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Abstract
This thesis establishes the impacts of systems modifications on time dependent rainwater
flow conveyance across complete flow pathways in a property level system. A numerical
model called ‘Residence Time Estimator’ was developed to establish the relationship
between system modifications and residence time of rainwater within the whole system.
Property level water supply and drainage systems are often designed as individual system
components due to their seemingly isolated performance. However, for sustainable
management of water, different flows at property level; potable water, rainwater and
greywater need to be used efficiently. This involves storing, reusing water, often by
interconnecting different system components and pathways and modifying the
characteristic flow profiles. Hence, changes in time dependent flow conveyance, from the
upstream to the downstream of a property, which can be quantified in residence time; is
based upon the overall impact of different system modifications. Establishing this
relationship in property level systems, informs better estimating time dependent flow
characteristics for designing the wider urban setting.
Simulation of rainwater conveyance across three flow pathways, including storage and
reusing to supply non-potable water demand for WC usage, under two rainfall events,
was established using the numerical simulation model in 5-second time steps. Using a
reference of 1 litre sized flow parcels, residence time within the system, in relation to the
amount of inflow, system characteristics and also inflow characteristics was established.
The results indicate that, the residence time of rainwater within the selected property
under the selected rainfall event, which was less than 25 seconds, can be increased up to
100 seconds or more by the integration of a rainwater attenuation tank of 300 litres. It
can be further increased up to one day or more, if a RWH system with an underground
storage tank of 1200 litres and a header tank of 125 litres is integrated to the system.
‘Residence Time Estimator’ can be used as a tool in urban planning and design, to select
the appropriate system modifications for SWM and hence to achieve the required flow
attenuation capacity within system components, individual properties or the wider urban
scale.

i

Acknowledgements
I would like to express my sincere gratitude to;
Professor Lynne Jack – you were more than a supervisor to me, without your guidancethis would have been just a dream
James Watt Scholarship of Heriot-Watt University for the financial support.
Anusha, for everything you do for me and being with me throughout this journey.
Vinuk, though you don’t have a clue yet, you have done a lot- hope you’ll read this
one day
Parents, family and friends for your never-ending encouragement
Dr. Grant Wright, Dr. David Kelly, Dr. Sandhya Patidar, colleagues and staff of the
School of Energy, Geoscience, Infrastructure and Society of Heriot Watt University
Stephen Matthews, Hywel Davies, Anastasia Mylona and staff of CIBSE and Jan
Stringer and Beverley Davies of the Knowledge Transfer Programme for the financial
support and your encouragement

ii

Research Thesis Submission
Please note this form should be bound into the submitted thesis.
Name:

Simanmahadura Achala Nimali Silva Wickramasinghe

School:

Energy, GeoScience, Infrastructure and Society

Version:

(i.e.

First,

Final

Degree Sought:

PhD

Resubmission, Final)

Declaration
In accordance with the appropriate regulations I hereby submit my thesis and I declare that:
1.
2.
3.
4.
5.
6.

The thesis embodies the results of my own work and has been composed by myself
Where appropriate, I have made acknowledgement of the work of others
The thesis is the correct version for submission and is the same version as any electronic versions
submitted*.
My thesis for the award referred to, deposited in the Heriot-Watt University Library, should be made
available for loan or photocopying and be available via the Institutional Repository, subject to such
conditions as the Librarian may require
I understand that as a student of the University I am required to abide by the Regulations of the
University and to conform to its discipline.
I confirm that the thesis has been verified against plagiarism via an approved plagiarism detection
application e.g. Turnitin.

ONLY for submissions including published works
Please note you are only required to complete the Inclusion of Published Works Form (page 2) if your
thesis contains published works)
7.

8.
*

Where the thesis contains published outputs under Regulation 6 (9.1.2) or Regulation 43 (9) these
are accompanied by a critical review which accurately describes my contribution to the research
and, for multi-author outputs, a signed declaration indicating the contribution of each author
(complete)
Inclusion of published outputs under Regulation 6 (9.1.2) or Regulation 43 (9) shall not constitute
plagiarism.
Please note that it is the responsibility of the candidate to ensure that the correct version of the thesis
is submitted.
Signature

of

Achala Wickramasinghe

Date:

02/10/2020

Candidate:

Submission
Submitted By (name in capitals):

SIMANMAHADURA
WICKRAMASINGHE

Signature of Individual Submitting:

Achala Wickramasinghe

Date Submitted:

02/10/2020

iii

ACHALA

NIMALI

SILVA

For Completion in the Student Service Centre (SSC)

Limited Access

Requested

1.1

Yes

E-thesis Submitted
(mandatory

Yes

No

√

Approved

for

final theses)
Received in the SSC by

Date:

(name in capitals):

iv

Yes

√

No

Inclusion of Published Works
Please note you are only required to complete the Inclusion of Published Works Form if
your thesis contains published works under Regulation 6 (9.1.2)
Declaration
This thesis contains one or more multi-author published works. In accordance with Regulation 6
(9.1.2) I hereby declare that the contributions of each author to these publications is as follows:
Citation details

Wickramasinghe S. A., Jack L. B., Developing a whole-systems
approach to the simulation of connected flow-routing within a
property, CIB W062 Water Supply and Drainage for Buildings
Symposium, Beijing, China, 2015

Author 1

developed the approach, wrote the paper and reviewed

Author 2

reviewed the paper

Signature:

Achala Wickramasinge

Date:

02/10/2020

Citation details

Wickramasinghe S. A., Jack L. B., Flow simulation of property-scale
rainwater systems, CIBSE Technical Symposium, Heriot-Watt
University, Edinburgh, 14-15 April 2016

Author 1

developed the approach, wrote paper and reviewed

Author 2

reviewed the paper

Signature:

Achala Wickramasinge

Date:

02/10/2020

Please included additional citations as required.

v

Contents
Abstract

i

Acknowledgements

ii

Contents

vi

Notation

x

Chapter 1
Introduction
1.1

Background

1

1.2

Flow conveyance in Rainwater Drainage system

2

1.3

Aims and objectives

4

1.4

Thesis structure

5

Chapter 2
System modifications for Sustainable Water Management
2.1

Introduction

6

2.2

Drivers for SWM in property scale

6

2.2.1

Population growth

6

2.2.2

Economic and environmental cost

7

2.2.3

Climate change

7

2.2.4

Water quality requirements of domestic uses

8

2.2.5

International agenda

8

2.3

SWM options

9

2.3.1

Low water use appliances

10

2.3.2

Rainwater harvesting and greywater recycling

10

2.3.3

SUDS

11

2.4

UK regulations for water saving

12

2.4.1

Voluntary evaluation systems

13

2.4.2

Building regulations

14

2.5

Guidance of standards for water efficient design

15

2.5.1

Water supply

15

2.5.2

Wastewater drainage

16

2.5.3

Rainwater drainage

16

2.5.4

Drain and sewer system

16

2.5.5

Recycling systems

17

2.6

Modified flow conveyance

18

2.7

Summary

20
vi

Chapter 3
Flow conveyance in property level systems
3.1

Introduction

22

3.2

Rainwater flow conveyance pathways

22

3.3

Design of system components

23

3.3.1

Roof drainage system

23

3.3.2

Local underground drainage system

24

3.3.3

Water supply

26

3.3.4

Wastewater drainage

26

3.3.5

Rainwater harvesting

27

3.3.6

Integrated system design

28

3.4

Flow simulation methods

28

3.4.1

Empirical methods

29

3.4.2

CFD models

29

3.4.3

Numerical models

30

3.4.4

Modified ROOFNET model

32

3.4.5

DRAINET model

37

3.5

Modelling mass balance between system components

37

3.5.1

Modelling approaches

37

3.5.2

Model conceptualization

41

3.6

Tracing water parcels

43

3.6.1

Tracer studies

43

3.6.2

Computational Fluid Dynamics (CFD)

44

3.6.3

Using water balance models

44

3.7

Summary

45

Chapter 4
Model Development
4.1

Introduction

46

4.2

Proposed approach

46

4.3

Development of the framework

46

4.4

Flow Simulation

47

4.4.1

Software platform

48

4.4.2

Adaptation and changes made to the modified ROOFNET model

48

4.5

Tracing the flow and calculating residence time

51

4.5.1

Single flow pathways

52

4.5.2

Combined flows

52
vii

4.6

Summary

54

Chapter 5
Application of the approach
5.1

Introduction

55

5.2

System configuration

55

5.2.1

System and water usage data

55

5.2.2

WC Usage

56

5.3

Rainfall data

56

5.4

Simulation time data

57

5.5

Scenarios

58

5.6

Establishing the residence time

58

5.7

Summary

60

Chapter 6
Results and Discussion
6.1

Introduction

61

6.2

System-based outflow

61

6.2.1

System without modifications

61

6.2.2

With storage facility

62

6.2.3

With RWH system

62

6.3

Mass balance for calculating residence time

63

6.3.1

Base flow in the roof drainage system

63

6.3.2

Mass consistency of simulation

63

6.4

Residence time in system without modifications

65

6.5

Impact of flow attenuation tank on residence time

66

6.6

Impact of RWH system on residence time

67

6.7

Residence time for different rainfall events

68

6.7.1

System without modifications

68

6.7.2

System with attenuation tank

69

6.7.3

System with RWH

70

6.8

Summary

72

Chapter 7
Conclusions and recommendations for future work
7.1

Summary

73

7.2

Conclusions

74
viii

7.3

Recommendations for future work

76

References

78

Illustrations for Chapter 2

90

Illustrations for Chapter 3

92

Illustrations for Chapter 4

98

Illustrations for Chapter 5

112

Illustrations for Chapter 6

120

ix

Notation
SI units are used as standard, unless otherwise stated.

Ag
Ar
As
α
β
C
c
cg
cp
Dt
f0
fc
ft
g
H
h
I
k
Lp
np
nr
Pr
qg
Qp
Qr
qr
Qt
r
Rp
S
Sg
Sog
Sop
Sor
Sp
Sp
t
t m𝑝𝑝

flow area in gutter
effective roof area
surrounding area
coefficient based on roof roughness, slope and width
momentum coefficient
runoff coefficient
wave celerity
wave celerity in gutter
wave celerity in pipe
demand during time interval, t
initial infiltration rate
maximum infiltration rate
infiltration rate (at time t)
acceleration due to gravity
pipe pressure head
gutter flow depth
rainfall intensity
soil type based constant
pipe length
pipe roughness coefﬁcient
Manning’s coefficient of roof
wetted perimeter of the roof cross section
inflow into gutter from roof
peak flow rate
flow rate down roof
rainfall dependent flow rate on the roof
rainwater runoff during time interval, t
flow density
pipe full-bore hydraulic radius
storage capacity
gutter friction slope
gutter slope
pipe slope
roof slope
pipe friction slope
pipe slope
time
mean travel time of hydrograph in pipe ‘p’
x

𝑡𝑡𝑎𝑎𝑎𝑎
𝑡𝑡𝑏𝑏𝑏𝑏
u
Vg
Vm𝑝𝑝

Vp
Vt
xg
xp
xr
Yt
𝑦𝑦𝑟𝑟𝑡𝑡
𝑦𝑦𝑟𝑟𝑡𝑡−1
Δx
∆t

time of ith rainwater parcel reaching point a
time of ith rainwater parcel reaching point b
velocity
flow velocity in gutter
mean velocity in pipe ‘p’
flow velocity in pipe
volume in storage during time interval, t
distance along gutter
distance along pipe
distance down roof (from apex)
yield from storage during time interval, t
rainwater depth on roof at current time
rainwater depth on roof at previous time
difference along x axis
time step

Abbreviations
BDR
BRE
BREEAM
BS
CFD
CIBSE
CIBW062

CSH
DCLG
DEFRA
DETR
DW
EC
EN
EPSRC
EU
FAO
FIFO
GHG
GRO
GWR
HMSO
LUD

BREEAM Domestic Refurbishment
British Research Establishment, UK
Building Research Establishment Environmental Assessment Method
British Standard, UK
Computational fluid dynamics
Charted Institution of Building Services Engineers
International Council for Research and Innovation in Building and
Construction Working Commission W062 ‘Water Supply and Drainage
for Buildings’
Code for Sustainable Homes
Department for Communities and Local Government
Department for Environment, Food & Rural Affairs
Department of the Environment, Transport and the Regions
Dishwasher
European Commission
European Standard
Engineering and Physical Sciences Research Council
European Union
Food and Agriculture Organisation of the United Nations
First In First Out
Greenhouse gas
Green Roof Organisation
Grey water recycling
Her Majesty’s Stationery Office
Local underground drainage
xi

Moc
MOFF
MON
MPS
NHBC
OECD
POFF
PON
PURRS
RWH
SBTG
SDGS
SMax
SMin
SUDS
SWM
UNCED
WC
WHB
WM
WMO
YAS
YBS

Method of Characteristics
Header tank water level for mains water cut off
Header tank water level for mains water cut in
Moving Particle Semi-Implicit
National House Building Council
Organisation for Economic Co-operation and Development
Header tank water level to discontinue pumping
Header tank water level for switching on pump
Probabilistic Urban Rainwater and wastewater Reuse Simulator
Rainwater harvesting
Sustainable Buildings Task Group
Sustainability Development Goals
Maximum water level of underground storage tank
Minimum water level of underground storage tank for pumping
Sustainable urban drainage systems
Sustainable water management
United Nations Conference on Environment and Development
Water closet
Wash-hand basin
Washing Machine
World Meteorological Organization
Yield after spillage
Yield before spillage

xii

1 Chapter 1
Introduction
1.1

Background

The water supply and drainage system of a property is a main component of its building
services in creating a habitable place for occupants. It is necessary to ensure the safe and
secure provision of potable water and the removal of waste water by the proper design of
this system. As a component of a comprehensive building provision, the water supply
and drainage system has slowly evolved to deliver better system performance.
Throughout this thesis, the term “property-level water supply and drainage system” is
used in the context of a spatial scale of a building bounded by a property curtilage and
includes the internal and external pipe infrastructure.

There has always been a

requirement to better understand the system performance to design it in order to deliver
the expected purposes of the system components.
The main system components are water supply, wastewater drainage and rainwater
drainage. Due to their seemingly isolated performance, the conventional approach in
system design is to consider them as separate components. In addition to the main
functions of the system components; to supply potable water and remove wastewater and
rainwater away from the property curtilage, the necessity for sustainable water
management (SWM) and adapting for climate change impacts present additional
influence on the system design and water consumption within it to reduce water
consumption and/or recycle wastewater and/or rainwater.
There are many opportunities and flexibilities at the property scale, to design and modify
a system according to the specific requirements and to choose and implement any system
modifications for sustainable water management (SWM). Some of the decentralized
water management options commonly integrated at the property scale are rainwater and
greywater recycling, which can be seen to interconnect the system components and low
flow/volume appliances which reduce the water demand.

System modifications

interconnect seemingly isolated system components and hence not only the local flow
conditions but also the overall flow conveyance through the system is modified.

1
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Characteristic flow patterns are changed and different flow profiles are formed once flows
are stored and re-introduced to be reused.
The selection and sizing of these system modifications can be influenced by their
economic, environmental, social and technical feasibility and much research has been
done in this field. It is not the intension here to compare the feasibility of these options;
instead, this thesis identifies the impacts of such system modifications on whole system
flow conveyance with a view to being able to identify their implications on flow
attenuation within the property. Because at present, there is a lack of knowledge on how
long inflows to a property are or can be retained within it. If properly understood, this
information can be used to establish the flow attenuation capacity of systems with
different characteristics. A holistic approach that reflects dynamic flow conveyance and
interactions between system components is hence necessary to understand the
implications of system modifications on time dependent flow conveyance.
1.2

Flow conveyance in Rainwater Drainage system

The overall flow conveyance through a system is dependent on the system inflows,
system arrangement and water consumption within the property. There are primarily two
inflows to any property; one is rainwater and the other is water supplied via the mains
intake. It is worth noting that neither can be represented using steady flow profiles.
Although steady rainfall intensities are recommended and used for some design purposes,
rainwater inflows to the property have event-based dynamic flow profiles that are
becoming increasingly unpredictable due to the impacts of climate change whilst the
mains water supply depends upon water consumption within the property. The latter can
be altered due to the implementation of system modifications for the purposes of water
management and efficiency.
System inflows can follow different flow pathways to convey across the whole system.
For example, the main system modifications integrated within any rainwater drainage
system are rainwater storage and rainwater harvesting for the supplying of non-potable
water. Furthermore, installing low flow/volume appliances, such as low-volume-flush
water closets (WCs) in combination with a rainwater harvesting system can impact both
rainwater flow conveyance through the system and potable water demand. Hence as a
result, seemingly remote system modifications within a system of integrated components,
impact inflows in other flow pathways and/or modify flows.

2
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modifications attenuate rainwater flow and increase its residence time within the system,
in contrast to the conventional approach in system design which aims to convey rainwater
away from it as quickly as possible. In this thesis such performance implications on
rainwater flow conveyance, and hence on its residence time along pathways across the
whole system have been established.
Simulation and assessment of property-level flow conditions are invaluable for
identifying dynamic system performance.

But dynamic characteristics of system

performance, impacts of flow transitions and retention across an integrated whole system,
cannot be identified using location-specific flow conditions of a component-based
assessment and requires a whole system approach. Simulation models developed for the
evaluation of feasibility of system modifications such as rainwater harvesting and
greywater recycling, perform a mass balance across their storage facilities. These models
often follow a holistic approach as it allows identifying potential benefits and limitations
of modifications in calculating and optimizing their volumetric water saving efficiency.
But the daily simulation time steps and long simulation durations often used in such
models (Ward et al., 2010) hinder the opportunity to assess the dynamic system response
of flow conveyance.
Alternatively, numerical flow simulation models have been developed, often focused on
comprehensive assessment of local dynamic flow conditions within isolated system
components. These existing numerical models are capable of simulating the dynamic
performance of property level rainwater discharge system and wastewater discharge
systems.

These numerical models are used in this thesis to simulate dynamic flow

conveyance across complete flow pathways for rainwater conveyance; but are modified
to allow interconnectivity of system components.
The pathway-based dynamic flow interactions and interventions and the resulting flow
attenuation within a property cannot be identified using inflow and outflow hydrographs
of the system. Tracking the flow across the pathways is necessary to identify implications
of such pathway-based system modifications on residence time. Simulation models that
evaluate water saving potential of recycling options at property level, calculate time
dependent flow conveyance across storage tanks by comparing the recorded time of
appearance of flow parcels entering and leaving the storage tanks (Liu et al., 2010). A
similar approach can be applied for complete flow pathways across the system to identify
the impacts of system modifications on dynamic flow conveyance profile.
3
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1.3

Aims and objectives

The aim of this research is to identify the impacts of system modifications on time
dependent flow conveyance through the property level water supply and drainage system.
As a part of a comprehensive model that represents both mains water and rainwater
inflows to a property, in this thesis, system performance along complete pathways for the
conveyance of rainwater from the point of inflow to and outflow from the system was
established.
There are three main objectives in this research;
1. Defining the network characteristics of property-level water supply and drainage
system
Inflows to and outflows from the system and the pathways for flow conveyance were
identified. Also, system modifications which can be integrated to help manage water
consumption at the property scale and the resulting interconnections between system
components were recognised. A framework was developed that demonstrates these
network characteristics.

2. Simulation of rainwater flow conveyance within the system using numerical
simulation models
After identifying the flow pathways, existing numerical flow simulation models related
to the simulation of dynamic system response in rainwater flow conveyance pathways
were structurally recast. As these models are often developed for the evaluation of local
dynamic flow conditions in isolated system components, models were restructured to suit
a whole system approach to enable flow conveyance along the selected flow pathways.

3. Tracking the flow along complete flow pathways for identifying the impact of
system modifications on dynamic performance, in particular on flow attenuation
Using the results of the numerical models, flow volumes were tracked along their flow
pathways to establish the time dependant flow conveyance across the whole system.

4
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1.4

Thesis structure

Chapter 1 explains the background of this research and the importance of a whole system
approach for the assessment of dynamic flow conveyance within a system of
interconnected components.
Options for sustainable water management at property level are discussed in Chapter 2.
Furthermore, statutory regulations which recommend the methods of designing different
system components are reviewed to identify their guidance on managing water
consumption at the whole property scale. Also, it identifies how system modifications
across the system network can influence system performance.
Components of a property level water supply and drainage system and their design
methods are discussed in Chapter 3. Existing models related to the simulation and
tracking of flow conveyance across system components are reviewed to identify their
limitations and potential for simulating the rainwater flow conveyance through the whole
system.
Chapter 4 describes the proposed methodology for the simulation of time dependent
rainwater flow conveyance across three different flow pathways. It reports on the
modifications made to the existing numerical simulation models to incorporate flow
balance between system components.
In Chapter 5, the application of the approach for the selected flow pathways across the
system for rainwater flow conveyance is presented. Modifications are integrated along
the flow pathways for rainwater storage and rainwater harvesting to identify dynamic
system response for different system arrangements.
Chapter 6 presents the results of residence time of rainwater within the system and its
distribution along the pathways and discusses the influence of system modifications on
holistic flow conveyance.
Finally, the conclusions of this research and the possible areas of future research are
discussed in Chapter 7.

5

2 Chapter 2
System modifications for Sustainable Water Management
2.1

Introduction

This chapter first discusses the emerging concern and drivers for sustainable water
management at the property scale. Options for water conservation at the property scale
have been identified. Recent guidelines and regulations within the UK context have been
reviewed to identify the drive for property level water conservation.
The subsequent sections review standards on designing system components and their
impact on managing water consumption at a whole property scale system. Finally, this
chapter discusses how the characteristic flow profiles and flow attenuation across the
system network can be changed due to system modifications and indicates that identifying
the impacts of such modifications on overall system performance is necessary to better
design systems to avoid detrimental flow conditions.
2.2

Drivers for SWM in property scale

Water is a basic human need and it has been highlighted as the sixth of the United Nations
Sustainability Development Goals (SDGs) declared in 2015 as “ Ensuring availability
and sustainable management of water and sanitation for all”(United Nations Economic
and Social Council, 2016). The amount of water available for humans and ecosystem’s
freshwater needs is about 0.5% of the world’s water (Fry and Martin, 2005) and therefore
managing water consumption is essential to sustain life on earth.
A commonly referred definition of sustainable water management (SWM) by Mays
(2007) is “meeting current water demand for all water users without impairing future
supply”. In order to meet these requirements, SWM at the property level is fundamental
to SWM in the wider local and global scale. There are many reasons for managing water
consumption at the property scale, discussed further in this section.
2.2.1

Population growth

The demand for water continues to grow and it is expected to increase by 55% between
2000 and 2050 (OECD, 2012). This is exacerbated by population growth and
6
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urbanisation. Therefore managing water resources is necessary as predictions indicate
two third’s of the world’s population will live in water stressed conditions by 2025 due
to poor management of water consumption (FAO, n.d.). As finding new sources of water
to satisfy the growing water demand becomes increasingly difficult (Niemczynowicz,
1999), it is important to take necessary actions for SWM.
2.2.2

Economic and environmental cost

In 2015, approximately 14% of annual freshwater withdrawal was used for domestic uses
(Worldbank, n.d.). The economic and environmental impacts of processing water to fit
for domestic purposes are considerable and can be valued as one of the significant drivers
for managing domestic water consumption at the property scale. Scottish water explains
the situation in the UK as ;“it is this processing stage that accounts for approximately 1%
of the UK’s total carbon emissions, around 5 million tonnes of greenhouse gases (CO2
equivalent) per annum, and its associated cost to public funds as a result of the energy
required to make the water fit for purpose” (Hannah and McMillan, 2012). Furthermore,
the wastewater industry accounts for more greenhouse gas (GHG) emissions than for the
processing of potable water. The proportions of GHG emissions in the UK water industry
from wastewater and clean-water are 56% and 39% respectively (Ainger et al., 2009). In
addition to reducing water usage, the cost of wastewater treatment can be further reduced
if surface water runoff, which is estimated as 30% of wastewater flow to treatment plants
(Georges et al., 2009) can be managed by the application of appropriate control measures.
2.2.3

Climate change

There is abundant evidence on the impacts of climate change on the water sector.

The

Climate Change 2014: Synthesis Report from the IPCC has reported that the impacts of
climate-related extreme events such as droughts and floods were indications of the
significant exposure of ecosystems and human systems to climate change (Pachauri and
Meyer, 2014). Both flood and drought risks are increasing due to a warmer and more
variable climate (Parry, 2007). Projected conditions for the UK include increased rainfall
extremes during winter and more uncertain changes in summer, with the South and SouthEast of the UK becoming more vulnerable to climate change related water stress (Gosling,
2011). These predicted extreme weather conditions, mainly in the form of flooding and
droughts create threats and also opportunities for SWM. Implementing demand control
measures might be necessary to address the changes in water availability while the
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increased rainwater runoff requires better rainwater drainage systems and recycling
methods (HR Wallingford, 2012).
2.2.4

Water quality requirements of domestic uses

Property level water consumption, mainly considered under the domestic category within
this thesis, can be categorised according to the purpose of water usage.
According to Figure 2.1 which represents the breakdown of typical domestic water
consumption in the UK, it is noticeable that potable water quality is not required for all
uses. For example, toilet flushing and clothes washing which account for 30% and 13%
of total water consumption respectively do not require potable water quality. Such quality
variations among domestic water uses offers the potential to use different water sources
to meet demand.
2.2.5

International agenda

In the history of water policy development, several international conferences and
conventions have helped identify early milestones in water resource management. At the
UN Conference on Human Environment in Stockholm, Sweden in 1972, high pollution
levels in water and the necessity of safeguarding water as a natural resource for
sustainable development were highlighted. The UN Water Conference in Mar del Plata,
Argentina in 1977 was the first UN conference to focus only on water and set the platform
for the first International Drinking Water Decade from 1981-1990 (Lundqvist and Gleick,
1997). Furthermore, all governments that were members of the United Nations in 1977
endorsed the proposed action plan of the Mar del Plata conference (Biswas, 2004). One
of the eight recommendations of its action plan was ‘water use and efficiency’ and this
suggested options such as reusing and recycling to promote water efficiency. The
effective management of the finite water resource was highlighted again in the
International Conference on Water and the Environment in Dublin, Ireland in 1992. A
reduction of excessive waste of water, reuse and recycling in different sectors including
at the domestic scale were among the proposed actions (WMO, 1992). Furthermore, the
Dublin statement stressed the impacts of climate change on water management systems
and the need for future endeavours to address this issue. Water related issues also gained
growing concern following the UN Conference on Environment and Development
(UNCED) in Rio de Janeiro (Lundqvist and Gleick, 1997). The main outcome of
UNCED, Agenda 21 specifically dealt with integrated approaches for development,
8
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management and use of water. Some of its requests to governments were to structure
their own local agenda in order to develop alternative sources of water supply, reuse
wastewater, recycle water and study and implement effective measures to counter the
impacts of climate change.
It is evident from these events that there has been growing concern over the research and
application of SWM. A recent scheme was the UN’s “The 2030 Agenda for Sustainable
Development, where its 6th goal is to “Ensure water and sanitation for all” (United
Nations, 2015) this essentially highlights the need for sustainable management of
drinking water to provide for the increasing demand.
In addition to global policies and agenda, regional level agreements are equally influential
in promoting SWM at the local scale. The recent EU Water Framework Directive
(Directive 2000/60/EC) and the Floods Directive (Directive 2007/60/EC) established in
2000 and 2007 respectively are such examples. Together they direct member states to
accomplish good status of water in all EU water bodies and reduced flood risks (EC,
2015) and hence embed sustainability requirements of the broader water resources
management cycle including the urban water management cycle (Makropoulos et al.,
2008).
It can be noted that, in recent years, global and regional level agreements on SWM have
evolved to be more detailed and influential. However, in order to increase the user uptake
of technologies for saving and reusing water, gathering and dissemination of readily
available technical information and information on actual field performance are necessary
(Suzenet et al., 2002) .
2.3

SWM options

Two of the main factors which influence SWM in the UK are increased water demand
and increased flood occurrence (Ward, 2010) and they are equally applicable in the global
context. Demand management at property scale depends upon many direct drivers such
as household characteristics (example: household composition, water saving technology
etc.) and indirect drivers such as socio-economic factors (example: income, age, gender
etc.) (Jorgensen et al., 2009). With relevance to the scope of this thesis, only system
modifications have been further studied as an option for demand management and flood
mitigation at property scale. In particular, integrating low water use appliances, recycling
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systems (rainwater, greywater) and sustainable urban drainage systems (SUDS) have
been explored.
2.3.1

Low water use appliances

Basic water using appliances at property scale are the WC, bidet, wash-hand-basin
(WHB), bath, dishwasher, washing machine, kitchen sink, shower and outdoor taps. A
range of these appliances with various designs and modifications to use less water are
available in the market.
Reducing WC flush volume has been a vastly researched field due to its otherwise high
water consumption of non-potable water. The discharge volume and discharge Q-T (flow
rate vs time) profile of a WC are characteristic of its design. The typical discharge profile
indicates a sharply rising flow rate with a gradually falling limb that influences the solid
transport in the drainage system (McDougall and Swaffield, 2003). The WC flush volume
has been reduced over the past few years, from its average value of 40 litres in 1990, up
to today’s 6 litres in the UK (Swaffield et al., 2015). Currently, WCs with further reduced
flush volumes and dual flush facility (such as 4/2 litre flush) are also available in the
market.
Low flow taps are available to reduce water consumption in wash-hand basin and sink
taps. Furthermore, aerators and flow restrictors provide options for reducing flow rate.
Similarly, conventional showerheads can be replaced with modern ones which modulate
flow or use aeration to achieve low flow rates in showers. Low volume baths are available
with modified shapes to reduce their capacity. Use of energy and water efficient
dishwashers and washing machines can not only reduce water usage but also energy
consumption (Hannah and McMillan, 2012, NHBC Foundation, 2009). At present there
are also many awareness programmes and resources initiated by water service providers
and other organisations in the UK to encourage users to reduce property level water
consumption by integrating low water using appliances.
2.3.2

Rainwater harvesting and greywater recycling

Potential opportunities are available at the property level to deliver the non-potable water
requirement with alternative water sources such as rainwater and greywater. Greywater
can be defined as wastewater without fecal matter. Water saving techniques such as
rainwater harvesting (RWH) and greywater recycling (GWR) are not completely new
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concepts in domestic water management and their application in an urban context is
progressing, albeit slowly in some cases, while their benefits are demonstrated through
case studies. The potential of RWH for replacing potable water demand has been reported
in many studies (Herrmann and Schmida, 2000, Fewkes, 1999, Coombes et al., 2003,
Jones and Hunt, 2010) and similarly for GWR (Nolde, 2000, Pidou et al., 2007).
System components and their arrangement in RWH and GWR can vary according to the
requirements of each installation. However, at the property level, rainwater harvesting
systems are basically used to reclaim rainwater collected from roof and paved surface
areas. Rainwater from the roof surfaces can be directed to a storage tank through the
rainwater drainage system which can be either siphonic or conventional. Siphonic
systems are capable of draining the rainwater flow under a higher flow capacity than
conventional systems (Arthur and Wright, 2005) but are not often used at the property
scale due to the higher costs involved. In contrast, conventional systems are common at
the property scale; flow within a conventional system runs under gravity. On the other
hand, greywater recycling systems use greywater i.e. discharge flow from baths and
showers to provide for non-potable water demands.

Inflow to a GWR system is

characteristic of the discharge flow of the appliances from which outflow is collected to
be reused.
Inflow to a RWH or GWR system is typically stored in a collection tank, treated and
distributed to appliances. The flow conveyance across a RWH or GWR system depends
upon the treatment and distribution system. There are mainly two types of distribution
systems; direct and indirect system (CIBSE, 2005). Direct fed systems supply nonpotable water to the appliances directly from the storage tank under pressurised flow
conditions (Figure 2.2)
In indirect systems, pumped flow from the collection tank is stored in an elevated storage
tank and fed to the appliances by gravity flow (Figure 2.3). Furthermore, different
combinations of these two types can be integrated in property level systems based upon
the requirements of each system. Reclaimed water is usually only used for toilet flushing
and laundry.
2.3.3

SUDS

Sustainable Urban Drainage Systems (SUDS) are used for surface water management
while maximizing benefits associated with water quantity, water quality, amenity and
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biodiversity (Woods-Ballard et al., 2015). They have to be designed in a way that ensures
surface water is best managed along the pathway from the point where rainfall is captured
until it leaves the property boundary. Properties integrated with SUDS benefit from better
drainage systems to cope with current and future extreme rainfall events, among many
other benefits. Some examples of SUDS are green roofs, pervious pavements, detention
basins, ponds, soakaways and rainwater harvesting systems. RWH has been explored
within this thesis as a method of SUDS and therefore as a system modification for SWM.
It is worth noting that exploiting measures for SWM in new and refurbished properties
need not to be limited to one of these techniques. Using properly selected combinations
can yield multiple benefits.
2.4

UK regulations for water saving

A number of strategies and guidelines have been developed in the UK for the promotion
of SWM, particularly focussing on domestic water consumption. For instance the Water
Supply (Water Fittings) Regulations 1999 in England and Wales introduced the use of 6
litre flushing WCs for all new dwellings (DETR, 1999) compared to the higher flushing
volumes that were used before.
Furthermore, the Sustainable Buildings Task Group was formed in 2003 to advise the UK
government and the industry on practical and cost-effective measures to improve
sustainability in buildings. The report of the task group, “Better buildings-better lives”
focussed on energy and water efficiency, waste minimisation and reducing material usage
in new and existing buildings. Among its recommendations was the implementation of
greywater recycling and rainwater harvesting in the built environment (SBTG, 2004).
Subsequently, the government’s water strategy for England was published under the
theme “Future water” in 2008.

In comparison to the average per capita water

consumption of 150 litres per day (Environment Agency, 2009), reducing this to 130 litres
by 2030 or even 120 litres, both in new and existing buildings, were among the
recommendations. Furthermore, the report highlighted the benefits of using alternative
water sources such as rainwater and greywater to meet non-potable household water
demands. Even though this was not mandated, it nonetheless acknowledged the necessity
of developing technologies in order to increase confidence in implementing
recommendations (DEFRA, 2008).
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2.4.1

Voluntary evaluation systems

BREEAM (Building Research Establishment Environmental Assessment Method),
developed by BRE (Building Research Establishment), is an environmental assessment
method for buildings and communities (BRE, n.d.). EcoHomes was its relevant form for
buildings in new and refurbishment projects and it was first launched in 2000 (DCLG,
2009). Projects are evaluated according to a rating system of credits obtained where these
are offered for the environmental qualities of the project. According to this system,
overall internal water consumption and external rainwater water management measures
are evaluated (BRE, 2006). EcoHomes was widely used in Scotland, however, it has not
been revised since 2006 (Hannah and McMillan, 2012).
EcoHomes was replaced by the Code for Sustainable Homes (CSH) which was first
launched in 2007. Similar to EcoHomes, CSH is an environmental assessment method
which allows rating and certifying of sustainability levels of new homes in England,
Wales and Northern Ireland. In comparison to EcoHomes, it is mandatory to obtain the
necessary credits for indoor water use to obtain CSH efficiency labels; the highest
sustainability level requires a total indoor water consumption less than or equal to 80
litres/person /day. It is not mandatory to implement rainwater management measures, but
their application can secure more credits within the CSH.
CSH was applicable to new homes. Therefore, as a replacement for EcoHomes which
was used for existing homes, the BREEAM Domestic Refurbishment (BDR) was
launched in 2012 as guidance for the improvement of sustainability in domestic
refurbishment projects. In addition to a reduction in total water consumption, BDR
requires compliance with the recommended limits of water usage at terminal fittings.
Credits for internal water use is a minimum requirement and a total internal water
consumption of 80 litres/person/day is credited as an exemplary level of performance for
surpassing BREEAM assessment requirements. With similarities to the CSH, rainwater
management systems are encouraged for external water use and surface runoff control.
The requirement to meet these assessment criteria are not mandatory, but they can form
part of compulsory compliance for some local planning authorities; for example CSH
level 3 was mandatory across Wales for new developments from 2008 (DCLG, 2008).
Several studies have comprehensively reviewed literature on SWM policy in the UK
(Ward, 2010, DEFRA, 2006). However, it can be identified that having one unified
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evaluation system within the country will be beneficial, instead of having different SWM
policies which recommends different levels of sustainability and recognised by different
regions or local authorities.
2.4.2

Building regulations

In order to streamline government regulations and standards, the Housing standards
review announced the withdrawal of the CSH in 2015 and necessary requirements were
combined under one framework (Pickles, E., 2015). The proposed new streamlined
framework requires compliance with Building Regulations 2010. It includes additional
optional Building Regulations to which compliance can be required by local planning
authorities. The Building Regulations 2010 which is applicable in England and Wales
recommends the maximum wholesome water consumption for new dwellings as 125
litres/person/day (Building Regulations, 2010). Approved document G for England,
which provides guidance in support of the relevant building regulations further
recommends 110 litres/person/day as an additional optional requirement. It also proposes
the use of alternative water sources such as rainwater and greywater to maximize water
efficiency (HM Government, 2016). As an alternative to limiting total water use,
Approved document G recommends a fittings approach which specifies maximum water
consumption limits for fittings to help manage water use. But this method provides less
flexibility in implementing user-preferred options for achieving total water consumption
targets.
In Scotland, the ‘Building Standards technical handbook –Domestic’ provides guidance
for the Building (Scotland) Regulations 2004 and recommends the necessary regulations
for achieving sustainability in new buildings. According to the Section 7 of this handbook,
sustainability performance is categorised under several levels. The Gold level, which is
the highest sustainability level, requires the use of a water butt for outdoor water usage,
using less than the specified values for flush volume in WCs and flow rates in fittings,
having a water meter and implementing a rainwater or greywater recycling system to
provide for flushing WCs (Scottish Government, 2019).
It can be identified that policies and regulations have always been and will be amended
to accommodate changing requirements. The reviewed examples show that the guidance
has been developed to be more specific in recommending water saving targets. Some
examples limit total water consumption/capita/day (at 125 litres and in some codes at 80
litres), and others focus on rainwater harvesting, greywater recycling systems, and the
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specification of water consumption limits for each fitting. Existing voluntary
specifications could be mandatory in the future; for example, the recommendation of
rainwater harvesting systems could be mandatory due to their potential to reduce mains
water consumption and enhance surface water management. Furthermore, it can be
identified that these options for managing property level water consumption have been
proposed to exploit all of the water sources available and to balance their usage within
the system.
2.5

Guidance of standards for water efficient design

Implementation of options for SWM at the property scale has to be well-informed if the
benefits of their application are to be obtained by their users and also the wider
community. British Standards provide the relevant guidance in the UK for the design of
systems. The following section reviews the current British Standards relevant to the
design of components of property level water supply and drainage systems with a view
to identifying their contribution to whole system water management.
2.5.1

Water supply

The design of the ‘water supply’ component is incorporated in BS EN 806 1-5. BS EN
806- 2 (2005) recommends minimum undue consumption, waste and water usage but it
is the remit of the designer to ensure the recommended pressure, flow rate, velocity and
temperature in the water supply system while integrating options to reduce water usage.
Furthermore. the code does not specifically mention the reduction in demand if any
recycling system is integrated to provide an alternative water supply such as reclaimed
rainwater or greywater. Comprehensive knowledge on the satisfactory availability of
such alternative supplies and any impacts of over/under sizing of installations resulting
from system modifications will be necessary in order to take appropriate decisions in
system design. For example, use of a RWH/GWR system to meet WC demand or
installing low volume flush WCs can typically reduce, by up to 30%, the potable water
demand. Hence sizing potable water cisterns and pipe installations needs to be revised or
necessary steps should be taken in order to avoid any potential stagnation due to low flow
rates. The growing demand for SWM can influence design/ modification of properties to
integrate water saving options, at the beginning or even during their service life, which
BS EN 806- 2 recommends as 50 years. Therefore, provision needs to be made to
accommodate such modifications.
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2.5.2

Wastewater drainage

BS EN 12056 parts 1 and 2 outline the guidance for designing ‘wastewater drainage’
systems inside buildings. Here, consuming less water is one of the main
recommendations. Furthermore BS EN 12056-2(2000) highlights the importance of
ensuring functional requirements and allocating adequate hydraulic capacity of the
system. It can be argued that the current version of the code does not provide any
recommendation on potential recycling options to manage overall water consumption. In
addition, a recycling option such as GWR influences downstream wastewater flow, as
part of the discharge flow has to be stored for reuse and hence it affects the downstream
flow conditions. The code recommends estimating design wastewater flow based on
discharge units allocated to appliances in terms of flow rate, further discussed in chapter
3. But this approach will require modifications to account for variations in contributing
flows.
2.5.3

Rainwater drainage

‘Rainwater drainage’ systems can be either conventional, which operate under gravity, or
siphonic, which convey rainwater typically as full bore flow under the design pressure
difference. Standards for designing conventional rainwater drainage systems are
discussed within this section as conventional systems are more commonly used at the
property scale, so are used in the simulated system in Chapter 5. BS EN 12056-3 (2000)
is the relevant specification for designing roof drainage systems including roofs, gutters
and downpipes. A form of SUDS related to roof drainage systems is the use of green roofs
as they can affect flow conveyance. However, a lack of a national guidance for designing
green roofs is a significant drawback to encourage such options. The only option
available to reflect their impact on flow attenuation in BS EN 12056-3, is the runoff coefficient used for calculating the rainwater runoff rate. But better understanding is
necessary to evaluate the capacity of the green roof to introduce flow attenuation for
seasonal and event based variations in rainfall events (GRO, 2014).
2.5.4

Drain and sewer system

BS EN 752 (2017) which specifies guidelines for designing drain and sewer systems
outside buildings recommends the implementation of several wastewater and rainwater
management options. Recommendations include SUDS to manage surface water in a
sustainable fashion using detention tanks, infiltration basins, swales, ponds, infiltration
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trenches, permeable surfaces and soakaways. In comparison to the aforementioned codes,
BS EN 752: 2017 highlights the importance of sustainable water management and
incorporating provision within designs to manage the impacts of climate change during
the design life of systems. The greater concern for these issues covered under BS EN
752:2017 could be due to the fact that this version of the code was published after the
previously discussed codes and during a period when the significance of SWM options
and climate change impacts became more evident.
The duration of any design rainfall event of sewer systems is based upon the time of
concentration which is defined as ‘time taken for runoff to travel from the hydraulically
most distant point of the catchment area to a defined point in the drain or sewer’ and it
can be modified by measures used for flow attenuation. However, the code recommends
the use of simulation methods and dynamic inflow data, if necessary, to better understand
these system hydraulics.
The code acknowledges the role of such options on flow attenuation and controlling peak
flow rates. Better understanding of flow conditions will always be necessary in order to
meet the required performance. For example, rainwater and greywater recycling systems
can modify flow conditions in sewer systems which are designed for otherwise combined
peak flow conditions. Furthermore, the provision for maintaining self cleansing velocities
needs to be revised during dry weather flow conditions. Additionally, options such as
detention tanks modify the flow conveyance characteristics and hence flow conveyance
time within the property.
2.5.5

Recycling systems

Guidance on the selection of water reuse systems at the property scale is provided in BS
8595 (2013) along with detailed specifications for rainwater harvesting systems in BS
8515:2009+A1:2013 (2013) and for greywater systems in BS 8525-1 (2010). Lack of
cross-reference to these standards from the previously discussed codes could be due to
their recent publication. However, referencing these codes, which specify the design of
recycling systems, is important to encourage the implementation of water reuse systems.
These codes introduce the concept of retaining and reusing rainwater and wastewater
within the system instead of removing flow as quickly as possible. Furthermore, the
significance of the function of the system as a whole is highlighted. In BS 8515, ensuring
performance in rainwater drainage systems with RWH notes that “roof outlets, guttering
and pipework should function as an integral part of the whole system” while their impact
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on the drainage system’s performance is addressed whereby “where the frequency,
volume or flow rate of spilling information is required for sizing the overflow and
assessing the impact of spills downstream, this should be calculated using detailed
modelling”.
The benefits of recycling across the whole system have hence been taken into account in
the design procedure. For example, a different method of design has been recommended
for designing RWH systems for the purpose of stormwater control as it involves both
supplying non-potable water demand and managing the surface water drainage system.
Despite addressing some key issues, it can be concluded that these standards provide only
the basic guidance and recommendations for designing system components and may not
detail all necessary performance requirements. Designing systems to ensure performance
throughout their service life is necessary and requires a holistic view, especially when
SWM options introduce flow interactions and modifications.
2.6

Modified flow conveyance

With regard to rainwater flow conveyance, system modifications in rainwater drainage
systems such as installing siphonic roof drainage systems to replace conventional
systems, green roofs, storage tanks and RWHS modify rainwater flow routing and
influence time dependent flow interactions across the system. Swaffield J.A. (2008)
emphasized the need to better understand such flows, particularly the influence of
modified flow routing on dynamic sewer flow conditions, in order to apply such
modifications for mitigating impacts of increased frequency and severity of rainfall
events. The design strategies adopted at property scale for SWM include options to
manage rainwater and also to reduce potable water demand. They influence not only
sewer flow conditions but also overall system performance. Both interconnectivity
between system components and their time dependent flow characteristics influence flow
attenuation and conveyance across water supply, wastewater drainage and rainwater
drainage systems (Jack, 2008). Such changes in flow conveyance across a system and
the resulting system performance are often overlooked until they cause detrimental
system performance.
It is worth noting that modified flow attenuation and conveyance can sometimes lead to
stagnation of flow across different components of a system. Potable water demand is
reduced by practices for stormwater mitigation such as reuse of storm water runoff while
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it also increases overall water age (i.e. water retention time) within a system (Rhoads et
al., 2015). Increasing the ‘age’ of potable water within property-level supply system due
to different practices, results in decrease in residual chlorine, increase in corrosion, taste,
smell and growth of microbial legionella in supply water.
In one study, Rhoads et al. (2016) surveyed four buildings to check the impact of the
plumbing system on water quality. The study concluded that a conventional house
without any water conservation strategies shows a normal water ‘age’.

But other

buildings; health care suites, a net zero energy house and a ‘net-zero energy and net-zero
water’ office building reported a higher water age. The reasons for higher water age in
these buildings were a high number of infrequently used fixtures; a solar preheat water
tank which was installed to reduce the energy requirement of the hot water system but
doubled the hot water storage requirement of the house; and mixing of extracted local
underground water with collected rainwater in storage tanks. It can hence be identified
that the level of impact of water conservation strategies on increased water age and water
quality in the property-level supply system is specific to each scenario, but these
observations highlight the influence of system modifications, often considered as discrete,
on overall system performance.
The drainage system can also face detrimental impacts due to options for SWM. The
basic function of the drainage system is to convey wastewater and solid waste away from
the property to the public sewer system. Transport distance of solids discharged from the
WC depend on various factors including solid characteristics, pipe diameter, roughness
and slope, WC discharge profile and base flow over which the flow wave travels
(McDougall and Swaffield, 2003). McDougall and Swaffield compared solid transport
characteristics for a WC discharge volume of 6 litres with drain pipe diameters of 75, 100
and 150 mm and pipe slopes of 1/60 and 1/100 and concluded that reducing WC discharge
volumes for the purposes of water conservation can be achieved if suitable pipe diameters
and slopes can be maintained.

A similar study was carried out to evaluate the

performance of dual flush toilets (6/4 litre, 4.2/2.6 litre) and only a low risk of blockage
was identified for properly maintained buildings (Gormley, 2011). However, water usage
can be expected to further reduce in the future. Continuous research is hence necessary to
ensure acceptable performance when implementing such modifications. Also, GWR
systems influence changes in flow characteristics in the drainage system, when the long
steady discharges, especially from baths, are stored and later used to flush toilets. They
are then released in the form of shorter duration and single peaked WC discharge profiles.
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Research has shown that GWR systems can be successfully implemented without causing
any risk of blockage but again confirms the importance of selecting suitable pipe
diameters (Gormley and Dickenson, 2008). Meanwhile there are concerns that excessive
water conservation might lead to problems in downstream sewer systems due to reduced
wastewater flow (Environment Agency, 2008). These include odour, corrosion (Marleni
and Muttil, n.d.) and blockages in sewer systems (Schlunke et al., 2008). Combined
sewer systems cannot be used as a solution to avoid such low flow conditions in sewer
systems as the norm is not to install combined sewers due to the impacts of overflow
conditions during high rainfall events (BS EN 752:2017). A better understanding of
overall flow conveyance will assist in identifying how different modifications collectively
influence flow stagnation, reduced volume and modified flow characteristics, and can
hence contribute to better design.
Time dependent flow interactions across system components also influence the
functioning of recycling systems. According to a report from the Environment Agency
(Parkes et al., 2010), in an unpublished case study from 2004, high failure rates, of more
than 50 percent, have been observed in individual greywater recycling systems, most
likely due to insufficient water for flushing toilets and possibly related to issues with the
backup water supply.

Waterwise, an independent organisation promoting water

efficiency and conservation in the UK, reports on a study which has received user
feedback on water supply failures to toilets during power outages as the RWH system
failed to pump rainwater from the storage tank (Waterwise, 2009). The same study also
pointed out incidents where refurbished toilets (with 4/2.6 litre dual flush volume)
supplied from a storage tank had to be connected to the mains supply due to low pressure,
and also cutting out of combi-boilers due to low hot water flow. In RWH systems, pumps
are most likely to fail due to the poor setting of level switches leading them to start or
stop often for small changes in water level (Brewer et al., 2001). These examples, in
addition to addressing their mechanical failures, highlight the need for identifying and
understanding the necessary time dependent flow interactions between the interconnected
system components.
2.7

Summary

This chapter has discussed the drivers for implementing SWM practices at the property
scale and provided detailed information on the most common options. Recent water
policies in the UK that encourage property level SWM have also been reviewed.
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Additionally, this chapter has reviewed different standards which specify guidelines for
designing system components, to identify their guidance for property level water
management from a whole system perspective. Although the system components are
designed as individual components, the importance of the resultant time dependent flow
interactions and conveyances to ensure whole system performance has been highlighted.
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Chapter 3
Flow conveyance in property level systems
3.1

Introduction

This chapter reviews methods for designing and modelling flow conveyance in property
level systems particularly focussing on the rainwater drainage system. Firstly, design
methods applicable in the UK are discussed to identify their approach in designing system
components conveying rainwater. Then flow simulation methods are discussed with a
particular focus on the simulation of time dependent rainwater flow. Furthermore, a mass
balance approach used in models which evaluate volumetric efficiency of SWM options
is reviewed to identify how system components can be conceptualized for simulating flow
balance. Finally, the methods that trace flow conveyance with respect to space and time
along flow pathways are reviewed.
3.2

Rainwater flow conveyance pathways

The primary inflows to any property, rainwater and water supplied via the mains intake,
are conveyed along a network of flow pathways within the property. As illustrated in
Figure 3.1 and Figure 3.2, Jack (2008) proposed a framework which illustrates the
network characteristics of the system, in particular, to identify and implement adaptive
measures to mitigate against the impacts of climate change. This provides a platform for
a holistic view of the system and indicates the basic flow routes separately for rainwater
and potable water conveyance.
This study has focussed on one of these two inflows; on rainwater conveyance within the
property.

In addition to being conveying via the roof drainage system and local

underground drainage network, rainwater can also be conveyed through a rainwater
collection network, recycled water distribution system and building drainage system.
Within this thesis, the term ‘wastewater drainage’ refers to the internal pipe system that
collects discharge from sanitary appliances and conveys this away from the building.
‘Local underground drainage’ (LUD) denotes the underground pipe system which
collects flow from rainwater downpipes, surface water runoff and/or discharge from the
wastewater drainage and carries it away from the property. Furthermore, within this
thesis, supply and overflow pipes for underground storage tanks in RWH systems have
22

Chapter 3: Flow conveyance in property level systems

also been categorised under LUD. In order to simulate rainwater conveyance and
establish its residence time within a property, the following sections of this chapter focus
on methods of designing, simulating and tracing flow within system components along
the above mentioned rainwater flow pathways.
3.3

Design of system components

In the design stage, different sections of a system are often viewed as discrete
components. Here, their design procedures have been reviewed, particularly to identify
the selection of design inflows for this study and how time-dependent flow conveyance
along the pathways is considered.
3.3.1

Roof drainage system

Selection of the design rainfall event is significant in estimating roof runoff which
determines the rainwater inflow to the roof drainage system. According to BS 12056-3,
when statistical information on rainfall intensity relevant to the return period and duration
of storm events is available, the design rainfall intensity should be selected in accordance
with these data. Alternatively, the rainfall can be determined from location, building type,
the required level of protection during the building’s life span and duration of the rainfall
event. The time required for the total roof area to contribute to runoff is referred to as the
‘time of concentration’ and is used for selecting the duration of the design rainfall event
as it results in the maximum runoff rate. This value is typically considered as 2 minutes
in the UK (BS EN 12056-3, 2000). Furthermore, the effects of wind and slope of the roof
surface are taken into account to calculate effective roof area, also contributing to the roof
runoff.
Maximum rainwater runoff to be drained away from the roof surface (Qr) is calculated
for steady state conditions by assuming the design rainfall intensity for the total duration
of the event, as;
(3.1)

Q r = I. Ar . C

Where I is the rainfall intensity, Ar is the effective roof area and C is the runoff coefficient.
This runoff flow rate is then checked against the capacity of gutters and downpipes for
sizing. Design of pipework for the roof drainage system depends on the type of the
system. In conventional systems, rainwater downpipes are typically designed to run at
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33% full and offsets at a filling degree less than 70%. On the other hand, siphonic systems
are designed for full bore flow conditions with the assumption that these conditions
commence quickly. Design codes are often focussed on ensuring system/component
capacity at design conditions. Therefore, design specifications do not specifically take
into consideration transitional flow characteristics. An example is the design of siphonic
systems for full bore flow conditions that overlooks the dynamic transition from part-full
to full bore flow conditions, where this can lead to performance issues such as noise
generation and structural vibration (Arthur and Swaffield, 1999).
3.3.2

Local underground drainage system

Design criteria for the local underground drainage system is specified in BS EN 752
(2017). Two main design methods are recommended for the design of surface water
drains and sewers which collect runoff from the catchment area and convey it to the
receiving system. Simple/empirical methods are used for small schemes assuming full
bore flow conditions. For large schemes where failure can cause risks to the environment
and public health, the use of flow simulation methods with time- varying rainfall data are
recommended.
The type of design rainfall is selected based upon the system and the selected calculation
method. The recommended design rainfall types are listed in Table 3-1.
Design rainfall
Flat rate rainfall

Application
For small areas up to 4000m2 where ponding can be
tolerated. Intensity of 0.014 l/s.m2 is recommended.

Catchment

specific To be used with simple runoff calculation methods which

constant rate rainfall

assume full bore flow conditions.
a) For areas up to 4000 m2, event duration is to be used as
5 minutes. Event frequencies are to be selected based upon
risk category of the situation.
b) For areas up to 200ha or Tc* up to 15 minutesWallingford procedure is recommended to obtain rainfall
data for selected rainfall duration and frequency. Event
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frequency depends on type of site and tolerable risk
category; the duration is taken as the Tc*.
Catchment

specific To be used with simulation models.

synthetic

rainfall

profile

Rainfall profile is created using Wallingford procedure for
specific frequencies and event durations.
System specific event durations to be selected, especially
with regard to available detention facilities.

Rainfall time series Events are selected from historical data, to be used with
data

simulation models.
More suitable for simulating systems with detention tanks.
Suitable to evaluate environmental impacts of discharge
from outfalls and combined sewer overflows.

Furthermore, BS EN 752 specifies suitable drain and sewer flow simulation models for
different applications as tabulated in Table 3-2.
The code recommends the use of simple or detailed methods for calculating above ground
flow conditions with relevance to the flow simulation model used for the drain and sewer
system. For simple schemes up to areas of 200ha or time of concentration up to 15
minutes, peak runoff flow rate (Qp) can be calculated, by assuming a uniform rainfall
intensity for the event duration, where;
(3.2)

Q p = C. I. As

When rainfall intensity (I) is used in l/s.ha and surrounding area (As) in ha, runoff
coefficient (C) is between 0.0– 1.0. The code provides guidance for the design of drain
and sewer systems; comprehensive information on flow conditions and methods for
simulating flow are not detailed. Therefore, appropriate simulation methods have to be
selected based upon each application in order to identify time dependent flow conditions.
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3.3.3

Water supply

In properties with RWH systems installed, harvested rainwater is conveyed through the
distribution pipework to supply appliances, usually the WC. Distribution pipework is
designed according to BS EN 806-3 to permit the required residual pressure and flow
velocity at the draw off point. Design flow rate at each pipe section is determined by the
type and number of appliances to be served. Specified ‘Loading units’, which reflect the
draw-off flow rate, duration and frequency of water use, are used to obtain the design
flow rate. According to BS EN 806, one loading unit value is assigned for WC- cisterns,
recommending 0.1 l/s for both average and minimum draw-off flow rate. Flow rate at
each section of the installation is designated according to the total loading units specific
to that section. This approach assumes the likelihood of simultaneous use of appliances
connected and specified steady flow rates at draw-off points. Dynamic flow conditions
are not considered.
3.3.4

Wastewater drainage

Each pipe section in the wastewater drainage is sized according to BS EN 12056-2, to
allow capacity for the design wastewater flow rate. A ‘discharge unit’, similar to the
‘loading unit’ in the supply system, is assigned to each appliance. Design wastewater
flow rate is obtained using an empirical relationship between the design flow rate and the
total discharge units for appliances served by that section.
However, this approach cannot account for variations in dynamic discharge patterns of
contributing flows and dynamic discharge flow profiles of appliances which influence the
carrying capacity of the drainage system. Within the building drainage system, free
surface discharge flow from appliances is attenuated along the pipe network, reaching
quasi-steady flow conditions with reduced flow rate and flow depth (Swaffield et al.,
2015). This can lead to stagnation of solid waste and hence pipe diameters and slopes
have to be selected to avoid such performance issues especially when reducing flush
volume for WCs for water conservation purposes (McDougall and Swaffield, 2003).
Such dynamic flow conveyance characteristics, even though they can affect system
performance, cannot be evaluated using the design guidelines. Hence methods capable
of simulating dynamic flow conditions along the flow pathways are necessary.
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3.3.5

Rainwater harvesting

RWH systems can be used for the purposes of providing non-potable water for domestic
use. They also help control stormwater runoff. Based on the purpose and characteristics
of the system, tank sizes are determined using different methods.
According to BS 8515:2009 + A1:2013, if a RWH system is used only for providing nonpotable water demand, the storage size can be determined using a simple method of
referring to a nomogram that is based on consistent daily demand. A more accurate tank
size can be estimated using an intermediate method which uses a simple formula. Rainfall
is considered as an average annual depth value for the simple method while rainwater
yield according to the intermediate method is selected with reference to annual average
rainfall depth, collection area and losses due to filtration. Alternatively, detailed methods
can be used for systems to account for variable demand through the year. These
recommend sizing of RWH systems using continuous rainfall time series data to account
for the dynamic characteristics of both rainfall and system demand. The recommendation
is to analyse rainfall data on the basis of daily time steps for at least 3 years.
When RWH systems are designed for stormwater control, appropriate design methods are
selected according to the yield/demand ratio where ‘yield’ is the harvested volume of
rainwater and ‘demand’ is the volume of non-potable water requirement. The code
recommends thresholds of ‘yield/demand’ for efficient application. ‘Passive methods’
allow system functioning to be controlled by the demand. In order to use passive
methods, the ‘yield/demand’ ratio should be less than 0.9 as the higher demand allows
spare storage in the tank for attenuating runoff from subsequent rainfall events. The code
recommends simple, intermediate and detailed passive methods similar to the approach
recommended for RWH systems designed only for providing non-potable water demand.
Only the detailed method recommends using rainfall time series data to account for the
variability in yield and demand. ‘Active methods’ for sizing RWH systems can be used,
irrespective of the ‘yield/demand’, to manage storage to accommodate runoff from a large
future rainfall event. A management system is required in these methods to control the
spare storage based upon extreme event forecasting or tank water level.
It can be seen that for these methods, the use of long-term rainfall data is recommended,
in contrast to determining the design rainfall event as used for roof drainage systems and
local underground drainage systems. Since the objective of designing RWH systems is
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to optimize non-potable water usage and control stormwater, the design procedures are
focussed on the long-term volumetric yield and demand of these systems. The guidance
has also highlighted the additional functional requirement to facilitate flow conveyance
through the system to avoid stagnation. The guide recommends that “pipework should
be free draining to avoid stagnation” and that “all tanks and cisterns, whether used
separately or connected to each other in order to create greater capacity, should avoid
stagnation”. However, at the design stage, such stagnation conditions in pipework and
storage tanks can only be identified through the simulation of time dependent flow
conveyance along pathways.
3.3.6

Integrated system design

The design of the roof drainage system and the local underground drainage network for
different design rainfall conditions and failure frequencies has been a recent topic of
interest. In reality, both of these components of a property are exposed to the same rainfall
event, regardless of their different design procedures. Therefore, it is necessary to avoid
detrimental flow conditions, especially at locations where flow exchange between system
components occurs. Also, the dynamic nature of actual rainfall events can be found to
cause detrimental flow conditions compared to steady rainfall events. In a simulation
analysis carried out by Kelly and Jack (2011),

using a time varying profile as

recommended for the design of the local underground drainage system, in contrast to a
steady rainfall event typically used for the design of roof drainage systems, over the same
duration and return period, led to system failure in the form of gutter overtopping.
Therefore, critical judgements have to be made in the design of system components in
order to use the most appropriate rainfall event. If necessary, rainfall events of a higher
risk category than recommended by design guidelines can be used if the impacts of
performance failure are significant (Whorlow, n.d.). Furthermore, it is useful to assess
the whole system performance using appropriate flow simulation models for all design
rainfall events.
3.4

Flow simulation methods

Flow conveyed along property level pathways displays time-dependent flow conditions;
both location-specific and also along pathways. Different models have been developed
to simulate flow conditions in different system components or across a collection of these.
Models which can simulate flow conditions, mainly in rainwater conveyance pathways,
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including the wastewater drainage system as it conveys reclaimed rainwater used for nonpotable uses, are reviewed in this section to identify the simulation methods/ models best
suited to simulate flow conditions in this study.
3.4.1

Empirical methods

Empirical methods are used to estimate flow conditions using mathematical relationships
developed using experimental observations. Several empirical models developed for
rainwater conveying components can be identified. Experimental work on conventional
rainwater drainage systems by R.W.P. May explains the gutter flow profile sloping
towards the outlet which provides the momentum due to the difference in hydrostatic
pressure. These experimental observations set the background for the empirical design
data on gutter capacity used in BS 6367 (May, 1997). In addition, the empirical
relationships specifying the flow capacity of gutter outlets in BS 6367 are based upon
experimental work which showed that weir and orifice type flow can be observed in gutter
outlets depending on the depth of rainwater relative to the outlet size (May, 1982).
Similarly, empirical studies have been carried out on wastewater drainage systems. Water
saving initiatives, such as reduced WC flush volume, can influence solid transport
distance in drainage systems. An empirical model has been developed by Cheng et al.
(2013) to quantitatively evaluate such influencing parameters on solid transport distance
and hence estimate the main drain design length.
Empirical methods can also be used along with numerical flow simulations to improve
modelling capabilities. However, they are generally used to identify flow conditions at
small sections along flow conveyance pathways, but not across the complete pathways
for the whole property. For practical reasons, no empirical models which assess time
dependent flow conditions across complete rainwater flow conveyance pathways exist.
3.4.2

CFD models

Flow simulation methods can be developed by solving the relevant governing equations
for flow fields using numerical methods. Computational Fluid Dynamics (CFD) is a
numerical simulation approach used, in particular, to perform detailed analysis of flow
fields. The physical characteristics of fluids can be described using three fundamental
principles; mass conservation law, Newton’s second law and the energy conservation law.
Computational fluid dynamics (CFD) solves these governing equations to numerically
describe the flow field relative to space and/or time (Wendt, 1995).
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CFD is mainly used for simulating flow conditions across specific components of the
water supply and drainage systems, often together with other simulation/experimental
methods. Some of the recent applications of CFD to property level water supply and
drainage systems include; a visual examination of the air suction process at the system
outlet in an experimental study to investigate multi-phase (air and water) flow
characteristics of siphonic roof drainage systems (Öngören and Materna, 2006), analysis
of the air and water flow field in a single-stack gravity drainage system by modelling the
vent stack, vertical stack, lateral drain and main horizontal drain (Chang et al., 2006),
analysis of the solid transport in a wastewater drainage system by modelling the lateral
drain, vertical downpipe and main horizontal drain (Öngören and Meier, 2007) and a
study of flow stagnation in bathtubs by numerical simulation of flow across a water tank
(Ichikawa et al., 2006).
In order to improve the accuracy of CFD modelling, it is important to carefully develop
the model by selecting the appropriate grid resolution and interpretation of the results
(Blocken, 2015). As pointed out by Chang et al. (2006), it is necessary to develop a mesh
with a high spatial resolution in areas with significant changes in flow conditions to
increase model accuracy. Furthermore, experimental data of high quality is required for
validation of CFD models (Blocken, 2015). Hence a CFD approach is computationally
challenging for a study of the large spatial scales associated with dynamic flow conditions
in rainwater drainage systems using a whole system approach.
3.4.3

Numerical models

3.4.3.1 Roof drainage
With respect to property level rainwater conveyance pathways, there have been a number
of research driven simulation models developed at Heriot-Watt University. The
‘Modified ROOFNET model’ is capable of simulating time dependent system
performance across both roof drainage and local underground drainage systems (Wright
and Jack, 2013). In addition, there are industry-based models used in the UK for
simulating siphonic roof drainage systems, where these are often based on steady state
flow conditions (Beattie, 2013). However, use of such techniques limits their ability to
model the overall dynamic system performance and to evaluate the impacts of time
dependent rainfall events. Beyond these models, it has not been possible to find any other
models capable of simulating time dependent flow conditions in roof drainage systems.
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3.4.3.2 Local underground drainage
Flow conditions in local underground drainage systems are often characterised by
unsteady flows, in contrast to the quasi-steady conditions in the downstream urban sewer
system. Their system performance is therefore better represented by fully dynamic
models. But the complex and computationally demanding nature of fully dynamic
models limits their application to assess systems, especially those involving frequent
failure events. Thus, simulation models based on steady state principles and which do
not account for dynamic flow conditions are typically used for local underground
drainage systems (Wright and Jack, 2013). Some of the stormwater models which can be
used to model the local underground drainage system, have been reviewed by Zoppu
(2001); particularly those able to model SUDS were reviewed by Elliott and Trowsdale
(Elliott and Trowsdale, 2007). Both identified a range of different stormwater flow
routing methods, from dynamic models to empirical methods. Furthermore, there are
industry-based models in the UK, such as MicroDrainage offered by Innovyze- a global
provider of water infrastructure business analytics software solutions, for modelling
stormwater drainage systems (Innovyze, n.d).
3.4.3.3 Wastewater drainage
There are a few numerical models that have been developed for simulating transient flow
conditions in wastewater drainage systems in buildings. ‘DRAINET’, developed and
validated at Heriot Watt University, has been successfully applied to full scale systems
and has been influential in ensuring that the reduced WC flush volume, limiting this to 6
litres as recommended in the Water Regulations 1999, does not impose any risk of solid
deposition in the drainage system (McDougall and Wakelin, 2007). As an example of a
comparable model of which there are few, if any, the Moving Particle Semi Implicit
(MPS) method proposed by Cheng et al. (2012) also models free surface flow in drainage
systems, but this too has not been developed to simulate property level systems.
Numerical models seem to be the most suitable approach for simulating flow conditions
in this study. As the ‘modified ROOFNET model’ and ‘DRAINET’ model are the only
existing numerical models which have been successfully applied to property-level
systems, they are further reviewed in the following section, in order to identify their
potential to simulate time dependent flows in property scale systems.
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3.4.4

Modified ROOFNET model

Several numerical models capable of simulating flow in roof drainage systems have been
established at Heriot Watt University based on research over 20 years. One of these first
studies experimentally investigated the priming process of siphonic roof drainage systems
and led to the development of the ‘SIPHONET’ model capable of simulating this process
using the Method of Characteristics technique (Arthur and Swaffield, 1999).
Subsequently the ‘SIPHONET2’ numerical model was developed to simulate multi-outlet
siphonic roof drainage systems (Wright et al., 2006). SIPHONET2 was developed using
both the Method of Characteristics technique and the MacCormack method. But this
model suffered with issues with numerical stability and lengthy simulation time.
Following these advances in simulating flow in siphonic roof drainage systems, the
‘ROOFNET’ model was developed to simulate flow in roof drainage systems including
roofs and gutters (Arthur and Wright, 2005). These models have been instrumental to the
development of the ‘Modified ROOFNET model’ which is capable of simulating flow
conditions in both roof drainage systems and local underground drainage systems (Wright
and Jack, 2013).
The simulation approach of the ‘modified ROOFNET model’ is reviewed in the following
section due to its attributes in simulating dynamic flow conditions in a wide spatial scale
of property level rainwater drainage networks including roofs, gutters, downpipes,
surrounding ground areas and local underground drainage system. This model has been
coded in FORTRAN and allows to input data on the system arrangement and time
dependent rainfall events through Excel spreadsheet (Figure 3.3). The simulation of flow
conditions is performed in two stages; first for the roof drainage system and surrounding
area and then for the local underground drainage system.
3.4.4.1 Simulating roof drainage system and surrounding area
Within the modified ROOFNET model, flow conditions for roof runoff are simulated
using a kinematic wave approach. It has been argued by model developers that a fully
dynamic approach, even though more accurate than a kinematic wave approach, is not
feasible for large roof areas as it can lead to long computational times. The combined
continuity and momentum equation under the kinematic wave approach developed by
Chow et al.(1988) is applicable to roof runoff as follows (Swaffield et al.,2015);
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(3.3)

∂Q r
(β−1) ∂Q r
+ αβQ r
= qr
∂xr
∂t

β is known as the momentum coefficient or Boussinesq coefficient and is a constant of
0.6 for the kinematic wave approach (Chow et al.1988). α is calculated as;
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Furthermore, impacts of green roofs on roof runoff have been incorporated into the model
using the Horton infiltration formulation to calculate the reduced runoff in the form of
infiltration as;
ft = fc + (f0 − fc )e−kt

(3.5)

yrt = yrt−1 + I∆tA𝑟𝑟 − ∑Q 𝑟𝑟 ∆t

(3.6)

A volumetric approach has been used to establish water depth in flat roofs as;

Free surface flow conditions along gutters which are typically subcritical can be
approximated as one dimensional flow (Swaffield et al., 2015). Lateral inflow from roof
surfaces divides between adjacent gutter outlets (Arthur and Wright, 2005). Gutter outlet
conditions in conventional systems are ‘weir’ or ‘orifice’ relative to the flow depth and
the size of the outlet (May, 1984). Furthermore outlet depth impacts gutter upstream
depths and hence influences overtopping, given the sloping nature of gutter flow profiles
towards the outlet (Arthur and Wright, 2005).
Gutter flow is simulated using continuity and momentum equations which are together
known as St. Venant equations, applicable for 1D unsteady flow with lateral inflow as;
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These two hyperbolic partial differential equations can be solved using the method of
characteristics numerical solution technique.
Pipe flow can be approximated as one dimensional flow and is typically free surface in
conventional systems with annular flow conditions occurring in sufficiently long pipes
(Arthur and Wright, 2005). Furthermore Wright et al. (2006) have identified that full bore
flow conditions can also occur in downpipes connected to wide gutters where the sole
width of the gutter is twice or more that of the outlet diameter.
On the other hand, siphonic systems are designed to remove air from the system and run
full bore flow under design conditions (Arthur and Wright, 2005). Therefore, all three of
free surface, intermediate and full bore flow conditions can be observed in siphonic
systems. A comprehensive description of the formation of full bore flow and the
simulation of flow conditions in siphonic systems can be found in Swaffield et al., 2015.
In the ‘modified ROOFNET model, flow in the pipe system for both conventional and
siphonic systems has been routed in two forms; as annular flow under free surface
conditions and as full-bore flow when the gutter outlet conditions become submerged.
The continuity and momentum equations for one dimensional unsteady full bore flow can
be written as follows and are solved using the method of characteristics technique;

𝜌𝜌𝑐𝑐𝑃𝑃2
𝑉𝑉𝑃𝑃

(3.9)
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𝜕𝜕𝑉𝑉𝑃𝑃 𝜕𝜕𝑉𝑉𝑃𝑃
𝜕𝜕𝜕𝜕
+
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The ‘Method of Characteristics’ mathematical technique was established through the
work of the French mathematician Gaspard Monge’s (1746–1818).

In the 1850s,

Riemann developed it as a numerical technique to solve the St. Venant equations as a pair
of total differential equations using finite difference techniques. According to this
method, transient propagation through a system can be calculated using a grid
representation of the scheme set on time and distance which links known conditions of
pressure and velocity in the present time step to unknown conditions in a future time step.
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The simulation time step is governed by the Courant Criterion which represents the
relationship between time step (Δt), internodal distance (Δx), flow (u) and wave
propagation velocity (c) (Swaffield et al., 2015) as;

∆t =

∆x
(u + c)max

(3.4)

All components; roofs, gutters and downpipes of a network have to be analysed at the
same time step in order to proceed with calculations. Therefore, in the ‘modified
ROOFNET model’, at each simulation step, time steps are calculated for the components
of roof drainage system; i.e. for roof, gutter and downpipes according to Equation 3.11.
Out of those calculated time steps, the smallest value is selected as the simulation time
step for that particular simulation step. This protocol is repeated for the total simulation
duration. The simulation time step is often less than one second as the model
comprehensively simulates the dynamic flow conditions in the roof drainage system.
It should be noted that, initial velocity, depth and pressure conditions at the start of the
simulation need to be determined in order to interpolate the flow conditions at any time
using the simulations techniques discussed within this section. Therefore, a ‘fictitious’
base flow of 0.1 l/s per gutter outlet is assumed for the simulations in the first component
of the modified ROOFNET model up to the local underground drainage system (Wright
et al., 2006). The selection of this base flow has been justified by model developers as
‘in practice drainage networks will normally have residual flows for a considerable
period” as a result of wave attenuation of a discharge (Swaffield et al., 2015)
At each simulation step, in addition to simulating flow in the roof drainage system, runoff
from the contributing areas into gullies is calculated. Flow is categorised as either weir
or orifice based upon the depth at the gully opening.
As discussed in this section, flow conditions in the roof drainage and surrounding area of
a property can be modelled using the modified ROOFNET model. Hence the first stage
of the modified ROOFNET model, which simulates flow conditions in roof drainage and
the surrounding area, can be used in this study.
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3.4.4.2 Simulating local underground drainage (LUD) system
Flow routing in the local underground drainage system is simulated by translating
complete inflow hydrographs through the pipe network. Starting from each inflow pipe,
its inflow hydrograph for the total simulation period is conveyed to the downstream of
the pipe by a time shift equal to the travel time through the pipe. The mean flow velocity
of the hydrograph within pipe ‘p’ (Vm𝑝𝑝 ) is obtained using the Manning equation;
Vm𝑝𝑝

S𝑝𝑝 R 𝑝𝑝
=
n𝑝𝑝

(3.5)

L𝑝𝑝
Vm𝑝𝑝

(3.6)

1/2

2/3

Using the mean flow velocity, travel time (t m𝑝𝑝 ) is calculated as;
t m𝑝𝑝 =

This protocol is repeated for all the downstream pipes in the local underground network.
Even though this approach does not account for the dynamics of wave attenuation and
full-bore flow formation, it can reasonably simulate the flow conditions of a local
underground drainage system as it accounts for the travel time of the flow through the
drainage network (Wright and Jack, 2013). Furthermore, wastewater flow in the building
drainage system can be incorporated into the model as an input to the local underground
drainage system in the form of flow rate vs. time (Q-t) series and hence allows simulation
of flow in combined sewer systems.
However, the flow routing procedure used in the local underground drainage system
hinders the opportunity to assess system performance with system modifications such as
attenuation tanks and RWH systems, as the flow interactions across them are interrelated
to the flow conveyance in the connected system. Furthermore, the software platform of
this model does not provide a graphical user interface to interpret the simulation results.
But the model does provide the advantage of simulating flow conditions both in roof
drainage systems and local underground drainage systems together and hence allows the
impact of interrelated system performance of these components to be evaluated within
the same time frame and using the same simulation platform. Furthermore, dynamic
characteristics of rainfall events can be incorporated and dynamic system performance in
roof drainage system can be assessed using the model. Hence, if the second stage of the
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modified ROOFNET model, which simulates flow conditions in local underground
drainage, can be modified to assess the performance of attenuation tanks and RWH
systems, the modified ROOFNET model can be a useful tool for this study.
3.4.5

DRAINET model

The ‘DRAINET’ model was developed at Heriot-Watt University for the simulation of
transient free surface flow conditions and solid transport in wastewater drainage systems
in buildings (McDougall and Swaffield, 2003). The partially filled unsteady flow in
wastewater drainage systems is modelled by solving the St Venant equations of continuity
and momentum using the Method of Characteristics technique. It is developed using a
C# programming platform and therefore offers a graphical interface to insert input data
and obtain simulation results. Furthermore, a user defined system configuration can be
input with the relevant discharge flow profiles for different appliances in a building.
Simulation results can be obtained in the form of time dependent variation of flow rate,
velocity and flow depth along the flow pathways for the simulation period. Hence the
DRAINET model has the potential of analysing dynamic flow conditions in wastewater
drainage systems in this study.
3.5

Modelling mass balance between system components

Analysing time dependent flow interactions between components of the whole system,
where SWM options are used, is necessary to better identify their potential and limitations
to optimize water consumption. Models have been developed to evaluate the efficiency
of SWM options where water saving efficiency is defined as the percentage ratio of
yield/demand for the simulation period. These models are reviewed, in particular to
identify the possible flow pathways within the system and their approach for simulating
time dependent flow conveyance across system components.
3.5.1

Modelling approaches

RWH can modify the typical rainwater flow conveyance pathways across the system.
Behavioural models which evaluate RWH systems have been reviewed in several studies
(DeBusk and Hunt, 2014, Ward, 2010). The following section identifies their potential
to represent time dependent rainwater flow conveyance along the relevant flow pathways.
A ‘behavioural model’ is a common approach to predict the volumetric efficiency of
RWH systems (DeBusk and Hunt, 2014, Basinger et al., 2010). According to Fewkes
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and Wam (2000), a ‘behavioural model’ “simulates operation of the reservoir with
respect to time by routing simulated mass flows through an algorithm that describes the
operation of the reservoir”, where a ‘reservoir’ indicates the storage tank. Input data in
the form of time series data with any time interval ranging from one minute to one month
can be used (Fewkes and Butler, 2000).
Mass balance relationships
Mass balance algorithms have been used in behavioural models to represent the flow
interactions between system components (Fewkes and Butler, 2000, Palla et al., 2012).
Jenkins, et al., (1978) devised two fundamental algorithms to describe the mass balance
in rainwater tanks namely “yield after spillage” (YAS) and “yield before spillage” (YBS)
operating rules. Fewkes (2000) presented the operating rule for YAS as follows;

Yt = min �
Vt = min �

Dt
Vt−1

(3.7)

Vt−1 + Q t − Yt
S − Yt

(3.8)

According to the YAS rule, spillage is assumed to occur first, if the volume of the storage
at the previous time step and runoff collected at the current time step is larger than the
capacity of the storage. Then water is extracted from the storage at the current time step
to serve the demand and this yield is the lesser of the demand at the current time step or
the volume available in the storage. Hence the volume of water in the storage at the end
of the time step is the volume from the previous time step and the runoff at the current
time step less both any spillage and yield at the current time step.
The operating rule for YBS presented by Fewkes (2000) is;

Yt = min �
Vt = min �

Dt
Vt−1 + Q t

(3.9)

Vt−1 + Q t − Yt
S

(3.10)

The YBS algorithm assumes that spillage occurs after water is extracted from the tank to
serve the demand. Water leaving the storage at the current time step to supply the demand
is the lesser of the demand of the current time step or the available water which is the sum
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of the storage volume from the previous time step and the runoff collected at the current
time step. Spillage occurs if the remaining volume of water is greater than the storage
capacity. The water volume which remains in the tank is the storage volume from the
previous time step and the runoff collected at the current time step less both the yield
extracted, and any spillage occurred during that time step.
Only one algorithm (YAS or YBS) needs to be selected for sizing RWH systems. As
discussed in the following text, researchers have identified that the selection of an
algorithm from YAS and YBS, and also the time step of the input data of a model
influence the water saving efficiency estimates in modelling RWH systems.

Fewkes

(1997) performed an experimental study to evaluate the use of the YAS algorithm. He
illustrated that the difference in water saving efficiency predictions of the YAS algorithm
using input data of hourly and daily time intervals is small. He hence suggested that the
YAS algorithm along with, either hourly and daily time series data can be used to predict
system performance. This study was extended by Fewkes and Butler (2000) to compare
system performance estimations of YAS and YBS algorithms using hourly, daily and
monthly input data for a range of roof areas and storage tank capacities.

They

recommended the YAS algorithm for design purposes, as it conservatively estimates the
volumetric water saving efficiency, independent of the model time step. Mitchell et al.
(2008a) also verified that the YAS algorithm can estimate volumetric efficiency, termed
as the volumetric reliability of systems, without any significant influence from the model
time step. Additionally, they highlighted that for smaller time steps (6 hours or less),
there is only a negligible difference in the order of yield and spillage occurrence
considered by the YAS and YBS algorithm as the flow interactions in the storage are
calculated at a sufficiently small time step. Therefore, it can be argued that with a small
time step, the mass balance algorithms discussed in this section, either the YAS or YBS
algorithm, can be used in this study to reflect the flow interactions that occur in RWH
systems.
3.5.1.1 Calculation of residence time
In addition to calculating water saving efficiency, models evaluating SWM options have
also been used to estimate the duration of reclaimed water present in the storage tank,
often referred to as ‘residence time’. For this purpose, two approaches can be used for
conceptualizing precedence of flow parcels across the tank.
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One approach is the ‘First In First Out’ (FIFO) algorithm. According to this method, the
amount of water which first enters the tank is assumed to leave the tank first. Liu et al.
(2010) used this method to calculate the residence time of greywater storage for a
domestic greywater recycling system. A water balance across the tank was performed at
10 minute time steps for 10 years. Residence time was calculated as the difference
between the noted times of appearance of water parcels at the entrance to and exit from
the tank.
The other option assumes a completely mixed system of inflow and stored water within
the tank. In order to analyse the performance of a RWH system, Palla et al. (2011) used
this technique to calculate the duration of rainwater within the storage tank, referred to as
‘detention time’. Stored water is considered to age when there is no inflow to the tank or
made younger when an inflow occurs. Detention time of water in the tank was calculated
at daily time steps as the age of water in the tank after the occurrence of any spillage.
According to Palla et al. (2011), assuming a completely mixed system in the tank
represents the actual behaviour of flow mixing when mass balance is considered at daily
time steps. Palla et al. argue that, if a small time step is used, both the FIFO and mixed
system lead to smaller errors of approximating the actual flow interactions occurring
within the tank.
It is worth highlighting the range of residence times observed in RWH systems. In the
aforementioned studies, while modelling results of Palla et al. (2011) indicated less than
2 days’ residence time and also more than 20 days’ residence time based upon storage
capacity and inflow of RWH systems, Liu et al. (2010) used 0-48hrs as the specified range
of residence time for both treated and untreated greywater. Residence time needs to be
limited to avoid the growth of bacteria. According to the guidance : Reclaimed waterCIBSE Knowledge Series, a residence time of 20 days or more is feasible for RWH
systems, based upon the quality of rainwater and the applied treatment (CIBSE, 2005).
3.5.1.2 Model time step
Different simulation time steps have been used in models to evaluate SWM options. A
daily time step is most common, while larger durations such as 10 days (Liaw and Tsai,
2004) and smaller steps such as 5 minutes (Coombes and Kuczera, 2003) have also been
used. The simulation time steps used in the models to assess SWM options (including but
not limited to RWH systems) are summarized in Table 3-3. It can be seen that the model
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time step is chosen based upon reasons such as computational time, amount and cost of
required data and the sufficiency of representing flow interactions to accomplish
modelling purposes, in particular to estimate the water saving efficiency of the system.
However, as discussed earlier in this section 3.5.1, using different simulation time steps
can result in different water saving efficiency estimates. By comparing the influence of
hourly, daily and monthly time steps on rainwater tank sizing, Fewkes and Butler (2000)
concluded that smaller time steps predict water saving efficiency with higher accuracy.
Coombes and Barry (2007) confirmed this by comparing 6 minute and daily time steps.
Furthermore by comparing 6 minute, hourly and daily time steps, Mitchell et al.
highlighted that the underestimation of volumetric efficiency using large time steps
decreases with increasing storage tank size (Mitchell et al., 2008b). Liaw and Tsai (2004)
also compared one, three, five, seven and ten days’ of simulation time steps on water
saving efficiency.
Consequently, it can be argued that the modelling process can be better executed using
smaller time steps. As highlighted by Makropoulos et al. (2008), even a daily time step,
as often used in these models, is too large to reflect the flow hydraulics within the system.
Also, in a review of urban stormwater models, Elliott and Trowsdale (2007) stated that
models with large time steps are suitable for evaluating volume effects, but not flow rates,
for stormwater detention tanks. Furthermore, according to Campisano and Modica
(2014), the potential of domestic RWH systems in reducing peak flow rates for drainage
systems can be assessed by using a smaller time step (5min). Therefore, in this study, the
selection of an appropriate time step is required to better reflect the time dependent
rainwater flow conditions across the property level system.
3.5.2

Model conceptualization

In the models developed for analysing SWM options, system components and
connections between these components have been conceptualized to simulate mass
balance. The way in which real world systems have been conceptualized in these models
has been reviewed in this section, in order to identify how system components and
interactions have been organised relative to the overall spatial scale.
The spatial scale is generally conceptualised as a collection of several spatial levels based
upon the smallest scale and the overall scale of the analysis. The smallest spatial scale of
flow interactions considered by these models is at the level of water-using appliances
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within households (Makropoulos et al., 2008), while an individual household is the
smallest scale in the WaND-OT1 (Water cycle Management for New Developments)
model -an optioneering tool developed for modelling the whole urban water cycle
(Sakellari et al., 2005). The overall spatial scale evaluated in these models also differs.
Some models assess the individual household, for example, the ‘Household Water Cycle
Model’ (Liu et al., 2010). In contrast, the urban scale; which can consist of several
individual property scale systems, is assessed by the ‘Urban Water Optioneering Tool’ UWOT (Makropoulos et al., 2008) and Aquacycle- a model developed by Mitchell et al.,
2001 for simulating the water balance in urban systems. A mass balance is then carried
out within and between different spatial scales.
These models have been developed to analyse individual SWM options; for example
RWH systems (Vaes and Berlamont, 2001, Roebuck et al., 2011, Herrmann and Schmida,
2000) or GWR systems (Liu et al., 2010) or a combination of different options (Dixon et
al., 1999, Mitchell et al., 2001, Makropoulos et al., 2008). The information specified for
the configuration of, and flow interactions across, SWM options differs between models.
In relation to RWH, some models use only the capacity of the storage tank to evaluate
water saving efficiency, as in the model developed by Dixon et al. (1999). In contrast,
some models have simulated mass balance with detailed information of their system
components, such as in the PURRS (Probabilistic Urban Rainwater and wastewater Reuse
Simulator) model. In this model, a RWH system is modelled with detailed information;
such as, the storage tank level below which water is not extracted for consumption, the
tank level for mains water top up, and also mains water top up rate, volume of first flush
separated from getting collected into the tank (Coombes and Barry, 2007). This level of
information on mass balance, would be required in this study to better simulate flow
interactions in smaller time steps such as in few seconds.
Categorising system components, such as sources, sinks, supply streams and wastewater
streams (Makropoulos et al., 2008), is a useful way to conceptualize the model. The main
supply pathway for potable water is mains supply. Bottled water, recycled rainwater and
greywater can be additional potable water sources (Sakellari et al., 2005) with necessary
treatment.

The main discharge pathways convey wastewater (blackwater which is

contaminated with fecal matter, and greywater) and stormwater.
Rainwater runoff from the roof surfaces is the main rainwater source used for RWH as
modelled by Dixon et al., 1999, Vaes and Berlamont, 2001, Herrmann and Schmida, 2000
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and Mitchell et al., 2001. Makropoulos et al. (2008) illustrated potential pathways for
surface water runoff, from paved areas into SUDs, instead of this being conveyed to
stormwater drainage systems. Inflow pathways for GWR systems are system-generated
discharge flow from baths, showers, wash hand basins and kitchen sinks (Dixon et al.,
1999, Liu et al., 2010). Treated rainwater and greywater flow pathways mainly supply
reclaimed water for toilet flushing (Liu et al., 2010, Dixon et al., 1999). They can also
supply water for laundry, gardening and car washing (CIBSE, 2005, Roebuck et al.,
2011). Based upon the spatial scale and purpose of the model, these flow pathways extend
within the household or across the urban scale where centralised treatment facilities are
also available as modelled in the UWOT model (Makropoulos et al., 2008).
Evaporation, infiltration and leakages can be identified as additional flow pathways
within a property scale water cycle. Flows conveyed using these pathways have been
considered in some models which evaluate SWM options, such as in WaND-OT1
(Sakellari et al., 2005) and Aquacycle (Mitchell et al., 2001).
Identifying system performance can be limited by an over-simplification and by
assumptions made to conceptualize a system for development on a suitable software
platform. In addition to the framework proposed by Jack (2008) as discussed in section
3.2, the way in which system components were conceptualized in these models can be
used to detail the system components in this study.
3.6

Tracing water parcels

Methods used to trace time dependent flow conveyance across a system or system
components are reviewed in the following section. They are discussed with examples, in
particular to identify their procedure and potential to convey residence time (age of water)
across various flow routes.
3.6.1

Tracer studies

Chemical tracers
Studies have been reported on the use of chemical tracers (such as Sodium Chloride and
Fluoride) for measuring the residence time of water, particularly in urban drinking water
distribution systems (Blokker et al., 2011, Kerneïs et al., 1995, DiGiano et al., 2005). A
tracer is introduced as a pulse or step input at required points along the network to
calculate the residence time of water. In contrast to water distribution systems, this
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method of flow tracing is not suitable for property level systems as the shorter duration
of travel time hinders accuracy.
Dye tracing
Dye tracing uses coloured flow and is often used for inspecting the direction of flow,
leaks and defects in plumbing systems (BS EN 752:2008), and can be used to confirm
cross connections in the distribution pipework of RWHS. However, as this is an
experimental method, it is not a pragmatic approach for quantifying time-dependent flow
across property level systems.
3.6.2

Computational Fluid Dynamics (CFD)

Few studies have been reported on the application of CFD models to analyse the residence
time of flow in water services in buildings. In related work, Ichikawa et al. (2006) studied
the stagnant areas of a water tank using CFD simulations and defined ‘Residence time of
water’ as the total time of stay in the water tank. This study illustrated that the inlet and
outlet configurations are influential in the formation of stagnant areas of water.
In CFD simulations, the geometry of the domain is defined as a grid of sub domains or
cells. In the above mentioned study by Ichikawa et al., a water tank of 2m x 2m x 0.65m
was modelled using 31,752 cells. The number of cells in the grid governs the accuracy
of the simulation, with a higher number of cells increasing the accuracy but also the
computation time and computer hardware requirement (Versteeg and Malalasekera,
2007). Hence such an approach has not been applied so far for tracing of flow across the
whole property level systems.
3.6.3

Using water balance models

This method of tracing flow across system components is often used with models that
evaluate the efficiency of SWM options using a water balance approach.
Liu et al. (2010) used this method to calculate the residence time of greywater in a
recycling system. The First In First Out (FIFO) algorithm is used for modelling the
precedence of flow in the tank. For each water parcel, their time of entrance to and exit
from the tank are noted. Residence time within the tank is calculated as the time
difference between entrance and exit. In contrast, Palla et al. (2011) performed a water
balance across a tank assuming a fully mixed system. More detail on these approaches
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has been discussed in section 3.5.1.1. This approach of tracing flow parcels across storage
tanks, can be implemented in this study to track flow across the whole system and thereby
to establish residence time of flow, if data on the time of appearance of the flow across
the total pathway is available.
3.7

Summary

This chapter has initially identified potable water and rainwater as the main flows to
property level systems and selected rainwater pathways to be focussed on within this
study.

Also, methods of designing system components along the rainwater flow

conveyance pathways were reviewed to identify, in particular, the design flow profiles
for the simulations. It has identified that integrated design of components in rainwater
drainage systems leads to a better analysis of flow conditions in interconnected systems.
Furthermore, models which can be used to simulate time dependent flow conveyance
across property level system components, in particular the modified ROOFNET and
DRAINET models, have been reviewed in detail to explore their potential to be used in
this study. Models which evaluate volumetric efficiency of SWM have been reviewed to
identify how time dependent flow interactions across system components can be assessed
from a holistic perspective. Selection of an appropriate time step to represent the flow
conditions has been highlighted. Finally, this chapter has also illustrated how the time
dependent flow across a property level system can be traced using time and location
specific flow conveyance data along pathways.
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Chapter 4
Model Development
4.1

Introduction

This chapter discusses the development of the model- ‘Residence Time Estimator’.
Initially, the development of the framework used to illustrate the network characteristics
of the property level water supply and drainage system has been discussed. The approach
used to simulate the time-dependent rainwater conveyance across selected flow pathways,
from upstream to downstream, has been detailed. This chapter also reports on the
proposed approach to tracing rainwater flow across these pathways and determine
residence time.
4.2

Proposed approach

The proposed approach to establish the residence time of rainwater and its distribution
using the ‘Residence Time Estimator’, includes four stages.
4.3

Development of the framework and selection of flow pathways
Flow simulation
Tracing rainwater volumes along pathways
Calculation of residence time
Development of the framework

In order to select possible pathways for flow conveyance, a framework has been proposed
that illustrates possible interconnections and flow transitions within a property level water
supply and drainage system. These have been embedded within a single framework as
illustrated in Figure 4.1, in order to obtain a holistic view of the system.
The framework represents only the core system components and flow pathways. There
are two inflows; potable water supply and rainwater. Basic appliances; sinks, washing
machines (WM), dishwashers (DW), baths, wash-hand basins (WHB), showers, water
closets (WC) and bidets have been included. Supply arrangements have been added to
show direct supply of mains water and also indirect supply through distribution from
storage tanks. Options for conventional and siphonic roof drainage systems are shown in
the framework, however it should be noted that only conventional systems are used at the
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single property scale. System outflows can be separate or combined foul and storm water
discharge.
From this framework, routes were established along which flow conveyance can be
identified.
As discussed in Chapter 3, only a section of the framework was selected to develop and
apply the approach. This includes pathways for rainwater flow conveyance. The selected
section for flow simulation is represented by the shaded area in Figure 4.1.
A series of continuous flow pathways across the system, typically found in residential
systems, selected from Figure 4.1, have been used to develop the proposed approach.
These represent rainwater conveyed from the roof surface to the system exit via different
routes; through the roof drainage system and underground surface water drainage, and
with/without water storage and reuse for WC operation. In addition, stormwater runoff
collected from the surrounding area and the mains water supply used to top up the header
tank have been incorporated.
Simulation of rainwater along these pathways is illustrated in Figure 4.2, Figure 4.3 and
Figure 4.4. It should be noted that, ‘surface water drainage’ refers to the drainage system
which collects flow from rainwater downpipes and surrounding area runoff from gullies
and carries it away from the property curtilage. ‘Foul water drainage’ denotes the network
which collects blackwater and greywater flow from the wastewater drainage system and
conveys it away from the property. The combination of these two networks along with
the supply and overflow pipes to underground storage tanks hence form the ‘local
underground drainage (LUD) system as stated in Chapter 3.
4.4

Flow Simulation

In order to establish the residence time of the flow, it is necessary to initially identify how
the flow is conveyed through the system. The time dependent variations in flow
conditions can be simulated by using dynamic models only. Chapter 3 discussed how the
‘modified ROOFNET model’ and ‘DRAINET model’ can be used to simulate dynamic
flow conveyance across property-level systems.

Rainwater conveyance across all

pathways indicated in Figure 4.2, and the shaded areas in Figure 4.3 and Figure 4.4, can
be modelled using the modified ROOFNET model. Simulating the discharge from the
WC, through the wastewater drainage system of the building and underground foul water
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drainage, as highlighted in Figure 4.4, can be modelled using the DRAINET model.
However, the simulation of flow routing across rainwater storage provision and a RWH
facility were not feasible using these two models as illustrated in Figure 4.3 and Figure
4.4. Hence, simulation of flow routing across those aspects were integrated within the
existing models to develop the ‘Residence Time Estimator’ as discussed in the following
sections.
4.4.1

Software platform

The ‘modified ROOFNET model’ was previously developed using FORTRAN; in
contrast, the DRAINET model was developed using C#. It was hence necessary to select
a suitable software platform to facilitate the simulation of flow interactions across the
whole pathway.
The storage facilities of RWH components are integrated within the underground surface
water drainage system. Since the flow conditions in the roof drainage can be already
modelled using the ‘modified ROOFNET’ model, and this model has provision for the
surface water drainage system, the new simulation algorithms for flow interactions
between storage and RWH facilities were hence developed and integrated within the
‘modified ROOFNET’ model using FORTRAN.
The simulation of the flow conditions in wastewater drainage system was performed
using the DRAINET model, as discussed in Chapter 3. The following section hence
details only the modifications made to the ‘modified ROOFNET model’.
4.4.2

Adaptation and changes made to the modified ROOFNET model

In the modified ROOFNET model, the dynamic flow simulation across the system
components, as illustrated in Figure 4.2, from the roof to downpipes and surface areas to
gullies and then through underground surface water drainage, is performed via the
integration of relevant subroutines. The simulation protocol for this model is
demonstrated in Figure 4.5. As discussed in Chapter 3, flow conditions in the roof
drainage system and also from surrounding surface areas to gullies are modelled in the
first simulation stage. Calculations for these simulations are repeated at every time step,
until the end of the total simulation period as shown in Figure 4.5. In the next stage, the
simulation of flow conditions in the local underground drainage system is performed.
This was done by translating the total inflow hydrographs for this network for the total
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simulation period; i.e. flow from the roof drainage and gullies as established in the first
simulation stage, through this network, to the point of system exit.
Input data fields were added to provide the information required for the modified
simulations. Similarly, additional output data fields were included for results. The
simulation of the flow conditions up to the local underground drainage system, as detailed
in Chapter 3, was not modified, and hence is not discussed here. The following text in
this section details the adaptations made to flow simulation in the LUD system of the
modified ROOFNET model.
4.4.2.1 Flow routing in the local underground drainage network (LUD)
The integration of in-line storage tanks within the local underground drainage system
permit flow to be retained and passed through a storage facility. These facilities are used
to support rainwater recycling systems. Their outflows are a function of the dynamic
flow interactions across the tank and hence, the discharge to the local underground
drainage system is time-dependent based upon the function of the storage tank.
Furthermore, the overflow acts as an additional inflow to the local underground drainage
system, where the flow hydrograph can only be established during, but not at the start of,
flow routing through the local drainage system.
The existing version of the local drainage component of the modified ROOFNET model,
as discussed in Chapter 3, is unable to simulate the flow conditions at each time step
during the simulation period, due to the way in which it translates complete flow
hydrographs through the pipe network in one step as illustrated in Figure 4.6. The total
inflow hydrographs for this network need to be established before performing flow
routing. However, as discussed before, the outflows and overflows of storage tanks can
only be established during the simulations.
Hence the local drainage component of the model was modified as presented in the
following section. In order to enable flow routing with provision for integrating system
modifications. flow conditions across the local drainage component at each time step were
calculated.
Instead of translating the total hydrograph at each time step, the ‘flow rate value’ of that
time step can be translated to a downstream pipe location. But if this method is used to
translate the hydrograph at the upstream location (ABC) to the one at the downstream
49

Chapter 4: Model Development

pipe location (A’B’C’), as shown in Figure 4.7, a volumetric miscalculation in the
hydrograph translation occurs as it does not account for mass continuity.
Therefore an approach was developed in this study that is derived from relevant methods
used to model annular flow in the vertical stack of building drainage systems. Here, flow
routing between two floor levels in a building drainage system is performed as follows:
at each time step, the travel time of the ‘instantaneous’ flow from one floor to another is
calculated with reference to the terminal velocity of the flow. The flow rate between the
two simulation time steps at the next floor level is considered to be an average within that
time step to maintain the continuity of flow between the two floors (Figure 4.8).
This method was hence adopted for modelling flow routing in the local underground
drainage network (Figure 4.9) as it accounts for dynamic flow conveyance by using the
travel time of the flow and also maintains mass continuity of the flow.
The travel time of flow from upstream to downstream was calculated using the Chezy
equation. Time coordinates from upstream to downstream were adjusted using the
appropriate travel time. An average flow rate within each time step was calculated to
maintain mass continuity between the upstream and downstream points of the pipe.
Hence, flow conditions at the downstream points were established at different time
coordinates, based upon the flow conditions in each pipe at each time step. However, in
order to proceed with flow routing through the whole network, it was necessary to form
the flow hydrographs on common and consistent time coordinates for the whole network.
Therefore, coordinates for the hydrographs were derived from translated flow data on to
a single time base.
In contrast to the ‘fictitious’ base flow used in the flow simulation in roof drainage system
as discussed in section 3.4.4.1, a base flow is not required for the simulation of flow
conditions in the LUD system as explained in the aforementioned calculations. Hence,
this assumed base flow was omitted in the calculation of flow conditions in the LUD
system.
4.4.2.2 Flow routing across storage tanks and RWH systems
Time dependent flow interactions across rainwater attenuation tanks (Figure 4.3) and
rainwater harvesting systems (Figure 4.4) were simulated using a mass balance spanning
available storage and demand. Water levels in underground storage tanks and header
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tanks were introduced in order to calculate the flow balance as illustrated in Figure 4.10.
At each time step, the flow balance in the underground storage tank is simulated, as shown
in Figure 4.11, to identify inflow and overflow volumes. Then, a flow balance in the
header tank is modelled, based on its water level as illustrated in Figure 4.12, in order to
establish its inflow either from the underground storage tank or from a mains supply. If
WC usage occurs, rainwater is supplied from the header tank to fill the cistern.
Flow that is pumped from the storage tank to the header tank is translated based on a time
interval representative of that taken for the flow to reach the header tank as a function of
pump flow rate and pipe characteristics.
A constant flow rate was assumed for the supply of reclaimed rainwater to the WC cistern.
This cistern is discharged in response to user demand. Conveyance of flow between the
header tank and the WC depends upon the frequency of WC operation and on WC flush
volume. The water volume contained within the distribution pipe to the WC, is replaced
relative to the WC usage pattern. However, in this study, the header tank and distribution
pipe to the WC were considered as one single component as the volume within the
distribution pipe is small relative to the header tank.
4.4.2.3 Changes to input, output data files
The existing format of the modified ROOFNET model has two input files; rainfall and
system data. These files were modified and additional files created in order to enable the
simulation. New output files were also created in order to enable assignation of additional
simulation results. The variables listed in Table 4-1 were added to the input system data
file.
Demand data for the WC was included so that this can be entered using the new ‘demand
file’. This file includes the time of usage of the WC along with its flush volume.
The flow balance in the storage tank and header tank is written to the new output data
files in the form of flow rate (Q-t) and volume (V-t) profiles.
4.5

Tracing the flow and calculating residence time

In a similar approach to tracing water parcels in mass balance models as discussed in
Chapter 3, in order to establish residence time, rainwater ‘parcels’ were traced along their
pathways using the results of flow simulations. In this thesis, ‘tracing’ the flow allows
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the time taken by parcels of inflow (i.e. rainwater) to reach different locations along the
selected pathway. The time taken by rainwater parcels to reach different locations was
calculated using the cumulative rainwater volume obtained at these locations as further
discussed in the following section.
A reference volume of 1 litre was used for tracing rainwater along each pathway. As an
example, if ‘100’ litres of rainwater were captured on the roof surface, then ‘100’ parcels
would be traced to establish the time taken for each to reach different locations. It is
worth noting that if the size of the reference volume is too large, detailed information can
be missed and if it is too small, there will be too many data for manipulation.
4.5.1

Single flow pathways

Using output hydrographs, profiles of cumulative volume passing through different
locations along the pathway were developed. These profiles were then used to obtain the
time for one litre rainwater parcel to pass the relevant location. As illustrated in Figure
4.13, the ith litre of rainwater reaches point a and b at time tai and tbi respectively. This
information on rainwater parcels and when they reach different locations was then
mapped, in order to establish the distribution of residence time along relevant pathways.
4.5.2

Combined flows

4.5.2.1 Across a pipe
When two flow pathways are combined, such as in Figure 4.2 when roof runoff and
stormwater runoff is combined in the surface water drainage system, tracing each flow
along the pathway downstream of the junction, was performed as follows. In Figure 4.14,
flow X in pipe 1 and flow Y in pipe 2 can be assumed as roof runoff and runoff from the
surrounding area respectively. These two upstream flows are combined in pipe 3. The
objective here is to trace ‘parcels’ of roof runoff, which have been conveyed through pipe
1, further along pipe 3, to the end of the pathway.
If the travel time along pipe 3 and the time when parcels of roof runoff reach the upstream
point of pipe 3 are known, it would have been reasonable to assume that the sum of those
two values is the time required for parcels of roof runoff to reach the downstream point
of pipe 3. However, since flow continuity is not completely preserved along the pathway
during simulations, this method of flow tracing and hence establishing the residence time
of rainwater parcels is not accurate.
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In the proposed approach, if ABCDE is the flow at the upstream location of pipe 3 in
Figure 4.14, it comprises both roof runoff and surrounding area runoff.

At each

simulation step, the travel time along pipe 3 (i.e. such as B-B’) was calculated. Following
the mass continuity theorem, the volume of roof runoff (flow X) and area runoff (flow Y)
arriving at the upstream point in pipe 3 at each time step, reaches the downstream point
in pipe 3 after the time required to travel through pipe 3 (i.e. the shaded volume at time
tB, which consists of both X and Y flows, reaches the downstream point at time tB’). This
allows a determination of the ratio of roof runoff (flow X) to surrounding area runoff
(flow Y) at the translated time coordinates (i.e. at tB’, tC’ etc.)
The hydrograph at the downstream point of pipe 3 is available from the flow simulations
as discussed in section 4.3. Using this hydrograph, the total volume of roof runoff and
area runoff reaching the downstream point at each step was calculated. The total roof
runoff and area runoff volume at time tB was proportioned according to the established
profile of translated roof runoff ratio at the downstream point in pipe 3 (i.e. at tB’. tC’), to
identify the roof runoff volume reaching the downstream point at that time step (ie at tB).
4.5.2.2 Across storage facilities
In the main flow pathway in Figure 4.4, roof runoff and potable water supplied from the
mains supply are combined and attenuated in a header tank. In order to trace parcels of
roof runoff and to establish their residence time, the water in the storage system is
assumed as completely mixed, as per the study by Palla et al., (2011). Furthermore, flow
interactions across the storage tank are assumed to follow the ‘First In First Out’ concept.
Tracing parcels of flow across the header tank was determined as follows (Figure 4.15):
when flow X and Y, such as rainwater runoff from a roof surface (X) and mains water
(Y) enter a storage facility, the outflow from the storage tank, is assumed to encompass
both X and Y volumes relative to the ratio of each in the storage tank. The outflow
hydrograph which depends upon the downstream demand (such as WC usage) is available
from input data.
Using the volumetric ratio of X and Y in the header tank and the total outflow volume
during the current time step (calculated from the outflow hydrograph), the proportional
X and Y outflow volume at the current step was calculated. This information was used
to establish the time required for one litre-sized parcels of roof runoff to leave the header
tank.
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4.6

Summary

This chapter has discussed the approach in the ‘Residence Time Estimator’ to the
simulation of flow routing and tracing rainwater parcels to establish their residence time
across selected flow pathways in a property level system. This was done in three stages.
Firstly, a framework was developed to identify the network characteristics.

The

simulation of flow routing was then accomplished by adapting the ‘modified ROOFNET
model’. Finally, rainwater ‘parcels’ were traced along selected flow pathways with
reference to one litre sized volumes.
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Chapter 5
Application of the approach
5.1

Introduction

This chapter explains the application of the ‘Residence Time Estimator’ presented in
Chapter 4 for the simulation of rainwater conveyance along complete pathways, from the
upstream to the downstream points of a property-level system. System configuration,
rainfall data and simulation data used for the selected flow pathways are all discussed
below.
5.2

System configuration

In order to apply the approach presented in Chapter 4, three system arrangements were
selected as illustrated in Figure 5.1, Figure 5.2 and Figure 5.3. These include system
components for the selected inflow and corresponding pathways illustrated in Figure 4.2,
Figure 4.3 and Figure 4.4, starting from the roof surface where rainwater is captured, and
ending at the system exit point, along three different flow pathways. Roof and surface
area runoff is conveyed away from the property through the underground surface water
drainage system as illustrated in Figure 5.1. In accordance with Figure 5.2, both roof and
surface area runoff is captured in an attenuation tank before being discharged away from
the property when the tank is full. An indirect RWH system has been selected in Figure
5.3. This consists of an underground storage tank to collect roof runoff, a pumping
arrangement to convey the collected rainwater to a header tank and a gravity distribution
system to supply rainwater from the header tank to the WC. Additionally, in Figure 5.3,
stormwater collected from the surrounding area, along with the overflow from the storage
tank is conveyed through the underground surface water drainage. Potable water from a
mains supply has been combined to ensure the header tank is topped up to maintain the
required minimum water level.
5.2.1

System and water usage data

The details of the selected system arrangements have been summarized in Table 5-1.
These have been determined on the basis of assumptions for a house with two bedrooms
and three residents.
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5.2.2

WC Usage

At present, an average of 30% of 150 litres of daily residential water use per person is
used for toilet flushing (Waterwise, 2012). Assuming 6 litres per flush, which is the
maximum allowable flush volume in the UK (DWI, 1999), the number of times a WC is
used by a person per day can be estimated as 7.5, in accordance with the average 6-8
times of daily toilet uses per person (Worldometer,” n.d.). Hence, for a property with
three residents, the total number of WC uses during a day can be estimated as 22. The
only available data on WC usage patterns in the UK to date are from the results of a small
scale survey on domestic appliance usage carried out by Butler (1993). Results of this
survey identified that there are differences between WC usage during the weekdays and
weekends. The WC usage pattern outlined in that study for the weekend was used in this
research to distribute the total number of 22 WC uses across 24 hours as illustrated in
Figure 5.4, with two peak usages in the morning and evening.
The outflow profile illustrated in Figure 5.5 was used to represent the discharge flow from
the WC.
5.3

Rainfall data

The selected system arrangement encompasses both a roof drainage system and a local
underground drainage system. Due to the differences in the time required for rainwater
to reach these components and their desired design specification, these components are
designed according to different rainfall events as discussed in Chapter 3, with different
rainfall durations and return periods. The design rainfall events for roof drainage and
local underground drainage are recommended in BS EN 12056-3:2000 and BS EN
752:2017 respectively.
For an assumed location in Edinburgh, a 1 in 200 year rainfall event was selected for the
design of the roof drainage system, according to the Scottish planning policy (Scottish
Government, 2014) for a residential development in built-up areas. A duration of 2
minutes is generally selected for roof drainage design (May, 2003). Hence for a 2 minute
storm event with a return period of 200 years, also referred to as a 2minM200 event, a
steady state rainfall intensity of 115.2mm/hr was selected according to BS EN 12056-3
(2000).
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A steady-state rainfall intensity of 121 mm/h was derived from BS EN 752 (2017) for the
design of the local underground drainage system. This intensity relates to a 5 minute
storm event (Akan, 1993) with a return period of 30 years as recommended by Scottish
Water (2018) for the design of sewers and further multiplied by a factor of 1.4 to allow
for climate change variations according to BS EN 752:2017. This is referred to as an
M30-5min event. In this study, flow conveyance was simulated for both of these rainfall
events (Figure 5.6).
5.4

Simulation time data

The time step for the simulation of the roof drainage system was selected within the
simulation process, as discussed in Chapter 3.

Simulations across other system

components, except for the roof drainage system, were performed for a five-second time
step. Thus, the flow balance for the RWH system was also performed every 5 seconds; a
smaller time step than that used in all other studies discussed in chapter 3. It should be
noted that rainwater is conveyed across the roof drainage system in about 10 seconds as
discussed in Chapter 6 and the duration of WC discharge profile is about 10 seconds.
Initially, simulations were performed for a duration of one hour. This duration was
adequate to trace the total rainwater inflow across the pathway without the presence of
any attenuation tank or RWH facility (Figure 5.1). However, when the system is modified
to include rainwater harvesting, a simulation duration of one hour was insufficient to trace
the total inflow along the selected pathway (Figure 5.3). This is discussed further in
Chapter 6.
The modified ROOFNET model, as explained in Chapter 3, is capable of simulating
dynamic flow conditions in small time steps typically of a few seconds’ duration. For
this reason, the model’s capacity for simulation is constrained to a maximum duration of
two hours. However, in this study, it was necessary to identify how the inflow volume is
conveyed along the pathways to the point of system exit. Therefore, simulations were
performed in two hour time slots, assuming the weekend days, for a duration of one day
to identify the characteristics of flow conveyance over one day, and then for an additional
day to identify how the profile continues. Output conditions from each earlier simulation
were used to inform the next simulation, in order to maintain continuity.
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5.5

Scenarios

The simulation of rainwater conveyance along the selected flow pathways was applied to
six scenarios with different pathway configurations, water usage profiles and rainfall
events. Details of the scenarios are listed in Table 5-2.
In cases A1 and B1, system exit and the last component of the selected pathway is pipe
P3 in the local underground drainage system (Figure 5.1). For cases A2 and B2, the
selected pathway ends at pipe P4 in the local underground drainage system (Figure 5.2).
The wastewater discharge pipe of the WC is the system exit point for cases A3 and B3
(Figure 5.3). The WC usage pattern illustrated in Figure 5.4 was used in cases A3 and B3.
Selection of these locations ensures comparable system exit points for the three selected
pathways.
The underground storage tanks and header tank in Figure 5.2 and Figure 5.3 were
assumed to be empty at the start of the simulation. In cases A2 and B2 (Figure 5..2),
runoff from the roof and surrounding area was collected in the storage tank and overflow
occurs if the capacity of the storage tank is reached. In cases A3 and B3 (Figure 5.3),
roof runoff was collected in the underground storage tank and subsequently pumped to
the header tank. Until then, mains water is supplied, to raise the water level in the header
tank to the required minimum level.
5.6

Establishing the residence time

In order to establish the time taken by rainwater captured on the roof surface to reach the
system exit, output data from the simulations were obtained at the locations illustrated in
Figure 5.1, Figure 5.2 and Figure 5.3. These locations were selected, particularly at the
connecting points between different components along the pathway, to establish the
distribution of residence time within each component.
For pathway 1 (Figure 5.1), results were obtained at points a to e, from the edge of the
roof up to the outlet of pipe P3. Similarly, simulations results at points a′ to g′ were used
to establish the residence time of rainwater along pathway 2 (Figure 5.2), which includes
the results at the point of inlet to the storage tank (which is also the outlet of pipe P3- e′)
and at outlet of the storage tank (f′).
For pathway 3, where a RWH system was installed, simulation results were obtained at
points a′′ to i′′ (Figure 5.3). These include results at the inlet to the underground storage
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tank (which is the outlet of pipe 1- d′′), the outlet of the storage tank (e′′), the inlet to the
header tank (f′′), the inlet to the WC cistern (g′′), and upstream (h′′) and downstream (i′′)
locations of the wastewater drainage pipe.
Hydrographs (Q-t profiles) obtained at each output location were used to establish the
time when rainwater parcels of 1 litre reach those locations. The difference between these
values at two locations is the residence time of rainwater between those points. For the
purposes of illustration, if hydrographs at two locations, namely ‘a’ and ‘b’ are known
(Figure 4.13), then using those hydrographs, residence time of rainwater parcels between
points ‘a’ and ‘b’ was calculated as;
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑛𝑛𝑐𝑐𝑐𝑐 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑜𝑜𝑜𝑜 𝑖𝑖𝑡𝑡ℎ 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎 𝑏𝑏 = (𝑡𝑡𝑏𝑏𝑏𝑏 − 𝑡𝑡𝑎𝑎𝑎𝑎 )

(5.1)

It should be noted that in pathways 1 and 2, stormwater is combined with the roof runoff,
at point d and d′ as illustrated in Figure 5.1 and Figure 5.2 respectively. Also, in pathway
3, mains water is combined with roof runoff in the header tank. Thus, roof runoff
conveyed within these combined flows was traced along the pathway up to the point of
system exit, in line with the approach described in section 4.5.2, to establish residence
time of rainwater.
This approach to tracing rainwater parcels and establishing their residence time assumes
one dimensional flow along the pathway. Hence it is applicable for the flow conditions
in the pathway downstream of the gutter outlet. Flow parcels cannot be traced between
the edge of the roof and gutter outlet by comparing the hydrographs at these locations.
Rainwater along the roof edge combines laterally with the gutter flow and hence the
precedence of rainwater parcels at the roof edge and the gutter outlet are not similar.
Therefore, in this study, rainwater parcels were traced and residence time was established
along the pathway, starting from the gutter outlet. A different approach would have to be
developed in the future to establish residence time of rainwater parcels between the roof
edge and the gutter outlet.
In this study, for pathway 3, the time required for flow conveyance between the cistern
outlet of the WC and the corresponding wastewater discharge was considered to be
negligible. Therefore, the WC and its cistern were assumed as a single component.
Furthermore, the header tank and its distribution pipework were considered as a single
unit as it was not necessary to establish the residence time within those separate
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components. However, they should be modelled as different components if the residence
time within the header tank and the distribution pipework should ever need to be
established separately.
5.7

Summary

This chapter has discussed the simulation drivers for the selected rainwater flow
pathways. System data, water usage data and rainfall profiles for modelled scenarios have
been presented. Clearly, there can be many potential scenarios but, in this study, the
approach was applied for six scenarios, in particular, for three pathways under two rainfall
events, in order to establish the residence time of rainwater and its distribution within the
system.
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Chapter 6
Results and Discussion
6.1

Introduction

This chapter presents the results of the flow simulation approach applied to the complete
rainwater flow conveyance pathways detailed in Chapter 5. Initially, system based inflow
and outflow hydrographs are compared. Also, for each pathway, the volume calculated
using the hydrographs have been compared at different locations from the upstream to
the downstream point of the system. Furthermore, the residence time of rainwater parcels
for different pathways has been analysed. Results have also been compared for different
rainfall profiles.
6.2

System-based outflow

In the following text up to section 6.6, results are discussed based on simulation scenarios
A1, A2 and A3, where flow conveyance within the property was modelled for the
2minM200 rainfall event of an intensity of 114 mm/h.
6.2.1

System without modifications

The system outflow from the selected pathway in case A1 is illustrated in Figure 6.1.
This is the hydrograph at the downstream point of pipe 3 of the local underground
drainage system which is the point e as illustrated in Figure 5.1. It can be seen that the
total rainwater volume captured within the property reaches the system exit within around
300 seconds.
However, it should be noted that this system outflow comprises both roof runoff and
stormwater runoff from the surrounding area. Gully flow, which is the runoff from the
surrounding area is shown in Figure 6.2. Hence, the residence time of rainwater conveyed
along the complete pathway b-c-d-e illustrated in Figure 5.1 cannot be established by
comparing the gutter outlet flow and system outflow, alone, Figure 6.2. Instead, it is
necessary to apply the flow tracing analysis discussed in chapter 4 to establish the
residence time of rainwater conveyed along this pathway.
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6.2.2

With storage facility

In case A2, when the flow pathway incorporates an in-line storage facility of 300 litres,
flow through the local underground drainage system was stored until it overflowed which
then generated flow in the downstream overflow pipe. The size of this tank was selected
in order to illustrate the impact of a storage facility on modifying the residence time of
rainwater within the property. Figure 6.3 illustrates the system outflow for case A2,
which is the hydrograph at the point g′ according to Figure 5.2. In this scenario, the
outflow commences after the end of the rainfall event.
Similar to case A1, the system outflow in case A2 includes both roof runoff and
stormwater runoff. Hence, the gutter outlet flow and the hydrograph at the system exit
cannot be compared. In order to establish the residence time of roof runoff in case A2,
rainwater should be traced along the selected pathway.
6.2.3

With RWH system

For case A3, the roof runoff is conveyed along the pathway, from b′′ to i′′ as illustrated
in Figure 5.3. For this pathway, outflow from the system during the first hour was 6 litres
of wastewater discharge from the WC, as illustrated in Figure 6.4. This is an intermittent
system outflow, different in its intensity and profile shape, to the system outflow in case
A1 and A2, as it is derived from a different type of source flow.
In case A3, the total rainwater volume pumped to the header tank was used within a 16
hour period as further discussed in section 6.6. Hence, rainwater was used for 21 WC
uses starting from 8.00 am, as illustrated in Figure 6.5. In contrast to cases A1 and A2,
in this scenario, system outflow from the selected pathway is comprised of both rainwater
and mains water supplied to the header tank. Hence, it is not possible to establish the
residence time of rainwater parcels by comparing the hydrographs at the gutter outlet (b′′)
and system exit (i′′). However, residence time of roof runoff can be established by tracing
the rainwater parcels along the pathway, as discussed in Chapter 4.
Flow conditions in the underground storage tank and header tank during the 16th
simulation hour are shown in Figure 6.6. It is worth noting that the total rainwater volume
captured on the roof surface does not leave the system during the simulation period.
According to the assumed conditions within this study, 120 litres of rainwater are retained
in the underground storage tank to allow for the minimum water level, above which
62

Chapter 6: Results and Discussion

pumping to the header tank occurs. The volume remaining in the header tank after 16
hours as shown in Figure 6.6 is mains water supplied to the header tank to top up the nonpotable water demand.
6.3
6.3.1

Mass balance for calculating residence time
Base flow in the roof drainage system

A baseflow was observed in the hydrographs at the roof edge, gutter outlet and downpipe
outlet. This is a ‘fictitious’ flow of 0.1l/s per gutter outlet which is used to facilitate the
flow simulation in the roof drainage system as discussed in Chapter 3. This baseflow was
not observed in the hydrographs beyond the downpipe, as it was not carried through to
the simulation of underground drainage flow conditions. This situation was observed in
all cases; Figure 6.2 illustrates a comparison of gutter outlet flow with base flow and the
hydrograph at the system exit from pipe 3 without a base flow for case A1.
Therefore, when rainwater volume was calculated using the hydrographs at different
locations within the roof drainage system, an additional volume was estimated due to the
base flow. In order to calculate the rainwater volume captured only from the rainfall
event and excluding the baseflow, the additional volume obtained due to the base flow
alone was removed from the area of the hydrograph calculated at the roof edge, gutter
outlet and downpipe. Figure 6.7 illustrates the selected area of the hydrograph for the
calculation of rainwater volume at the gutter outlet in case A. The additional fictitious
volume was not traced along the rest of the flow pathway.
6.3.2

Mass consistency of simulation

In order to locate rainwater parcels along the pathway, it was necessary to identify the
time when every litre of rainwater volume reached the selected locations. Although flow
simulations were performed in line with mass continuity, the total volume of flow
conveyed across each pathway was not consistent. As flow losses were not taken into
account in this research, it can hence be seen that this was a result of limitations in
hydraulic calculations, particularly in terms of rounding off and interpolation.
The rainwater volume conveyed along the selected pathways for cases A1, A2 and A3
have been summarized in Table 6-1. These volumes represent the volume of roof runoff
calculated at different pipe junctions, and inlet and outlet points of storage facilities as
illustrated in Figure 5.1, Figure 5.2 and Figure 5.3. Using the results of the flow tracing
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analysis discussed in Chapter 4, the surrounding area runoff and mains water was
separated from the total flow, so as to allow the tracing of roof runoff only.
As a result of the limitations in rounding and interpolation, 3 litres of rainwater leaving
the gutter outlet could not be traced up to the system exit point (e) in case A1.
In case A2, the amount of roof runoff which does not reach the storage tank is less than
2% of the volume recorded at the gutter outlet. It should be noted that the overflow
volume from the storage tank is only 54% of the roof runoff while 46% is retained within
the tank at the end of the simulation period. Only one litre of overflow volume from the
storage tank could not be traced up to the exit point of the system.
The total volume of roof runoff can be traced along the selected pathway up to the WC
cistern in case A3, without any loss in the conveyed flow. Only 33% of the roof runoff
was pumped to the header tank. The rainwater retained in the underground storage tank
was to allow for a 100mm water depth for pump operation. Flow conveyance beyond the
storage tank is dependent upon the usage of reclaimed water for WC operation. In case
A3, the total rainwater volume which was pumped to the header tank was used and hence
reached the system exit during the simulation period. Rainwater volume conveyed
between the storage tank and the WC is consistent as constant flow rates were assumed
for the pumped flow and the distribution flow from the header tank. Therefore, no flow
has been lost during the calculation of flow conveyance within this section of the flow
pathway for case A3. As only a few litres of roof runoff were lost due to the calculation
limitations, these errors were neglected in tracing the flow. Hence, the residence time
was calculated for the amount of roof runoff which could be traced up to the exit point of
the selected pathway in each case.
In the DRAINET model where wastewater discharge from the WC was simulated in case
A3, the hydrograph at the inlet of the discharge pipe (location h′′ in Figure 5.3) is the
user-input discharge profile. When this hydrograph, which is for a 6 litre flush volume,
was compared with the hydrograph 5 meters downstream of the discharge pipe (location
i′′ in Figure 5.3), only 4.9 litres of volume was observed from the Q-t profile, indicating
a loss of 18.3% of the discharge volume per flush (Table 6-2). Since this is a significant
loss in volume, the downstream hydrograph was modified in this study as discussed in
the following text, to maintain mass consistency, only for the purposes of flow tracing.
The expected discharge volume of 6 litres was distributed across the whole discharge
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profile at this point 5 meters downstream of the drainage pipe, while maintaining the
shape of its original discharge profile obtained from the simulations. Therefore, at each
time step, a fictitious volume was added to the output hydrograph observed at point i′′,
by maintaining the original ratio of cumulative volume at each step to the total cumulative
volume observed in the output profile at point i′′. Hence by modifying the hydrograph at
the downstream point of the wastewater discharge pipe, this ensures that the total
discharge volume is conveyed without any loss of the discharge volume. The attenuated
characteristic shape of the discharge profile at the downstream point, obtained from the
simulations, was hence maintained as illustrated in Figure 6.8. Hence the following
function in Equation (6.1) was applied.
(Cumulative volume at time T)modified profile
6.4

= {6 litre × �

(6.1)

Cumulative volume at time T
�
Total volume = 4.9 litres DRAINET output profile a

Residence time in system without modifications

The residence time of rainwater parcels, from the gutter outlet to the system exit for case
A1 is illustrated in Figure 6.9. It can be seen that each rainwater parcel of 1 litre volume,
starting from the gutter outlet, takes less than 25 seconds to reach the exit point of the
pathway. The average residence time of rainwater parcels along the pathway from
location b to e (illustrated in Figure 5.1) is 11 seconds.
The time when roof runoff reaches the system exit in case A1, for the rainfall event with
a duration of 120 seconds, is illustrated in Figure 6.10. It can be seen that, the roof runoff
does not reach the system exit for about 20 seconds and then the volume leaving the
system, increases at about the same rate for up to 150 seconds. According to Figure 6.10,
the total rainwater volume captured on the roof surface reaches the system exit in less
than 170 seconds. It is worth comparing this value with Figure 6.1, where runoff at the
system exit continued for about 300 seconds due to the stormwater runoff from the
surrounding area.
The time required for rainwater parcels to move across different sections of the pathway
in case A1 was established using the results of the flow tracing analysis. Figure 6.11
shows the percentage of average residence time distribution along the flow pathway. The
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highest proportional residence time was recorded within the local underground drainage
pipe 3.
According to these results, a large proportion of the system-based residence time is
recorded within the local underground drainage system. Furthermore, the time taken for
the rainwater to flow through pipe 3 of the local underground drainage system is highest
as this is the longest pipe with a length of 11.5m, compared to the length of pipe 1 which
is 7m. Therefore, there is potential to use this approach further in the future, to identify
how system-based residence time can be managed by changing the characteristics of its
components.
6.5

Impact of flow attenuation tank on residence time

The residence time of rainwater parcels along the selected pathway from the gutter outlet
to the system exit in case A2 is illustrated in Figure 6.12. Rainwater parcels which have
reached the system exit, have been retained within the property for about 120 seconds (2
minutes). The residence time of these parcels fall within the range 100 – 230 seconds.
Also, it should be noted that only 54% of the total inflow reached the system exit.
Rainwater parcels retained within the storage tank would leave the system during a
subsequent rainfall event if the tank overflows. Hence, the residence time of 46% of the
retained inflow volume cannot be calculated within the simulation period of this study,
but will certainly be more than 2 days.
The 54% of the roof runoff in case A2 does not reach the system exit for about 120
seconds (2 minutes) from the start time of the rainfall event, as shown in Figure 6.13. In
comparing this figure to the hydrograph at the system exit (Figure 6.3), it can be noted
that roof runoff is contained within the system outflow throughout its duration from 120
– 320 seconds, as both roof runoff and stormwater runoff were stored and then released
from the tank during this period.
Figure 6.14 illustrates the distribution of average residence time along the selected
pathway in case A2. It shows that the storage tank makes the highest contribution to the
residence time. Hence, in contrast to case A1, residence time for roof runoff within the
system can be significantly increased, if conveyed along the pathway from b′ to g′, by
integrating a storage facility.

66

Chapter 6: Results and Discussion

6.6

Impact of RWH system on residence time

During the first simulation hour in case A3, roof runoff reached the underground storage
tank and was pumped to the header tank when the pump operational water level of the
storage tank was reached (Figure 6.15). Also, during this time, the header tank was
initially filled with mains water up to the minimum required water level until rainwater
was pumped from the underground storage tank (Figure 6.16).
For a WC consumption pattern for a weekend day, starting at 8:00 hours on a Saturday,
the cumulative wastewater discharge at the system exit in case A3 (at point i′′ in Figure
5.7) is shown in Figure 6.17. This total wastewater discharge consists of roof runoff and
also potable water from mains supply. Hence, a comparison of the inflow hydrograph at
the gutter outlet and wastewater discharge at system exit, cannot be used to establish the
residence time of rainwater parcels. Therefore, rainwater parcels were traced along the
pathway to establish the residence time.
By tracing the rainwater parcels along the pathway, it was identified that only 61 litres of
rainwater captured on the roof surface reached the system exit within a period of 16 hours
under the assumed WC usage pattern, starting from 8.00 a.m. The residence time for roof
runoff spans between 1.5 and 15 hours, as illustrated in Figure 6.18. This volume is only
33% of the total inflow conveyed along this pathway as summarized in Table 6-1 and
shown in Figure 6.19. About 66% of the roof runoff was retained in the underground
storage tank as it was below the minimum water level for pump operation.
According to Figure 6.19, the roof runoff starts to reach the system exit after 9:00 am.
which is about one hour after the start time of the rainfall event. As potable water from
the mains supply was initially supplied to the header tank and was used for flushing the
WC, the first litre of rainwater reaches the system exit after the second WC usage,
somewhere between 9.00 a.m. and 10.00 a.m.
WC usage frequency between 9:00 to 12.00 noon and 22:00 to midnight is twice as much
as for the rest of the day (Figure 6.17). However, the rate of rainwater reaching the system
exit is slower after 22:00 hours in comparison to the period between 9:00- 12.00 noon
(Figure 6.19). As the volume of rainwater within the header tank reduces, mains supply
replaces a large proportion of water consumed for WC flushing and hence, the rate of
rainwater reaching the system exit decreases.
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These results indicate that the residence time of roof runoff along the selected pathway in
case A3 is directly related to the WC usage pattern and the proportion of roof runoff
within the storage facility. In addition, it is worth noting that residence time of rainwater
within the system depends on the available storage capacity of the system. If the available
storage capacity is not enough to retain the total rainwater inflow, it will overflow from
the underground storage tank and leave the system, with a short residence time, but along
a different pathway in comparison to the selected pathway b′′ to i′′.
Figure 6.20 shows how the average residence time of rainwater volume which reaches
the system exit during the simulation period, was distributed along the selected flow
pathway. As both tanks were assumed to be empty at the start of the simulation, rainwater
was initially pumped to the header tank until it was consumed for WC usage. Hence water
is retained in the header tank for most of the residence time.
A comparison of cases A1, A2 and A3; residence time of rainwater for the three selected
pathways, under the 2minM200 rainfall event, is illustrated in Figure 6.21. For the system
conditions assumed within this study, the total roof runoff reaches the system exit only in
case A1 with an average residence time of 11 seconds. When conveyed along a pathway
with a facility for flow attenuation (case A2) and a pathway incorporating a RWH system
(case A3), only a proportion of the total runoff reaches the system exit. The flow
attenuation capacity of the system has significantly increased residence time in cases A2
and A3 in comparison to case A1.
6.7

Residence time for different rainfall events

In this section, the results of the flow simulations for the two selected rainfall profiles,
the 2minM200 rainfall event of 114mm/hr rainfall intensity used for the design of roof
drainage system, and the M30-5min rainfall event with an intensity of 121mm/hr used for
the design of local underground drainage system, have been compared.
The main difference between these two profiles is the event duration as illustrated in
Figure 5.6. Hence, for the M30-5min event, the total rainwater volume captured on the
roof surface is higher than that for the 2minM200 event.
6.7.1

System without modifications

In both cases A1 and B1, where roof runoff is conveyed along pathway 1 (Figure 5.1),
the residence time of rainwater parcels between the gutter outlet and system exit point is
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less than 25 seconds as illustrated in Figure 6.22. In case B1, the average residence time
of the 490 litres of rainwater captured on the roof surface is about 9 seconds (less than
that of case A1). Rainwater has taken a longer duration to exit the system in case A where
the intensity of the rainfall event, and hence the inflow rate, was lower than in case B1.
Hence it can be confirmed that the residence time along pathway 1 is dependent upon the
rainfall event. Furthermore, the shape of the residence time profiles of rainwater parcels
in these two scenarios resembles a vertical reflection of the shape of their rainfall events
(Figure 5.6). As the rainfall intensity and hence the rainwater inflow rate increases, the
residence time of rainwater parcels within the system decreases and then continues around
the same value until it starts to increase with the decreasing rainfall intensity.
Roof runoff starts to reach the system exit around the same time in both cases A1 and B1
as shown in Figure 6.23. It can be seen that, in each case, the roof runoff reaches the
system exit at about the same rate throughout the total duration of each event. However,
the time required for the total roof runoff to reach the system exit is higher in case B1 as
its volume is larger than in case A1.
The distribution of residence time along the pathway in cases A1 and B1 are similar, as
illustrated in Figure 6.24. According to these results, rainwater reaches the underground
drainage system within a few seconds. This information will be useful for the design of
underground drainage systems. In order to establish the duration of the design rainfall
for the local underground drainage system, if there is a large surrounding area, from which
runoff contributes to the stormwater flow in the underground stormwater drainage system,
it will be necessary to identify the time of concentration of this surrounding area runoff.
On the other hand, if the roof runoff is the main contributor to the stormwater discharge
in the local underground system, the total rainwater volume could reach the local
underground drainage system in a few seconds. Hence, this implies that the duration of
the design rainfall event selected for the local underground drainage system, need not be
several minutes longer than that used for the roof drainage design, at least for the design
of upstream pipes.
6.7.2

System with attenuation tank

The average residence time of roof runoff along the selected pathway in case B2 is about
100 seconds as shown in Figure 6.25. As the rainfall intensity, and hence the inflow rate,
was higher in case B2, the attenuation tank overflowed quickly and therefore, rainwater
was retained within the system for a shorter duration in comparison to case A2.
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As for case A2, the total roof runoff did not leave the system after the M30-5min rainfall
event in case B2. About 10% of the total inflow of 490 litres was retained within the
property (Figure 6.26). The residence time of this retained rainwater can only be
established when it overflows from the attenuation tank following a subsequent rainfall
event.
Distribution of residence time along the selected pathway in case B2 and A1 are similar
and hence the highest proportion of residence time in case B2 was recorded within the
storage tank as illustrated in Figure 6.27.
6.7.3

System with RWH

The amount of rainwater captured on the roof surface and available for reuse in case B3
is higher compared to case A3. Figure 6.28 shows the remaining rainwater volume in the
underground storage tank and the header tank between 00:00 to 01:00 a.m. on the second
day, which is the last hour of water consumption during the total simulation period of 2
days. It should be noted that header tank volume decreases as the WC is used once during
this hour. Also, rainwater is available in the underground storage tank, and will be
pumped to the header tank, when the header tank volume reaches the level to switch on
the pump. Therefore, the rainwater stored in the RWH system is adequate to meet the
non-potable water demand during the whole simulation period of two days.
The residence time of rainwater which reaches the system exit along the selected pathway
in case B3 is shown in Figure 6.29. Results show that residence time of roof runoff here
spans 1 to 40 hours.
It is worth noting that only 50% of the roof runoff reaches the system exit during the
simulation period of two days (Figure 6.30). Hence, the residence time of the remaining
rainwater volume will be higher (than two days).
Figure 6.30 also illustrates that the rate of rainwater leaving the system is similar on both
days. In contrast to case A3, as there was adequate rainwater to meet the non-potable
water demand in case B3, mains water was not required and hence the same rate of
rainwater consumption continued on both days. However, as the water consumption
profile during a weekend day is different to that for a weekday (Butler 1993), the observed
pattern of residence time in Figure 6.29 and the pattern of roof runoff reaching the system
exit (Figure 6.30) cannot be expected to continue after the second day.
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The distribution of average residence time of rainwater which reaches the system exit
along the selected pathway in case B3 is highest within the underground storage tank as
shown in Figure 6.31. As previously discussed, the amount of roof runoff collected in
case B3 is greater than in case A3. Therefore, rainwater is stored in both tanks in case
B3 but for a longer duration in the underground storage tank which has a larger capacity
of 1200 litres in comparison to the header tank’s capacity of 125 litres. It should be noted
that this residence time distribution is applicable, only for the rainwater volume which
was conveyed out of the property boundary within the simulation period.
The residence time of rainwater captured on the roof surface for all 6 scenarios conveyed
along the three selected pathways under a 2minM200 and a M30-5min rainfall event is
illustrated in Figure 6.32.
These results indicate that the rainwater attenuation capacity of the system can be
significantly changed by modifying the system characteristics. The average residence
time of roof runoff along pathway 1, i.e. in cases A1 and B1, where no storage or RWH
system is installed, was less than 25 seconds for both rainfall events. However, roof
runoff can be retained within the property for around 2 minutes or longer, if the
stormwater discharge for the property is conveyed through a storage tank of 300 litres
capacity. Furthermore, when roof runoff is used to supply non-potable water demand for
flushing WCs, with a WC consumption pattern representative of a weekend day,
rainwater can be retained within the property for more than one hour.
The residence time of rainwater, in particularly along pathway 1, is related to the rate of
inflow to the property i.e. the rainfall intensity. The average residence time along
pathway 1 in case A1 is higher than in case B1, as the rainfall intensity and hence the
inflow rate is lower. However, it is not possible to draw a concrete relationship between
inflow rate and residence time for rainwater conveyed along pathways 2 and 3 because
the storage capacity in pathway 2 and, for pathway 3, both storage capacity and the rate
of non-potable water usage, have a greater influence.
The volume of roof runoff has an influence on its residence time within the property, if
different flow types, such as stormwater runoff or mains water are combined with this
runoff and stored within the property. If the remaining proportion of roof runoff within
the system decreases, as in case A3, it can take longer to leave the system, as can be
identified from cases A3 and B3 in Figure 6.32.
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It should be noted that the water supply and drainage system characteristics of a property
can be modified in many ways. These modifications, especially for the purposes of SWM,
such as integrating green or blue roofs, installing/changing rainwater or mainswater
storage facilities, installing RWH systems, changing water using appliances to use less
water, and even changing the material types, gutter and pipe sizes, can influence how
water is conveyed and attenuated.

Exploring how different system modifications

influence not only rainwater, but also mains water conveyance and attenuation within the
property, could assist in designing properties to obtain required levels of flow attenuation.
Also, this knowledge can be used to analyse the flow attenuation capacity of a given
property or a cluster of different systems. From a range of possible options, this research
has studied main three pathways across which rainwater can be conveyed from the
upstream to the downstream point of a system.
6.8

Summary

This chapter has discussed the simulation results, in particular the inflow and outflow
profiles for the system, for three different pathways. Mass inconsistency of simulation
results along the pathways was identified and simulation results were modified when
necessary to allow tracing of flow parcels across the complete pathways. The residence
time of rainwater and its distribution along the pathway was established and compared
between different scenarios. Finally, the impacts of design rainfall characteristics;
intensity and volume, on residence time were identified.
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7.1

Summary

Components of a property level system; water supply, rainwater drainage and wastewater
discharge, are typically designed in relative isolation. However, the increasing need for
SWM requires the optimization of property-level water usage. This involves introducing
system modifications and interconnecting system components. The resulting modified
flow conveyance and flow attenuation within the system can be identified only by
exploring holistic conveyance across the relevant pathway. This thesis has addressed this
issue as follows:
Chapter 1 provided in introduction to property level system components, their two main
inflows; rainwater and mains water supply, and explained how characteristic flow profiles
are modified across different flow pathways.
Chapter 2 identified that system modifications which interconnect individual components
are required for SWM at the property level. This chapter also reviewed how the
regulations in the UK encourage property-level water management.

Methods of

designing system components as recommended by the British standards were reviewed
to identify their guidance for managing property-scale water usage. Literature to identify
how system modifications influence property-level system performance was also
reviewed.
In order to identify the impact of system modifications on flow attenuation within a
system, it was necessary to simulate how inflow to a property is conveyed across the
whole system and then establish the residence time of the flow. This thesis focussed on
one of the two main inflows to a property; rainwater. In order to simulate flow conveyance
across potential rainwater flow pathways, from upstream to downstream, Chapter 3
reviewed the standard methods of designing system components and the different
numerical methods of simulating flow conveyance. Furthermore, models developed for
evaluating the water saving efficiency of SWM options were reviewed in order to identify
methods of conceptualizing system components within a holistic framework and to help
develop an overall flow balance for modelling purposes. It was found that existing
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models simulate flow conditions in large time steps, often daily and only across storage
tanks, and hence cannot replicate characteristic time dependent flow conveyance along
the complete pathways. Methods which can ‘trace flow’ along property-level pathways
were reviewed to identify options for establishing residence time of rainwater.
Chapter 4 detailed the proposed approach in the model ‘Residence Time Estimator’ for
establishing the residence time of rainwater within the system. It discussed the
development of a framework to illustrate the potential network characteristics. The
simulation of time dependent rainwater conveyance across three selected flow pathways,
from the upstream to the downstream locations of a system was detailed. This chapter
also established a method to determine residence time and its distribution along the
complete pathways using the simulation results.
The application of the proposed approach to a residential property was discussed in
Chapter 5. Details on system arrangement, water usage and rainfall profile used for the
simulations were discussed.
Chapter 6 reported the results of these flow simulations and the flow tracing application.
These clearly indicated that residence time of rainwater conveyed along the pathways
cannot be traced by comparing the inflow and outflow hydrographs of a property alone.
By considering rainwater volume as one litre sized parcels, residence time was compared
between different system arrangements including a storage tank and a RWH system, and
also for different inflow profiles. Furthermore, results for the distribution of residence
time along the pathway and hence the contribution to flow attenuation across different
system components were identified.
7.2

Conclusions

This research developed the model- ‘Residence Time Estimator’; an approach for
establishing residence time of inflow, in particular rainwater, within a property-level
system, from its upstream to downstream location. The thesis has shown that;
1. when the flow pathways are interconnected, residence time of rainwater within a
property cannot be identified by comparing hydrographs at the upstream and
downstream locations alone. Instead this requires the application of flow tracing.
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2. the total rainwater volume which enters a property is attenuated differently
depending on its pathway. By tracing this inflow as parcels of rainwater, it is
possible to identify this variation of residence time between rainwater parcels.
3. roof runoff, from a 2minM200 rainfall event of 114mm/hr intensity and an M305min event of 121mm/hr intensity, can be conveyed through a typical residential
property within less than 25 seconds, when storage and RWH facilities are not
integrated.
Storage and RWH facilities significantly increase rainwater attenuation. For this
property, a stormwater attenuation tank of 300 litres of capacity attenuates roof
runoff within the property, for about 100 seconds or more. Furthermore, about
46% and 10% of the roof runoff can be retained within the property after the
2minM200 and M30-5min rainfall events respectively.
4. non-potable water usage influences residence time of rainwater where rainwater
recycling systems are installed.
In a typical residential property with a RWH system, comprised of an
underground storage tank of 1200 litres capacity and a header tank of 125 litres
capacity and with a WC usage pattern of a weekend day, roof runoff can be
retained within the property for more than one hour for both 2minM200 and M305min rainfall events. Furthermore, more than half of the roof runoff can be
retained within the property after 2 days.
5. characteristics of a rainfall profile influence residence time of rainwater within a
property. When there is no storage facility, the average residence time of roof
runoff, for the 2minM200 and M30-5min rainfall events, are 11 and 9 seconds
respectively. The residence time of rainwater reduces for rainfall events with
higher intensity.
6. the residence time distribution along a pathway provides an insight to the flow
attenuation capacity across a property. In a typical residential property with a
RWH system, storage tanks can contribute up to 84% or more of the residence
time of roof runoff.
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7.3

Recommendations for future work

The aim of the research discussed in this thesis was to examine how properties with
interconnected system components, especially those in support of SWM, are capable of
attenuating the system inflows within the property. As a part of a comprehensive study,
the developed model –‘ Residence Time Estimator’ was applied to establish the residence
time of rainwater within a residential property.

This was achieved by simulating

rainwater flow conditions and tracing parcels of rainwater along three complete flow
pathways.
It is felt that further research in the following areas may be useful to improve the future
application of these outcomes:
1. The approach developed could be applied for other system inflows, in particular
for mains water supply. Furthermore, it could be tested for additional flow
pathways, different system arrangements and characteristics including siphonic
rainwater drainage systems, water usage patterns and inflow profiles. This could
then be used to establish the contribution of different individual properties within
a wider urban scale, in attenuating inflows.
This information can then be used particularly in the following fields;
a) Information on the residence time of rainwater within buildings can be used
in selecting the design rainfall duration for designing the surface water
drainage systems. Currently there are industry concerns over the validity of
the design rainfall duration of 5 minutes recommended by BS EN 752 (2017)
as this value does not account for the system characteristics. This model can
be used to calculate the time of concentration of rainwater within the building
and hence estimate the duration of design rainfall event for designing surface
water drainage system.
b) Residence time of water within storage facilities and pipe systems can be
compared with water quality characteristics/requirements to recommend the
allowable residence time of; mains water in water supply and storage systems
in BS EN 806, and rainwater in RWH systems and rainwater attenuation tanks
in BS 8515.
c) Inform BS 8595 on selecting a suitable water reuse option for achieving the
required flow attenuation within a property. Also, this knowledge can be
adopted in designing and planning urban systems to select any SWM option,
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including but not limited to reuse options, for achieving individual and/or
cluster level flow attenuation targets.
2. Two simulation models, compiled in FORTRAN and C#, were used in this work.
It is suggested that these models could be built on a single software platform with
improved computational capacity to perform holistic flow simulations for longer
simulation periods. The user-interface could also be improved to obtain the
results more efficiently.
3. Flow simulation and tracing methods used in this work could be further developed
to extend the tracing of rainwater parcels from the roof surface upwards to the
gutter outlet. Also, the ‘complete mixing’ and ‘FIFO’ algorithms used for tracing
flow parcels across storage facilities could be improved to simulate stagnating
flow conditions. The header tank and its distribution pipework, and also the WC
and its cistern, were considered as single components in this study. However, if
necessary, they could be considered as separate components to establish residence
time within each element.
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Figure 2.1: Average household water consumption in the UK (%) [Source: Waterwise,
2012]
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Figure 2.2: Direct fed systems (a) rainwater harvesting (b) greywater recycling
[Source: CIBSE, 2005].

Figure 2.3: Indirect fed systems (a) rainwater harvesting (b) greywater recycling
[Source: CIBSE, 2005]
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Figure 3.1: Flow pathways of potable water, [source: Jack, 2008]

Figure 3.2: Flow pathways of rainwater, [source: Jack, 2008]
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Table 3-1: Design rainfall types (for surface water drains and sewers according to BS EN
752: 2017)
Design rainfall
Flat rate rainfall

Application
For small areas up to 4000m2 where ponding can be
tolerated. Intensity of 0.014 l/s.m2 is recommended.

Catchment

specific To be used with simple runoff calculation methods which

constant rate rainfall

assume full bore flow conditions.
a) For areas up to 4000 m2, event duration is to be used as
5 minutes. Event frequencies are to be selected based upon
risk category of the situation.
b) For areas up to 200ha or Tc* up to 15 minutesWallingford procedure is recommended to obtain rainfall
data for selected rainfall duration and frequency. Event
frequency depends on type of site and tolerable risk
category; the duration is taken as the Tc*.

Catchment

specific To be used with simulation models.

synthetic

rainfall

profile

Rainfall profile is created using Wallingford procedure for
specific frequencies and event durations.
System specific event durations to be selected, especially
with regard to available detention facilities.

Rainfall time series Events are selected from historical data, to be used with
data

simulation models.
More suitable for simulating systems with detention tanks.
Suitable to evaluate environmental impacts of discharge
from outfalls and combined sewer overflows.

*Tc- Time of concentration
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Table 3-2: Simulation models for local underground drainage systems
Method

Application/ remarks

Simple/ Empirical

Assumes uniform, steady flow for small schemes.
Travel time can be calculated using velocity at full bore flow.

Kinematic wave
method

For uniform, unsteady flow.
For initial design of large schemes

Dynamic wave

For non-uniform, unsteady flow with backwater, surcharging

method

conditions.
Performance under flooding conditions can be checked.

Model Inputs
(Rainfall,
System data) –
on Excel

FORTRAN source
code compiled in
FORTRAN compiler

Model Outputs
(location based flow
rate, velocity, flow
depth, pressure) – on
Excel

Figure 3.3: Structure of modified ROOFNET Model
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Table 3-3: Summary of studies
Study

(Liu

et

Purpose of study

Time

Simulation

step

period

al., Investigates the effect of greywater 10

2010)

Reasons for selection of time step, remarks on time step

10 years

Time step chosen based on data availability.

10 days

Daily time step is adequate for long term simulations to assess

residence time on water saving minutes
efficiency

(Makropoulos

Supports selection of strategies for 1 day

et al., 2008)

sustainable water management in new

sustainability for planning purposes

developments

Diurnal flow variations, flow hydraulics cannot be taken into
account.

(Mitchell et al., Simulates water flows in the urban 1 day

1, 4, 9 years Daily time step is adequate to check possible reuse options

2001)

(for

water cycle

verification)

Use of smaller time steps requires additional data
Daily time step cannot represent surface runoff flow routing
and hence was not studied.
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(Coombes and Investigates the benefits of RWH on 5

100 years

NA

Kuczera, 2003) supply water saving and stormwater minutes
management
(Fewkes

and Simulates water saving efficiency of 1 day

Wam, 2000)
(Sakellari
al., 2005)

rainwater tanks

15 years (at Diurnal variance of WC demand is not excessive.
least)

et Supports decision making for urban 1 day

NA

Daily time step is less flexible in representing diurnal and

water management using sustainable

seasonal demand and temporal variations in rainfall events

strategies
(Morales-

Technical,

economic

and 1 day

1 year

Pinzón et al., environmental evaluation of RWH
2015)

Diurnal variations in supply, demand, number of rainfall events
during a day and their durations are neglected.

systems

Use of a daily time step requires less computational time than
a smaller time step

(Palla et al., Evaluates water saving efficiency, 1 day
2011)

30, 50 years Assumes complete mixing in the storage tank and represents

overflow and detention time for RWH

the actual behaviour of the tank at the daily time step.

systems

Diurnal variations in water demand for WC flushing are
assumed to be negligible due to daily time step.
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Daily time step influences the selection of storage fraction for
accurately implementing behavioural models.
(Roebuck
al., 2011)

et Financial

assessment

of

RWH 1 day

50 years

systems
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Figure 4.1: Selected section of the framework for flow simulation
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Figure 4.2: Rainwater flow pathways-without any system modifications

Figure 4.3: Contribution of existing models and ‘Residence Time
Estimator’ for simulating a system with flow attenuation
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Figure 4.4: Contribution of existing models and ‘Residence Time Estimator’ for
simulating a system with RWH
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Figure 4.5: Simulation procedure of modified ROOFNET model
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Figure 4.6: Flow routing in modified ROOFNET model

Figure 4.7: Translating each co-ordinate in hydrograph based on the relevant travel time
through the pipe (leads to an error in mass continuity)
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Figure 4.8: Hydrograph translation method in DRAINET for vertical stack

Figure 4.9: Hydrograph translation in local underground drainage system
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Figure 4.10: Water levels of storage tank and header tank for flow balance
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Figure 4.11: Rainwater inflow to underground storage tank
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Figure 4.12: Stored rainwater and mains water inflow to header tank
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Table 4-1: New input variables added to the model
Variable
Type

of

storage

Unit
tank

collection system

Notes
i.e. only surcharge or total flow of LUD pipes In this study, the total pipe flow is collected in
the in-line storage tanks, but an option was
created (to be improved in the future) to collect,
if necessary, only the surcharge from the LUD
pipes.

Purpose of storage (for RWH

In order to decide whether to perform

or storm water attenuation)

calculations

for

RWH

or

storm

water

attenuation only
Type of distribution

System

pumping

rainwater

directly

to

appliances, or indirect where rainwater is
pumped to the overhead tank and distributed by
gravity
Initial volume of storage tank m3
Maximum volume of header m3
tank
Initial volume of header tank m3
% level of header tank
volume for switching on
pump
% level of header tank
volume

to

discontinue

pumping
% level of header tank
volume for mains water cut
in
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% level of header tank
volume for mains water cut
off
Pump flow rate

l/s

Pipe length from storage tank m
to header tank
Pipe diameter from storage m
tank to header tank
% minimum level of storage
volume for switching on
pump
Demand file number
Duration of demand file

For specifying non potable water demand
s

Number of time steps for s
demand file
Format of demand data

Demand data at regular or irregular time steps
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Figure 4.13: Tracing rainwater parcels in single pathways
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Figure 4.14: Flow tracing along downstream pipe of a junction

Figure 4.15: Flow balance in header tank
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Figure 5.1: System arrangement without modifications and the locations where model
results are obtained
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Figure 5.2: System arrangement with stormwater attenuation and the locations
where model results are obtained
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Figure 5.3: System arrangement with RWH and locations where the model results are
obtained
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Table 5-1: System and water usage data
Component

Data

Notes

Roof
Length

10 m

Width

5m

Slope

0.5

Manning roughness

0.01

Impermeable surface

Gutter
Section

100 mm x 75 mm

Length

10 m

Outlet is located in the
middle

Manning roughness

0.01

Downpipe
Length

4m

Diameter

75 mm

Roughness

0.06 mm

Surrounding ground
100 m2

Area

Impermeable

Gully
Size

150mm x 150mm

For Figure 1(a)- system without modifications
Pipe 1- length

7m

Pipe 1- diameter

75 mm

Pipe 2- length

2m

Pipe 2- diameter

100 mm

Pipe 3- length

11.5 m

Pipe 3- diameter

150 mm

Slope

0.017
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For Figure 1(b) - system with stormwater attenuation
Pipe 1- length

7m

Pipe 1- diameter

75 mm

Pipe 2- length

2m

Pipe 2- diameter

100 mm

Pipe 3- length

3m

Pipe 3- diameter

150 mm

Pipe 4- length

7m

Overflow pipe from
storage tank

Pipe 4- diameter

150 mm

Slope

0.017

For all pipes

Underground Storage Tank
Capacity

300 litres

For Figure 1(c) - system with RWH
Pipe 1- length

2.5 m

Pipe 1- diameter

75 mm

Pipe 2- length

1.5 m

Overflow pipe from
storage tank

Pipe 2- diameter

75 mm

Pipe 3- length

2m

Pipe 3- diameter

100 mm

Pipe 4- length

12.5 m

Pipe 4- diameter

150 mm

Slope

0.017

For all pipes

Underground Storage Tank
Capacity

1200 litres

Minimum water level for pumping

10% of capacity

(SMin)

Figure 4.10

Pump flow rate

116

4l/s

Assumed

(24litres/min)

flow rate

constant
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Pipe from storage tank to header tank

9m

- length
- diameter

25 mm

Header Tank
Capacity

125 litres

Water level to discontinue pumping

99% of

(POFF)

capacity

Water level for switching on pump

30% of

(PON)

capacity

Water level for mains water cut off

30% of

(MOFF)

capacity

Water level for mains water cut in

10% of

(MON)

capacity

Distribution flow rate from header tank

0.1 l/s

to WC

Figure 4.10
”
”
”
Assumed

constant

flow rate

WC cistern
Capacity

6 litres

Mains supply to header tank
Flow rate

0.1 l/s

Assumed
flow rate

Wastewater discharge pipe from WC
Length

5m

Diameter

100 mm

Slope

0.01
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Figure 5.4: WC usage pattern

Figure 5.5: WC discharge profile
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Figure 5.6: Design rainfall events

Table 5-2: Details of simulation scenarios

Pathway

(1) Without
modifications

Design rainfall
115.2 mm/hr for 2minM200
event
121 mm/h for M30-5 min
event

(Figure 5.1)

(2) With

(3) With

stormwater

RHW-

attenuation
(Figure 5.2)

(Figure 5.3)

Case A1

Case A2

Case A3

Case B1

Case B2

Case B3
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Figure 5.1: System outflow in case A1

Figure 6.2: Comparison of flow rates at gutter outlet, gully and system exit in case A1
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Figure 6.3: System outflow in case A2

Figure 6.4: System outflow in case A3 during the first hour
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Figure 6.5: Water consumption for WC usage in case A3

Figure 6.6: Flow conditions in case A3 during the 16th simulation hour
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Figure 6.7: Rainwater volume at gutter outlet calculated using Q-t files
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Table 6-1: Rainwater volume conveyed in Case A

Location

Recorded
rainwater
volume
(litres)

Proportion of
inflow
volume at
gutter outlet
(%)

Unaccounted rainwater
volume
(litres)

Location
compared
to

Case A1
Gutter

b

183

NA

NA

Pipe 3/ system
exit

e

180

98.4

3

Gutter

b′

183

NA

NA

Pipe 3/ Inlet to
storage tank

e′

180

98.4

3

Outlet from
storage tank

f′

99

54.1

NA

Pipe 4/ system
exit

g′

97

53.0

2

Gutter

b′′

183

NA

NA

Pipe 1/ Inlet to
storage tank

d′′

183

100.0

0

Outlet from
storage tank

e′′

61

33.3

NA

Inlet to header
tank

f′′

61

33.3

0

e′′

Inlet to WC
cistern

g′′

61

33.3

0

e′′

b

Case A2

b′

f′

Case A3
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Table 6-2: Wastewater discharge volume per each WC usage in cases A3 and B3
Wastewater volume
Location

(litres) from

Error (%)

hydrograph
0m downstream of drainage

6

NA

4.9

18.3

pipe (WC discharge)
5m downstream of drainage
pipe

Figure 6.8: Modified hydrograph at 5 meters downstream of WC
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Figure 6.9: Residence time of roof runoff in case A1

Figure 6.10: Roof runoff reaching the system exit in case A1
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Figure 6.11: Distribution of average residence time along the pathway in case A1

Figure 6.12: Residence time of roof runoff in case A2
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Figure 6.13: Roof runoff reaching the system exit in case A2

Figure 6.14: Distribution of average residence time along the pathway in case A2
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Figure 6.15: Flow balance in underground storage tank in case A3

Figure 6.16: Flow balance in header tank in case A3

129

Illustrations for Chapter 6

Figure 6.17: Water consumption for WC usage in case A3

Figure 6.18: Residence time of roof runoff in case A3
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Figure 6.19: Time required for roof runoff to reach system exit in case A3

Figure 6.20: Distribution of average residence time along the pathway in case A3
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Figure 6.21: Comparison of residence time of roof runoff for 2minM200 rainfall event

Figure 6.22: Residence time of rainwater in cases A1 and B1
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Figure 6.23: Roof runoff at system exit in cases A1 and B1

Figure 6.24: Distribution of residence time along the pathway in case A1 and B1
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Figure 6.25: Residence time of rainwater in cases A2 and B2

Figure 6.26: Roof runoff at system exit in cases A2 and B2
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Figure 6.27: Distribution of residence time along the pathway in case A2 and B2

Figure 6.28: Storage tank volumes during the last simulation hour in case B3
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Figure 6.29: Residence time of rainwater in cases A3 and B3

Figure 6.30: Time required for roof runoff to reach system exit in case A3 and B3
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Figure 6.31: Distribution of average residence time along the pathway in case CA3 and
F B3

Figure 6.32: Comparison of residence time of roof runoff for all cases
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