 | 122.0 0.479 255

Detailed description of feed water composition 2016

Prior to the introduction of the AWW (23 June 2016), the system was fed first with municipal tap water and

then with a nutrient solution containing 7.0& g’casein peptone (0.48rg' ?d' ¥ 3.80g-m' *d' ). The AWW

concentrate used for this set of experiments contained .3Gagsein peptone, 20.624L¢ 'meat extract, 5.624

g-L' urea and 5.250-f' ‘dipotassium hydrogen phosphate. The individual feed wattAWW loading rates

are presented ihable3-3.

Table3-3: Feed water and artificial wastewateflow loading rates during 2016

HLR (L -m' 3d" ) HLR (L -m' 3d" ) Flow ratio
Week | Date (2016) .
Inflow AWW Inflow AWW (inflow:AWW)
1 23 Jund 1 Jul 22.20 0.0588 131.9 0.3491 378
2 1 Juli 7 Jul 20.91 0.0588 124.2 0.3491 356
3 7 Juli 15 Jul 21.19 0.0588 125.9 0.3491 361
4 15 Juli 21 Jul 23.18 0.0588 137.7 0.3491 394
5 21 Juli 29 Jul 20.08 0.0588 119.3 0.3491 342
6 29 Juli 4 Aug 12.91 0.0608 76.7 0.3610 213
7 4 Augi 11 Aug 16.71 0.0608 96.1 0.3610 266
8 11 Augi 18 Aug 11.80 0.0608 70.1 0.3610 194
9 18 Augi 25 Aug 40.84 0.0608 242.7 0.3610 672
10 25 Augi 1 Sept 22.93 0.0608 136.3 0.3610 377
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Chapter4 A comparison of three different residence time
distribution modelling methodologies for horizontal subsurface flow
constructed wetlands

4.1. Summary
The foll owing chapt er Acompapsorn obtleee diffefers regideneestime distritiution | e c

modelling methodologies for horizontal subsurface flow constructed weblgnds whi ch was pub
Ecological Engineering in 2@1 In the context of this research, the purpose of the experiments widdwo

Firstly, to become familiar with the theory behind and techniques involved in tracer testing and, secondly, to
gain a deeper understanding of the mathematics underlying dhautig output of impulseesponse versus
stepchange tracer tests and under which circumstances either type of test should be employed. Key to this latter
objective is understanding and appreciating the limitations of each mathematical technique anidteopret

the results, seeing as different conclusions may be drawn from the same system depending on the method of
tracer test chosen. This first set of experiments was a fundamental step in developing the tools required for the

later work conducted ahe Helmholtz UFZ in Leipzig, Germany.

4.2. Statement of individual contribution
This research was carried out in collaboration with Ricky Bonner, who is first author on the paper. The following
is a list of tasks to which | made a significant contribution
1 Preparation of the IMWaRU siten which the piloiscale CWs arocated
0 Securing site accessid oveseeing maintenance of the grass
o Coordinating with the workshop with regards to the construction and fitting of the impellar and
circulation pump in thdojo water tanks on site
1 Preparation of thexperimental CWs
o Construction of the inlet and outlet distribution networks
0 Fitting of the tubing to the sample ports for sample removal
o Planting of the wetlands
Developing the experimental procedure
Conducting lhe tracer test trial run
Conducting the impulseesponse and stahange tracer tests, in duplicate

Analyzingall samples for tracer dye concentration in the laboratory using the Merck Spectroquant

=A =4 =4 4 =

Developing the spreadsheet to capture the resultcanduct the numerical integration (impulse
response tracer test) or differentiation (stbpnge tracer test)

1 Prootreading of the paper prior to and during the review process
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4.3. Ecol. Eng. (2017). Vol. 99 pp. 99-113
4.3.1. Abstract

In this paper threeiffierent residence time distribution modelling methodologies for horizontalsialce flow
constructed wetlands were compared and these were the impulse response, step change derivative and step chanc
integral modelling methodologies. Impulse respomsbstep change tracer studies were conducted on pilot scale
horizontal subsurface flow constructed wetlands to generate the concettimatidiata to be fed into the impulse
response and step change modelling approaches, respectively. For the unpdatdedtihe two step change
modelling methodologies suggested the same fluid flow behaviour reflected by almost identical values for the
mean residence tinfetm) and thesame value for the number of stirred tanks in seriparfd Peclet number

(Pe). Theiinpulse response modelling approach suggested a 7% higlaexd a lower degree of dispersion.

For the planted sysm each modelling methodology suggested different fluid flow behaviour. Practical
limitations were attempted to be identified for the twpety of tracer experiments. The limitations of the
experiments could be considered limitations of the modelling methodologiesyadefiended on the tracer
experiments for data generation. We were unable to collect sufficient data on the peak of the iegpdase

curve for the unplanted reactor and may have affected the impulse response modelling methodology results.
Sampling down the length of the reactor revealed that tracer dispersion had an effectsofibbgae impulse
response curves to the ent that it was almost impossible to identify rideal flow behaviour such as short
circuiting. The mathematical techniques employed by each modelling roé&tbgdwere also critically
assessed. We found that varying the size and hence number of sabinterv used i n Si mpson
numerical integration resulted in different values fn/T for each modelling approach. The lower the
sensitivity of the modelling methodology the better as choosing a parameter as arbitrary as subinterval size
should not have a noticeable effect on reported hydraulic behaviour. For both reactor systemstibhagep c
derivative approach was least sensitive to subinterval selection, reporting a 1% and 4% variafioridn

the planted and unplanted system, respectively whetgdsdetermined by the step change integral and
impulse response modelling methaalgies varied by 10% or more in some cases. We highlighted the
differentiation of F(t) to obtain E(t) to be a potential weakness of the step change derivative methodology as it
had the capability to amplify background noise which may have affected thédatialtiof the hydraulic
parameters. It was concluded that each modelling methodology had the potential to output a different reactor
model for the same reactor and that each approach has its own inherent strengths and weaknesses. The choic
of modelling méhodology isultmat el v di ct ated by availability of e

confidence in using each of the respective approaches.

Keywords: Residence time distribution modellingastewater treatmentapked bed reactorphizontal sub

surface flow constructegetland,reactor model
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4.3.2. Introduction

An horizontal subsurface flow constructed wetland (HSSF CW) is an example of a packed be(Myraetzal

and Kr Rpfelov§g, 20009, Sher i dawhicleutilizea & series & hteéreelated S h €
physical, chemical and biological processes to treat various dfpeastewatefDordio ard Carvalho, 2013,

Ligi et al., 2014, Scholz and Hedmark, 2QI)ese systems are typically packed with a solid matrilt ascsoil,

gravel, clay aggregates or metallurgical sidstro et al., 2011, Dro et al., 1999, Sheridan et al., 20IX)ey

may also be planted with different types of macrophytes to enllam¢seatment process@seto et al., 2013)

Some of the benefits of using macrophytes in the system include their ability to transfer oxygen from the
atmosphere to the root zone to facilitate aerobic pollutagradation processes as well as accumulation of toxic
heavy metals in the plant tiss(&tottmeister et al., 2003)

As is the case with other types of packed bed reactors, thedggdric behaviour of CWs has historicdiigen
oversimplified as being ideal plug flofWerner and Kadlec, 20Q0)he presnce of complex plant root structures;
the growth of bacterial biofilms within the wetland matrix; the entrapment ofsded solids and the precipitation

of heavy metals originating from the feed wastewater results in both spatially and tengepatigent flow
resistancéKnowles et al., 2011Sheoran and Sheoran, 2006, Suliman et al., 2006a, Suliman et al.,. Z0@6b)
flow resistance causes raniform flow velocity profiles and, hence, different pockets of water reside within the
system for diffeent lengths of time, giving rise to a residence time distribution (RTD) and a migkmecestime
which is smaller than or equal to the ideal theoretical residencdltaaenspiel, 1999a) Pollutant degradation
models built on the ideal plug flow assumption have, thus, proved to be in the large part inéGelvateet al.,
2010, MarsiliLibelli and Checchi, 2005, Sheridan et al., 2014a, Sheridan et al., 26ibtie) there is no way of
incorporating the varying lengths of time spent by different pockets of wastewater in contact with elements of the
system which can facilitate their degradation. This may lede fastallation of an undaized constructed wetland
and an unsatisfactory production performance. Consequently, a pilot scale reactor is buibéfarel an RTD
study is conducted to develop a reactor model accounting for tHeealrflow behaviouwhich when coupled
with kinetic data can facilitate more accurate sizing of the reactor equigbiewt and Zaiat, 2012, Rudisuli

et al., 2012)

4.3.3. Background
HSSF CWs use a variety of treatment processes to improve thiy @igiiound and surface wat@salletti et
al., 2010, Marchand et al., 2018pme of which will be discussed below.
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4.3.3.1. Physical treatment processes

Adsorption of phosphates

Soluble inorganic phosphates are transferred from thepa@l water to the surface of the soil matrix via
adsorption(Huett et al., 2005, Vohla et al., 201dsor pti on rates are depende.]
texture, grain size distribution, iron, calcium, magnesium and aluminium c¢@@mia et al., 201(s well as
environmental factors such as redox potential and\pfnazal et al., 1998)The higher the iron, calcium,
magnesium and atinium content the higher the adsorption capacity becomes as a result of more iron,
aluminium, magnesium and calcium hydroxide groups on the granular siDfaaeet al., 1999, Shenker et al.,

2005) Adsorbed phosphate can be released back into the water under reducednsoddiito the reductive
dissolution of ferric anthanganesphosphate minera(®almerFelgate et al., 2010)ccording toLideritz and

Gerlach (2002phosphates can also be adsorbed onto hsoiistances produced as a result of vegetation

breakdown.

Sedimentation and filtration of metals

Sedimentation of metals in HSSF systems is facilitated by the vegetation and substrate present as they decreas
water flow veloiy and increase hydraulic eition time(Lee and Scholz, 2007Johnston (1993)oted that the
efficiency of settling and sedimtation of metals is proportional to the particle settling velocity and wetland
length. Sedimentationf anetals is enhanced by flocamtt formation as flocs tend to adsorb metals onto their
surface(Marchand et al., 2010locculation formationates are high under alkaline conditions, a strong presence

of suspended solids, high ionic strength and high algal déhityagi et al., 1998)

4.3.3.2. Biochemical treatment processes
Nitrification
Nitrification is the biological oxidation of ammonium to nitrate, with nitrite as an interme(Batgyin and

Hamilton, 2007, Vymazal, 200.7)he process can be described using the followingticrasteps:

(e ©. /1 c( (1

The first reaction step is performed by aerobic bacteria which derive energy from the oxidation of ammonium
to nitrite and use carbon dioxide as a carbon sqi@ener et al., 2012 he second step involves thetivity

of nitrite-oxidising bacteria to convert nitrite to nitrgt&éim et al., 2010) Oxygen is supplied to the nitrifying
bacteria via two methods, namely diffusion from the atmosphere to the subsayfexedf the system and
translaation from the atmosphere to thézdme via plant structur@/an de Moortel et al., 2010, Yalcuk et al.,
2010) Since the difusion of oxygen is approximately 3&° times smaller than in a{NVerberk et al., 2011)

translocation of oxygen via vegetatie the primary method for oxygesupply to he nitrifying bactea.
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Albuquerque et al. (2009)otes, however, that oxygen supply via the rhizomes is consumed rapidly and there
is competition for oxygen with other aerobic bacteria. Consequently, nitrification rates are low in HSSF systems
with values between 0.01 and 2.15rgN&' 'being reported in lgrature(Reddy and D'Angelo, 1997, Tanner

et al., 2002) The optimum temperature for the procassccur is between 30 and 40a@d between a pH of

6.6 and 8.(Bradley et al., 2002)

Denitrification

Denitrification is thke process in which nitrate is converted to dinitrogen gas via a series of intermediates such
as nitric oxide and nitrous oxid&Varneke et al., 2011xs shown in the reaction step providedvynazal

(2007)

¢. / ©¢./ 99000
The overall reaction depicting the process is provide(Hayick, 1984)

o#(/ 1.1 ogtl o o/

The process occurs under anaerobic conditions with organic compounds being utilised by bacteria as a carbon
sour@ (Wen et al., 2010and nitrogen being used as an electron acceptor instead of qidjgmingSinger and

Horne, 2002, Noorvee et al., 200Fakubaszek and Wojciech (20%dport that for 1 g of nitrate being converted

to nitrogen gas, 0.7 g of carbon are required for theebhado perform the process. thpal pH for the process is

betweer and 7.5 whereas optimal tparatures lie between 20 and 25Reddy et al., 2014)

Organic transformation and removal

Dissolved organic matter from the influent wastewater and that produced from the disintegration of particulate
organic matter can then be decomposed via aerobically or anaercfacdltated processefGarcia et al.,

2010) Aerobic degradation is performed by aerobic heterotrophic bacteria which use oxygen as a final electro
acceptof Vy mazal and Kr Rpfelov§, 2009)

#( | @ o@/l o/ pd AT AOCU

Oxygen transfer rates in HSSistems are typically low, as notedRyusseau and Santa (20@iF)o estimated it

to be aproximately 0.7 g @m'?day!. Consequently, aerobic degradation pathways are not prominent in such
systems. Anaerobic degradation is thus the dominant transformation pathway for dissolved organic matter and is a
multi-phase process. The first step ofphecess entails the microbial conversion of complex soluble polymers into
simpler monomers such as amino adiegonigal et al., 2004Yhese amino acids then undergo fermentation to
produceprimarily fatty acids, alcohols as well as hydrogen and carbon dioxide. Sulptating bacteria then

convert the fatty acids into carbon dioxide, water and hydrogen sulphide:

#(#1 1 ((3/°ckl o/ (3
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Methanogenic bacteria also convert fatty acidaelbas carbon dioxide and hydrogen into methane as shown in

the following two reaction steps:
#(#11 (1 O et ( c(/
T( #1 0 ¢ ( ¢/

4.3.3.3.  Modelling treatment processes in HSSF CWs
One of the most popular models used to predict HSSF CWhieeapeformance is the4C* model, which was
presented biKadlec and Knight (199@nd discussed dyousseau et al. (2004)

A TP

This model, like many others found in literature assume ideal plug flow cond{@tresidan et al., 2014a,
Sheridan et al., 2014bypatialand tenporal variation of flow resistance inside the packed media cause the
hydraulics to deviate considerably from ideal plug flow, as has been reported in studies on H3BaG&k et

al., 2013) Only recently have researchers attempted to include thé&deahfluid flow behaviour in treatment
models(Sheridan et al., 2014a, Sheridan et al., 2014b)

4.3.3.4. Types of hydraulic model ling approaches for HSSF CWs

Apart from the method of performing a tracer study to obtain residence time distribution data, which will be the
focus of this paper, other types of approaches have been developed by researchers to descridedahéiawon
behaviour inside wénd systems. A prominent example is the finite element approach developed and discussed
by Knowles and Davies (2010Fhe model attempts to describe, via a thdieeensional output, the dependence

of hydraulic performance on clogging due to particle transport using COMSOL Multiphysics 3.5 FEA software
(COMSOL A.B.,Sweden) and a coupling of hydraulic and cloggingraglels using a reactive transport model.

In the hydraulic model the ggsn is resolved into anuppersdlo mai n wi t h fl ow descri be
for variably saturated flow and the watertabtefd descri bed using Darcyds Law.
the work performed bgZui et al. (2008)which uses a filter coefficient used to describe the extent of clogging
within a wetland bed. The filter coefficient exponentially increases with time and isdéepen the clean system

filter coefficient, media porosity anha factor accounting for feed and operating conditions of the system under
study. The model was tested by conducting a hydraulic tracer study on an existing HSSF CW in the United
Kingdom (UK). Clogging was found to be underestimated by the model dueéadhusion of processes besides
particle accumulation which affect clogging such as biomass growth and the development of dense plant root

structures.

The focus of this study is the development of a comparison between three different types of RTDgnodellin

methodologies which could be used for horizontal subsurface flow constructed wetlands; one of which required
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the generation of concentratitime data from an impulse response tracer experiment and the other two from a
step change tracer experiment. Tipulse response experiment and its associated modelling procedures is the
most popula(Headley and Kadlec, 2007 o t he aut horsé6 knowl edge, t he
used less frguently with only a few studies coming to mind such as that perform8dlbyan et al(2006a,b).

The tracer studies and sufjgent hydraulic modelling was performed on two HE3Ns; both of which were

packed with dolomitic gravel with the one being planted and the other unplanted.

4.3.4. Research objectives
In this study, the primary aim was to build a comparison between three available RTD modelling methodologies
for horizortal subsurface flow constructed wetlands. To accomplish this, the following 2 research objectives

first needed to be met:

1. To conduct impulse and step change tracer studies on packed bed reactors to generate the cencentration
time data which could be fedtonthe three modelling methodologies outlinedrigure4-1; and

2. Todetermine hydraulic parameters such as the mean residence time, the number cizeg&§TRs
in series, the Peclet number and the hydraulic efficiency using the three different modelling approaches.

The comparison between the methodologies could then be built by attempting to meet the next 3 objectives:

3. To compare the hydraulic pararet obtained using each of the three approaches against ideal
theoretical conditions;

4. To identify practical limitations encountered when conducting the impulse and step change tracer
experiments. The limitations of the tracer studies can be consitsmi¢ations of the respdive
methodologies as they depend on the tracer studies for data generation; and

5. To critically assess the mathematical techniques which theltimgdmethodologies employ.
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Step change
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@ ®
- Convert F(t) to E(t) |
Modelling hydraulic performance ®
using RTD modelling
methodologies (1) - (3)
Area under Area above
E(t) curve F(t) curve
Hydraulic Hydraulic
_____________ parameters T parameters

Figure4-1: Overview of the three different RTD modelling methodologies used in this study. The initial phase consists of
data generation in the form of the hydraulic tracer study being performed on the wetland system and subsequent
development of theamcentratiortime curve. The second phase consists of data processing and various numerical methods
to obtain the hydraulic characteristics of the system.

4.3.5. Materials and methods

4.35.1. Overview of theoretical framework for modelling methodologies

In Figure 4-1 an overview is provided of the necessary steps involved in each of the three RTD modelling
methodologiesModelling methodology (1) is refexd to as the impulse response modelling methodology and
requires concentratietime data generated from an impulse response experiment. Methodologies (2) and (3)
are called the step change integral modelling methodology and the step change derivadliegmod
methodology, respectively. These two approaches require concenthaitotiata generated from a step change

tracer experiment. The sections which follow describe each step in more detail.

4.3.5.2. Generating concentration -time data using tracer expe riments

A flow tracer study is a stimulugsponse experime(Chazarenc et al., 20Q3h which an inert soluble tracer

is injected either @an impulse or as a step change in concentration into the system inlet pipe and the tracer
concentration is measured continuously at the system outlet. The data are then fed into the modelling
methodologies to ascertain the flow characteristics of theersydn Figure 4-2 generic concentratictime

curves generated from the impulse and step change tracer experiments are shown.
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The nominal residence time of fluid inside the system is tatk according t&q. 4-2 (Fogler, 1999)

Z T.¢

6
)
The reactor volummust account for the bed porosity, which is determined Wing-3 (Alcocer et al., 2012)

6 E"R 1.0

A successful tracer study requires the flow to be in thedamiang€Sheridan et al., 2014a, Sheridan et al.,
2014b) which is the case when the Reynolds number is less thaiiller and Clesceri, 2002)The
Reynolds number for packed beds is giverHoy 44 (Subramanian, 2004)

$ Om
2 TT
P RY
The superficiavelocity is determined using Eg-34Mayo, 2014)
&5 V]
— T.U
£ .
Pulse injection Pulse response
& : G The C curve
-1 0 T 0 t
Step injection Step response
G = C
0 0 t

Figure 4-2: Generic concentratiotime data generated from the impulse and step change tracer exper(Fagits,
1999) The response curves of both the ilge and step change tracer experiments typically differ considerably from
their corresponding injection curves which indicates-id®al flow patterns such as dispersion and shivcuiting
effects.

4.3.5.3.  Modelling hydraulic performance using RTD mod elling methodologies

The RTD modelling methodologies outlinedrigure4-1 use the concentratieime data generated from the

flow tracer study experiments to calculate the mean residence time of the fluid inside the reactor system as well
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as the variance, which providesanm@it i on of t he f 1l ow i n hywrauicyesideadet y 6 s

time. The sections which follow describe the matherahtiechniques which each approach uses in the
modelling process.
Methodology 1: impulse response modelling methodology

The residene time distribution function, &), is determind from the concentratiectime curve at the

system outlet accohag to Eq. 46. A visual description of the mathematical relationship between the two

curves is presented in

Figure4-3.
. # G
%O - A o A T .(p
. #OAO
A
M
Area = By 1
: EIPS
2 s Area =1
L)a =7J> d:l
I
=
> ¢ 1 >t

g

~p=

Figure 4-3: The relationship between the concentratiome curve and th&®TD function used in the impulse response
modelling methodologyLevenspiel, 1999a)The matkematical transformation includes computing the area underneath
the concentratiotimec ur ve and hence the use of numeri cal integrat.i

The mean residence time of the fluid is then calculated usingE¢hown irEq. 47:

@ O WA O T.X

Thevariance is calculated using Eq84

The recovery of aicer is determinedsing Eq. 49:
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Methodology 2: step-change integral modelling methodology

The wmulative distribution curve, (B, is constructed based tme concentratiotime curve usig the relation
provided in Eq. 410:

&0 # O
#— TpTm
The mean residence time is determinednftbe Kt) curve, as shown ikq. 411 and inFigure4-4.
a p &0AOD Tpp

Area =7 [s]
1~ o=

o‘.
o~

Figure 4-4: Determining the mean residence time of the fluidcbynputing the area above thé&)Fcurve (Levenspiel,
1999a)
The variance is then determined uskg 412:

A Op &0AO0Q Tp¢

Methodology 3: step-change derivative modelling methodology
The stepchange derivative methodologgquires differetiating the Kt) curve to obtairthe E(t) curve as
shown in Eq. 4.3 andFigure4-5.

. A&
%O 0 TpoO

Once the B) curve is obtainedsq. 47 andEg. 48 are then used to determine the mean residence time and the

variance, respectively.
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Figure4-5: The relationkip between the RTD function(ty and the cumative distribtion function, Kt) (Levenspiel, 1999a)
The converisn of F(t) to Kt) requires the use of numerical integration techniques such as the central difference approximation.

4.3.5.4. Using % and A2 to generate additional hydraulic performance parameters

Normalizing the E(t) and F(t) curves

The reversible property of floim the laminar flow region makes it possible to normalize the E(t) and F(t) curves
with respect to time. This is useful for comparing hydraulic data generated at different experimental flow rates and
comparing hydraulic performance of systems with diffeveiumetric capacitied.ange et al., 2011, Wahi al.,

2010) The data set is normalized by converting it into dimensionless variables as is stegva-i through

Eq.4-16 (Fogler, 1999)

o)
I & o
% Q%O Tpu
"O— 00 TpO

whered effectively represents the number of reactor volumes of fluid which have flowed through time atyate
particular point in time.

Developing the tanks in series (T-1-S) model
The hydraulic data generated from each of the modelling methodologies can be used to determine the number

of ideal, equally sized continuously stirred tank reactors (CSTRS) in series that will give the same residence
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time distributon as that of the system under stifdgvenspiel, 1999a)A demonstration of this rationale is

provided inFigure4-6.

Tracer j

Tracer

S

Figure 4-6: TIS model demonstrated for the real reactor (left) using a combination of idealised tanks in series (right).
Adapted from(Fogler, 1999)

The number of tanks in serigs,is determined usingq. 417:

i @— T
s P X

A graphical interpretation of the model is providedFigure4-7. AsnY 1, the hydrodynam

completely mixed flow. As Y Hb, the hydrodynamics approach ideal plug flow behaviour.

N=00 1 R
A
1.4 "
T L '
1 ; 0.6
n=4 4

0.8 N
=2 \
€0 o " /“'\ @) .4 -

N \ n=1
\ n=2
0.4 / / : \\\ n=3
' [ / { \ 0.2 res
/ N n=
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0 1 o 2 3 0 1 2 g 3 4 5

Figure4-7: Normalized E(t) (left) and F(t) (right) curves fdifferert values of n(Fogler, 1999)As the number of stirred
tanks in series increases the system approaches plug flow behaviour whereath#reofitanks in series approach unity
the degree of back mixing increases and the system resembles a completely stirred tank reactor.
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Developing the dispersed plug flow model

The dispersed plug flow model allows for packed bed reactors to be modellkd)doyw reactors with a

certain degree of back mixing by adjusting the mass balance to include a dimensionless dispersion humber
(Levenspiel, 1999a)he dispersion number is dedid using=qg. 418 (Fogler, 1999)

OADEOCAT QRABEOOET 1

OADEBOAT GEATGOOAADKT 1 ey
Pe can be determined usitg correlation provided iBq. 419:
A S S R TP
& O0AO0AP P

As Pe decreases, the amountgifal dispersion inside the siggn increases and the hydrodynamics approach
completely mixed flow. As Pe increases, the axial dispersion decreases and the system approaches plug flow

behaviour.

Effective volume utilization

The effective volume ratio indicates\wu much of the reactor volume is being utilised to provide the necessary
contact between the fluid and bed matrix. The portion of the reactor which is not being used for this purpose is
considered dead volunfélbertini et al., 2012)It is calculated usingq. 420 (Thackston et al., 1987)

6
A % ? TQTT

Hydraulic efficiency

Hydraulic efficiency is usedtevaluate the hydraulic perfoance of nosideal reactors, with ideal plug flow
systems being 100% efficieW/ahl et al., 2010)The hydraulic efficiency can be described as the capacity of
a reactoto utilize its entire volume by uniformly distributing flow to maximize residence (iuodland et al.,
2004) One of the most commonly used correlations is that providéeetsson et al. (1998@)nd is shown in
Eq.4-21

1 Ap TCP

—©

4.3.5.5. Experimental apparatus description
The packed bed reactors used in this study W&®F CWs located at the Industrial and Mining Water Research
Unit (IMWaRU) facility at the University of the Witwatersrand, Joh@sburg. Both systems were built using
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HDPE external support troughs and then filled with dolomite gravel (mean partic0sime). The reactors
had a length of 4.2 m, width of 0.9 m and depth of 0.7 m.

Thirteen sample ports, constructed from PVC mesh (mesh opening = 20 mm), were installed into both systems
in order to accommodate sampling within different regions of the QWsee lengths of silicon tubing were cut
and attached to each of the sampling wells using cable ties so that samples could be drawn from three different
depths, ultimately resolving each system into a tdigeensional grid. The projected surface (norrodhe feed)
was divided into regions A, B and C. Each system was also divided into Zones 1 to 5 down its length. The spatial
distribution of the sampling points, inlet and outlet ports, as well as the designated zones is prévglae in
4-8.

e

‘50 ‘350 ]680
Feed —>—_L_]__i

14)

Y

Front view o
Zone 1! Zone?2 : Zone 3 { Zone4 | Zone5
- - — L
- A 2 O) ® D -
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Feed ———— (1)8 | O) I @ [ICT) \ 13 - (14
e e e fiff+ fffff —_—t -
—— C % :'§[;: % ) 12 [
_Hzoo 475 ' 475 475 | 475 475 475 475 i 475 i:eoo}‘_
Top view

Figure 4-8. Spatial arrangement of inlet, outlet and internal sampling ports as well as the system grid resolution. All
dimensions are expressed in mm. Samples were taken from three different depths within each of the thirteen sampling
wells as well as at the systatlet.

Planted wetland vegetation

Each of the five zones within the planted CW contained a different species of vegetation. Polyculture was
selected over monoculture due to better treatrperformance reported indiature(Karathanasis et al., 2003)
Images of the different plant species within the system are providegdune4-9. All of the five species are
indigenous to South AfricéCoetzee et al., 1999, Kritzinger et al., 1997, Reinten et al., 2011, Rubin et al., 2001,
Schiegl et al., 2004Yone 1 was planted withaniedeschia aethiopicdue to their tolerance of various types

of high-strength wastewate(Zurita et al., 2006)Each subsequent zone was planted with a species which had

a successively lower tolerance for iagped wate(Tanner, 1996)
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Zone | Zone 2 Zone 3 Zone 4 Zone 5
Zantedeschia Cyperus Typha capensis ~ Juncus effusus ~ Chondropetalum
aethiopica papyrus nana tectorum

Figure 4-9: Zonal distribution of wetlash vegetation in planted systerfRive different species were used awdre
strategically planted according to their tolerance of wastewater with the more resistant species planted towards the inlet of
the wetland where higher contaminant concentrations would be expected.

4.3.5.6. Determining system porosity

The presence @lant root structures decreases the poraemelof subsurface flow systems and has been discussed
extensivelyKnowles et al., 2011 hus, despite both systems used in this study having the same external physical
dimensions their inteal effective volumes had the potential to differ. A porosity test was performed on both
systems prior téhe hydraulic tracer stigk. First, both systems were drained completely and the inlet and outlet
valves were closed. A hosepipe, fitted with a flow meterd&aa, Germany), was inserted into sampling port | and
each system was filled until the watevel coincided with the gravel bed faae. The total volume measured by

the flow meter represented the effective volume of each system. The porosity was determined by dividing this

effective volume by the total volume of the system.

4.35.7. Experimental flow rate
The inflow and outflow rates were measured once every 30 min, with the average flow rates for each of the

experiments shown ihable4-1.

Table4-1: Average flow rates used for hydraulic tracer studies as well as the nominal retention time for each experiment.

Experiment System Average flow rate (I/min) U(min)
Impulse Unplanted 4.59 268
P Planted 4.30 264
Unplanted 4.39 281
Step change Planted 4.13 275

4.3.5.8. Tracer studies
Both the impulse and the stepange tracer experiments were conducted concurrently throughout the month of
June 2015. FWT Red fluorescent dye (CB&mer, USA) was usexd the tracer for both sets of tracer studies.
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Impulse response tracer studies

Prior to the commencement of each experiment, &ertical cylindrical feed tank was completely filled with

tap water and the tank outlet connected to the CW inlet. Then@®@Vaind outlet valves were opened to allow

the inflow and outflow rates to equalise. A tap continuously supplied water to the feed tank to ardigrtain

a constant hydrostatic pressure and, hence, constant feed flow rate to the systems. Onceates flad
equalized30 ml of FWT Red was injected into the feed line to the CW. Samples were collected through ports
1 to 14 for the duration of the exparent. A dynamic sampling regime was designed to maximize the resolution
of the concentratiotime cuves(Headley and Kadlec, 20073 summary of the sampling regime employed is

presented iTable4-2.

Table4-2: Dynamic sampling regime employed for the impulse tracer studies where X indicates a sample being taken

Time (min) Ports 1-4 Ports 57 Ports 813 Port 14
0 X X X X
10
20
30
60
90
120
150
180
210
240
270
300
330
360 X
420
480 X X
600
720 X X

X[ X[ X X[ X X X[ X X]| X

XX XXX X XX XXX X

x

x

XX XXX X XX X XX X XX X X
XX XXX XXX XXX X XX X X[ X

Stepchange tracer studies

Two 5 n? vertical cylindrical tanks were filled with tap water and 300 ml of FWT Red was then added to each
tank. In order to ensure solution homogeneity, one of the feed tanks was fitted withbadeagitator
extending to the btdm of the tank. A pump (ViaAgqua VAB00A, USA) was placed inside the second feed tank
such that the contents of both tanks were allowed to circulate for 24 h before commencing the experiments to
ensure the tracer was completely mixed. The inlet and dlathetates were allowed to equalise, at which time

the feed to the CW was switched over from tap water to the tracer solution. A sampling regime was also designed

to maximize the resolution of the cumulative concentratiime curves and is presentedliable4-3.
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Table4-3: Dynamic sampling regime employed for the step change tracer studies winglieates asample being

taken

Time (min) Ports 1-4 Ports 56 Port 7 Ports 89 Ports 1013 Port 14
0 X X X X X X
15 X X X

30 X X X X
60 X X X X X
90 X X X X X X
120 X X X X X X
150 X X X X X X
180 X X X X X X
210 X X X X X
240 X X X X X
270 X X X X X X
300 X X X X X X
330 X X X X
360 X X X X X X
390 X X X
420 X X X X X X
480 X X X X X X
540 X X X
600 X X X X X X
720 X X X X X X

4.3.5.9. Sample analysis

Samples were not piteeated and were analysed within 48 h of collectionsp&ctrophotometer (Merck
Spectroquant Pharo 300) was used to measure the absorbance of each sample at 550 nm. Plastic cuvettes wil
a path length of 10 mm were filled with spi@ solution and inserted into the spectrophotometer to obtain the
absorbance dat Absorbance reamys were converted into condeation values by constructing a calibration

curve, which had an%df 0.99.

4.3.6. Results and discussion

4.3.6.1.

The RTDfunctions obtained from the impulse experiments, as well as the cumulative distribution functions

Determining hydraulic performance parameters using each modelling methodology

obtained from the steghange experiments, are showrigure4-10. These functions were plotted using data

obtained from the system outlets.
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Figure4-10: E(t) and F(t) curves from the impulse and step change experiments, respectively. In Fig. 10(diyainau(i}
data from the impulse response experiment on unplanted and planted systems are presented respectively and likewise ir
Fig. 10(b) and (d) using the step change response experiment.

Each of the curveis Figure4-10displayed a time delay between injection and breakthrough of the tracer at the
system outlet. For the impulse response experiments, this was approximately 180 min for the unplanted syst
and 120 min the planted system. The time delay was closer to 210 min for the unplartbdstepexperiment

and 180 min for the planted stepange experiment. The welefined peak and long tail found for both the
planted and unplanted impulse resgoourves is indicative of devian from plug flow behaviour. Researchers

have found this to be the case in other wetland systems with similar system properties using hydraulic tracer
studies(Garcia et al., 2004, Sheridan et al., 2014a, Sheridan et al., 20hbfinite element model used by
Knowles and Davies (201@) describe hydraulic flopatterns in an HSSF CW with giar system dimensions

and packed material also suggested similarltsesund was attributed to the $jg variation of hydraulic
corductivity as a result of clogging processes. The model described a stagnant region of water near the inlet and
a rapidly advancing front along the surface of the bed which subsequently fg=rtiotaugh the bed and then

exits the system much faster than the pockets of fluid which were trapped near the inlet.

The E(t) and F(t) curves were used to calculate the hydraulic parameters of the two systems; the results of which

are shown imable 44.
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Table4-4: Calculated hydraulic parameters for the planted and unplanted systems ugéingutise and step change
modelling methodologies

Unplanted Planted

Parameter Step change Stepchange
Impulse —— Impulse —

Derivative Integral Derivative Integral
0 ( %) 47 47 47 43 43 43
Ve (1) 1231 1231 1231 1136 1136 1136
0 (I/min) 4.59 4.39 4.39 4.30 4.13 4.13
U (min) 268 281 281 264 275 275
Tracer recovery (%) 100 100
@ (min) 319 311 309 259 265 277
a2 (min) 11 071 11 927 11 726 17 333 13 257 14 845
N 9 8 8 4 5 5
Pe 17.12 15.38 15.38 6.67 9.52 9.52
e 1.19 1.11 1.10 0.97 0.96 1.01

1.06 0.97 0.97 0.73 0.78 0.81

The planted system had a 4% lower porosity and this can explain why it was calculated to have a gmaller V
when compared to the unplanted system. The lower porosity could be attributed to the presence of the plant
roots in the bed voids and is consisteiith results obtained by other research@vgA, 2000). The tracer

studies were conducted approximately six weeks after planting. Consequently, root zone growth was still in the
initial development phagd@anner, 1996)It is expected that the root zone will develop over the next six months

as a result of the correct supply of nitrogen and phosphorus as key nutrients for the wetlaii@mipetsl.,

2010)as well as the start of the Southern Hemispherm&pm the month of September. The growth process

should increase the plant root density in the bed voids and hence contribute to further reductions in porosity
(Knowles et al., 2011)

A tracer mass recovery of approximately 100% was obtained for both impulse response experiments, indicating
that sufficient time was allocated for the traceidgts This is a consequence of automated samplingre is

further evidence of this ifigure4-10, in which the E(t) curves reached a value of zerothad=(t) curves
reached a value of 1 within 720 min.

All three modelling methodologies suggested smaller values for N and Pe for the planted system when compared
to the unplanted system; implying that the planted system had a higher degree of backSimiiagvalues

for N and Pe have been reported for other horizontal subsurface flow systems having similar bed porosities and
compositiongRios et al., 2009)

For each of the experiments, the mean residence @mevis comparable with the nominal retention titge (
resulting in an effective volume utilization (e) close to and, in stases, greater than 1. The effective volume

utilization figures are higher than those reported in literature for other horizontal subsurface flow ggstems
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Hamouri et al., 2007, Sheridan et al., 2014a, Sheridan et al., 201iftarset al., 2006a, Suliman et al., 20Q6b)

For instance, the system studied by Sheridan et al. (2014a,b) had outlet portsttetie inlet port and at a
single depth; thereby inducing a hahaped flow profile and, thus, a larger dead zone volume. In tidiig, $he
configuration of the outlet ports allowed the fluid to exit the system at a multitude of depths and, in effect,

created an open boundary.

The hydraulic efficiency paramete® depends on the magnitudes of N and e. The lower degree of back mixing
and higher effective volume utilization resulted in a higher hydraulic efficiency for the unplanted system, for
all three modelling approaches.

4.3.6.2.  Building the modelling methodology comparison: evaluating the results obtained from
the three modelling approaches against ideal theoretical conditions

Since the flow rates were slightly different for each experiment, they have been normalized with each other.
This was possible because in the laminar flow region the physical prepedigd be reversed. Both
experiments were scaled to a flow rate of 4.5 I/min, with the results sholiabla4-5 andTable4-6 for the

unplanted and planted systems, respectively. The other hydraulic parameters have not been scaled and remaine

the same as those presentetiable 44.

Table4-5: Comparison of hydraulic parameters for the unplanted system, scaled to a flow rate of 4.5 I/min

Step change
Parameter Impulse —
Derivative Integral
0 (I/min) 45 4.5 45
U (min 274 274 274
@ (min) 325 304 302
N 9 8 8
Pe 17.12 15.38 15.38
e 1.19 1.11 1.10
1.06 0.97 0.97

Stepchange
Parameter Impulse —
Derivative Integral
0 (I/min) 4.5 4.5 4.5
U (min 252 252 252
@ (min) 247 243 254
N 4 5 5
Pe 6.67 9.52 9.52
e 0.98 0.96 1.01
0.73 0.78 0.81

Table4-6: Comparison of hydraulic parameters for the planted system, scaled to a flow rate of 4.5 I/min
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Unplanted system

@ was greater thalifor each of the modelling methodologies, resulting in an effective volume utilization
greater than 100% in each case. All three methodologies, thus, indicated an absence of dead zones and shol
circuiting effects within the system, which are phenomenasifiauld be avoided in the design of subsurface

flow CWs and heterogeneous reactors in ger(€iahzarenc et al., 2003, Mendoza et al., 20E8aporative
processes can also reduce subsurface fluid velocities, resulting in experretentadn times being longer than

their theoretical equivalengsleadley et a] 2012)and might be a cause of an effective volume utilization greater

than 100%. The steghange modelling techniques indicated an alrutsitical® , which is 11% higher than

U The impulse response technique indicate® awhich was 19% greater ah theU Both stepchange
techniques estimated the same values for N and Pe, whereas the impulse modelling technique suggested a lowe
degree of dispersion, with an 11.3% higher Pe and an extra CSTR in series.

Planted system

Each methodology produced dfdient® for the planted system. The step change integral technique indicated
a@ higher than thé) resulting in an effective volume utilization slightly higtlean 100%. The steghange
derivative and impulse techniques both indicat@ amaller ttan the theoretical retention time, resulting in a

dead volume of 4% and 2% for the two techniques, respectively. Nevertheless, both step change techniques
estimated the same degree of back mixing within the system, indicated by the same values for.N'faed Pe
impulse technique suggested a higher degree of back mixing, reflected by a 30% lower Pe and one less CSTR
placed in series. All three techniques reported hydraulic efficiencies lower than 100% and these are attributed
to the high degree of dispersiaithin the system.

4.3.6.3.  Building the modelling methodology comparison: practical limitations of the tracer
studies

Capturing sufficient concentration -time data for adequate definition of system response

There were a lack of data points in the region surrounding the peak of the E(t) curve for the unplanted system,
as seen iffrigure4-10. This may have aftded the shape of the response, as well as the hydraulic parameters
calculated for the system. Researchers remark that this can be a likely occurrence, even witlesignet!
sampling regime put in plag&eefy, 1996) The stepchange experiment has no such drawback. This is shown

by the consistent distribution of data points on the F(t) curgesoth planted and unplanted systentigure

4-10.

Effect of tracer dispersion on concentration -time curves derived from tracer experiments
In Figure4-1landFigure4-12 the RTD cuves and the cuntative distribdion curves from sampling ports 1,

4,7, 10 and 13 from the impulse and step change experiments are presented, respectively. Figeaeh of
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4-11 (a)i (f) the peak of the response was largest in magnitude at 0.2 m afteré broadened as the tracer
travelled through the reactor. figure4-12 (a)i (f) the gradient of the response curve was steepest at 0.2 m and
then flatteed out with each successive gdimg port. These trends observedFigure4-11 and Figure4-12

are indicative of dispersion of tracer as it moved through the system and has been confirmed by other researcher:
conductinghydraulic studies on HSSF CWSheridan et al., 2014a, Sheridan et al., 2014b)

The cumulative distribution curve obtained from the sampling port at a length of 4Rmyure 4-12 (f)
experienced an unexpected increase in gradient between 210 and 240 migfiehéresturned to the trend
observed before 210 min. This suggests stiocuiting behaviou(Sheridan et al., 2011 he corresponding
impulse response curve had broadetoethe extent that it was difficult to identify muhiodal distributions.

This was also the case at a length of 4 Figure4-11 (a) andrigure4-12 (a). Tracer dispersion can thus affect

the qualitative description of the reactor hydraulics when using the impulse response experiment and may also
have a kockon effect when quantifying the hydraulic parameters using the impulse response modelling
methodology.
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Figure4-11: RTD curves from the impulse experiments on the planted and unplanted systdtiggirés (a) and (b)
hydraulic data from the surface layer are presented. In Figures (c) and (d) data from the intermediate layer are presented
and in Figures (e) and (f) data from along the bottom of the wetland bed are presented. Each curve withieshe fig

represents hydraulic data collected from a sampling point a specified distance from the system inlet thus allowing for the
evolution of the RTD curve to be depicted as a function of system length.
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Figure4-12: Cumulative distribution curves from the impulse experiments on the planted and unplanted systems. In Figures
(a) and (b) hydraulic data from the surface layer are presented. In Figures (c) and (d) data from the intermediate layer are
presented ahin Figures (e) and (f) data from along the bottom of the wetland bed are presented. Each curve within the
figures represents hydraulic data collected from a sampling point at a specified distance from the system inlet.

4.3.6.4. Building the modelling methodology comparison: critical assessment of the

mathematical techniques used by modelling methodologies

Modelling approach sensitivity to selection of numerical integration procedure
Each modelling approadequired numerical integration for the computation of the hydraulic parameters and

Simpsondéds 1/3 rule was selected.

for this study,
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multiple equally sized subintervals. Theeas under the pardhs are then evaluated and summed together to

arrive at the approximation prioked inEq. 4-22 (Pozrikidis, 1998)

E .
)E/EQ TAB A E 18 AD T.G¢C
where:
e A A
—_— 1CO
c e

with n being the number of equally sized subintervals.

The number of subintervals used is left to the discretion of the user and can range from using one interval in

whi ch h & @tothe miaximmum rumber of subintervals possible in which a minimum of three data
points are required viZ —. It would thus be desirable for the modelling approach to display the least

sensitivity as possible to the number of subintervals employed as it would allow the user to have more

confidence in the final answer.

The hydraulic parameté j z was calculated for diffrent sizes of subintervals to determine how sensitive each
modelling approach was to the subinterval selection with the results preserigatéd-13. Each modelling
approach displayed a degree of sensitivity to the subinterval selection. For both systems the step change
derivative approach was the least sensitive, with a 1% and 4% vaiiajz for the planted and unplanted
system, respectively. The other two approaches displayed higher degrees of sensitivity. For example, the
impulse response modelling methodology suggested a value of 086 fpand hence a 14% dead volume for

the platied system when one subinterval is used and this chang@gjtg af 0.98 and hence a 2% dead volume

when 3point subintervals are used. A similar variatiorfli z was seen for the unplanted system when using

the step change integral route.
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Figure4-13: Comparison ofl j T for when 3point subintervals and when one subinterval is used for numerical integration
using Simpsonés 1/ 3 rule. The compar i s onntegsystemdispresended o n t
in Fig. 13(a) and for the planted system in Fig. 13(b) and is performed in each case for the impulse response as well as the
step change derivative and step change integral modelling approaches.

Modelling approach sensitivity to n oisy data generated during data collection phase

Both impulse and step change experiments are capable of generating noisy data, particularly during the sample
analysis procedure. At very low concentrations of tracer the relative contribution of backgmsedo the
absorbance measurement is large. Background noise in the system may be caused by slight scratches on th
cuvettes or from the presence of fine suspended solids in the sample whichtdeflight beam and alter the
Spectroquant reading. It auld thus be expected that the F(t) curves used for the step change derivative
modelling approaches and the C(t) curve used for the impulse response approach would have contained some

degree of noise.

In Figure 4-14 (a) and (b), E(t) from the step change derivative and impulse response approaches were
compared. In the region 0 < 0 < 0.5, E(t) from the step change derivative approach was noisier ttaan E(t) f

the impulse experiment and this was the case for both reactor systems. This may be attributed to the
differentiation of F(t) to obtain E(t) as differentiating noisy data amplifies the r{Bisguette, 2003and

transfers it to the next stage of the modelling process. The step change derivative approach was thus more
sensitive to noisy data compared to the other two approachespualddotentially contribute to inaccuracies

in computing the hydraulic performance parameters.
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Figure4-14: Normalized E(t) for planted and unplanted systems with regions of noise highlighted on theve&)ficam
the step change derivative approach.

4.3.7. Conclusion

Sizing of constructed wetlands for wastewater treatment requires the integration of treatment kinetics into a
reactor model which attempts to reflect the 4eal flow behaviour through theacked media. One way to

build the reactor model is to conduct RTD studies on a pilot scale system. In this paper three different RTD
modelling methodologies were compared using two pilot 488l18F CWs. These were the ioige response,

step change inggal and step change derivative modelling methodologies. Impulse response and step change
tracer experiments were conducted to generate the concentiattodata for the impulse response and step
change modelling methodologies, respectively. Hydraulicrperers were then calculated for the two systems

using each of the modelling approaches. The comparison between the modelling approaches was then built by

attempting to meet the following research objectives:

1 To compare the hydraulic parameters obtained using each of the three approaches against each othel
and ideal theoretical conditions. For the unplanted system, we four@ tvas greater than 'r for each
of the modelling methodologies. The two step chamgelelling methodologies suggested the same
fluid flow behaviour reflected by almost identical values@orand the same values for N anel Fhe
impulse modelling methadogy indicated a 7% highéd compared to the step change modelling
approaches and kwer degree of dispersion. Each modelling methodology suggested different
hydraulic behaviour for the planted system. Ba#ip£hange methodologies quéietl the same degree
of dispersion for the system; however the step change integral approachrietexn slightly greater
thanUand thus no dead volume in the system whereas the step change derivative approach determined
a 4% dead volume caused Ky being slightly less thard The impulse response modelling
methodology suggested a higher degreaiggersion than both step change modelling approaches and

a 2% dead volume for the system.
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9 To identify practical limitations encountered when conducting the impulse and step dtaoege
experiments. The limiteons of the tracer studies can be considdimitations of the respective
methodologies as they depend on the tracer studies for data generation. Despitelesigvedd
sampling regime put in place for the impulse response tracer experiment, we were unable to capture
sufficient data on the pealk the concentratioime curve for the unplanted system. This affected the
shape of the response curve anay have also impacted the netlthg results. No such difficulties
were encountered with the step change experiments. Bgnaiown the length of theeador made it
possible to identify another limitation of the impulse response experiment: tracasisgead the
effect of broadeing the impulse response curves to the extent that it was almost impossible to identify
nortrideal flow behaviour such ahortcircuiting towards the end of the reactor systems. Although
tracer dispersion also had an effect on the step change responseicuwagstill possible to identify
nortrideal flow behaviour which was prevalent in both systems.

1 To critically assesgshe mathematical techniques which the modelling methodologies employ.
sensitivity analysis was dermed to determine the effect of changing the size and hence number of
subintervals used n  Si mpsonds 1/ 3integrationeondjq for each moelellingc a |
methodology. The lower the sensitivity of the modelling methodology the better as choosing a
parameter as arbitrary as subinterval size should not have a noticeable effect on reported hydraulic
behaviour. The step change derivative madglimethalology was least setisie for both reactor
systems; displaying a 1% and 4% variatio@if z for the planted and unplanted system, respectively.
This was in contrast to ti® j z determined by the step change integral and impulse response modelling
methodolgies which varied by 10% or more in some cases. The differentiation of F(t) to obtain E(t)
using the step change rdative methodology was idefied as a potential weakness as it had the
capability of amplifying background noise which may have affedtedcalculation of the hydraulic
parametersThis is due to the sensitivity of the method to the gradient of the line which introduces this.

The ramifications of this comparison are that each modelling methodology has the potential to output a different
reactor model for the same system under study which, when combined with kinetic data may produce a different
reactor size for the treatment process. Each modelling methodology also has its own strengths and weaknesses
The absence of an analytical answethi goblem means the choice of modelling methodology is ultimately
dictated by other criteria su@s experimental equipmentaeaib i | i ty and the reactor

the respective approaches.
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Chapter 5 Investigation into the kinetics of constructed
wetland degradation processes as a precursor to biomimetic
design

5.1. Summary

The foll owing chapter mhwestigation Bteethe kinetios of gangirected ent i t

wetland degradatioprocesses as a precursobiomimeticdesiga, whi ch was publ i she

in 2017. This research paper was initially accepted for an oral presentation at the WISA biennial
conference held at the Durban ICC in May 2016.

The paper details the very first sets of experiments agadun the newly established pistale,
horizontal subsurface flow CWs, which were important in terms of developing an understanding of the
baseline chemical characteristics, fluid flow patterns and the carbon and nitrogen degradation and
transformatiorkinetics. The results of this investigation were used as the basis for improving upon the

methodology for the followup experiments in 2016.

5.2. Statement of individual contribution

The experimental desigmpreparationwork and analysisvas carried ouby myselfwith Dr Uwe
Kappelmeyer advising and overseeing the work at the Helmb#E in Leipzig Germany. Some of

the analytical results (TOC, IC, TC/NPOC and TN) were provided by Frau Puschevitdmdperated

the Multi N/C 2100 S analyser (Analytikrie AC) For a period, Philip Hecht (a student completing

his honours in engineering at the University of Dresden and conducting his practical at the Helmholtz
UFZ) assisted with the collection of samples in the field. | hadstpport oProf. Craig Shedan and

Ricky Bonner in various stages of the method selection, design anelpviiteases of this paper.

5.3. Water SA (2017) Vol. 43 No. 4pp. 655-665

5.3.1. Abstract
As the types of wastewater become more diverse, so the need for more economical, efficient and robust

treatment systems emerges. Biomimetic constructed wetlands (CWs) are a green technology solution

and could provide a val coladichl sfrastrdotuiet i on t o Sout h /
This study involved the characterisation of a stigrt pilotscale, horizontal subsurface flow CW. The
objectives were to break into the CW 6bl ack box

internal development aridcorporate biomimetic principles into the design and methodology.

The wetland was left to establish with no external nutrient source. Sample ports were inserted at multiple
locations and depths throughout the bed. The background characteristics were determined first,
followed by the hydraulic tracer studies and thenrbeduction of artificial domestic wastewater and

a weekly sampling regime. All samples waralysedor dissolved oxygen (DO), pH, redox potential,

total organic carbon (TOC) and total nitrogen (TN).
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After 18 months, th&@hragmiteroot system was weetleveloped; having penetrated to the bottom of

the wetland. The residence time distribution at the system outlet showed two distinct peaks before the

mean retention timef), indicatingchannelling There were multiple small peaks aftgrand a long

tail to suggest tracer holdp and diffusional mixing effects. It was also found that the flow behaviour

was commensurate to 6 CSTRs in series. At the baseline, the system displayed average residual TOC

and TN concentrations af3.0 mg/tand +1.7 mghbrespetively, and lower DO and redox potentials

were observed in summer than autumn. After the introduction of artificial wastewater, the majority of

TOC and TN removal occured in the first half the wetland; accompanied by DO consumption and a

drop in potentialThe rate of removal was higher in autumn than winter and a temperalatex

decrease in the rate constant was observed.

Keywords: constructed wetlands, background analysis, hydraulics, kinetics, biomimicry

5.3.2. Introduction

South Africa is a watercarce country ranked 38 driest globally(GreenCape, 2016)with an annual

rainfall of just 50% of the world averagghe country relies predominantly on water from catchments,

rivers, wetlands and aquifefd/WF-SA, 2016) Poor water quality has a major negative impact on the

livelihood of all South African citizens, as well as the surrounding ecosystem. Water quality in South

Af ri
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Go v e r n MationaléDevelopment Plan (NDPJhe South African Department of Water and
Sanitation(DWS) issued theNational Water Resource Strategy (NWRSEhe NWRS?2 is a water

quality management strategy which covers security of water supply, managing environmental

degradation and curbing pollution of water resources. The DWS, in conjunction evBlotith African

National Biodiversity Institute (SANBI), has proposed & Srategic Integrated Project (SIP) which
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engineering sol ut ite meatmdantochaB®ogdSANBI, 2G14) AT Soldtts Africaa
works towards developing its ecological infrastructure, opitst arises to move from centralized to
decentralized wastewater treatment facilities, examples of which includegbaisé household
technologies, rainwater harvesting installations, gvater green roofs and water recycling and

reclamation system&reenCape, 2016)

Constructed wetlands (CWSs) are engineered systems, designed to utilize the soil, vegetative and
microbial processes of naturaletlands in the treatment of wastewater of different origins, including
domestic and municipal sewage, industrial and agricultural wastewater, landfill leZdBtestorm:

water runoff and mining wastewatdReed, 1993, Vymazal, 20058JWs typicallyconsist of a soil,

gravel or sandfilled bed planted with various types of macrophyte (most commBhisagmites
australig (Brix, 1994b) Table 5-1 summarizes the primary contaminants and their mechanisms of

removal from CW system®&ymazal, 2005)

Table5-1: Primary contaminants and mechanisms of removal from CW systems

Contaminant Mechanism of Removal

Aerobic and anaerobic degradation by bacteria attached to plant roots, rhi
and media surfaces

Suspended solids Filtration and sedimentation

Nitrogen (ammonia ol Nitrification / denitrification process and adsorption (if soil grain is sidfitly
nitrate) fine)

Organic Matter

Ligand exchange reaction in the presence of iron, aluminium or calcium hy,

Phosphorus (phosphate oxides

In the pastCWshave most often been used as polishing systems following the primary and secondary
water treatment stage®rix, 1994b) but have more recentlpeen identified as a viable, green
technology solution to water management in the followingsarea
1 regulation of water supply
9 drought alleviation
9 regulation of water quality (particularly for biological and temperature cor(tBsBenCape,
2016)

Bi omimicry is defined as fAthe practice of | earn
human problems and cte®@ mor e s u st a(BiomanbctySA., 2015) Thraughous the
process of evolution, living organisms have survived and adapted to changing conditions in such a way
as to ensure continual access to water. For thé®reaatural ecosystems and their inhabitants provide
many examples of successful water purtima processefDamakFakir et al., 2015)For example:
1 The ability of the Namibian Fog Beetie capture water from ¢hair(Kenny et al., 2012)
1 The ability of6 c uwHiyr | i esd® (desert plants of the Name

with modified leaves and sterfigogel and MiillerDoblies,2001)
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1 The action of worms, beetles and micmganisms in decomposing forest litter into humus,
thereby creating a mat for water filtration on the forest floor (the chefines= i o | ywatér x E
filtration system mimics this proceg&enny et al., 2012)and

1 The ability of natural wetland ecosystems to filter sedimerdsnaitrients from surface water
(Kenny et al., 2012)

Natural wetlands have a number of importamictions; namely water purification, water capture and
storage, flow egulation, flood attenuatioshoreline stabilization and protectjmarbonsequestration,
air quality regulation, temperature regulatiand habitat¢o support biodiversityDamaFakir et al.,
2015) Without their varietyof vegetation, micrarganisms,aquatic species and wildlife, wetland
ecosystems wad not support these functiofiivaisi, 2001)

As the types of wastewater to be treated become more diverse, so the need for more economical,
efficient and robust systems to cope hwthe treatment demands emerges. Biomimetic principles
(Benyus, 2017, Todd and Josephson, 1998)ld provide valuable tools to inform the design of
improved CW systems. Biomimet@Ws areself-contaired, ecologically engineered systems in which
waste streams are recycled wherever practicable. In addition, they can be a source ofrinhtrient
fertilizers and renewable energy and can act as carbon sinks, air quality regulators, temperature

regulators ad habitats for biodiversitfDamaFakir et al., 2015)

There is real scoper CWstoprovida v al uabl e addition to South Afr
They offer all of the advantages of decentralized sys{&reenCape, 2016énd, when designed using

biomimetic principles, can offer benefits beyond just water remediaticaséin point is theuccessful

prototype in the Langrug informaéttlement close to Franschaq®XWF-SA, 2016) Langrug has been

converted into an EemachingU.S.EPA, 2002, JTED, 2014)hich uses biomimicry to adess water

purification, stormwater and solid waste management, as well as provide potential for revenue
generationfWWF-SA, 2016)

Although the use o€Ws for wastewater treatmentas documented as early as 1gB4ix, 1994hb)

much of the pioneering literature vieW$Vsa s fAbl ack boxesd and under st an
operate internally is limitedAlbertson, 1998, Haberl et al., 2003, Garcia et al., 2010, Rengers et al.,

2016) This research focuses anoverall hydraulic characterization of a newly established-pitate

CW and an irdepth physicachemical baseline description to act as points of reference. This is followed

by two months of feeding artificial domestic wastewater into the wetland and continually monitoring

the chemical and physical changes. The chahaiharacterisation will provide insight into the kinetics

of total carbon and total nitrogen transformation. The analytical procedure involves divididgvthe

into a grid of sample ports: seven ports down the length of the bed, each of which is diadbcee

depths. The multitude of sampling locations and samples will provide insight into the internal

development and operation of the wetland system. This preliminary data is to form the basis-of a long
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term study into the internal behaviour@#s, fom startup into steady operation, and will provide the

start of aframework to inform improve@liomimetic design

5.3.3. Materials and methods

5.3.3.1.  Pilot-scale CWs at the Helmholtz Zentrum fiir Umweltforschung (UFZ)

The pilot-scale wetlands at tHeéelmholtz UFZareplanted horizontal subsurface flow (HSSEWS.

The system is filled with glacial gravel (particle sizé 8 mm; voidage 36%; bed height 0.60 and
planted withPhragmites australisA schematicdiagramof the wetland is given ifrigure 5-1. The
boundary structure is an approximately rectangudinless steel container (6 length x 0.70m

height). One side down the length of the wetland is constructed at 16° from the verticahat the

width at the top and base of the container ismi.2nd 1.0m, respectivelyThree fully removable,
stainlesssteel baskets (height Or; diameter 0.3@n) have been inserted into the central flow path.
Each basket contairglacial gravel andhas been planted witRhragmitesautralis just as in the
surrounding wetland system. The basket cages have evenly distributed pores of the same diameter as
the average gravel particle size to minimize disruptions to the flow of water. The purpose skéis ba

is to be able to transport a predominantly undisturbed section of the CW to the laboratory for more
detailed analysis

(a) (b) o —pl0 PUMP
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Figure5-1: (a) Aerial view of the CW showing the sample port, three inlet valve and single outlet valve locations
and(b) crosssectionalview of the CW showing one stainless steel sampling tube.

The wetland is fed by the evenly spaced inlet valvedhich are positioad 5cm above the base of the
container. The discharge is removed visirggle, centredoutlet valve also 5cm above the wetland

base. The flow rate of water into and out of the wetland is regulated via a gear pump (VGS120, Verder
Pump, Germany), motor E%6324, SEVA Tec, Germany) and frequency controller (DB32025,
MOELLER, Germany) and data is logged to allow for continual monitoring of the flow rates. The water

level within the wetland is maintained at 0.5 m by means of a syphon at the wetlahdCauistruction
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was completed in October 20Igure5-2(a) shows a photograph of the wetlands at the UFZ taken in
July 2015. The wetland has been dug into the ground, such that the upper rim and 20cm of the boundary
walls are visibleFigure5-2(b) shows a photograph of the middle basket when it was removed from the

wetland in September 2015

Figureb-2: (a) A photograph of the pilescale, horizontal subsurfaceft CWs at the Helmholtz UFZ (July 2015)
and(b) the stainless steel basket removed from the centre of the wetland showing an alredéyelefled root
system (Septemb@015).

5.3.3.2.  Collection of Baseline Samples

From October 2013 to July 2015, thetland was allowed to establish naturally, without any external
nutrient source. Municipal tap water was fed into the system during spring, summer and autumn and
shut off during the coldest winter months. In order to determine the baseline charactétisdasewly
constructed CW, a set of samples, hereafter referred to as baseline samples, were taken before the
commencement of any other experimentse $amples were taken from 24 loatow the gravel surface.
Sampling deviceshereafter referred to aaraplers, were inserted into the bed at the locations indicated

in Fig. 1(a),but not at the system outlet (port 7) where black norprene tubing was connected directly to
the discharge valve. The samplers werghbpedstainless steel tubdEigure 5-1(b)), open at both

ends, to allow for the easy movement of water. The long end was inserted into the gravel bed and
contained several potike holes at the baseh&se holes were too small to allow for gravel to enter the
hollow interior. The short end sat above the surface of the gravel bed and contained a single opening.

The short end of each sampler was connected, one at a time, to a small peristaltic pump KREGLO
2/6, ISMATEC SA, Switzerland) via 112 of black, norprene tubing. Water was pumped continually
through flowthrough cells for the measurement ditsolved oxygen (DO)Fibox 3, Presens,
Germany), oxidatiomeduction (redox) potential (MuiB40, WTW, Germany), pH (Multi340,
WTW, Germany) and temperature, after which 20ml aliquots were collected, througm0sisinge
filters and submitted to the analytical laboratorytéial organic carbon (TO@ndtotal nitrogen (TN)
analysis (Multi N/C 2100%Analytikjena, Germany).
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5.3.3.3. Impulse -Response Tracer Tests

For the hydraulic investigation, samplers were inserted into the bed at each interflagpoed-1(a));

24cm below the gravel surface. The samplers were connected in pairs. One sampler was the outlet tube,
from which water was removed from the wetland, and the second was the return tube. The return tube
was fixed to the outlet tube such thia¢ holes at the base of its long end were positioraed 8bove

those of the outlet tube. Both short ends of the samplers making up each pair were connected to a
peristaltic pump (BVP_Z, ISMATEC SA, Switzerlgna stainless steel flow cébchnegg, 2002and

a fluorometer (GGUNFL, Albillia, Switzerland) using black norprene tubing. This configuration is

shownin Figure5-3.

Stainless steel

samplers ——

Peristaltic Pump

—y———————
‘Lh@ Fluorometer
Flow CETF:W_" i

Figure5-3: A schematic diagram of the sampling device, pump, flow cell and fluorometer configuration for the
tracer flow tests.

A known mass of Uranine fluorescent tracer dye was dissolvédtaf distilled water and injected

into the wetland inlet as a single pulse. For the duration of each flow test, water was pumped out of the
wetland and through the flow cell, which was connected to the fluorometer, before being returned
the bed at the sae location(Figure5-3). The return flow ensured that the total system volume was
maintainedThe fluorometer was programmed to record datagintervads and provided a potential

(mV) reading, which was converted to Uranine concentration after calibration with feed water from the

site (baseline) and a standard Uranine solutiorppk).

5.3.3.4. Introduction of Atrtificial Wastewater

An artificial wastevater (AWW) concentrate containing 37.5f/bcasein peptone, 25.7@/bmeat

extract, 7.03g//burea and 6.5@//bdipotassium hydrogen phosphatas preparedautoclavedand
introduced into the CW system via a metering pump (Gamma L GALA1000, ProMemany).

The concentrate was formulated from a published standard based on the average composition of the
water released from a treatment plant of class 2 in Germany; representing between 1000 and 5000
inhabitant equivalentsDIN38412. The separate watand AWW feed lines were combined into a

single feed pipe and the two fluid streams mixed before entry into the wetland. To achieve the desired
inflow nutrient load (in terms of carbon, nitrogen and phosphorths)flow rate maintained by the

AWW meterirg pump was set to 1/500 of the inlet water flow refeekly mpling commenced one
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week after théntroduction of the wastewatand continued for 7 weeks. Samples were taken from 24

cm below the gravedurface atach sampleortas described previously.

5.3.4. Results and discussion

It was desired that the pilstale CWs at thElelmholtz UFZ resemble a natural wetland ecosystem as
closely as possible. For thisason, the CWs were allowed taadishnaturally, without any external
nutrient sourcefrom October 2013 until summ2015, when these first experiments were scheduled to
commence. The results to follow representlihseline and the very first sgtmeasured data. Due to

the complexity and continual internal development of these systeatsegperiments will be repeated
seasonally and annually into loteyrm operation of these wetlands. Knowledge and resources from
several disciplines in the sciences will be drawn upon to develop a databank of information, to gain a
deeper understanding thfe operation and continual fluxes within wetland systems and, ultimately, to

recommend a methodology and a set of design parameters for engineeriugpscale

5.3.4.1. Wetland Baseline Characterization

Samples for the baseline characterization were takéxugust, September and October of 2046

which time the wetland was a working system with unknown flux, no additional carbon source and low
organicload. The bed temperature, pPHDC and TN concentratiomere measured down the length of

the wetland and are presented able5-2.

Table5-2: Average bed temperat, pH, TOC and TN concentration with the saturated oxygen concentration
(fresh water, 760 mm Hg) at the time of the baseline measurements

Period At"eeéig(f é’fd oxi;;"’(‘trsg” pH TOC (mgr) | TN (mgr)

Aug 2015 | 241+2.1 8.5 6.85+0.14] 311+024 | 054%0.05
Sept2015| 20.5+0.3 9.0 750+021] 3.60+030 | 0.44+002
Oct 2015 | 168+ 1.1 9.7 744+019| 239+011 | 0.72+0.06

The pH of the wetland was found to remain relatively constaiilé€5-2) and within the physiological

range of natural fens and freshwater wetland ecosygt€atiec and Wallace, 2009The TOC and

TN concentrations reported Trable5-2 give the average natural background levels, below which the
measured outlet concentrations are not expected (&&adlec and Knight, 1996T his residuatarbon

and nitrogen can be accounted for by inherent production of organic substances and carbonaceous
material (root exudates) which contribute to the biological oxygen demand (BOD) and decaying plant
matter(Bavor et al., 1988, IWA, 2000, Reed, 1993)

The variation in DO and potentieithin the wetland are plotted fRigure5-4(a) & (b), respectively.
For clarity, the DO and redox potential at sample port 3, located inside the miski¢ Bmure5-2(a)),
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has been plotted as individual points. In general, the wetland microcosm within the basket does not
show behaviour markedly differertt that in the surrounding system, except during October when the
DO and potential aligned with the data obtained in Audtigu¢e5-4, 6 x 6 ) .

There was a elar consumption of oxygen during Augusigure5-4(a), round markers), accompanied

by a lower potentialKigure 5-4(b), round markers), and a geakincrease in both wetland DO and
potential from August to October. August was the warmest month during the summer of 2015 with the
high levels of solar radiation. The average daily air temperature and global radiation maxima were
measured to be 28.4°@&716 WnT, respectively, at the weather stationsite. These were measured
between 11 am and 2 pm. The plants were green and their growth rate and level of activity would have
been at a maximum under these climatic conditigtexdlec and Wallace, 2009hence the greater

consumption of oxygen during August.

In the autumn monthsf September and October, when the average ambient and bed temperatures had
begun to decreasd@dble5-2), there was a reduction in oxygen consumptiigyre5-4(a), diamond

& square markers) and a more positive potenkayre5-4(b), diamond & square markers). Overall,

this would be expected because plant activity should have decreased in the autumn period. Also evident
is that the oxygen concentrations were closer to the saturation values. In both Septeniober,
approximately 9 mdkof O, was measured in the feed water. The water remained osgjerated

within the first 100 cm of the wetland, which would suggest no oxidative processes or exudate
transformation up to 100 cntigure5-4(a), diamond and square markers). In September, oxygen was
consumed faster within the second 100 cm of the wetland before reaching a minimum and then
increasing untithe water was oxygen saturated again close to the obiiré 5-4(a), diamond
markers). The plant roots are a source of oxygen to the rhizogplagllec and Wallace, 200ut it

cannot be confirmed that this is the reason fa t&introduction of oxygen into the wetland. The
September trend in DO close to the wetland outlet is dissimilar to that in both August and October and,
due to the lack of confirmatory experimental data, should be treated with caution. In contraggehe o

level decreased progressively down the bed in Octéligure5-4(a), square markers). This indicated

that plant activity decreased down the bed éswbserved that the vegetation density also decreased
down the bed) but that the plants were still active although not at the same high level as at the height of

the summer.
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Figure 5-4: Baseline characterization showiijg) the dissolved oxygen concentration afix) the oxidation
reduction potential prior to the introduction of artificial wastewater. Data was obtained from 24 cm below the
gravel bed surface and at increasing distanaggaiee flow path during August, September and October 2015.

In summary,Figure 5-4(a) & (b) suggest a seasonaffluence m the DO concentration and redox
potential, but it cannot be said with certainty whether this is dakanges in the plants or changes in
microbial activity inthe root zone. However, model experiments have indicated that oxygen input from
the plants is dependent on the light intenaitg the redox state of the root zgiadlec and Wallace,
2009)

5.3.4.2.  Hydraulic Characterisation

A gravel HSSF CWcan be considered teela type of packelled reacto(Sheridan et al., 2014a,
Sheridan et al ., 2014b,. Anugderatandirig ofavetldnd Kydr&ujicé isd o v § ,
prerequisite for an investigation into the kinetics of contaminant degrad@iieadley and Kadlec,

2007, Fogler, 2006)he hydraulic investigation of the pil6\WV at theHelmholtzUFZ wasperformed

by means of an impulsesponse tracer teatcording to the methodology describedHsadley and

Kadlec (2007)

Tracer stdies should be conducted under laminar, or reversible flow, condibesidan et al., 2014a,

Sheridan et al., 2014bBefore commencing the flow test, the Reynolds number was calculated for the
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wetland systenfSubramanian, 2004nd verified to be less than 10, which confirmed that flow was

well within the laminar regioMiller and Clesceri, 2002)

Subsequent to the completion of the tracer test, the recovery of tracer material was calculated, according
to [5-1], asthe first check on the reliability of the experimental data. Data obtained from a tracer test
with a low percentage recovery of material at the system outlet should be treated with(Eteédiay

and Kadlec, 2007)

2 ————— pTmT up

The method outlined in Fogler (200@nd summarized below, was useaalculate the residence time
distribution (RTD)functionfor the reactardefined by:

~ #0O
%0 @ — U Q
. #OAO

C(t) is the timevariant concentration data collected duringfthes test and the denominator represents
the area under the C(t) curve. The RTD is important because it visually describes dynamic wetland
behaviour and fluid flow patterns and is the basis for the calculation of many important hydraulic

parameters, one @fhich is the mean residence timeg, ar first moment:
a 0%WA O Vo
The mean residence time, Was compared to thminal residence timéj which is the hypothetita

time taken for a pulse of tracer to move from inlet to outlet assuming ideal plug flow:

6
2 3 LT

V is the reactor volume and accounts for the porosity of élckipg material, andovs the system the

volumetric flowrate. = fdJ a closed, steadstate system with no dead volume.

The v a r?ioasacond moment of the RTD, is an indication of the spread of the data about the

mean and was calculated acdoggto:

£ O & %OAO LU

Owing to the fact that flow was laminar and, thus, completely reversible, the RTD function could be

normalized against the mean residence time according to

0
I il VN0
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[5-2], [5-6] and pb-7] were employed to produce the normalized RTD function for the reactor ioutlet
Figure 5-5. The shape of the RTD in suggests that that this system displays behaviour intermediate
between plug flow and complete mixifigeadley and Kadlec, 20Q7)here are two main features in
Figure5-5. Firstly, the distribution is mukinodal There are two distinct peaks priortte tr, (d= 1.0).

This is typical of a reactan which theras channelling or bypass andead zonefHeadley and Kadlec,

2007) The small peaks aftér tm (d= 1.0)could indicate holdip in densely vegetated areas or possibly
adsorption and desorption of the tracer material onto the ditdgatlley and Kadlec, 2007, Srhand
Laidlaw, 1977) Secondly,there islong tailingevident. This can be the result of mixing between the
pore spaces, diffusion between regions of faster and slower flow and, again, ded&agiees2006)

18 +
16 +
1.4 +
12 +
1.0 +

E(6)

0.8 +
0.6 +
0.4 +

0.2 +
0.0 4 } } } } |

Figure5-5: The normalized RTD function for the pilot CW determined from an imprgsponse tracer test, with
U=2.16d (= 0.78),tn=2.89 d (= 1.0) and a peak time at maximum concentration of 2.3fl=dX80).

Various hydraulic parameters, calculated fridgi], [5-3], [5-4], [5-5] and the RTD, are summarized

in Table 53. The mean residence time, or time taken for the bulk of the injected pulse ohd&Jtani
reach the outlet, was 2.8@ys.Ninety-nine percent (99%)f the injected mass of tracer had exited the
wetland after 6.54 dayb1 general, it takes at least thretergion times for material to be flushed from

the system. Making this assumption, it would take an additional 2 days (2.89 d x 3 = 8.67 d) for the tail

of the RTD curve to reach baseline concentration again.
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Table5-3: Various hydraulic parameters describing the behaviour of the pilot CW as determined from the
impulseresponse tracer test and system RTD

Hydraulic Parameter Value
Mean volumetric flowrate/ghr) 22.28
Reynold's no. (Re) 0.11
Reactor volumé/t 1156.2
Mean Residence Timey {d) 2.89
Nomi nal Residence Ti me, 2.16
Vari ahce (10 1.116E+10
Peak time at max. concentration (days after injectio 2.31

too (d) 6.54
Recovery (%) 100

5.3.4.3. Contaminant Transformation Indicators

Various physicochemical parametgovide nformation about water quality. DO is essential for
aerobic degradation processes. The ammonium*{Niéh is aby-productof the decomposition of urea

and high levels of Nkt can produce an environment which is toxic to aquatic organisms. A positive
redox potential indicates an oxidizing solution and many pollutants require strong oxidants to facilitate
their decompositior{Bellingham, 2012)Organic carbnand thechemical oxygen demand (COD) are
importantwater quality indicatorg¢Kadlec and Wallace, 2009jor which maximum allowable limits

are commonly published in environmental legislation.

For the purpose of this very first investigation into the behaviour of this CW systemQ@eand TN
concentrations were measured. TOC was chosen because it is a more accurate measure of the
degradatiomf carbon in the system, as oppote@ODwhich is a cumulative measure of all oxidisable
components. Similarly, TN, which is the sum parameter of ithegen contributions from ammonium

(NH4"), nitrate (NQ), nitrite (NGy) and organic nitrogen, was considered for this preliminary set of
results. The next sef experiments will involve more detailed analysis of the species making up these

sum paramets.

The TOC and TN concentrations at the system outlet over the 7 week experimental period are shown
in Figure5-6(a) & (b). The inlet and outlet concentration data for week 1 and 2 is plotted as individual
points because the system was yet to achieve a state of steady opeigui@d-6(a) indicates TOC
degradation an#&igure5-6(b) shows TN transformation. €re is a general decrease in TOC and TN
removal from late October to early December, indicated by the increasing outlet TOC and TN
concentrations over this period. The change of seasothangsultant colder ambient temperatures
would have lowezd microlial activity and ay decomposition of dead biaatter coulchaveintroducel

additional nitrogen into the systgiidadlec and Wallace, 2009)
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Figure 5-6: (a) Total organic carbon concentration (avg. inlet [TOC] = 573 + 62ataseline TOC = + 3.0
mg//B and (b) total nitrogen concentration (avg. inlet [TN] = 230 + 21 igbaseline TN = = 1.7 m@pas a
function of time at the wetland outlet up to 7 weeks after the introduction of artificial wastewater into the system.

Figure 5-7 shows the DO concentration of the outlet stream. Each week, the DO was found to be below
0.75 mg/bwhich indicates high oxygen consumption when compared to the 11.158 + 1.Z8B@ng/

at the wetland inlet. This is thought to be due to the action of roirga@nisms in degrading organic
carbon(Kadlec and Wallace, 2009)o support this hypothesis, the general trend in TOC concentration

as a function of distance along the flow path is also plottddguare 5-7(a) and shows that organic
carbon is definitely degraded in the first half of the bed. In general, oxygen consumption appears to be
higher in the first 300 cm of the bed, where the largest reduction in T@Soi®bsered. It is also

noted that the standard deviation at each sample port increases with distance down the wetland bed.
This spread of data points is most pronounced at the wetland outlet (600 cm). In general, the DO
concentration is greater at thiars of the experiment (#80ctober) and lower towards the end of the
sampling campaign f8December). In the autumn (October/November 2015), the plants could still have
been contributing oxygen to the systétadlec and Wallace, 2009 ence the higher DO data or™28
October, 11 and 17 November in the sample ports after 309, svhere TOC degradation had largely
ceased. As the experiment proceeded into the beginning of winter (December 2015), oxygen input by

the plants should have been much less, but the plants were still observed to be active up tintil the 8
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December. The cdimued activity, even if slower at this time, coupled with reduced oxygen input from
the roots could explain the lower DO data &ha2d 8' December in the sample ports after 300 cm and

the larger spread of data points these latter sample ports.
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Figure 5-7: An illustration of the general trend (a) TOC concentratiofavg. inlet [TOC] = 573 £ 62 m@pand
(b) the dissolved oxygen concentration at increasing distameethe wetland inlet over the 7 week experimental
period (avg. inlet [DO] = 11.158 + 1.208 nigavg. inlet temp = 10.9 + 2.6°C)

The redoxpotential as a function of time at the wetland oudlelottedin Figure5-8 and aprogressive
decrease in potentiahn be seen over the 7 week experiment. This decrease in potential indicates that
the system became more anoxic, as would be expected if oxidative degradation procedsésmgere
place Oxidative degradatiomayhaveproducel a number of reduced spegisach asulphur dioxide

(SO, nitrate NO3) and(NOy). The presence of these reduced species would have contributed to the

observed decline in redox potentiladlec and Wallace, 2009)
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Figure5-8: The change in oxidatiereduction potential as a function of time at the wetlantiet up to 7 weeks
after the introduction of artificial wastewater into the system (avg. inlet potential = 336.1 £ 30.1 mV).

5.3.4.4. Kinetics of Contaminant Degradation

For the purposes of this paper, the rates of transformation of TOC affcbiNurea)were considexd

The RTD was used to guide the chaita reactor model to describe the system sdlileaate constants

for these transformations coulek calculated.The Tanksin-Series (F1-S) model, along with a first

order rate law, was choseor fthis preliminary investigation. According to thd-B model, a packed

bed reactor can be described by a number of continuously stirred tank reactors (CSTRs) of equal volume

in series. The number of tanks in serigsyas calculated by:

>[N

R

This method requires a constant inflow concentration and volumetric flow regecohversionX, of

the reacting species waelated to the mean residence time r@adtion rate constant by:

,o_P oo
p zZE
L . 6
XEADAC)_T vp T

Where conversion is defined by the quotient of the number of moles of the species reacted to the number

of moles of the same speciesl into the systemHence in terms of concentration:
. H#
# # p 81 %— p 8 vpp
Substituting5-11] into [5-9] yields:

# —_— VPG
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[5-12] was used to solve for the reaction rate const@ugler, 2006) Figure 5-9 shows tle rate
constants for the degradation of TOC and the transformation of TN from week 3 of the experiment
when the system was operating more stably. A similar trend of variation in rate constants can be seen.
A certain degree of variation in the rate congtanay be expected because TOC and TN are sum
parameters and dependent on multiple chemical processes. In addition, the temperature dependence of
the rate constant should also be considered. The reaction rate constant of most chemical reactions is
directlyrelated to the reaction temperature and increases with an increase in temperature, or vice versa
(Atkins and De Paula, 2006) he temperature in the wetland decreased as the weeks progressed from
autumn into the beginning of wintdfigure5-9) and this could account for the reduction in the reaction

rate constant, particularly beyond the third week of the experiment. As theanjansisms acclimatize

to the different types and quérgs of nutrients available and plant activity increases significantly with

the onset of spring in 2016, it is expected that the rate constants will change. Thus, the values calculated

here should be treated as a point of reference.
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18 - - 18 N
16 1 L 6 avg. bed temp
14 + P11 g
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= 12 e F1z B
o .~ R o
T 10| . -1 E
o . \ [T
o ., [eeem————ad ., -
= 08 — 8 B
™ - Q
o
0.6 — -6
0.4 + L4
0.2 + 2
0.0 0

Neow
Neow

28-Oct
2-Nov +
7-Nov
12-Now
27-Nov
2-Dec
7-Dec
12-Bec
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Figure5-9: The variability in the rate of decomposition of total organic carkga, and the rate of transformation
of total nitrogenkrn

5.3.5. Conclusion

Biomimicry involves the mimicking of natural processes to stiueman problems and relies upon

careful observation and andepth understanding of the fundamentals governing these processes. It is
known that CWs successfully remediate wastewateevidenced by the number of operational CWs
worldwide. However, it wold be useful to merge the fields of engineering, microbiology and
chemi stry, while incorporating the biomimetic pr

these systems and better understand how they operate.

As such, this paper suggeatsnethodology for handling new or proposed CW systems; starting with a
detailed investigation of natural wetlands. This is to fbkowed by wetland construction and

establishment and then a stapt background characterization, hydraulic characterizatiwhkinetic
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investigation. The baseline, hydraulic and kinetic studies should then be repeated irtrriong
operation.The experiments were conducted at the Helmholtz UFZ (Leipzig, Germany) where the
equipment and resources available allowed for mucte metailed investigation and analysis and the
methodology and findings can still act as a useful point of reference for similar research in South Africa;

at least qualitatively if not quantitatively.

These results are just the first set in a series. THmed repetition of flow tests and kinetic studies will
generate a databank and create a picture of the internal development and performance of CW systems

over time, which will in turn form the basis of a framework to inform improved biomimetic design.
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Chapter 6 Hydraulic study of a non-steady horizontal sub -
surface flow constructed wetland during start -up

6.1. Summary

This chapter comprises my second published paper describing the hydraulic studies carried out in 2016.
It was been written as a follow up taylward et al., 2017and extended the tracer studies to a multi

depth investigation, as well as compared the mathematical output from the standard hydraulic equations
(which rely on steadgtate flow) with equations modified for a netealy flow systemThe influence

of environmental conditions is also taken into accolimé. Matlab code is provided in Appenddxand

a summary of the flow test data in Appendix C. More detailed information is provided on the CDs (due

to data volume)The supplementary information for this paper is providefigpendix E.

6.2. Statement of individual contribution

The experimental design, preparation, work and analysis was carried out by myself with Dr Uwe
Kappelmeyer advising and overseeing the wotk@Helmholtz UFZ in Leipzig Germany. For a large

part of the field work, | had the assistance of Alyona Lepilova (also conducting the experimental work
for her masters in engineering at the Helmholtz UFZ). | had the support of Prof. Craig Sheridan and
Ricky Bonner in various stages of the method selection, design anelyyiieases of this paper.

6.3. Sci. Tot. Environ. (2019) Vol. 646 pp. 880 -892
6.3.1. Highlights

1 Impulseresponse tracer testsarstartup, nonsteady flow pilot-scale HSSF CW

9 Fluctuations in outflow linked to vegetation and climatic conditions

1 Comparison of results alassic RTD theorywi t h  We r n e mod#iedhatlitbtl e c 6 s
9 Significant difference between outlet RTDs calculated using standard RTD theory
1

Variable flow methodhould l2 used preferentially as outlet RTDs are comparable

6.3.2. Graphical abstract
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6.3.3. Abstract

This paper describes the hydraulic performance sthetup, pilot-scale horizontal suksurface flow
constructed wetland (CW)ocated outdoa at the Helmhdk UFZ Leipzig. This paper aims to
investigate the impact of the method of hydraulic calculation in agilaie systemmpulseresponse

tracer testwvere conducteét multiple depths and locations throughout the systaththe uranine
concentrationwas measured using a fluorometdn addition, thevolumetric flow ratewas closely
monitoredand climaticdata was gathered to support the hydraulic resWts.r n e r and Kadl
modified residence time distribution (RTD) thedoyiginally developed fosysems withlarge flow

rate androlume fluctuationsyvasapplied and the results compared to those obtained claisgjcRTD

theory.

Progressive uranine dispersion, broadening of the RTD base, a change in peak shape and extended
tailing wereobservedvith increasing distance. Adif these factorindicated deviation frorplug flow

and mixing effects withlow-to-moderate deadiolume. As this was a nosteady flow system,
application of modified RTD theory ensured that the first moments of the normalizedhboegk

curves and RTD functions weedwaysu ni t y . T h-test @5%u cdrdidemncé) showed that the
outletRTDs calculated assuming steafttyw were significantly different, but those determined using

themaodified theorywere closely comparable.

In generala decrease itlow rate from inlet to outletvas observednd fluctuations in the outflow were
linked to clmatic conditions. Augustvas characterized by the highest temperatunigg) global
radiation anchigh rates of evapotranspiratiohow or no outflow was recorded in conjunction with
high evapotranspirationThe lowest temperaturelgw global radiation, lowevapotranspiratiomand

high humiditywere recorded in Octoheais well as the second highest rainfall (82 mm) after June (115

mm). Surgs in outflow were observed with rain events

Keywords: tracer studies, uranine, ngteady flow, climatic factors, evapotranspiration

6.3.4. Introduction

Natural wetland ecosystems form a key component of the ecological infrastructure andgsssidil
environmental services including water capture, purification and storage; flow regulation; protection
and stabilization of shorelines and flood attenuatfiivaisi, 2001) From the perspective of
sustainability, protection of natural wetlands is essential and constructed wetlands (CWSs) have the
potential to play a key role in wetland conservation. CWs are engineered, biological reactors which rely
on a combination of physal, chemical and microbial processes to treat various types of wastewater
(Brix, 1994b, Reed, 1993, Vymazal, 2005)designed optimally, CW can treat high loads of diverse

pollutants at relatively low cost and still be aesthetically appealing.
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CW performance is quantified by both hydraulic and kinetic efficie®igcethe water acts as the
transport mediunthe level oftreatment will bempacted byts specificflow pathand average retention
time within the system. In other words, the calculationnediction of CWtreatment performance is

not possible without an understandofghe hydraulics of the system.

Hydraulic performance isormally determined from impulsesponse or steghange tracer studies and
residence time distributionRTD) theory Although a widely utilized technique, many of the
mathematical relationships hold only if the system is operating under dteadgondiions. In real
CW systemsthe condition of steady flow is, at best, an assumpfEiactors such as evapotranspiration
(relative humidity), bed mediumjegetation densityrainfall and temperature; amongst others can

contribute to flow nofideality by eitherdirectly or indirectly affecting the discharge flow rate.

Most of the CWliteraturestill viewsthese systemasii b | a ¢ k (Albartsor, 4998, Garcia et al.,

2010, Haberl et al., 2003, Rengers et al., 2@@)only a few studies have dealt with conducting
hydraulic flow tests internallyBonner et al., 2017a, Bonner et al., 2017b, Sheridan et al., 2014a,
Sheridan et al., @4b) For this reasonhe methodologyof Levenspiel (1972)Fogler (2006)and
Headley and Kadlec (200Hgas been expanded this study andracer testhave been conducted at
multiple depths ad locations throughout the be&mlbetter describéhe internal flow paths and fluxes

Wer ner a nmdodilied RTD ¢herp for nonsteady flow system@996) initially developed to
account for the large flow rate and system volume fluctuations in storm water treatment systems, has
been applied tdhis hydraulic investigation of a horizontal ssbrface flow (HSSF) Cveind compared

to the standard RTD theory output.

6.3.5. Theoretical background

6.3.5.1. Non-ideal and non -steady flow behaviour

A distinction should be made between ndeal and nossteady flow. Nonrideal flow is aresultof
physical, geometric and physiological characteristics; examples of which include fluid density, flow
rate, wetland length and evapotranspiratiéaapotranspiration is the amount of water lost due to
evaporation ath transpiration ant subject to diurnal and seasonal variatevaporation accounts for

water loss from water bodies and soils, while transpiration is water loss through the leaves of vegetation
(W.M.O., 2008) In a HSSF CW, evapation should be minimal because the water surface lies beneath
the gravel surface. Hence, water loss from a wetland system water mass balance should be primarily
the result of transpirationThe packing medium, shectrcuiting, stagnant zones, -oc&rculation,
dispersion and mixing also impact flow behaviour and their presence cafetved fromthe shape

and spread of the RT@Rengers et al., 2016, Thackston et al., 19Hese nosideal flow phenomena

occur in the majaty of CWs, even when a steaflpw rate is maintained.
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Non-steady flow refers to a variable flow rate. The application of standard RTD theory-tteamly
flow systems is limibhg because the fluctuating flow ratan havea large impact on the shape and
position of the RTD; thus making dlifficult to differentiate nofideal flow behaviour from variable
flow effects(Werner and Kadlec, 1996)

6.3.5.2.  Hydraulic behaviour in steady versus non -steady flow systems

The application of residence time distribution (RTD) theory to-steady flow systems wasplored
by Cha and Fan (1963nd later addressed Mlaumann (1969and McCord (1972) Subsequently,
various publications have extended the methods developed by these resdantmartsin a broadly
applicable manner. InesponseWerner and Kadlec (199&ombined the available analytical tools
(Kadlec, 1994, Levenspiel, 1972yith the theoreticalideas proposed ithe literature to develom
modified RTD theory It was developed specifically for storm water treatment systemsdoube
applied to a wide range of variable flow systems.

RTD theory desdpbes the mathematicaklationshipsrequired to infer hydraulic behaviour frotine
concentration profiles generated in tracer stugfegler, 2006, Levenspiel, 1972, Werner and Kadlec,
1996) The application of traditional RTD theory requires stefidy conditions to be maintained.
However,there are many instances in which steady flow is not, or cannot, be sustained (for example,
storm water treatment systems) atifferenttracerconcentration profilesill be obtained depending

on whenyelative to a surge or disruption in flow, the tnapalse is injectedl able6-1 summarizes the

most important hydraulic performance indicators for steady flow systems and highlights where standard
RTD theory is not adequate to describe flow behaviour insteady flow systems.

Table6-1: A comparison of steady and ngteady systems with regards to flow conditions, retention time and
standard residence texdistribution theory

Steady Flow System Variable (Non-steady) Flow System
System volume Vsys= K Vsys K
Volumetric Flow Rate | Qsys= Qn(t) = Qout) Qin(t)  Qou(t)
Nominal Retention Time | z -
Entrance and exit RTDs are E(t) and E(d) ar
The RTD equivalent by variation in volumetric flow rate
C(dE(d&) for all C(dE(d)
C(t) =M/ Qys C(t) M/ Qsys
E()=1 E()=1
Zeroth moment c(d) = 1 cld)
E(d) = 1 E(d) = 1
EM) =0 =7 d z
First moment C(d) = 1 -
E(d) = 1 -
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In practice, it is not possible to maintain steady flow in CW systems and the application of standard
RTD theory requires determination of an average flow rate. There are various methods of mean flow

rate estimation, but no generally accepteatagch to establishing which resultant profile is the correct

or best representation of system behavidverner and Kadlec (199@)eveloped a method of RTD

analyss in which the impact of a variable volumetric flow rate has been eliminatetashseof Werner

and Kadlecdéds modified RTD function is t@&l use o

ratherthan the residence time.

w o 0 00Qo 0.p

where \b(t) is the cumulative discharge volume ang® is the flow rate at the wetland outlet measured as a
function of time.

The cumulative discharge volume,t), is normalized against the average total system volume, V(t),
to yield the fl ow weighted time, 0. V(t) and t he
normalized concentration, C(0). A oloboheoc€(€Yadr a
functions for a steadgtate system. Failure to account for variation in the exit flow rate could result in
qualitative (visual) similarities between different flow systems being overlooked. Tkstesnly RTD
functi on, ddwing propdntiass t he f ol

1 The 0" moment is unity and provides a check on the mass balance.

1 The F'moment is approximately unity, depending on the accuracy of measurement of V(t) and

provides a check on the reliability of the data.
1 The 29 moment and peak time (mode of the RTD) are not greatly influenced byteady

flow conditions.

1 If C( Gs)calculated forasteadyl ow system, it (Werheranthkadlecdent i c
1996)
For compari son, Werner a oddhas Weed buemaiized anc présented e f |

alongsidd~ogler (2006 andLevenspiel (19723tandardRTD (Figure6-1). All equations are applicable
to an impulsaesponse tracer experiment, but can be replaced by those relating tclzasige tracer
test, as the analytical procedure outlined is applicable to both typasigf

Page 121



Impulse-response flow test

Tracer pulse
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Figure6-1: Summary and comparison of the mathematics underlying hydraulic theory for steady versus variable

flow systems
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6.3.5.3.  Hydraulic e fficiency

Wetland systems utilizing a maximal amowithe available treatment volume and maintaining near
plug-flow conditions are hydraulically efficie(®ersson et al., 199and, n general, will yield a higher
degree of contaminant degradation or transformatiomardety of design factors including the mean
residence timed), the inlet and outlet valve positio(8heridan et al., 2014khe vegetation and the

type, size and shape of the wetland will bear influéRegsson et al., 1999, Thackston et al., 1987)

Thackston et al. (198Mroposed thaf) is the primary determinant of hydraulic efficiency and

guantified efficiencyin terms of the effective volume utilization ratio(Ex. 6-2).

I
A?G_ ?.Q

where@ is the mean of the residence time distributiois,the nominal resience time, Vx is the portion of the
wetland volume used for effective treatment ang g the total system fluid volume.

Persson et al. (199@xplained the combined importance of flow uniformity and maximum use of the
available wetland volume for assessing hydraulic efficieacy, propased the following equation:

p O

1 Ap - =

P zZ

; o
3 ¢

where e is the effective volume utilizatiopjg the maximum concentration peak time relea at the wetland
outlet and nis the parameter from the TarksSeries (F1-S) model.

The Tanksin-Series (F1-S) model accounts for nadeal flow behaviour in reactor systents.
represents the number of continuously stli°rred
Hflow approaches ideal plug flow, while n =iridicates perfect mixingFogler, 2006, Kadlec and
Knight, 1996. Fogler (2006efined the number of tanks in series as:

T@— T
s (0}

whereU?is the variance, or the second moment, of the RTD.

6.3.5.4.  Hydraulic efficiency i ndexes

The RTD function is a qualitative indication of flow behaviasrits shapalludes to nondeal flow

within the system. The hydraulic indexes reduce the RTD to a single value by comparing the flow
behaviour in a realor experimentalwetland system to that which would be expected in the same

systemif it were operating under ide flow conditiongTeixeira and Siqueira, 2008)
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Teixeira and Siqueira (2008ummarized and assessed seventea@raulic indexes published in the
literature. Themotivation fortheir study was the lack of standards for the assessment of wetland
hydraulic performance arttle factthat different indexes measuring the same phenomemdd yield
different results. feir investigation considered RTDs for five flow regimes (from dispersefladug

to complete mixinpand identified the hydraulic indegmost suited tquantifying the degree short

circuiting and mixingas discussed in the next sections

Short-circui ting i ndex

Teixeira and Siqueira (200&pncluded that thef index (Eq.6-5) is the best measure of short
circuiting because it is closely related to advective flow, displays low statistical variability and is a
good indicator othannellinghrough the system.

N| O

(OQV]

where 1o is the amount of time taken for the first 10% of the injected mass of tracer to reach the system outlet.

The smaller the value of tlikindex, the greater the degree of skairtuiting, orchannelling through
the system. This is undesirable because the residence time of pollutants in the root zone is decreased
and the extent of removal will be reduced

Mixing i ndex

The variancef?, or second moment, Mof the RTD Figure 6-1) is the most suitable index for
guantifying mixing effects, due to its close relation to the physical phenomenon and the fact that it is
widely used in many kinetic modd[Eeixeira and Siqueira, 20Q8)he lower the value af? the smaller

the spread of the data and the lower the degree of miMimgever,? hasthe disadvantage of high

statistical variability whemixing effects are minimal.

In situations where thgegree of mixings low, theMorril Dispersiorindex, MDI,(Eq. 66)is preferred
(Rengers et al., 2016, Teixeira and Siqueira, 2008) larger the value &fiDI, the longer it takes for

the bulk of the material to exit the system and the greater the degree of mixing.

O>| (o]

-9$) 0.9

where §o is the amount of time taken for 90% of the injected mass of tracer to reach the system outlet.

Moment index

Wahl et al. (2010proposed the Moment IndeMI, for hydraulic efficiency. They identified that a
major limitation of the existing hydraulic indexes is their susceptibility to being skewed by the tail
effect. Ml is determiad using the RTD and the hold back param@tmou and Noutsopoulos, 1994)
which is the area under the RTD function fordlip until the nominal dividewhered = 1). Wahl

Page 124



refers to this parameter &g prenominal momentMye (Eq. 6-8). MI is defined based on a single
exchange of the reactor volume only and is, hence, not subject to tailing éffe¢Esy. 6-7) is based

on the following assumptions:

i. If the residence time is equal to or longer thatihe system is operating at 100% efficiency.
ii. The fraction of material reaching the outlet prib= 1 countsagainst hydraulic efficiency.
Hence, the most weight is given to the shortest residence times.

-) P - 0.X

- p I # T A o

A decrease in hydraulic efficiency produces a proportional increase in thetunolagufithe prenominal
moment and, thus, a decrease in the valudiofwahl et al., 2010)Hence, the smaller the value of

MI, the lower the hydraulic efficiany.

6.3.6. Research objectives
The aim of the research presented in this paper was to investigate the following:
i. The appropriateness, aeliability, of applying the steadystate assumption to hydraulic
calculations in aonsteadyflow system
ii. The impact of climatic conditions on the water balance and hydraulic behaviour
iii. Thevalue of a multiple depth and multiple locat®ampling campaign

iv. An improved methodology for investigati@/V systems.

6.3.7. Materials and methods

6.3.7.1.  Pilot -scale constructed wetland

Constructiorof the pilot CW at the Helmholtz UFZ in Leipaigas completed in October 2013 and the
first experimentson this systentommenced inJune2015. The system wasllowed to establish
naturally, without any external nutrienbwgce, from October 2013 to Ju@615. During this time,
municipal tap water was fed into the system in the spring, summer and givianch to November)

The feed was shut off during theldest winter months (December E@bruary).

The wetland waburied such thabnly the rim andupper20 cm of the boundary walprotrudel above
the ground. The system wélled with glacial gravel (bed height 0.50 m; particle siz&4nm;voidage
36%) andplanted withPhragmites australisEach basket containglde same gravel and vegetation as

in the surrounding etland system. The basket cages éeehly punched holesf the same diameter
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as the average gravel particle size to minimize flow disruptibe. Jurpose ofhe baskets wato
analyse, in more detail, a predominantly undisturbed section of the CW outside of the reabgystem
its removalandtransfer to the laboratory; for which the methods and procedurdseleaddeveloped
from previous studiesn laboratoryscale planted fixed bed reactor (PFBR) syst@tappelmeyer et

al., 2002, Lunsmann et al., 201&hotographs of the wetland system can be found inrEig1of
Appendix E

Figure6-2 is a schematic diagram of the pilot HSSF CW. The stainless steel container is 6 m length x
0.70 m height. The system is fed by three evenly spaced v&igsd6-2a), positioned 5 cm above

the wetland base. The discharge is removed via a single outlet Fajuee-2a), centred and also 5

cm above the etland base. Three fully removable, stainleteel baskets (height 0.7 m; diameter 0.30

m) have been inserted into the central flow p&ilgure 6-2a). Oneboundary down the length of the
wetland is constructed at 16° from the vertical, such that the widths at the top and base of the container
are 1.2 m and 1.0 m, respectiveliiqure6-2b).

(a) 6.00 m (b) 120m .

A J

A

E L 1 2 5 6 7
& . ] L e [
1.08m :
1
"—|— 2.23m

¥

2.97m 1.00m
3.73m

A A A
v

v

527 m

Figure6-2: (a) An aerial view of the constructed wetland showing seven internal sample ports, three inlet valves
and one outlet valve and (b) cressctional view showinthe gravel bed and valve heights.

The inlet and outlet watdlow rate wagegulatedvia a gear pump (VGS120, Verder Pump, Germany),
a motor (SEV6324, SEVA Tec, Germany) and a frequency controller (BEB025, MOELLER,
Germany).TheDatawaslogged to How for continual flow rate monitoring. The water level within the

wetlandwascontrolled by means of a syphon at the wetland outlet.

6.3.7.2.  Impulse -response tracer tests

Stainlesssteel sampling devicebdreafter referred to aamplers) were insedento the gravel bed at

six locations Figure 6-2). The samplersvereL-shaped, hollow tubesontainingseveralholes at the

base of their long ends. Thesgenings were tosmadl to allow for gravel to entefyut large enough to

allow for easy movement of wateFhe long end was inserted into the gravel bed and the short end,
containing a single opening, extended above the surface. The samplers were connected in pairs; one
being the outlet tube (from which water was removed from the wetland) and the second thelbet

The return tube was fixed to the outlet tube such that the base of its long end was positioned 6 cm above
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the base of the outlet tubEhis arrangement ensured that water was removed from and returned to the
wetland in a roughly spherical zon®, asto minimize flow disturbance$heshort endwereconnected
to a peristaltic pump (BVEZ, ISMATEC SA, Switzerlad), a specialisd stainlessteel flow cell
(Schnegg, 20023nd a fluorometer (GGURL, Albillia, Switzerland) using black norprene tubiny
schematic diagram of this sep can be found ifrigure B3 of Appendix E The fluorometerwas

calibrated before each experiment using apomt calibration.

30mg ofuranine(fluorescent tracer powdewas dissoted into 1L of distilled water and injected as a
single pulseThe tracer solution was prepared directly before injection and protected from light in a
brown glass bottlel-or the duration of each flow test, water was pumped from the wetland, into the
flow cell and returned to the bed at the sdooation (Figuire E3, Appendix B to ensure that the total
system volume was maintainethe peristaltic pumprate waskept lowto minimize potential mpact

on flow behaviour. The fluorometerasprogrammed to record a potential (mV) at 10 second intervals

whichwas converted ta corresponding uranir@ncentrationusing the results of the calibration.

2015 tracer flow tests

Flow tests were conducted at each of the sample (figare 6-2a) during September and October
2015. These were the very fitsydraulic tests to be conductadthe pilot wetland. Samplergere
inserted to mietlepth (24cnbelowthegravel surface)The inlet flow rate was set to provide a retention
time of approximately five days and the syphon was adjusted to maintain a water level of 0.5 m
(coinciding with the gravel surface). The inlet and outlet ftates were monitoretiiree times daily:

6 am, 12 noon and 6 prmhesystem was fed with tap watenly.

2016 tracer flow tests

The hydraulic investigation was extended during 2016, with flow tests being run from April through
November at thedesignatedsample portqFigure 6-2a). The flow test at the system outlet was
performedin duplicate. Three pairs of samplers were inserted at each port (12 cm, 24 cm and 36 cm
below the gravel surface), with 6 cm separating geih The inlet flow rate was set to provide a
retention time of approximately seven days and the syphon at the outlet was adjusted to maintain a

water level of 0.44m (6cm below the gravel bed surface).

In addition thevegetation density wameasurednorthly, theinlet and outlet flow rates were monitored
throughout each day atide weather data (air temperature, global radiation, hitynécthd wind speed)

was recordedhourly at the orsite weather station. During the April flow test, the system was fiéd wi

tap wateronly. In May and June, the wetland receiedutrient solution ofirea(6.62 mg/L) For the
remaining tests, the feed was artificial wastewater (AWMi AWW concentrate was preparkedsed

on published standasdnd contained 30 g/L caseiagione, 20.62 g/L meat extract, 5.62 g/L urea, 5.25

g/L dipotassium hydrogen phosphate. The concentrate was diluted as 1:400 with municipal tap water
before entering the wetlarfdMJC., 2001)
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6.3.7.3.  Hydraulic c alculations

The equations underlying the hydraulic calculations are summariz&iime 6-1. All data was

normalized before proceeding with any further analyé#sen tracer recovery was less than 100%, the

data was normalized against the actual mass of tracer recovered, rathee tioal thasjected, to
ensure that the area unde(Hollant et al.22004hut thes hydraukc( d) c u

data was treated as a guideline only.

As a preliminary step, the system was visualized in-tieed. Steadyflow was assumed and the
normalized concentration bre@iroughc ur ves ( C(d) vs d) wer egaod!| cul at
Cad) Were defined using a theoretical HRT, HR:J of 7 days and theoretical tracer masgedviof 30

mg (Eq.6-9 to6-11). Dimensions weredient r oduc ed b yHRMand COp)l yhyn gC d by

(24 ,
(24 ~— ' 9.0
T (2a opm
6
1 R
Z (NS Y

where HRLg;is the adjusted or scaled HRTykand L are the respective distances from the inlet to the sample
port and wetland outlet, & is the adjustedoncentration and £ is the adjusted volumetric flow rate.

Further to thisthe normalized RTDs (HJ versusd jvere plotted on the same set of axes to investigate
self-similarity (Sheridan et al., 2014a)

The 2016 flow tests investigated the causes and impacts of variable flow in more detail. The hydraulic
parameters (RTDs, momentsfigéncy indexes etc.) were calculated using standard RTD theory
(Fogler, 2006, Levenspiel, 197and, again, using the method developetMeyner and Kadlec (1996)

for nonsteady flow systems. Standard RTD the@aguirescalculationof an average volumetric flow

rate,1 , over the duration of the flow tests. This was computed by:

Y — ¢pCQ

wherel is theaverage inlet volumetric flow rate add theaverage outlet volumetric flow rate over the
duration of the flow test.

The hydraulic calculations were repeated using, fir&ty,and, secondly, an estimate of the local flow

rate at an internal samplenm, Qnemar in place oflL  8To determine Q@ema, it was assumed that the
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flow rate decreased linearly from inlet to outlet and expressions relating stem density to volumetric flow

ratewere obtainedréfer toAppendix B. Ports 2, 3 and 5 were seted for illustrative purposes.
Climatic data was also collected to calculdewetlandwater budgetwhich isgiven by:
i i i i opo

. Bl Aw o %AM
p T pT

epT

where nh, Myrecip Mout @aNd Mvap[kg] are the total masses of water from inflow, precipitation, outflow and ET,
respectively.

Eq.6-14 expresses the mass balance Et8) intermsommeasur ed par amet er s. @t
totald ur at i on o f U[mm]as the increase inavatdér depthkx due to rainfall and ET [iam]
the water loss due to evapotranspiration, summed over the duration of the flow tesf] #s[thm

wetland surface area. E8t14 was used to estimatke amount of water lost my evapotranspiration.

6.3.8. Results and discussion
6.3.8.1.  Overview of wetland hydraulic behaviour

Tracer selection

Uraninewasthe tracerchosen for the flow testdue to its low environmental impadts economy of

use {t is highly soluble and detectable at low concentrations in waitsrnonbiodegradability
(Gutowski et al., 2015, Kass, 1998, Merck, 2011, Smart and Laidlaw, a8dctpnvenienceasthe
fluorometers contained thregtical lamps for simultaneous measurement of uranine, resazurin (Raz)

and resorufin (Rru). Onlyranine was injected due thecostof the othetracers.

Prior to selection, however, various properties of uranine were considered. Uranine is photosensitive
and degraded by direct sunligfiEriksson et al., 1997)Being an organic species, uranine is also
susceptible to both biotic and nbiotic degradation (hydrolysis, redox reactiets.)(Gutowski et al.,

2015) even though studies regarding dégradation of fluorescein are not conclugiiéss, 2004,

Kranjc, 1997)and research regding microbial degradation is minimgbutowski et al., 2015)t has

been found that biodegradation is negligible in experiments of 5 to 48 {(Aari et al., 2011,
Anderson et al., 2009, Duwig et al.,0B). After 28 day laboratory experimenGutowski et al. (2015)
concluded, in accordance witBmart and Laidlaw, 1977)hat uranine and its tnaformation products

are not readily biodegradable, but agreed vKifiss (2004)that biodegadation in the natural

environment cannot be completely disqualified.
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Uranine contains negatively charged functional graupsis prone to sorption on numerous media
(Kasnavia et al., 1999heexten of which is governed by pH, temperature, water composition, uranine
concentration and gravel porosfiiigriksson et al., 1997, Smamdch Laidlaw, 1977) The adsorption
capacity is higher for media with higher organic con{&atsnavia et al., 1999, Mikulla et al., 1997)

In experiments carried out gasnava et al. (1999)fluorescein sorbed strongly to alumina based

materials (net positive charge), but weakly to silica bass@nmals (net negative charge).

Percentage recovery

100% recovery ofUraninewas obtained at the wetland outlet in 2015, but @i% and 36% in
duplicate experiments in 2018on-biotic degradation would have impacted tracer recovery over the
extended retention time of these experiments (compared to typical flow tests). The contribution of
biodegradation cannot be quantified witly aertainty, but the longer residence time and the outdoor
system may have presented greater opportunityfaninebiodegradation.

The pH of the water decreased with distance from the wetland inlet, with depth beneath the bed surface
and with time. Theverage pH decreased from 6.4 (at the front section and surface) to 5.0 (at the back
section and base). As the strengttJodninefluorescence decreases with decreasing pH and the effect

on photedetection is noticed at a pH < A®mart and Laidlaw, 1977)he more acidic conditions in

the wetland could have suppressed the signal strength and given false low concentration readings.

Plant uptake and premature terminationhaf tlow tests are likely to have had an impactUsanine
recovery in the 2016 experiments, although the role of plant uptake was not investigated directly.
Experiments to measure the extent of plant uptake are suggested for further studies. Due to time
constraints, a maximum of two retention times were allowed for the flow tests in this study, although at

least three retention times are recommended fddthaeineconcentration to return to baseline.

Photodegradation is not thought to have had an impactanvery because the tracer solution was
prepared immediately before injection, stored in brown glass to be protected from light and then injected
into the wetland below the gravel surface. Water turbidity was measured by the fluorometers and
corrected foin the calibration, so this is not thought to have impacted the material recovery. Although
the porosity of the gravel itself was not determined, it was silica based and the water was not highly
acidic. Hence, sorption onto the gravel is not thoughtateetplayed a large role in lowering tracer
recovery. It is recommended, however, that experiments to characterise the gravel medium are

conducted in future.

Uranine break -through curves in real -time

The idealised concentration bretikough curves are prested inFigure6-3 andTable 62 shows the
corresponding maximum peak concentrations and peak times. All hydraulic calculatoes

performed inMatlabR2016ba nd t he RTDG6s wer ebuilgfiguneeploting alboxu si ng t
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A detailed description of the code can be found in the GitHhub repository at
https://github.com/kappelmeyer/Wetlaraw.
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Figure 6-3: (a) 2015 and (bR016 idealized concentration breakthrough curves at various distances from the

wetland inlet and midlepth (24cm) below the gravel surface, assuming a traaes of 30 mg and hydraulic
residence time of 7 days.

Table6-2: Time to maximum peak concentration at various distances along the flow path (2015 versus 2016)

Port Number 2 3 4 5 6 7
Peak conc. (ppb) o2~ 78.4 72.0 68.0 49.0 402
2016 153.0 98.3 78.5 74.1 66.2 42.7
Peak time (h) 2015 - 56.7 37.7 70.1 89.6 134.1
2016 25.8 63.3 54.4 74.1 121.3 106.7

Figure6-3 a and b show a progressive broadening of the peak base and change in peak shape with
increasing distance. The peaks are initially sharp and narrow and become rounded, flat anddaulti

and ths is indicative of increasing dispersion as the tracer pulse travels from inlet to outlet. The peak
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shapes indicate low dispersion in the first 2 m of the wetland, moderate dispersion in the middle section
(2 mto 5 m) and high dispersion within the lash of the bed.

The maximum peak concentration decreases with distance; also due to progressive dispersion of the
Uranine The peak maxima are observed later in time in 2016. This is likely due to development of the
Phragmitegoot system and a thickeragbmat providing increased resistance to flow. The peak at Port

4 appears earlier than at Port 3, with the time difference being more pronounced in 2015 (the peak at
Port 3 appears 19 h after the peak at Port 4 in 2015; compared to just 9 h subsedis)t ihhis

would suggest that flow through the basket was impeded and prefeftentiphths had formed around

the obstruction.

Contrary to what is observed at the internal ports, the maximum concentration peak at the outlet (Port
7) is detected later iR015 than in 2016. However, the 2016 outlet RTD is broad and flat with multiple
peaks Figure 6-3) making it difficult to determine the exact location oétimain peak. At least ten

peaks of similar concentration can be identified, for wiffich is 118.7+ 9.3 h. The outlet peaks
(broad, rounded and muithodal) indicate dispersion of the tracer. Thposition of the peaks, the

extent of tailing and the many small peaks on an elongated RTD tail indicate dead space-apd hold

Normalized RTDs

The normalized RTDs at three depths below the bed surface ardrgkiguire6-4. In general, it was
foundthatd e x ceeded U, which alluded to a HEgue6dati on
shows the peaks shifted towards lowevith straight, elongated tails; indicating dead zones within the
system.dyeakin the region 0.5 0.95 suggests a low to moderate amount of dead space (lower values
indicate more dead volume). The multiple peaks on the RTD tails suggestphadithin the system.

In this context, holdip means that some of the water becomes trapped or is impeded (its flow rate is
reduced) and, consequently, does not reach the wethattet with the bulk water front travelling
through the system. There coble a number of contributing factors for this, such as a dense root region,
plant uptake and evapotranspiration, sedimentation, biofiim developniranine sorption and
stagnant zoes.There is no evidence of extensive short circuiting as the bulk of the tracer material does

not reach any sampling location priorde 0.4 (no peaks are detected priodte 0.4).

Sheridan et al. (2014ajtroduced the concept of the seifmilarity of RTDs in systems displaying non

ideal flow behaviour. This principlis particularly useful in the interpretation of the results of multi
dimensional hydraulic experiments. The RTD measured at any internal location represents localized
flow conditions, but if selsimilarity between the RTDs can be demonstrated, it i®nedde to assume

that hydraulic behaviour throughout the wetland (or astleé portion of it) is similar. This method
allows for the comparison of RTDs from different locations and, itsstflarity is present, it can be
concluded that different portisrof the wetland behave in a similar manner (from a hydraulic point of

view); despite increasing dispersion down the length of the wetland bed.
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In 2015, selsimilarity can be identified from 3 m to 5 m down the wetlarigre6-4a). Sheridan et

al. (2014aplso showed seHimilarity of the RTDs in the middle section of their experimental wetland.
The only visual exceptions are Port 4 (where it is thought that flow channels around the central basket)
and, to a lesser exteort 7 (where the distribution is muttiodal). SeHsimilarity is not evident again

in 2016 Figure 6-4b, c and d). The RTDs at Ports 2 and 6 are mosidiktidifferent, which is
consistent with the findings @heridan et al.2014a) Mixing effects and a nedistinct flow profile

could account for the clearly nedeal behaviour in the front section of the bed (0 m to 2 m). Bypass
and convergence of flow towards the outlet could be contributing factors in the final 15mtoThe

RTDs are multmodal at Ports 3, 4 and 5, with more peaks of lower concentration appearing at
increasing depth. The outlet also shows a distinctly mudidlal profile Figure6-4c).
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Figure6-4: Normalized RTDs, assuming steady flow, at various distances along the flow fa&thméd-depth
(2015) and (b) 12 cm, (c) 24 cm and (d) 36 cm depth (2016).

Direct comparisons of fluid flow behaviour at each sample location are made by plotting the normalized

RTDs obtained in 2015 and 2016 against one andtigure6-5). The outlet peaks are all muitiodal.
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The outl et RTD obtained i n 2010%)iibatesvbypassemthel i st i r
s e ¢ o re d.9)(atdmaximum concentration is assumed to be the main peak. The 2016 outlet RTDs
have muliple peaks. The main peak location cannot be identified, but the gperakathapes suggest

similar flow behaviour for both 2016 flow tests.

There is a change in flow behaviour at Port 3 and 4, shown by the transition from a unimodal to a
bimodalpr of il e from 2015 to 2016. The curves are al
the internal sample ports in 201 dure6-5) and this can betaibuted to mixing effects. The measured

wetland vegetation density was noticeably higher in 2016itha015 (Figire E1 and B, Appendix

E) and the shapes of the internal RTDs could be evidence of the tRlulegmitegoot mat obstructing

flow. Howeve, the flow tests were subject to variable flow conditions, which could hadea large

impact on peak shape, and it cannot be said with certainty that the behaviour observed in 2016 is due

only to internal system development and not fluctuations in féie
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Figure6-5: Comparison of the 2015 and 2016 normalized RTDs at various distances along the flow path and at
mid-depth (24cm) below the gravel surface.

If self-similarity of the RTDs can be demonstrated from flow tests at multiple locations, it can be
deduced that hydraulic behaviour in different portions of the wetland is very similar; even under non
ideal flow conditions. The RTDs at the front sectidithe wetland are affected by mixing and a hon
distinct flow profile, while those at rear section are influenced by bypass and convergence of flow

towards the outlet. Seffimilarity was proven in the middle section of the wetland in 2015, but could
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not beshown anywhere in 2016. Based on the outlet RTDs, the peak location with respect to normalized

time, d, indicates greater occurrence of bypass flow in 2015, but greater effect of mixing in 2016.

6.3.8.2.  Impact of applying steady -state assumptions to a v ariable flow system

During the2015experiments, it was observed tidatand_ were not equal anithatthe zeroth and first
moments ofC ( @gre not unity for any of the RTDs. Thiss a strongndication that the system was
not operating under steady conditipmiespitethis being the assumption mader the hydraulic
calculatiors. A single estimate of the system volumeeasurement of thia- and outlow rates once
daily and calculation ofan averageflow rate forthe duration ofeach flow test was inadequate.
Consequently, it was determined th&bser monitoring of the inlet and outlet flow rates, better
estimation of the total system volume, frequent vegetation (stem) density measurementalygsis

of climatic data would improve the description of flow behaviour.

Comparison of Standard and Modified RTD Theory

The normalized RTDs at the wetland outlet, calculated first using standard RTD theory and again using
the modified method for vaiide flow systems, are given Figure6-6. Selected hydraulic parameters

and hydraulic indexes are also summarizetdidhle6-3. The hydraulic indexes wepalculated from

the RTDs obtained assuming steady floeecauseéhe mathematical relations employed required use of

a steady volumetric flow rate and expiess to handle a variable flow rate were not developed for this

study.
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Figure6-6: 2016 normalized RTDs at the wetland outlet for experiments in duplicate, calculated using standard
(dashed line) andariable flow (solid line) methodologies.
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Table6-3: Peak time and hydraulic moments at the wetland outlet using standard and variable flow
methodologies (sample distance = 6.0 m; system volume = 1009 L)

Date of flow test 2 May 2016 22 August 2016
Method Steady flow | Variable flow | Steady flow | Variable flow
Opeak/  pebk 0.6352 0.5250 0.6247 0.4753
Mo (E) 1.0000 1.0000 1.0000 1.0000
Mo( CO) 0.8240 1.0009 0.7577 1.0016
M1(E) ="F (h) 149.4 150.0 231.3 241.1
Mi( C06) 0.8240 0.9591 0.7577 0.9309
dio 0.6208 - 0.6111 -

MDI 2.4183 - 2.4337 -

MI 0.8851 - 0.8926 -

When comparing theho, MDI and MI indexes obtained from the duplicate experiments (May and
August 2016), the results are similar. The degrfeshort circuiting is relatively low; indicated by a
shortcircuiting index ¢ho) closer to 1.0. The moment index, MI, is close to 0.90 in both cases and
suggests good hydraulic efficiency. The higher values of the Morril Dispersion Index, MDI, would
indicate some mixing, which is in agreement with the shape of the RHiQw ¢ 6-6). These values

should be treated with caution because of the questionable applicability of the steady state assumption
made to perform the calculations, their inherent statistical variability and their reliability being subject
to the system experienciranly a minor degree of mixing. Was assumed that the system would
experience minimal mixing effects due to the low flow rate, which is well within the laminar region,

but the extent of mixing was not otherwise quantified.

The Sudents ttest(at 95% coriidence was used t@ompare the outlet RT® ForU= 0.05 the null
hypothesidHo (s = 0) indicaedno signifcant difference betweenthe ROhe val ue of t he
t-test for 25 evenly spaced time (and corresponUdirggnineconcentration) pointé = 24)was 2.064.

The outlet RT3 obtainedn 2016,by boththe steady anthe variabldlow method, werecompared.

The values of t were 2.0461d 2.368 for the May and Augutiw tests, respectively.fle method of

RTD calculationdid not significantlyimpact the redts extracted from the May tesf(064 <t < 2.064),

but the opposite is true for August> 2.064. When the plots of flow rate are considerEire & b

and d,AppendixE), it is evident that the inlet and outlet flow rates subject to greater variation in

August as compared to May.

The May and August 2016 RTDs calculated by the steady flow method were also compared using the
pai r ed destwieleiny b-Bcere df 4.763. This test was repeated for the RTDs obtaine by
variable flow method and thestore was 0.197. The RTDs calculated by the steady flow method are

significantly different, while those calculated by the +sbd@ady flow method are comparable. From
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this, it can be concluded that a variable volumetdwftate can have a significant impact on the RTDs

and the inferred hydraulic behaviour.

The 2016 flow tests indicated that the wetland under study was characterised by a low degree of short
ci r c ui bin thelvioinity of @6), good hydraulic efficiency (Ml close to 0.9) and mixing (shapes

of the RTDs and high values of MDI). The degree of mixing was not otherwise quantified, but the low
volumetric flow rate (within the laminar region) should have keging effects to a minimum to enable

use of these indexes. After a statistical analysis of the results of the duplicate tests at the wetland outlet,
it was found that the RTDs calculated assuming steady flow and using standard RTD theory were
significantly different. In contrast, the same RTDs calculated using the modified method for variable
flow systems(Werner and Kadlec, 199&)ere similar to one another. For more reliablaultss the

variable flow method should be used for hydraulic calculations orsteaaly flow systems.

Impact of a variable volumetric flow rate

Plots of the inlet and outlet volumetric flow rates during the 2016 flow tests are givenura Etgof
Appendk E. In general, the inlet flow rate exceeded the outlet flow rate, except during periods of heavy
rainfall. This decreasia flow rate, which has also been observed by other researchers, motivated the
estimation ofin estimatetbcal flow rate at eacimternalsample portTableEl of AppendixE contains

detail of the calculations artie approximate internal flow rates. The local, internal volumetric flow
rate waghenused to recalculate the RTB (Figure E7, AppendiE). The RTDs calculated using the
steady flow assumption and three different estimates of the average volumetric flow rate all lie closely
on top of one another. It is only the RTD determined using the variable flow method that has a different
shape and peak locatiddence, the method oftamation of the average volumetric flow rate does not

have as large an impact on the shape and position of the RTD as does a fluctuating rate of outflow.

Impact of climatic factors

Climatic data from April, August and October is presentdeiguire6-7. August was the hottest month

in Leipzig, with the highest daily global radiation maxima, highest levels of evapotranspiration and
lowest humidity Figure6-7c, d). The outflow oscillated between 0 L/h and 7 L/h during the period 22

- 31 August (Figre E5 d, Appendix B and no outflow was recorded duritige day when the levels of
evapotranspiration were at their highest.

October was the coldest month during the experimental péfrluml dobal radiation was noticeably
lower than in Augus(Figure6-7f) and there was no evapotranspiration, high humidity and numerous
rain eventsKigure6-7e). The surges ithe outflow rate from 18 25 October(Figure Ef, Appendix

E) coincided with theerain events.
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On some days during April and October, the water balance vyielded slightly veedmtels of
evapotranspiratiarin general, this was observed around the time of a rain event and could be due to a

delay in the response of the system to correcting the water level.
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Figure6-7: Evapotranspiration, rainfall, relative humidity and global radiation measured in Leipzig during April,
August and October 2016

The levels of global radiation and evapotranspiration are highest at the peak of summer and, since more
water will be lost viathe plants during this time, a drop in outlet flow rate can be observed. If
accompanied by a period of low humidity and low rainfall, the outlet flow rate can drop to zero. When
the opposite climatic conditions are experienced in the late autumn to @atdy, Where will be only a

minor decrease in flow rate between the inlet and outlet. Periods of heavy rainfall will produce a surge
in the outlet flow rate as a response of the wetland control system in maintaining the water level. In any
outdoor wetlangystem, it is important to account for climatic factors in terms of calculating the water

balance.
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6.3.9. Conclusion
Impulseresponsdlow tests were conducted on a pilot scale CW at the Helmholtz UFZ during the
spring, summer and autumn of 2015 and 20bé results of which were used to hydraulically

characterise the system.

At the time of the research, the CW was in its early-siaphase and, thus, impacted by internal plant

root development and a noticeable increase in vegetation density wagedblsetween the end of
autumn 2015 and the end of spring 2016. The wetland was also exposed to various external climatic
factors; both of which had varying levels of impact on the discharge volumetric flow rate over the
experimental period. These variatson the outflow rate were observed to be closely related to weather
eventsWhenthe highest temperatures, global radiation ewgbotranspirationwere logged in August,

the outflow rate was low or zerd/hen ambientemperatures, global radiation and petanspiration

were low in October and high humidity was also recorded, the outflow rate remained higtmer

addition, Arge surgesn outflow were also recorded durimgin events.

The RTDs obtained via two different methods were compared. The filsbdhetilised standard RTD
theory and the steady flow assumption; while the secondVeaser and Kadlec (199&)odified RTD

theory for variable flow systemalthough a visually reasonable approximation of hydraulic behaviour
can be obtained using the standard RTD methodology, statistically significant differences were
observed between the outlet RTDs when compared to the variable flow methodology.

The assumption #t a real system operates under approximately steady flow conditions should not be
madewhere variation in flow is either the norm or an intermittent occurrence; irrespective of size.
Hence,Werner and Kadlec (1996hodified RTD theory should be used preferentially to calculate
experimental RTDdf the steadyflow methodology is preferreghreliminaryinvestigations applying

both methods are encouraged to validate the choice of the sti@aelynethod. This, too, highlights the

importance of regular and accurate inlet and outlet-fim& monitoring.

In future, hydraulic experiments can be enhanceddigrmining the porosity of the gravel medium,
quantifying the extent of plant uptake and developing mathematical relatiorishgadculate the
hydraulic indexes for the variable flow method.
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Chapter 7 Contaminant degradation in a  pilot -scale
constructed wetland in the early start -up phase

7.1. Summary

This chapter presents the results of the chemical studies carried out in the outdsuajeletetlands

at the Helmholtz UFZ in Leipzig during 201&gain, the focus was on TOC amill as a followup to

the experiments conducted in the summer and fall of 2015 (see Chapter 5). As in the preceding 2016
hydraulic investigation (see Chapter 6), the sampling regime was expanded to multiple depth network
to better understand the changesuogng within the wetland bed’he experimentablata supporting

this chapter is provideid Appendix A.

7.2. Statement of Individual Contribution

The experimental design, preparation, work and analysis was carried out by myself with Dr Uwe
Kappelmeyer adging and overseeing the work at the Helmholtz UFZ in Leipzig Gerauaaiy close
collaboration withProf Craig SheridanSome of the analytical results (TOC, IC, TC/NPOC and TN)
were, again, provided by Frau Puschendaorfithe Multi N/C 2100 S analyseAfalytik Jena AC).

Alyona Lepilova assisted with the collection of samples in the field.

7.3. Experimental Results

7.3.1. Baseline physico -chemical characteristics

Prior to the investigation into the degradation, or transformation, of select comploorras artificial
domestic wastewater, samples were collected over a period of three monthsJ&miR016) in order

to quantify the baseline characteristics of the gile CW. Samples were collected at three depths
(12cm, 24cm and 36cm) from ssample ports down the length of the CW; as well as at the inlet and
outlet (refer tarigure 3-4, Chapter 3)Table 71 summarizes the average pH, TO&centration and

TN concentration.

As discussed idylward et al. (2017]Chapter 5), wetland systems are icoatinual state of flux, due

to both their internal development and the impact of external factors (such as environmental conditions).
It was, thus, recommended that hydraulic and cherrioatic studies be repeated seasonally and
annually into longierm operation in order to somewhat understand the extent of the change. The
hydraulic tracer tests (Chapter 6) and the experiments presented in this section were the first set of
follow-up studies. The feed of municipal water into the system wastablishedt the beginning of

April 2016 (early spring) once ambient temperatures had risen sufficiently after the European winter
and continued through to the end of June 2016. At the time of the baseline sampling, the system had no

additional carbon source andicav organic load.
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Table7-1: Average baseline pH, TOC concentration and TN concentration with the average temperature and

saturated oxygen concentration (fresh water, 760 mm Hg) in the pilot CW

Date (2016) | Depth (cm) tﬁéirﬁgg) sza(tr‘:gtﬁ?) pH | TOC (mg.L?) | TN (mg.L"Y
infet 140+20 | 1034 | 761000 300%034 | 1.26%039
12 121+28 | 1080 |662+034 444%119 | 2.75+137
April 22 120+28 | 1082 |673+038 413%077 | 3.70£203
36 120+28 | 1082 |680%042] 414%095 | 429236
outlet 16.0£06 9.00 | 657%025 855000 | 3472086
infet 181200 948 | 8.08%000] 821000 | 3.64%0.00
12 163208 984 | 693+021] 555:1.19 | 1.43%046
May 22 163+ 08 984 |698%019] 536%082 | 199%0.35
36 163408 984 | 695%021] 535%125 | 3.06+1.37
outlet 20.6% 0.0 9.00 | 6.80%000] 620%000 | 245%0.00
inlet 16.9+0.1 9.72 | 7.22%014] 570+0.79 | 3.06+1.92
12 18812 9.34 | 626:029| 6.95%096 | 0.923%0.285
June 24 186408 938 | 628+033 608:074 | 1.08%0.62
36 185407 940 | 633%040] 636+103 | 143072
outlet 213222 880 | 639:015 9.81+059 | 158%022

The pH of the system remained constant (6730), which is within the range reported for natural fens

and freshwater ecosystelfiéadlec and Wallace, 2009\s seen by the data Trable 71, the wetland

inherently contains carbon and nitrogen species, which are thought to be produced by the plants in the
form of root exudategBavor et al., 1988, IWA, 2000, Reed, 1993he baseline TOC and TN

concentrations are useful points of reference after the introduction of the AWW stream. The

concentrations of TOC and TN in the outlet stream, although it is possible, would not be expected to

drop below the baselinevel (Kadlec and Knight, 1996)

The measured DO and redox potential profiles at 12cm, 24cm and 36cm below the epteagfidce

are shown irFigure 71, Figure 7-2 and Figure 7-3; respectively. The inlet redox potentials and DO

concentrations are given separatelif able7-2. The saturated oxygen concentration reportethainle

7-1is usedor comparison against the measured, @®a gauge of the level of aeration

Table7-2: Inlet temperature and dissolved oxygen concentration with the saturated oxygen concentration (fresh
water, 760 mm Hg) at the baseline

Date (2016) Temp (°C) Redox (mV) Inlet DO (mg/L) | Saturated O (mg.L™?)
13 April - - -

29 April 7.8 437.4 12.45 11.96

11 May 15.9 374.3 10.57 9.92

01 June 18.5 416.2 9.89 9.40

15 June 18.3 466.3 9.62 9.44
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Table7-2 shows that the municipal water entering the wetland is saturated with oxygen (the measured
DO concentrations are larger than the saturation salée expected, the feed water also has a largely
positive redox potential. The temperature dependence of the DO concentration is also eVialaet in

7-1andTable7-2; in particular the DO concentration decreases with increasing temperature.
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Figure7-1: (a) Redoxpotential and (b) dissolved oxygen concentration along the constructed wetland at a depth
of 12cm over the 5 week baseline sampling period.

There was a large decrease in the DO concentration and a noticeable reduction in potential within the
first 200cmof the wetlandFigure #1b toFigure7-3b). The DO concentration in the feed water was in

the range of 9.6 12.45 mg/L, but had dropped below 1.0 mg/totighout the wetland beyond 150cm

from the inlet, which is well below the saturated oxygen concentratieil@ble 71). This oxygen
consumption is related to oxidative processes and/or root exudate transfo{idiiard et al., 2017)

Figure 71, Figure7-2 andFigure7-3 show that the redox and DO profiles are very similar throughout

the bed at &lthree sampling depths, with any differences being observed only in the first 150cm. In
general, the redox potealtlies in the range o50mV to50mV and remains relatively constant. Low

levels of DO (0 mg/Li 0.5 gm/L) were observed and tB® concentation decreased with distance
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alongthe bed; the only exception to this being a spike inddQ1 May at port 4 (373cm). The plant
roots can supply oxygen back into the root zone, depending on favourable light intensity and system
potential (Kadlec and Wallace, 2009but it cannot be said with certainty whether this spike is an

erraneous data point or linked to plant physiology.
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Figure7-2: (a) Redox potential and (b) dissolved oxygencentration along the constructed wetland at a depth
of 24cm over the 5 week baseline sampling period

Figure 7-3b shows a higher DO concentration atrtpl (108cm) for 29 April (3.88 mg/L), £ June

(1.14 mg/L) and 1% June (3.45 mg/L). This is accompanied by a higher redox potential on‘the 29
April (320 mV), F'June (283 mV) and 15June (385 mV), as would be expectEijure7-1, Figure

7-2 and Figure 7-3 also show rapid consumption of the oxygen entering the system within the first
100cm. The three inlet pipes carrying water into the wetland were located 5cm above the bottom of the
wetland.lt is likely that all of the oxygen carried into the wetland in the feed stream did not reach the
sampling ports at, first, depth 2 and then depth 1; resulting in higher concentrations of oxygen being
measured at depth 3. This could be the result of gdfusive movement upwards within the first
100cm of the bed or because the oxygen entering the wetland was consumed so quickly in the bottom

third of the system that it was not available to feed the top portions of the bed.
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Figure7-3: (a) Redox potential and (b) dissolved oxygen concentration along the constructed wetland at a depth
of 36cm over the 5 week baselisempling period

The baseline sampling campaign began in the spring and ended in early summer; hence the rise in
temperature both at the inlefgble 7-2) and within the bedTable 71). Although there is a clear
consumption of oxygen and drop in redox potential from the inlet into the wetland in each case, there
is no clear seasonal impact as was found during the previous sampling campaign in the European
summer/autumn of 2015. In contrast, there was a general increase in DO and redox potential from
August, through September and into October 2015. The low oxygen and potential in August was linked
to the hot summer temperatures, high levels of solar radiatid the highest rates of plant growth and
activity. Moving into the autumn, ambient temperatures began to decrease, as did the levels of plant
activity; leading to lower oxygen consumption and an increase in redox potAgbigard et al., 2017)

Table 71 shows that, although the inlet and outlet concentrations of TOC fluctuate and do not show a
particular trend,le baselineTOC concentrationvithin the wetlandncreased graduallyout steadily

from April to June 2016 The measured concentrations were also similar at all three depths. It is also
evident that the outlet TOC concentration is higher than what was redasside the bed. In contrast,

the TN concentration showed an overall decrease from April to June 2016 with a clear decline in TN in
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the outlet streamThe inlet TN concentration was, as the TOC, subject to some fluctuation. There is

also a depth profilevident. The TN concentration increases with depth below the bed surface.

7.3.2 Contaminant degradation and transformation

Artificial wastewater was introduced into the feed stream to the CW 8d@% 2016. Thereafter,
weekly samples were drawn, forpariod of 10 weeks, until*1September 2016. The samples were
taken at the inlet, outlet and from three depths below the gravel bed surface (12cm, 24cm and 36cm) at

the six sample ports along the length of the @#fer toFigure3-4, Chapter 3)

As was done for the 2015 experimental campaign, TOC and TN were measured as indicators of the
degradation of organic carbonaceous species and nitrogenatissspespectively. The reasoning

behind the choice is outlined Kylward et al. (2017)In this study, it waslso stated that a more

detailed analysis should be conducted on the component species making up these sum parameters
(Aylward etal., 2017) However, for consistency and completeness as well as due to time constraints,

it was decided to collect one yearés worth of d
seasons) using the same methodology and measured paramietprave the quality of the data set.

7.3.2.1 Overall degradation and transformation

Table7-3 summarises the inlet and outlet contaminant loading and percentage removal of TOC and TN.
TOC removal is the result of the degradation of organic carbon species, whilst TN removal ihdue to
transformation of nitrogenontaining contaminants into other forms via nitrification and
denitrification. The speed of the pump regulating the flowrate of water into the wetland had been set to
ensure a hydraulic residence time of approximately 7 ddysddsing pump administering thA&VW
concentrate into the feed stream was set accordingly to ensure the desired dilution ratio and, thus,
concentration of each species entering the bed. The average inlet concentrations of TOC and TN during
July 2016 were 8.6 £ 11.0 mg/L and 35.1 £ 5.0 mg/L, respectivdlgere were tomany fluctuations

in the flowrate during August for a reliable average to be repdiedTable A28 and Table A29,
Appendix A. In Germany, CWs are most commonly used as tertiary treagysteims, or a polishing

stage. The discharge limits for a German wastewater treatment plant of class 2 are 22.80 mg/L TOC
and 9.14 mg/L TN. In these experiments, the pilot wetland received a high load of carbon and nitrogen

relative to what a typical CW vutd receive from a primary water treatment facility in Germany.

The volumetric flowrate was monitored dafsee Table C3 antlableC4, Appendix Cand a weekly
average then determined for the calculation of the hydraulic lods@®yTable A28 and Tabk9,
Appendix A) The data collected for 7 days prior to each sampling day was used. This was done in
response to the recommendation that a more detailed investigation inte dhd outflow variations

be conducte@Aylward et al., 2017)
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Table7-3: Average weekly total organic carbon and total nitrogen hydraulic loading ratgeamhtage
removal (day of sampling is the second date mentioned)

Avg. bed Toc ™

Week | @Date (2016) temp (°C) HLR (g/m3.d) % HLR (g/m3.d) %

Inflow Outflow | removal | Inflow | Outflow | removal
1 23 Juni 01 Jul 29.4 10.95 1.722 82.96 4.75 0.406 90.99
2 01 Jul- 07 Jul 26.1 10.27 1.564 84.52 4.43 0.386 91.43
3 07 Jul- 15 Jul 171 8.34 0.605 94.01 3.93 0.154 96.59
4 15 Jul- 21 Jul 24.5 12.73 1.910 81.08 5.88 0.376 91.64
5 21 Jul- 29 Jul 28.9 8.19 0.606 94.00 3.59 0.938 79.16
6 29 Jul- 04 Aug 27.8 27.00 2.096 92.24 11.97 0.292 97.56
7 04 Aug- 11 Aug 20.9 9.32 2.244 75.93 4.29 0.288 93.28
8 11 Aug- 18 Aug 32.1 4.87 1.481 69.59 1.98 0.213 89.24
9 18 Aug- 25 Aug 35.4 1.05 1.710 -63.47 0.37 0.487 -30.31
10 25 Aug- 01 Sept 26.3 12.72 0.849 93.32 5.24 0.095 98.19

Fluctuation in the inflow hydraulic load is evidentTiable 7-3. This is not ideal for chemiekinetic

studies. Many of the existing equations and models for determining the rate constant for the chemical

reactions taking place within the wetland aobject to the condition of steadtate operation (inflow

rate and outflow rate are equal). The hydraulic loading rates of TOC and TN at the wetland inlet and

outlet are shown ifigure7-4 andFigure7-5; respectively. Also included iRigure7-4 andFigure7-5

is the average volumetric flowrate. It is clear that the volumetric flowrate was not constathieol@r

week experiment and the system was not operating at steady state. It was difficult to maintain steady
state operation over a week, and then for 10 consecutive weeks, in an outdoor wetland which was fully

exposed to the elements and unforeseen maxziamd technical breakdowns.
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Figure 7-4: Total organic carbon hydraulic loading (avg. inlet TOC loading = 10.1 + 1.%.dy/baseline TOC

loading = 0.81 + 0.22 gftd) as a function of time at the wetland outlet up to 10 weeks after the introduction of
artificial wastewater into the system against the variation in volumetric flowrate (avg. inlet flowrate = 6.2 + 0.3

L/d; avg. otlet flowrate = 5.3 £ 0.4 L/d for week3).
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Figure7-5: Total nitrogen hydraulic loading (avg. inlet TN loading = 4.5 + 0.8girbaseline TN loading = 0.34

+ 0.16 g/md.d) as a function of time at the wetland outlet up to 10 weeks after the introduction of artificial
wastewater into the system against the variation in volumetric flowrate (avg. inlet flowrate = 6.2 + 0.3 L/d; avg.
outet flowrate = 5.3 £ 0.4 L/d for week3).

It was ensured that the system was in a mode of stable operation (relatively constant inlet and outlet
volumetric flowrates) before in introduction of the AWW ori2Rine 2016. It is evident frofigure

7-4 andFigure 7-5 that, for the majority of the experimehtzeriod, the inlet flow rate exceeded the
outlet flow rate. Stable operation was maintained for July, where an average inlet hydraulic load is
plotted against the outlet load. Removal of both TOC and TN is evident. 8% TOC was degraded

in July and @er 90% TN was transformed during the same period.

In August, however, the inlet and outlet flowrates varied considerably. The decline in inlet flowrate at
the beginning of the month was due to a power interruption to the site. The drop in flowraielat the
towards the middle of the month was linked to the bufdof biofilm in the feed tubes. The inflow

pump speed had had to be increased to maximum (hence the spike) to flush out the tubes. The outlet
flowrate responds in the same way to the changései inlet flowrate in order to maintain a constant
water level. For this reason, the inlet and outlet hydraulic loads during August are plotted as individual
points for each week iRigure7-4 andFigure7-5. The corresponding hydraulic loads and percentage
TOC and TN removal are gimen Table7-3, but the accuracy of these results may be reduced because
the erratic flow pattern meant that the hydraulic residence time was not tdaybus, likely that the
measured outlet loads did not corresponded to the recorded inlet loads during sampling the previous

week.

The DO concentrations in the inflow and outflow are comparé&igure7-6. It is evident that the feed
water is saturated with oxygen and that this oxygen is almost completely depleted by the outlet. It also

appears as if the oxygen concentration in the water leaving tlendielecreases with time.i$ known
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thataerobic micreorganisms play a large role in the degradation of organic carbon in wetland systems
(Kadlec and Wallace, 2008nd it is thought that the oxygen was consumed by microbes inhabiting the
root zone to support numerous oxidative degradation procésglegard et al., 2017) The system
potential is also plotted as a function of timé-igure7-7. In general, a progressive decline in potential

can be seen, which is in line with the decrease in oxygen. Low to negative redox potentials are indicative

of oxygen depleted to anoxreaters(Kadlec and Wallace, 2009)
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Figure7-6: The change in dissolved oxygen concentration as a function of time at the wetland outlet up to 10
weeks after the introduction of artificial wastewater into the system (@igsblved oxygen concentration and
saturated oxygen concentration also shown).

Inlet Outlet ---- Temp
200 40
N 35
150 PSR
S / ‘
1S s _ P 2 AN 30 .
= 100 ~ —-Z AN ’ S o
© N - ~ ’ 25 3
= N ’ Se ’ 3
% o -4 < @
5 50 S 20 &
Q N/ c
3 15 @
8 0L = =] = = = o)} D =4 = =
© F Z 3z ¢ 3 % 3 i fw°
- N N < - [ee] n —
-50 b e o I = N o
5
-100 0
Date (2016

Figure7-7: The change in oxidatiereduction potential as a functiofitime at the wetland outlet up to 10 weeks
after the introduction of artificial wastewater into the system (avg. inlet potential = 109.2 + 42.4).
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7.3.2.2 Internal contaminant degradation and transformation

Section 7.2.1 investigatethe overall bioremaliation of the wetland over the duration of the
experimentasampling)period. This section examines the internal behaviour of the system and, in
particular, the TOC and TN concentration profiles within the bed. Only data collected in July is
considered due to the erratic nature of the August data and, consequently, uncertiaditygrégar
accuracy (refer to section 7.2.Eigure 7-8 shows the TOC and TN profiles at depth 2, with the DO
and redox profile provided iRigure7-9. The data from depth 2 only has been presented as the trends
were similar atll three depths. The figures showing the TOC, TN, DO and redox profiles rafating
depths 1 and 3 are givenkigure Al and Figure A2 of Appendix. A
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Figure 7-8: (a) Total organic carbon concentration profile (airget [TOC] = 78.6 + 11.0 mg/L) and (b) total

nitrogen concentration profile (avg. inlet [TN] = 35.1 + 5.0 mg/L) at 24cm below the bed surface over 5 weeks in
July 2016

Figure7-8 shows that the majority of the organic carbon degradation and nitrogen transformation occurs
within the first half of the bed (up to 300cm). The TOC and TN profiles 6nJ2§ seem to be an
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exception. It is not certain whethéttre anomaly is due to operator error or a physical function of the
system on the day. For this reason, this data is excluded from any of the general results drawn. The
consumption of oxygen is also highest in the first 300cm of the wetkgdré7-9a), which supports

the theory of oxidative TOC degradation. TOC degradation had largely ceased after E@fioe (

7-8a) and the oxygen concentration remained low but relatively constant to the outlet. There was,
however, a slight increase in oxygen concentration towards the wetland Biglet(/-9a). This is

likely in response to the decrease in the rate of TOC degradation and lower oxygen consumption by the
effecting microbes but could also be due to cbations from the plant@adlec and Wallace, 2009)

The redox potential increed steadily down the length of the wetland; in line with the decline in
contaminant degradation and oxygen consumption. The negative potentials up to 500cm indicate a
largely anaerobic environment throughout most of the wetland.
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Figure 7-9: (a) Dissolved oxygen concentration profile (avg. inlet [DO] = 8.80 £ 0.37 mg/L) and (b) redox
potential profile 24cm below theed surface over 5 weeks in July 2016
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7.3.2.3 Internal contaminant loading profile

This section provides an overview of the performance of the CW with regards to the removal of TOC
and TN from a stream of artificial wastewater. The aim is to preseof thé chemical data gathered

in a condensed, pictorial mann&his was inspired by the heat profile map generated in the study of
heat as an alternative trace{Bonner et al., 2018Yhe method developed Byylward et al. (2017jo

relate the volumetric diw rate at an internal location in the wetland to the vegetation density in its
vicinity was used to create a contaminant loading density map at multiple depths and locations in the
wetland. This was done by estimating the local (internal) volumetric ditevat each sample port and

using this, together with the measured concentration, to calculate the local contaminant loading at that

point. It was assumed that the volumetric flowrate across the depths was approximately the same.

The inflow pumps were séb achieve a hydraulic residence time of approximately 7 ddyss.inlet

and outlet volumetric flow rates weotosely monitoredo determine the average daily flow ralie
general, it was observed that the volumetric flow rate decreased from inletldb(®u 0 )
although there werafew exception®An average weekly volumetric flowrate was then calculated using
the data collected on each of the 7 days prior to samplingTti@yaverage weekly flow rates for the
duration of the experimental period gjigen in Table A28 an@fableA29 of Appendix A.

For the purposes of the calculations in this section, and an illustration of the method, the data from the
week ofthe15"i 215t July 2016 was used. For this periad, v& X  FEandl v o p BE

It was assumed that the flowrate decreased linearly down the length of the wetlatweb @hta points

of inlet and outlet volumetric flow rate against distance from the wetlaetivirgre plotted and a linear

trend line was fittedgeeFigure A3 AppendixA). The expressiomelating volumetric flowrate to

distance along the wetland was found to be:

1 ™D v X W X.p

where Qrepresents the local volumetric flow rgtgh) and x the position along the length of the wetlgnu)
corresponding to one of the 1-6 internal sampling points

As detailed in Chapters 3 and 6, the vegetation density in the CWheaasured in stems per square
metre from April to November 2016. For this, the wetland was divided into zones with the inlet, 6
internal sampling points and the outlet designating the zone boundaries. Zone 1 was marked from inlet
(Ocm)T 1.08m; zone 2 from.08mi 2.225m; zone 3 from 2.225m2.97m and so forth. The changes

in vegetation density over this period are illustrated infEd=6 of Appendix EAylward et al., 2017)

The data upon which Fige E6(Appendix E)is based is given in Tablk30 of AppendixA. The
vegetationdensity in the wetland as a whole increased on a ntonationth basis from April to

November, with thenost substantial increase from May to June as the summer growth period began.
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Figure B6 (Appendix E)also showshat the vegetation density decreased with distance from the inlet

(from zone 1 to zone 6).

The \egetation density wakenplotted against distance frothe wetland inlet and the best fit trend
line was determined by trial and error (&g A4, AppendixA). It was assumed that the vegetation
density measured in each zone was the value at thpamit of the zoneFor examplgin zone 1 (Om

i 1.08m), the vegetation density was 325 sterhsind in zone 2 (1.08rh 2.03m), the vegetation
density was 322 stems?nT o estimate the vegetation density at each of the sample ports (which would
have been on the zone boundaries), thesgesbetween the vegetation densities in each zone was taken.
Hence, at 1.08m, the vegetation density was calculated to Qev o ¢ §¢ stems/m It was found

that a polynomial of degree 2 resulted in the value ofthareameter being closest tgil 180 Y1).

The expression relating vegetation density to distance along the wetlaritiugafound to be:

M P T Wo 1 YXw o o X.G

wh e r.gis the vegetation densifgtems/m) and x the position along the length of the wetlgng)
corresponding to one of the 1-6 internal sampling points

After solving forx in Eq. #1 and substitutinghe resultinto Eq. 72, the expression relatirtipe local

volumetric flow rate tdhevegetation density} veg iS:

T (p8)'[0688— T[a)lprgs— co®Pp Mm [7_3]

The Microsoft Excel Solver tool was used to determine the value whiQh satisfiedEq. 73 using

the values of vegcorresponding to eadampling locationThe local volumetric flowrate was then used
to determine th8 OC and TNhydraulic loading at each depth at all sampling locations, as given in
Table 74, Table 75 and Table ‘6. This lead to thealculationof the hydraulic loading deitg profiles

for both TOC and TN, which are givenhigure7-10 andFigure7-11, respectively.
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Table7-4: Estimated internal TOC and TN hydraulic loaditcmbelow the wetland surface

Date 21-Juk16
Depth 12cm below bed surface

} veg TOC Mmroc HLR toc TN mrn HLR
xCm | istemsind) | QY | may | @) | @mid) | mo) | @) | (gimtd)
0 0 5.8790 92.43 13.04 11.280 42.72 6.028 5.213
108 324 5.7306 20.82 2.863 2.477 15.35 2111 1.826
225.5 309 5.6423 15.77 2.135 1.847 3.13 0.424 0.367
297 275 5.5127 33.18 4.390 3.797 4.54 0.601 0.520
373 219 5.3627 11.18 1.439 1.245 2.03 0.261 0.226
527 157 5.2354 9.95 1.25 1.081 1.61 0.202 0.175
600 0 5.1311 16.10 1.983 1.715 3.17 0.390 0.338

Table7-5: Estimated internal TOC and TN hydraulic load2drmbelow the wetland surface

Date 21-Jut16
Depth | 24cm below bed surface

} veg TOC Mroc HLR toc TN mrn HLR
x€m |V istemsmd) | QUM N mgiy) | @id) | @mtd) | mo) | @) | (gimRd)
0 0 5.8790 92.43 13.04 11.280 42.72 6.028 5.213
108 324 5.7306 22.33 3.071 2.656 21.17 2.912 2.518
225.5 309 5.6423 12.06 1.633 1.412 6.820 0.9235 0.799
297 275 5.5127 12.97 1.716 1.484 11.33 1.499 1.297
373 219 5.3627 11.82 1.521 1.316 2.46 0.317 0.274
527 157 5.2354 10.27 1.290 1.116 2.18 0.274 0.237
600 0 5.1311 16.10 1.983 1.715 3.17 0.390 0.338

Table7-6: Estimated internal TOC and TN hydraulic loadBgcmbelow the wetland surface

Date 21-Juk16
Depth | 36cm below bedurface

} veg TOC Mroc HLR toc TN mrn HLR 1~
€M | stemsi) | QUM may | @) | @mid) | mo) | @) | (gimid)
0 0 5.8790 92.43 13.04 11.280 42.72 6.028 5.213
108 324 5.7306 21.47 2.953 2.554 22.84 3.141 2.717
2255 309 5.6423 11.24 1.522 1.316 11.98 1.622 1.403
297 275 5.5127 10.92 1.445 1.250 14.24 1.884 1.629
373 219 5.3627 12.30 1.583 1.369 4.42 0.569 0.492
527 157 5.2354 12.37 1.554 1.344 2.49 0.313 0.271
600 0 5.1311 16.10 1.983 1.715 3.17 0.390 0.338
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Figure7-10: The TOC hydraulic loading density profile for the weeK 1215 July 2016 (key in top righhand
side indicates range of hydraulic loading rates infgln
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Figure7-11: The TN hydraulic loading density profile for the weeK'1521% July 2016 (key in top righhand
side indicates range of hydraulic loading rates in*ghm

The accuracy of the assumption that the highest concentrations reach depth 2 and depthelimaen

is located at the bottom of the wetland (as indictdelgare7-10 andFigure7-11) could be questioned.

This assumption was made because the gravel bed should have, ideally, aided in uniform dispersion of
the Uranine. However, in a black box system such as a CW, and with the data gatherdiin@ the
permitted for this research project, it is not possible to say what the reality really is. This could only be
determined by inserting more sampling points within the first 108cm of the CW.
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Figure7-10andFigure7-11 show a depth distinction in tlilnemicalhydraulic loads of both TOC and

TN. In general, TN persists for longer in the bed than TWAkile organic carbon is degraded relatively
quickly in CW systems, nitrogen is transformed from one species to another; hence the persistence of
higher levels of TN in the bed.

Figure7-10 shows that the TOC load had dropped to its lowest measured level within the first 150cm;
although thefOCload at depth 1 was higher than at depths 2 and 3 pptibeimately haHway down

the wetland. There was alsoianrease in TOC load between sample ports 2 (2.225 m) and 3 (2.97 m)
such that a higher TOC concentration was measured at port 3 than atTgost @uld indicate hold

upin the vicinity of pors 2 and 3 A similar trend is seen at depth 2 for TNRigure7-11. There isa
decrease iTN loadfrom the inlet to port Zollowed by a slight increadgetween port 2 and porte®id
thenacontinual decrease to the lowest detectable lewehrds the wetland outlethe central basket
(Figure 3-5) was located at sampling location @&hich could have been a contributor to flow
impediment, but then it would be expected to see the same patterns of higher TOC andoEiNvean

port 2 andport 3 at all three depthmut this is not the case. The vegetatidensity was also greater in
the first half of the bednd at its highest in zones 1 and 2 up to 2.2Zbigure B, Appendix B. The

thicker root mat in these areashifher plant density could also cause hatdwithin the bed.

In the hydraulic studyChapter 6), tracer teswere performed at multiple locations and depths
throughout the wetland. As such, RTDs were generated at each of the sampling points ghguva in

7-10 andFigure7-11 andat all three depthd={gure6-4). In all cases, it was found th@t was greater

than U, which indicated a deviation from plug f|I

The increase in TOC load was observed between ports 2 and 3 at demtkideihg the RTD for port

2 at 12cm below the bed surfadégure6-4b ) , t he straight el ongated tai
a moderate amount of degglace. The multiple, small peaks on the tail also indicateuplgithin the

system. The RTDor sampling location 3.1 iRigure7-10 corresponds tthat of port 4 (alongside the

basket) inFigure6-4b. This RTD has twin peakmdicating holdup within the system, arabtht h e d

position of 0.5 0.6and thestraight elongated tdilothallude toa moderate amount of dead space.

Theincrease in TN load was observed between ports 2 ahd@&oth 2. The corresponding RTDs are
those of port 2 and port 4 Figure 6-4c, respectively. The RTD for port 2 Figure 6-4c showsa
sharper peak arfel ( d J.9asc o mp ar e d 1.6 inFigkré6efl). Similarly, the R'D for port 4 in
Figure6-4c s ho wsl3EL.d49 as c o mpheindidureb-4b. GEherdise, the shapes of
the RTDs at ports 2 and 4 at 12 cm and 24befow the bed surfadedicate the samenamelydead

space and hotdp within the wetland system.

In summary, it is thoug that the measured increase in TOC and TN loads between ports 2 and 3 at

depth 1 and 2, respectively, could be the result of-dpade or a stagnant zone. This results in water
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becoming trapped, or spending a greater amount of time in this areagraeduentlya buildup of
concentration. This result is supported by the results of the hydraulic study, butreauilteé further

experimental validation.
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Chapter 8 Discussion and concluding r emarks

8.1. Discussion

This thesis is comprised of three researgbepsiand one publicaticgubmitted for peer revievall of

which already contain a detailed discussion and conclusion (Chdptef). As such, this discussion
andconcluding remarksection summarizes the most important findings of the research papers in order
to answer to the research objectives set out.

Tracer studies at the University of the Witwatersrand

The first research objective was tise impulsgesponse tracer tests totelenine the hydraulic
characteristics of the IMWaRU pilscale CWs Specifically, the RTD, velocity profiles,reactor
behaviour|ocation of dead zones and areas of shiscuiting/bypassvould be determined. Thereafter,
stepchange tracer tests would benductedin the same systemis orderto compareandvalidatethe

findings Theseresultshave beempublished inEcological EngineeringChapter 4).

Two gravelfilled HSSFCWs were used; one of whidontainedive different wetland plant species
andthe secondeft unplanted. Both systems were identical, with the exception of the vegetation, and
were subjected to the same tefitapulseresponse and stefhangetracertess). In each of the
experimens, the tracer concentration was measured at maltigpths and locations throughout the
wetlands as well as at the outleThe experimental data (tracer concentratiersss time) was used

both to plot the RTD and feed one of three mathematical models to compare rbgdtaulic
behaviour Ideally, the hydraulic output shoutdvebe=nthe same irrespective of the model chosen.

The models chosen for the purpose of this investigation were:
i. The impulseresponse model
ii. The stepchange derivaite model

iii. The stepchange integral model

The following hydraulic parameters were considered:
f U, the theoretical retention time (V/Q)
1 @, the nominal, or actual, residence timiaich iscalculated from the RTD
1 N, the number of CSTRs in series (a model output and indicator of reactor size and behaviour)
1 Pe,the Peclet number (indicating the degree of dispersion in the system and the type of flow

behaviour i.ecompletemixed flow, plug flow or somewhere in between)

In the unplanted syster) > fd# all three methodologies (suggesting 100% utilization oftae
volume). Bothof the stepchange methods indicated identical hydraulic behaviour, but the impulse

response method yielded a higerand showed a lower degree of dispersion. For the planted system,
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all three methodologiemdicateddifferent hydraulkc behavious with regards to effective volume

utilisation, degree of dispersion and percentage of-tdekone.

It is evident that various factors can impapbnthe resuls of the hydraulic calculations:

1 The introduction of plants into the wetland affects the fluid flow behavioutrautput of
each of the three models.

1 The impulseresponse model is more sensitive the experimentalmethod or design
Specifically, insufficient concentratietime datan the vicinity of the peak changes the shape
of the RTD and thus, the hydraulicalculations This is not a factor in a staghange
experiment.Tracer dispersion, which is a largely unavoidable phenomenon in a packed bed,
also has a larger impact on tigpulseresponse output than on the stdyange output.

T The met hod of numeri cal i ntegr at i asednitis al s o
study and it was determined that varying the size of thandabvalsaffects the hydraulic
output. This is not a desirable feature of any reprodueiBléandmodel, but the stephange
derivative methodology is the least sensitive. However, the process of differentiation to
calculate E(t) in this method intensifies baakgnd noise which could, equally, skew the
hydraulicresuls.

All three modelling methodologies required the collection of data in the field tthpleT D. However,
eachRTD model suggesteaddifferent hydraulidoehaviourfor the same wetland systefrior to these
experiments, it was expected that each method would yield the same hydraulic output for the system as
each was fed by the same datawever, with this not being the case, it was not possible to validate the
hydraulic results of the impulgegonse tracer test using either of the stepnge methods. The
differences are thought to be the result of the mathematics behind each method and it cannot be said

that one methodology is more correct than the other two.

It was determined that the unpladtreactor had no dead volume, in casit to the planted system. It
was difficult to determine the exact location of the deades, but the hydraulic calculations in the
planted system indicated between 2% and 4% dead space by ticbastgp derivativand impulse
response techniquesespectively Interestingly, the stephange integral method showed no dead

(

volume. The d peak posi t icicutag, a bydassnThisis supportedbyg i gni f

the high effective volume utilisation calated by all methodologies. It was not possible to determine
a velocity profile as there was no means of finding the local flow rate at each sampling point inside the
wetland bedThis would be a suggestion for future reseaashwell as the developmeritam analytical

method for the selection of the most suitable modelling methodology.
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Tracer studies at the Helmholtz UFZ in Leipzig

The second research objective watestigate the hydraulic and chemical kinetic performance of a
pilot-scale CWduring the starup phase at the Helmholtz Centre for Environmental Research
(Helmholtz UFZ) in Leipzig, Germany. The investigative method was to be chosen drashd

conclusions drawn from lfjective 1.

The experiments carried out @te University of tle Witwatersrandn April through to June 2015
(Bonner et. al2017b)were an opportunity toonduct a literature revieMgarn, in a practical manner,
about the different tracéesttechniques availablend collaborate on a research papearder to guie

the design of the experiments at the Helmholtz UFZ.

The impulseresponsenethodology washoserfor the experiments at the Helmholtz Ufe£ a number
of reasons:
i. This was the recommendation of Dr Uwe Kappelmeyer who designed and bGt/gat the
Helmholtz UFZ in Leipzig.
ii. Theexperimental setip at the UF4s fully automatedThe systensifed directly by municipal
waterwhose flow rates controlled via a system of gear pump, motorfaeeglency controller
A metering pumpsd available tadminister a solution of tracer dye, but due to the mechanics
of this feed configuratignt is difficult to ensure a constant concentration of traceering the
wetland for the duration & stepchangedracer study.
iii. This is themost widely usedrace technique in the literatuyé is areliable method(even
though the resultsould not bevalidated usinghe stepchange techniggendthe mathenatics
is slightly less complegpreferable for théarge number ofracerexperiments to be conducted

andcommensurate amount détato begatheredl

Two HSSF CWsfilled with glacial gravel and planted withragmites australisvere available at the
Helmholtz UFZ.The wetlands were allowed an 18 month period of establishment (October 2013 to
August 2015)The experimental campaign comprised of two parts:

1 Part 1i July to December 2015: the very first tracer studies atdmjith and multiple locations,
determination of the baseline chemical composition and introduction of artificial waste water.
This reseate was published ikVater SAChapter 5)

1 Part 27 April to October 2016: follow up tracer studies at multiple depths and locations,
determination of the new baseline chemical composition and dmroduction of artificial
wastewater with monitoring ovea longer period. The hydraulic results were published in
Science of the Total Environnid@hapter 6). The chemical data is given in Chapter 7 and will

be submittedo Science of the Total Environntexs a follow up paper.
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Chemical kinetic performance 2015

A hydraulic tracer test is a prerequisite to any chemical kinetic investigation as this indicates how
effectively the wetland volume will be used in the treatment of any contaminants introduced into the
system and is the basis of the calculation of theti@arate constant3.he impulseresponse tracer

tests showed 100% tracer recovery, which is the first indicator of a successful tracer test. The RTD was
multi-modal with an elongated tail; indicating kpass flow, diffusive mixing and the presence of
stagnant zonesall of which should be minimizefir effectivecontaminant treatment. Byass means

that some contaminants will leave the wetland untreated and stagnation means that contaminants are
held up in the bedhereby creating zones of hypswncentation. As CWs are designed to receive and
effectively treat a certain contaminant load, zones of stagnation and-doymmtration could
ultimately push the system concentration above the design loadarskquently, thdischarge may

not meet local stedards Despite this, maaverage 083% reduction in both TOC and TN were observed
even in the late fall and early winter when ambient temperatures had dropped and plant activity was

reduced.

The Tanksin-Series model was chosen for the first kinetitculations in this systerBeven veeks of

data vas gathered, but only the last fiveere used for the calculation of the reaction rate and rate
constant. The first two weeks were discarded for the purposes of these calculations owing to large
fluctuatiors in the volumetric flow rate€Contrary to the literature, a constant value for the TOC and TN
rate constants was not obtaing@tiere werea few factors that could have had an impact. Firstly, there
were small fluctuations in the volumetric flow rate whaduld not have been prevented and, as such,

the system was not strictly at steestgte. Secondly, the temperature in the begpid over the five

week period as the season moved from fall into winter and a drop in the reaction rate constant (and
reaction rate) were observeth future, better control should exerted over the volumetric flow rate

and the kinetic calculations should be performed by season.

Hydraulic performance 2016

The focus of the 2015 hydraulic study was the RTD at the system loetketise the research aim was
to study the kinetic performance of the system as a whela starting poirtAylward et al., 201Y.
Impulseresponse lbw tests were, howeveglso performed at each of the sirternal sampling
locations. The follow up hydraulic study in 20ib&olved repeatingheseflow tests at miedepth (12
cm below the gravel bed surfacay well as conductiy additional tracer experiments at 12 cm and 36

cm below the bed surface. This gave greater insight into the fluid flow behaviour inside the system.

From the results of the 2015 kinetic studylward et al., 2017)it was evident that, despite the high
level of automation, it was not possible to ensure a conafeow and outflow rate for the full duration
of the flow testsand the full chemical sampling campamgmthese experiments were carried out over a

period of5 months. 1 wasalsonoted thafluctuations in the outflow could have been related to climatic

Page [L60



conditions (for example, high temperatures and evapotranspimtibe summer or heavy rain events).
These first experiments provided valuable learnings and it was decided to build thesevadaite

flow rate and climatic conditions) into the design of the 2016 experiments rather than to try to engineer
the sysem to avoid them. This would, after all, neither be representative of the reality in CW systems

nor founded upon biomimetic design principles.

Considering that the volumetric flow rate would almost certainly be subject to some natural variation
and thatclimatic conditions woulglay a part in this, theolumetric flow rate was closely monitored
and climatic data gathered such thatithpact of the method of hydraulic calculatj@@asonalityand

weather events could lrvestigatedTwo method of calclationwere considered:

1. The standardmethod of calculating the RTD and its related parameters, as reported by
Levenspiel {972, 1999aandFogler 999, 2005
2. The modified method developed Werner and Kadlec (1996)

In general, the volumetric flowrate decreased from inlet to outlet owing to evapotranspiration and low
to no outflow was recorded in the height of summer. The only exception to the decreaseraidlow
was during a rain event, when a surge in outflow was the only way for the system to maintain the
wetland level.The RTDs produced by both methods showed diffusive mixing and low to moderate
volumes ofdeadspace but it was determined that the RTDs\geated by thetandardnethod (and
subject to the assumption of steadgteflow) were significantly different whereas those calcuddtg

the modified method were statistically similar. For this reason, the variable method and close
monitoring of the vlumetric flowrate would be the recommendation; even for stfadysystems
WerneranK a d | 4398 \arialjle flow method would yield the same result assthadardnethod

for a steadyflow system but its use regardless comes with atuilt safety fictor of accounting for

any unforeseen, unexpected or unknown varidtidghe volumetric flowrate

The importance of regularly and accurately monitoring the volumetric flow rate was highlighted in this
study, as well as the fact that climatic data shdm@ldollected to complete an accurate mass balance

over the wetland systerdlydraulic studies could be further improved by:

1 Determining the porosity of the gravel and investigating the interaction with both the chosen
tracer and the contaminants under stbdforethe commencement of amxperimentslt is
importantto knowwhether sorption to the gravel may impact upon the mass balance and tracer
recovery (tracer recovery in the 2016 experiments was low at 36%)and also whethehe
contaminants undastudy may interact with the bed matrix; specifically under which conditions
of pH, temperature etc. they may sorb and desorb.

1 Quantifying the extent of plant uptake before the commencement of a traeeyuksindicate

how muchtracer could be lost ithis way; if any. It will also ensure proper closure of the mass
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balance. A large increase in vegetation density was observed between the end of fall 2015 and
the end of summer 2016, during which time many flow tests were carried out. This impact is
likely larger for systems itheearly starup phase.

1 The value of calculating the RTD using the modified metfadvariable flow systemssi
highlighted in this study. According to the best knowledge of the autequstions and/or
correlationsfor the detemination of various hydraulic parameters (with the exception of the
hydraulic moments) have not been fully developed. Hence, developing the mathematical
relationships for the determination of these parameters would enhance this field of research.

Contaminant degradation/transformation 2016

The results of the followap experiments investigating TOC degradation in and TN removal from the
pilot-scale wetland at the Helmholtz UFZ are presented in Chapldre/baseline measurements of
TOC and TN are useful pas of reference with regards to the natural levels of each in the CW system.
After the irtroduction of waste@ater into the system, the outlet TOC and TN concentrations, or chemical
hydraulic loads, would not fall below the background values. The bagating the system (which

was in the region of pH 6107.0) is common of many natural wetland and water ecosystems and that
which is required to support aquatic plants and mirganisms. A large increase or decrease in the
system pH would be harmful tayaatic life. With the introduction of artificial wastewater into the
system, it was observed that the pH increased slightly but that the CW had a good buffering capacity.
It was also observed that the wetland was naturally low in oxygen, with @itherslightly positive

or slightly negativigredox potential, and that the water entering the system was saturated with oxygen.

This oxygen was consumed within the first 1.0.5 m of the bed.

The artificial wastewater feed was also high in oxygen, witbsitige redox potential, when fed into

the wetland. There was a large decrease in both DO and potential within the first TheOlargest
percentage removal of TOC and TN occurs within the first 1.50 m of the bed where oxygen is more
readily available.tlis, thus, thought that oxidative processes (which produce a drop in potential) and
root exudate transformations occur largely in the first quarter of the bed and that the TOC degradation
and TN transformation that occurs thereafter is largely anaemblioaurs more gradually. As these

mechanisms proceed, the redox potential increases steadily towards the system outlet.

To aid visualisation of whatvga happening inside the bed and to
a method was developed to conial of the data describing the chemical hydraulic loading at five
internalsamping locations and three depths below the bed suifaoeone three dimensional graphic

It is clear (sed-igure7-10 andFigure7-11) that the highest contaminant loadings occur in teadce
between the wetland inlet and the second samplaigt (2.225m) for TOC and the third sampling

point (2.97 m) for TN. The full legth of the CW is 6 m. It can also be seen that nitrogen persists for a

longer period of timgas compared to organic carbon. Organic carbdn gbundance anid more
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readily utilisable as source of nutrients for aquatic plants and migrgarisms Nitrogen is also
transformedrom one form to another, rather than degraded, hence its extended presence in the system
in the sum parameter measuesdTN. The contaminant load hdbpped to its lowest detected levels
towards the back end of the wetland andgbcentage removal from port 3 to 4 to 5 would be lower
than fromtheinlet to port 1 to port ZThe vegetation was also noticeably less dense at the back end of
the wetland than at the front. This could largely be due to the lack of nutrients receivedpbgnts
there, as compared to at the inkithough a somewhat crude starting point, the chemical hydraulic
loading density map does give some useful insighis is only an estimatioand tke methodology
requires refining;particularly in terms of gthering more data (increasing the number of sampling
points) in the first 1.50 m of the badd inserting internal flow sensors rather than relying on the method
of relating the local internal flow rate to the vegetation density.

The artificial wastewatefed into the pilotscale wetland for the purposes of this investigation was
modelled on the effluent from a wastewater treatment plant. Dihe linnitations of thedosing pump
regulating the inleflow rateof the wastewater, the CW received a highmartaminant load that what
would be found in water being released franwastewatetreatment facilityof Class 2 in Germany
Hence, CWs are effective in removing relatively high quantities of TOC and TN, buieptment will

be required to remove suspeddsolids (which could clog the system) and to balance the design load
with the wetland size and retention time requirement to ensure that the effluent water meets local
municipal standards$n certain instancesyhen compared to a high throymh industral wastewater
treatment plant, this is not economically feasible.

Framework for improved constructed wetland design

The third research objective wascullate and analyse the data collectéth the aim ofdewelopgng a
framework for improvedW design This would be don&om the perspective aptimizing fluid flow
pathwaysandmaximizing fluid residence time in the areas of the bed where the rates of contaminant
removal are greatesCombining biomimetic design principles with the outcomes of the gl
papers and additional data analysed, the following recommendations can be made:

1 In general, abiomimetic approach would involve carefully observing ashdt e peni ng one
understandingf a natural process before moving into the design phase. Appl@dtdesign, a
multi-disciplinary approach to studying as many natural wetland systems as possible should be
taken. In other words, the fields of engineering, microbiology, chemislirpate studiesand

biomimicry should be combined.

9 There are many guideks for CW design published in the literaturat the procesof CW design
will always be one of trial and error and finding the best combination of parameters to suit the

treatmenbbjectives Often, the designenayhave tocompromise on one aspect to achieve another
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more important objectiveBonner et al. (2017bhave shown that different RTD modelling
methodologies can yield differetiydraulic results for the same wetland system and tlaahe
methodology has its own advantages and disadvantages. The choice of mestgbrshould,
therefore, be largely dependent on the limitations of the experimental equipment (which technique
will yield the best data and what tools are available for its accurate analysis) and on the preference
of the CW designer or operator (with whitechnique the designer most confident to work in terms

of mathematical complexity and interpreting the results). Once the model is selected, it nsest be
consistently throughout the design phase.

9 Although subject to some strict design criteria, C&is still naturgl dynamicsystems andnh a
continual stee of flux. Once the constructigghase is complete, the system should be allowed to
establish forat least onegyear beforethe first baseline samples are tak&he wetlandsat the
Helmholtz UFZwere allowed an 18 month period of establishment (root developrbefafe
experiments commencehut the sgtemsat Wits Universitywere allowed onlyone month. It is
expected that the hydraulic results from these systems would change as the plant root systems
developed further. Wetland®blishment iproceeded by a hydraulic investigation (tracer tests; at
least in duplicate) to understand fluid flowha&iour and how well the system has been designed.
This will highlight any changes that need to be made before contaminants are introduced into the
system. The kinetic study will begin with the introduction of wastewater into the system and
continual samphg over an extended period. The greater the quantity of data available, the better the
results will bebut this should be balanced with time and cost. It is recommended that the tracer flow
tests and kinetic studies are repeated into long term opetatibatter understand the internal
development of the system. The suggestion would be seasonal repetition, but the frequency is at the

designeroés discretion.

9 The multiplelocation and multiplelepth sampling approach is recommended, again to understand

theinternal development of the system.

1 There is conflicting opinion in the literature with regards torieed to plant CWs with different
types of vegetation. The pilot wetlands at Wits University were planted with five different species
of aquatic plant; &h of which has a different capacity for treatment of different chemical pollutants.
No firm conclusion can be draw from this because the experiments on these systems were not
extended to introduction of wastewater and the monitoring of contaminant refbgavetlands
at the Helmholtz UFZ, however, were planted with dPlyagmites australibut performed well
with regards to the removal of TOC and TN from an artificial wastewater which was formulated
based on the effluent fromweastewater treatment piaof Aass 2 in GermanyCareful selection of
multiple-species of macrophyte can be a good solution for treating wastewaters with specific

contaminants not ordinarily encountered in domestic wastewater (such as heavy metals,
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petrochemical residues, acidine drainage etc.); otherwise the commonly ugddagmites

australiswill offer sufficient and effective treatment.

1 Fluid flow pathways are impacted by the physical design of a CW and, by the nature of the system
cannot always be predictedaontrolled. However, there are various aspects of the desighich
to focus in ordeto optimise flow through the bed. From this research in particular, the impact of the
inlet and outletpositioning is highlighted. The pilot scale CWs at the Universit the
Witwatersrand contained identical inlet and outhenifoldscomprising 13 evenly distributed ports
(Figure 3-1 andFigure 3-2). On the other hand, the CW systems at the Helmholtz UFZ had three
evenly distributednlet ports located 5 cm above the base of the wetatda single outlet port,
also 5 cm above the base of the wetlafactording to tke results of the hydraulic stuan the
systems BWits University in Chapter {Bonner et al., 2017b}he dead volume was in the region
of 0% to 4%, which is low. The hydraulic study on the CWs at the Helmholtz UFZ showed a
moderae amount of deadpacelt is thought that the manifold designs on the Wits systems would
have induced more streamlined flow anchoreeven distribution of water in the system. Tesign
of the inlet and outlet ports on ti@aVNs at tle UFZcould have indced a more huhaped flow
profile which, in turn, lead to the dead space. The wetlands at the @FZ also more densely
vegetatedwhich could create areas of hald. This is not, necessarily, undesirable as long as the
contaminants arin good contacwith the root zone. Nevertheless, it is importantr@vpnt areas
of stagnation in the bed in which contaminants become tragopdemain untreated and, thus, the
manifoldtype design on the inlet and outlet would be the design recommendation

1 The percentage removalf TOC and TN wagreatesin the first 150m of the bed; likely due to the
better availability of oxygen. Hence, the designer would endeavor to ensure that contaminated water
remains in his section of the wetland fasufficient timeto dlow for maximum removal of
contaminants before flowing into the anaerobic regions further down the bed where the removal
processes occur at a lower rate. For this, dead zones quas®y§low should be avoidegkspecially
within the first half of the bedAs discussed in the preceding paragraph, the inlet distribution network
can be designed to ensure even flow distribution and prevent zones of stagnation. In addition to the
inlet configuration, gravel particles of uniform size, relatively even vegetdénsity, a root system
penetrating all the way to the base of the wetland and a carefully selected flow rate can prevent by
pass flow. Although low to moderate dead volume was indicated by the hydraulic calculations, there

was no evidence of bByass flowin any of the hydraulic studies on both sets of pilot wetland systems.

1 The modified RTD theory for variable flow systems developed/eyner and Kadlec (1996houd
be used preferentially. This is particularly important for variable flow systems to vihéch
assumption of steaetae flow and the application of the standard RTD methtlm#s not apply. In

thespecialcase of steadgtate flow, the modified methodillwyield the same result as the standard
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method. If in doubt about the nature of the flow, a preliminary investigation applying both methods
to the same data and comparing the results statistically should be undertaken. It is also vitally
important to cafully and regularly monitor the systemiet and outlet volumetrifiow rates and

account for climatic conditions in performing a system mass balance.

Selection of a suitable tracer

Tracers are most often chemical dy@seing as thepplication of the mmimetic approach to wetland
research heightens o0nedsparaol this eesearshizas to fnvestigate e n v i
alternative tracematerials whichwould eliminate the need to introduéereign artificial substances

into a naturabr biomimeic system

The feasibility of using a salt tracer

The fourth objective was, thug tompare the impulsesponse performance of a fluoride probe with
that of a fluorescent chemical tragerinvestigate the suitability of a s#lased tracefTo do this, a
concentrated solution ahlcium fluoridewould be injected into the bed (in the same wagpulse of

chemical tracerand itsconcentration measured over time using the fluoride probe.

In order to determine whether the plants would be ablwithstand an elevated concentration of
fluoride, small experiments were conducted in the Phytotechnikum at the HelmholtPhiagmites
australiswere harvested from the pilot wetland stock and placefivénbrown bottlescontaining
solutions of five different fluoride concentrations and the plant activity (specifically leaf stomal
porosity) was measured over a perioge¥fendays, or up until plant activity was not registered. The

experimental results are summarized\ppendixF.

All levels of fluoride tested resulted in plant activity dramatically decreasing and the leaves and stems
eventually turning brown and drying out. This experiment was then discontinued as tiénjisiting

a fluoride solution of high concentration into the poalesystemwas too large and time did not allow

for furtherinvestigation into a more suitable salt tracer; if any exists. This presents an area for future

research.

The feasibility of using a micro -biological tracer

The fifth, and final, objective was teermine whether microrganismscould be used as reliable
tracersPhragmites australigzere to be harvested from the wetland and the raoganisms in the root
zone isolated and identified. Based on these results, a genetically unrelatedrgéciem wald be
chosen. Smalscale laboratory experiments wd then be conducted, similtarthose for the salt tracer
test, in whichPhragmitesvould be placed in brown glass bottles and exposed to different levels of the
foreign micreorganism. Samples would deawn regularly and both the foreign and indigenous strains

identified to investigate the interact®nn other words, would the foreign strains -coimpete the
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natural strains, would they die off or would they survive a sufficient amount of time, at a detectable

level, to qualify as a potential microbiological tracer?

This part of the experiment was to be carried out in conjunction with a microbiology sasdhat
microbiological techniques were complex and quite a large amount of time would have been necessary
to fully masterthem Howe v er , interhship veatamalkedvefobests commencement. As a
result, this part of the research was not complétetiwould also present an interesting area for future

research.

8.2. Conclusion

CWs are masmmade systems, odelled on natural wetlandsyhich are successfully used for the
remediation of a wide variety of wastewaters. They contain a soil or gravel matrix and are planted with
one or more types of aquatic macrophyte. The size of the CW is dependenthgibar the system

will be used for pmary, secondary or tertiary treatmetite type of CW selected (horizontal flow,
vertical flow, hybrid etc.); thavailability of land the volume of wastewater to be receivtheé expected
contaminant loadingf the influent water and the allowable caminant concentrations in the wetland
dischargeamongst other factar# is recommended to remove as large a quantity of suspended solids
as possibldrom the wastewatebefore it enters the treatment wetland. Suspended solid particles
become easily erapped and can lead to clogging and a greatly reduced effective volume utilisation.

The majority of publishedesearcthastreatedCW systems as black boxes. Hence, this reseaeash

an extension of the woy Sheridan et al. (2014h) in which a multiplenternal sampling location
regime was developeth addition to sampling at multiple locations, this research included sampling at
multiple deptls at each location. In this way, greater insight into and understanding of the internal
operation of a pilescale CW was gainedt was also seen that CW research and design is a- multi
disciplinary field in which elements of chemistry, chemical engineering, physics, microbiology, climate

studies and biomimicry all combine particular, some important learningsre taken:

1 CWs, although mamade and weléngineered and designed, are dynamic systems in a
continual state of flux and the internal behaviour (flow regime, treatment efficiency etc.)
changes over time.

The presence of vegetation has a definite impaan inydraulic behaviour.

Numerous wetland modelling methodologies exist and each will produce different results for
the same system. CW design is not an exact science, but rather done by trial and error and
will require balancing a number of parametersfital the most suitable design. Hence,
wetland desig will be specific to location and objective and thisr@ever one definitively

6cobredesi gn.
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1 The importance of monitoring and knowing the volumetric flow rate cannot be understated,
as it is the bas of all hydraulic and kinetic calculationBrom a hydraulic andinetic
calculation, as well agdesignand modelling point of viewit cannot be assumed that a CW
operates at steagyate when there is variation in the flow rate.

1 A pilot-scale CW carachieve high levels of TOC and TN removal despite being in the
estabished but earhstartup phase; exposedhigher contaminant loading than the norm for
such a system arglibjectto great variations in temperature. Hence, these systems are robust
and &lf-maintaining with good buffering capacity.

In summary, the following were identified as areas for future research:

1 A method for the determination of the velocity profitghin a CW system
1 The development of an analytical method for the selection of the most suiiaivkulic
modelling methodologjor CW systems
1 Findingthe mathematical relationships faarioushydraulicparameterand correlations, such
as the Peclet and Dispersion nxbwhich could be usedithWer ner and Kadl eco
modified RTD theory for variable flow systems
1 Publication ofthefindings from longterm studies on the same wetland system (from-gfart
into steady operation over some yearkjch employshe mutiple depth and location sampling

approach and where hydraulic and kinetic studies are repeated seasonally.
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Appendix A : Experimental Data, UFZ Leipzig

This appendix contains the raw experimental data collected from the outdoor, pilot CWs and the Helmholtz UFZ in Leipaity,. Gasndivided into two
sectionspnamely baseline data (before the introduction of the artificial wastewater) and artificial wastewater data (the periotidaramtficial wastewater

was being fed continually into the system over a number of weeks). Samples were taken from tie inléet and at six internal locations within the system
(£100cm, 225.5m, 297cm (bothinside and alongside the removable basket)¢c®@i€gd 527cm from the wetland inlet). Samples were also taken at three depths

(12cm, 24cmand 36¢cm below the gravel bedrface) at each of the six sampling points.

Baseline Data for 2015

TableAl: Baseline data collected off August 2015

Depth (cm)
7-Aug-15 12 24 36
Dist. from DO Temp Redox Temp TOC DO Temp Redox Temp TOC DO Temp Redox Temp TOC
Inlet (cm) 6>3K (°C) mv) | PP o) | mgn | 623K Q) mv) | PP o) | mgy | 63K Q) mv) | PP o) | mon)
0 3150 34420 | 6.09| 36.0 419 | 3150 34420 | 6.09| 36.0 419 | 3150 34420 | 6.09| 36.0 419
88.5 1010 17428 | 6.75| 212 472 759 22310 | 6.66| 215 4.06 588 8370 | 6.72| 217 4.09
2255 1070 14380 | 6.75| 22.0 3.77 560 15856 | 6.73| 22.4 4.09 387 217.26 | 6.79| 22.9 4.01
297 1580 30464 | 534| 442 343 | 1600 37540 | 537 | 445 300 | 10600 20864 | 533| 44.2 3.07
373 585 17414 | 687| 231 3.58 452 24190 | 7.00| 235 2.79 407 267.84 | 6.88| 236 3.61
521 725 18820 | 6.83| 26.0 3.59 494 21480 | 6.87| 265 3.42 439 23048 | 6.94| 26.9 3.35
600 160 21164 | 7.00| 26.7 7.96 160 21164 | 7.00| 26.7 7.96 160 21164 | 7.00| 26.7 7.96
297 (basket) | 12030 30056 | 4.60| 44.3 421 | 1440 366.84 | 501 40.2 324 | 1160 366.68 | 4.63| 454 4.05
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Table A2: Baseline data collected dhSeptembe2015

7.Sep1s Depth (cm)
12 24 36
Dist. from DO Temp Redox Temp TOC DO Temp Redox Temp TOC DO Temp Redox Temp TOC
Inlet (cm) 6>3K (C) mv) | PP o | mogy | 653k o mv) | PP o) | moy | e>3d (o) mv) | PP o | mon)
0
88.5 7800 20.6 41564 | 7.83 4.69 9380 20.7 42558 | 7.81 3.98 8500 20.8 44752 | 7.69 2.95
225.5 4400 21.2 583.28 | 7.14 3.32 4740 21.0 558.40 | 7.27 3.17 6350 20.9 542.46 | 7.43 2.25
297
373 6450 20.3 484.82 | 7.48 3.55 6610 20.3 458.82 | 7.45 3.49 7460 20.2 459.88 | 7.54 3.80
521 10510 | 20.3 360.82 | 7.47 4.11 9850 20.2 418.88 | 7.30 3.47 9230 20.2 42288 | 7.37 3.13
600
297 (basket) | 10550 | 235 480.90 | 7.72 3.46 9280 20.2 481.88 | 7.65 3.88 6910 20.3 482.82 | 7.67 3.44
Table A3: Baseline data collected dh®ctober 2015
6.0cL15 Depth (cm)
12 24 36
Dist. from DO Temp Redox Temp TOC DO Temp Redox Temp TOC DO Temp Redox Temp TOC
Inlet (cm) 0>3K (°C (mV) PH (°C) (mg/L) 60>3kK (°C) (mV) pH (°C) (mg/L) 60>3kK (°C) (mV) pH (°C) (mg/L)
0 9010 15.1 514.04 | 7.98| 187 2.33 9010 15.1 514.04 | 7.98| 187 2.33 9010 15.1 514.04 | 7.98| 187 2.33
88.5 6620 137 47352 | 729 156 3.07 9960 135 45700 | 7.81| 150 2.23 10920 | 135 462.06 | 8.06| 14.9 211
225.5 6070 14.0 489.96 | 7.28| 16.3 3.14 8180 13.9 48436 | 7.56| 158 2.42 8960 13.8 49020 | 7.68| 16.0 3.23
297 7680 14.4 50288 | 742 | 164 1.96 7920 14.2 487.88 | 7.44| 164 3.30 10300 | 14.1 48288 | 7.74| 16.4 2.34
373 3600 14.7 530.64 | 7.11| 167 2.90 6310 14.6 527.48 | 7.33| 169 2.38 6830 14.4 517.48 | 7.39| 16.9 2.75
521 4540 15.0 526.08 | 7.24| 174 2.62 5050 14.9 52248 | 7.29| 169 254 5320 14.8 517.40 | 7.29| 17.0 3.27
600 5330 15.0 535.12 | 7.18| 18.6 4.08 5330 15.0 535.12 | 7.18| 18.6 4.08 5330 15.0 535.12 | 7.18| 18.6 4.08
297 (basket) | 2650 14.6 41020 | 7.33| 160 2.90 1360 14.6 356.04 | 7.45| 16.2 3.25 1240 14.5 358.88 | 757 | 164 2.98
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Baseline Data for 2016

Table A4: Baseline data collected ori"¥8pril 2016

Depth (cm)
13-Apr-16
12 24 36
Dist. from DO Temp Redox Temp TOC DO Temp Redox Temp TOC DO Temp Redox Temp TOC
Inlet (cm) 6>3K (C) mv) | PP o) | mgy | 653K o mv) | PP o) | mon) | e>3d o) o) | PP o | mgu)
0 2.66 2.66 2.66
88.5 325 15.1 56.92 | 6.30| 175 3.08 221 15.1 57.92 | 6.54| 17.0 3.11 524 15.2 -14.16 | 6.56 | 17.2 2.76
2255 330 15.0 -10.00 | 6.78| 19.1 4.65 360 14.9 2194 | 6.78| 19.2 4.94 485 14.9 -18.94 | 6.44| 19.4 3.97
297 221 13.9 -29.34 | 659 | 20.1 4.20 233 13.9 29.34 | 6.61| 20.1 3.92 250 13.8 -38.28 | 6.58| 20.1 4.11
373 211 15.5 -24.40 | 6.53| 195 4.85 208 15.5 -21.40 | 651| 195 4.24 345 15.5 -35.40 | 6.62| 195 4.44
521 202 14.9 -14.94 | 5.98| 195 5.52 185 14.8 -28.88 | 6.09| 19.4 5.71 199 14.8 -28.88 | 6.34| 19.4 6.12
600 155 17.8 -101.24 | 6.82| 16.6 8.55 155 17.8 -101.24 | 6.82| 16.6 8.55 155 17.8 -101.24 | 6.82| 16.6 8.55
297 (basket) | 302 14.1 2054 | 6.62| 202 4.94 260 14.1 2154 | 6.51| 208 4.80 335 14.0 39.60 | 6.61| 207 5.36
Table A5: Baseline data collected ori"2%pril 2016
Depth (cm)
29-Apr-16
12 24 36

Dist. from DO Temp Redox Temp TOC DO Temp Redox Temp TOC DO Temp Redox Temp TOC

Inlet (cm) 63 ) | mv) || o | mg) | 633k o | ov) | PP o) | moy) | 653K o) | vy | PP | o) | mgu

0 12448 7.8 43744 | 761| 126 3.34 12448 7.8 43744 | 761| 126 3.34 12448 7.8 43744 | 761| 126 3.34

88.5 470 7.8 26.88 | 7.45| 16.4 3.43 562 7.7 14560 | 7.52| 155 3.78 3880 7.6 320.12 | 7.26| 14.8 4.36

225.5 314 9.4 688 | 659 | 14.8 4.83 279 9.3 -16.64 | 6.72| 14.4 3.79 689 9.5 -35.60 | 7.05| 17.0 3.62

297 295 8.5 -36.20 | 6.62| 16.5 3.66 226 8.5 4392 |681| 132 3.84 261 8.5 4434 | 6.72| 13.9 3.38

373 343 10.8 5.12 6.83| 186 2.88 300 10.6 -21.08 | 7.22| 176 3.19 262 10.6 958 |766]| 143 3.27

521 408 9.9 588 |631| 214 7.42 423 9.8 -0.88 |6.30| 206 253.80 525 9.8 084 |6.40| 198 265.50

600 70 11.6 2032 | 6.32| 154 223.70 70 11.6 2032 | 6.32| 154 223.70 70 11.6 2032 | 6.32| 154 223.70

297 (basket) | 348 10.0 3848 | 6.79| 16.9 3.84 470 9.7 4.72 7.12| 191 2.92 689 9.5 2544 | 7.41| 182 3.33
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Table A6: Baseline data collected ori"May 2016

11May-16 Depth (cm)
12 24 36
Dist. from DO Temp Redox Temp TOC DO Temp Redox Temp TOC DO Temp Redox Temp TOC
Inlet (cm) 6>3K (°C) mv) | PP oeo) | mow) | 653K (o) mv) | PP eo) | mon) | 653K (o) mv) | PP eco | mon
0 10572 15.9 374.28 8.08 15.9 8.21 10572 15.9 374.28 8.08 15.9 8.21 10572 15.9 374.28 8.08 15.9 8.21
88.5 267 14.7 -13.36 7.12 16.7 7.01 306 14.7 37.64 7.20 16.7 6.01 360 14.7 85.72 7.21 16.6 6.03
225.5 281 16.3 73.22 6.91 21.3 6.39 333 16.2 75.34 6.99 21.1 6.14 408 16.2 97.70 7.09 20.5 6.27
297 302 16.5 -6.56 7.06 22.6 5.95 363 16.5 -0.50 7.12 225 5.17 506 16.4 12.50 7.08 225 2.69
373 718 16.5 2.42 6.79 24.3 5.09 715 16.5 -8.52 6.84 24.2 5.10 947 16.5 -13.28 6.91 23.8 5.80
521 222 17.5 -21.64 6.54 24.4 3.25 313 17.5 -12.70 6.64 24.5 3.78 260 17.5 -12.58 6.55 24.3 5.09
600 0 22.7 11.64 6.80 20.6 6.20 0 22.7 11.64 6.80 20.6 6.20 0 22.7 11.64 6.80 20.6 6.20
297 (basket) 382 16.4 34.56 7.15 22.4 5.60 448 16.4 37.80 7.09 22.0 5.98 642 16.3 54.04 6.88 21.6 6.19
Table A7: Baseline data collected ciJline 2016
L3unie Depth (cm)
12 24 36
Dist. from DO Temp Redox Temp TOC DO Temp Redox Temp TOC DO Temp Redox Temp TOC
Inlet (cm) 0>3kK (°C) (mV) PH (°C) (mg/L) 0>3kK (°C) (mV) PH (°C) (mg/L) 0>3K (°C) (mV) PH (°C) (mg/L)
0 9890 18.5 416.28 | 7.36 18.4 6.49 9890 185 416.28 | 7.36 18.4 6.49 9890 185 416.28 | 7.36 18.4 6.49
88.5 268 18.3 -6.28 6.69 19.1 7.81 378 18.3 73.72 6.79 19.1 5.42 1140 18.3 282.88 7.13 18.9 4.70
2255 189 18.8 -10.44 6.55 19.3 7.04 213 18.7 -25.36 6.63 19.2 7.33 277 18.7 25.64 6.67 19.2 7.48
297 235 191 -34.68 6.58 19.6 5.96 268 19.0 -8.68 6.60 19.6 6.26 392 19.0 -0.68 6.62 19.6 6.67
373 180 191 -13.68 6.42 19.6 8.80 227 19.1 -17.68 6.48 19.6 7.50 315 19.1 -7.68 6.56 19.6 7.61
521 150 195 -16.60 6.41 19.5 6.36 160 19.5 -13.52 6.44 19.4 6.52 208 195 2.40 6.50 19.5 7.87
600 282 19.8 30.72 6.53 19.1 9.22 282 19.8 30.72 6.53 19.1 9.22 282 19.8 30.72 6.53 19.1 9.22
297 (basket) 271 19.0 -47.68 6.58 19.6 6.59 384 19.0 24.32 6.61 19.6 6.21 460 19.0 16.48 6.60 19.4 6.59
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Table A8: Baseline data collected ori"Rine 2016

15-Junl6 Depth (cm)
12 24 36
Dist. from DO Temp Redox Temp TOC DO Temp Redox Temp TOC DO Temp Redox Temp TOC
Inlet (cm) 6>3K (°C) mv) | PP oeo) | mow) | 653K (o) mv) | PP eo) | mon) | o3 | o) mv) | PP eco | mon
0 9620 18.3 466.28 | 7.08| 184 491 9620 18.3 466.28 | 7.08| 184 491 9620 18.3 466.28 | 7.08| 184 4.91
88.5 356 17.3 110.28 6.09 18.4 5.12 450 17.3 183.36 6.22 18.3 5.14 3450 17.3 385.36 6.35 18.3 5.11
225.5 239 17.6 7188 | 595| 189 6.54 264 175 39.96 |597| 188 5.16 303 175 7804 |597| 187 476
297 190 18.1 33.82 5.94 20.3 7.04 211 18.1 65.70 5.90 20.5 6.34 213 18.1 57.00 5.93 20.0 6.64
373 180 18.3 5.22 5.93 21.3 6.44 186 18.3 15.52 5.96 20.8 5.68 205 18.2 29.52 5.94 20.8 6.14
521 126 22.1 13.92 6.09 21.8 8.03 164 20.2 18.62 5.87 22.3 5.75 235 19.4 19.20 5.79 23.0 5.90
600 313 235 34.96 6.24 23.4 10.39 313 235 34.96 6.24 23.4 10.39 313 235 34.96 6.24 23.4 10.39
297 (basket) 209 18.1 56.40 5.94 19.5 7.63 220 18.0 80.56 5.93 19.3 5.68 260 18.0 89.72 5.90 19.1 6.87
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AWW Data for 2015
The tables in this section give the data collected at three depths at each internal sampling location up to
7 weeks after thimtroduction of artificial wastewater into the system. The data from the wetland inlet

and outlet for these experiments is given in Chapter 3 (section 3.2.4).

Table A9:Artificial wastewater data collected on®8ctober 201%week 1)

i oo | 0| v | P | S | won | mgy | mon
Dist. from Inlet (cm) Depth: 12cm
88.5 0.220 6.8 86.56 7.19 124 44.21 19.42 7.40
225.5 0.311 7.5 262.84 7.26 13.6 42.55 15.99 2.70
297 0.784 8.5 304.92 7.12 15.1 7.11 1.58 0.00
373 0.390 9.7 294.76 7.03 15.3 30.46 9.83 0.90
521 0.279 287.00 7.20 15.0 18.95 5.90 0.40
600 0.720 10.6 339.24 7.17 14.6 19.18 5.93 0.20
297 (basket) 0.290 9.1 295.54 7.33 141 22.95 7.53 1.50
Dist. from Inlet (cm) Depth: 24cm
88.5 0.231 6.7 193.74 7.37 12.1 43.06 20.29 8.0
2255 0.290 7.2 268.26 7.53 12.9 41.41 17.58 5.7
297 0.259 8.1 283.84 7.20 13.6 31.69 10.87 1.8
373 0.403 9.5 289.84 7.16 15.2 34.17 11.78 2.0
521 0.253 10.2 281.00 7.21 15.0 21.74 6.66 11
600 0.720 10.6 339.24 7.17 14.6 19.18 5.93 0.2
297 (basket) 0.328 9.1 297.84 7.41 13.6 8.89 243 0.0
Dist. from Inlet (cm) Depth: 36cm
88.5 0.272 6.7 171.38 7.41 12.7 48.99 21.52 8.4
2255 0.371 7.1 258.26 7.34 12.9 39.94 17.76 6.3
297 0.368 7.8 260.60 7.41 14.0 54.59 22.80 7.1
373 0.490 9.4 291.24 7.23 14.6 34.88 12.81 2.8
521 0.390 10.0 302.18 7.19 14.7 25.10 7.78 0.7
600 0.720 10.6 339.24 7.17 14.6 19.18 5.93 0.2
297 (basket) 0.433 8.7 265.48 7.44 14.2 12.78 3.56 0.3
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Table A10 Artificial wastewater data collected @ November2015(week 2)

VIS mo | o | ov | P | S | mon | mon | mon
Dist. from Inlet (cm) Depth: 12cm
88.5 0.343 7.5 32.58 7.16 10.7 22.08 10.20 4.20
225.5 0.121 8.1 -2.56 7.21 12.6 17.66 8.65 3.90
297 0.259 8.7 133.78 7.15 13.7 10.00 3.17 0.20
373 0.294 8.5 62.84 7.12 13.6 13.45 5.56 2.30
521 0.211 8.9 171.32 7.15 12.8 11.71 5.56 1.50
600 0.357 9.5 148.96 7.10 16.3 16.49 5.98 1.70
297 (basket) 0.260 9.3 206.02 7.37 13.3 12.97 5.97 2.30
Dist. from Inlet (cm) Depth: 24cm
88.5 0.366 7.4 70.58 7.24 10.7 24.20 11.80 4.2
225.5 0.177 7.9 -45.98 7.23 13.3 17.03 8.88 4.3
297 0.301 8.5 70.96 7.11 13.4 14.86 5.87 1.8
373 0.315 8.5 110.90 7.20 135 10.58 6.06 5.5
521 0.216 8.8 175.26 7.15 12.9 15.32 5.94 2.0
600 0.357 9.5 148.96 7.10 16.3 16.49 5.98 1.7
297 (basket) 0.296 9.1 213.90 7.47 13.5 11.30 4.99 1.3
Dist. from Inlet (cm) Depth: 36cm
88.5 0.496 7.3 5.82 7.25 10.3 28.43 13.17 5.7
225.5 0.230 7.8 -4.42 7.34 10.7 18.86 9.48 3.6
297 0.448 8.3 -62.82 7.16 14.7 20.93 9.89 4.3
373 0.403 8.4 99.84 7.21 13.6 13.38 6.66 25
521 0.255 8.8 188.38 7.13 12.7 14.56 6.01 2.3
600 0.357 9.5 148.96 7.10 16.3 16.49 5.98 1.7
297 (basket) 0.396 9.0 192.20 7.55 13.0 11.50 3.96 0.0
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Table Al11: Artificial wastewatedata collected on fMNovember 201%week 3)

Lloets mo | o | ov | P | S | mon | mon | mon

Dist. from Inlet (cm) Depth: 12cm

88.5 0.222 12.7 -49.0 7.05 13.3 43.67 18.15 11.40
225.5 0.141 12.7 66.0 7.06 13.3 29.07 11.84 6.80
297 0.248 12.8 20.8 7.04 13.6 24.13 9.37 5.00
373 0.329 13.1 44.2 6.88 14.7 23.07 6.90 3.30
521 0.342 13.3 75.36 6.99 15.8 22.76 7.39 3.80
600 0.071 13.4 55.28 7.07 15.9 25.96 7.91 3.70
297 (basket) 0.267 12.8 134.6 7.23 14.0 19.94 6.82 3.80
Dist. from Inlet (cm) Depth: 24cm

88.5 0.270 12.7 -160.9 7.09 13.1 52.30 26.15 15.0
225.5 0.232 12.7 108.1 7.13 13.2 30.18 13.59 8.7
297 0.283 12.8 42.0 7.19 13.4 27.94 12.82 8.6
373 0.378 13.1 62.4 7.05 144 24.55 10.60 6.8
521 0.379 13.3 82.68 7.10 15.4 26.24 10.24 6.2
600 0.071 134 55.28 7.07 15.9 25.96 7.91 3.7
297 (basket) 0.336 12.8 119.6 7.29 14.0 17.29 5.95 2.2
Dist. from Inlet (cm) Depth: 36cm

88.5 0.416 12.6 -112.9 7.16 13.2 60.11 30.34 11.3
2255 0.223 12.7 58.1 7.12 13.2 40.05 15.14 9.7
297 0.411 12.8 53.0 7.22 13.3 30.10 14.13 9.4
373 0.492 13.0 67.5 7.14 14.2 25.19 11.20 7.6
521 0.471 13.2 69.92 7.16 15.1 27.90 11.84 7.9
600 0.071 134 55.28 7.07 15.9 25.96 7.91 3.7
297 (basket) 0.430 12.8 87.7 7.31 13.9 20.14 7.74 44
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Table A12: Artificial wastewater data collected o' November 201%week 4)

Lrovts ma) | (6| v | ™ | O | o) | mgy) | o
Dist. from Inlet (cm) Depth: 12cm
88.5 0.278 10.7 0.2 734 | 114 14.75 8.60 6.30
225.5 0.182 10.2 5.9 725 | 118 14.03 7.74 4.90
297 0.253 105 50.6 724 | 124 7.00 6.55 3.50
373 0.307 10.7 15.7 729 | 122 7.48 8.60 7.30
521 0.293 10.8 67.4 726 | 126 11.91 6.29 3.50
600 0.563 10.9 126.1 722 | 132 13.65 8.92 6.50
297 (basket) 0.279 10.4 63.7 735 | 122 12.21 8.32 6.00
Dist. from Inlet (cm) Depth: 24cm
88.5 0.338 10.7 12.2 741 | 114 16.02 8.78 55
2255 0.257 10.2 21.1 7.30 | 115 13.59 7.52 55
297 0.302 10.5 56.7 729 | 122 7.04 8.22 41
373 0.355 10.7 57.7 735 | 122 7.83 8.98 7.6
521 0.362 10.8 55.5 723 | 125 16.66 12.83 10.2
600 0.563 10.9 126.1 722 | 132 13.65 8.92 6.5
297 (basket) 0.279 10.4 88.9 7.40 | 118 15.11 7.92 438
Dist. from Inlet (cm) Depth: 36cm
88.5 0.400 10.7 31.3 743 | 112 17.24 10.60 7.4
2255 0.374 10.1 34.2 734 | 114 11.86 7.41 4.9
297 0.398 10.4 64.8 721 | 120 14.96 10.66 8.1
373 0.534 10.7 53.5 734 | 125 21.70 18.80 15.3
521 0.437 10.7 62.6 7.30 | 123 2355 25.10 215
600 0.563 10.9 126.1 722 | 132 13.65 8.92 6.5
297 (basket) 0.389 10.3 47.9 750 | 11.9 8.62 5.56 3.9
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Table A13: Artificial wastewater data collected orf'2fovember 201%week 5)

2ohovis ma) | (6| v | ™ | O | o) | mgy) | o
Dist. from Inlet (cm) Depth: 12cm
88.5 0.388 2.6 -12.6 7.32 5.8 25.55 19.69 14.70
225.5 0.274 2.9 4.4 7.30 5.7 26.92 19.79 16.60
297 0.309 3.2 49.1 7.21 6.1 18.76 7.53 5.20
373 0.753 3.6 82.6 7.23 6.7 21.13 9.24 .70
521 0.520 3.9 99.6 7.19 55 12.56 7.30 5.70
600 0.648 3.9 104.7 7.22 5.4 63.31 19.62 12.20
297 (basket) 0.295 3.5 96.1 743 | 6.1 10.96 7.15 5.10
Dist. from Inlet (cm) Depth: 24cm
88.5 0.383 2.5 -0.8 7.38 6.0 42.20 21.70 12.8
2255 0.334 2.8 235 7.38 5.6 30.74 22.73 175
297 0.316 3.1 41.2 7.29 5.9 29.77 15.07 11.6
373 1.057 35 90.9 7.28 6.4 30.99 13.94 9.8
521 0.543 40 101.4 7.27 5.8 28.63 11.47 75
600 0.648 3.9 104.7 7.22 5.4 63.31 19.62 12.2
297 (basket) 0.310 3.4 97.2 7.48 6.0 12.12 6.38 3.3
Dist. from Inlet (cm) Depth: 36cm
88.5 0.511 2.4 10.6 7.43 6.7 55.17 27.59 16.0
2255 0.460 2.7 15.4 7.35 5.8 38.56 33.25 25.2
297 0.468 3.0 49.0 7.30 5.8 38.00 25.86 20.7
373 1.583 35 82.8 7.28 6.5 64.11 30.73 214
521 0.812 40 96.2 7.26 6.0 69.15 2251 15.2
600 0.648 3.9 104.7 7.22 5.4 63.31 19.62 12.2
297 (basket) 0.380 3.4 99.0 7.56 6.3 27.37 10.07 5.7
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Table A14: Artificial wastewater data collected dfi Recember 201%wveek 6)

2Dects ma) | (6| v | ™ | O | o) | mgy) | o
Dist. from Inlet (cm) Depth: 12cm
88.5 0.325 7.9 -20.2 7.05 | 103 36.83 24.50 21.0
225.5 0.209 7.3 5.2 7.18 9.7 16.37 17.87 14.0
297 0.164 7.4 18.1 7.16 9.9 19.98 13.27 10.0
373 0.169 7.6 13.9 741 | 101 19.47 14.99 13.0
521 0.165 7.3 25.1 7.10 9.9 12.44 7.77 6.0
600 0.495 75 67.1 7.15 9.9 48.91 20.86 14.0
297 (basket) 0.180 7.3 22.2 716 | 98 17.90 10.92 7.0
Dist. from Inlet (cm) Depth: 24cm
88.5 0.381 7.9 -14.1 711 | 102 80.43 45.24 33.0
2255 0.285 7.3 9.1 7.19 9.9 25.27 20.49 15.0
297 0.171 7.3 10.2 7.24 9.7 36.39 26.28 27.0
373 0.176 7.6 23.0 7.22 | 100 24.10 18.79 15.0
521 0.175 7.2 22.2 7.16 9.8 26.33 14.53 12.0
600 0.495 75 67.1 7.15 9.9 48.91 20.86 14.0
297 (basket) 0.165 7.3 31.2 7.21 9.8 18.72 11.03 8.0
Dist. from Inlet (cm) Depth: 36cm
88.5 0.541 7.8 24.2 7.03 | 103 | 217.70 | 93.32 55.0
2255 0.536 7.3 -31.4 712 | 107 | 110.00 | 53.29 39.0
297 0.175 7.3 42 7.18 9.7 98.84 43.02 31.0
373 0.232 7.6 -12.1 718 | 101 | 14500 | 62.44 41.0
521 0.205 7.2 17.2 7.19 9.8 62.69 31.11 25.0
600 0.495 75 67.1 7.15 9.9 48.91 20.86 14.0
297 (basket) 0.182 7.3 7.8 7.15 9.8 126.60 | 42.60 24.0
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Table A15: Artificial wastewater data collected dhBecember 2018week 7)

S Dects ma) | (6| v | ™ | O | o) | mgy) | o
Dist. from Inlet (cm) Depth: 12cm
88.5 0.281 6.6 -10.9 6.56 | 13.1 46.98 16.84 12.00
225.5 0.232 6.3 15.7 6.62 | 154 26.72 14.85 12.00
297 0.204 6.4 -0.8 6.55 | 14.7 40.81 10.80 8.00
373 0.173 7.2 -27.9 6.63 | 14.9 39.68 15.67 12.00
521 0.139 6.7 5.0 6.72 | 16.2 71.54 16.66 12.00
600 0.383 6.7 37.0 655 | 16.3 47.18 18.40 15.00
297 (basket) 0.200 6.8 6.5 703 | 125 37.96 15.64 15.00
Dist. from Inlet (cm) Depth: 24cm
88.5 0.368 6.5 10.3 6.77 | 111 60.77 19.01 12.0
2255 0.269 6.2 12.4 6.65 | 14.4 40.51 15.68 12.0
297 0.238 6.3 -19.7 6.74 | 145 47.71 17.30 14.0
373 0.219 7.0 -33.2 6.59 | 153 43.14 16.81 13.0
521 0.254 6.5 5.6 6.94 | 157 43.47 17.67 13.0
600 0.383 6.7 37.0 6.55 | 16.3 47.18 18.40 15.0
297 (basket) 0.231 6.8 8.0 7.02 | 133 48.77 13.68 12.0
Dist. from Inlet (cm) Depth: 36cm
88.5 0.541 6.3 -12.5 6.94 | 109 63.84 23.12 15.0
2255 0.367 6.1 105 6.92 | 141 43.45 17.47 16.0
297 0.241 6.2 -45.3 6.77 | 13.9 54.21 19.64 16.0
373 0.365 6.9 2.8 6.57 | 146 38.96 17.24 15.0
521 0.318 6.4 9.4 7.07 | 155 46.03 18.06 15.0
600 0.383 6.7 37.0 6.55 | 16.3 47.18 18.40 15.0
297 (basket) 0.325 6.8 2.9 714 | 135 75.87 14.42 10.0
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AWW Data for 2016

The tables in this section give the data collected at three depths at each internal sampling location up to
10 weeks aftethe introduction of artificial wastewater into the system. The data from the wetland inlet
and outlet for these experiments is given in Chapter 3 (section 3.2.4).

Table A16: Artificial wastewater data collected chilly 2016(week 1)

1-Juk6 DO Teomp Redox pH Teomp TOC TN NH*
(mg/L) (°©) (mV) (°C) (mg/L) (mg/L) (mg/L)

Dist. from Inlet (cm) Depth: 12cm
108 1.010 19.5 -52.52 6.22 | 26.9 5.88 20.56 1.80
225.5 0.349 20.0 2796 | 605 | 287 4.36 17.34 0.00
297 0.352 20.6 -13.36 | 6.16 | 29.2 4.88 21.60 0.00
373 0.433 20.8 4520 | 641 | 32.0 4.24 13.48 0.50
527 0.451 23.9 17.76 6.32 | 304 1.97 11.16 0.00
600 0.463 24.7 25.28 6.65 | 312 3.31 14.05 0.00
297 (basket) 0.382 20.6 -0.92 6.46 | 27.4 3.77 13.47 0.00

Dist. from Inlet (cm) Depth: 24cm
108 1.500 19.4 2036 | 644 | 26.7 23.82 13.37 6.60
225.5 0.425 19.8 -49.92 | 638 | 274 28.88 4.95 0.00
297 0.422 20.6 2976 | 607 | 29.7 20.06 4.79 0.10
373 0.448 20.7 -43.90 | 6.26 | 315 13.57 430 0.40
527 0.683 23.9 14.92 6.30 | 318 13.20 3.48 0.20
600 0.463 247 25.28 6.65 | 312 14.05 3.31 0.00
297 (basket) 0.445 20.6 14.44 6.23 | 282 10.92 4.23 0.10

Dist. from Inlet (cm) Depth: 36cm
108 2.670 19.3 6.96 6.85 | 263 35.52 19.93 7.90
2255 0.554 19.7 -50.84 | 655 | 27.3 25.40 7.34 1.90
297 0.522 205 -18.08 | 634 | 27.6 19.30 5.43 1.30
373 0.583 20.7 -36.90 | 643 | 315 14.28 434 0.20
527 0.937 23.8 16.98 6.29 | 317 12.67 3.62 0.00
600 0.463 24.7 25.28 6.65 | 312 14.05 3.31 0.00
297 (basket) 0.646 20.6 24.28 6.28 | 284 13.64 3.58 0.10
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Table A17: Artificial wastewatedata collected on7July 2016(week 2)

7-Juk6 DO thmp Redox pH Timp TOC TN NH*
(mg/L) (°C) (mV) (°C) | (mglt) | (mglL) | (mg/L)
Dist. from Inlet (cm) Depth: 12cm
108 0.864 16.2 2724 | 657 | 204 24.98 9.98 6.20
225.5 0.470 16.7 -15.28 6.20 | 238 17.04 4.42 0.00
297 0.449 17.7 2456 | 576 | 282 22.33 5.68 0.50
373 0.646 17.8 -56.92 548 | 29.9 15.61 4.92 0.60
527 0.360 18.9 -8.60 544 | 295 10.99 3.19 4.70
600 0.540 18.9 41.44 550 | 257 14.56 3.59 2.00
297 (basket) 0.466 17.7 1.00 6.45 | 250 16.67 452 0.90
Dist. from Inlet (cm) Depth: 24cm
108 1.101 16.1 2554 | 6.60 | 20.9 34.37 21.35 13.20
2255 0.343 16.7 4938 | 624 | 223 23.83 4.83 0.20
297 0.565 17.7 2884 | 608 | 27.3 19.83 10.73 3.50
373 0.425 17.8 -58.32 | 563 | 27.9 17.29 6.07 3.30
527 0.353 18.8 7.20 556 | 285 14.60 3.73 0.00
600 0.540 18.9 41.44 550 | 257 14.56 3.59 2.00
297 (basket) 0.551 17.6 14.92 6.43 | 251 17.69 4.94 1.20
Dist. from Inlet (cm) Depth: 36cm
108 1.940 16.1 3652 | 679 | 19.4 37.52 25.72 22.60
2255 0.447 16.7 3892 | 644 | 232 24.97 9.95 5.80
297 0.735 17.7 4284 | 628 | 27.3 19.54 12.00 7.70
373 0.460 17.8 -47.80 | 577 | 285 16.82 5.50 1.80
527 0.324 18.8 3.40 557 | 27.0 14.22 3.79 1.30
600 0.540 18.9 41.44 550 | 257 14.56 3.59 2.00
297 (basket) 0.749 17.6 20.94 6.28 | 20.1 15.79 450 2.10
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Table A18: Artificial wastewater data collected o' Tily 2016(week 3)

15JuHo ma | ol o | " | S | mgn | gy | mau

Dist. from Inlet (cm) Depth: 12cm

108 0.434 16.1 -98.72 | 694 | 159 5.71 13.01 15.30
225.5 0.310 16.4 -45.12 6.61 | 16.4 5.53 1.32 0.30
297 0.255 16.8 -60.20 | 656 | 165 11.51 2.58 1.60
373 0.351 16.7 -15.44 659 | 16.8 5.88 1.84 0.60
527 0.343 16.9 13.28 6.32 | 184 4.39 1.03 1.00
600 0.518 16.9 7.36 6.30 | 183 5.63 1.43 1.00
297 (basket) 0.459 16.3 1508 | 656 | 176 5.82 1.84 0.70
Dist. from Inlet (cm) Depth: 24cm

108 0.516 161 | -10056 | 691 | 157 11.50 15.72 175
2255 0.338 16.3 -81.88 | 6.68 | 16.1 10.67 2.25 0.7
297 0.305 16.8 -85.44 | 655 | 16.8 10.45 6.49 6.9
373 0.429 16.7 -16.44 | 656 | 16.8 4.94 1.35 0.5
527 0.318 16.8 -9.68 652 | 17.1 5.29 1.50 0.9
600 0.518 16.9 7.36 6.30 | 183 5.63 1.43 1.0
297 (basket) 0.571 17.1 -2.04 6.64 | 188 6.79 1.92 1.0
Dist. from Inlet (cm) Depth: 36cm

108 0.777 16.1 -88.56 | 6.98 | 157 10.18 12.65 15.4
2255 0.382 163 | -10296 | 6.76 | 16.2 9.13 9.15 8.1
297 0.336 16.8 -70.44 | 656 | 16.8 1351 5.82 8.7
373 0.630 16.7 1760 | 657 | 17.0 5.46 1.62 15
527 0.346 16.8 -11.76 | 658 | 17.2 4.89 1.18 0.8
600 0.518 16.9 7.36 6.30 | 183 5.63 1.43 1.0
297 (basket) 0.645 17.1 -1.92 6.71 | 17.4 3.76 1.52 1.7
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Table A19: Artificial wastewater data collected orit2uly 2016(week 4)

2l-uie ma | ol o | " | S | mgn | gy | mau
Dist. from Inlet (cm) Depth: 12cm
108 0.427 205 12596 | 6.82 | 21.6 20.82 15.35 8.30
225.5 0.322 20.8 -81.56 650 | 226 15.77 3.13 0.00
297 0.563 21.1 9528 | 647 | 23.8 33.18 454 0.00
373 0.317 21.2 -36.00 6.25 | 250 11.18 2.03 0.00
527 0.327 22.2 -19.08 | 627 | 276 9.95 1.61 0.00
600 1.073 23.6 4.68 6.24 | 279 16.10 3.17 0.00
297 (basket) 0.466 20.9 2874 | 647 | 229 10.87 2.81 0.00
Dist. from Inlet (cm) Depth: 24cm
108 0.500 205 | -133.90 | 7.01 | 215 22.33 21.17 12.8
2255 0.364 208 | -111.44 | 667 | 224 12.06 6.82 0.5
297 0.774 211 | -109.28 | 656 | 23.8 12.97 11.33 47
373 0.327 21.2 51.82 | 626 | 247 11.82 2.46 0.0
527 0.333 221 -25.84 | 630 | 27.3 10.27 2.18 0.0
600 1.073 23.6 4.68 6.24 | 27.9 16.10 3.17 0.0
297 (basket) 0.567 20.9 -18.80 | 6.55 | 23.0 10.35 3.04 0.0
Dist. from Inlet (cm) Depth: 36cm
108 0.720 205 | -124.78 | 7.04 | 213 21.47 22.84 12.4
2255 0.396 208 | -119.26 | 671 | 22.1 11.24 11.98 5.1
297 1.127 211 | -100.98 | 656 | 23.3 10.92 14.24 47
373 0.371 21.2 7476 | 627 | 24.6 12.30 4.42 1.2
527 0.367 221 3820 | 631 | 265 12.37 2.49 0.0
600 1.073 23.6 4.68 6.24 | 27.9 16.10 3.17 0.0
297 (basket) 0.781 20.9 -30.80 | 659 | 23.0 11.16 3.95 0.0
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Table A20: Artificial wastewater data collected or'2aly 2016(week 5)

29JuHe ma | ol o | " | S | mgn | gy | mau
Dist. from Inlet (cm) Depth: 12cm
108 0.532 26.1 6244 | 681 | 26.8 11.82 3.53 0.50
225.5 0.361 28.6 -75.48 741 | 281 18.62 3.02 0.00
297 0.321 27.3 15548 | 6.81 | 28.1 15.63 1.55 0.00
373 0.409 30.4 -87.18 631 | 303 25.69 1.74 0.00
527 0.309 29.1 -37.36 | 691 | 30.6 17.27 1.94 0.00
600 0.690 31.6 18.48 6.80 | 29.4 61.55 9.53 0.00
297 (basket) 0.422 31.1 2736 | 671 | 292 15.96 1.58 0.00
Dist. from Inlet (cm) Depth: 24cm
108 0.492 27.1 5376 | 712 | 27.2 9.68 4.36 1.9
2255 0.482 29.2 -87.12 | 6.86 | 30.2 21.49 4.72 0.5
297 0.347 29.1 | -142.68 | 6.28 | 29.6 13.53 1.54 0.0
373 0.426 28.1 -89.68 | 6.66 | 29.6 29.50 1.72 0.0
527 0.312 30.1 4212 | 679 | 30.2 10.44 1.56 0.0
600 0.690 316 18.48 6.80 | 29.4 61.55 9.53 0.0
297 (basket) 0.421 28.1 -47.18 | 657 | 30.3 18.61 2.97 0.0
Dist. from Inlet (cm) Depth: 36cm
108 0.473 27.2 -59.84 | 7.02 | 27.3 12.86 6.90 2.4
2255 0.390 30.0 -89.06 | 6.83 | 30.1 24.92 4.83 1.4
297 0.329 306 | -11848 | 6.39 | 28.1 15.66 1.42 0.0
373 0.400 28.6 7712 | 668 | 289 39.34 3.02 3.1
527 0.322 30.2 -44.48 | 681 | 30.8 12.09 1.61 0.0
600 0.690 316 18.48 6.80 | 29.4 61.55 9.53 0.0
297 (basket) 0.433 27.2 7872 | 667 | 31.2 23.48 5.08 0.9
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Table A21 Artificial wastewater data collected off August 201@week 6)

CRLETY ma) | (6| v | ™ | O | o) | mgy) | o

Dist. from Inlet (cm) Depth: 12cm

108 0.620 26.0 -48.80 | 6.26 | 26.0 29.42 3.47
225.5 0.595 26.3 -91.08 632 | 276 17.55 1.35
297 0.596 26.1 3752 | 636 | 26.9 4.89 1.03
373 0.452 27.4 -16.00 6.44 | 300 5.65 1.35
527 0.431 27.2 -10.84 | 634 | 27.3 11.15 1.24
600 0.982 27.1 57.94 6.32 | 30.1 38.81 5.41
297 (basket) 0.528 26.8 -63.44 | 636 | 268 9.63 1.60
Dist. from Inlet (cm) Depth: 24cm

108 0.592 26.0 63.96 | 624 | 26.2 29.08 3.38
2255 0.692 26.3 7784 | 627 | 273 20.21 1.96
297 0.629 26.2 -76.04 | 632 | 26.3 6.18 1.16
373 0.491 27.4 -18.48 | 645 | 30.8 6.82 1.38
527 0.460 27.2 -15.06 | 6.38 | 30.1 8.62 1.36
600 0.982 27.1 57.94 6.32 | 301 38.81 5.41
297 (basket) 0.532 26.8 7552 | 631 | 26.9 13.27 2.19
Dist. from Inlet (cm) Depth: 36cm

108 0.587 26.0 -67.76 | 628 | 27.2 37.48 4.98
2255 0.780 26.1 61.16 | 6.38 | 27.7 23.06 3.31
297 0.686 26.2 -70.48 | 627 | 25.6 8.58 1.35
373 0.339 27.4 -7.60 6.61 | 27.0 11.76 2.05
527 0.423 27.2 -7.12 6.31 | 302 8.15 1.42
600 0.982 27.1 57.94 6.32 | 301 38.81 5.41
297 (basket) 0.614 26.8 8352 | 638 | 26.9 20.81 2.63
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Table A22 Artificial wastewater data collected onAugust 201gweek 7)

AR ma) | (6| v | ™ | O | o) | mgy) | o
Dist. from Inlet (cm) Depth: 12cm
108 0.507 14.6 -98.20 | 640 | 19.0 19.30 26.93 22.50
225.5 0.416 15.2 -48.00 589 | 200 13.20 3.84 1.10
297 0.397 15.7 -8.52 556 | 19.4 12.24 1.62 0.00
373 0.377 16.7 -27.20 545 | 265 10.92 1.69 0.00
527 0.285 16.6 3.56 555 | 224 10.37 1.62 0.00
600 0.481 19.9 -14.18 6.08 | 203 23.52 3.02 0.00
297 (basket) 0.430 16.0 -33.96 | 576 | 187 11.26 417 1.90
Dist. from Inlet (cm) Depth: 24cm
108 0.592 14.6 -115.16 | 659 | 17.7 10.02 18.06 16.0
2255 0.466 15.7 -84.06 | 598 | 20.1 20.72 17.11 14.7
297 0.479 15.6 -69.00 | 556 | 20.0 21.28 3.91 1.4
373 0.442 16.6 -39.44 | 548 | 26.8 8.76 1.56 0.0
527 0.670 16.5 3474 | 559 | 22.9 14.15 1.89 0.0
600 0.481 19.9 1418 | 6.08 | 20.3 23.52 3.02 0.0
297 (basket) 0.511 16.0 -23.04 | 576 | 18.8 11.69 3.69 0.5
Dist. from Inlet (cm) Depth: 36cm
108 0.813 145 -111.36 | 6.73 | 16.7 25.12 26.09 23.1
2255 0.469 14.9 93.76 | 6.04 | 19.7 18.55 17.09 16.8
297 0.766 16.0 -81.16 | 569 | 23.6 26.12 17.00 14.0
373 0.530 16.6 63.80 | 552 | 26.0 10.03 7.24 8.3
527 1.046 16.5 -44.74 | 552 | 22.9 30.29 7.11 43
600 0.481 19.9 1418 | 6.08 | 20.3 23.52 3.02 0.0
297 (basket) 0.785 15.9 -7.76 583 | 19.7 10.69 3.78 15
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Table A23 Artificial wastewater data collected on™8ugust 201gweek 8)

AL ma | ol o | " | S | mgn | gy | mau
Dist. from Inlet (cm) Depth: 12cm
108 0.449 15.4 -85.86 | 6.22 | 23.1 29.63 34.47 20.30
225.5 0.391 15.7 -71.30 586 | 305 10.52 2.25 0.00
297 0.485 16.7 -80.94 | 6.02 | 349 12.93 2.29 0.10
373 0.458 17.7 -35.46 581 | 341 7.15 1.37 0.00
527 0.425 185 -17.16 | 6.06 | 33.6 9.25 1.47 0.00
600 0.658 22.2 -2.82 6.98 | 347 17.28 2.49 0.00
297 (basket) 0.552 16.4 -81.16 | 599 | 336 9.59 2.32 0.00
Dist. from Inlet (cm) Depth: 24cm
108 0.473 153 | -13392 | 666 | 19.9 11.05 24.73 205
2255 0.444 157 | -10156 | 591 | 28.2 23.32 10.63 5.0
297 0.596 16.6 -99.64 | 6.12 | 344 16.99 12.08 7.9
373 0.548 17.6 53.76 | 583 | 34.6 7.66 1.39 0.0
527 0.473 18.4 -45.40 | 599 | 34.0 9.37 1.63 0.0
600 0.658 22.2 -2.82 6.98 | 347 17.28 2.49 0.0
297 (basket) 0.647 16.4 -42.14 | 6.02 | 31.9 11.44 3.12 0.0
Dist. from Inlet (cm) Depth: 36cm
108 0.879 154 | -12796 | 6.90 | 187 12.76 8.71 46
2255 0.522 15.6 -86.92 | 6.03 | 274 29.61 17.82 11.2
297 0.919 16.4 -95.16 | 6.26 | 33.6 43.44 17.81 13.8
373 0.778 175 -87.94 | 589 | 349 37.14 4.83 1.1
527 0.799 18.2 3158 | 6.05 | 34.3 10.54 2.03 0.0
600 0.658 22.2 -2.82 6.98 | 347 17.28 2.49 0.0
297 (basket) 0.829 15.8 -8.02 6.06 | 317 9.38 2.69 0.0
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Table A24 Artificial wastewater data collected onBugust 201gweek 9)

AL ma | ol o | " | S | mgn | gy | mau
Dist. from Inlet (cm) Depth: 12cm
108 0.449 18.9 11004 | 622 | 26.3 18.84 9.50 5.60
225.5 0.391 19.7 -41.28 542 | 338 3.94 1.05 0.00
297 0.485 21.4 -64.80 | 564 | 385 5.67 0.7356 0.00
373 0.458 21.2 -25.32 594 | 404 6.44 0.7424 0.00
527 0.425 22.2 -19.84 | 546 | 42.3 10.62 | 0.9675 0.00
600 0.658 22.3 -74.42 6.02 | 307 6.32 1.80 0.10
297 (basket) 0.552 21.2 0.44 575 | 357 7.79 1.81 0.00
Dist. from Inlet (cm) Depth: 24cm
108 0.893 189 | -12846 | 673 | 241 24.02 21.97 17.6
2255 0.710 19.6 63.20 | 582 | 320 5.98 1.17 0.0
297 0.761 214 -73.40 | 543 | 380 3.62 1.14 0.0
373 0.686 21.2 55.68 | 5.66 | 39.6 6.23 0.8010 0.0
527 0.598 222 4436 | 551 | 417 8.29 0.9111 0.0
600 0.056 223 7442 | 602 | 307 6.32 1.80 0.1
297 (basket) 0.310 212 | -108.44 | 6.00 | 324 4.72 1.33 0.0
Dist. from Inlet (cm) Depth: 36cm
108 1.531 189 | -12232 | 695 | 222 24.18 28.62 22.6
2255 0.848 19.6 96.30 | 601 | 305 13.75 3.75 1.7
297 0.957 21.3 -98.00 | 586 | 375 6.59 6.55 4.9
373 1.027 21.1 5216 | 5.36 | 40.2 5.38 1.17 0.0
527 0.735 221 2748 | 6.05 | 406 7.25 0.8736 0.0
600 0.056 223 7442 | 602 | 307 6.32 1.80 0.1
297 (basket) 3.026 21.1 -8.16 552 | 352 7.28 1.37 0.0
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Table A25 Artificial wastewater data collected oft September 2016veek 10)

SR ma | ol o | " | S | mgn | gy | mau
Dist. from Inlet (cm) Depth: 12cm
108 0.501 18.2 -101.16 | 646 | 23.6 17.55 6.54 5.90
225.5 0.654 17.5 -85.68 657 | 228 17.27 5.82 0.00
297 0.624 18.8 6558 | 599 | 24.3 20.37 1.89 0.00
373 0.468 18.6 -48.64 584 | 283 14.95 1.65 0.00
527 0.438 19.6 -30.08 | 577 | 31.8 12.72 1.32 0.00
600 0.082 19.6 -71.24 634 | 278 10.99 1.23 0.00
297 (basket) 1.171 17.6 6564 | 612 | 258 14.63 6.20 4.30
Dist. from Inlet (cm) Depth: 24cm
108 0.618 182 | -11128 | 6.07 | 23.8 16.39 7.61 49
2255 0.503 17.4 | -11880 | 650 | 23.0 10.94 9.80 8.6
297 0.640 187 | -109.16 | 593 | 252 24.21 8.46 6.6
373 0.638 18.6 7860 | 599 | 27.0 15.90 1.76 0.0
527 0.519 19.5 -75.08 | 584 | 31.8 14.81 1.46 0.0
600 0.082 19.6 7124 | 634 | 27.8 10.99 1.23 0.0
297 (basket) 0.780 175 | -12004 | 673 | 26.3 11.61 5.88 5.1
Dist. from Inlet (cm) Depth: 36cm
108 1.030 17.8 | -10852 | 6.12 | 24.2 14.17 10.00 8.6
2255 0.820 17.4 | -107.28 | 656 | 23.8 9.94 1157 10.7
297 1.150 18.7 -97.16 | 678 | 25.2 24.13 8.66 6.0
373 1.040 18.6 -97.00 | 6.13 | 250 10.26 6.07 0.0
527 0.533 19.4 -62.12 | 5.88 | 30.2 9.61 1.49 0.0
600 0.082 19.6 7124 | 634 | 27.8 10.99 1.23 0.0
297 (basket) 0.928 175 -90.04 | 669 | 234 12.88 6.47 36
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Calculation of the contaminant loading for the 2016 AWW experiments
The data used to support the calculation of the inlet and outlet contaminant loading idstmwn
The AWW was first introduced into the system off 28ne 2016.

Table A26:Average weekly ambient temperatures, bed temperatures, inlet and outlet dissolved oxygen

concentrations and inlet and outlet redox potentials during the 2016 artifasgdwater experiments

Date Avg. temp | Bed temp Sat. Q DO inlet | DO outlet Redox Redox
(2016) (°C) °C) (mg/L) (mg/L) (mg/L) inlet (mV) outlet
(mV)
week 1 1-Jul 29.4 21.7 8.83 8.560 0.463 155.3 25.28
week 2 7-Jul 26.1 18.0 9.50 8.938 0.540 95.9 41.44
week 3 15-Jul 17.1 16.8 9.74 9.220 0.518 187.7 7.36
week 4 21-Jul 24.5 21.4 8.88 8.290 1.073 81.5 4.68
week 5 29-Jul 28.9 26.2 8.13 9.001 0.690 94.1 18.48
mean 8.802
std dev. 0.372
week 6 4-Aug 27.8 26.0 8.16 8.530 0.982 113.3 57.94
week 7 11-Aug 20.9 16.8 9.74 8.770 0.481 40.7 -14.18
week 8 18-Aug 32.1 17.9 9.52 9.100 0.658 78.0 -2.82
week 9 25-Aug 35.4 21.1 8.92 10.450 0.056 157.7 -74.42
week 10 1-Sep 26.3 20.9 8.96 7.730 0.082 87.9 -71.24
mean 8.916
std dev. 0.995

Tables A28 and A28how the calculations of the hydrabading rates. Table AZhows the chemical

species labelling and the average baseline data for comparison.

Table A27 Average baselin@OC (A) and TN (B) loadingluring the 2016 period of observation

Avg. baseline concentration
Chemical (mg/L)
Species Symbol | Apr'l6 | May'16 | June'l6
TOC A 424 5.42 6.46
TN B 3.58 2.16 1.14
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Table A28:Average weekly inlet and outlet wetland flow rates with the measured inlet and outlet concentrations of TOC and thedoogregdoaulic loads for the 2016
experimental period

Date | *Qn (L) | Qn(L/d) | _ 6| *Qou(L/h) | Qui(Lid) | Go(mg/l) | mao(g/d) | HLRo | HLRo | Ga(mg/l) | ma(o/d) | HLR HLR
(2016) (g/m2d) | (g/m3.d) (g/m2.d) (g/m3.d)
week 1 1-Jul 6.35 152.5 7.58 5.90 141.7 82.99 12.65 1.84 10.95 14.05 1.99 0.290 1.722
week 2 7-Jul 5.99 143.7 8.05 5.17 124.2 82.62 11.87 1.73 10.27 14.56 1.81 0.263 1.564
week 3 15-Jul 6.07 145.6 7.94 5.17 124.2 66.21 9.64 1.40 8.34 5.63 0.70 0.102 0.605
week 4 21-Jul 6.63 159.2 7.26 5.72 137.2 92.43 14.72 2.14 12.73 16.10 2.21 0.322 1.910
week 5 29-Jul 5.75 138.0 8.38 4.74 113.8 68.60 9.46 1.38 8.19 16.16 1.84 0.268 1.590
mean 6.2 147.8 5.3 128.2 78.57 11.79 1.72 10.1
std dev. 0.3 7.4 0.4 10.0 10.96 8.39 1.22 1.7
week 6 4-Aug 3.70 88.7 13.0 2.60 62.5 352.0 31.22 4.54 27.00 38.81 2.42 0.353 2.096
week 7 11-Aug 4.63 1111 104 4.60 110.3 97.01 10.78 1.57 9.32 23.52 2.59 0.378 2.244
week 8 18-Aug 3.38 81.1 14.3 4.13 99.1 69.45 5.63 0.82 4.87 17.28 1.71 0.249 1.481
week 9 25-Aug 11.69 280.6 4,12 13.0 312.8 4.31 1.21 0.18 1.05 6.32 1.98 0.288 1.710
week 10 | 1-Sep 6.56 157.5 7.34 3.72 89.4 93.32 14.70 2.14 12.72 10.99 0.98 0.143 0.849

agverage weekly inlet flowrate

baverage weekly outlet flowrate
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Table A29:Average weekly inlet and outlet wetland flow rates with the measured inlet and outlet concentrations of TN and the d¢ogrégpoadlic loads for the 2016
experimental period

Date Qn(L/M) | Qu(id) |~ 6| PQou(L/h) | Qou(L/d) | Geo(mg/L) | meo(g/d) | HLRo HLRo | G(mg/L) | ms(g/d) HLR HLR
(2016) (g/m2d) | (g/m3.d) (g/m2.d) | (g/ms3.d)
week 1 1-Jul 6.35 152.5 7.58 5.90 141.7 36.04 5.50 0.80 4.75 3.31 0.469 0.0683 | 0.406
week 2 7-Jul 5.99 143.7 8.05 5.17 124.2 35.65 5.12 0.75 4.43 3.59 0.446 0.0649 | 0.386
week 3 15-Jul 6.07 145.6 7.94 517 124.2 31.18 4.54 0.66 3.93 1.43 0.178 0.0258 | 0.154
week 4 21-Jul 6.63 159.2 7.26 5.72 137.2 42.72 6.80 0.99 5.88 3.17 0.435 0.0633 | 0.376
week 5 29-Jul 5.75 138.0 8.38 4.74 113.8 30.12 4.16 0.60 3.59 9.53 1.084 0.1578 | 0.938
mean 6.2 147.8 5.3 128.2 35.1 5.31 0.77 45
std dev. 0.3 7.4 0.4 10.0 5.0 3.73 0.54 0.8
week 6 4-Aug 3.70 88.7 13.0 2.60 62.5 156.10 13.85 2.02 11.97 541 0.338 0.0492 | 0.292
week 7 11-Aug 4.63 1111 104 4.60 110.3 44.63 4.96 0.72 4.29 3.02 0.333 0.0485 | 0.288
week 8 18-Aug 3.38 81.1 14.3 4.13 99.1 28.29 2.29 0.33 1.98 2.49 0.247 0.0359 | 0.213
week 9 25-Aug 11.69 280.6 4.12 13.0 312.8 1.54 0.43 0.06 0.37 1.80 0.563 0.0820 | 0.487
week 10 1-Sep 6.56 157.5 7.34 3.72 89.4 38.45 6.06 0.88 5.24 1.23 0.110 0.0160 | 0.095

agverage weekly inlet flowrate
baverage weekly outlet flowrate

Internal contaminant degradation and transformation
The TOC, TN, DO and redox profiles at deptiid2 cm)and 3(36 cm)for the 2016 experimental period are presentdddgares Aland A2below. The plots
for depth 2 are presented in Chapter 7 (FiguBeand Figure -B).
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Figure A1:TOC and TN profiles at 12 cm and 36 below the surface during the 2016 experimental period
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Internal contaminant loading profile
This section gives the data and calculations supporting the development of the concentration density
profile in Chapter 7The linear correlation between the volumetric flow rate and distance from the
wetland inlet is illustrat@ in Figure A3. The measured vegetation density for the period April to
November 2016 is summarized in Table A@td is the basiof Figure E6 (Appendix E)Xinally,
vegetation density is plotted against the distance from the wetlandnimtajure A4andthe best fit
trend line determined by trial and error

6.0

5.9

5.8

5.7

5.6

5.5
y=-0.125%+5.879
R?=1.000

5.4

Flow rate (m3/s)

5.3
5.2
5.1

5.0
0 1 2 3 4 5 6 7

Distance frominlet (m)

Figure A3:The linear correlation (by assumption) between the volumetric flow rate and the distance from the
wetland inlet

Table A30 Measured vegetation density from April to November 2016

Zone Zone Designation +SASGE GA 2 y(sRBsYAA G & 3
(cm) April May June July | August | September| October | November
1 Oto 108 84 118 314 325 361 408 438 460
2 108 to 225.5 79 133 313 322 354 398 425 445
3 225.5 to 297 41 97 284 296 330 375 404 425
4 297 to 373 75 83 245 255 285 324 349 368
5 37310 527 66 79 176 183 202 225 240 251
6 527 to 600 50 65 124 130 143 156 166 173
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Figure A4: Vegetation density versus distance from the wetland inlet with the best fit trend line (polynomial,
degree 2)
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Appendix B: Matlab Code for Flow Test Data Analysis

This section presents the Matletde written for the analysis of the tracer flow test data. The code was
written with the help of Dr Marie Kurz, formerly a scientist in the Department of Hydrogeology at the
Helmholtz UFZ in Leipzig, Germany. The code was written as a series of mastetien files; each
calling on various function .m files. The running of the code is first, briefly, described and then provided

below in fully annotated format.

The field data was generated by the field fluorometers, which detected the Uranine aratiracoitt

volt (mV) signal which was related to the concentration of Uranine in solution. At the completion of
eachflow test, the .mV file was downloaded from the instrument using a specialised software (GGUN
Fluorometer) and then run through the Mattale, which is described in Table Bhe .mV files are
provided on the CD due to data voluniEhe inputs and outputs of the MasterCals_SS.m and
MasterCalcs_NSS.m execution codes are presented in the flow test data in Appendix C.

Table B1: Descriptionf the Matlab master execution files and the related function .m files

Matlab execution | Function .m file name

. ) o Description
file name (required by execution file)
Processetheraw experimental data
The input is the .mV data fileom the fluorometer
read.m )
(provided on the CD).
Data calibration script (convensV data from
MasterDataProc.n cal.m fluorometer to corresponding concentration of
Uranine).
Extracts the data from the start of the tracer flow tes
extract.m
the end of the tracer flowge
myfilter.m To smooth experimental data (remove excessive no

Performs a best approximation exponential curve fit
the tail of the data (only in the isolated cases where
flow test was terminated earlylhe input is the
converted, calibrated and extracted data from

MasterTailFit.m
MasterDataProc.m.

Mathematically computes the RTD tail using the raw

append.m _ _ _
experimental data and an exponential trendline.
myfilter.m To smooth experimental data (remove excessive no
Performs the hydraulic calculatioassuminga steady
MasterCalcs_SS state volumetric flow rate (i.e. using the average of t

volumetric flow rates recorded by the inlet and outlet
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pump data loggers). The input is trmoothed
concentration/time data from MasterDataProc.m or
MasterTailFit.m.

Calculates the volume of the wetland, taking into

volume.m
account the gravel porosity.

Inflow.m Data collected from the inlet pump.

Outflow.m Data collected from the outflow pump.
Performs the hydraulic calculationsing the modified
method for non-steady flow(i.e. using the complete
volumetric flow rate vectors recorded by the inlet an
outlet pump data loggers). The input is the smoothe

MasterCals_NSS o

concentration/time data from MasterDataProc.m or
MasterTailFit.m.

Inflow.m Data collected from the inlet pump.

Outflow.m Data collected from the outflow pump.
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% MasterDataProc.m
% Pre - processing of experimental data

close
clear

all
all

% => USER TO SPECIFY THE FOLLOWING:

% =>

% =>

path(path, 'C:/users/aylward/Desktop/MATLAB/Final2017 )
flu_file = '7iii_f025.mv' ;
f = 625;

c_cal_Uranine = 70.0;
P1l = datenum([2016 08 22 12 35 00]);
P1F = datenum([2016 09 15 12 32 00]);

%

% working directory

% experimental data file

% number of fluorometer

% Uranine calibration conc. (ppb)

% Time of injection (YYYY MM DD hh mm ss)

% End Time of flow test (YYYY MM DD hh mm ss)

% User instructions for this sub - section:

% 1. Set P1S_ind = 0 (see next OPTIONAL section below)
% 2. Run script to BREAK 1

% 3. In Figure (1), determine calibration windows:

ind_ura = 104:105;
ind_blank = 27220:32820;
% 4. Comment out section (2.1)
% 5. Re - run script to BREAK 2 - check figure (2)

[

(¢

% s e

% THIS SECTION IS OPTIONAL

% Determine 'data start time' (P1S) by visual inspection
% To eliminate false +ve conc. before the peak

% (set all conc. prior to first attainment of Oppb to zero)

% User instructions for this section:
% 1. Run script to BREAK 2
% 2. In Figure (2), find the first zero conc. af
% 3. Export cursor data to workspace and record 'Datalndex'’:
Datalndex =
P1S_ind = 27111;
% 4. Comment out section (2.2)

% Uranine calibration window (by data index)
% Baseline calibration window (by data index)

ter calibration but before the peak
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% 5. Re -run scriptto BREAK 3 - check figur

%

% NOW PROCEED TO RUNNING REMAINING SECTIONS AFTER BREAK 3
% Itis recommended that each new section be run individually and in numerical order

% Follow instructions as they appear

%% (1) Import data into MATLAB

[DateNum, Uranine_mv, Temperature] = read (flu_file);
%% (2) Calibrate data & convert mV to conc. (p pb)
% %  (2.1) Plot Uranine mV data to determine calibration windows
% figure(21)
% plot(Uranine_mv, 'g");
% xlabel('Data index’)
% ylabel('Uranine mV')
% titte('Raw data for determination of calibration window")
% BREAK 1
[C1]= [@al(Uranine_mv, Temperature, c_cal_Uranine, ind_ura, ind_blank);
% %  (2.2) Plot ca librated Uranine conc. data
% figure(22)
% plot(DateNum, C1(:,1), 'g";
% datetick('x', 'dd/mm - HH', 'keepticks', 'keeplimits');
% xlabel('Date & time (dd/mm - hr)Y);
% ylabel('[Uranine 1 (ppb)");
% title('Calibrated Uranine conc.");
% BREAK 2

%% (3) Extract BTC from full time series (starting @ time of injection)
[E1] = extract (DateNum, C1, P1l, P1S_ind, P1F);

% =>
save( '7ii_BTC_EI' , 'E1'")
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% (3.1) Plot Uranine BTC (i.e Uranine conc. (ppb) vs time (hrs since inj))

figure(31)
plot(E1(:,3), E1(;,2)); hold on
xlabel(  'Time since injection (hr)' );
ylabel(  '[Uranine] (ppb)' );
title(  'Uranine BTC' )
% BREAK 3
%% s s s s e ——————

%% Exponential Tail Fit
% |If a tall fit is required:

% - > Run MasterTailFit.m using E1 matrix now

% - > MasterDataProc.m can be closed because the SG Filter will run in MasterTailF it.m
% |If a tall fit is not required:

% - > continue to section (4) below

0% ============

%% (4) Applies the Savitsky - Golay (SG) filter to smooth the extracted data

% User instructions for this section:

% 1. Comment out section (3.1)

% 2. Update figure title and figure name
% 3. Run script to end of section (4)

[F1]=  [yHIERNEDL):
% =>
save( '7ii BTC F1' | 'F1' )
%  (4.1) Plot Uranine BTC (Uranine conc. (ppb) vs time (hrs since inj)
figure(41)
plot(E1(:,3), E1(:,2), 'g." ); hold on
plot(F1(:,3), F1(:,2), 'm-", 'LineWidth' , 1.25); hold off
legend( 'Raw data’ , 'Fi ltered data (SG deg5b)' , 'Location' , 'northeast'
xlabel(  "Time since injection (hr)' );
ylabel( '[Uranine] (ppb)' )
% => Specify domain and range:

xlim([0 450])

);
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ylim([0 6])

% =>
% title(  'BTC for Port 2 (12cm below gravel surface)”;
% title('BTC for Port 2 (24cm below gravel surface)");
% title('BTC for Port 2 (36cm below gravel surface)');
title(  'BTC for Port 7ii' );
% =>
% savefig ('2_1_FilterPlot.fig");
% savefig('2_2_FilterPlot.fig");
% savefig('2_3_FilterPlot.fig");
savefig(  '7ii_FilterPlot.fig' );
function [DateNum, Uranine_mv, Temperature] = read (flu_file)
% Reads and re - formats fluorometer (experimental) data
fid = fopen(flu_file);
T = textscan(fid, '%*s %s %*s %f %f %f %f %f %f %f %*s' , 'headerlines' , 3);
fclose(fid);
Date = T{1};
DateNum = datenum(Date, ‘dd/mm/yy - HH:MM:SS'); % Generate numerical date

Uranine_mv = T{2}
Temperature = T{8};

function [C1]= gdal(Uranine_mv, Temperature, c_cal_Uranine, ind_ura, ind_blank)
% Calibrates experimental data (Uranine mV signals)

% Converts Uranine mV signal to corresponding Uranine conc. (ppb)

% Plots calibrated conc.

calib_conc = c¢_cal_Uranine;

blank = mean(Uranine_mv(ind_blank));

L1 _ura = mean(Uranine_mv(ind_ura));

C1 = zeros(length(Temperature),1);

for i=1:length(Temperature)
Raw_signals_minusblank = (Uranine_mv - blank);
coeffl = (L1 _ura - blank(1))/calib_conc;
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C1(i,:) = (coeffl \ Raw_signals_minusblank(:,i))";
end
Cl(C1<0)=0; % Sets - ve conc. to zero

function [El]= extract (DateNum, C1, P1l, P1S ind, P1F)
% Extracts BTC from full time series (starting @ time of injection)

Cl(C1<0)=0; % Sets - ve conc. to zero

for n=1:P1S_ind

C1(n,1) =0;
end
[~,P1l_ind] = min(abs(DateNum - P1I));
[~,P 1F_ind] = min(abs(DateNum - P1F));
E1(;,1) = DateNum(P1l_ind:P1F ind); % time (DateNum)
E1(;,2) = C1(P1l_ind:P1F_ind,:); % [Uranine] (ppb)
E1(:,3) = (E1(:,1) - P1l).*24, % time (hrs since inj)
end

function  [F1]= [iiyfillCEl(EL)

% Applies the Savitsky - Golay (SG) filter to smooth the extracted data

% SG is a generalized, moving - average filter

% It performs an unweighted, linear, least - squares fit using a polynomial (whose degree can be specified)
% Higher degree po lynomials capture the heights and widths of narrow peaks more accurately, but perform
poorly when smoothing broad peaks

% SG is often used for spectroscopic data

% Itis effective at preserving higher moments, but less successful at rejecting noise

% Savitzky - Golay Filter:

% yy = smooth(x, y, span, 'sgolay', degree)

% **span must be odd (default 5)

% **degree must be less than span (default 2)
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% x = E1(;,3) => time (hrs since injection)
% y=E1(;,2) => [Uranine] (ppb)

SGfilt_d5 = smooth(E1(;,2), 1500, 'sgolay’ , 5); % span = 1500; degree =5
SGfilt_d5(SGfilt_d5 < 0) = 0;

F1(:,1) = EL1(;,1); % time (DateNum)

F1(:,2) = SGfilt_d5; % [Uranine] (ppb)

F1(:,3) = E1(:,3); % time (hrs since inj)

%% MasterTailFit.m

% Fits an exponential tail to the experimental data
% Run this script if flow test was terminated too early or if tail was completed manually
% Determines 'theoretical' end of flow test

% Fits an exponential tail (one - term exponential decay function) to flow test data
% y=a.e’\ - b.x)
% Then extrapolates to [Uranine] = Oppb to determine t_end

% User instructions for this section:

% 1. Load correct data file

% 2. Section (1.1): Enter % of tail data poi nts to be used for the tail fit
% into 'inf_find' OR determine by visual inspection from

% figure (3) in MasterDataProc.m

% 3. Section (1.2): Enter x co - ordinate (INDEX) of 'inf_find" into 'ind'

% 4. Run script until __ __ Break1
% 5. Enter the values of the fit parameters 'a’ and 'b' in section (1.3)
% (they will be displayed to the Workspace)

% 6. Repeat run until section (1) until satisfied with tail fit

% 7. Run section (2) to check plot of tail fit

% 8. Ru n section (3) to save F1 matrix

%% (1) Exponential Tail Fit

close all
clear all
% =>
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load C:/users/aylward/Desktop/MATLAB/Final2017/7iii BTC_E1

% (1.1) Exponential Curve Fit

E1(1,3) = 0;
X =E1(;,3); % time (hrs since inj)
Y = E1(;,2); % [Uranine] (ppb)
% => Determine from figure (3) in MasterDataProc.m (use +/ - the final 50% of

% data points after the peak)
% Position = (270.3; 6.0541)
% Datalndex = 97217

% => Enter x co - ordinate (INDEX) of ind_find:
ind = 97217,
t = X(ind:end);
C = Y(ind:end);
params = fit(t,C, 'expl' );
disp( 'expl parameters' )
disp(params)

% (1.2) Plot tail data with exponential ¢ urve

figure(12)

plot(params,t,C);

xlabel(  'Time since injection (hrs)' )

ylabel( '[Uranine] (ppb)' )

titte(  'Exponential Decay of RTD tail (one -term)’ )
% BREAK 1

% (1.3) Determine flowtest end time
% C = a*exp(b*t)

% ->t=[In(a) - In(c)]/b
% At what time will C = 0.01?
% =>
a=195.1;
% =>
b= -0.01276;
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t end_hrs = (log(a) - log(0.01))/abs(b);

t term = X(end,1);

[x,y] = size(E1);

t_term_ind = x;

total_points = round(t_end_hrs)*360; % no. of 10s intervals
points = total_points - X

%% (2) Append experimental flow test data at 10s intervals
%  Add data points for RTD tail using exponential function determined in section (1)
[Al]= append ( E1, points, a, b);
% =>
save( '7ii BTC_Al' , Al )
% Al(:,1) = time (hrs since injection)
% Al(:,2) = [Uranine] (ppb)

% (2.1) Plot RTD with extended tail

figure(21)

plot(A1(:,1), A1(:,2), 'm-"); hold on
xlabel(  'Time since injection (hrs)' );
ylabel( '[Uranine] (ppb)' )

% => Specify domain and range:
xlim([0 800])

ylim([0 14])
% =>
title(  'BTC with exponential tall - Port 7iii' );
% =>
savefig(  '7iii_TailFitPlot.fig' )
%% (3) Applies the Savitsky - Golay (SG) filter to smooth the extracted data
% Applies the Savitsky - Golay (SG) filter to smooth the extracted data
% SG is a generalized, moving - average filter
% It performs an unweighted, linear, least - squares fit using a polynomial (whose degree can be specified)
% Higher degree polynomials capture the heights and widths of narrow peaks more accurately,
% but perform poorly when smoothing broad peaks
% SG is often used for spectroscopic data
% It is effective at preserving higher moments, but less successful at rejecting noise
% (3.1) Apply Savitzky - Golay Filter:

% yy = smooth(X, y, span, 'sgolay’, degree)
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% ** gpan must be odd (default 5)

% *x degree must be less than span (default 2)
% x = Al(:,1) => time (hrs since injection)

% y = Al1(:,2) => [Uranine] (ppb)

SGfilt_d5 = smooth(A1(:,2), 1500, 'sgolay’

SGfilt_d5(SGfilt_d5 < 0) = 0;
F1(:,1) = AL1(;,1);
F1(:,2) = SGfilt_d5;

% =>
save( '7ii BTC F1' , 'F1')

% (3.2) Plot Filtered Data
figure( 3)
plot(Al(:,1), A1(:,2), 'g." ); hold on
plot(F1(:,1), F1(:,2), 'm-"', 'LineWidth'
legend( 'Raw data’ , 'Filtered data (SG deg5)'
xlabel(  "Time since injection (hr)' );
ylabel( ' [Uranine] (ppb)' )

% => Specify domain and range:
% xlim([0 220])
% ylim([0 30])
% =>
title(  'BTC for Port 7iii' );
% =>
savefig( '7iii_FilterPlot.fig' );

function [Al]= append (E1, points, a, b)
% Append experimental flowtest

[x,y] = size(E1);
tail_data = (x + points);

Al = zeros(tail_data,2);
% A1(:,1) = hrs after injection
% A1(:,2) = conc.

data at hourly intervals

» 5);

% span = 1500; degree =5

% time (hrs since inj)

% [Uranine] (ppb)

, 1.25); hold

'Location’

off

'northeast'

);
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for n=1:119790;
Al(n,1) = E1(n,3);
Al(n,2) = E1(n,2);

end

for g =119790:x;
Al(q,1) = Al(q -1,1) + 0.0028;
Al(qg,2) = a*exp(b*Al(q,1));

for m=x:tail_data;
Al(m,1) =Al(m -1,1)+0.0028;
Al(m,2) = a*exp(b*Al(m,1));

end

end

%% MasterCalcs_SS.m

% Calculates various hydraulic parameters assuming steady flow
% (i.e  constant average volumetric flowrate)

% NOTE: Run Inflow.m and Outflow.m  before continuing with MasterCalcs_SS.m

close all
clear all

%% USER DEFINED INPUTS
% ALL UNITS SHOULD BE IN sec, L, ppb or ug/L

% INPUT 1: load correct data files
% =>
load 'C:/users/Lara/Desktop/MATLAB/Final2017/7i BTC_F1' ;
% ** NOTE: Section (2) must agree with 'E' or 'F' in file name!
% F1(:,1) = time (DateNum)
% F1(:,2) = [Uranine] (ppb)
% F1(:,3) = time (hrs since injection)
% =>
load 'C:/users/Lara/Desktop/MATLAB/Final2017/7i_inflow' ;
% Q_in = inlet volumetric flow rate (L/h)
% =>
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load 'C:/users/Lara/Desktop/MATLAB/Final2017/7i_outflow' ;
% Q_out = outlet volumetric flow rate (L/h)

% INPUT 2: Experimental data variable assignment
% ** Assign correct index to t_hr =F1() and C_t = F1() if data needs
% to be truncated
% 2.1 If NO tall - fit has been performed:
% Check index (must agree with F1 used in Inflow.m and Outflow.m)
% =>
% t hr=F1(,3); % (hr since inj)
% t sec=t _hr.*3600; % (s since inj). hr - > s using 3600 s/hr
% t hr(1,1) =0;
% 2.2 If atail - fit HAS been performed:
% Check index (must agree with F1 used in Inf low.m and Outflow.m)
% =>
t_hr =F1(1:77604, 1); % (hr since inj)
t sec =t _hr.*3600; % (s since inj). hr - > s using 3600 s/hr
t_hr(1,1) =0;
%
% =>
C_t=F1(1:77604, 2); % (ug/L) or (ppb)
C_t(C_t<0)=0; % set negative concentrations to zero
g_in = Q_in./3600; % (L/s)
g_out = Q_out./3600; % (L/s)
% INPUT 3: Mass of Uranine injected (g)
% =>
M = 0.003*1000000; % (ug). g converted to ug using 1,000,000 ug/g

% INPUT 4: System physical parameters

% Variable parameters:

% =>
L = 6.000; % distance to sample port (m)
h_H20 = 0.44; % water leve  I/height (m)

Page p21



% Fixed parameters:

voidage = 0.3597; % factional voidage of gravel

h=0.70; % height of steel container (m)

h_gravel = 0.50; % gravel/bed height (m)

B_top =1.20; % breadth of steel container (surface) (m)

B_base = 1.0; % breadth of steel container (base) (m)

Dp = 0.006; % equivalent spherical diameter (4mm - 8mm gravel) (m)
density_H20 = 998.2; % (kg/m3) - Engineering Toolbox

viscosity H20 = 1.002e - 3; % (Ns/m2) - Engineering Toolbox

%% (1) GENERAL CALCULATIONS

% (1.1) Average system volumetric flow rates

Q_in_avg = mean(Q_in) % (L/hr)

Q_out_avg = mean(Q_out) % (L/hr)

Q avg=( Q_in_avg+ Q_out _avg)/2 % (L/hr)

g_in_avg = Q_in_avg/3600; % (L/s)

g_out_avg = Q_out_avg/3600; % (L/s)

g_avg = Q_avg/3600; % (L/s)

% (1.2) System fluid volume (up to the point of sample removal)

[V_bed _m3, B_bed_base, base, h_perp] = PSS (L, h_H20, voidage, h, B_top, B_base);
V_bed L=V _bed_m3*1000 % (L). m3  ->L using 1000 L/m3.

% (1.3) Reynold's Number (Re < 10 for laminar flow)

% Superficial velocity (m/s) = volumetric flowrate / cross sectional area
Us = (q_avg*0.001)/((B_bed_base*h_H20) + (0.5*base * h_perp));

% Reynolds number for a packed bed
Re = (Dp*Us*density_H20) / ((1 - voidage)*viscosity_H20)

%% (2) STEADY STATE CALCUL ATIONS

% (2.1) Percentage recovery of tracer
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dt = (t_sec(3,1) -t sec(2,1)); % (s)
m = g_avg * (sum(C_t)*dt) % (ug)
recovery = m/M * 100

% (2.2) Nominal retention time, tau
tau_sec =V_bed_L/q_avg; % (s)
tau_hr = tau_sec /3600 % (hr)

% (2.3) The RTD function
E_t=C_t./ (sum(C_t)*dt); % (1/s)

% (2.4) Mean residence time, t_m
% I CHECK: Does t_m = tau?

t_m_sec = sum(t_sec.*E_t)*dt; % (S)
t m_hr=t m_sec/3600 % (hr)

% (2.5) Normalized (dimensionless) time, theta
theta=t _hr./t_m_hr;
theta(1,1) = 0;

% (2.6) The dimensionless RTD, C_theta
C_theta=C_t .* (V_bed_L/m);

% (2.7) The normalized RTD function, E_theta
E theta=E_t.*t m_sec;

% (2.8) Plot C(theta) vs theta and E(theta) vs theta
% I CHECK: Does C_theta vs theta = E_theta vs theta?

figure(28)
subplot(2,1,1)
plot(theta, C_theta, 'g" ); hold on
xlabel( 'theta’ )
ylabel( 'C -theta' )
% =>
xlim([0 2.0])
%ylim([0 1.0])
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% =>

% title(  'Dimensionless RTD for Port 1 (12cm below gravel surface)

title(  'Dimensionless RTD for Port 7 (12th April 2016)

subplot(2,1,2)
plot(theta, E_theta, b )
xlabel( 'theta’ )
ylabel( 'E -theta' )
% =>
xlim([02 .0])
%ylim([0 2.5])
% =>

% title('Normalized RTD function for Port 1 (12cm below gravel surface)

title(  'Normalized RTD function for Port 7 (12th April 2016)

hold off

% (2.9) Mode (peak time)

% I CHECK: Do Cpeak_ppb & tpeak_hr agree with FilterPlot.fig?

% I CHECK: Do Cpeak_norm & tpeak_norm agree with normalized RTD plots in figure(28)?

Cpeak_ppb = max(C_t);
Cpeak_norm = max(C_theta);
[~,max_ind] = max(C_t);
tpeak_hr =t_hr(max_ind)
tpeak_norm = theta(max_ind)

% (2.10) Moment Analysis

% Oth Moments

% ! CHECK: Does MO(E) =17

% ! CHECK: Does MO(C") = 1?
% ! CHECK: Does  MO(E') =1?

MO_Et = sum(E_t) * dt
d_theta = dt/t_ m_sec;
MQ_Ctheta = sum(C_theta) * d_theta
MO_Etheta = sum(E_theta) * d_theta

% Peak conc. (ppb)
% Normalized  peak conc.

% Peak time (hr)
% Normalized peak time

steady flow')
steady flow assumption’

steady flow')
steady flow assumption’
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% 1st Moments

% ! CHECK: Does M1_Et = tau?
% ! CHECK: Does M1(C") = 1?
% ! CHECK: Does M1(E") = 17?

M1_Et hr=t m_hr
M1_Ctheta = sum(theta.*C_theta) * d_theta
M1_Etheta = sum(theta.*E_theta) * d_theta

% 2nd Moment

M2_Et = (sum((t_sec).”2 .*E_t) *dt) -t m_sec’2;
M2_Ctheta = sum( (theta - M1 _Ctheta).”2 .* C_theta ) *d_theta
StdDev = sqrt(M2_Ctheta)

%% (3) Hydraulic Performance Calculations
%  Performed for Port 7 (outlet) only to investigate overall system performance

% (3.1) Tanks in Series Model
% No. of tanks in series, N
sigma_sqd = M2_  Et;

N =t m_sec"2/sigma_sqd

% (3.2) Dispersed Plug Flow Model
% Pectlet no., Pe, & dispersion no., D
% Calculations performed using Microsoft Excel Solver

% (3.3) Effective volume utilization, e
e =t m_sec/tau_sec

% (3.4) Hydraulic efficiency, lambda
lambda=e * (1 - (1/N))

% (3.5) Efficiency Indexes
mO_all = sum(C_t).*dt;
[r,c] = size(C_t);

mO_inc = zeros(r,1);

for n=1:r

% (s"2)
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mO_inc(n,1) = sum(C_t(1:n)).*dt;
end

t10_ind = find(mO_inc > (mO_all*0.10),1);
t10_hr=  t_hr(t10_ind)
thetal0 =t10_hr/t m_hr

t90_ind = find(mO_inc > (m0_all*0.90),1);
t90_hr =t_hr(t90_ind)
MDI =t90_hr /t10_hr

% Find the index at which theta = 1.000
% Enter into THETA ind
% =>

THETA ind = 27980;

MI_theta = theta(1: THETA _ind);
MI_C_theta = C_theta(1:THETA _ind);
MI=1 - (sum((1 -Ml_theta).*Ml_C_theta) * d_theta)

%% (4) Save data

% =>
Data7i(:,1) = theta;
Data7i(:,2) = C_theta;
Data7i(:,3) = E_theta;

% =>
save( '7i BTC Data’ , 'Data7i" )

%% MasterCalcs NSS.m

% Calculates various hydraulic parameters for a variable flow system

% Based on the method developed by Werner & Kadlec for the application of
% residence time distribution theory to stormwater treatment s

% ->Ecol. Eng. 7 (1996) 213 -214

ystems
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% NOTE: Run Inflow.m  and Outflow.m  before continuing with MasterCalcs_SS.m

% Run MasterCalcs_SS.m before continuing with MasterCalcs_ NSS.m
close all
clear all

%% USER DEFINED INPUTS
% ALL UNITS SHOULD BE IN sec, L, ppb or ug/L

% INPUT 1: load correct data files
% =>
load 'C:/users/Lara/Desktop/MATLAB/Final2017/2_3 BTC_F1'
% ** NOTE: Section (2) must agree with 'E' or 'F' in file name!
% F1(:,1) = time (DateNum)
% F1( :,2) = [Uranine] (ppb)
% F1(:,3) = time (hrs since injection)
% =>
load 'C:/users/Lara/Desktop/MATLAB/Final2017/2_3_inflow'
% Q_in = inlet volumetric flow rate (L/h)
% =>
load 'C:/users/Lara/Desktop/MATLAB/Final2017/2_3_outflow'
% Q_out = outlet volumetric flow rate (L/h)
% =>
load 'C:/users/Lara/Desktop/MATLAB/Final2017/2_3 BTC_ data’
% Steady state data from MasterCalcs_SS.m
% Data#(:,1) = theta;
% Data#(:,2) = C_theta;
% Data#(:,3) = E_theta;

% INPUT 2: Experimental data variable assignment

% ** Assign correct index tot_hr=F1() and C_t = F1() if data needs
% to be truncated
% 2.1 If NO tail - fit has been performed:
% Check index (must agree with F1 used in Inflow.m and Outflow.m)
% =>
t_hr=F1(;,3); % (hr since inj)
t sec =t _hr.*3600; % (s since inj). hr - > s using 3600 s/hr
t_hr(1,1) =0;
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% 2.2 If atail - fit HAS been performed:

% Check index (must ag
% =>

ree with F1 used in Inflow.m and Outflow.m)

% t hr=F1(1:120532, 1); % (hr since inj)

% t sec=t_hr.*3600; % (s since inj). hr

% t_hr(1,1) = 0;
%

- > s using 3600 s/hr

% =>
C_t=F1(;,2);
C t(C t<0)=0;

g_in = Q_in./3600;
g_out=Q_ out./3600;

% INPUT 3: Mass of Uranine injected (g)
% =>
M = 0.015*1000000;

% INPUT 4: System physical parameters

% Variable parameters:
% =>
L =2.225;
h_H20 =0.44;

% Fixed parameters:
voidage = 0.3597;
h=0.70;

h_gravel = 0.50;
B_top = 1.20;
B_base = 1.0;

Dp = 0.006;
density H20 = 998.2;
viscosity H20 = 1.002e -3;

%% (1) GENERAL CALCULATIONS

% (ug/L) or (ppb)
% set negative concentrations to zero

% (L/s)
% (L/s)

% (ug). g converted to ug using 1,000,000 ug/g

% distance to sample port (m)
% water level/height (m)

% factional voidage of gravel

% height of steel container (m)

% gravel/bed height (m)

% breadth of steel container (surface) (m)
% breadth of steel container (base) (m)

% equivalent spherical diameter (4mm
% (kg/m3) - Engineering Toolbox
% (Ns/m2) - Engineering Toolbox

- 8mm gravel) (m)
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% (1.1) Average system volumetric flow ra tes

Q_in_avg = mean(Q_in); % (L/hr)

Q_out_avg = mean(Q_out); % (L/hr)

Q_avg = (Q_in_avg + Q_out_avQg)/2; % (L/hr)

g_in_avg = Q_in_avg/3600; % (L/s)

g_out_avg = Q_out_avg/3600; % (L/s)

g_avg = Q_avg/3600; % (L/s)

% (1.2) System fluid volume (up to the point of sample removal)

[V_bed_m3, B_bed_base, base, h_perp] = WSS (L, h_H20, voidage, h, B_top, B_base);
V_bed L =V_bed_m3 * 1000; % (L). m3  ->L using 1000 L/m3.

% (1.3) Reynold's Number (Re < 10 for laminar flow)

% Superficial velocity (m/s) = volumetric flowrate / cross sectional area
Us = (q_avg*0.001)/((B_bed_base*h_H20) + (0.5*base * h_perp));

% Reynolds numbe r for a packed bed
Re = (Dp*Us*density_H20) / ((1 - voidage)*viscosity H20);

%% (2) NON - STEADY STATE CALCULATIONS

% (2.1) Percentage recovery of tracer

dt = (t_sec(3,1) - t.sec(2,1)); % (s)
m2 = sum(C_t .* g_out)*dt % (ug)
recovery2 = m2/M * 100

% (2.2) Nominal retention time, tau
% NOT APPLICABLE

% (2.3) The RTD function

E_t2 = (C_t .* g_out)./m2; % (1/s)
% (2.4) Mean residence time, t m

t_m_sec = sum(t_sec.*E_t2)*dt; % (S)
t m_ hr=t m sec /3600 % (hr)
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% (2.5) Flow Weighted Time, phi

% phi =V_out/V_system for each time point

% V_out (L) = volume of water that has exited in t_inj ->t hr
% Assume that V_system is approximately constant because of the
% syphon controlling the water level

[a,b] = size(t_hr);
V_out = zeros(a,1);
V_out(1,1) =0;
for n=2:a
V_out(n,1) = Q_out(n - 1,1)*(t_hr(n,1) - thr(n -1,1))+V_out(n -1,1);
end
phi=V_out./V_bed_L;

% (2.6) The dimensionless RTD, C_phi
C_phi=C_t .* (V_bed_L/m2);
C_phi(C_phi < 0) =0;

% (2.7) The normalized RTD function, E_theta
% NOT APPLICABLE

% (2.8) Plot C(phi) vs phi and C(theta) vs theta
% I CHECK: Compare plots

figure(28)

subplot(2,1,1)

plot(phi, C_phi, 'b" ); hold on
xlabel(  'phi" )

ylabel( 'C - phi' )

% =>
xlim([0 5.5])
%ylim([0 0.8])
% =>
titte(  'Non - steady flow RTD for Port 2 (36cm below gravel surface)' )
%title('Non - steady flow RTD for Port 7 (2nd May 2016)"

subplot(2,1,2)
plot(Data23(:,1), Data23(:,2), ‘g ),
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xlabel( 'theta’ )
ylabel( 'C -theta' )
% =>
xlim([0 5.5])
%ylim([0 0.8])
% =>

title(  'Steady - flow RTD for Port 2 (36cm below gravel surface)'
(2nd May 2016)")

%title('Steady flow RTD for Port 7

% =>
%savefig('2_3_NormRTDs')

% (2.9) Mode (peak time)

% I CHECK: Do Cpeak_norm & tpeak_norm agree with normalized RTD plot in figure(28)?
Cpeak_norm = max(C_phi); % Normalized peak conc.

[~,max_ind] = max(C_phi);

tpeak_norm = phi(max_ind) % Normalized peak time

% (2.10) Moment Analysis

% Oth Moments
% ! CHECK: Does MO(E) =17
% ! CHECK: Does MO(C') = 1?

MO_E_t = sum(E_t2) * dt

[r,c] = size(C_phi);
d_phi = zeros(r,1);
d_phi(1,1) = 0.00056;
for N=2: r

d_phi(N,1) = (V_out(N,1) - V_out(N -1,1)) /V_bed_L;

end
MO_Cphi = sum(C_phi .* d_phi)

% 1st Moments

% ! CHECK: Does M1(C") = 1?

M1 _Et2_sec = (sum(t_sec.*E_t2)*dt);
M1 Et2 _hr=M1_Et2 sec/3600
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M1_Cphi = sum(phi .* C_phi .* d_phi)

% 2nd Moment

M2 Et2 = (sum((t_sec).”2 .* E_t2) * dt) - M1 _Et2_sec”2; % (s"2)
M2_Cphi = sum((phi - M1_Cphi).”»2 .* C_phi .*d_phi)

StdDev2 = sqrt(M2_Cphi)

%% (3) Hydraulic Performance Calculations
%  Performed for Port 7 (outlet) only to investigate overall system performance

% (3.1) Tanks in Series Model
% No. of tanks in series, N
sigma_sqd = M2_Et2;

N =M1_Et2_sec”2 /sigma_sqd

%% (4) Save Data

%  **** Update data matrix name [Data##(:,n)] and file name ****
Data23(:,4) = phi;

Data23(:,5) = C_phi;

% =>
save( 2 3 BTC Data' , 'Data23' )

function  [V_bed_m3, B_bed_base, base, h_perp] = UBIEgN (L, h_H20, voidage, h, B_top, B_base)
% Calculates the volume of water in the constructed wetland system

% The volume returned (Vsys) is the system fluid volume up to the point

%  of sample removal (or up to the specified sample port)

% Volume = volume of rectangular section + volume of triangular section

% Volume of rectangular section

B_bed_base =B_base ; % breadth of gravel/bed (base of wetland) (m)
L_bed =L;
V_rect =L_bed * B_bed_base * h_H20 * voidage; % (Mm3)

% Volume of triangular section (see diagram in lab book for varibale definitions)
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ao=B top - B_bhase; % (m)

bo =h; % (m)

ho = sgrt((ao*ao) + (bo*bo)); % (m) - Pythagoras'theorem

bi = h_H20; % (m)

hi = (bi/bo) * ho; % (m) - Ratio of sides of right angled triangle
ai = sqrt((hi*hi) - (bi*bi)); % (m) - Pythagoras'theorem

base = ai; % (m)

h_perp = bi; % (m)

V_tri=L_bed * 0.5*base * h_perp * voidage; % (m3)

% Volume of bed
V_bed_m3 = V_rect + V_tri; % (M3)

%% Inflow.m

% To create a vector of inlet volumetric flowrates for every flowtest sampling time
% (i.e. 10s intervals from time of injection to time of termination)

% NOTE: '=>"indicates where user inputs are required

% Requires:

% 1. full flowtest sampling time vector - hrs since injection format (time)
% - > already calibrated and extracted
% 2. inflow cycle DateTime [t_in ] and corresponding volumetric flowrate [ g_in ]

% Creates a zero matrix of size(time) to represent Q_in

% Compares every (time) to (t_in)

% Then assigns a volumetric flowrate to replace each zero for every sample time
% **** (time) and (Q_in) must have the same dimensions ****

%% User Instructions:
% 1. Follow instructions as they are given below

close all
clear all

%% (1) Load experimental data: time & [Uranine]
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% =>

load C:/users/Lara/Desktop/MATLAB/Final2017/1_2 BTC_Fl1.mat

% F1(:,1): time (DateNum)
% F1(:,2): [Uranine] (ppb)
% F1(:,3): time (hrs since inj)

% *** |njection time = 12 April 2016, 12:21:20 ***
% =>
t_inj = datenum([2016 04 12 12 21 20 D;

% *** End of Flowtest = 18 April 2016, 09:43:30 ***
% =>

t _end = datenum([2016 04 18 09 43 30]);

%% (2) Fluoro flowtest data

% (2.1) If NO tail - fit has been performed:
time = F1(;,3);

time_end = time(end,1);

time(1,1) = 0;

% (2.2) If a tail - fit HAS been performed:

% I CHECK: index corresponding to t_end
% =>

%  time = F1(1:120532, 1);

%

% time_end = time(end,1);

% time(1,1) = 0;

%

%
% conc: for each time (from injectin to termination)
% ! CHECK: index corresponding to t_end
% =>
conc = F1(:,2);

conc(conc < 0) =0;

%% (3) Inflow LOG data
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%  Save Excel file (LOG#.xlIsx) containing flow rate data into MATLAB current folder
% (see LOG_Template.xlsx for required spreadsheet layout)
% | CHECK: start & end time of LOG data = start & end time of flow test

% (3.1) ENTER spreadsheet name & cell references for 'Log_in' & 'q_in'
% =>

Log_in = xlIsread( 'LOG1l.xIsx' , 'LogData' , 'A2:A479" ),
format)
t_in = datetime(Log_in, '‘ConvertFrom' , 'excel' ),
T_in = datenum(t_in);
T in_hr=(T_in -t inj).*24;
% =>
g_in = xlIsread( 'LOG1l.xIsx' , 'LogData® , 'C2:C479' );
% (3.2) ! CHECK: agreement between 'in' start & end times
% 1. Run script now, up until the end of section (3.2)
% 2. If start & end times are in agreement, continue with (3.3)

start_in = T_in_hr(1,1);
stop_in = T_in_hr(end,1);

% Inflow cycle start DateTime (Excel numeric

% time since injection (hrs)

% Inlet volumetric flowrate (L/h)

check_start_in = abs(time(1,1) - start_in); % should be zero if both entries represent the same DateTime
check_stop_in = abs(time_end - stop_in); % should b e zero if both entries represent the same DateTime

% (3.3) ! CHECK: time vectors
% 1. Adjust LOG spreadsheet indexes and assign Q_in(1,1) now before
% continuing to section (4) (explanation follows directly below and

% an exam ple is contained in Example_Adjustment_Inflow_section3_3.m)

% time(2,1) may not be 0.0028hr (10s) aftert _inj=0

% ->opentime and T_in_hrin the variable window

% ->iftime(2,1) does not =t_inj + 0.0028hr (10s) &

% time(2,1) > T_in_hr (2,1)

%  thent_in from LOGXx.xIsx must be set = to time(2,1) by adjusting the
%  cells referenced from the Excel log data spreadsheet in 'Log_in'

% - >*itwill also then be neccessary to manually assign the correct g_in
% @t injtoQ _in(1 ,1) directly after the 'for' loop in section (4)
%% (4) Assign volumetric flowrates to all flowtest times
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[r,c] = size(time);
[a,b] = size(T_in_hr);
Q_in = zeros(r,1);
count = 1;
for m=1:r
if time(m,1) <T_in_hr(count+1,1)
Q_in(m,1) = g_in( count,1);
elseif  time(m,1) == T_in_hr(count+1,1)
Q_in(m,1) = g_in(count+1,1);
elseif  time(m,1) > T_in_hr(count+1,1) && count < a
count = count + 1,
Q_in(m,1) = g_in(count,1);
elseif count >=a

disp( ‘count IN exceeds time steps' )
r=r+1,
end
end
% =>
% Q_in(1,1) = 6.8000; % see Sectiion (3.3) for explanation
% =>

save( 'l 2 inflow' , 'Q_in" )

%% (5) Export data to Excel (UPDATE WORKSHEET NAME)
% ! CHECK: that the correct
warning( ‘'off |, 'MATLAB:xIswrite:AddSheet'
% =>
xlswrite(  'LOG1.xlsx' , time, '‘CheckDatal_2'
xlswrite(  'LOG1.xlsx’ , conc, '‘CheckDatal_2'
xlswrite( 'LOGLl.xIsx  ,Q_in, 'CheckDatal 2'

‘A2 );
'B2" );
‘c2');

volumetric flowrates are assigned to each experimental sampling time

);

% Flow test sample time (hrs since inj)

% Uranine conc. (ppb)

% Inlet volumetric flowrate corresponding to each
flowtest sample time
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%% Outflow.m

% To create a vector of outlet volumetric flowr ates for every flowtest sampling time
% (i.e. 10s intervals from time of injection to time of termination)
% NOTE: ' =>"indicates where user inputs are required

% Requires:

% 1. full flowtest sampling time vector - hrs since injection format (time)
% => already calibrated and extracted
% 2. outflow cycle DateTime [ t_out ] and corresponding volumetric flowrate [ q_out ]

% Creates a zero matrix of size(time) to represent Q_out

% Compares every (time) to (t_out)

% Then assigns a volumetric flowrate to replace each zero for every sample time
% **** (time) and (Q_out) must have the same dimensions ****

%% User Instructions:
% 1. Follow instructions as they are given below

close all
clear all

%% (1) Load experimental data: time & [Uranine]
% =>
load C:/users/Lara/Desktop/MATLAB/Final2017/1_2_BTC_F1.mat
% F1(:,1): time (DateNum)
% F1(:,2): [Uranine] (ppb)
% F1(:,3): time (hrs since inj)

% *** [njection time = 12 A pril 2016, 12:21:20 ***
% =>
t_inj = datenum([2016 04 12 12 21 20));

% *** End of Flowtest = 18 April 2016, 09:43:30 ***
% =>
t end = datenum([2016 04 18 09 43 30]);
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%% (2) Fluoro flowtest data

% (2.1) If NO tail

time = F1(;,3);
time_end = time(end,1);
time(1,1) = 0;

- fit has been performed:

% (2.2) If a tail - fit HAS been performed:
% I CHECK: index corresponding to t_end
% =>

%  time = F1(1:120532, 1);

%

% time_end = time(end,1);

% time(1,1) = 0;

%

%
% conc: for each time (from injectin to termination)
% ! CHECK: index corresponding to t_end
% =>
conc = F1(:,2);

conc(conc < 0) =0;

%% (3) Inflow LOG data

%  Save Excel file (LOG#.xlIsx) containing flow rate data into MATLAB current folder
%  (see LOG_Template.xIsx for required spreadsheet layout)

% ! CHECK: start & end time of LOG data = start & end time of flow test

% (3.1) ENTER spreadshee
% =>

t name & cell references for 'Log_out' & 'q_out'

Log_out = xIsread( 'LOG1l.xIsx' , 'LogData® , 'E2:E988' );
t_out = datetime(Log_out, ‘ConvertFrom' , 'excel' );
T_out = datenum(t_out);
T out hr=( T _out - t inj).*24;
% =>
g_out = xIsread( 'LOG1l.xIsx' , 'LogData® , 'G2:G988' );

% Outflow Cycle Time - Excel numeric format

% time since injection (hrs)

% Outlet volumetric flowrate (L/h)
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% (3.2) ! CHECK: agreement between 'out’ start & end times

% 1. Run script now, up until the end of section (3.2)

% 2. If start & end times are in agreement, continue with (3.3)

start_ out=T out_hr(1,1);

stop_out = T_out_hr(end,1);

check_start_out = abs(time(1,1) - start_out); % should be zero i

% (3.3) ! CHECK: time vectors

% 1. Adjust LOG spreadsheet indexes and assign Q_out(1,1) now

% continuing to section (4) (explanation follows directly below and

% an example is contained in Example_Adjustment_Inflow_section3_3.m

% time(2,1) may not be 0.0028hr (10s) aftert_inj=0

% ->opentimeand T out hrinth e variable window

% ->iftime(2,1) does not =t_inj + 0.0028hr (10s) &

% time(2,1) > T_out_hr(2,1)

%  thent_out from LOGXx.xIsx must be set = to time(2,1) by adjusting the
%  cells referenced from the Excel log data spreadsheet in '

% - >*itwill also then be neccessary to manually assign the correct g_in
% @ t_injto Q_out(1,1) directly after the for' loop in section (4)

%% (4) Assign volumetric flowrates to all flowtest times
[r,c] = size(time);

[a,b] = size(T_ou t_hr);
Q_out = zeros(r,1);
count =1,

for m=1:r

if time(m,1) <T_out_hr(count+1,1)
Q_out(m,1) = g_out(count,1);

elseif  time(m,1) == T_out_hr(count+1,1)
Q_out(m,1) = g_out(count+1,1);

elseif  time(m,1) > T _out_hr(count+1,1) && count<a
count = count + 1;
Q_out(m,1) = g_out(count,1);

elseif count >=a
disp( 'count IN exceeds time steps' )
r=r+1,

f both entries represent the same DateTime
check_stop_out = abs(time(end,1) - stop_out); % should be zero if both entries represent the same DateTime

before

Log_out'
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end
end

% =>
% Q_out(1,1) =6.4731; % see Sectiion (3.3) for explanation

% =>
save( '1_2 outflow' , 'Q_out" )

%% (5) Export data to Excel (UPDATE WORKSHEET NAME)

% | CHECK: that the correct volumetric flowrates are assigned to each experimental sampling time
warning( ‘off |, 'MATLAB:xIswrite:AddSheet' );
% =>
xlswrite(  'LO Gl.xlsx' , Q_out, 'CheckDatal 2' , 'D2' ); % Outlet volumetric flowrate corresponding to each flow

test sample time
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Appendix C: Tracer Flow Test Data, UFZ Leipzig

The Matlabcode to extract and analyse this data has been given in ApperidixeBo the volume of
data generatethe size of the text filend concern for the number of printed pages, this squtisents
the raw experimental data in the form of concentratioeakthrough curves (plots of tracer
concentration versus time as measured by the field fluoroméfbesgxamples sets chosen are for the
wetland outlet. The fluorometer data can benfbin electronic form on the CBubmitted with this
thesis.

Flow Tests in 2015

The series of flow tests that were performed in 2015 are summanitieid section The sample port
numbers correspond to those given in Figudedd of Chapter 3. The experimental concentration/time
datafor the flow test conducted at the watid outlet(beforeany normalization orcalculations were
performed)is presented in Figure CThe matlab data inputs and outputs for the flow tests are
summarized in Tab&C1 and @ below.

70

60 |
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40 1

30

Tracer concentration (ppb)

20+
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0 20 40 60 80 100 120 140 160 180

Time (hrs)

Figure Q.: The oncentration breakthrough curve at thetland outlefor the 2015 flow tes29" September
2015
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Table A: Summaryof the Matlab codeinputsfor the flow tests performed in the pilstale CWs at the Helmholtz UFZ in 2015

Port 1 Port 2 Port 3 Port 4 Port 5 Port 6 Port 7
29th Sept 22nd Oct 13th Oct 13th Oct 13th Oct 29th Sept 29th Sept
Variable Description Variable name  (unit) | Depth 2 (24cm) | Depth 2 (24cm) | Depth 2 (24cm) | Depth 2 (24cm) | Depth 2 (24cm) | Depth 2 (24cm) | Depth 2 (24cm)
Data preprocessing MasterDataProc.m
raw da@ mV file flu_file Portl_f051_2015| Port2_f050_2015| Port3_f050_2015| Port4_f025_2015| Port5_f023_2015| Port6_f050_2015| Port7_f025_2015
fluorometer no. f 651 650 650 625 623 650 625
calibration conc. Uranine c_cal_Uranine (ppb) 70 70 70 70 70 70 70
calibration window Uranine  ind_ura 165: 168 158 : 160 59416 : 59418 59474 : 59476 59488 : 59490 154 : 146 149 : 150
calibration window baseline ind_blank 286 : 471 5675:7110 1202 : 1489 1229 :1761 5381 : 5385 179 : 207 188:212
dateftime of injection P1| 201509 29 2015 10 22 20151013 20151013 20151013 2015 09 29 2015 09 29
1300 30 121010 132400 1324 00 132400 130030 1300 30
date/time of end of flow test  P1F 201509 30 2015 10 26 2015 10 20 201510 20 201510 20 2015 10 05 2015 10 06
08 54 20 133010 09 35 30 09 40 00 09 38 50 1105 30 10 03 40
Hydraulic calculations MasterCalcs_SS.m
data file 1 BTC_F1 2 BTC_F1 3 BTC_F1 4 BTC_F1 5 BTC_F1 6_BTC_F1 7_BTC_F1
avergye volumetric flow rate  g_avg (L/h) 22.73 21.94 20.02 20.02 20.02 22.73 22.73
mass of Uranine injected M (mg) 42 30 30 30 30 42 42
distance to sample port L (m) 66 225.5 297 297 373 500 600
water level h_h20 (m) 0.50 0.50 0.50 0.50 0.50 0.50 0.50
Table @: Summaryof the Matlab codeoutputsfor the flow tests performed in the pistale CWs at the Helmholtz UFZ in 2015
MasterCalcs_SS.m Port 1 Port 2 Port 3 Port 4 Port 5 Port 6 Port 7
29th Sept 22nd Oct 13th Oct 13th Oct 13th Oct 29th Sept 29th Sept
Variable Description Variable name  (unit) Depth 2 (24cm) Depth 2 (24cm) Depth 2 (24cm) Depth 2 (24cm) Depth 2 (24cm) Depth 2 (24cm) Depth 2 (24cm)
tsoy:;%"plﬂeugdo‘r’t()"“me UP |\ ped L L) 127.1796 434.5304 572.3084 572.3084 718.7577 963.4821 1156.2
Reynold'sNumber Re 0.0957 0.0735 0.0806 0.0806 0.0806 0.1072 0.1078
Mass of tracer recovered| m (ug) 34101 1846.2 22993 19467 28865 60945 69288
Percentage recovery recovery (%) 81.1921 6.1542 76.6426 64.8904 96.2179 145.1063 164.9711
Nominal retentiontime tau_hr (hr) 6.4330 28.6252 34.3522 34.3522 43.1427 43.5177 51.8931
Mean residence time t. m_hr (hr) 4.2807 47.084 48.8675 44,5112 48.8536 50.7857 69.4055
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Port 1 Port 2 Port 3 Port 4 Port 5 Port 6 Port 7
29th Sept 22nd Oct 13th Oct 13th Oct 13th Oct 29th Sept 29th Sept
Depth 2 (24cm) Depth 2 (24cm) Depth 2 (24cm) Depth 2 (24cm) Depth 2 (24cm) Depth 2 (24cm) Depth 2 (24cm)
Doestl' _ K N N N N N N N
528a /46* 0 N N N N N N N
Peak time tpeak_hr (hr) 2.5639 42.8861 33.3111 20.1556 32.7750 32.5167 55.4139
Normalized peak time tpeak_norm 0.5989 0.9108 0.6817 0.4528 0.6709 0.6403 0.7984
Oth moments: MO_E 1 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Mo_cC' 1 1.5028 0.6080 0.7030 0.7718 0.8831 0.8569 0.7477
MO_E' 1 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
1st moments: M1_E (hr) tm 4.2807 47.0840 48.8675 445112 48.8536 50.7857 69.4055
M1_C' 1 1.5028 0.6080 0.7030 0.7718 0.8831 0.8569 0.7477
M1_E' 1 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
2nd moment mM2_C' 0.9260 0.1211 0.2874 0.3497 0.2659 0.1903 0.1813
Standard deviation StdDev 0.9623 0.3481 0.5361 0.5914 0.5156 0.4363 0.4258
Number of tanks in serieq n 2.7519 21.9472 3.1185 2.4934 3.4794 4.9594 5.5927
tm 1.5411E+04 1.6950E+05 1.7592E+05 1.6024E+05 1.7587E+05 1.8283E+05 1.8682E+05
T2 8.6300E+07 1.3091E+09 9.9242E+09 1.0298E+10 8.8899E+09 6.7400E+09 1.1163E+10
Peclet Number Pe 4.2166 42.7744 4.9953 3.6577 5.7505 8.7856 10.0689
Dispersion Number D 0.23716 0.02338 0.20019 0.27340 0.17390 0.11382 0.09932
Effective volume e 0.6654 1.6448 1.4225 1.2957 1.1324 1.167 1.3375
utilization
Hydraulic efficieincy < 0.4236 1.5699 0.9664 0.7761 0.8069 0.9317 1.0983
Efficiencyindexes t1o 1.8139 35.3944 25.8917 19.2667 27.6667 29.1139 37.9528
‘10 0.4237 0.7517 0.5298 0.4328 0.5663 0.5733 0.5468
too 7.4167 61.3833 84.0694 77.2833 80.7417 81.9944 112.8806
MDI 4.0888 1.7343 3.247 4.0112 2.9184 2.8163 2.9742
M 0.6761 0.9467 0.8598 0.8223 0.8361 0.8551 0.8751
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Flow Tests in 2016

The series of flow tests that were performed in 2016 are summariteid sectionThe quantity of

flow test experiments in 2016 was increased to incRiti®s from multiple depths at each sample port;
rather that just at midepth as in 2015The sample port numbers correspond to those given in Figure
3-4 a) of Chapter 3. The experimental concentration/time data for the three flow tests conducted at the
wetland outlet (before any data normalization or calculations were performed) is presented in Figures
C2, C3 and C4This sectioralsoincludes the daily average florate data fothe April to September
2016experimental period (Tdes C3 andC4). Theflowrate was monitored more closely in 2016 due

to the observation of the extent of flaate fluctuation during the 2015 experimeritie inflow rate

was monitored daily and the outflow rate only during the flow tests; until the introduction of the AWW
on 239 June 2016. Hyphens indicate where data was not logged by the control Jystematlab data
inputsfor the 2016 flow tests are summarized in Tables C5ltbahdthe outputsin Tables G2 to

C15. The Peclet and Dispersion numbers (Tabl&61CC19) were calculated using the dispersed plug

flow model andMicrosoft Excel Solver

15
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Figure C2:Concentratiorbreakthrough curve at the wetland ouftatthe P flow test (12" April 2016)
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Figure C3:Concentratiorbreakthrough curve at the wetland outlet for 2Pfflow test "¢ May 2019
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Figure C4 Concentratiorbreakthrough curve at the wetland outlet for3fdlow test 22" August 2018
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TableC3: Inlet, outletand average daily flow rate for April, May and June 2016

Month April 2016 May 2016 June2016
Date Inflow Outflow (in + out)/2 Inflow Outflow (in + out)/2 Inflow Outflow (in + out)/2

1 8.1275 8.5955

2 7.9896 8.7202 8.3549 8.6076

3 8.1275 9.7003 8.9139 8.6319

4 8.1383 6.5742 7.3563 8.6197

5 8.1275 8.2098 8.1687 8.6319

6 8.1600 8.0413 8.1007 8.6441 8.1304 8.3873
7 8.1709 7.8462 8.0086 8.6563 7.9574 8.3069
8 8.1818 7.8645 8.0232 8.6686 8.5431 8.6059
9 8.2038 7.9387 8.0713 8.6441 8.6977 8.6709
10 8.2148 7.9387 8.0768 8.6563 8.0913 8.3738
11 8.2148 7.9200 8.0674 8.6319 8.5215 8.5767
12 7.2857 6.4731 6.8794 8.2369 8.0334 8.1352 8.6441 11.5670 10.1056
13 3.7685 6.7186 5.2436 8.2258 8.3731 8.2995 8.2369 12.5597 10.3983
14 5.1689 5.0846 5.1268 8.2038 8.3731 8.2885 8.3607 8.0334 8.1971
15 5.2487 6.4114 5.8301 8.1818 10.4534 9.3176 8.3836 4.5060 6.4448
16 7.8764 8.7885 8.3325 8.1600 9.4286 8.7943 8.1928 8.5867 8.3898
17 7.8764 9.8134 8.8449 8.1818 7.8161 16.5813 12.1987
18 7.2255 5.8539 6.5397 8.2038 8.5714

19 7.8663 8.2038 8.6686

20 6.7032 8.2480 8.6809

21 3.4615 8.2258 8.0845

22 6.3750 8.2148 6.8841

23 4.2530 20.1316 - 5.5545 6.1811
24 2.4838 15.9791 6.7849 7.1314 6.9582
25 3.8131 16.2766 - - -

26 8.1818 15.7732 - - -

27 8.1709 16.7213 6.1078 5.5728 5.8403
28 8.1818 15.1485 6.6522 6.0000 6.3261
29 8.1709 8.1275 6.0118 5.4821 5.7470
30 8.2148 - 5.7573 5.6762 5.7168

Key:

sampling day

- introduction of AWW

Flowtest running

Page P46



TableC4: Inlet, outlet and average daily flow rate for July, August and September 2016

Month July2016 August2016 September
Date Inflow Outflow (in + out)/2 Inflow Outflow (in + out)/2 Inflow Outflow (in + out)/2
1 6.6522 5.4466 6.0494 5.7143 1.8545 3.7844 6.7699 4.6880 5.7290
2 5.8960 5.8949 5.8955 4.6050 5.2186 4.9118 6.8151 4.9427 5.8789
3 6.0000 4.9793 5.4897 4.0610 3.0297 3.5454 6.6958 4.3043 5.5001
4 5.6406 4.6685 5.1546 0.9171 1.3097 1.1134 6.5385 6.6260 6.5823
5 6.2449 5.3770 5.8110 5.2397 8.6530 6.9464 6.4557 7.5640 7.0099
6 5.4790 4.6750 5.0770 6.1017 5.1864 5.6441 6.3750 5.7051 6.0401
7 6.5736 5.5728 6.0732 5.1777 3.3294 4.2536 6.4353 4.8996 5.6675
8 6.6958 7.3015 6.9987 5.2487 2.8647 4.0567 6.3684 4.2128 5.2906
9 6.8456 4.9500 5.8978 4.7925 3.3493 4.0709 6.4353 4.6815 5.5584
10 4.8456 3.1080 3.9768 4.9315 7.4800 6.2058 6.6306 4.8642 5.7474
11 4.7962 2.7058 3.7510 3.9974 2.7036 3.3505 6.3950 4.5000 5.4475
12 5.3637 3.8077 4.5857 3.5233 4.3043 3.9138 6.9467 3.3065 5.1266
13 6.0000 5.6762 5.8381 2.4324 3.0768 2.7546 7.0915 3.1370 5.1143
14 7.4002 8.2703 7.8353 0.5849 - 0.5849 7.0426 3.0684 5.0555
15 6.1078 6.2103 6.1591 2.1779 - 2.1779 6.7624 3.3294 5.0459
16 6.0059 4.7813 5.3936 4.4967 5.1944 4.8456 6.1881 6.1311 6.1596
17 5.7955 6.6000 6.1978 6.4353 5.3684 5.9019 6.6958 6.1989 6.4474
18 8.0952 6.3629 7.2291 5.5235 4.9793 5.2514 6.7032 6.2449 6.4741
19 7.6025 6.1536 6.8781 15.8961 14.8938 15.3950 6.6739 4.5984 5.6362
20 6.1964 4.1918 5.1941 20.1980 21.5769 20.8875 6.6594 5.7935 6.2265
21 5.8790 5.1311 5.5051 19.1250 19.0169 19.0710 6.5948 6.2218 6.4083
22 6.8304 5.1077 5.9690 8.3379 15.5115 11.9247 6.4831 5.6954 6.0893
23 5.7196 3.7358 4.7277 6.2195 11.2575 8.7385 6.6594 5.4554 6.0574
24 5.2895 3.3327 43111 6.5315 3.9929 5.2622 7.0023 6.3271 6.6647
25 5.3637 3.9140 4.6389 6.5665 3.5544 5.0605 6.9625 5.8438 6.4032
26 6.0296 6.7590 6.3943 6.5665 3.1109 4.8387 6.9943 6.5614 6.7779
27 5.3826 5.6762 5.5294 6.4557 3.6389 5.0473 7.2598 6.9402 7.1000
28 5.4937 4.2716 4.8827 6.3950 3.0297 4.7124 7.1831 6.1536 6.6684
29 5.3663 1.9169 3.6416 6.6739 4.0215 5.3477 7.1163 5.0617 6.0890
30 1.2341 0.9915 1.1128 6.6594 45121 5.5858 6.9545 7.1314 7.0430
31 1.1930 - - 6.6306 4.1970 5.4138 _
Key:
sampling day - introduction of AWW Flowtest running
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Table G: Summaryof the Matlab code inputs for the flow tests performed at three depths at port 1 in tsegdido€Ws at the Helmholtz UFZ in 2016

Port 1, Depth 1 (12cm)

Port 1, Depth 2 (24cm)

Port 1,Depth 3 (36cm)

Variable Description Variable name (unit) 12th April 12th April 12th April
MasterDataProc.m
raw data mV file flu_file 1 1 f023.mv 1 2 f024.mv 1_3 f025.mv
fluorometer no. f 623 624 625
calibration conc. Uranine c_cal_Uranine (ppb) 70 70 70
calibration window Uranine ind_ura 143 : 145 150 :151 139: 140
calibration window baseline ind_blank 1309 : 1546 1393 : 1590 791:912
date/time of injection P1l [YYYY MM DD hh mm ss 2016 04 12 12 21 20 2016 04 12 12 21 20 2016 04 12 12 21 20
date/time of end of flow test

chosen data end P1F [YYYY MM DD hh mm ss 2016 04 18 09 43 30 2016 04 18 09 43 30 2016 04 16 16 35 50

fluoro data end [YYYY MM DD hh mm ss 2016 04 18 09 43 30 2016 04 18 09 43 30 2016 04 15 16 45 10

index- start of experimental data P1S ind 1389 608 879
Tail fit required? (Y/N) N N Y
2_# FilterPlot.fig
x values for filter plot domain (x) (hrs since injection) [0 150] [0 150] [0 100]
y values for filter plot range (y) (ppb) [012] [012] [010]
Figure (3)
Coordinate- start of tail fit - - (69.7, 2.768)
Index of coordinate ind - - 25072

MasterTailFit.m

Params returned by MATLAB fit' fcn with 'expl' specified

y = a*exp(b*x)

C = a*exp(b*t)
C = a*exp(b*t)

Time of fluoro data termination

Conc. @ t_term (read frofalmatrix)
Index @ t_term (size a&f1)

Time of fluoro data termination
Conc. @ t_end (read frofmlmatrix)
Index @ t_end (read frorlmatrix)

a
b
t_term

t end

(hn)
(ppb)

(hr)
(Ppb)

9.892E+05
-0.1836
76.3972
0.8075
27484
100.242
0.0101
36000
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Port 1, Depth 1 (12cm)

Port 1, Depth 2 (24cm)

Port 1, Depth 3 (36cm)

Variable Description Variable name (unit) 12th April 12th April 12th April
Inflow.m
data file 1.1 BTC_F1 1.2 BTC_F1 1.3 BTC_F1
date/time of injection t inj [YYYY MM DD hh mm sg 2016 04 12 12 21 20 2016 04 12 12 21 20 2016 04 12 12 21 20
date/time of end of flow test t_end [YYYY MM DBh mm ss] 2016 04 18 09 43 30 2016 04 18 09 43 30 2016 04 18 09 43 30
Excel data log file LOG1.xlIsx LOG1.xlsx LOG1.xlsx

Date/time data fromLOGn.xIsx Log_in (Excel date/time) A2:A478 A2:A479 A2:A287

Flow rate data fromLOGn.xIsx ¢_in (L/hr) C2:C478 C2:C479 Cc2:C287
Outflow.m
data file 1.1 BTC_F1 1 2 BTC_F1 1 3 BTC_F1
date/time of injection tinj [YYYY MM DD hh mm ss 2016 04 12 12 21 20 2016 04 12 12 21 20 2016 04 12 12 21 20
date/time of end of flow test t end [YYYY MM DBh mm ss] 2016 04 18 09 43 30 2016 04 18 09 43 30 2016 04 18 09 43 30
Excel data log file LOG1.xlIsx LOG1.xlIsx LOG1.xlIsx

Date/time data fromLOGn.xIsx Log_out (Excel date/time) E2:E987 E2:E988 E2:E584

Flow rate data fromLOGn.xIsx q_out (L/hr) G2:G987 G2:G988 G2:G584
MasterCalcs_ ®_ssm | @_Nssm ®_ssm | @ _Nssm ®_ssm | @ _Nssm
data file 1.1 BTC F1 1.2 BTC F1 1.3 BTC F1
inlet flow rate file frominflow.m 1_1_inflow 1_2_inflow 1_3_inflow
outlet flow rate file fromOutflow.m 1_1_outflow 1_2_outflow 1_3_outflow

- | 1.1 BTC_Datg ; | 1.2 BTC_Dats ; | 1.3 BTC_Dayg

mass of Uranine injected M (mg) 3 3 3
distance to sample port L (m) 1.08 1.08 1.08
water level h_h20 (m) 0.5 0.5 0.5
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Table C6 Summaryof the Matlabcode inputs for the flow tests performed at three depths at port 2 in theqgailetCWs at the Helmholtz UFZ in 2016

Port 2, Depth 1 (12cm)

Port 2, Depth 2 (24cm)

Port 2, Depth 3 (36cm)

Variable Description Variable name (unit) 2nd May 2nd May 2nd May
MasterDataProc.m
raw data mV file flu_file 2_1 f023.mv 2_2 f024.mv 2_3 f025.mv
fluorometer no. f 623 624 625
calibration conc. Uranine c_cal_Uranine (ppb) 70 70 70
calibration window Uranine ind_ura 157 : 158 158 :159 136 : 137
calibration window baseline ind_blank 1446 : 1896 1264 : 1559 1515 : 1906
date/time of injection P1l [YYYY MM DD hh mm ss 2016 05 02 16 52 00 2016 05 02 16 52 00 2016 05 02 16 52 00
date/time of end of flow test
chosen data end P1F [YYYY MM DD hh mm sg 2015051107 41 10 2016 0511 07 41 10 2016 051107 41 10
fluoro data end [YYYY MM DD hh mm ss 2016 0511 07 41 10 2016 0511 07 41 10 2016 0511 07 41 10
index- start of experimental data P1S ind 1174 746 1154
Tail fit required? (Y/N) N N N
2_# FilterPlot.fig
x values for filter plot domain (x) (hrs since injection) [0 220] [0 220] [0 220]
y values for filter plot range (y) (ppb) [0 30] [0 40] [0 55]
Inflow.m
data file 2 1 BTC F1 2 2 BTC F1 2 3 BTC_F1
date/time of injection tinj [YYYY MM DD hh mm ss 2016 05 02 16 52 00 2016 05 02 16 52 00 2016 05 02 16 52 00
date/time of end of flow test t end [YYYY MM DBh mm ss] 2016 0511 07 41 10 2016 0511 07 41 10 2016 0511 07 41 10
Excel data log file LOG2.xlIsx LOG2.xlIsx LOG2.xlsx
Date/time data fromLOGn.xIsx Log_in (Excel date/time) A2 : A994 A2 : A994 A2 : A994
Flow rate data fromLOGn.xIsx g_in (L/hr) C2: C994 C2:C994 C2:C994
Outflow.m
data file 2 1 BTC F1 2 2 BTC F1 2 3 BTC F1
date/time of injection tinj [YYYY MM DD hh mm ss 2016 05 02 16 52 00 2016 05 02 16 52 00 2016 05 02 16 52 00
date/time of end of flow test t end [YYYY MM DBh mm ss] 2016 0511 07 41 10 2016 0511 07 41 10 2016 05 11 07 41 10
Excel data log file LOG2.xIsx LOG2.xIsx LOG2.xlsx
Date/time data fromLOGn.xIsx Log_out (Excel date/time) E4:E1161 E4 :E1161 E4:E1161
Flow rate data fromLOGn.xIsx ¢_out (L/hr) G4 :G1l161 G4 : G116l G4 :G1161
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Port 2, Depth 1 (12cm)

Port 2, Depth 2 (24cm)

Port 2, Depth 3 (36cm)

Variable Description Variable name (unit) 2nd May 2nd May 2nd May
MasterCalcs.m @ _SS.m ‘ @ _NSS.m @ _SS.m ‘ @ _NSS.m @M _SS.m | @ _NSS.m
data file 2.1 BTC F1 2.2 BTC_F1 2 3 BTC_F1

inlet flow rate file frominflow.m 2 1 inflow.mat 2_2_inflow.mat 2_3 inflow.mat

outlet flow rate file fromOutflow.m 2_1 outflow.mat 2 2 outflow.mat 2_3_outflow.mat

other data required - 2 1 BTC_data - 2 2 BTC_data - 2 3 BTC_data
mass of Uranine injected M (mg) 15 15 15

distance to sample port L (m) 2.255 2.255 2.255

water level h_h20 (m) 0.44 0.44 0.44
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Table C7: Summary ahe Matlabcode inputs for the flow tests performed at three depths at port 3 in theqgailetCWs at the Helmholtz UFZ in 2016

Port 3, Depth 1 (12cm)

Port 3, Depth 2 (24cm)

Port 3, Depth 3 (36cm)

Variable Description Variable name (unit) 7th November 22nd August 6th June
MasterDataProc.m
raw data mV file flu_file 3_1 f025.mv 3_2 f023.mv 3_3_f051.mv
fluorometer no. f 625 623 651
calibration conc. Uranine c_cal_Uranine (ppb) 70 70 70
calibration window Uranine ind_ura 196:197 108:109 104 : 105
calibration window baseline ind_blank 2000:2090 4166:4886 3750:3850
date/time of injection P1l [YYYY MM DD hh mm ss 2016 11 07 15 15 00 2016 08 22 12 35 00 2016 06 06 13 02 00
date/time of end of flow test

chosen data end P1F [YYYY MM DD hh mm sg 2016 11 14 13 04 20 2016 09 16 10 11 50 2016 06 22 06 43 20

fluoro data end [YYYY MM DD hh mm ss 2016 11 14 1304 20 (2016 09 05 09 34 50) (2016 06 15 16 23 00)

index- start of experimental data P1S ind 2239 766 3319
Tall fit required? (Y/N) N Y Y
2_# FilterPlot.fig
x values for filter plot domain (x) (hrs since injection) [0 180] [0 600 [0 400]
y values for filter plot range (y) (ppb) [07] [0 30] [0 60]
Figure (3)
Coordinate- start of tail fit - - -
Index of coordinate ind - 82322 49326

MasterTailFit.m

Params returned by MATLAB fit' fcn with 'expl' specified

y = a*exp(b*x)

y = a*exp(b*x)

C = a*exp(b*t)
C = a*exp(b*t)
Time of fluoro data termination
Conc. @ t_term (read frofalmatrix)
Index @ t_term (size a&f1)
Time of fluoro data termination
Conc. @ t_end (read fromlmatrix)
Index @ t_endread fromF1matrix)

a
b
t_term

t end

(hn)
(Ppb)

(hr)
(ppb)

66.93
-0.01474
576.0333

0.0137
119796
597.64
0.01
214287

97.54
-0.02432
219.3472

0.306

78667

377.69
0.01
135218
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Port 3, Depth 1 (12cm)

Port 3, Depth 2 (24cm)

Port 3, Depth 3 (36cm)

Variable Description Variable name (unit) 7th November 22nd August 6th June
Inflow.m
data file 3 1 BTC_F1 3 2 BTC_F1 3 3 BTC F1

date/time of injection
date/time of end of flow test

t inj
t_end

[YYYY MM DD hh mm sg
[YYYY MM DBh mm ss]

2016 11 07 15 15 00
2016 11 14 13 04 20

2016 08 22 12 35 00
2016 09 16 10 11 50

2016 06 06 13 02 00
2016 06 22 06 43 20

Excel data log file LOG&2.xIsx LOG7iii.xIsx LOG4 xlIsx
Date/time data fromLOGn.xIsx Log_in (Excel date/time) A3:A750 A3:A2213 A3:A1870
Flow rate data fromLOGn.xIsx ¢_in (L/hr) C3:C750 C3:C2213 C3:C1870

Outflow.m

data file 3 1 BTC_F1 3 2 BTC F1 3 3 BTC F1

date/time of injection tinj [YYYY MM DD hh mm ss 2016 11 07 15 15 00 2016 08 22 12 35 00 2016 06 06 13 02 00
date/time of end of flow test t end [YYYY MM DD hlhm ss] 2016 11 14 13 04 20 2016 09 16 10 11 50 2016 06 22 06 43 20
Excel data log file LOG&2.xIsx LOG7iii.xIsx LOG4.xlsx

Date/time data fromLOGn.xIsx Log_out (Excel date/time) E3:E1579 E3:E2677 E3:E3722

Flow rate data fromLOGn.xIsx q_out (L/hr) G3:G1579 G3:G2677 G3:G3722
MasterCalcs.m ®_ssm | @_Nssm ®_ssm | ®_NSSm ®_ssm | @_Nssm
data file 3 1 BTC_F1 3 2 BTC F1 3 3 BTC F1
inlet flow rate file frominflow.m 3_1 inflow.mat 3_2_inflow.mat 3_3_inflow.mat
outlet flow rate file fromOutflow.m 3_1_outflow.mat 3_2_outflow.mat 3_3_outflow.mat

- | 3_1_BTC_data ; | 3.2 BTC_data ; | 3.3_BTC_data

mass of Uranine injected M (mg) 304 30 30.2
distance to sample port L (m) 2.970 2.970 2.970
water level h_h20 (m) 0.44 0.44 0.44
figure (28) domain xlim [03.0] [03.5] [0 4.5] [05.5] [05.0] [07.0]
AYRSE G 6KAOK * | THETA ind 20734 - 49039 - 27590 -
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Table C8: Summary ahe Matlabcode inputs for the flow tests performed at three depths at port 4 in theqgailetCWs at the Helmholtz UFZ in 2016

Port 4, Depth 1 (12cm)

Port 4, Depth 2 (24cm)

Port 4, Depth 3 (36cm)

Variable Description Variable name  (unit) 6th June 6th June 6th June
MasterDataProc.m
raw data mV file flu_file 4 1 f023.mv 4 2 f024.mv 4_3 f025.mv
fluorometer no. f 623 624 625
calibration conc. Uranine c_cal_Uranine (ppb) 70 70 70
calibration window Uranine ind_ura 106 : 107 105 :106 107 :108
calibration window baseline ind_blank 3637 : 4346 3396 : 4037 4931 : 5200
date/time of injection P1l [YYYY MM DD hh mm ss 2016 06 06 13 02 00 2016 06 06 13 02 00 2016 06 06 13 02 00
date/time of end of flow test
chosen dataend P1F [YYYY MM DD hh mm sg 2016 06 21 05 50 40 2016 06 21 00 30 30 2016 06 20 13 36 40
fluoro data end [YYYY MM DD hh mm ss (2016 06 15 16 23 00) (2016 06 15 16 22 50) (2016 06 15 16 23 00)
index- start of experimental data P1S_ind 1284 0 0
Tail fit required? (Y/N) Y Y Y
2_# FilterPlot.fig
x values for filter plot domain (x) (hrs since injection) [0 400 [0 350] [0 350]
y values for filter plot range (y) (ppb) [0 55] [0 55] [0 70]
Figure (3)
Coordinate- start of tail fit (74.36, 20.45) (70.64, 25.04)
Index of coordinate ind 23944 26752 25412

MasterTailFit.m

Params returned by MATLAB fit' fcn with ‘expl' specified

y = a*exp(b*x)

y = a*exp(b*x)

y = a*exp(b*x)

C = a*exp(b*t)
C = a*exp(b*t)
Time of fluoro data termination
Conc. @ t_term (read frofalmatrix)
Index @ t_term (size &f1)
Time of fluoro data termination
Conc. @ t_end (read fromlmatrix)
Index @ t_end (read frofilmatrix)

a
b
t_term

t_end

(hn)
(Ppb)

(hr)
(ppb)

165.3
-0.02753
219.3472

0.5707
75398
352.812
0.0100
123064

158.4
-0.02783
219.3472

0.5437

78909

347.4752
0.0100
124669

189.9
-0.02927
219.3472

0.4831

78664

336.5776
0.0100
120532
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Port 4, Depth 1 (12cm)

Port 4, Depth 2 (24cm)

Port 4, Depth 3 (36¢cm)

Variable Description Variable name  (unit) 6th June 6th June 6th June
Inflow.m
data file 4 1 BTC F1 4 2 BTC F1 4 3 BTC_F1

date/time of injection tinj [YYYY MM DD hh mm sg 2016 06 06 13 02 00 2016 06 06 13 02 00 2016 06 06 13 02 00
date/time of end of flow test t_end [YYYY MM DBh mm ss] 2016 06 21 05 50 40 2016 06 21 00 30 30 2016 06 20 13 36 40
Excel data log file LOG4.xIsx LOG4.xIsx LOG4.xlIsx

Date/time data fromLOGn.xIsx Log_in (Excel date/time) A3:A1759 A3:A1731 A3:A1675

Flow rate data fronLOGn.xlIsx ¢_in (L/hr) C3:C1759 C3:C1731 C3:C1675
Outflow.m
data file 4 1 BTC_F1 4 2 BTC_F1 4 3 BTC_F1
date/time of injection t inj [YYYY MM DD hh mm sg 2016 06 06 13 02 00 2016 06 06 13 02 00 2016 06 06 13 02 00
date/time of end of flow test t end [YYYY MM DbBh mm ss] 2016 06 21 05 50 40 2016 06 21 00 30 30 2016 06 20 13 36 40
Excel data log file LOGA4.xlIsx LOGA4.xlIsx LOG4.xIsx

Date/time data fromLOGn.xIsx Log_out (Excel date/time) E3:E3524 E3:E3468 E3:E3374

Flow rate data fronLOGn.xlIsx g_out (L/hr) G3:G3524 G3:G3468 G3:G3374
MasterCalcs.m @® SS.m ‘ @ NSS.m @ SS.m ‘ @ NSS.m @® SS.m ‘ @ NSS.m
data file 4 1 BTC_F1 4 2 BTC_F1 4 3 BTC_F1
inlet flow rate file frominflow.m 4 1 inflow 4 2 inflow 4_3 inflow
outlet flow rate file fromOutflow.m 4 1 outflow 4 2 outflow 4_3_outflow

- | 4.1 BTC_Dat; - | 4_2_BTC_Dat; - | 4.3 BTC_Dat;

mass of Uranine injected M (mg) 30.2 30.2 30.2
distance to sample port L (m) 2.970 2.970 2.970
water level h_h20 (m) 0.44 0.44 0.44
figure (28) domain xlim [05.0] [07.0] [0 6.0] [07.0] [0 6.0] [07.0]
AYRSE i 6KAOK * | THETA ind 23315 - 23962 - 22705 -
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Table C9: Summary ahe Matlabcode inputs for the flow tests performed at three depths at port 5 in theqgailetCWs at the Helmholtz UFZ in 2016

Port 5, Depth 1 (12cm)

Port 5, Depth 2 (24cm)

Port 5, Depth 3 (36cm)

Variable Description Variable name (unit) 20th September 20th September 20th September
MasterDataProc.m
raw data mV file flu_file 5 1 f023.mv 5 2 f024.mv 5_3 f025.mv
fluorometer no. f 623 624 625
calibration conc. Uranine c_cal_Uranine (ppb) 70 70 70
calibration window Uranine ind_ura 207 : 209 157 :158 190: 191
calibration window baseline ind_blank 2100:2200 2489:2845 4323:4562
date/time of injection P1l [YYYY MM DD hh mm ss 2016 09 20 12 07 00 2016 09 20 12 07 00 2016 09 20 12 07 00
date/time of end of flow test

chosen data end P1F [YYYY MM DD hh mm ss 2016 09 30 18 52 00 2016 09 30 09 07 10 2016 09 30 18 52 00

fluoro data end [YYYY MM DD hh mm ss 2016 09 30 18 52 00 2016 09 30 09 07 10 2016 09 30 18 52 00
index- start of experimental data P1S_ind 8591 8389 4715
Tail fit required? (Y/N) N N N
2_# FilterPlot.fig
x values for filter plot domain (x) (hrs since injection) [0 250] [0 250] [0 250]
y values for filter plot range (y) (ppb) [0 8] [0 8] [012]
Inflow.m
data file 5 1 BTC_F1 5 2 BTC_F1 5 3 BTC_F1
date/time of injection t_inj [YYYY MM DD hh mm ss 2016 09 20 12 07 00 2016 09 20 12 07 00 2016 09 20 12 07 00
date/time of end of flow test t_end [YYYY MM DBh mm ss] 2016 09 30 18 52 00 2016 09 30 09 07 10 2016 09 30 18 52 00
Excel data log file LOGS5.xlsx LOGS5.xlsx LOGS5.xlsx
Date/time data fromLOGn.xIsx Log_in (Excel date/time) A3:A998 A3:A957 A3:A998
Flow rate data fromLOGn.xIsx q_in (L/hr) C3:C998 AC3:C957 C3:C998

Outflow.m
data file 5 1 BTC F1 5 2 BTC_F1 5 3 BTC_F1
date/time of injection tinj [YYYY MM DD hh mm ss 2016 09 20 12 07 00 2016 09 20 12 07 00 2016 09 20 12 07 00
date/time of end of flow test t_end [YYYY MM DBh mm ss] 2016 09 30 18 52 00 2016 09 30 09 07 10 2016 09 30 18 52 00

Excel data log file

Date/time data fromLOGn.xIsx Log_out

(Excel date/time)

LOGS5.xlIsx
E3:E1605

LOGS5.xIsx
E3:E1532

LOGS5.xlsx
E3:E1605

Page P56




Port 5, Depth 1 (12cm) Port 5, Depth 2 (24cm) Port 5, Depth 3 (36cm)
Variable Description Variable name (unit) 20th September 20th September 20th September
MasterCalcs.m ®_ssm | @ _Nssm ®_ssm | @ _Nssm ®_ssm | @_Nssm
data file 5 1 BTC F1 5 2 BTC_F1 5 3 BTC_F1
inlet flow rate file frominflow.m 5_1 inflow 5 2_inflow 5_3_inflow
outlet flow rate file fromOutflow.m 5 1 outflow 5_2 outflow 5_3_outflow

; | 5.1.BTC Data . | 5.2.BTC Data . | 5.3 BTC_Datg

mass of Uranine injected M (mg) 30 30 30
distance to sample port L (m) 3.730 3.730 3.730
water level h_h20 (m) 0.44 0.44 0.44
figure (28) domain xlim [02.5] [02.5] [02.5] [02.5] [03.0] [03.0]
indexatgs KA OK * ' ™ THETA ind 36790 - 36874 - 33492 -
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Table C10: Summargf the Matlab code inputs for the flow tests performed at three depths at port 6 in tisegddoCWs at the Helmholtz UFZ in 2016

Port 6, Depth 1 (12cm)

Port 6, Depth 2 (24cm)

Port 6, Depth 3 (36cm)

Variable Description Variable name (unit) 17th October 2016 17th October 2016 17th October 2016
MasterDataProc.m
raw data mV file flu_file 6_1 f023.mv 6_2 f024.mv 6_3_f025.mv
fluorometer no. f 623 624 625
calibration conc. Uranine c_cal_Uranine (ppb) 70 70 70
calibration window Uranine ind_ura 183:184 194 :195 196 : 197
calibration window baseline ind_blank 683:993 2043:2409 2081:2429
date/time of injection P1l [YYYY MM DD hh mm sg 2016 1017 17 38 00 2016 1017 17 38 00 2016 1017 17 38 00
date/time of end of flow test
chosen data end P1F [YYYY MM DD hh mm ss 2016 10 28 17 05 30 2016 10 28 17 05 30 2016 10 28 17 05 30
fluoro data end [YYYY MM DD hh mm ss (2016 10 28 17 06 40) (2016 10 28 17 06 00) 2016 10 28 17 05 30
index- start of experimental data P1S ind 992 0 2356
Tall fit required? (Y/N) N N N
2_# FilterPlot.fig
x values for filter plot domain (x) (hrs since injection) [0 300] [0300 [0300
y values for filter plot range (y) (ppb) [02.5] [05] [0 6]
Inflow.m
data file 6_1 BTC_F1 6_2 BTC_F2 6_3_BTC_F3
date/time of injection t inj [YYYY MM DD hh mm sg 2016 1017 17 38 00 2016 1017 17 38 00 2016 1017 17 38 00
date/time of end of flow test t_end [YYYY MM DBh mm ss] 2016 10 28 17 05 30 2016 10 28 17 05 30 2016 10 28 17 05 30
Excel data log file LOG6.xIsx LOGB6.xlsx LOG6.xlsx
Date/time data fromLOGn.xIsx Log_in (Excel date/time) A3:A883 A3:A883 A3:A883
Flow rate data fromLOGn.xlIsx q_in (L/hr) C3:C883 C3:C883 C3:C883
Outflow.m
data file 6_1 BTC_F1 6_2 BTC_F2 6_3 BTC_F3
date/time of injection tinj [YYYY MM DD hh mm ss 2016 10 17 17 38 00 2016 10 17 17 38 00 2016 10 17 17 38 00
date/time of end of flow test t end [YYYY MM DBh mm ss] 2016 10 28 17 05 30 2016 10 28 17 05 30 2016 10 28 17 05 30
Excel data log file LOG6.xIsx LOG6.xIsx LOG6.xIsx
Date/time data fromLOGn.xIsx Log_out (Excel date/time) E3:E2139 E3:E2139 E3:E2139
Flow rate data fromLOGn.xIsx ¢_out (L/hr) G3:G2139 G3:G2139 G3:G2139
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Port 6, Depth 1 (12cm)

Port 6, Depth 2 (24cm)

Port 6, Depth 3 (36cm)

Variable Description Variable name (unit) 17th October 2016 17th October 2016 17th October 2016
MasterCalcs.m ®_ssm | @ _Nssm ®_ssm | ©_NSsm ®_ssm | ©_NSsm
data file 6_1 BTC_F1 6_2 BTC_F2 6_3 BTC_F3
inlet flow rate file frominflow.m 6_1 inflow 6_2_inflow 6_3_inflow
outlet flow rate file fromOutflow.m 6_1 outflow 6_2_outflow 6_3 outflow

; | 6_1.BTC Data ; | 6.2 BTC_Data ; | 6.3.BTC_Data
mass of Uranine injected M (mg) 31.8 318 318
distance to sample port L (m) 5.270 5.270 5.270
water level h_h20 (m) 0.44 0.44 0.44
figure (28) domain xlim [02.5] [02.5] [02.5] [02.5] [02.5] [02.5]
AYRSE I gKAOK ‘' | THETA ind 46228 - 49169 - 46083 -
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Table C11: Summary of the Matlab code inputs for the flow tests performed at three depths at port 7 irsitedeoit\V's at the Helmholtz UFZ in 2016

7i, Depth 1 (12cm)

7ii, Depth 2(24cm)

7iii, Depth 3 (36cm)

Variable Description Variable name (unit) 12th April 2016 2nd May 2016 22nd August 2016
MasterDataProc.m
raw data mV file flu_file 7i_f025 7ii_f051 7iii_f025
fluorometer no. f 625 651 625
calibration conc. Uranine c_cal_Uranine (ppb) 70 70 70
calibration window Uranine ind_ura 139: 140 138:139 104 : 105
calibration window baseline ind_blank 791:912 2193 : 2366 27220 : 32820
date/time of injection P1l [YYYY MM DD hh mm sg 2016 04 12 12 21 20 2016 05 02 16 52 00 2016 08 22 12 35 00
date/time of end of flow test
chosen data end P1F [YYYY MM DD hh mm sg 2016 04 24 17 52 00 2016 0520131110 2016 09 23 18 46 30
fluoro data end [YYYY MM DD hh mm ss (2016 04 211347 10) (2016 0520131110) (2016 09 0509 36 10)
index- start of experimental data P1S ind 0 408 27111
Tail fit required? (Y/N) Y N Y
2_# FilterPlot.fig
x values for filter plot domain (x) (hrs since injection) [0300 [0 450] [0 800
y values for filter plot range (y) (ppb) [02.5] [0 6] [0 14]
Figure (3)
Coordinate- start of tail fit (181.2, 0.9148) - (270.3, 6.0541)
Index of coordinate ind 37394 - 97217
MasterTailFit.m
Params returned by MATLAB fit' fcn with 'expl' specified
C = a*exp(b*t) a 1072 - 195.1
C = a*exp(b*t) b -0.03946 - -0.01276
Time of fluoro data termination t term (hr) 217.4306 - 575.9500
Conc. @ t_term (read frofalmatrix) (ppb) 0.2444 - 0.1255
Index @ t_term (size éf1) 50428 - 119802
Time offluoro data termination t end (hr) 293.5239 - 774.1914
Conc. @ t_end (read froflmatrix) (ppb) 0.0100 - 0.0100
Index @ t_end (read frorAlmatrix) 77604 - 277351
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7i, Depth 1 (12cm)

7ii, Depth 2 (24cm)

7iii, Depth 3 (36cm)

Variable Description Variable name (unit) 12th April 2016 2nd May 2016 22nd August 2016
Inflow.m
data file 7i_BTC_F1 7ii_BTC_F1 7ii_BTC_F1
date/time of injection t inj [YYYY MM DD hh mm sg 2016 04 12 12 21 20 2016 05 02 16 52 00 2016 08 22 12 35 00
date/time of end of flow test t_end [YYYY MM DD hh mm ss 201604 24 17 52 40 2016 0511131110 2016 09 23 18 46 30
Excel data log file LOG1.xlIsx LOG2.xIsx LOGTiii.xIsx
Date/time data fromLOGn.xIsx Log_in (Excel date/time) A2 : A948 A2 : A2064 A3 : A2725
Flow rate data fromLOGn.xIsx ¢_in (L/hr) C2:C948 C2: C2064 C3:C2725
Adjusted LOG data start tims [YYYY MM DD hh mm sg 2016 04 15 17 13 50 2016 05 03 15 46 10 -
Adjusted Date/time data from LOGn.xls Log_in (Excel date/time) A178 : A949 Al111 : A2065 -
Adjusted flow rate data from LOGn.xls g_in (L/hr) C178 : C949 C111: C2065 -
Flow rate @ t_inj Q_in(1,1) (L/hr) 6.8000 8.3836 -
Outflow.m
data file 7i BTC_F1 7ii_BTC_F1 7ii BTC_F1
date/time of injection tinj [YYYY MM DD hh mm sg 2016 04121221 20 2016 05 02 16 52 00 2016 08 22 12 35 00
date/time of end of flow test t end [YYYY MM DD hh mm ss 2016 04 2417 52 40 2016 0511131110 2016 09 23 18 46 30
Excel data log file LOG1.xlsx LOG2.xIsx LOGTiii.xIsx
Date/time data fromLOGn.xIsx Log_out (Excel date/time) E2:E1716 E4 : E3668 E3: E3635
Flow rate data fromLOGn.xIsx q_out (L/hr) G2:G1716 G4 :G3668 G3:G3635
Adjusted LOG data start tims [YYYY MM DD hh mm sg 2016 04 15 17 13 50 2016 05 03 15 46 10 -
Adjusted Date/time data from LOGn.xls Log_in (Excel date/time) E2 : E1716 E106 : E3668 -
Adjusted flow rate data from LOGn.xls g_in (L/hr) G2:G1716 G106 : G3668 -
Flow rate @ t_inj Q_out(1,1) (L/hr) 6.4731 0.0000 -
MasterCalcs.m @M _SS.m ‘ @ _NSS.m @®_SS.m ‘ @ _NSS.m @M _SS.m | @ _NSS.m
data file 7i BTC_F1 7ii BTC_F1 7ii BTC_F1
inlet flow rate file frominflow.m 7i_inflow 7ii_inflow Tii_inflow
outlet flow rate file fromOutflow.m 7i_outflow 7ii_outflow 7iii_outflow
- | 7i.BTC_ Data ; | 7ii_BTC_Data ; | 7ii_BTC_Data
mass of Uranine injected M (mg) 3 15 30
distance to sample port L (m) 6 6 6
water level h_h20 (m) 0.44 0.44 0.44
figure (28) domain xlim [02.0] [02.0] [03.0] [0 3.5] [03.5] [04.0]
AYRSE | gKAOK | THETA ind 27980 - 45509 - 83176 -
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Table C12: Summargf the Matlabcode outputs for the flow tests performed at three depths at ports 1 and 2 in tkeghld®Ws at the Helmholtz UFZ in 2016

Port 1, 12cm Port 1, 24cm Port 1, 36cm Port 2, 12cm Port 2, 24cm Port 2, 36cm
Steady flow | Variable Flow | Steady flow | Variable Flow | Steady flow | Variable Flow | Steady flow | Variable Flow | Steady flow | Variable Flow | Steady flow | Variable Flow

Qavg (L/S) 6.96 - 6.96 - 6.31 - 7.72 - 7.72 - 7.72 -

_ 0KV 29.9 - 29.9 - 33.0 - 48.5 - 48.5 - 48.5 -

* peakK  pddk 0.4894 0.7329 0.5658 0.7065 0.5735 0.6319 0.5041 0.2704 0.4143 0.2277 0.4624 0.1580
Mo (E) 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Mo (C') 0.6493 1.0009 0.7923 1.1127 0.9899 1.0000 1.0307 1.0006 1.0172 1.0009 1.2189 1.0011
M1 (E)= tm 46.1 48.1 37.8 40.5 33.3 31.0 47.0 47.7 47.7 47.6 39.8 36.0
Mi1(C") 0.6943 1.4671 0.7923 1.5552 0.9899 0.9514 1.0307 0.7048 1.0172 0.7127 1.2189 0.4781
Recovery (%) 104.35 91.99 87.21 85.00 68.01 64.81 43.53 42.35 48.54 47.44 46.78 52.90
N 3.9342 3.5208 2.8200 2.6974 3.0085 2.7586 2.0524 1.9507 1.6597 1.5290 1.7595 1.4381
d 0.25 0.28 0.35 0.37 0.33 0.36 0.00 0.51 0.60 0.65 0.57 0.70
tio 19.4833 - 14.0444 - 11.3528 - 18.4611 - 19.4583 - 18.3972 -

too 78.7611 - 74.8722 - 63.9917 - 93.5917 - 97.5833 - 79.2306 -
‘10 0.4229 - 0.3720 - 0.3409 - 0.3924 - 0.4082 - 0.4625 -
MDI 4.0425 - 5.3311 - 5.6367 - 5.0697 - 5.0150 - 4.3067 -

M 0.8688 - 0.8192 - 0.7596 - 0.7234 - 0.7080 - 0.6836 -
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Table C13: Summary of thdatlab code outputs for the flow tests performed at three depths at ports 3 and 4 in tkeghdld®Ws at the Helmholtz UFZ in 2016

Port 3, 12cm Port 3, 24cm Port 3, 36cm Port 4, 12cm Port 4, 24cm Port 4, 36cm
Steady flow | Variable Flow | Steady flow | Variable Flow | Steady flow | Variable Flow | Steady flow | Variable Flow | Steady flow | Variable Flow | Steady flow | Variable Flow

Qavg (L/S) 8.44 - 5.42 - 8.81 - 8.89 - 8.89 - 8.89 -

_ 0KV 59.2 - 92.2 - 56.7 - 56.1809 - 56.2222 - 56.0959 -

* peakK  pddk 0.7644 0.8102 0.7612 0.6054 0.7087 0.8735 0.6980 0.8220 0.6538 0.7048 0.5802 0.5757
Mo (E) 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Mo (C') 1.0279 1.0006 0.6759 1.0009 0.7395 1.0027 0.7533 1.1790 0.8440 1.0009 0.8886 1.0020
Mi(E) =k 57.6 58.2 136.4 139.9 76.7 78.0 74.5794 76.2241 66.6129 68.1579 63.1254 64.8460
M1(C) 1.0279 1.0787 0.6759 0.9369 0.7395 1.3026 0.7533 1.3750 0.8440 1.1288 0.8886 1.0722
Recovery (%) 6.32 6.96 38.04 30.17 62.27 61.66 67.96 64.98 77.81 75.13 89.31 85.68
N 8.4136 8.7554 5.2424 4.8098 4.5141 4.3136 3.4887 3.6024 3.1252 3.1033 3.1562 3.0997
d 1.19E+05 0.11 0.19 0.21 0.22 0.23 0.29 0.28 0.32 0.32 0.32 0.32
t1o 37.5538 - 82.2861 - 45.4056 - 39.3833 - 33.0861 - 31.6750 -

too 85.6472 - 209.3306 - 121.6722 - 127.8111 - 115.7056 - 109.6056 -

‘10 0.6518 - 0.6033 - 0.5920 - 0.5281 - 0.4967 - 0.5018 -
MDI 2.2804 - 2.5439 - 2.6797 - 3.2453 - 3.4971 - 3.4603 -

M 0.8637 - 0.8948 - 0.8767 - 0.8544 - 0.8281 - 0.8202 -
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Table C14: Summargf theMatlab code outputs for the flow tests performed at three depths at ports 5 and 6 in-teaf@l@Ws at the Helmholtz UFZ in 2016

Port 5, 12cm Port 5, 24cm Port 5, 36cm Port 6, 12cm Port 6, 24cm Port 6, 36cm
Steady flow | Variable Flow | Steadyflow | Variable Flow | Steady flow | Variable Flow | Steady flow | Variable Flow | Steady flow | Variable Flow | Steady flow | Variable Flow

Qavg (L/S) 6.50 - 6.49 - 6.50 - 6.70 - 6.70 - 6.70 -

_ 0KV 96.5 - 96.7 - 96.5 - 132.4 - 132.4 - 132.4 -

* peakK  pddk 0.7139 0.6749 0.7098 0.6740 0.7064 0.6146 0.9143 1.0315 0.8219 0.9808 0.8228 0.9093
Mo (E) 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Mo (C') 0.9437 1.0006 0.9440 1.0005 1.0386 1.0006 1.0294 1.0006 0.9679 1.0006 1.0328 1.0006
M1(E) = 102.2 103.7 102.5 104.1 92.9 94.1 128.6 129.5 136.7 137.0 128.2 128.9
M1(C) 0.9437 0.9739 0.9440 0.9783 1.0386 0.8814 1.0294 1.1205 0.9679 1.1909 1.0328 1.1184
Recovery (%) 10.32 9.68 10.25 9.60 12.92 11.98 2.63 3.01 6.84 7.82 7.60 8.66

N 12.9628 13.1084 11.4012 11.5713 9.5289 9.5293 35.3293 31.9956 14.6623 15.2827 15.5762 15.9144
d 0.08 0.08 0.09 0.09 0.10 0.10 0.03 0.03 0.07 0.07 0.06 0.06
t1o 70.3111 - 68.6444 - 61.0556 - 101.9194 - 98.0000 - 92.9444 -

too 142.6806 - 145.5833 - 136.5667 - 159.3111 - 189.9028 - 171.1222 -

‘10 0.6877 - 0.6699 - 0.6572 - 0.7927 - 0.7167 - 0.7252 -
MDI 2.0293 - 2.1208 - 2.2368 - 1.5631 - 1.9378 - 1.8411 -

M 0.8943 - 0.8878 - 0.8663 - 0.9286 - 0.8993 - 0.8981 -
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Table C15: Summargf theMatlab code outputs for the flow tests performed at three depths at port 7 in theegiloCWs at the Helmholtz UFZ in 2016

7ii (May 2016) 7iii (August 2016)
Steady flow Variable Flow Steady flow Variable Flow

Qavg (L/S) 8.20 - 5.76 -
_ 0KV 123.1 - 175.2 -
* peakK  pddk 0.6352 0.5250 0.6247 0.4753
Mo (E) 1.0000 1.0000 1.0000 1.0000
Mo (C') 0.8240 1.0009 0.7577 1.0016
Mi(E) =% 149.4 150.0 231.3 241.1
M1(C) 0.8240 0.9591 0.7577 0.9309
Recovery (%) 30.86 29.97 36.01 29.57
N 8.4973 8.3245 7.1699 7.4997
d 0.12 0.12 0.14 0.13
t1o 92.7639 - 141.3222 -
too 224.3306 - 343.9395 -
‘10 0.6208 - 0.6111 -
MDI 2.4183 - 2.4337 -
M 0.8851 - 0.8926 -
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Appendix D: Climatic Data (2016)

This appendix summarizes the climatic d@émperature, rainfall, global radiation, relative humidity) that was gathered by the small weather station erected
alongside the outdoor pilscale CWsat the Helmholtz UFZ, Leipzig. This data was used, in conjunction with the flow rate data recorded by the wetland control
system, to perform a water mass balance over the wetland, which yielded the water loss due to evapotranspiration, invagdtiiating the climatic, or
weather, conditions during the experiments gave an explanation of some of the fluctuations in flow rate which were@bbettvedlimatic data collected

during eachracer flow tesbr that supporting what igresented i\ylward et al. (2019)s givenhere.

Addition al information needed to interpret the data given in Tables D1 to D6

Day cycle: 6ami 10pm
Night cycle: 10pmi 6am (+1)
Inflow cylinder volume: 1.7 L

Outflow cylinder volume: 0.935 L

Density of water: 1 kg/L

Gravel bed surface area: 6 870 0@ mn¥

Note:

The climatic data is analysed in two parts; namely a day cycle and a night cycle.

The control system records the time taken to fill and then drain a cylinder of know volume at thiefloletaylindel) and at the outleto(tflow
cylinder). This makes it possible to calculate the inlet and outlet volumetric flowrates. The number of filling and draining cyded haing the

designated day and night periods also give the total mass of water entering and leaving the system withiaghese tim

ET &l AOBC T8 EVAI ADI G KAOE] AKBT G BB LS
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| GOAAGHC TH EUAI ADI GO OA KIOET A AA1 G EaBAD &S

1 Temperature, global radiation and relative humidity are recorded by the weather station on an hourly basis. The folleportedriTables D1 to
D6 below.
U The day time maximum temperature
U The night time minimum temperature
U The day time and night tingdobal radiation maxima

U The day time and night time average relative humidity

i Rainfall(mm)is measured from a rain gauge at the site

2AET EGTOAETIAAT COARDABO O AORM p P —— —

1 The system water balance:
ET £1 AQBC OAETHEEAITIOOAIAGHG AOADPT OOAT BOEOAOGET 1

9 The volume of water lost due to evapotranspiration is

AOGAPT OOAT ObE 6ASEFH
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Table D1:Subset of data used to perform tivater mass balance (masses of water entering and leaving the system) during the flow test in April 2016

Date Inflow Cycles Outflow Cycles Inflow mass(kg) Outflow mass(kg) Rainfall (mm) Rainfall (kg) Evapotr(i;?plratlon Evapog;mmssplratlon
(2016) Day Night Day Night Day Night Day Night Day | Night Day | Night Day Night Day Night
12-Apr 71 58] 110 53 120.7 56.1 102.9 49.6 0.0 0.0 0.0 0.0 17.9 6.5 2.6 1.0
13-Apr 42 13 87 66 71.4 22.1 81.3 61.7 1.0 7.2 6.9 49.5 -3.1 9.9 -0.4 1.4
14-Apr 56 3 99 7 95.2 5.1 92.6 6.5 0.6 0.0 4.1 0.0 6.8 -1.4 1.0 -0.2
15-Apr 59 37 132 72 100.3 62.9 123.4 67.3 3.0 0.0 20.6 0.0 -2.5 -4.4 -0.4 -0.6
16-Apr 74 37 154 92 125.8 62.9 144.0 86.0 13 25 8.9 17.2 -9.3 =519 -1.3 -0.9
17-Apr 75 37 160 72 127.5 62.9 149.6 67.3 2.2 0.0 151 0.0 -7.0 -4.4 -1.0 -0.6
18-Apr 65 37 81 62 110.5 62.9 75.7 58.0 0.0 0.0 0.0 0.0 34.8 4.9 5.1 0.7
Evapotranspiration - April 2016 Temperature and Global Radiation - Apr 2016
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__ 60 T~ Do — 800 q
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Date 2016 ISP S S S-S S S S SRR S S S
Evap. (day) Evap. (night) mm— Rain (day) - - - - - - -
Rain (night) —e— Humidity (day) —e— Humidity (night) Date & Time 2016
Figure D1:Amount of rainfall and evapotranspiration with the relative Figure D2:Daytime and night time temperature and global radiation during humidity
during the April 2016 flow test the April 2016 flow test
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Table D2:Subset of data used to perform the water mass balance (masses of water entering and leaving the system) during theVfayn2t&ss in

Evapotranspiration

Evapotranspiration

Date Inflow Cycles Outflow Cycles Inflow mass kg) | Outflow mass kg)| Rainfall (mm) Rairfall (kg) (ka) (mm)
(2016) Day Night Day Night Day Night Day Night Day | Night Day | Night Day Night Day Night
2-May 74 38 79 0 125.8 64.6 73.9 0 0.0 0.0 0.0 0.0 51.9 64.6 2.9 -1.0
3-May 77 38 127 52 130.9 64.6 118.7 48.62 0.0 3.5 0.0 24.0 12.2 40.0 3.3 -0.7
4-May 76 39 121 75 129.2 66.3 113.1 70.1 0.0 0.0 0.0 0.0 16.1 -3.8 2.0 -0.5
5-May 77 38 135 76 130.9 64.6 126.2 71.1 0.0 0.0 0.0 0.0 4.7 -6.5 0.4 -0.7
6-May 77 39 131 74 130.9 66.3 1225 69.2 0.0 0.0 0.0 0.0 8.4 -2.9 2.9 -1.0
7-May 77 38 128 74 130.9 64.6 119.7 69.2 0.0 0.0 0.0 0.0 11.2 -4.6 1.4 -1.0
8-May 77 39 127 75 130.9 66.3 118.7 70.1 0.0 0.0 0.0 0.0 12.2 -3.8 2.9 -1.6
9-May 77 38 129 75 130.9 64.6 120.6 70.1 0.0 0.0 0.0 0.0 10.3 -5.5 4.7 2.1
10-May 78 38 129 76 132.6 64.6 120.6 71.1 0.0 0.0 0.0 0.0 12.0 -6.5 5.0 5.0
11-May 78 38 127 76 132.6 64.6 118.7 71.1 0.0 0.0 0.0 0.0 13.9 -6.5 9.2 0.5
12-May 78 39 129 77 132.6 66.3 120.6 72.0 0.0 0.0 0.0 0.0 12.0 -5.7 0.2 -4.6
13-May 77 39 139 75 130.9 66.3 130.0 70.1 0.6 0.0 4.1 0.0 5.1 -3.8 -0.7 -1.5
14-May 77 38 140 74 130.9 64.6 130.9 69.2 0.0 0.0 0.0 0.0 0.0 -4.6 1.8 -1.2
15-May 78 38 194 75 132.6 64.6 181.4 70.1 5.3 0.0 36.4 0.0 -12.4 -5.5 0.7 -1.2
16-May 77 38 166 75 130.9 64.6 155.2 70.1 23 0.0 15.8 0.0 -8.5 5.5 1.4 -1.0
17-May 77 39 150 78 130.9 66.3 140.3 72.9 0.1 0.0 0.7 0.0 -8.7 -6.6 3.8 -0.4
18-May 77 38 143 77 130.9 64.6 133.7 72.0 0.0 0.0 0.0 0.0 -2.8 -7.4 2.8 -0.7
19-May 78 38 135 7 132.6 64.6 126.2 72.0 0.0 0.0 0.0 0.0 6.4 -7.4 2.9 -1.0
20-May 78 39 134 77 132.6 66.3 125.3 72.0 0.0 0.0 0.0 0.0 7.3 -5.7 3.3 -0.7
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Temperature and Global Radiation - May 2016

Evapotranspiration - May 2016
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Figure D4: Daytime and night time temperature and global radidtiing humidity

the May 2016 flow test

Figure D3: Amount of rainfall and evapotranspiration with the relative

during the May2016 flow test
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Table D3: Sukset of data used to perform the water mass balance (masses of water entering and leaving the system) during thelfioe26sst in

Evapotranspiration

Evapotranspiration

Date Inflow Cycles Outflow Cycles Inflow mass(kg) | Outflow mass(kg) Rainfall (mm) Rainfall (kg) (ka) (mm)
(2016) Day Night Day Night Day Night Day Night Day Night Day Night Day Night Day Night
6-Jun 82 40 128 80 139.4 68.0 119.7 74.8 0.0 0.0 0.0 0.0 19.7 -6.8 2.9 -1.0
7-Jun 82 41 125 80 139.4 69.7 116.9 74.8 0.0 0.0 0.0 0.0 22.5 5.1 3.3 -0.7
8-Jun 81 41 139 79 137.7 69.7 130.0 73.9 0.9 0.1 6.2 0.7 13.9 -3.5 2.0 -0.5
9-Jun 81 41 144 80 137.7 69.7 134.6 74.8 0.0 0.0 0.0 0.0 3.1 5.1 0.4 -0.7
10-Jun 82 40 128 80 139.4 68.0 119.7 74.8 0.0 0.0 0.0 0.0 19.7 -6.8 2.9 -1.0
11-Jun 82 40 139 80 139.4 68.0 130.0 74.8 0.0 0.0 0.0 0.0 9.4 -6.8 14 -1.0
12-Jun 81 41 209 100 137.7 69.7 195.4 93.5 11.3 1.9 77.6 13.1 19.9 -10.7 2.9 -1.6
13-Jun 76 38 231 64 129.2 64.6 216.0 59.8 7.9 1.4 54.3 9.6 -32.5 14.4 -4.7 2.1
14-Jun 80 39 149 37 136.0 66.3 139.3 34.6 5.5 0.4 37.8 2.7 345 345 5.0 5.0
15-Jun 79 39 80 67 134.3 66.3 74.8 62.6 0.5 0.0 34 0.0 62.9 3.7 9.2 0.5
16-Jun 80 35 144 144 136.0 59.5 134.6 134.6 0.0 6.3 0.0 43.3 14 -31.9 0.2 -4.6
17-dun 73 37 278 79 124.1 62.9 259.9 73.9 19.1 0.1 131.2 0.7 -4.6 -10.3 -0.7 -1.5
18-Jun 82 41 141 83 139 70 132 78 0.7 0.0 4.8 0.0 12 -8 1.8 -1.2
19-Jun 82 41 144 83 139.4 69.7 134.6 77.6 0.0 0.0 0.0 0.0 4.8 -7.9 0.7 -1.2
20-Jun 81 41 137 82 137.7 69.7 128.1 76.7 0.0 0.0 0.0 0.0 9.6 -7.0 14 -1.0
21-Jun 75 34 127 65 127.5 57.8 118.7 60.8 2.6 0.0 17.6 0.0 26.3 -3.0 3.8 -0.4
22-Jun 64 32 96 63 108.8 54.4 89.8 58.9 0.0 0.0 0.0 0.0 19.0 -4.5 2.8 -0.7
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Evapotranspiration - June 2016
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Figure D5: Amount of rainfall and evapotranspiration with the relative Figure D6: Daytime and night time temperature and global radidtiing humidity
during the Jun@016 flow test the June2016 flow test
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