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Summary

Horizontal Subsurface Flow Treatment Wetlands (HSSF TWs) are used by Severn Trent Water
as a low-cost tertiary wastewater treatment for rural locations. Experience has shown that
clogging is a major operational problem that reduces HSSF TW lifetime. Clogging is caused
by an accumulation of secondary wastewater solids from upstream processes and
decomposing leaf litter. Clogging occurs as a sludge layer where wastewater is loaded on
the surface of the bed at the inlet. Severn Trent systems receive relatively high hydraulic
loading rates, which causes overland flow and reduces the ability to mineralise surface
sludge accumulations. A novel apparatus and method, the Aston Permeameter, was created
to measure hydraulic conductivity in situ. Accuracy is +30 %, which was considered
adequate given that conductivity in clogged systems varies by several orders of magnitude.
The Aston Permeameter was used to perform 20 separate tests on 13 different HSSF TWs in
the UK and the US. The minimum conductivity measured was 0.03 m/d at Fenny Compton
(compared with 5,000 m/d clean conductivity), which was caused by an accumulation of
construction fines in one part of the bed. Most systems displayed a 2 to 3 order of
magnitude variation in conductivity in each dimension. Statistically significant transverse
variations in conductivity were found in 70% of the systems. Clogging at the inlet and outlet
was generally highest where flow enters the influent distribution and exits the effluent
collection system, respectively. Surface conductivity was lower in systems with dense
vegetation because plant canopies reduce surface evapotranspiration and decelerate sludge
mineralisation. An equation was derived to describe how the water table profile is
influenced by overland flow, spatial variations in conductivity and clogging. The equation is
calibrated using a single parameter, the Clog Factor (CF), which represents the equivalent
loss of porosity that would reproduce measured conductivity according to the Kozeny-
Carman Equation. The CF varies from 0 for ideal conditions to 1 for completely clogged
conditions. Minimum CF was 0.54 for a system that had recently been refurbished, which
represents the deviation from ideal conditions due to characteristics of non-ideal media such
as particle size distribution and morphology. Maximum CF was 0.90 for a 15 year old system
that exhibited sludge accumulation and overland flow across the majority of the bed. A
Finite Element Model of a 15 m long HSSF TW was used to indicate how hydraulics and
hydrodynamics vary as CF increases. It was found that as CF increases from 0.55 to 0.65 the
subsurface wetted area increases, which causes mean hydraulic residence time to increase
from 0.16 days to 0.18 days. As CF increases from 0.65 to 0.90, the extent of overland flow
increases from 1.8 m to 13.1 m, which reduces hydraulic efficiency from 37 % to 12 % and
reduces mean residence time to 0.08 days.

Keywords: clogging, wastewater treatment, horizontal subsurface flow treatment wetland,
operations and maintenance, finite element analysis
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Severn Trent HSSF TWs. The results represent the hydraulic
conductivity of the media in m/d between the depths of 0.2 m
and 0.3 m below the bed surface.

Hydraulic conductivity results obtained from thirteen surveys of
Severn Trent HSSF TWs. The results represent the hydraulic
conductivity of the media in m/d between the depths of 0.3 m
and 0.4 m below the bed surface.

Clog Factor (CF) results that correspond to the hydraulic
conductivity results shown in Table 6.1. A CF value of 0
represents no clogging and a CF value of 1 represents complete
clogging. The results represent the CF of the media between
the bed surface and a depth of 0.1 m depth below the surface.
Clog Factor (CF) results that correspond to the hydraulic
conductivity results shown in Table 6.2. A CF value of 0
represents no clogging and a CF value of 1 represents complete
clogging. The results represent the CF of the media between
the depths of 0.1 m and 0.2 m below the bed surface.

Clog Factor (CF) results that correspond to the hydraulic
conductivity results shown in Table 6.3. A CF value of 0
represents no clogging and a CF value of 1 represents complete
clogging. The results represent the CF of the media between
the depths of 0.2 m and 0.3 m below the bed surface.
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Table 6-8

Table 6-9

Table 6-10

Table 6-11

Table 6-12

Table 6-13

Table 6-14

Table 6-15

Table 6-16

Table 6-17

Clog Factor (CF) results that correspond to the hydraulic
conductivity results shown in Table 6.4. A CF value of 0
represents no clogging and a CF value of 1 represents complete
clogging. The results represent the CF of the media between
the depths of 0.3 m and 0.4 m below the bed surface.

A summary of results from hydraulic surveys on 13 field scale
Severn Trent HSSF TWs. Moreton Morrell B was a bed that had
been rested for 13 months. All other systems were operational.
Areal Overland Flow and Plant Cover indices are approximate
and qualitative. Data includes: the media size range; the
measured range of range hydraulic conductivity; arithmetic
mean and standard deviation of hydraulic conductivity
datasets; and the system Clog Factor (CF;) value.

Least Square Means for the vertical component of Clog Factor
variability at the 95% Confidence Level, for those systems
surveyed between May 2009 and September 2009. The
summer of 2009 was relatively warm and dry. The percentage
Areal Plant Cover (APC) is given to compare the influence of
incomplete vegetation cover on vertical CF relationships.

The number of statistically different homogeneous groupings
(HG) of the results from each system, based on the Least
Significant Difference between Clog Factor results for each
transect, at the 95% confidence level.

Experimental data and modelling parameters as measured
during the Moreton Morrell A, February 2009 sampling test.
Simulation results for reproduction of the water table
measured at Moreton Morrell A, according to three existing
hydraulic design tools, the FEA model, and the proposed
analytical formulation.

Values of f that satisfiy the boundary conditions of the FEA
model and corresponding values for Aw and h; and h;,
Parameter values are given for a and b in Equation 3-49,
Equation 3-32 and Equation 3-55 that produce a close fit to the
water-table profiles produced by each FEA model.

Parameters derived from the breakthrough (BT) curves of each
sampling point, studied using the multi-point fluorimeter.
Hydraulic parameters for the various flow paths derived from
the outlet residence time distribution

Salient results from the COMSOL FEA hydrodynamic modelling
and TIS model fitting exercise, that describe how system
hydrodynamics change according to CFr (as the system clogs).
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Map illustrating the Severn Trent Water service area for water
and sewer services. Map provided by Severn Trent Water South
Staffs. division.

History of HSSF TW system installation at decentralised
wastewater treatment plants operated by Severn Trent,
between 1987 and 2007. Applications are A) Secondary
Treatment, B) Tertiary Treatment C) Separate tertiary and
stormwater treatment, D) Combined tertiary and stormwater
treatment. Records for 582 HSSF TWs kindly provided by
C.Murphy.

The manner in which HSSF TWs are typically incorporated into
process flow sheets by Severn Trent, for various treatment
requirements, including bypasses for storm-water above
six-times dry weather flow (DWF). Information adapted from
Griffin and Pamplin (1998) and Griffin (2003). Rotating Biological
Contactor may be replaced by an equivalent secondary
treatment process.

The typical design of Horizontal Subsurface Flow Treatment
Wetlands as used by Severn Trent Water for the tertiary
treatment of municipal wastewater in the UK. The figure
illustrates both normal and clogged hydraulic operation, where
the grey matter indicates the zone where clogging typically
occurs. Figure reproduced from Knowles et al. (2011).

Two tertiary HSSF TW cells at Severn Trent, Snitterfield
wastewater treatment plant. The cells are 12.5 m long by 28 m
wide and are showing a full growth of Phragmites australis.

The surface of a refurbished, 1 year old tertiary treatment HSSF
TW operated by Severn Trent at Fenny Compton wastewater
treatment plant. The photograph shows rock berms, gravel
media and early Phragmites australis establishment.
Wastewater is flowing 10 cm below the surface of the gravel.
The surface of a clogged, 7 year old tertiary treatment HSSF TW
operated by Severn Trent at Gaydon wastewater treatment
plant. The photograph shows a ‘v-notch trough’ style influent
distributor which spans the width of the system at the inlet, and
a significant surface sludge accumulation which has obscured
the gravel surface and rock berms and results in overland flow of
the wastewater. The difference in Phragmites australis health
between Figure 1-6 and Figure 1-7 is related to winter die-off
rather than the impact of clogging.
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Figure 1-8

Figure 2-1

Figure 2-2

Figure 2-3

Figure 2-4

Figure 2-5

Figure 2-6

Figure 2-7

Figure 2-8

Figure 2-9

Distribution of system age at the time of refurbishment for 166
tertiary HSSF TW systems. Records kindly provided by
C.Murphy.

Treatment Wetland classification system showing the numerous
design variants that have evolved over the last three decades.
Reproduced from Fonder and Headley (2011).

Early classification system for Treatment Wetland technology
that is based on the role of the plants. Reproduced from
Vymazal (2003).

Clogging processes that occur at the surface and in the
subsurface of Horizontal Subsurface Flow Treatment Wetlands.
The diagram may not be applicable to other varieties of
Subsurface Flow Treatment Wetland. The inset gives detail of
clogging processes at the pore level. Adapted from Kadlec and
Knight (1996).

Particle removal processes in a porous medium, such as gravel in
HSSF TWs. Based on information from Hubbe et al. (2009),
Thullner (2009) and Zamani and Maini (2009). The numbered
removal mechanisms illustrated above are described in
Table 2-2.

The secondary clarifier that directly follows a rotating biological
contactor and precedes a HSSF TW. Large biomass flocs can be
seen that have not settled. Photograph taken at Severn Trent,
Moreton Morrell wastewater treatment plant, August 2008.
Surface influent distributors in Severn Trent HSSF TWs, all
showing the effects of accumulated clog matter: (A) vertical riser
pipe blocked with solids (Photo taken at Moreton Morrell
wastewater treatment plant, March 2009), (B) horizontal pipe
partially submersed in clog matter (Photo by J. Nivala at Fenny
Compton wastewater treatment plant, March 2009), (C) V-notch
trough showing accumulation of solids (Photo by C. Murphy at
Gaydon wastewater treatment plant, March 2009).

A horizontal gradient of solids accumulation is observed in
surface-loaded HSSF treatment wetlands. These cores were
extracted from an eight-year-old Severn Trent HSSF TW at
longitudinal points (a) 2 m and (b) 8 m from the inlet. Photo
taken at Rowington wastewater treatment plant, July 2009.

The relationship between cumulative solids loading and sludge
layer thickness at the inlet, derived from data for 21 Severn
Trent HSSF TWs as surveyed by Wilson (2007).

A core taken from the top layers of an eight-year-old HSSF TW.
Three distinct layers are visible: (Top) A layer of clog matter that
has accumulated above the surface of the gravel, (Middle) a top
layer of gravel that is held together by clog matter, (Bottom) the
transition between upper layers of clogged cohesive gravel and
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Figure 2-10

Figure 2-11

Figure 2-12

Figure 2-13

Figure 2-14

Figure 2-15

Figure 2-16

Figure 3-1

Figure 3-2

Figure 3-3

unclogged non-cohesive gravel at lower depth. Photo taken at
Severn Trent, Rowington wastewater treatment plant, July 2009.
Box-and-Whisker plots showing the age at refurbishment for
Severn Trent HSSF TWs versus: a) the upstream secondary
treatment process (RBC = rotating biological contactor and TF =
Trickling Filter); and b) influent distribution system. Brackets
indicate the number of records for each case.

Cumulative distribution plots showing the distribution of width-
to-length ratios (W:L) for 270 beds that have not been
refurbished, and 213 that either have been refurbished or are
pending refurbishment.

Cumulative distribution plots showing the distribution of specific
footprints (m?/PE) for 206 beds that have not been refurbished,
and 184 that either have been refurbished or are pending
refurbishment.

Clogging profile for a typical HSSF wetland with subsurface
influent distribution. Design details are adapted from Vymazal et
al. (1998) and IWA (2000); clogging profile is adapted from
Kadlec and Wallace (2010). Figure reproduced from Knowles et
al. (2011).

Clogging profile for a typical VF treatment wetland with sand
media. Design details are adapted from ONORM-B-2505 (1997);
clogging profile is based on information given in Langergraber et
al. (2003). Figure reproduced from (Knowles et al., 2011).
Clogging profile for a typical VF (French-type) treatment wetland
with gravel media. These systems are generally designed with
several beds in series; the first bed in the series (shown) is
constructed with larger gravel and retains most of the solids.
Design details are adapted from Lienard et al. (1998); clogging
profile is based on information from Molle et al. (2005). Figure
reproduced from (Knowles et al., 2011).

Box-and-whisker plots showing the distributions of average HLR
and TSS loadings over the Period-of-Operational-Record (POR)
for different systems. System data is obtained from four
national treatment wetland databases: UK (CWA, 2006); US
(WERF, 2006); Germany (data adapted from Winter and Goetz
(2003)); France (data adapted from Boutin et al. (1997)).

A schematic of a Severn Trent Water Horizontal Subsurface Flow
Treatment Wetland with a corresponding exploded view that
details major hydrological components.

A 2D simplification of the hydrology shown in Figure 3-1, with
nomenclature for boundary conditions and subdomain hydraulic
properties. Adapted from Kadlec and Knight (1996).

The relationship between porous media Reynolds number and
drag force as described by the Ergun Equation. The relationship
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Figure 3-4

Figure 3-5

Figure 3-6

Figure 3-7

Figure 3-8

Figure 3-9

Figure 3-10

Figure 3-11

Figure 3-12

is compared to a large number of experimental results
summarised in Ergun (1952). Graphic adapted from Shamy and
Zeghal (2007).

A conceptualisation of the relationship between flow-rate Qi,,
hydraulic conductivity k and resulting water depth h. The
diagram depicts a column of gravel with hydraulic conductivity
that increases from surface to base, and black lines that
represent the equilibrium water table profiles corresponding to
multiples of Q;, and the hydraulic conductivity of the wetted
column.

A depiction of the dual hydrological regime that can be
attributed to infiltrating overland flow through the low hydraulic
conductivity surface layer, providing distributed variable
recharge to the phreatic subsurface water table.

Theoretical Residence Time Distribution around the theoretical
residence time (t7) of a packet of solute introduced into a Plug
Flow Reactor (PFR) and a Continually Stirred Tank Reactor
(CSTR).

The Residence Time Distribution (RTD) for a lithium tracer
experiment performed on a HSSF TW at Sieci, Italy. The HRT at
peak concentration 7p, mean HRT 7 and theoretical HRT 1 are
given. If the HSSF TW behaved as an ideal Plug Flow Reactor
then the RTD would be a single pulse at 7, which corresponds to
the total amount of tracer injected (2.8 g). Data adapted from
information presented in Marsili-Libelli and Checchi (2005).
Frequency Distribution of the Volumetric Efficiency measured in
37 HSSF TWs, by comparison of observed and design Hydraulic
Residence Times. Adapted from (Kadlec and Wallace, 2010).

The water table profiles produced by the aforementioned
equations for Darcy’s Law, Dual Zone Darcy’s Law, and the
Dupuit-Forchheimer assumption, when k.H/Q;,= 360, h,,: =
0.2mandL=15m.

The variation of system response, for gamma probability
distribution function of a unit impulse over dimensionless time,
as the number of tanks-in-series varies from 1 (CSTR) to infinity
(PF).

The relationship between hydraulic conductivity and cumulative
applied load for five Subsurface Flow treatment wetlands with
different media. Data from (a) Hyankova et al. (2006); (b)
Langergraber et al. (2003) analysed according to Blazejewski and
Murat-Blazejewska (1997) (c) Blazejewski and Murat-
Blazejewska (1997) with data from Bavor and Schulz (1993); (d)
Platzer and Mauch (1997).

A schematic of the FEA model of a Severn Trent HSSF TW,
detailing the boundary and subdomain conditions of the
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Figure 4-1

Figure 4-2

Figure 4-3

Figure 4-4

Figure 4-5

Figure 4-6

Figure 4-7

Figure 4-8

Figure 4-9

Figure 4-10

hydraulic modules.

Experimental set-up for in situ measurement of the vertical
hydraulic conductivity profile across media with high hydraulic
conductivity. Figure is not to scale and is reproduced from
Knowles and Davies (2009).

An electrical analogy of the Aston Permeameter, represented by
the voltage V drop across a wire of constant dimensions but
varying electrical conductivity, split into n lengths of equal
section.

Photograph of the experimental set-up at a Constructed
Wetland in South Warwickshire, UK, depicting the Mariotte
Siphon activated reservoir standing above the permeameter cell,
which has been submersed into the gravel. Three digital
manometers are in a blue toolbox at the forefront of the shot.
The orange manometer lines are inserted into the white
manometer take off tubes. The reservoir is empty in this shot.
Photograph of the full inventory of apparatus used in the
experiment (labels as per Figure 4-1). The method is designed to
be highly portable so that it can be performed by one user, in-
situ.

The maximum practical flow velocity that can be sustained in the
permeameter cell at maximum discharge by the Aston
Permeameter used in this study.

Measurements that are taken during the experiment, depicted
for one take-off tube. Corresponding readings will need to be
taken in each individual take-off tube. For clarity, the reservoir
device which maintains the constant head has been omitted
from graphic B): “After applying constant head”.

Head loss across homogeneous silica sand cores, tested using
both BS-ISO-17313 (2004) and the proposed method. Good
linearity was achieved with both methods.

The head loss across a gravel core in a HSSF TW at Fenny
Compton. The test was repeated five times (Runs A-E) to
determine that the experimental repeatability was good;
returning standard deviations of 1-4% of total normalised head
loss.

The locations of 16 sampling points installed to perform a
homogeneity experiment at Moreton Morrell, to assess the
possible errors introduced by inserting the permeameter cell
into the gravel (not to scale: points marked X were set at a
longitudinal and transverse pitch of 4 m. Points marked e were
arranged around the X points at a radius of 0.2m).

The errors associated with the results of Run A of the Fenny
Compton repeatability experiment, both with (top) and without
(bottom) inclusion of the error introduced by instantaneous
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Figure 5-1

Figure 5-2

Figure 5-3

Figure 5-4

Figure 5-5

Figure 5-6

Figure 5-7
Figure 5-8

Figure 5-9

Figure 5-10
Figure 5-11

Figure 5-12

reading of the manometer when reinserting the probe between
readings

Plan view of Northend HSSF TW showing major architectural
features and locations of sampling points for the February 2007
test. The influent distributor comprises 6 horizontal ports
equally distributed along the length of the inlet pipe between
Transects A and C. The hatched border around the white central
region represents the rock berms. The grey shaded area
indicates the occurrence of overland flow.

Northend 2D hydraulic conductivity profile at February 2007.
The coloured contours represent the bulk vertical hydraulic
conductivity profile in the top 0.4 m of media, which is based on
a linear interpolation between the results obtained from each
sampling point.

Plan view of Gaydon HSSF TW showing major architectural
features and locations of sampling points for the February 2007
test. The influent distributor comprises a forward facing trough
with v-notches at numerous points along the bed width.

The 2D vertical hydraulic conductivity profile measured at
Gaydon.

Plan view of Knightcote HSSF TW showing major architectural
features and locations of sampling points. The influent
distributor comprises six vertical risers evenly distributed along
the inlet pipe. The grey shaded area indicates the occurrence of
overland flow.

(Left) Sludge accumulation on the surface of Knightcote just five
months after refurbishment, which has resulted in surface flow.
This picture is taken looking down Transect A from inlet to
outlet. A vertical riser can be seen in the forefront. The poor
reed growth is a symptom of planting just prior to winter. (Right)
Sludge accumulations within the upper layer of the gravel media
at Point A2.

The 2D vertical hydraulic conductivity profile at Knightcote

The largely mineralised surface sludge layer at Knighcote just
four weeks after the site was surveyed. The picture is taken
behind Point C4 looking towards Point Al.

Plan view of Fenny Compton HSSF TW showing major
architectural features and locations of sampling points for the
February 2007 test. The influent distributor comprises 6
horizontal ports equally distributed along the length of the inlet
pipe between Transects A and C.

The 2D vertical hydraulic conductivity profile at Fenny Compton
Uneven clog matter development, due to uneven influent
distribution, in front of the horizontal ports at Fenny Compton,
The locations of sampling points for the February 2008 test at

18

179

179

181

181

183

183

184
184

185

186
186

187



Figure 5-13

Figure 5-14

Figure 5-15

Figure 5-16

Figure 5-17

Figure 5-18

Figure 5-19

Figure 5-20

Figure 5-21

Figure 5-22

Figure 5-23

Fenny Compton.

The 2D vertical hydraulic conductivity profile for Fenny Compton
at February 2008.

The 3D hydraulic conductivity profile of Fenny Compton at
February 2008. The longitudinal versus vertical hydraulic
profiles are shown for the four transverse cross-sections that
correspond to sampling Transects A to D. Sampling was
performed to a 0.4 m depth below the surface of the bed and
results are linearly interpolated between sampling points.
Colour contours indicate orders of magnitude of media hydraulic
conductivity.

(Left) Sporadic reed establishment at Fenny Compton after one
year of growth. The picture is taken looking along Transect D
from outlet to inlet. The region in the forefront with sparse reed
population corresponds to sampling points D3 and D4, whereas
the comparatively lush growth at points D1 and D2 can be seen
in the background. (Right) Surface clogging development in
front of the influent distributor port closest to Transect D.

The locations of sampling points for the February 2009 test at
Fenny Compton

The 2D vertical hydraulic conductivity profile for Fenny Compton
at February 2009

The 3D hydraulic conductivity profile of Fenny Compton at
February 2009. The longitudinal versus vertical hydraulic
profiles are shown for the four transverse cross-sections that
correspond to sampling Transects A to D.

(Left) Continued evidence of poor reed establishment in the
downstream half of Transects C and D, at Fenny Compton two
years after planting. The photo is taken from sampling point D4
looking towards sampling point Al, such that the poorly
vegetated foreground roughly encompasses points D4 and C3.
(Right) Surface clog matter accumulations after two years
operation, mainly comprising plant detritus and bio-solids
washout from upstream processes. A small amount of surface
ponding is evident.

The locations of sampling points for the March 2010 test at
Fenny Compton

The 2D vertical hydraulic conductivity profile for Fenny Compton
at March 2010

The 3D hydraulic conductivity profile of Fenny Compton at
March 2010. The longitudinal versus vertical hydraulic profiles
are shown for the five transverse cross-sections that correspond
to sampling Transects A to E.

Plan view of Moreton Morrell HSSF TW showing major
architectural features and locations of sampling points for the
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Figure 5-24

Figure 5-25

Figure 5-26

Figure 5-27

Figure 5-28

Figure 5-29

Figure 5-30

Figure 5-31

Figure 5-32

Figure 5-33

Figure 5-34

Figure 5-35

Figure 5-36

June 2008 test. The influent distributor comprises 4 vertical
risers equally distributed along the length of the inlet pipe
between Transects A and D.

The 2D vertical hydraulic conductivity profile of Moreton Morrell
at July 2008.

The 3D hydraulic conductivity profile of Moreton Morrell at June
2008. The longitudinal versus vertical hydraulic profiles are
shown for the four transverse cross-sections that correspond to
sampling Transects A to D. Sampling was performed to a 0.4 m
depth below the surface of the bed and results are interpolated
between sampling points. Colour contours indicate order of
magnitude divisions in hydraulic conductivity.

Plan view of Moreton Morrell HSSF TW showing major
architectural features and locations of sampling points for the
February 2009 test. The region of overland flow has extended
compared to the situation in July 2008.

The 2D vertical hydraulic conductivity profile of Moreton Morrell
at February 2009.

The 3D hydraulic conductivity profile of Moreton Morrell at
February 2009. The longitudinal versus vertical profiles are
shown for the four transverse cross-sections that correspond to
sampling Transects A to D.

(Left) Flowing inlet riser at Transect A. The extent of surface
ponding and washout of sanitary storm solids is identifiable.
(Right) An inlet riser at Transect D which is clogged by bio-solids.
The 2D vertical hydraulic conductivity profile for Moreton
Morrell at September 2009.

The 3D hydraulic conductivity profile of Moreton Morrell at
September 2009. The longitudinal versus vertical profiles are
shown for the four transverse cross-sections that correspond to
sampling Transects A to D.

Plan view of the HSSF TW at Moreton Morrell which was a ‘zero-
flow’ control case, showing major architectural features and
locations of sampling points.

The 2D vertical hydraulic conductivity profile for the control case
at Moreton Morrell.

The 3D hydraulic conductivity profile of the Moreton Morrell
control case. The longitudinal versus vertical hydraulic profiles
are shown for the four transverse cross-sections that correspond
to sampling Transects A to C.

Plan view of the HSSF TW at Weston Under Wetherley, showing
the major architectural features and the locations of sampling
points for the hydraulic conductivity survey. The influent
distributor is of the ‘v-notch trough’ variety.

The 2D vertical hydraulic conductivity profile at Weston Under

20

197

198

199

199

200

201

202

203

205

205

206

207

207



Figure 5-37

Figure 5-38

Figure 5-39

Figure 5-40
Figure 5-41

Figure 5-42

Figure 5-43

Figure 5-44

Figure 5-45

Figure 5-46

Figure 5-47

Wetherley.

The 3D hydraulic conductivity profile of Weston Under
Wetherley. The longitudinal versus vertical hydraulic profiles are
shown for the four transverse cross sections that correspond to
sampling Transects A to E. Sampling was performed to a 0.4 m
depth below the surface of the bed and results are interpolated
between sampling points. Colour contours indicate order of
magnitude divisions in hydraulic conductivity.

(Left) The constant head permeameter equipment in-situ at
Weston Under Wetherley. This photograph was taken at point
D3 looking towards point E2. As evident the reed growth in this
region is non-existent. Evidence of the mineralised surface layer
can be seen in the mid-ground between the exposed gravel and
reeds. (Middle) Relatively clean gravel below the surface deposit
at point A4. (Right) Holes through the surface deposit created
by macro-invertebrates and wind induced reed rocking.

Plan view of Ashorne HSSF TW showing major architectural
features and the layout of experimental sampling points. The
influent distributor is of the reverse facing ‘v-notch trough’
variety.

The 2D vertical hydraulic conductivity profile for Ashorne.

The 3D hydraulic conductivity profile of Ashorne. The
longitudinal versus vertical hydraulic profiles are shown for the
four transverse cross sections that correspond to sampling
Transects A to D.

Plan view of Leek Wooton HSSF TW showing major architectural
features and the distribution of sampling locations. The influent
distribution system comprises five horizontal ports equally
distributed along the inlet pipe between Transects A and E.

The 2D vertical hydraulic conductivity profile for Leek Wooton.
The 3D hydraulic conductivity profile of Leek Wooton. The
longitudinal versus vertical hydraulic profiles are shown for the
four transverse cross sections that correspond to sampling
Transects A to E. Sampling was performed to a 0.4 m depth
below the surface of the bed and results are interpolated
between sampling points. Colour contours indicate order of
magnitude divisions in hydraulic conductivity.

Plan view of Northend HSSF TW showing the major architectural
features and locations of sampling points for the June 2009 test.
The influent distributor comprises 6 vertical risers distributed
either side of a central influent entry point. The shaded region
represents overland flow.

The 2D vertical hydraulic conductivity profile obtained at
Northend during the June 2009 test.

The 3D hydraulic conductivity profile of Northend as measured
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Figure 5-48

Figure 5-49
Figure 5-50

Figure 5-51

Figure 5-52

Figure 5-53

Figure 5-54

Figure 5-55
Figure 5-56

Figure 5-57

in June 2009. The longitudinal versus vertical hydraulic profiles
are shown for the four transverse cross sections that correspond
to sampling Transects A to E. Sampling was performed to a
0.4 m depth below the surface of the bed and results are
interpolated between sampling points. Colour contours indicate
order of magnitude divisions of hydraulic conductivity.

Plan view of Rowington HSSF TW showing the major
architectural features and locations of sampling points. The
influent distribution is via 6 horizontal ports distributed either
side of the central influent entry point. The shaded region
represents overland flow.

The 2D vertical conductivity profile for Rowington HSSF TW.

The 3D hydraulic conductivity profile of Rowington. The
longitudinal versus vertical hydraulic profiles are shown for the
four transverse cross sections that correspond to sampling
Transects A to E. Sampling was performed to a 0.4 m depth
below the surface of the bed and results are interpolated
between sampling points. Colour contours indicate order of
magnitude divisions in hydraulic conductivity.

Plan view of Snitterfield HSSF TW showing the major
architectural features and locations of sampling points. The
influent distribution is via 6 vertical risers distributed either side
of the central influent entry point. The shaded region represents
overland flow.

The 2D hydraulic conductivity profile obtained at Snitterfield
HSSF TW.

The 3D hydraulic conductivity profile of Snitterfield. The
longitudinal versus vertical hydraulic profiles are shown for the
five transverse cross sections that correspond to sampling
Transects A to E. Sampling was performed to a 0.4 m depth
below the surface of the bed and results are interpolated
between sampling points. Colour contours indicate order of
magnitude divisions of hydraulic conductivity.

Plan view of the HSSF TW at Delwood, detailing major
architectural features and the location of sampling points. The
influent distribution comprises a subsurface perforated pipe.
The 2D vertical hydraulic conductivity profile at Delwood.

The 3D hydraulic conductivity profile of Delwood. The
longitudinal versus vertical hydraulic profiles are shown for the
four transverse cross sections that correspond to sampling
Transects A to D. Sampling was performed to a 0.4 m depth
below the surface of the gravel and results are interpolated
between sampling points. Colour contours indicate order of
magnitude divisions of hydraulic conductivity.

Plan view of the HSSF TW at Tamarack, detailing major
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Figure 5-58
Figure 5-59

Figure 5-60

Figure 5-61

Figure 5-62

Figure 6-1

Figure 6-2

Figure 6-3

Figure 6-4

Figure 6-5

architectural features and the location of sampling points. The
influent distributor is a subsurface perforated pipe. In this figure
the grey shaded region represents the area that received
hydrogen peroxide treatment to reverse clogging.

The 2D vertical hydraulic conductivity profile at Tamarack.

The 3D hydraulic conductivity profile of Tamarack. The
longitudinal versus vertical hydraulic profiles are shown for the
three transverse cross sections that correspond to sampling
Transects A to C. Sampling was performed to a 0.4 m depth
below the surface of the gravel and results are interpolated
between sampling points. Colour contours indicate order of
magnitude divisions in hydraulic conductivity.

Plan view of the HSSF TW at Jackson Meadow, detailing major
architectural features and the location of sampling points. The
influent distributor is a subsurface infiltration chamber. The
location of the old influent distributor is indicated by the grey
shaded region, and was upgraded to the current configuration in
2004.

The 2D vertical hydraulic conductivity profile at Jackson
Meadow.

The 3D hydraulic conductivity profile of Jackson Meadow. The
longitudinal versus vertical hydraulic profiles are shown for the
four transverse cross sections that correspond to sampling
Transects A to D. Sampling was performed to a 0.4 m depth
below the surface of the gravel and results are interpolated
between sampling points. Colour contours indicate order of
magnitude divisions of hydraulic conductivity. For this system an
extra contour has been introduced in comparison to the
previously reported systems (grey shading) to reflect high
conductivities between 10,000 and 100,000 m/d.

The relationship between longitudinal distance and longitudinal
component of Clog Factor (CFy) for various values of bulk system
Clog Factor (CF;)

The relationship between vertical depth and vertical component
of Clog Factor (CF;) for various values of bulk system Clog Factor
(CFy)

The agreement between measured and modelled Clog Factor
values for 208 data sets obtained over the sampling period. The
empirical model is based on statistical analysis of the data,
whereby transverse variance is removed, and shows good
agreement with data.

Comparisons between the measured (a) and modelled (b) Clog
Factor profiles for the February 2009 survey of Fenny Compton.
The water table profiles that were fitted to the experimental
water table survey, according to the different methods discussed

23

230
231

233

233

234

252

252

254

254

258



Figure 6-6

Figure 6-7

Figure 6-8

Figure 6-9

Figure 6-10

Figure 6-11

Figure 6-12

Figure 6-13

Figure 6-14

Figure 6-15

Figure 6-16

Figure 6-17

in this report: Darcy’s Law, Dual Zone Darcy’s Law,
Dupuit-Forchheimer Assumption, Finite Element Analysis and
the proposed analytical solution.

Model of the hydraulic conductivity profile of Transect A at
Moreton Morrell A, based on the hydraulic conductivity survey
of February 2009. The logarithmic shading bar represents order
of magnitude variations where dark areas are more clogged.

The flow field that corresponds to the modelling parameters
specified in Table 6-12 and the hydraulic conductivity profile
illustrated in Figure 6-6. The vertical contours in the upper sub-
domain represent vertical infiltration through the surface layer
and the shaded profile represents the variation of hydraulic
head in the horizontal water table.

The variable surface infiltration rate across the overland flow
region at Moreton Morrell, as modelled using FEA. This recharge
profile creates an ‘S-shaped’ water table profile, similar to that
illustrated in Figure 6-7.

Dimensionless Clog Factor profiles corresponding to Equation
6-1, Equation 6-2 and Equation 6-3 using values of CF; between
0.55 and 0.90, in increments of 0.05. The progression of profiles
from 0.55 to 0.90 corresponds to the perceived progression of
clogging in Severn Trent HSSF TWs, as derived from hydraulic
conductivity surveys on field scale systems.

Longitudinal water-table profile for different values of bulk
system Clog Factor CF; as obtained using the COMSOL FEA
model of HSSF TW hydrology.

The relationship between parameter value a,, and system Clog
Factor CF; based on the data-fit to the results of the FEA
modelling.

The relationship between parameter value b,, and system Clog
Factor CF; based on the data-fit to the results of the FEA
modelling.

The relationship between parameter value agow, and system Clog
Factor CFr based on the data-fit to the results of the FEA
modelling.

The relationship between parameter value bgow, and system Clog
Factor CF; based on the data-fit to the results of the FEA
modelling.

Results of the data-fitting exercise, to fit the analytical equation
to the water table profile produced for each CF profile by the
COMSOL FEA model.

Photographs of the developed multichannel, flow-through, data-
logging fluorimeter for multipoint dye tracing experiments,
installed at Fenny Compton.

The variation of Relative Flow Fraction measured at the 500 mm
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Figure 6-18

Figure 6-19

Figure 6-20

Figure 6-21

Figure 6-22

Figure 6-23
Figure 6-24

Figure 6-25
Figure 6-26

Figure 6-27

Figure 6-28

Figure 6-29

Figure 6-30

depth plane within the TW subsurface. The darker regions
represent those that receive more flow.

The obtained Rhodamine WT Residence Time Distribution Curve
(dashed line) and a dual-path

The passage of tracer through Moreton Morrell as simulated
through the FEA model developed in COMSOL. The shading
represents the spatial concentration of the tracer plume relative
to the influent concentration at 20 minutes.

The passage of tracer through Moreton Morrell as simulated
through the FEA model developed in COMSOL. The shading
represents the spatial concentration of the tracer plume relative
to the influent concentration at 40 minutes.

The passage of tracer through Moreton Morrell as simulated
through the FEA model developed in COMSOL. The shading
represents the spatial concentration of the tracer plume relative
to the influent concentration at 60 minutes.

Residence Time Distributions (RTDs) produced by the COMSOL
FEA models of a Severn Trent HSSF TW for multiple values of
system Clog Factor (CFy).

Tanks-In-Series fits to the RTD produced for each CF; scenario
(continued overleaf)

The relationship between CFrand f for the modelled system.

The relationship between CF; and h;, for the modelled system.
The relationship between CF; and Ay for the modelled system,
based on the theoretical clean media porosity and CF adjusted to
account for the loss of porosity due to clogging.

The relationship between CF; and tr for the modelled system,
based on the theoretical clean media porosity and CF adjusted to
account for the loss of porosity due to clogging.

The relationship between CF; and n produced by the FEA
hydrodynamic model.

The relationship between CF; and t produced by the FEA
hydrodynamic model.

The relationship between CF; and e, produced by the FEA
hydrodynamic model.
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List of Symbols

Symbol | Unit Description
- A geometrical factor related to turbulent energy dissipation in porous

A media

a A factor to represent the magnitude reduction from clean hydraulic
conductivity at the inlet due to clogging

Aceu m’ Cross-sectional area of the permeameter cell (circular)

A, m? wetted cross section of the system

B Empirical coefficient that describes the relationship between
accumulation of specific deposit and clogged hydraulic conductivity

b An empirical coefficient that governs the impact of clogging
downstream of the inlet

Cc Empirical coefficient that describes the relationship between
accumulation of specific deposit and clogged hydraulic conductivity

CF Clog Factor

CFy Longitudinal component of Clog Factor at a point

CF; Bulk system Clog Factor

CF; Vertical component of Clog Factor at a point

Cin mg/L Solute concentration in the influent

Cout mg/L Solute concentration in the effluent

Cs mg/L Concentration of solids in the wastewater

C, - The coefficient of uniformity for a porous media, equal to the quotient
of dgo over dyg

D m Fluid elevation in reference to a vertical datum

D Empirical coefficient that describes the relationship between
accumulation of specific deposit and clogged hydraulic conductivity

D m2/s Dispersion Coefficient for solute mixing in a flow system

d mm Media particle diameter

dy mm The diameter of sieve-spacing that allows only 10% by mass of a
sample of gravel to pass through

dso mm The diameter of sieve-spacing that allows only 50% by mass of a
sample of gravel to pass through

dso mm The diameter of sieve-spacing that allows only 60% by mass of a
sample of gravel to pass through

d, m Clogged media diameter

E An empirical coefficient that describes the suspended solid removal
efficiency of the bulk reactor

ey Mixing efficiency of the reactor

ET m/d Evapotranspiration from the system

ey Volumetric efficiency of the reactor

f m The length that overland flow extends along the length of the bed
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g m/s Gravitational acceleration equal to 9.81
h m The depth of water in the system
m System height (including surface layer) at the influent

hs m Water table depth at f

hi, m Hydraulic head at the influent of the system

h, Head loss across the nth section of the gravel core measured by the
Aston Permeameter

hout m Hydraulic head at the outlet of the system

hr Head loss across the entire gravel core measured by the Aston
Permeameter

J A bulk parameter describing the influence of accumulated solids on
system hydraulic conductivity

k m/d The hydraulic conductivity of the media

k; m’ Intrinsic permeability of the gravel media

k, Hydraulic conductivity of the n™ section of the gravel core measured by
the Aston Permeameter

kr Hydraulic conductivity of the entire gravel core measured by the Aston
Permeameter

k, m/d variably saturated hydraulic conductivity

k, m/d Clogged media hydraulic conductivity

L m The length of the system

Lees m Length of the permeameter cell

M; kg Mass of solute added to system as a unit impulse

n Number of tanks in series

n Total number of equally spaced take-off points along the permeameter
cell in the Aston Permeameter experiment

P m/d Precipitation into the system

Py J/m? pressure associated with matrix potential

Q Discharge through Aston Permeameter

Qi m?/d Width-averaged influent flow-rate

Qout m?/d Width-averaged effluent flow-rate

Re - The porous media Reynolds number

s The operator in the Laplace Transform Function

s kg/m2 | Cumulative applied solids load since system startup per meter squared
of wetland footprint

kg/d Wastewater solids loading rate

t d Time given in days or seconds

t. d Time to clogging

u m/d Longitudinal component of velocity

U m/s Multi-dimensional velocity vector

u m/s Depth averaged longitudinal velocity

v m/d Transverse component of velocity

w m/d Vertical component of velocity

w m System width
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w, m/d Vertical recharge rate

X m Longitudinal ordinate in the system space

x Dimensionless longitudinal length

y m Transverse ordinate in the system space

z m Vertical ordinate in the system space

4 Dimensionless vertical depth

B 1/m Filter coefficient describing the ability of a porous media to physically
remove suspended particles from flow

B. 1/m Clean filter coefficient

r The gamma distribution function

€ - Media porosity

£ - Clogged media porosity

0 - Media saturation

A Hydraulic efficiency of the reactor

71 kg/m.s> | Dynamic viscosity of the porous media-flow system

w - An empirical coefficient that governs the relationship between specific
deposit and filter coefficient

o] kg/m® | The density of wastewater

[ kg/m3 | Density of biofilm accumulation

Ps kg/m3 | Density of wastewater solids

o’ d2 Variance of the residence time distribution

o, m Longitudinal dispersivity

o7 m Transverse dispersivity

Oo’ - Dimensionless variance of the residence time distribution

T d Mean residence time of solute in the reactor

T d The residence time at which solute peak concentration is detected at
the effluent

T d Design residence time of solute in the reactor

¢ - Specific volume of clog matter deposit

(o Specific volume of the biological component of the clog matter deposit

dc Specific volume of the chemical component of the clog matter deposit

O] Specific volume of the physical component of the clog matter deposit

U] m Pressure-head
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List of Acronyms and Abbreviations

Acronym Definition

BOD Biological Oxygen Demand — a water quality parameter
CF Clog Factor

CoD Chemical Oxygen Demand - a water quality parameter
CSTR Continually Stirred Tank Reactor — a type of ideal hydrodynamic reactor
HLR Hydraulic Loading Rate — of flow into the TW

HRT Hydraulic Retentional Time — of flow in the TW

HSSF Horizontal Subsurface Flow — a type of TW

IWA International Water Association

NH3 Ammonia-Nitrogen — a water quality parater

PE Population Equivalent — a unit of flow-rate

PF Plug Flow — a type of ideal hydrodynamic reactor

POR Period-of-Record — of sampling at a system

RBC Rotating Biological Contactor — a secondary treatment technology
RTD Residence Time Distribution - of flow within the TW

TIS Tanks in Series — a hydrodynamic performance parameter
TSS Total Suspended Solids — a water quality parameter

T™W Treatment Wetland

UK United Kingdom

us United States of America

VF Vertical Flow — a type of TW

W:L Width-to-length ratio — of a HSSF TW footprint
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1. Introduction

PREMISE FOR RESEARCH

Horizontal Subsurface Flow Treatment Wetlands (HSSF TWs) are the preferred technology
choice of Severn Trent Water Ltd. (Severn Trent), a United Kingdom (UK) water utility, for
providing tertiary municipal wastewater treatment to decentralised communities with
populations up-to 2,000 (Green and Upton, 1995). These natural systems typically employ
common reeds (Phragmites australis) planted in basins of 3-12 mm gravels, which provide
suitable biological, physical and chemical conditions for final purification (Kadlec and
Wallace, 2010). Severn Trent has over two decades of experience operating HSSF TWs, in
which time it has become apparent that clogging is a major operational and maintenance
issue (Cooper et al., 2005, Cooper et al., 2008). Experience with clogging has seen estimates
of lifetime reduced from 20 years (Cooper et al., 1996) to 8 years (Griffin et al., 2008), which
compromises the economic advantage offered by using HSSF TWs over conventional tertiary
wastewater treatment technologies. The need to understand clogging and improve asset
longevity resulted in this Doctoral Research collaboration between Severn Trent Water and

Aston University.

The main aim of this study can be concisely stated:

“To help designers and operators make informed decisions that result in improved asset
longevity, by improving the knowledge and understanding of clogging in Severn Trent HSSF
TWs”

The remainder of this chapter gives the essential information required to appreciate the
nature of the study — namely: the reasons why HSSF TWs are increasingly being used for
decentralised communities; the way that Severn Trent implements the technology including
details of the standard design approach; and the magnitude of the HSSF TW clogging
problem facing Severn Trent. Subsequently, the research approach and report structure will

be explained.
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1.1. Horizontal Subsurface Flow Treatment Wetlands: an overview

Horizontal Subsurface Flow Treatment Wetlands (HSSF TWs) have been used to treat many
types of urban, industrial and agricultural wastewaters around the world (Kadlec, 2009).
Many thousands of HSSF TWs have been constructed over the last two decades (Vymazal
and Kropfelova, 2008) and the technology has become an established technology In the UK,
particularly for the tertiary treatment (polishing) of municipal wastewaters for small,
decentralised communities. Cooper (2007) reported that by 2006 the UK Constructed

Wetland Association database contained records for 736 HSSF TW systems.

The growing popularity of HSSF TWs can be attributed to a list of technical and fiscal
advantages for operators, and ecological benefits that have led to a positive public
perception. These reasons are elaborated in Table 1-1, which is mainly adapted from
opinions presented in the International Water Association (IWA) Specialist Group Technical

Report on Constructed Wetlands for Pollution Control (IWA, 2000).

Table 1-1 Some of the major technological and ancillary benefits offered by treating
wastewater using HSSF TWs. Adapted from IWA (2000) with additional
references where indicated.

Technological Benefits Wider Benefits
TWs can be less expensive to build than other They are an environmentally sensitive approach
treatment options that is viewed with favour by the general public

They provide habitat conservation and
biodiversity for plant, bird, animal, insect and
aquatic life (Worrall et al., 1997)

Operation and maintenance expenses (energy
and chemicals) are low

Operation and maintenance requires little
expertise and periodic, rather than continuous,
on-site labour

They can be built to fit harmoniously into the
landscape

Value added crop cultivation, such as ornamental
TWs are able to tolerate fluctuations in flow and plants (Zurita et al., 2008) or manufacturing
pollutant loading materials for e.g. roofing, fencing, insulation
(Loffler, 1990)

TWs are able to treat wastewater with low
organic load (too low for conventional activated
sludge methods)

Plant biomass can be harvested for use as an
energy crop (Ciria et al., 2005)

They facilitate water reuse and recycling Aesthetic enhancement of open spaces (Burka
(Rousseau et al., 2008) and Lawrence, 1990)

Social benefits such as education and recreation
(nature watching, exercise, hunting) (Knight et
al., 2000)

They can treat a wide range of pollutants, often
simultaneously
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Water purification by HSSF TWs is achieved through a combination of physical, biological
and chemical mechanisms, that occur due to interactions between the wastewater, the
porous media, the atmosphere, and microbial entities that assimilate wastewater

constituents for survival (Vymazal et al., 1998). The mechanisms by which HSSF TWs remove

the major constituents of wastewater are detailed in Table 1-2 (Wallace and Knight, 2006).

Table 1-2

Table reproduced from Wallace and Knight (2006).

Removal mechanisms in HSSF TWs - significant processes are italicised.

Water Quality Parameter Physical Chemical Biological
. . Microbial
Suspended solids Filtration Icro |a'
degradation
Microbial
Biological BOD Fil j
iological oxygen demand (BOD) iltration degradation
Mi ;
Chemical oxygen demand (COD) Filtration |crob|a!
degradation
Metals (Ag, As, Cd, Cr, Cu, Hg, Ni Precipitation; Microbial uptake;
&, A5, %4, L1, LU, He, N Filtration adsorption; ion P !

Pb, Se, Zn)

plant uptake

exchange
. Microbial
R RIS B L Ol Volatilisation Adsorption deI rad;tion' lant
and grease, alcohols, BTEX, TPH) P & P
uptake
hetic h PAH
synt .etlc ydrocarbons ( . > . . Adsorption; Microbial
chlorinated and non-chlorinated Filtration; I .
.. - S volatilisation degradation; plant
solvents, pesticides, herbicides, volatilisation .
. . (ammonia) uptake
insecticides)
Microbial uptake
Nitrogenous compounds (organic Filtration Precipitation; and
N, NHs, NH,*, NO5” NO,) adsorption transformation;
plant uptake
. . . . Microbial uptake;
Inorganic and organic P Filtration crobial uptake
plant uptake
Pathogens (bacteria, viruses, , . Die-off; microbial
Filtration

protozoa, helminths)

predation

1.2. Severn Trent Water and the use of HSSF TWs

The privatisation of the UK water industry in 1989 led to the formation of Severn Trent
Water, serving 8 million users across the Midlands (Green and Upton, 1995). Figure 1-1is a
map illustrating the Severn Trent service area. At the time Severn Trent had 1,048
wastewater treatment plants with 70% of these serving populations of less than 2,000
people (Griffin and Pamplin, 1998): those defined as ‘small works’ under the European

Commission Urban Wastewater Treatment Directive (Commission, 1999). Small works were
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highlighted as those most susceptible to failing permit compliance, as they often discharge
straight into rivers and are generally subject to more stringent consents by the UK
Environment Agency (i.e. allowable levels of pollutants in the discharge) than other works
(Green et al., 1998). In 1985, Severn Trent commissioned a rolling programme to upgrade
small works in order to ensure compliance; however, this required minimal cost as these 700

works only constitute 3% of the utility’s customer base (Green and Upton, 1994).

Aston University

llustration removed for copyright restrictions

Figure 1-1 Map illustrating the Severn Trent Water service area for water and sewer
services. Map provided by Severn Trent Water South Staffs. division. Image
kindly provided by P. Griffin.

The concept of using HSSF TWs to provide municipal wastewater treatment was introduced
to the UK in 1985 after the UK Water Research Council visited a German researcher named
Kickuth, who was an early proponent of the technology (Boon, 1985, Kickuth, 1977). The UK
Water Services Association (of which Severn Trent is a member) and the Water Research
Council founded the Reed Bed Treatment Systems Coordinating Group, which pooled the
results of initial technology trials performed by water utilities with the aim of accelerating

progress (Cooper and Green, 1998, Murphy and Cooper, 2010).
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Using two pilot systems, Severn Trent proved the ability of HSSF TWs to provide secondary
treatment for populations of less than 50 people (Little Stretton, Leics.) and tertiary
treatment for populations of less than 2,000 people (Leek Wooton, Warks.) (Green and
Upton, 1993). In 1990 Severn Trent began the use of HSSF TWs for treatment of storm
water overflow (Green and Martin, 1996). Installation of HSSF TWs became part of the Small
Works maintenance programme, and between 1987 and 2009 systems were installed at 419
sites across the Severn Trent jurisdiction (Griffin and Pamplin, 1998, Griffin et al., 2008)
(Figure 1-2). Figure 1-3 illustrates the various ways that Severn Trent integrate HSSF TWs
into process flow sheets for rural treatment works (Griffin and Pamplin, 1998). According to
Figure 1-2, the greatest application is for tertiary municipal wastewater treatment

(approximately 75 %).

120
_ B Secondary
100 O Tertiary
g 80 O Storm i
O
3 - _ & Combined
» 60 — o
o
3 40 — =
€
=)
< 20 i H —
0 _! T — T |_| T T T = T T T T T D T H T T H T = T [ ] T T T D
N ©O «— N O < IO O &~ 0 0O O «— N OO & OB ©O© M~
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o OO O O O O O O O O O O O O O o o o o
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ (qV] (9] AN (9] (qV] AN N AN
Year of Installation
Figure 1-2 History of HSSF TW system installation at decentralised wastewater

treatment plants operated by Severn Trent, between 1987 and 2007.
Applications are A) Secondary Treatment, B) Tertiary Treatment C) Separate
tertiary and stormwater treatment, D) Combined tertiary and stormwater
treatment. Records for 582 HSSF TWs kindly provided by C.Murphy.

Systems that provide secondary treatment and separate tertiary and storm-water treatment
have since been dropped from the Severn Trent selection matrix. This is because experience
has shown that HSSF TWs are inefficient for provision of secondary treatment, and
combined tertiary and storm-water TWs can achieve similar treatment performance as
systems that use separate components, but with reduced cost and land requirements

(Griffin et al., 2008).
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A) HSSF TWs for Secondary Municipal Wastewater Treatment

Bypass > 6DWF

Max .population (pe) 50
BOD Consent (mg/l) Descriptive
o SEPTIC
TSS Consent (mg/l)  Descriptive _—
TANK
Stormwater Req. Not required
Notes None built after 2006
B) HSSF TWs for Tertiary Municipal Wastewater Treatment Bypass > 6DWF
Max .population (pe) 2000 Primary S dary
BOD Consent (mg/l) 25 ROTATING
SOLIDS SOLIDS
TSS Consent (mg/l) 45 > —»| BIOLOGICAL |[—»|
TANK TANK
Stormwater Req. Not required CONTACTOR
Notes
C) HSSF TWs for separate Tertiary Municipal
Wastewater and Stormwater Overflow Treatment Bypass > 6DWF
Max .population (pe) 2000
BOD Consent (mg/l) 25
TSS Consent (mg/l) 45
Stormwater Req. Required Primary S dary
Notes None built after 1994 SOLIDS ROTATING SOLIDS
TANK —»| BIOLOGICAL |—»
CONTACTOR TANK
D) HSSF TWs for combined Tertiary Municipal
Wastewater and Stormwater Overflow Treatment Bypass > 6DWF
Max .population (pe) 2000
BOD Consent (mg/l) 25 Primary any
TSS C t(mg/l) 45 SOLIDS ROTATING
onsent (m
g > —»| BIOLOGICAL |—»| SOLIDS
Stormwater Req. Must be treated TANK TANK
CONTACTOR
Notes Two tier consent
Figure 1-3 The manner in which HSSF TWs are typically incorporated into process flow

sheets by Severn Trent, for various treatment requirements, including
bypasses for storm-water above six-times dry weather flow (DWF).
Information adapted from Griffin and Pamplin (1998) and Griffin (2003).
Rotating Biological Contactor may be replaced by an equivalent secondary
treatment process.

The ability of HSSF TWs to successfully achieve tertiary treatment of municipal wastewater is
demonstrated in Table 1-3, which shows Periods or Record (PORs) for 17 systems operated
by Severn Trent, based on the removal performance of three common water quality
indicators: Biological Oxygen Demand (BOD), Total Suspended Solids (TSS) and Ammonia-
Nitrogen (NH3). As evident in Table 1-3, these systems can further purify secondary treated
wastewaters which already have relatively low contaminant concentrations, achieving an

average removal performance of 69% BOD, 73% TSS and 60% NH3, for the cases illustrated.
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Table 1-3

Treatment performance of 15 HSSF TWs operated by Severn Trent, based on average influent and effluent concentrations across the Period

of Record for each system, for Biological Oxygen Demand (BOD), Total Suspended Solids (TSS) and Ammonia (NH;). A total of 2,323 data
records are considered altogether. Data summarised from the Constructed Wetland Association performance database (CWA, 2006).

System Name N“':fbe’ Area Flow | BODin | BODout | BOD% | TsSin | TSSout | TSS% | NHyin | NH;out | NHy%
Records (m?) (m>/d) (mg/L) (mg/L) | Removal | (mg/L) (mg/L) | Removal | (mg/L) (mg/L) | Removal
Ashby Folville 149 825 164 9.82 1.87 81% 24.50 4.21 83% 3.78 2.02 47%
Claverley 70 292 115 13.24 4.86 63% 20.16 5.07 75% 5.28 1.66 69%
Earlswood 134 1,196 618 9.01 2.33 74% 19.07 491 74% 0.83 0.37 55%
Forton 10 165 22 78.33 36.86 53% 49.67 19.14 61% 17.27 7.06 59%
Gailey 19 23 25 3.00 1.83 39% 22.00 6.00 73% 1.53 0.61 60%
Hognaston 153 936 132 3.03 1.95 36% 8.59 2.58 70% 1.45 0.57 61%
Knowbury 62 330 43 8.21 1.63 80% 22.25 3.76 83% 0.87 0.24 73%
Leek Wootton 269 825 206 12.61 2.34 81% 20.31 5.24 74% 6.83 2.65 61%
Lighthorne Heath 150 321 300 5.04 1.43 72% 8.93 3.87 57% 3.33 1.28 61%
Little Wenlock 95 53 80 18.17 7.34 60% 24.35 8.92 63% 7.42 4.36 41%
Lydbury North (Old) 45 334 55 10.96 1.11 90% 20.67 1.95 91% 7.32 3.97 46%
Middleton (Shropshire) 57 168 10 322.11 28.83 91% 113.61 19.74 83% 65.11 34.31 47%
Middleton (Warwickshire) 635 450 70 8.97 2.24 75% 22.32 7.94 64% 2.70 0.64 76%
Naseby 415 1,003 90 6.62 131 80% 17.87 6.62 63% 1.89 0.44 77%
Norton Lindsey 60 257 110 5.78 1.91 67% 20.64 3.64 82% 1.78 0.71 60%
479 136 34 7 69% 28 7 73% 8 4 60%

AVERAGE




1.3. Typical Design of Severn Trent HSSF TWs for tertiary treatment

The main visual feature of HSSF TWs in the UK is aquatic macrophytes, such as Phragmites
australis (common wetland reed), planted in a porous gravel bed; thus TWs are colloquially
referred to as ‘reed beds’. Under normal operation wastewater flows under the surface of
the gravel where the correct conditions are encountered for final purification (Cooper et al.,
1996). The HSSF TWs employed by Severn Trent are built according to the European Design
and Operation Guidelines for Reed Bed Treatment Systems (EC/EWPCA, 1990), and a typical

design is shown in Figure 1-4, which details a transverse cross-section.

In Figure 1-4 the wastewater flows from left to right through gravel with recommended
media size distributions of 3-6 mm or 6-12 mm. The gravel is filled to a 0.6 m depth to
accommodate the typical root penetration of Phragmites australis (Nuttall et al., 1997) and
the gravel surface is levelled. The basin is lined with a 1 mm thick high density polyethylene
plastic liner to prevent any infiltration of wastewater to the ground and is built with a
bottom slope of about 1% to facilitate complete drainage of the bed if required. The depth
of water in the bed is established using an outlet level control device such as a swivelling
elbow or sluice gate. The wastewater is continuously fed through surface-based inlet
distributors which span the width of the bed. Distributor designs vary and include pipes with
multiple risers and troughs with numerous distribution weirs. The coarse rock berm around
the perimeter of the bed incorporates media with sizes 50-200 mm and improves flow
distribution at the inlet and outlet regions. The berms are constructed with a freeboard of
50-100 cm to accommodate bed expansion from root growth, and leaf litter accumulation
(IWA, 2000). A photograph of a HSSF TW at a Severn Trent wastewater treatment plant is

given in Figure 1-5.
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Normal operational water level
Water level in response P subsurface
to clogging ! ;

Above surface
influent distribution trough

Influent

L Overflow pipe
{secondary municipal effluent)

Freeboard 50-100 cm N

ey
‘g" i;.‘y Adjustable

il
'1‘.—*}5;*" standpipe |

Depth 60 cm Z _ _ _ _____ ] _
) 2 PO Effluent
- o2 822.5 o V1Y T/ O3 =
1% Bottom slope Impermeable liner Effluent collection piping
| Il Il |
Distribution media Main media Collection media
50-200 mm stone 3-6 mm or 50-200 mm stane
B8-12 mm gravel
Note: drawing not to scale
Figure 1-4 The typical design of Horizontal Subsurface Flow Treatment Wetlands as used by Severn Trent Water for the tertiary treatment of municipal

wastewater in the UK. The figure illustrates both normal and clogged hydraulic operation, where the grey matter indicates the zone where
clogging typically occurs. Figure reproduced from Knowles et al. (2011).



Figure 1-5 Two tertiary HSSF TW cells at Severn Trent, Snitterfield wastewater
treatment plant. The cells are 12.5 m long by 28 m wide and are showing a
full growth of Phragmites australis.

Severn Trent have determined that the footprint of HSSF TW required to provide tertiary
treatment is 0.7 m” per population equivalent (PE), where one PE is the typical quantity and
quality of domestic wastewater produced by one individual (Green and Upton, 1995). The
average system has a footprint of 318 m” with a length-to-width aspect ratio of 0.83-to-1
(Murphy and Cooper, 2010), although there is a large variation in reported system
dimensions. Similarly, the cost of systems can be highly variable. Green and Upton (1995)
report that economies of scale reduce capital costs for Severn Trent systems from £180/PE
to £75/PE (inflated to 2009 price index) as the population requirement increases from 100 to
1,000. As such, at 2009 prices a 300 m* system would cost in the region of £75,000 to
construct (Murphy and Cooper, 2010). These prices are specific to the UK and do not

include land costs as the systems are installed on existing Severn Trent sites.
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1.4. Clogging in Severn Trent Water HSSF TWs

Generally speaking HSSF tertiary TWs have proven very successful for Severn Trent and have
been met with considerable enthusiasm from operators, who appreciate the security to
compliance and low maintenance requirements (Griffin and Pamplin, 1998). However,

problems with clogging prevent these systems from being ‘fit-and-forget’ solutions.

Clogging is commonly qualified by undesirable ponding of wastewater on the surface of the
system. This occurs because clog matter with low hydraulic conductivity accumulates both
within the pore space of the gravel and on the surface of the bed, and disrupts the intended
subsurface flow operation (Cooper et al., 2005). Clogging occurs first at the inlet, within the
upper layers of the gravel and on the surface of the bed. In their survey of 255 HSSF TWs in
the UK, Cooper et al. (2005, 2008) frequently encountered systems with surface sludge
accumulations in excess of 150 mm at the inlet and 40 mm at the outlet (Table 1-4).
Rousseau et al. (2005b) made similar observations in their survey of 12 UK based HSSF
stormwater treatment wetlands, reporting that the vast majority of them had experienced
sludge build-up over the entire surface of the bed. These authors also speculated that
symptoms such as poor reed growth and weed infestation may be connected to clogging

(Rousseau et al., 2005b, Cooper et al., 2005, Cooper et al., 2008).

Table 1-4 Frequency of operational problems encountered from a survey of 255 HSSF
TWs operated by Severn Trent. Data reproduced from Cooper et al. (2008).

Operational Problem Frequency % of 255
Sludge depth greater than 150 mm at inlet 111 44
Sludge depth greater than 40 mm at outlet 48 19
Bed flooded at inlet on 1 visit 132 52
Bed flooded at outlet on 1°* visit 76 30
Inlet distributor problems 34 13
Outlet collector problems 21 8
Weed infestation (greater than 25% cover) 130 51
Poor growth of reeds 34 13
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In ponded systems, overland flow will extend across the surface layer until the cumulative
infiltration through the surface layer can adequately transmit the applied wastewater load.
In 30% of the 255 systems surveyed by Cooper et al. (2008), overland flow was present over
the majority of the HSSF TW surface. The contrast between initial and clogged conditions
can be seen by comparing Figure 1-6, which shows the surfaces of a 1 year old unclogged

system, and Figure 1-7, which shows the surface of a 7 year old clogged system.

In excessively clogged systems the subsurface may be unable to convey the intended
hydraulic load, in which case the influent wastewater will pool on top of the bed to the point
that virtually untreated wastewater bypasses the system through the overflow pipe (as
illustrated in Figure 1-4). As a pre-emptive measure clogged systems are usually refurbished
before they reach this stage. Refurbishment has historically involved replacing the fouled
gravel with clean media. As reported by Murphy and Cooper (2010), the refurbishment of a
300 m? system in 2009 incurred an approximate cost of £50,000, 50% of which was
associated with disposal of the fouled media to landfill (E64/tonne). The cost of £50,000 is
substantial given that a new system of the same size may cost £75,000 (Murphy and Cooper,

2010).

When the first systems were installed it was expected that HSSF TWs would last 15-20 years
between refurbishments. In fact refurbishments have been required much more frequently.
Only 24 % of systems have operated longer than 15 years without requiring refurbishment,

with the oldest two systems currently running for 18 years.
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Figure 1-6

The surface of a refurbished, 1 year old tertiary treatment HSSF TW operated by Severn Trent at Fenny Compton wastewater treatment
plant. The photograph shows rock berms, gravel media and early Phragmites australis establishment. Wastewater is flowing 10 cm below
the surface of the gravel.
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Figure 1-7

The surface of a clogged, 7 year old tertiary treatment HSSF TW operated by Severn Trent at Gaydon wastewater treatment plant. The
photograph shows a ‘v-notch trough’ style influent distributor which spans the width of the system at the inlet, and a significant surface
sludge accumulation which has obscured the gravel surface and rock berms and results in overland flow of the wastewater. The difference
in Phragmites australis health between Figure 1-6 and Figure 1-7 is related to winter die-off rather than the impact of clogging.



Refurbishment of HSSF TWs has become a common practice for Severn Trent, with an
average of 17 beds per year refurbished since 1998. Overall, Severn Trent has refurbished
175 out of 491 tertiary systems (some of these multiple times). Figure 1-8 illustrates the
distribution of system ages at the time of refurbishment. The minimum and maximum ages
at refurbishment are 1 and 19 years, with a median age of 11 years. These findings have
recently caused Severn Trent to redefine asset longevity to 8 years (Griffin et al., 2008),
which practically doubles HSSF TW capital replacement costs for Severn Trent. If the HSSF
TW inventory is to be maintained against a depreciation age of 8 years, then the number of
refurbishments per year could be as high as 61. Based on an average system size of 318 m’
and a unit refurbishment cost of 167 £/m?, refurbishing 61 systems per year would cost

Severn Trent approximately £ 3.2 million per year —all for 3 % of the service population.

30
25
20
15
10

Number of Systems

1 2 3 45 6 7 8 9 101112 1314 1516 17 18 19

System Age at Refurbishment (Years)

Figure 1-8 Distribution of system age at the time of refurbishment for 166 tertiary HSSF
TW systems. Records kindly provided by C.Murphy.

The substantially higher than expected refurbishment costs threaten to make HSSF TW
technology an unviable tertiary treatment option for Severn Trent, unless the clogging issue
can be addressed. Despite these economics concerns and the numerous accounts of
clogging in Severn Trent HSSF TWs, the factors responsible for clogging are still not well
understood (Kadlec and Wallace, 2010). Systems are still considered as black boxes
(Rousseau et al., 2004) with little insight into the symbiotic relationship between hydraulics,
treatment and clogging, and how this relationship changes as clogging develops. Limited

knowledge exists about the magnitude and distribution of hydraulic conductivity in clogged
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HSSF TWs. This lack of understanding means that clogging is not properly addressed and

prevented, and the development of a robust treatment performance prediction tool for

HSSF TWs is not possible (Langergraber, 2003). If this information were available then HSSF

TWs could be designed for better reliability and control, and to achieve more ambitious

treatment objectives.

1.5. Aims and Thesis Structure

A series of research obstacles have been identified that must be overcome to achieve the

major study aim: improving the knowledge and understanding of clogging in Severn Trent

HSSF TWs. Corresponding objectives are stipulated that address these obstacles and thus

provide the basis for the overall research approach adopted by this study.

Problem The factors that cause clogging are not well understood.

Obstacle Numerous sources exist proffering various observations, hypotheses and
conclusions regarding clogging; however, a comparative review of the literature
which identifies trends and salient factors does not exist.

Objective  Summarise the relevant literature on HSSF TW clogging.

Output Determination of current best practice design guidelines for mitigation of
clogging, and identification of where more research is required.

Problem Little is known about the relationship between clogging, hydraulics and
treatment and how this develops over time.

Obstacle Current design tools for HSSF TW hydrology are too simple to be
representative, and computational models are too complicated to be useful.
Not enough information exists to allow better tools to be derived.

Objective Derive design tools that are representative and practical to apply, and
validate them through experimentation and dynamic modelling.

Output Design tools that relate the changing hydrology of HSSF TWs to changes in

clogging, calibrated using experimentally derived data.
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Problem

Obstacle

Objective

Output

Not enough information is available on the magnitude and distribution of
hydraulic conductivity to make conclusions about design or allow models to
be developed.

Many conventional methods for in situ measurement of hydraulic conductivity
are not suitable for HSSF TWs, and as such no simple method exists to obtain
data.

Design an in situ method to obtain this information.

Hydraulic conductivity profiles for several tertiary HSSF TWs of various ages
that can then be used to calibrate hydraulic models. This will also allow the

influence of design and operational parameters on clogging to be studied.

The above objectives will be achieved through several stages that are reflected by the

structure of this thesis. It should be pointed out that the thesis structure does not represent

the chronological manner in which the study was executed, as interrelation between the

study objectives means that understanding, theory and methodology were developed

simultaneously. Rather, the thesis structure represents the most logical way to convey the

outcomes of this research to the reader. The thesis chapters are structured as follows:

Chapter 2

Chapter 3

A review of the relevant literature on HSSF TW clogging will be presented to
inform the remainder of the thesis. This will draw on international
experience and consider other varieties of subsurface flow treatment
wetland technology. The review will discuss the salient factors associated

with clogging and current best practices to prevent and manage clogging.

The hydrological theory underlying HSSF TWs will be presented and used to
illustrate the inadequacy of current simplified design tools. A novel one-
dimensional analytical expression is derived that better represents the
hydrology of HSSF TWs. The expression relates the state of clogging in a
system to the wetted volume by considering practicalities of operation, such
as overland flow and varying hydraulic conductivity profiles. A new metric,
the Clog Factor, will be presented, which allows different systems to be
objectively compared with regard to the severity of clogging. The Clog
Factor will be used as a parameter that describes the severity of clogging in
the analytical expression; thus creating the opportunity for calibration via

experimentation and dynamic simulation. A dynamic simulation tool based
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Chapter 4

Chapter 5

Chapter 6

Chapter 7

on Finite Element Analysis (FEA) will be used to explore the relationship

between Clog Factor, hydraulics and hydrodynamics.

Existing methods for measuring hydraulic parameters in porous media flow
systems are reviewed with regard to their appropriateness for HSSF TWs. A
novel in situ method is developed that measures the spatial hydraulic
conductivity profile in HSSF TWs. The method uses custom made apparatus
called The Aston Permeameter. Validation and quantification of error are

provided for the method.

The experimental results obtained by the method of Chapter 4 are reported
for numerous HSSF TWs operated by Severn Trent. During the course of this
study, the chance was taken to perform the method of Chapter 4 on three
HSSF TWs operated by EcoCheck LLC in the vicinity of Stillwater, Minnesota,
USA. This provided a point of comparison for how clogging can develop
differently in HSSF TWs depending on local variations in design and

operation.

The results of Chapter 5 for Severn Trent HSSF TWs are analysed in more
detail, to show how design and operational variables affect the development
of clogging, the spatial development of clogging over time, and how clogging
influences flow. The theory of Chapter 3 is applied to these results to yield
Clog Factors for each system. The Clog Factor is used to derive expressions
that link the spatial variation of clogging in the system to the overall severity
of clogging. These expressions allow the analytical relationship between
clogging and system hydrology to be calibrated for Severn Trent tertiary
HSSF TWs. The FEA tool is validated using experimentally obtained
hydrodynamic and hydraulic data from a real HSSF TW. Subsequently, an
empirical expression is deduced that indicates how hydrodynamics respond
to clogging in Severn Trent tertiary HSSF TWs. This relationship could then
be used by wetland practitioners to calculate how treatment performance

would vary as the system clogs.

The salient conclusions from the study are presented, along with priorities

and possibilities for future research.
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1.6. Scope of Research

This study was funded through a CASE studentship awarded to Aston University (an
academic higher education and research institution located within the Severn Trent Water
service area) by the UK Engineering and Physical Science Research Council and Severn Trent
Water. The funds were awarded with the specific intention of investigating clogging in
Severn Trent HSSF TWs. As such, the scope of research will be limited to investigation of
HSSF TWs owned and operated by Severn Trent, with the exception of the three HSSF TWs
operated by EcoCheck in Minnesota. The investigations performed on the three HSSF TWs
operated by EcoCheck provide a point of comparison regarding international experiences
with clogging in HSSF TWs; however the EcoCheck systems are not subject to the same rigor
of analysis as the Severn Trent systems. Other varieties of subsurface flow Treatment
Wetlands are not investigated. The approach described by this thesis can be used as a
framework to investigate clogging in other varieties of subsurface flow Treatment Wetland;
however, the theory, analysis and results presented by this thesis are specific to Severn

Trent HSSF TWs.

The scope of research is limited to investigations into the hydrology of HSSF TWs, which
encompasses the relationship between hydraulics, hydrodynamics and clogging. The
influence of hydrology on treatment performance is not explored; however the results
provided can be used as a basis for others to investigate the impact of clogging on treatment

performance.

1.7. Conclusions

Severn Trent has commissioned this doctoral research study to better understand clogging in
their Horizontal Subsurface Flow Treatment Wetland systems so that methods to increase
asset longevity can be identified. Experience with these systems has shown that clogging is
a major operational problem that limits asset longevity to almost half of the anticipated

longevity.

The major advantage of HSSF TWs over conventional treatment technologies is low upfront
capital cost and low operating requirements. This advantage has encouraged Severn Trent
to install 419 HSSF TW systems throughout their service area since the introduction of the

technology to the UK in 1985. The typical cost to install a HSSF TW to provide tertiary
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wastewater treatment for communities of up to 2,000 PE is £250/m? of HSSF TW footprint,
or £175/PE served.

Over time, the cumulative biological, physical and chemical treatment processes that occur
between HSSF TWs and the wastewater stream may cause clogging of the filter media. This
occurs because clog matter with low hydraulic conductivity accumulates both within the
media pore spaces and on the surface of the bed. Severn Trent periodically replace the filter
media in systems where excessive clogging causes a decrease in treatment performance or
undesirable hydraulic malfunctions, such as ponding of wastewater on the surface of the

system and bypass of untreated wastewater.

Between 1998 and 2009 Severn Trent refurbished 166 clogged HSSF TWs. A typical cost to
refurbish a HSSF TW is £166/m? of HSSF TW footprint, which is two-thirds of the cost to
construct a new system. It was originally anticipated that typical asset lifetime would be on
the order of 15 years; however, experience has shown that the median age for
refurbishment of clogged systems is 11 years. Severn Trent have recently redefined the
longevity of HSSF TWs to 8 years, which would imply refurbishing an average of 61 systems
per year (based on a current inventory of 419 systems) at an associated annual cost of £ 3.2

million per year (based on an average system size of 318 m?).

The major research objective of this study is: “To help designers and operators make
informed decisions that result in improved asset longevity, by improving the knowledge and

understanding of clogging in Severn Trent Water HSSF TWs”.

It is proposed to achieve the major objective by completing three aims that correspond to

gaps in the current breadth of knowledge on HSSF TWs:

1. Summarise the relevant literature on HSSF TW clogging

2. Derive practical design tools that adequately represent the relationship between
clogging, hydraulics and hydrodynamics, and validate the tools through
experimentation and dynamic modelling

3. Design an in situ method to measure the magnitude and distribution of clogging in

HSSF TWs

The remainder of this thesis will document the execution of the above three tasks and

discuss how the work performed achieves the major study objective.
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2. Background

This Chapter will review background material regarding clogging in Horizontal Subsurface
Flow Treatment Wetlands (HSSF TWs). Sections 2.2, 2.3 and 2.5 of this chapter were written
in collaboration with Dr. Gabriela Dotro, Ms. Jaime Nivala and Prof. Joan Garcia, and have
been published as a manuscript (Knowles et al., 2011), entitled “Clogging in subsurface-flow
treatment wetlands: Occurrence and contributing factors” in Ecological Engineering, volume

37 (2), pages 99-112.

Section 2.1 of this chapter will identify those characteristics that distinguish the HSSF TWs
used by Severn Trent from similarly named technology variants around the world. The
history behind the beginnings and international adoption of HSSF TW technology will be
presented to elucidate how these regional variations in HSSF TW design have evolved. This
introduction will allow the reader to appreciate the subsequent literature review on how
clogging develops in different varieties of Subsurface Flow TWs. This demarcation has not
previously been made in the literature and is required to identify information relevant to

clogging in Severn Trent HSSF TWs.

Section 2.2 summarises the factors that are responsible for clogging and Section 2.3
explores the influence of different design and operational variables on clogging. Making
reference to these factors, Section 2.4 explains the typical development of clogging in
Severn Trent HSSF TWs specifically and analyses the longevity of the Severn Trent system
stock with regard to typical design and operational parameters. Section 2.5 considers the
typical development of clogging in variants of subsurface flow treatment wetland, and
explores why some systems are more prone to clogging than others. Based on international
and Severn Trent experience, conclusions are drawn regarding which design and operations

strategies will result in robust performance for Severn Trent HSSF TWs.

2.1. Treatment Wetland Technology

Several terms combine to provide the name Horizontal Subsurface Flow Treatment
Wetlands. Firstly, HSSF TWs are constructed replications of natural wetland environments.
They are colloquially referred to in the UK as ‘reed beds’ and are one example of HSSF TW

design that exists around the world. HSSF TWs are a subgroup of Subsurface Flow TWs,
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which are a further subgroup of Treatment Wetland technology. The classification system
for HSSF TWs will be explained in stages and the standard nomenclature used within the

remainder of this document will be defined.

2.1.1. Major characteristics of Wetland Environments

Natural wetlands are often known through colloquialisms such as fens, bogs, swamps,
marshes and ditches (Vymazal et al.,, 1998) and occur in coastal regions or topographical
depressions where the water-table is close to the land surface (Kadlec, 2009). Vymazal and
Kropfelova (2008) explain that natural wetlands are often temporary ecosystems that will
eventually become fully aquatic or terrestrial depending on water-table fluctuations caused
by season, drought, flood or sea-level rise. According to Mitsch and Gosselink (2007) the
typical characteristics of wetlands that differentiate them from completely terrestrial or

aquatic natural wastewater treatment systems are:

1 Saturated hydrology — standing water, either above the soil surface or within the
rootzone, which supports a habitat of aquatic flora and fauna, and biota responsible
for biological treatment.

2 Hydric soils — soils with variable oxidation states such that a variety of anaerobic,
anoxic and aerobic reduction-oxidation reactions can be achieved.

3 Hydrophytic plants — plants that can root in saturated conditions, and have high
productivity in comparison to terrestrial plants. Plant growth can be emergent or

submergent.

These three properties makes wetlands ideally suited for wastewater treatment in
comparison to other natural treatment technologies. The saturated conditions and large
surface area provided by plants and soil promote a high rate of biological activity (Wallace
and Knight, 2006), and the gradient of redox conditions facilitates numerous contaminant
removal mechanisms. Wetlands have popularly been dubbed ‘the kidneys of the earth’ due
to their proficiency for natural water purification (Brix, 1994b, Mitsch and Gosselink, 2007).

Wastewater has been discharged to natural wetlands for as long as it has been collected,
albeit more through convenience than intentional means of treatment (Kadlec and Wallace,
2010). The potential for wetlands to provide wastewater treatment, as well as other

significant social and ecological benefits, was not realised by researchers until the 1950s
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(Mitsch and Gosselink, 2007). Prior to this many countries (particularly low lying regions of
Europe) historically drained wetland regions to enable use for other purposes like
urbanisation or agriculture. These countries are now restoring wetland areas as the crucial
role of wetlands for providing inland nutrient retention and buffering of flood waters has
become apparent (Gopal, 1999, Kjellin et al., 2007). Other benefits, as summarised by

Vymazal and Kropfelova (2008), include:

e Providing a unique habitat for numerous species of wildlife, birdlife, aquatic life,
flora and fauna.

e Producing high-growth-rate plant biomass with numerous applications such as
biofuels, paper production, staple foods (rice), fertilisers, fodder, matting and
roofing materials.

e Water supply for irrigation, groundwater recharge and drinking water, and water
treatment.

e Amenity and recreation (e.g. boating, fishing).

2.1.2. Treatment Wetland Classification Systems

The use of wetland systems for water treatment is now widely established, resulting in the
terminology “Treatment Wetland” (TW). Treatment Wetlands lay on the gradient between
land-based and aquatic-based wastewater treatment systems, which include slow-rate land
application, rapid infiltration systems, overland flow systems, Treatment Wetlands and
waste stabilisation ponds or lagoons (Crites and Tchobanoglous, 1998; IWA, 2000). Using a
hydrological generalisation, the ratio of hydraulic loading rate to soil hydraulic conductivity
increases along this gradient, such that subsurface flow is predominant in land based

systems and surface flow is prevalent in aquatic systems.

The major difference between natural and conventional wastewater treatment technologies
is the trade-off between land and operational costs. In natural systems, processes occur at
natural rates and often require more land and/or time to achieve a given treatment
requirement. Conventional technologies typically incorporate augmentations such as
mechanical agitation and forced aeration, such that treatment can be achieved in a smaller
footprint but with higher energy consumption and operational costs (Crites and

Tchobanoglous, 1998, IWA, 2000, Reed et al., 1995).
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Natural wetland environments are often replicated to optimise treatment capability and the
resulting manmade systems are referred to as Constructed Wetlands. The HSSF systems of
Severn Trent are examples of Constructed Treatment Wetland systems. The two major
subdivisions of TW technology are defined according to hydrology as Surface Flow and
Subsurface Flow systems. Within each of these subdivisions exist further technology
variations, as indicated in the classification system of Fonder and Headley (2011), (Figure
2-1). According to the classification system of Fonder and Headley (2011), the systems of
Severn Trent are TW Type 4: horizontal subsurface flow systems with emergent non-woody

vegetation.

Surface Flow Systems

Surface Flow TWs do not suffer operational problems related to clogging to the same extent
as subsurface flow TWs, and this discussion will be limited to a brief description of Surface
Flow TWs for the purpose of distinction. Surface Flow wetlands are also referred to as Free
Water Surface Wetlands. This is because the water surface is above the level of the soil and
the vast majority of the flow is overland, such that the water surface is always visible.
Wetland surface waters are often shallow in comparison to lagoons or ponds, and this
promotes soil-water interaction (IWA, 2000). High biological productivity produces large
communities of macrophytes, which distinguish surface flow TWs from lagoon and pond

systems (IWA, 2000, Vymazal and Kropfelova, 2008).

Subsurface Flow Systems

Subsurface Flow Treatment Wetlands differ from surface flow systems because water flows
through a porous medium, such as sand or gravel, through which the wastewater is passed
for purification (Cooper et al., 1996). Typically the water level is kept below the surface of
the porous media so that the free water surface is not visible. The system can be designed
so flow can occur either in the vertical (VF) or horizontal direction (HSSF). In VF systems the
wastewater is usually dosed so that the subsurface goes through cycles of saturation and
desaturation (Cooper et al., 1996), whereas generally, HSSF TWs are operated with constant
saturation (Brix, 1987). The use of porous media makes subsurface flow systems similar to
other filter-bed technologies, but they differ from trickling filters and sand filters due to the

presence of macrophytes (Nuttall et al., 1997).
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Subsurface Flow systems can only accommodate emergent macrophytes, and in early
wetland classification systems they were often listed as a subset of emergent systems
(Figure 2-2) (Brix, 1993, Vymazal et al.,, 1998, Vymazal, 2003, Vymazal, 2001). The
organisational structure of Figure 2-2 is based around the significant role of plants in
enabling treatment processes within Surface Flow TWs. However, the role of plants in
Subsurface Flow TWs is mainly structural, i.e. supporting biomass (Wallace and Knight, 2006)
and providing insulation in cold climates through accumulation of plant litter (Mander and
Jenssen, 2003). Any treatment provided by plants is confined to the immediacy of the
rhizosphere (Bezbaruah and Zhang, 2004, Brix, 1997) and is negligible in comparison to the
treatment processes supported by the porous medium (Brix, 1994a). The necessity for
subsurface flow TWs to include plants has been questioned, however, Wallace and Knight
(2006) reason that public acceptance of wetland technologies is partly attributed to the

aesthetic enhancement and biodiversity provided by plants.

Aston University

llustration removed for copyright restrictions

Figure 2-2 Early classification system for Treatment Wetland technology that is based
on the role of the plants. Reproduced from Vymazal (2003).

Subsurface systems offer greater scope for engineering, and the last decade has witnessed
numerous adaptations for achieving advanced treatment performance, smaller system
footprints or application for specialist wastewaters. Examples include HSSF systems
augmented with forced-bed aeration (Wallace, 2001), and fill-and-drain VF systems which
operate with successive upward and downward flow regime to achieve a series of redox

potentials over a loading cycle (Behrends et al., 2001, Cooper and Cooper, 2005). It should
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be noted that these intensifications require an increase in energy consumption and

operational costs in comparison to natural systems

The subsurface technology boom, and realisation that hydrology is more significant to
treatment than planting, is reflected in the revised TW classification tree presented in Figure
2-1 (Fonder and Headley, 2011), which elucidates the variety of Subsurface Flow systems

that have evolved.

2.1.3. Historical Development of Subsurface Flow Treatment Wetlands

All variants of Subsurface Flow TW are prone to clogging problems if operated incorrectly.
However, numerous regional variations of Subsurface Flow TW have evolved and the
manner in which they clog is directly related to the typical design and operation of the
system. This design evolution will be introduced to allow the subsequent discussion on

clogging in different systems to be better appreciated.

A German botanist named Kathe Seidel pioneered research on early VF and HSSF TW
concepts during the 1950s. Seidel’s research focus was the phytoremediation of
wastewaters using aquatic plants for the removal of organic and inorganic pollutants from
wastewater (Brix, 1994b). To appear more akin to conventional filter-type treatment
technologies, planting was done in trays and ditches of high-hydraulic conductivity sand and
gravels (Vymazal and Kropfelova, 2008). The initial concept had horizontal flow and was
used as a secondary treatment stage for decentralised septic tank wastewater treatment
systems (Borner et al., 1998). Seidel later realised that a modification of the technology
which used vertical flow could achieve solids filtration and maintain aerobic conditions, thus
providing a superior alternative to the septic tank. The vertical flow and horizontal flow
stages were referred to as ‘filtration’ and ‘elimination’ stages respectively and Seidel
arranged multiple cells in cascading networks to promote oxygenation between stages (Brix,

1994b).

Uptake of this technique, which became known as the Max Planck Institute Process or
Krefeld System, was not immediate. According to Vymazal and Kropfelova (2008) early
publications which focussed on nutrient removal (Seidel, 1966) were met with criticism that
may have hindered adoption of Seidel’s ideas. International dissemination of the concept

was delayed until publication in English (Rousseau, 2005) in 1976 (Seidel, 1976).
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Seidel collaborated with a German soil scientist called Roland Kickuth, in the hope that
comparative tests against conventional soil based treatment systems would encourage
acceptance of the technology. However, disagreement between the scientists led to the
formation of two rival schools of thought, which further hampered the overall adoption of
the technology by sewage engineers and authorities (Borner et al., 1998). Kickuth believed a
single HSSF TW stage could replace the Krefeld System if a soil or clay medium was used as
opposed to sand or gravel. The idea was that the high sorption capacity of the soil and root-
zone aeration provided by the plants would provide sufficient treatment, and the plants
would additionally maintain hydraulic conductivity through the soil via root network
expansion (Kickuth and Konemann, 1988). The practicality of a single system rather than a
network, and the publication of a simple design equation (Kickuth, 1977) made the Root

Zone Method popular with engineers, local authorities and utility providers.

During the 1980s and 1990s the two techniques began to spread through Europe. Whether
a country aligned with the Krefeld System or Root Zone Method depended on exposure, and
has resulted in numerous regional technology variations and design guidelines (ATV, 1998,
Brix and Arias, 2005, EC/EWPCA, 1990, Garcia and Corzo, 2008, Iwema et al., 2005, ONORM-
B-2505, 1997).

Examples of Krefeld Systems exist in the UK (Burka and Lawrence, 1990), Austria (Brix,
1994b) and North America (Lakshman, 1979, Wolverton, 1982) and the potential of hybrid
systems for achieving treatment beyond the capabilities of the single stage Root Zone
Method has caused a resurgence of the Krefeld System, especially in France (Lienard et al.,
1990, Lienard et al., 1998, Molle et al., 2005) where it is the TW methodology advised by
national guidelines (lwema et al., 2005). A VF system analogous to the 1* stage of the
Krefeld System has become the preferred choice for decentralised secondary wastewater
treatment in European countries such as Denmark (Brix and Arias, 2005), Austria (ONORM-B-

2505, 1997) and Germany (ATV, 1998).

Early experience with the Root Zone Method in Germany, Denmark, Austria and the UK
indicated that initial methodological claims did not translate well to field experience (Brix,

1994b) and the following conclusions were drawn:

e The role of plants for aeration is secondary and HSSF environments are

predominantly anoxic or anaerobic (Brix and Schierup, 1990).
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e The hydraulic conductivity of the soil filter did not improve due to root network
expansion, and numerous reports of clogging and overland flow were reported (Brix
and Schierup, 1989, Coombes, 1990, Haberl and Perfler, 1990, Netter and
Bischofsberger, 1990, Pauly, 1990).

European design guidelines were published in 1990 (EC/EWPCA, 1990) to reflect these
findings and encourage designs that reduced the occurrence of overland flow. The two
major changes were: a) modifications to the aspect ratio suggested by the Root Zone
Method, which transformed the typical design from having greater length than width to
having greater width than length (Brix and Schierup, 1989); and b) the use of coarse media
such as sand or gravel, which are less prone to clogging than soil (Cooper et al., 1996). These
guidelines made the technology more akin to the original systems of Seidel and the term
Root Zone Method was superseded by the colloquialism ‘reed beds’. However, the Kickuth
equation is still widely used for sizing the beds and the dissemination of HSSF TW technology

is often attributed to Kickuth.

A similar HSSF TW concept was developed in the US during the early 1970s (Fetter et al.,
1976, Spangler et al.,, 1976) and 1980s (Gersberg et al., 1983, Gersberg et al., 1984),
although pilot systems incorporated much larger media sizes than the systems of Seidel and
Kickuth, and flow occurred simultaneously over the surface and through the subsurface
(Wallace and Knight, 2006). Development of these systems, which were colloquially referred
to as ‘rock-reed-filters’ or ‘vegetated submerged beds’, culminated in the publication of
design guidelines by the US Environmental Protection Agency (USEPA, 1993), which differed

to those outlined by European specifications (Wallace and Knight, 2006).

In an attempt to standardise reporting in the literature, it has been suggested that the
terminologies Horizontal Subsurface Flow Treatment Wetland and Vertical Flow Treatment
Wetland fully replace all colloquialisms such as ‘reed beds’ or ‘Krefeld filtration stage’
(Fonder and Headley, 2011). However, standardised nomenclature conceals the specific
variations in design and operation that result in different clogging modes in different

systems.
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2.2. Factors Attributing to Clogging

This section addresses the various physical, chemical and biological factors that are
responsible for clogging. Clogging occurs due to the accumulation of materials associated
with treatment (e.g., intentional or external loads) and other operational factors (e.g.,
incidental or internal loads) that reduce the free volume available for flow through porous
media. The quantity and composition of accumulated material, often referred to as biosolids
(Kadlec and Wallace, 2010) but hereafter referred to as clog matter (because it does not
have to contain biological constituents), will vary depending on internal and external loads.
Clog matter typically consists of highly hydrated gels and sludge (often more than 70 %
water by volume) that are formed of inorganic and organic solids (IWA, 2000). Clog matter
often has a lower density than its constituents such that it can effectively reduce pore space
in the granular medium (Baveye et al., 1998). The typical components of clog matter are
categorised in Table 2-1, which includes biofilm, plant detritus, chemical precipitates, and

wastewater solids.

Table 2-1 Non-hydrous components of clog matter categorised into intentional
accumulations (part of the wastewater treatment process), or incidental
accumulations (a result of the wastewater treatment process). Incidental
accumulations include accidental operations, which are italicised.
Reproduced from Knowles et al. (2011).

Component Intentional accumulation Incidental accumulation
(external loads) (internal loads)
Organic solids e Wastewater solids e Biomass growth

e Plant roots
e Biofilm and plant detritus
e Solids introduced during

construction
Inorganic solids e Wastewater solids e Solids from chemical erosion of
e Chemical gravel
precipitates e Solids introduced during
construction

Figure 2-3 depicts some of the clog matter components listed in Table 2-1 and how they
accumulate within the TW at the macroscopic system-scale and at the microscopic
pore-scale. The net accumulation rate of clog matter is a balance between intentional
(application of wastewater) and incidental accumulations (such as biofilm and plant matter),

and loss due to export and decomposition (Tanner et al., 1998). At the pore scale clog
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matter will accumulate in pore spaces with varying morphology, such as coatings on the
surface of the media or dendrite formations. Clog matter accumulations may be formed of a
single phase (i.e. biofilm on media surfaces) or a complex of phases, such as biofilm forming
around entrapped wastewater solids. Accumulations that occur within pore spaces reduce
subsurface hydraulic conductivity and accumulations that occur on the bed surface reduce
surface infiltration rates. The combination of surface and subsurface clogging will determine

whether or not hydraulic issues occur at the macroscopic scale.
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Figure 2-3 Clogging processes that occur at the surface and in the subsurface of

Horizontal Subsurface Flow Treatment Wetlands. The diagram may not be
applicable to other varieties of Subsurface Flow Treatment Wetland. The
