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ABSTRACT

In the past three decades there has been an iadrgssrest in constructed wetlands
(CW) and their effectiveness in treating water. Tigdraulic efficiency of a CW can
be determined by using chemical reactor theoryetelbp residence time distribution
(RTD) parameters such as effective volumgg{Vhormalized variancesf) and mean
residence timerf,). Five experiments were conducted to study thecedfon these
RTD parameters in a CW by using a glass pilot-siedderatory rig and varying the
inlet-outlet positions. The rig made use of a gtas& 250x250x500mm filled with
clear superabsorbent polymer balls as a packing cldar tank and balls made it
possible for the flow to be observed when a FWTingoulse tracer dye was inserted
into the system. The flow was photographed at $ipdtne intervals for visual
analysis and comparison. . The visual results sddte formation of a hull-shaped
velocity profile in all the experiments. The RTDswabtained by collecting tracer
samples at specific outlet positions during thersewf each experiment. The five
inlet-outlet configurations RTD parameters resstiewed; a straight flow path from a
single inlet to outlet yielded the lease desirdyldraulic performance with dead
volumes contributing to up to 67% of the CW. Anrgmse in the number of outlets
and changing the direction of flow diagonally shdwp to a 96% improvement to the
effective volume of the system could be achievedmtompared with single inline
inlet-outlet flow. The best result was achievedcbynbining the visual and RTD data
to make changes to the rigs geometry in orderitoighte dead zones and yielded up
to a 148% improvement in the effective volume & slystem when compared with
single inline inlet-outlet flow. A well designed CWith respect to inlet-outlet position
can result in reduced land requirements and castgirucosts by minimizing the dead

volume and improving hydraulic efficiency.
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NOMENCLATURE

E; is the exit age distribution at tim¢T™]

tiis timei [T]

1 is the ideal mean residence time [T]

Q is the volumetric flow rate fT™]

Ci is the concentration taken at tiin L]

At is the time interval between any timand t.; [T]

t,, 1s the mean of the residence time distributioh [T

¢ Is the void fraction of a packed bed

Vv is the volume of voids i}

My is the mass of the voids [M]

Vsis the volume of material fl.

Ms is the mass of a material [M]

V is the volume of a packed bed’JL

o° is the second moment of the residence time digtdb, the variance
oo° is the normalized variance

D is the dispersivity [L]

N is the number of tanks in a tanks-in-series model

Vit IS the ratio derived from the ideal residence tim&leal residence time
A is the hydraulic efficiency factor

P is the pressure in a model [MT?]

p is the density of the liquid [M ]



u is the dynamic viscosity of the liquid [M'T™]
Dn, is the mean particle diameter [L]

Cin is the inlet concentration [M{]

Cout is the outlet concentration [Md]

q is the hydraulic loading rate [LT

a, b and c is regression coefficients [1]

ka is the areal decomposition constarft T.]

ky is the volumetric decomposition constant JI']

HRT is the hydraulic retention time [T]

r is the rate of biological degradation [L}]T

Kuscis the half-saturation constant [MPL

C is the contaminant concentration [M]L

Koy IS the zero-order volumetric rate constant [V
Ry is the total nitrogen removal [M]

Krsrpis the time of the removal [T]

n is the porosity

T is temperature is degrees celcius



ACRONYMS

PFR - Plug Flow Reactor

CSTR - Continuous Stirred Tank Reactor

TIS — Tanks in Series

RTD — Residence Time Distribution

CW - Constructed Wetlands

SSFCW:- Subsurface Flow Constructed Wetlands
FSFCW- Free Surface Flow Constructed Wetlands
ANN- Artificial Neural Networks

CFD- Computational Fluid Dynamics

Xi



1. INTRODUCTION

The earth’s population has exceeded 7 billion hubengs (UNFPA, 2011). The
economic, environmental and social impacts reguaéin order for life to
continue into the foreseeable future the most swstée practices and frameworks
must be adopted and implemented. The goal of thi& wadertaken in this
research aims towards expanding sustainable eme@otal practice

development.

Water is one of the most valuable resources omgaderves to sustain almost all
forms of life and is used for a myriad of purpod&®madly water can be
categorised by its use: potable (drinking qualitylustrial and agricultural. After
use water is expelled and becomes wastewater. Watsteis any water that has
had its quality affected by anthropogenic influerfSewage forms part of
wastewater and consists mainly of domestic, muai®@p industrial liquid
wastewater of which treatment most frequently osduyr septic tanks or
wastewater treatment plants. The use of wastewratment plants can be costly
as they require skilled personnel and frequent teaance.

This research report aims to investigate and fudiegelop an alternate form of
wastewater treatment namely, constructed wetla@ug)( CW are an engineered
system that is designed and constructed to makefussural processes in order
to treat wastewater. CW are can be classified doogto the major macrophytic
life form present in them namely; floating leav&eg floating, rooted emergent
or submerged. Furthermore they may be classifiedrding to the systems
overriding hydrological make-up; free surface andssirface flow and

directionality of flow; vertical or horizontal (Vyazal, 2010).

Under controlled conditions, a CW has low mainteearequirements and can be
less costly to operate than conventional methodgastewater treatment
depending on the scale of operations. The use of@\Wastewater treatment can
be dated back to the 1950’s in Europe and 1960\oithern America but has



enjoyed less exposure in a South African conteliefi@an et al, 2006; Sheridan
et al, 2011; Vymazal, 2011).

The development of CW for use within sub-SaharamcAfcan lead to a more
sustainable method of treating wastewater andhblmng to alleviate water
scarcity. The benefits of making use of a CW inefud

« Potential low capital costs in rural areas;
* Relatively simplistic operation;
* Minimal maintenance requirements; and

* Aesthetic nature of constructed wetlands.

CW have for the longest time been viewed as a Wack Little was known about
the biological, chemical and physical processesioitg within them (Vymazal,
2010). The physical characteristics such as gegraett substrate composition
play a pivotal role in ensuring optimal efficienof/such a constructed wetland
system. The effect of changes to the physical chenatics is one of the areas in
need of development and study. Many methods antableafor the analysis of
CW wetlands; however, none of these methods canriplicate constructed
wetland processes due to their complex natureh&uriore, many of the methods
focus solely on one of the processes at work inl€&Ving results project specific
(Kadlec, 2000). The research presented here aimssist in the further
development of a more general method or techniquarfalyzing and

understanding flow within subsurface wetlands fiactical application.

The research presented here made use of pilotistaeatory experiments
consisting of a glass tank 250x250x500mm fillechvalear superabsorbent
polymer balls. The tanks had nine inlet and ningebpositions that would make
it possible to compare the effects on visual an®R@ta when varying inlet-
outlet configurations. In this research five diffet inlet-outlet combinations
would be considered, namely:



« top centre inlet to top centre outlet;

« bottom centre inlet to top centre outlet;

« bottom centre inlet to all top outlets;

« bottom centre inlet to all top outlets but inclugliam wedge in the geometry;
and

« bottom right inlet to top left outlet.

The use of a tracer dye injected into the steaate Stystems was proposed as the
best method to observe flow patterns and make tsaetple data available.
Samples from the experiments would then be prodessa Merck
Spectrophotometer in order to determine concentratalues and using this data
combined with residence time distribution theorfgrences would be drawn on

the characteristic performance of each system.

Research Aims and Objectives:

1. To investigate the effect on the residence tim&ildigion parameters and
flow patterns when varying the inlet-outlet configtions of a horizontal
subsurface flow constructed wetland.

2. To compare and discuss the effects of varyingriteg-putlet configuration
on the residence time distribution parameters

The basis for the research objectives was to obdees/flow patterns that occur in
a packed bed such as a subsurface flow construetand (SSFCW). The
visualization of the flow patterns makes it possita identify areas in which a
system may not be performing optimally. Such ar#lsin a system where short-
circuiting, bypass or dead volumes occur can tleuadaress and the performance

of a system altered.

The RTD data captured gives the systems charaatsrasnumerical value that
can be weighed against the visual data and impremesiracked.



This research report is structured into 6 chaptéits the first being this
introduction chapter.

Chapter 2 provides a review of the literature aldé regarding Constructed

Wetlands along with current methods and modeling@gches.

Chapter 3 presents the residence time distribdtieary used in the research.

Chapter 4 outlines the methodology used in the rexygatal pilot laboratory
scale setup.

Chapter 5 presents the results of the experimetaaliscussion

Chapter 6 concludes the research.



2. LITERATURE REVIEW

2.1  History of Constructed Wetlands

Natural wetlands have been used for over a cembuingat wastewater in the
United Kingdom and in Northern America. The disgjeaof wastewater into
many of these natural wetlands was mainly due $e e&disposal rather than for
treatment purposes and resulted in the permangnadiation of many wetlands
(Vymazal, 2011). The degradation of these natuedlamds led to the need for

alternative means of treating wastewater.

Research into the use of wetland plants to treatewater began as early as the
1950’s by Dr. K. Seidel of Germany and steereddéneelopment of constructed
wetlands (CW) along with a series of related cariees throughout the 1970’s
and 1980’s (Vymazal, 2011; Wood, 1995).

The increasing need for treated wastewater indbiefive decades has resulted in
a need to develop an understanding of the biolggibamical and physical
processes at work in CW as well as their complérattions (Somes, 2000;
Vacca, 2005; Langergraber, 2007).

2.2 Classification and Uses of Constructed Wetlands

CW can be classified according to the major macybplhife form present in

them be it; floating leaved, free floating, roottdergent or submerged
macrophytes. Furthermore they may be classifiedrdarg to the systems overall
hydrological make-up, free surface and subsurflove, fas well as flow
directionality; vertical or horizontal (Vymazal, 20). A summary of CW
classification can be found in Figure 2-1.
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Figure 2-1 Classification of various types of Consticted Wetlands

adapted from (Vymazal 2010)

Free surface flow constructed wetlands (FSFCW)lpi consists of a channel
with a barrier that prevents seepage, emergentatige and water at a shallow
depth flowing through the system. The water surfa@xposed to the atmosphere
and the intended flow path through the system izbotal. FSFCW can be more

readily found in North America (Vymazal, 2011).

Subsurface flow constructed wetlands (SSFCW) assists of a channel with a
barrier to prevent seepage, but contains a suitipéh of porous media. Rock or
gravel is the most commonly used media type andntbgia also supports the
root structure of the emergent vegetation. Thegesi these systems assumes
that the water level in the bed will remain beldwe top of the rock or gravel
media i.e. no free surface is present. The SSFGWalsa be found in a variation
of horizontal or vertical subsurface flow. SSFCW t& more readily found in

Europe (Vymazal, 2011).

The various types of CW are all predominantly usetleat domestic wastewater,
agricultural wastewater, acid mine drainage, andmsivater runoff amongst
others (Davis 1995, Vymazal 2010). A cross-sediidiustration of both a
FSFCW and a SSFCW can be seen in Figure 2-2.



A: pond with free floating plants D: CW, horizontal subsurface-flow
B: pond with submersed water plants E: CW, vertical flow

C: pond with emersed water plants

Figure 2-2 lllustration of wetland types and configirations.

The advantages of employing a CW for treatment gaep include: reduced
capital costs compared with chemical treatmentbosti minimal operation and
maintenance costs, tolerance to flow fluctuatiorsyral habitats for animal life
(Knight, 1997), reduced environmental impacts,gheouragement of water
recycling, and pleasant aesthetics. However, theralso drawbacks to using
CW: they have larger land needs than orthodoxrtreat plants (such as
wastewater treatment plants) and their performamag vary seasonally, toxic
wastewaters may kill off biological treatment compots (Davis, 1995), and they

are prone to subsurface clogging and subsequdatsutow (Vymazal, 2011).

CW have been identified to have great potentialeweloping countries;
especially in rural communities where municipal teaster treatment may not be
available. The use of CW in developing countriesasever limited due to lack

of awareness and local expertise (Kivaisi, 2001).



2.3  Current Modelling Approaches

Techniques used in the design of CW range fronsrofehumb (Wood, 1995;
Davis, 1995; Kadlec et al, 2008) to a list of moreently developed numerical
models such as first order transportation, Monogtcs and other process based
models (Langergraber et al, 2009a). The succedgesé approaches varies with

each having their own advantages, disadvantagebnaitations.

2.3.1 Simplified and empirical transport models

Rule of thumb models follow a simplified approaoldesigning CW, and are the
easiest and quickest to apply; however, they haedighest measure of
variability (Rousseau, 2004). These models arededron observation, and
attempt to suggest appropriate aspect ratios thiathaximize the effectiveness
of CW. The advantage to employing such an appraattiat there is a large
amount of literature available that allows the geer of a CW to quickly come
up with a solution to apply (US EPA, 2000). Theadigantage of using such an
approach is that there may be little to no undeditay of the processes that are
occurring within the CW. Should problems arise latson may be difficult to
come up with and further damage may be done teybieem, as the design is not

optimised. More land may be required than is trelyuired.

Regression equations originate from empirical asegywhich attempt to identify
relationships between parameters (Rousseau, 2R@4gjession equations can be
used to monitor the general performance of a CWpaaduce correlations
between various parameters. Stone et al. (2002) neggession equations (Eq 1)
to predict outlet concentration of the swine lagboahfound that the regression
coefficients (f) were less than 0.6 suggesting that more fadhars were

considered influenced the outcome.

Cout = aCil;qu Eq (l)



Where: G, is the inlet concentration
CoutiS the outlet concentration
g is the hydraulic loading rate, and

a, b and c are regression coefficients

A limitation of these kinds of empirical equatiasghat due to most equations
combining a small number of parameters such asanegtizes, effluent
compositions, plant species and prevailing clintateditions other influential

processes are neglected resulting in an over diegpliesult (Stone et al, 2002)

2.3.2 First-order transport models

First-order equations (Kadlec et al, 2008; Kadil&97) function under the
assumption of steady-state operating conditionks asdnlet concentration, flow
rate, and influent type and can be viewed as idegl-flow reactors. First-order
models have been used to forecast removal of polisitsuch as nitrogen,
ammonia, phosphorus, suspended solids, and ottres faf organic matter

generally making use of either Eq (2) or (3) (Kuretal, 2011).

. N

)
ci\)]\
Ja | j

S

~~ Dead Zone

Figure 2-3 lllustration of dead zones and short-cicuiting in reactors (Levenspiel, 1972).



Cout ka

.. = Eq (2)

Where: l4 is the areal decomposition constant, and

C
out _ ,—kyHRT Eq (3)

Where: k is the volumetric decomposition constant, and
HRT is the hydraulic retention time

Short-circuiting & bypass

Figure 2-4 lllustration of short-circuiting and bypass in reactors (Levenspiel, 1972).

The use of first-order models is well documented iahas been noted that
although they are commonly used in design theyased on input-output
responses and say very little about the hydrodyosiamd other internal processes

at work in a system.

The fact that these models are based on idealffolwgand steady state condition
has its own drawbacks. In reality the formatiomle&d zones, occurrence of
short-circuiting and bypass (illustrated in Fig@r8 and 2-4) create non-ideal
plug flow, variable inlet concentration and hydradbading that affect steady
state conditions (Kadlec, 2000; Rousseau, 2004).
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Furthermore, first order models show that remoatds continue to increase as
loading rates increase which in practice is knownta be the case when
compared with the zero-order models where the kisékecomes independent of
concentration (Mitchell et al, 2001). Attempts halso been made to incorporate
background concentrations and the effects of pitatipn and evapotranspiration
with variable success (Rousseau, 2004).

A case study by Jamieson et al. (2007) reportedthiezefficiency of treating
livestock wastewater in cold climates was higheemwhompared to studies done
in warmer climates. The correspondikfyvalues for water quality parameters;
biological oxygen demand, total phosphorus totélpgen, ammonium nitrogen,
ammonia nitrogen and total suspended solids weverked by at least 0.005 ritd
compared with th&A values reported by Reed et al (1995) and Kadled<amght
(1996) after adjusting the outlet concentratianditution. Stone et al. (2004)
reported considerably low&A values for the marsh-pond-marsh wetland system,
however, in comparison this was justified by loweaction rate constants due to

higher hydraulic loading in these systems.

2.3.3 Monod kinetic models and Neural Networks

Some of the limitations of first order models maydvercome by employing
Monod kinetic equations such as Eq (4); these destrst-order rate laws for
small concentrations (where C<gd) and zero-order rate laws for large

concentrations (Mitchell et al, 2001).

c

= ko pV ————
’ O Kysc + C

Eq (4)

Where: r is the rate of biological degradation
Khscis the half-saturation constant
C is the contaminant concentration

ko is the zero-order volumetric rate constant

11



Monod kinetics is based on viewing metabolism imteof elementary modes
representing various options for the utilizatioregfernal substrate. Each
substrate contributes to the production of intdatal metabolites, extracellular

products, and biomass.

Multi-Monod kinetics that account for more than dvienod relationship has
been shown to more closely represent the comptedelgradation routes of
nitrogen and organic pollutant removal in horizéatad vertical flow CW than
first-order models (Saeed et al, 2011).

Kemp and George (1997) made use of a comparablelitmdepresent ammonia
removal in a pilot-scale SSFCW that treated wastenwahe coefficient of
determination was’+0.94 for ammonium removal in the Monod type model,

better described the variability of the data theevus first-order model.

Artificial neural networks (ANN), a computationaloghel that mimics biological
neural networks, has been used to successfully Infeeléotal nitrogen removal in
CW as employed by Akratos et al (2009) in Eq (%) €3), with satisfactory
performance. The design equation beneficially maisesof a Monod type
expression that takes both first and zero orderleats into account (Kumar et al,
2011).

HRT

Rry = Kronp + HRT Eq (5)
22.8 n \3

Where: Ry is the total nitrogen removal
Krsrpis the time of the removal
n is the porosity

T is temperature

12



Naz et al. (2009) conducted an analysis of SSFCWadmelling the system
using an ANN-back propagation algorithm. The resdémonstrated the
successful use of ANN wittf values for predicting effluent total chemical
oxygen demand = 0.90, soluble chemical oxygen ddmah90, and total

biological oxygen demand = 0.94.

2.3.4 Process based models

Process based models attempt to assimilate pr@cesserring in a system into a
single model. The more processes and processdtitara a model can accurately
capture that occurs within a system, the more ogethat model becomes.

A two-dimensional mechanistic model has been usetktermine the relative
contribution of different microbial reactions taganic pollutant removal in
horizontal SSFCW by coupling the Retraso reacti@adport code with
multiphase flow and heat code CodeBright The resaflthe model were limited
as it was only an initial attempt to integrate thierobial processes in organic
matter removal in horizontal SSFCW by Ojeda e2aDg).

Structural thinking experiential learning laborgtarith animation, known as
STELLA, introduced in 1985 is a graphical programgnianguage that can be
used to model dynamic systems has also been stulbessed in several CW
studies (Wang et al, 2000; Ahn et al, 2002; Mayi)5) to model pollutant

removal.

Pimpan and Jindal (2009) described the adsorpdiesgorption and plant uptake in
the laboratory scale FSFCWs using the STELLA safw@he simulated average
cadmium removal efficiencies were in the rangelo¥7699.6 % and the measured

average values between 74.6 - 96.5 % showing aléngh of correlation.

Constructed wetland two-dimensional model knowQ®&D, developed by PC-
Progress, is a multi-process reactive transportainiod SSFCW as an extension

of the HYDRUS, a variably saturated water flow @otlute transport program.

13



CW2D has been used to focus on the hydraulic bebaaf CW (Langergraber et
al, 2005) as well as pollutant removal in pilotled@W with the results showing a
good match with the measured data for water floacer experiments and
pollutant removal processes (Toscano et al, 2009).

Constructed wetland model known as CWML is a bie#c process model that
considers aerobic, anoxic and anaerobic processesgdanic matter, nitrogen and
Sulphur in SSCFW. CWML1 like CW2D works as an exi@m®f HYDRUS and
has been developed to deliver a generally acceptet®! for biochemical

transformation and degradation processes in SSH@wWgergraber et al, 2009b).

Computational fluid dynamics (CFD) is a divisionflfid mechanics that uses
numerical methods and processes to simulate flovd that has been shown to be
capable of simulating flow in porous media sucls8&CW. The residence time
distribution (RTD) of a SSFCW can be modeled ugadicle trajectory theory,
which defines the key indicators such as, the nbzedhretention time,
normalized variance and hydraulic efficiency. Tleg indicators give

interpretable values of the SSFCW hydraulic pereoroe (Fan et al, 2008).

Velocity (m/s)

293X1076
2.78X 1076
2.64X1076
249X 1076
234%1076
220%1076
205X 1076
1.90X 1076
1.76X 1076
1.61X1076
146X 1076
1.32x1076
1.17X 1076
1.03X 1076
8.79% 1077
732%X1077
5.86x10~7
439%1077
(’“\ 293%1077
- 1.46X10~7

9.12X107 1

Figure 2-5 lllustration Velocity vectors figures ina SSFCW (Fan et al, 2008)

CFD has thus far been utilized to simulate flowtgrais in porous media with

stratified layers, as well as for varying inlet andlet catchment areas as shown

14



in Figure 2-5. The hydraulic efficiency in the silaions were shown to be
affected mainly by the selection of a specific pgronedia (Fan et al, 2008)
which confirmed the results of prior work done @tking materials (Garcia et al,
2004; Suliman et al, 2007). The effects of disttitouand catchment area using
CFD have also been investigated (Fan et al, 2008 .work done on horizontal
SSFCW using CFD has however not been comparedytexaerimental data.

2.3.5 Model Verification and Validation

Verification and validation of computational simuss are fundamental to
establishing and quantifying confidence in modelivigrification can be taken as
the evaluation of the accuracy of the solution tmputational model by
comparison with known solutions. Validation on ttker hand is the accuracy of
a computational simulation by comparison with ekpental data (Oberkampf et
al, 2002).
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3. Residence Time Distribution Theory

The content covered in this section details whythie®ry was selected to model
packed beds such as SSFCW, the residence timibdigin theory employed in

the experiments, and assumptions made.

3.1 Introduction

Constructed wetlands can be regarded as chemaxbre and their treatment
processes under controlled conditions as firstidodchemical reactions. The
residence time distribution (RTD) of a chemicalcteais a probability

distribution function that defines the amount afeithat a fluid element might
spend inside such a reactor. A fluid element cavidsed as a small volume of
fluid where continuous properties such as conctotraan be defined. The RTD
measures the time fluid elements spend insidecaeand typically characterizes
the mixing and flow conditions. The behaviour akal reactor can thus be

compared with one of an ideal model.
The theory of residence time distribution has thmeén assumptions:

1. The reactor is taken to be in a steady state,
2. Transport at the inlet and outlet take place ogativection, and
3. The fluid is incompressible i.e. the density stegastant

For the first assumption of a steady state to hoiel, the water balance of a CW
must result in no accumulation with time. Zero anatation is achieved when the
summation of the flow rates in the system, nameRow, outflow, precipitation,
infiltration and evapo-transpiration equals zerbisTassumption was assumed to

be valid for all experiments as they were perfornmea controlled environment.
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The second assumption refers to the transport meshaof fluid occurring by
bulk fluid motion. The assumption can be assumadaeable for all the

experiments performed.

The distribution of residence times is represebtedn exit age distribution E(t)
and a fraction of fluid that spends a time, t,ha teactor is valued as E(t)dt

3.2 RTDs of ideal and non-ideal reactors

The residence time distribution of a packed bedh sasca SSFCW can be

compared to two ideal reactor models:

* plug flow reactor (PFR)

« continually stirred tank reactor (CSTR)

In an ideal PFR no mixing occurs and fluid elememéessaid to exit the system in
the same order they arrived thus fluid enteringréaetor at time, t will exit at
time, t +t. The variance of an ideal PFR is zero.

In an ideal CSTR it is assumed that flow at thetird instantaneously mixed into
the bulk of the reactor and thus the fluid at tbdes would have an identical
composition at all instances. It is however notisgiaally possible to attain such

rapid mixing and all real reactors will divergeritahe ideal.

A mean residence time occurring beforadicates that dead zones occur within
the system where fluid is stagnant and thus thexg¥e volume is less than the
design value. Multiple peaks can be taken as anatidn that one of the
following or a combination of channeling, paralpgths to the exit or internal
reticulation has occurred. Short-circuiting, bypasd hold up of the reactor fluid
would be noted as a small initial pulse on the Rlibve as concentrated tracer

reaches the outlet soon after injection.
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3.3 Moments of the RTD for Pulse Input Experiments:

The theory presented here has been largely adaptadhe work of Fogler
(2005) and Levenspiel (1972) and are used togéiltbe determination of
hydraulic characteristics associated with RTD. fe®ry is presented in a step
by step manner of each parameter.

In performing a pulse input experiment a small waduof concentrated non-
reactive tracer is introduced at the inlet of thgtem. The concentration of the
tracer changes based on a known function and respard the selected tracer
should not alter any of the properties of the fluad affect the hydrodynamics of
the system. Ideally the tracer should have a simitxosity, diffusion coefficient
and density to the flow medium. The injection @icer should be over a relatively
small time in comparison with the mean residenoe tof the reactor. A
concentration vs. time curve, C(t) is produced leasuring the concentration of
tracer at the outlet. The C(t) curve can then bweded into a residence time

distribution in the following manner:

Q=) Cie Eq (7)
i=0

Where: Gis the concentration of sample i taken at tinaantl
At is the time interval for the given @alue

A corresponding Evalue can be determined for everyw@lue as follows:
C;
E =2 Eq (8

The following parameters are then calculated ireotd determine the moments
of the E(t) distribution:
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d. ti 'Ei . (ti - ti—l) Eq (9)
b. t?.E . (t; —ti-1) Eq (10)

The first moment (mean residence time) is defireed a

n—oo

tm = Z ti Ep. (t; —ti—q) Eq (11)

i=1

The residence time] for an ideal reactor is defined as:

_V.e
o Eq (12)

Where:g is the void fraction of the packed material andefined as:

W My

AR TA Eq (13)

&

Vy and M, are, respectively, the volume and mass of thesvoid
Vsand M are, respectively, the volume and mass of themaéte
Q is the volumetric flow rate of the system

V is the volume of the model

The varianced?) describes the degree of dispersion and is defised

o? = (Z t? B (ti— ti_1)> — th Eq (14)

i=1

The variance has to be normalized so that the disgenumber, D, can be found.

The normalized second momeai? is defined as:
o=y Eq (15)
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The dispersion number, D, is then solved for iteedy using the following

equation:

05 =2.D—2.D%*.(1—e"/P) Eq (16)
The effective volume ratio as described in theditigre presented by Perrson et al.
(1999) is a parameter which is used to determieeetficiency of the system. It

describes what ratio of the systems volume is aciie. what volume is not dead)

the effective volume is defined as:

t
Veff = m/TIdeal Eq (17)

A mass balance can be carried out to determinartfiant of tracer recovered

from the system by taking the area under C(t):

M= f C(O)de Eq (18)
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4. Methodology

4.1 Physical Experiment

Four phases were identified that need to be coexblelr every experiment to be
run successfully, namely: mixing of the tracerjlaition of the
Spectrophotometer, the running of the experimdr@mselves and testing of the

samples in the Spectrophotometer.

A 1000mg/I concentration, using the FWT Red tramexder (see Appendix F),
was used for all the experiments. The 1000mg/l entration was diluted to
obtain varying concentrations in order to calibrisie Spectrophotometer. The
experiments were run by injecting 20ml of the 10@0rooncentration into the
tank over a period of time no greater than tensgsdn order to create the
impulse needed. Samples were taken at varyingititeevals throughout each

experiment and were analysed in the spectrometasteon the concentration.

The pilot laboratory scale inlet and outlet grigion as well as the apparatus set

up can be seen in Figure 4-1 and 4-2 respectively.

1 2 3 1 2 3

O O O O O O

4 5 6 4 5 6

O O O O O O

7 8 9 7 8 9

O O O O O O
Inlet Outlet

Figure 4-1 Inlet and Outlet Grid Position
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Figure 4-2 Apparatus Setup
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The procedure to produce the replicable data isnewdtbelow.

4.1.1 Tracer Mixing

* A clean measuring pan was placed on an electroaie sind the scale reset
to zero.

* The measuring pan was then removed.

*  FWT red dye was scooped into the measuring pamgy @sspatula and
weighed on the scale, adding or removing dye Ontilgrams was attained.

* The 0.1 grams was added to 100ml of distilled wiat@rder that the
concentration of the tracer would be 1000mg/I.

* The dye was then transferred into a 100ml volurodiaisk by rinsing the
measuring pan with distilled water into a funnel.

e The dye was rinsed out of the measuring pan uhtih@ dye was cleared
from it.

* The funnel was then rinsed until the dye was ckt&n@n it as well.

* The remainder of volumetric flask was filled to tt@0ml with distilled

water, with the bottom of the meniscus touchingrtteek.
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* The volumetric flask was then sealed and shakender to ensure thorough
mixing.

» The volumetric flask was then unsealed and casefidured into a
measuring beaker.

* A syringe was inserted into the beaker and 20ndlyefextracted into it.

* The remained of the dye in the beaker was discarded

4.1.2 Calibration

The spectrophotometer was calibrated in orderrtaatings could be obtained
from it accurately. In order to do this the procesgacer mixing has to be done
as set out above in the previous section. Traaererdrations of 0.1, 1, 10, 25, 50
and 100mg/l were made. The tracer concentratioms individually placed in the
spectrophotometer, which recorded the absorberog wehile the concentration
is entered manually. The results of the absorb&aliyes versus concentration

curve are saved as a parameter, from which saropleeatrations can be read off.

Spectrophotometer Calibration

3.5

/ y =0.0284x + 0.0501
/ —— Linear (Calibration
1 / Curve)
0.5 /

0 T T 1
0 50 100 150

Concentration (mg/1)

N
5

N

Calibration Curve

=
vl

Absorbency

Figure 4-3 Spectrophotometer Calibration Curve andequation
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4.1.3 Experiment

» Clear superabsorbent polymer balls were preparesbaling them over
night in water in order that they may become fsliyurated see Figure 4-4.

Figure 4-4 Superabsorbent polymer balls in beakerRurple balls instead of clear shown for
clarity since the clear balls are almost invisible)

» The tank was prepared by placing a white neutrelkd¢pamund behind and
below it in order to make the dye clear in photpéisaand remove
background noise.

* The inlet position of the specified experiment wased and a sucker
attached to that position.

* The inlet pipe was then attached to the suckerafigded correctly.

* The outlet position was noted and prepared by timgethe necessary exit
piping and sealing it correctly.

* The tank was filled with the superabsorbent polybadis by scooping them
from their storage container using a colander. Was done in order to
ensure only the superabsorbent polymer balls émeepilot laboratory scale
rig and no water.

* Water was measured and added until a tight paclafithe specified level

was achieved.
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* The void ratio was thus determined by dividing &ineount of water added by
the amount of water that would have filled the eamér to the specified
mark.

* The height of the water above the outlet positietednined the discharge
from the system and was measured by filling a maagjug to 100ml whilst
using a stopwatch to time this repeatedly. Thestvi of the volume of water
displace by time was then converted tsm

» A continuous head tank was used for the inlet disgd and the height was
set so that the inlet discharge would equal théh@butlet discharge.

* The system was then allowed to flow freely for lidunes in order to ensure
that it was in a steady-state i.e. the water leféhe system is neither rising
nor falling.

* Once steady-state had been achieved the tracanjated into the system.

» At specific times samples of the tracer were codlddn glass tubes at the
outlet.

» The entire process was photographed from a frashipéan view perspective.

* The sampling continued until a specified elapse toocurred.

» After the completion of the experiment the samplese taken to the lab
where they were analyzed in the spectrophotometerder to attain their

concentrations.

Five experiments were conducted with varying ialed outlet configurations,

namely (see Figure 4-1 for inlet-outlet grid pasiing):

« Experiment 1: top centre inlet (2) to top centrdeiy(2);

« Experiment 2: bottom centre inlet (8) to top cemwdet (2);

« Experiment 3: bottom centre inlet (8) to all toglets (1, 2, & 3);

« Experiment 4: bottom centre inlet (9) to all toglets (1, 2, & 3), including a
wedge in the geometry; and

« Experiment 5: bottom right inlet (9) to top leftttai (1).

The wedge introduced in experiment 4 covered tbadih of the tank and was
100mm in length both in width and height (see Fegds5)
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oversized for clarity)
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5. Results and Discussion
5.1 Introduction

In this section, the results are presented andisiszl. To recap, the objective of

this research was to:

1. To investigate the effect on the RTD parametersflamnd patterns when
varying the inlet-outlet configurations of a honieal subsurface flow

constructed wetland.
2. To compare and discuss the effects of varyingrhet-dbutlet configuration

on the residence time distribution parameters.

The first research objective is discussed in chid@ading 5.2-5.6 and the second

in 5.7. The data captured from experiment 1-5 @afobnd in Appendices A-E.
5.2 Experiment 1: Centre Top Inlet to Centre Top Outlet (2-2)

5.2.1 Residence time distribution Analysis

Experiment 1 focused on how the flow path wouldedep and affect the systems

performance when the inlet-outlet positions werthloentred at the top.

Experiment 1: Positions 2 to 2

1.5 /\

[\

0.5 \
NI

0 T T 1 1
0 50 100 150 200

Time (min)

E(t)

Experimental

Figure 5-1 Experimental 1: Residence time distribubn
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Figure 5-1 depicts the characteristic age distiioutor a packed bed reactor i.e. a
single mode and a long tail. This confirms thealiings of others Levenspiel
(1972), Fogler (2005). A summary of the hydraubcgmeters from the residence
time distribution theory can be found in Table 5-1.

tm (min) | = (min) | oy Veir (%)

Experimental| 36.95 73.97 | 0.333] 49.96

Table 5-1 Experiment 1: RTD Parameters

The data indicates that the system displays higbhrideal behaviour as the
mean residence timepftis less than the theoretical residence timyéy 37.02
minutes. The cause of such a significant differeneg be attributed to the flow
occurring mostly at the top to middle of the systéme short length of the system
not allowing for flow to form more fully towardsehHower region and only 50%

of the system volume being active.

5.2.2 Visual Analysis

Figure 5-2 Experiment 1: Elevation and plan view @&10s)
In Figure 5-2 the impulse injection of tracer i®&im. The initial dispersion was
seen to be radial in both views as the tracer ingoawith the packing. The black

line on the elevation and plan view depicts therapimate bounds of the tracer.
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Figure 5-3 Experiment 1: Elevation and plan view @&600s)

In Figure 5-3 the tracer was observed spreadinghd@sds to the middle region
of the system at the inlet and remained towardsap®f the system as it
approached the outlet. The flow pattern can berttetas that of a hull-shape
velocity profile (Sheridan, 2013). No tracer canvisbly seen towards the
bottom of the system suggesting that the bottornoneigay be a dead volume.

Figure 5-4 Experiment 1: Elevation and plan view @&3600s)

In Figure 5-4 the tracer was seen to be clearingawards the surface where the
flow was greater than in the middle region of masgble tracer. The flow path
remains similar to that of Figure 5-3 with the lowegion of the system showing
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no visible tracer. The black line on the elevatisgw shows the approximate

divide between the region of visible tracer andenon
5.3 Experiment 2: Centre bottom to Centre top (8-2)

5.3.1 Residence time distribution analysis

Experiment 2 focused on how the system would perfeith the flow occurring

against gravity from the centre bottom inlet to teatre top outlet

Experiment 2: Positions 8 to 2

Experimental

0 20 40 60 80 100
Time (min)

Figure 5-5 Experimental 2: Residence time distribubn

Figure 5-5 depicts the characteristic age distidoutor a packed bed reactor i.e. a
single mode and a long tail. A summary of the hylticgparameters from the

residence time distribution theory can be foundable 5-2.

tm (Min) | T (min) | oy Veit (%)

Experimentall 23.1 72 0.288| 32.09

Table 5-2 Experiment 2: RTD parameters
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The system, as in experiment 1, displays highly-ideal behaviour as the mean
residence time ) is less than the theoretical residence timéy 48.9 minutes.
The cause of such a significant difference mayttsbated to dead zones within
the reactor.. The majority of the flow followed tpath of least resistance
diagonally between inlet position 8 and outlet posi2. Two thirds of the
volume was noted to be dead and the inlet-outletbooation results in poor
performance of the system.

5.3.2 Visual Analysis

Figure 5-6 Experiment 2: Elevation and plan view ¢10s)

In Figure 5-6, the impulse tracer injection wastaegd 10 seconds into the
experiment with the initial dispersion seen to &dial in both views.

Figure 5-7 Experiment 2: Elevation and plan view ¢&1800s)
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In Figure 5-7 the tracer was observed flowing fritve bottom left hand corner
toward the top right of the system. The flow at@8@conds, from the left hand
half of the system can be seen clearing out irabmdic shape in both views
suggesting the formation of a hull-shape velocrfite. On the right hand side at
the top the tracer could be seen exiting the systetnat the bottom a region free

of visible tracer can be seen indicated by a btaakgle.

Figure 5-8 Experiment 2: Elevation and plan view @3600s)

In Figure 5-8, at 3600 seconds in the elevatiow\tracer was only visible in the
band between the black triangle and parabola.dipléin view the tracer was only
slightly visible in the region in front of the paalic black line. This indicates that
similarly to the other experiments, if flow enténge reactor from a single point,
that it does not reach all parts of the reactorthatithere are significant dead

zones.

5.4 Experiment 3: Centre bottom to all top (8-1,2,3)

5.4.1 Residence time distribution analysis

Experiment 3 focused on how the system would perferith the flow occurring

against gravity from the centre bottom inlet the Sooutlets.
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Experiment 3: Positions8to 1,2 & 3
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Figure 5-9 Experiment 3: Residence time distributia

Figure 5-9 depicts the characteristic age distidoutor a packed bed reactor i.e. a
single mode and a long tail, a notable flat linprissent prior to 15 minutes as no
tracer was sampled prior to this time period. A swary of the hydraulic
parameters from the residence time distributioomhean be found in Table 5-3.

tn, (min) | = (min) | oy Veir (%)

Experimental 40.32 72 0.085| 56.0

Table 5-3 Experiment 3: RTD parameters

The system still displayed highly non-ideal behavias the mean residence time
(tm) was less than the theoretical residence tirhby 31.68 minutes. Again, the
reason for such a significant difference may bebaited to the dead space within
the reactor as was the case in experiment 2. Hpedion of the system
improved when compared with that of experiment thadlow is drawn towards
the three separate outlets versus only one prdyiolise effective volume was
measured at 56% indicating that under half of {rstesn was not operating

efficiently. This was an improvement on all expeents conducted thus far.

33



5.4.2 Visual Analysis

Figure 5-10 Experiment 3: Elevation and plan viewtE10s)

In Figure 5-10, the impulse tracer injection wagtaeed 10 seconds into the
experiment with the initial dispersion seen to &daial in both views.

Figure 5-11 Experiment 3: Elevation and plan viewtE1800s)

In Figure 5-11 as in Figure 5-7, tracer can be $lesving from the bottom left
hand corner toward the top right of the systenth&nelevation view a band of
visible tracer could be seen between the parabtdick line and triangle. A tracer
free dead volume appears at the bottom right hantkc of the system enclosed
by a black triangle. In the plan view the traceulddoe seen in front parabolic
black line with the tip approximately halfway iretlystem.
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Figure 5-12 Experiment 3: Elevation and plan viewtE3600s)

In Figure 5-12, tracer could only just be seen ftapfrom the mid bottom region
toward the top right of the system. In the elevatieew the band of tracer had
become narrower between the parabolic black limetaangle than seen in Figure
5-11. A visibly tracer free dead volume appearetth@tottom right hand corner
of the system enclosed by a black triangle. Inpllae view the parabolic black
line with the tip approximately three quarterstod tvay in the system showed

lightly colored tracer towards the outlet.

5.5Experiment 4: Centre bottom to All top (8-1,2,3+Wedge)

5.5.1 Residence Time Distribution Analysis

Experiment 4 focused on how the system would perferth the flow occurring
against gravity from the center bottom inlet to tiye 3 outlets with the inclusion
of a wedge within the reactor. This wedge physra@&duced the volume of the
reactor and essentially occupied the dead volumehwiad been observed in the

experiments conducted prior to this point.
Figure 5-13 depicts the characteristic age distidinufor a packed bed reactor i.e.

a single mode and a long tail. A summary of theraytic parameters from the

residence time distribution theory can be foundiable 5-4.
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The discussion of the comparison with experimeam@ 3 is done in Chapter 5.7
but it can be noted that the introduction of thelgesto the geometry made a
notable difference to experiment 4’s RTD paramefEng system still displayed
non-ideal behaviour as the mean residence tig)evds less than the theoretical
residence timerf by 13.62 minutes. However, the effective volunasvound to

be 79.8% which would represent a significant impraent.

Experiment 4: Positions8to 1,2 & 3 +
Wedge

"IN
SN
‘¥

0 50 100 150 200
Time (min)

E(t)

Experimental

Figure 5-13 Experiment 4: Residence time distributin

tm (Min) | © (min) | 6,° Veir (%)
Experimentall 53.76 67.38 | 0.301] 79.8

Table 5-4 Experiment 4: RTD parameters

5.5.2 Visual Analysis

In Figure 5-14, the dispersion of tracer in both ¢hevation and plan view could

be seen as radial.
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Figure 5-14 Experiment 4: Elevation and plan viewtE60s)

Figure 5-15 Experiment 4: Elevation and plan viewtE1800s)

In Figure 5-15, in the elevation view, visible teacould be seen flowing
throughout most of the system with only a small amf clearing out occurring
behind the black parabolic line. The black triamgulead volume seen in
experiment 2 and 3 was replaced with the wedgadratids picture, it is
noticeable that the clear dead volume seen inegaXperiments no longer exists.
In the plan view the visible tracer could be seefrant parabolic black line with

the tip approximately halfway in the system.

In Figure 5-16, in the elevation view, the visiblacer was seen in a band
between the black line and the right hand sidéefslystem. In the plan view, the
visible tracer could be seen in the predominatyards the right side of the

system.
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Figure 5-16 Experiment 4: Elevation and plan viewtE3600s)

5.6 Experiment 5: Bottom Right to Top Left

5.6.1 Residence Time Distribution Analysis

Experiment 5 focused on how the system would perfeith the flow occurring
against gravity from the bottom right inlet to tiog left outlet. This experiment
was conducted to determine if a diagonal path wod#te any notable

improvement to the system when compared to preweapsriments.

Figure 5-17 depicts the characteristic age distidgiufor a packed bed reactor i.e.
a single mode and a long tail. A summary of theraytic parameters from the

residence time distribution theory can be foundable 5-5.

The system once again displayed highly non-idebhteur as the mean
residence time {) was less than the theoretical residence tirhby 35.58
minutes. The cause of such a significant differeneg be attributed to dead
volumes as was the case in experiment 2 and 3efféetive volume was
measured at 62.9% indicating that approximatelytbird of the system was not
operating efficiently. It is postulated that timsproved effective volume is due to
there being a slightly longer path which resultedniore time for diffusion of the

dye within the system.
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Experiment 5: Positions 9 to 3
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Figure 5-17 Experiment 5: Residence time distributin

tn, (min) | T (min) | o,° Veir (%)

Experimental 60.42 96 0.184| 62.9

Table 5-5 Experiment 5: RTD parameters

5.6.2 Visual Analysis

Figure 5-18 Experiment 5: Elevation and plan viewtE60s)

In Figure 5-18 the angled elevation view showeddispersion of tracer from the
bottom right hand corner. In the plan view the éracould be seen dispersing
radially forward.
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Figure 5-19 Experiment 5: Elevation and plan viewtE1800s)

In Figure 5-19 in the elevation view, the visiblader was observed moving
forward with a hull-shape velocity profile as iveled from the right to left hand
side of the system. In the plan view the visibéeér was seen clearing out in the
region enclosed by the black line. Notably in thenpriew is the tracer that

remained in the bottom corner by the outlet.

Figure 5-20 Experiment 5: Elevation and plan viewtE5400s)

In Figure 5-20, the elevation view, the tracer wiatble predominately above the
black triangle enclosing the dead zone. In the plaw the flow could be seen
moving from the inlet at the bottom right toware thutlet at the top left.
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5.7 RTD parameter and flow pattern comparison

The RTD parameters of all five experiments aregmtd in Table 5-6. The
moments of the RTD obtained are compared and givedication of the

hydraulic efficiency of the system. The data shtived all the experiments
displayed highly non-ideal behaviour as the meardesce times varied largely
from those of their ideal. The effective volumeatifthe experiments except 4 and

5 are significantly lower than 100%.

tm (Min) | T (min) | o4 Veir (%)
Experiment 1: Centre Top-Centre Top 36|95 73.97 0.333 49.96
Experiment 2: Centre Bottom-Centre Tqp 281 72 0.288 32.09
Experiment 3: Centre Bottom-All Top 40.32 72 0.085 56
@(g)%lement 4: Centre Bottom-All Top + 53.76 67.38 0.301 70.8
Experiment 5: Bottom Right-Top Left 60.42 96 0.184 62.9

Table 5-6 Experimental RTD parameter comparison

Experimental Residence Time
Distributions

Experiment 1

Experiment 2

= Experiment 3

Experiment 4

Experiment 5

100 150 200
Time (min)

Figure 5-21 Experimental residence time distributio comparisons
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The characteristic age distribution of all five esments is presented in Figure 6-
1. Notably the median of the residence time digtrdns changes between

experiments and all display a single mode withrey Itail.

5.7.1 Comparison 1: Experiment 1 vs Experiment 2

The comparison of these two experiments focusdbkeeffect of a change in
elevation when using a single inlet and outlet pod how it affects the systems
performance. Experiment 2’s inlet utilized the bottcenter port of the system as
opposed to that of experiment 1, where it utilitegl top center port, and in both

experiments the center top outlet was utilized.

It was expected that by changing the inlet potheobottom the RTD parameters
would improve as the flow would be occurring agagravity but this was not the

case.

Experiment 2 showed a 37.5% decrease in mean nesidiene, a 13.5% decrease
in normalized variance and a 35.7% decrease ictefeevolume over that of
experiment 1. Although both experiments performrpyoo terms of the RTD
parameters, Experiment 2's performance was sigmflg more inefficient.

The results indicate that utilizing experiment @lgt-outlet configuration

produce the least desirable performance of alefperiments.

5.7.2 Comparison 2: Experiment 1 vs Experiment 3

As in comparison 1 these two experiments focusnagiaithe effect of a change in
elevation of the inlet port and how it affects #ystem performance, except in

this instance, by utilizing more than one outlesipon.

The expected improvement in RTD parameters whefidineoccurs against

gravity was this time realized as the flow towaitus outlet was dispersed.
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Experiment 3 showed a 9.12% increase in mean resedeme, a 74.5% decrease
in normalized variance and a 12.1% increase irce¥ie volume over experiment
1. It is noted that utilizing more outlets makasarginal improvement in the

RTD parameters when comparing a top-to-top anabwotb-top flow regime.

5.7.3 Comparison 3: Experiment 2 vs Experiment 3

Comparison 3 focuses on the effect of utilizing enoutlet ports and how it
affects the systems performance. Experiment 2 Bawntet utilizing the bottom
center port and outlet the top center port wheregseriment 3 made use of the

same configuration except utilized all 3 top oupletts.

Experiment 3 showed a 74.54% increase in meanamsidtime, a 70.5%
decrease in normalized variance and a 74.51% iselieaeffective volume over
experiment 2. It is noted that utilizing more otglenakes a significant

improvement when comparing the bottom-to-top flegime experiments.

5.7.4 Comparison 4: Experiment 3 vs Experiment 4

Comparison 4 highlights the improvements that Gamlade to a system by using
visual data to make changes to geometry. In ex@atird and 3 a dead zone was
visibly apparent under the outlet of the systemiarekperiment 4 that volume

was removed from the system.

Experiment 4 showed a 33.3% increase in mean redéne, a 254% increase
in normalized variance and a 42.5% increase ircg¥e volume over that of
experiment 3. The comparison shows the successnabiaing visual and RTD

data to effect efficient changes within a system.
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5.7.5 Comparison 5: Experiment 2 vs Experiment 5

The comparison of these two experiments focusdbheeffect of a change in
direction of flow when using a single inlet andletiport and how it affects the
systems performance. Experiment 5 saw the inlgzinty the bottom right port

and the outlet the top right port.

It was expected that by changing direction of flmevoss the system that the RTD
parameters would improve as the distance and henedaken for the tracer to
travel from the inlet to the outlet was increasad tb there being additional
length (and hence time) for diffusion of the tratmeoccur.

Experiment 5 showed a 161% increase in mean resedéne, a 36.1% decrease
in normalized variance and a 96% increase in e¥fectolume over that of

experiment 2.
The results indicate that by making use of a diaglow path, significant

improvements can be made to the hydraulic effiggeafdhe system between

similar flow regimes.
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6. CONCLUSION

The following objectives were considered for thisdy:

1. To investigate the effect on the residence time distribution parameters and flow
patterns when varying the inlet-outlet configurations of a horizontal subsurface

flow constructed wetland.

It can be concluded that varying the inlet-outlatfoguration of a CW can make a
significant difference to the performance of sudysiem. Notably making use of
a single inlet and outlet that fall in a straightlpproduces the worst performance
of a CW as, large dead volumes and the short-tinguof flow occur. When the
flow path occurs diagonally or is distributed tamerous outlets the hydraulic
efficiency is greatly improved which can be atttdnlito the dispersion of flow as
well as the flow path increasing. It is also ofajrbenefit to make use of visual
data such as in the pilot laboratory-scale expearimthat allow for changes to be
made to the systems geometry in order to elimidasel volumes. The change in
geometry along with the flow distribution to muleputlets yielded the best
performing hydraulic efficiency in a system.

2. To compare and discuss the effects of varyingrileg-butlet configuration

on the residence time distribution parameters

All the experiments showed a highly non-ideal betavas the mean residence
time varied significantly from that of the ideablicating that dead zones occur
within the system where fluid is stagnant and timeseffective volume is less
than the design value. Experiment 4 indicated &ethimprovement on the

behaviour.
It can therefore be concluded that the locatiomlet and outlet ports can have a

significant effect of the hydraulic performanceaofonstructed wetland. This has

significant ramifications for design. If the CWpseorly designed with respect to
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inlet-outlet port location, it will need to be sifjoantly larger than the conceptual
design since it may be that more than 50% of therwe is inactive, this is
especially important in locations where construttosts or land costs are high.
Through careful design, however, a lot of the dealdme can be removed and
the active volume of the CW would be much greaseast percentage of the total

volume.

This research also has its own limitations whicaldempact design. The
superabsorbent polymer balls are spherical, wischfierent to the shape of
guarried aggregate normally used in CWs in SoutitAf The experimental data
was captured by conducting one run for each exmarirand thus the repeatability
would need to be confirmed. The dye may behaverdifitly to the contaminants
of concern which the CW is used to treat. Thewdss no guarantee that FWT is
a conservative tracer; some of it may have sorbele gel beads. And finally,
the glass laboratory reactors are much smallerbanCWs, this implies that
edge effects may be magnified. Notwithstandingéhanitations, the results can

be used to guide CW design.

Some recommendations for future research include:

e Experiments can be conducted comparing the useiofyée inlet to
multiple outlets in order to determine if the impeonent to a system can
be related to the number of outlets used.

* Experiments can be performed utilizing a numbestbér possible inlet-
outlet configurations.

» The variables used in this research can be expamyexystem geometry,

inlet-outlet size, flow rates etc.
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8. APPENDICES

Appendix A- Experiment 1 Laboratory RTD
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Laboratory RTD

Appendix B- Experiment 2
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Laboratory RTD

Appendix C- Experiment 3
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Laboratory RTD

Appendix D- Experiment 4
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Laboratory RTD

Appendix E- Experiment 5
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Appendix F- Tracer Information

_‘\}'\ | 1",;,____
BRIGHT
DYES

Dirvision of KEmgscote Chemacals

WATER TRACING DYE
FWT RED PRODUCTS

TECHNICAL DATA BULLETIN

Bright Dhes FWWT Eed products are specially formmulated versions of Ehodamane WT dye for
convenient wse In water tracing and leak detection studies. This bonght, fluorescent red dye 1s
ceriified by NSF Imfernational fo ANSLNEF Standard 60 for use in drnnkmmg water. It may be
detected visually, by ultravioclet light and by appropriate flucrometric equipment. Today it 13 most
often used wisually. Visually the dye appears bright pmk fo red, depending on ifs concentration amd
under ultrannolet hght as bright orangs.

The dye is resistant fo absoiption on most suspended mater in fresh and salt water. Compared to
Bnght Dhves FLT Yellow Green products 1t 1= sipmficantly more resistant to degradation by
sumlight and when used in fluoromety, stands out much more clearly agamst background
fluorescence. As alwayvs the use and smtability of these products for any specific apphication shoald
be evaluated by a gqualified hydrologist or other industry profassiomal

General Properties Tableis FW I Fed 25 Ligmid Fowders

Detectability of active ingredient | Tisual — 100 ppb Visual =100 ppb Visual =100 ppb

L{aﬂnm:'hgnrhancawatﬂmgﬂn 550/588 nm 550/588 nm 550/588 nm

Appearance Diark red comvex Clear datk red Diark red fine
1.6cm diameter aqueons soluiion powder

HSF (Max use level in potable water) | 0.3 pph 0.8 ppb 0.1 ppb

Weight

1.05 gms + 0L05

DHssohrtion Time ~

50% <= 3 minutes
05%% <= § minutes

50%% = 3 mimates
058 = § mimites

Specihc Gravity 1.03 = 0.05 @ 25° C
[Wiscosity © 1.3 cp=
rH B.7+ 0.5 @ 25° C
Coverage of Products ‘One Tablet One Pint Liguid One Foand
Fowder
[ Lizhu Visnal 604 zallons 31,250 gallons 604,000 gallons
Strong Visaal &0 3,125 zallons 60,400 pallons

Caation: Thase products may canse imtation andi'or stainizg if allowsed 1o comoe i= contact wit the skin. The use of gloves and poggle: is
Tacommendad

whes kandlisg this prodoct. as with amy other dyve or chermical

To ox bast knowledge the imformetion e=d mecomendations contzined barsiz ars accuae 2=d mlizbls. Howerar, this imformetion and

our recommendations ars Srzdched withoot wamanty, repressatatos, indocement, or icanse of any kind, imcludieg, bt not Lisnfied o
thae implisd weasrantics and fmecs for a particnlar wee or porposs. Cestomers are emcouraged to condnoct their own tests and 1o resd the

material safety data shest carsfully bafoma osing,

! In deionized weates i 1050 =l flask Acmel detectakbdlity and coveage in the Beld willl vary with specific water comditions.
* Wo significant changm in fluorsscesce botwean § and 11 pH.

* (One takblse, 1 gram of poardar), iz Aowing deionizsd wates iz a 10 gallon tamk.

‘h!lurmdnnaﬂ:uul:ﬁddﬁm_l{adnlLV,Ulea]ﬂw, &0 rpm @ X5 T

Kingscote Chemicals, 3334 5. Tech Blvd., Miamisburg, Ohio 45342
Telephone (937) 886-2100 Fax (937)886-9300 Web:www.brightdyes.com
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