Monitoring of Storm Sewer Overflows
K. G. Lonsdale

A thesis submitted in partial fulfilment of

the requirements of

Sheffield Hallam University
for the Degree of Doctor of Philosophy

June 1994

Collaborating Organisations: Yorkshire Water Plc
& Water Research Centre



ACKNOWLEDGEMENTS

I would like to thank Mr Brian Nussey for his helpful supervision; Professor David
Balmforth, my Director of Studies for his support of the project, the enterprising
Sheffield Hallam University Sewer Entry Team, comprising Paul Flanagan, Les
Goodwin, Mark Nicol and Robert Skelton for their professionalism and humour;
Yorkshire Water Plc. and the Water Research Centre for their help with financial
matters and equipment ; Eamon Cox and others at the Department of Building Services,
Sheffield City Council for sewerage plans and overflow drawings; Mick Robinson and
others at Yorkshire Water Laboratory Services, Charlotte Road for analysing the bottle
samples; Dr Roger Jackson for advice on the statistical analysis; Ann Gordon for her
artistic advice; David Flatt and Howard Skipworth for their help with all computing
matters, my fellow research students for moral support and Gary Iveson, my anchor in
the storms, for his help with the collation of this report.



CONTENTS

Abstract

1.

1.1
1.2

13
1.4
1.5
1.5.1
1.5.2
1.5.3
1.5.4
1.5.5
1.5.6
1.5.7
1.6
1.6.1
1.6.2

163
1.7
1.8
1.9
1.10
1.11
1.11.1
1.11.2
1.11.3
1.11.4

2.1

2.1.1
212
2.13

214
2.15
22

221
222
223
224
2.25

23

INTRODUCTION

The Development of Present Day Sewerage Systems
The Legislation Relating to Storm Overflows and Their Pollution of the
Receiving Water
Computer Simulations for the Design of Sewerage Systems
Combined Sewer Overflows - Their Role and Performance
Combined Sewer Overflow Devices

Hole-in-Manhole

Leaping Weir

Low-Side Weir

High-Side Weir

Stilling Pond

Vortex

Storage Tank Overflow

The Problems Caused by Combined Sewer Overflows

The Setting
The Composition of Dry Weather Sewage and Storm Sewage in
Combined Sewer Systems
The Impact of Combined Storm Sewage on the Receiving Water
Introduction to the Present Study
Aims of the Present Study
Selection of Sites and Sampling Stations
Introduction to the Sites
Catchment Characteristics
Stilling Pond Site (Chesterfield Road)
High Side Weir (Dobcroft Road)
Low Side Weir (Retford Road)
High Side Weir (Leyburn Road)

LITERATURE REVIEW ON COMBINED SEWER OVERFLOW
PERFORMANCE STUDIES
Gross Solids Monitoring Methodology
A Method of Gross Solids Collection by Mutzner in Switzerland
The Gross Solids Monitor
Work by Jeffries and the Wastewater Research Group at Dundee
Institute of Technology
Artificial Surcharge Tests
Model Tests at Sheffield University
CSO Performance Studies
Field Studies on the Flow and Composition of Storm Sewage
Storm Overflow Performance Using Crude Sewage
CSO Performance Studies
CSO Monitoring Methodology
Description of Some of the Problems Encountered in CSO
Performance Monitoring
Comments on Previous Studies

Page

40

40
40
4]
41

43
44
44
44
45
46
48
51

52



3.1
32
33
33.1
332
333
334
3.4
34.1
342
343
344
35

4.

A
4.1
4.2
43
43.1
432
433
434

B.

4.4
44.1
44.1.1

44.1.2
4413
442

5.

A
5.1
5.1.1
5.1.2
5.13
52
5.2.1
522
53
5.3.1
532

DATA COLLECTION METHODS
The Sewer Entry Team
The Sewer Entry Team Van
Monitoring Equipment
Flow Monitors
Water Quality (Bottle) Samples
Gross Solid Samples
Raingauges
Positioning of the Equipment
The Stilling Pond
The High Side Weir (Dobcroft Road)
The Low Side Weir
The High Side Weir (Leyburn Road)
Maintenance

DATA ANALYSIS METHODS
Hydraulic Analysis
Measurement of the Chambers
Blocking Test
Measurement of Depth and Discharge
Stilling Pond Site
High Side Weir (Dobcroft Road)
Low Side Weir
High Side Weir (Leyburn Road)

Sample Analysis
Estimating Efficiency
Finely Suspended and Dissolved Material
Graphical Analysis

a. Graphs of Concentration and Inflow Against Time
b. Graphs of the Change in Incoming Load with Time

c. Graphs of the Change in Mass with Time

The Relationship Between the Inflow and Spill Samples

Correlation Between Sample Parameters
Gross Solids

RESULTS
Hydraulic Analysis
Blocking Tests
Stilling Pond Site
High Side Weir (Dobcroft Road)
High Side Weir (Leyburn Road)
STILLING POND SITE (CHESTERFIELD ROAD)
Producing the Calibration
Comparison with Theoretical Discharge Equations
HIGH SIDE WEIR SITE (DOBCROFT ROAD)
Producing the Calibration
Comparison with Theoretical Discharge Equations

53
33
53
53
53
57
59
59
61
61
61
62
62
62

64
64
64
64
65
65
70
71
71

72
72
72
73
73
73
75
75
78
79

81
81
81
81
81
85
85
85
85
93
93
95



5.4  LOW SIDE WEIR (RETFORD ROAD)
5.5 HIGH SIDE WEIR (LEYBURN ROAD)
5.5.1 Producing the Calibration

5.6 Dry Weather Flow Patterns

B. Sample Analysis

5.7  Monitoring Periods

5.8 Daily Sample Variation During Dry Weather
5.9  Estimating the Efficiency of the System
5.9.1 Water Quality (Bottle) Samples

592 Gross Solids

6. DISCUSSION

PART ONE. HYDRAULIC ANALYSIS

6.1 Comparison of Recommended and Actual Chamber Dimensions
6.2  Blocking Tests

6.2.1 Problems with the Blocking Tests

6.22 Recommendations for a Successful Blocking Test
6.3 Flow Records

6.3.1 Stilling Pond Site

6.3.2 High Side Weir (Dobcroft Road)

6.3.3 Low Side Weir

6.3.4 High Side Weir (Leyburn Road)

PART TWO. SAMPLE ANALYSIS
6.5  Daily Sample Value Variation During Dry Weather
6.6 Sample Values During Storm Events

6.7 Water Quality (Bottle) Samples
6.7.1 Graphs of the Parameter Concentrations and the Incoming Flow

6.7.2 Comparison of the Inflow and the Spill Parameter Values
6.7.2.1 Stilling Pond Site

6.72.2 High Side Weir (Dobcroft Road)

6.72.3 Low Side Weir

6.7.2.4 High Side Weir (Leyburn Road) -

6.7.2.5 Discussion of the t-Test Results

6.8 Parameter Loads

6.8.1 Graphical Representation

6.8.2 Tabulated Results

6.8.2.1 Dry Weather Flow : Storm Load Ratios

6.8.2.2 Loads From Inflow and Spill for the Same Time Period

6.9 The Effect of Various Factors on Sample Concentration and Load

6.9.1 Interrelationships Between Factors

692 The Influence of ADWP, Duration, Peak Intensity and Storm Depth
on the Storm Load

6.9.3 The Influence of Delay Time on the Load Spilled

6.10  Correlations Between Measured Parameters

6.10.1 Linear Regression

6.10.2 Multiple Regression (Linear Regression with More than One

Independent Variable)

95

104
104
114

114
114
114
123
123
162

186
186
186
187
187
188
189
189
189
191
191

192
192
192
194
194
195
196
196
196
196
196
197
197
198
198
199
200
201
201

206
206
206
211



6.11 The Composition of the Gross Solids Collected

6.11.1. Faecal Material

6.11.2 Sanitary Towels and Tampons

6.11.3 Thick Paper Towels

6.114 Miscellaneous Plastic Material

6.11.5 Leaves, Twigs & other Organic Material

6.11.6 Absorbent and Non-Absorbent Material

6.11.7 Material Adhering to the Mesh Bag ("Gunge")

6.11.8 General Comments on Gross Solids Composition

6.12  Estimating the Efficiency of the Systems

6.12.1 Gross Solids

6.12.1.1 Treatment Factors for the Total Load of Gross Solids at Each
Site

6.12.1.2 Treatment Factors for the Different Categories of Material

6.12.1.3 Gross Solids Distribution at the High Side Weir (Leyburn Road)

PART THREE = COMMENTS ON THE METHODOLOGY USED

6.13.1 Problems with the Flow Monitors

6.13.2 Problems with the Water Quality (Bottle) Samplers

6.13.3 Comments on the Water Quality (Bottle) Sample Method Used

6.13.4 Comments on the Sample Analysis

6.13.5 Comments on the Gross Solids Method Used

6.13.6 General Comments on the Methodology

7. CONCLUSIONS

7.1 Principal Conclusions

7.2 Detailed Conclusions

7.2.1 General

722 Site Specific

7.3 Recommendations

7.3.1 Recommendations for the Monitoring of Combined Sewer Overflows

732 Recommendations for Estimating the Pollution Performance of

Combined Sewer Overflows
7.4 Suggestions for Future Work

REFERENCES

APPENDIX 1. Scattergraphs
APPENDIX 2. Graphs of Bottle Sample Concentration and Inflow
APPENDIX 3. Relationships Between Measured Parameters

APPENDIX 4. Flow Types

212
212
213
214
214
214
215
215
216
216
216
216

217
217

221
222
222
223
224
226
227

229
229
229
229
231
231
231
232

232

234

2]
8]
94



1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11
1.12
1.13
1.14
1.15
1.16
1.17
1.18

2.1
3.1
3.2
3.3
4.1
4.2
43
4.4
4.5

4.6

5.1
5.2
5.3
5.4
5.5

5.6

FIGURES

Hole in Manhole

Leaping Weir

Low Side Weir

High Side Weir

Stilling Pond

Vortex with Central Spill

Vortex with Peripheral Spill

Storage Tank Overflow (on line)

Storage Tank Overflow (off line)

Plan and Cross Section of the Stilling Pond Site

Plan and Cross Section of the High Side Weir Site (Dobcroft Road)
Plan and Cross Section of the Low Side Weir

Plan and Cross Section of the High Side Weir Site (Leyburn Road)
Map of Sheffield Showing the Position of the Surveyed Sites

Map of the Chesterfield Road Catchment

Map of the Dobcroft Road Catchment

Map of the Retford Road Catchment

Map of the Leyburn Road Catchment

Hydrograph for Combined Sewer Overflow with No Storage

Flow Monitor Installation
Sirco Bottle Sampler
Raingauge

Graphical Illustration of Equation 4.3

Throttle Pipe Hydraulics
Theoretical Graph Showing First Foul Flush Effect

Theoretical Graph Illustrating the Possible Patterns for Sample

Concentrations Plotted Against Time

Theoretical Hydrograph Illustrating Possible Patterns for Sample Loads

Against Time

Theoretical Hydrograph Illustrating the Possible Patterns of Cumulative

Mass Plotted Against Time

Depth-Time Graph for the Stilling Pond Blocking Test

K.,=15 C=0.74

Relationship between the Depths Upstream and Downstream

of the Overflow During the Stilling Pond Blocking Test

Depth/Time Graph for the High Side Weir (Dobcroft Road) Blocking
Test on 4/12/91

Depth/Time Graph for the High Side Weir (Dobcroft Road) Blocking
Test on 26/2/92

Calculation of the Discharge Using Depth/Time from the Blocking Test

at the High Side Weir (Dobcroft Road)

Depth/Time Graph for the High Side Weir (Leyburn Road) Blocking Test

Page
10
10
i1
13
15
17
18
21
21
30
31
32
33
34
35
36
37
38

50
54

58
60

66

67
74
74
76

76

82

82



5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

5.21

5.22

5.23

5.24

5.25

5.26

5.27

5.28

5.29

5.30

Measured Continuation and Inflow for Storm on 27/2/91/ at

the Stilling Pond Site (Chesterfield Road)

Measured Continuation and Inflow for Storm on 15/6/91/ at

the Stilling Pond Site (Chesterfield Road)

Depth-Discharge Relationship for the Inflow Pipe at Discharges
with No Drowning of the Sensor (Chesterfield Road)

Inflow Pipe Depth Against Continuation Flow Discharge for the
Rising Stage (Chesterfield Road)

Inflow Pipe Depth Against Continuation Flow Discharge for the
Falling Stage (Chesterfield Road)

Stored Volumes Against Depth Above Continuation Invert at the
Chesterfield Road Site

Continuation Flow and Overflow Discharge Against Inflow
(Chesterfield Road)

Comparison of the Measured and Calibrated Inflow for the Storm
on 27/2/91 (Chesterfield Road)

Comparison of the Measured and Calibrated Inflow for the Storm
on 25/6/91 (Chesterfield Road)

Comparison of the Measured and Calibrated Inflow for the Storm
on 13/6/91 (Chesterfield Road)

Comparison of the Measured and Calibrated Inflow for the Storm
on 20/3/91 (Chesterfield Road)

Comparison of the Measured and Calibrated Inflow for the Storm
on 24/9/91 (Chesterfield Road)

Normal and Critical Depths for the Continuation Pipe at the Stilling
Pond Site (Chesterfield Road)

Depth-Discharge Graph for Calibrated and Theoretical Values
Showing Flow Types

Depth Offset for the Inflow Monitor at the High Side Weir
(Dobcroft Road)

Stored Volumes Against Depth above Continuation Invert at the
High Side Weir (Dobcroft Road)

Overflow Discharge Against Inlet Pipe Depth at the High Side Weir
(Dobcroft Road)

Continuation Flow and Overflow Discharge Against inflow at the
High Side Weir (Dobcroft Road)

Comparison of the Measured and Calibrated Inflow for the Storm
on 27/2/91 High Side Weir(Dobcroft Road)

Comparison of the Measured and Calibrated Inflow for the Storm
on 25/6/91 High Side Weir(Dobcroft Road)

Comparison of the Measured and Calibrated Inflow for the Storm
on 29/10/91 High Side Weir(Dobcroft Road)

Comparison of the Measured and Calibrated Inflow for the Storm
on 11/11/91 High Side Weir(Dobcroft Road)

Comparison of the Measured and Calibrated Inflow for the Storm
on 17/10/91 High Side Weir(Dobcroft Road)

Comparison of the Measured and Calibrated Inflow for the Storm
on 02/11/91 High Side Weir(Dobcroft Road)

86

86

87

87

88

88

89

89

90

90

91

91

92

92

94

94

96

96

97

97

98

98

99

99



5.31
5.32
5.33
534
5.35
5.36
5.37

5.38

5.39

5.40

5.41

5.42

5.43
5.44

545
546

5.47
5.48
5.49
5.50
5.50(i)
5.50(ii)
5.51

5.52
5.53

Comparison of the Measured and Calibrated Inflow for the Storm

on 04/11/91 High Side Weir(Dobcroft Road)

Comparison of the Measured and Calibrated Inflow for the Storm

on 18/11/91 High Side Weir(Dobcroft Road)

Graph Showing the Normal and Critical Depths for the Continuation

at the High Side Weir (Dobcroft Road)

Depths Offsets for the Inflow Monitor at the Low Side Weir

(Retford Road)

Logged Velocity/ Measured Velocity for the Inflow Monitor at the
Low Side Weir (Retford Road)

Depths Offsets for the Continuation Monitor at the Low Side Weir
(Retford Road)

Logged Velocity/ Measured Velocity for the Continuation Monitor at the
Low Side Weir (Retford Road)

Example of the Fit Between the Inflow and the Sum of the Continuation
Flow and the Spill Flow for the Storm on the 26/2/92 at the Low Side
Weir (Retford Road)

Example of the Fit Between the Inflow and the Sum of the Continuation
Flow and the Spill Flow for the Storm on the 19/11/92 at the Low Side
Weir (Retford Road)

Example of the Fit Between the Inflow and the Sum of the Continuation
Flow and the Spill Flow for the Storm on the 20/7/92 at the Low Side
Weir (Retford Road)

Example of the Fit Between the Inflow and the Sum of the Continuation
Flow and the Spill Flow for the Storm on the 21/7/92 at the Low Side
Weir (Retford Road)

The Relationship between the Continuation Flow and the Inflow for
Eleven Storms at the Retford Road Site

An Enlargement of Figure 5.42

The Relationship between the Overflow Discharge and the Inflow for
Eleven Storms at the Retford Road Site

An Enlargement of Figure 5.42

Depth Offset for the Inflow Monitor at the High Side Weir

(Leyburn Road)

Stored Volumes Against Depth above Continuation Invert at the

High Side Weir (Leyburn Road)

Relationship Between the Spill Flow and the Inflow into the Chamber

at the High Side Weir (Leyburn Road)

Comparison of Flows From the Two Spill Pipes at the High Side

Weir Site (Leyburn Road)

Depth/Discharge Scattergraph for the Inflow Monitor for all Storms with
Sample Data at the High Side Weir (Leyburn Road)

Comparison of the Measured and Calibrated Data for the Storm on

2/11 92 at the High Side Weir (Leyburn Road)

Comparison of the Measured and Calibrated Data for the Storm on

19/11 92 at the High Side Weir (Leyburn Road)

Dry Weather Flow at the Stilling Pond Site (Chesterfield Road)

Dry Weather Flow at the High Side Weir Site (Dobcroft Road)

Dry Weather Flow at the Low Side Weir Site (Retford Road)

100

100

101

102

102

103

103

105

105

106

106

107

107

108

108
109

109

111

111

112

113

113

115

116
117



5.54
3.55
5.56
5.57
5.58
5.59
5.60
5.61
5.62
5.63
5.64
5.65
5.66
5.67
5.68
5.69
5.70
5.71
3.72
35.73
5.74
5.75
5.76
5.77
5.78
5.79

5.80

Dry Weather Flow at the High Side Weir Site (Leyburn Road)
24-Hour Dry Weather Samples for the Stilling Pond Site

24-Hour Dry Weather Samples for the High Side Weir Site
(Dobcroft Road)

24-Hour Dry Weather Samples for the Low Side Weir Site

(Retford Road)

24-Hour Dry Weather Samples for the High Side Weir Site
(Leyburn Road)

Suspended Solids Concentration (Inflow & Spill Samples) and
Inflow for the Storm on 15th October 1990

Ash Concentration (Inflow & Spill Samples) and Inflow for the
Storm on 15th October 1990

BOD Concentration (Inflow & Spill Samples) and Inflow for the
Storm on 15th October 1990

COD Concentration (Inflow & Spill Samples) and Inflow for the
Storm on 15th October 1990

PH Value Variation (Inflow & Spill Samples) and Inflow for the
Storm on 15th October 1990

Conductivity Variation (Inflow & Spill Samples) and Inflow for the
Storm on 15th October 1990

Ammonia Concentration (Inflow & Spill Samples) and Inflow for the
Storm on 15th October 1990

Load of Suspended Solids Entering the Stilling Pond Overflow
Chamber (Chesterfield Road) for the Storm on 15th October 1990
Load of Ash Entering the Stilling Pond Overflow Chamber
(Chesterfield Road) for the Storm on 15th October 1990

Load of BOD Entering the Stilling Pond Overflow Chamber
(Chesterfield Road) for the Storm on 15th October 1990

Load of COD Entering the Stilling Pond Overflow Chamber
(Chesterfield Road) for the Storm on 15th October 1990

Load of Ammonia Entering the Stilling Pond Overflow Chamber
(Chesterfield Road) for the Storm on 15th October 1990
Cumulative Mass of Suspended Solids for the Storm on 15th
October 1990

Cumulative Mass of Ash for the Storm on 15th October 1990
Cumulative Mass of BOD for the Storm on 15th October 1990
Cumulative Mass of COD for the Storm on 15th October 1990
Cumulative Mass of Ammonia for the Storm on 15th October 199Q
Graph of Suspended Solids Concentration Against Ash Concentration
for all the Inflow Samples at Leyburn Road Site _
Graph of Suspended Solids Concentration Against BOD Concentration
for all the Inflow Samples at Leyburn Road Site _
Graph of Suspended Solids Concentration Against BOD Concentration
for all the Inflow Samples at Chesterfield Road Site

Graph of BOD Concentration Against COD Concentration for all the
Inflow Samples at Leyburn Road Site _
Graph of Suspended Solids Concentration Against Ash Concentration
for all the Spill Samples at Leyburn Road Site

118
119
120
121
122
125
125
126
126
127
127
128
128

129

129

130

130
131
131
132
132
133
158
158
159
159

160



5.81
5.82

5.83

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.15

6.16

6.17

6.18

6.19

6.20

6.21

Graph of Suspended Solids Concentration Against BOD Concentration
for all the Spill Samples at Leyburn Road Site

Graph of Suspended Solids Concentration Against COD Concentration
for all the Spill Samples at Leyburn Road Site

Graph of BOD Concentration Against COD Concentration for all

the Spill Samples at Leyburn Road Site

Overflow Discharge Against Inflow Pipe Depth for Values Calculated
Using Cd Obtained From Weir Profile Test and For Logged Values
at the Dobcroft High Side Weir

Test on the Dobcroft Road High Side Weir

Relationship Between the Storm Load of Suspended Solids and Peak
Rainfall Intensity at the Chesterfield Road Site

Relationship Between the Storm Load of Ash and Peak Rainfall
Intensity at the Chesterfield Road Site

Relationship Between the Storm Load of BOD and Peak Rainfall
Intensity at the Chesterfield Road Site

Relationship Between the Storm Load of COD and Peak Rainfall
Intensity at the Chesterfield Road Site

Relationship Between the Storm Load of Suspended Solids and
ADWEP at the Leyburn Road Site

Relationship Between the Storm Load of Ash and ADWP at the
Leyburn Road Site

Relationship Between the Storm Load of BOD and ADWP at the
Leyburn Road Site

Relationship Between the Spill Load of Suspended Sohds and
Delay Time and at the Dobcroft Road Site

Relationship Between the Spill Load of BOD and Delay Time

and at the Dobcroft Road Site

Relationship Between the Spill Load of COD and Delay Time

and at the Dobcroft Road Site

Relationship Between the Spill Load of Ammonia and Delay Time
and at the Dobcroft Road Site

Relationship Between the Spill Load of Suspended Solids and
Delay Time and at the Retford Road Site

Relationship Between the Spill Load of BOD and Delay Time

and at the Retford Road Site

Relationship Between the Spill Load of COD and Delay Time

and at the Retford Road Site

Relationship Between the Spill Load of Ammonia and Delay Time
and at the Retford Road Site

Relationship Between the Spill Load of Ammonia and Delay Time
and at the Leyburn Road Site

Position of the Gross Solids Mesh Bags on the High Side Weir
(Leyburn Road)

Graph Showing Weir Height Against Position of Gross Solids Mesh
Bags on the Weir at the High Side Weir (Leyburn Road)

Graph Showing Weir Height Against the Percentage of Total
Gross Solids for the Mesh Bags at Each Position

160

161

161

190

190
202
202
203
203
204
204

205

205

- 207

207

208

208

209

209

210

210

218

219

219



5.1
5.2
5.3
54
5.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12
5.13
5.14
5.15
5.16

5.17

5.18

5.19
5.20

5.21
5.22
5.23
524
525
5.26
5.27
5.28
5.29
5.30
5.31

5.32

TABLES

Monitoring Periods For the Different Sites
Land Use of the Catchments

Factors Used in the Retford Road Flow Adjustments
Monitoring Periods and the Number of Storms Monitored
Comparison of Dry Weather Flow and Storm Samples

t-Test Results for the Stilling Pond

t-Test Results for the High Side Weir (Dobcroft Road)

t-Test Results for the Low Side Weir (Retford Road)

t-Test Results for the High Side Weir (Leyburn Road)

Load Information for the Stilling Pond Site (Chesterfield Road)
Load Information for the High Side Weir Site (Dobcroft Road)
Load Information for the Low Side Weir Site (Retford Road)
Load Information for the High Side Weir Site (Dobcroft Road)
Rainfall Data for Storms at the Stilling Pond Site

Rainfall Data for Storms at the High Side Weir Site (Dobcroft Road)
Rainfall Data for Storms at the Low Side Weir Site

Rainfall Data for Storms at the High Side Weir Site (Leyburn Road)
Multiple Regression Equations for the Significant Relationships
for All Samples at Each Site

Collation of Multiple Regression Results at the Chesterfield
Road Inflow

Percentage Values at the Four Sites for the Different Categories
of Material Examined

Gross Solids Data for the Stilling Pond Site (Chesterfield Road)
Gross Solids Data for the Screens from the Stilling Pond Site
(Chesterfield Road)

Gross Solids Data for the High Side Weir Site (Dobcroft Road)
Gross Solids Data for the Low Side Weir Site (Retford Road)
Gross Solids Data for the High Side Weir Site (Leyburn Road)
Flow Data for the Storms From the Stilling Pond Site

Flow Data for the Storms From the High Side Weir Site
(Dobcroft Road)

Flow Data for the Storms From the Low Side Weir Site
(Retford Road)

Flow Data for the Storms From the High Side Weir Site
(Leyburn Road)

Efficiency in the Transport of Gross Solids at the

Stilling Pond Site

Efficiency of the Screens at the Stilling Pond Site

Treatment Factors for the Stilling Pond

Efficiency in the Transport of Gross Solids at the

High Side Weir Site (Dobcroft Road)

Treatment Factors for the High Side Weir Site (Dobcroft Road)

Page
29
29

104
114
124
134
135
136
138
140
143
146
150
153
154
155
157
163

165
169

170
171

172
173
173
174
175
176
177
178

179
180
181

182



533

5.34
5.35

5.36

6.1

6.2

6.3

6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12

Efficiency in the Transport of Gross Solids at the

Low Side Weir Site (Retford Road)

Treatment Factors for the Low Side Weir Site (Retford Road)
Efficiency in the Transport of Gross Solids at the

High Side Weir Site (Leyburn Road)

Treatment Factors for the High Side Weir Site (Leyburn Road)

Comparison of the Dimensions of Design and Surveyed

High Side Weir Chambers

Comparison of the Dimensions of Design and Surveyed

Stilling Pond Chambers

Sensitivity to Changes of the Inlet Discharge Coefficient
(Dobcroft Road)

Sensitivity to Changes of the Assumed Downstream Depth
Sensitivity to Errors in the Calibration (Leyburn Road)
Summary of Dry Weather Flow Samples

Summary of Visual Investigation of Concentration Graphs
Summary of t-Test Information

Summary of Visual Investigation of Load Graphs

Average Values of Storm:Dry Weather Flow Sample Investigation
Average Treatment Factors at Each Site for the Categories Used
Percentage Distribution of Gross Solids During Storm Events

at Leyburn Road

183

184
185

185

186

186

187

187
191
192
194
195
197
199
217
220



ABSTRACT

The poor quality of many receiving waters has been attributed to the frequent operation
of combined sewer overflows (C.S.0.s). As the existing need for overflow structures is
unlikely to change in the foreseeable future it is imperative that these deleterious effects
are minimised. The present study investigates the pollution performance of three
common overflow structure designs (the stilling pond, the double high side weir and the
double low side weir) and aims to institute a novel pollution monitoring methodology for
combined sewer overflows. Four sites in the central Sheffield area were monitored for
periods from 9 to 13 months (two high-side weirs, one low-side weir and a stilling pond).
Each overflow was monitored with continuous flow measurement equipment and bottle
samplers to obtain samples of sewage from the storm and dry weather flows. The bottle
samples were analysed for suspended solids (SS), ash, BOD, COD, pH, conductivity and
ammonia. Mesh bags and frames were also installed to trap the gross solids (solids with

a median size>6mm) from the inflow and the spill flow.

The stilling pond and the high side weirs were found to perform well hydraulically,
limiting the flow to treatment to a steady maximum. The low side weir performed
unsatisfactorily, hydraulically, as the flow to treatment rose as the incoming flow
increased and, for some storm conditions, a hydraulic jump formed towards the

downstream end of the chamber.

The first foul flush was regularly observed at the stilling pond and low side weir sites.
Peak concentrations for SS were found to be 600 times greater than the dry weather
flow for the same time of day. The first foul flush was rarely observed at the other sites.
For the majority of storms at each site the spill concentrations were of a similar
magnitude to the inflow sample concentrations. However for a large minority of SS,
BOD and COD samples, the concentrations of the spill samples were significantly less
than the inflow samples. t-Tests suggested that at the stilling pond and high side weir
sites there is a significant reduction in the spill sample concentrations for the water

quality (bottle) samples.

Although the load of material spilled during an overflow event was found to be small in
comparison to the inflow load, large amounts of material were spilled to the watercourse
during storm events at each of the sites investigated. The storm load entering the CSO
was found to be considerably influenced by peak intensity of the storm at the stilling
pond site and antecedent dry weather period at one of the high side weir sites. At the
other sites a number of hydrological factors were found to be influential e.g. duration. It
is thought that time of year may also be important factor as this influences the type of

rainfall (its duration and intensity).

The types of gross solid collected at each site were similar with leaf material and sanitary
towels consistently being the major items in terms of total mass. The efficiency of the
stilling pond and one of the high side weirs in retaining gross solids in the flow to
treatment appeared to be explained by the flow split although for 5 of 14 storms at the
stilling pond and 3 of 7 at the high side weir a treatment effect was observed. The
treatment factors at the low side weir were noticeably less than those for the other three
sites with all being less than unity (average 0.5). This suggests that the low side weir
preferentially discharges gross solid material over the weir. The treatment factors at the
other high side weir were low due to inadequate sampling of the spill flow.
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CHAPTER 1 INTRODUCTION

In this chapter a brief account of the history of sewage treatment and the sewerage
system is given. This is followed by a discussion on the origins of the combined sewer
overflow, their function in the sewerage system, the problems that they cause and

means of control .
1.1 The Development of Present Day Sewerage Systems

Sewers were originally constructed for the sole purpose of carrying rain water away
from built-up areas and arable land or orchards to prevent damage due to flooding. The
first legislation relating to this was ‘The Bill of Sewers' during the reign of Henry VIII in
1531 (Barty-King, 1992). These sewers were not designed to take solid material. Up
to the beginning of the Nineteenth century the main role of sewers was still to prevent
flooding and not to carry away dirty water and foul wastes.

Faecal material was primarily dealt with by privy-midden systems and cesspools. There
were a number of different designs although the basic structure consisted of a central
midden pit with privies (a plank seat with a hole in a small hut) to either side. The
excreta would run down the sloping side of the floor into the pit. The pits were
periodically dug out by scavengers who dried out the material and sold it as a fertiliser
(Stanbridge, 1976). Ashes, and later industrial wastes such as mill dust, were added to
the pits in an attempt to absorb the faecal material and render it inoffensive. The pits
could be made more permanent by lining them with bricks or stone. The linings
allowed some leakage so that the pits would not have to be emptied so often.
However, such leakage could result in the contamination of nearby sources of drinking

water.

The principal precipitating factor which lead to the gradual acceptance. of a water-
carriage system was the Industrial Revolution and the concomitant increase in the urban
population. In the first national census of 1801 the population of the country was 10
million with three million living in towns and cities. By 1851 the population was 20
million and 10 million of these lived in urban areas where there was an enormous
demand for labour from the new industries (Wylie, 1959). Many of these people were
living in appalling conditions in densely populated areas of the town. These conditions
are vividly described in Edwin Chadwick's "Report on the Sanitary Condition of the
Labouring Population of Great Britain" published in 1842, which had been written
following a tour of the country in his capacity as the head of the Royal Commission on
the Health of Large Towns and Populous Districts in England and Wales.

The privy-midden systems were not suitable for high densities of population. The need
to prevent the build up human waste in such areas was becoming apparent. The
stagnation of the material in cesspools and pits, built close to and sometimes under
houses, inevitably lead to noxious fumes. More seriously, a link between outbreaks of
diseases such as typhoid and cholera and water contaminated with human wastes had
recently been detected. Some means of removing these wastes from the urban areas

was urgently required.

Chadwick, proposed an arterial system of town drainage. He argued that the road
sewers which were then being used to take the overflow from cesspools and middens

had not been designed to carry solid material and as a result they were prone to



blocking or dumping the material where the gradients were not sufficiently steep. In
conjunction with the potter, Sir Henry Doulton, Chadwick developed vitrified fire-clay
pipes which could carry a much greater volume of flow. Also at this time, the engineer
John Roe designed the egg-shaped sewer which concentrated the base, dry weather
flow in the narrow channel at the bottom so that even when flows were low there
would be sufficient force to carry the solid wastes (White, 1970).

Many saw the water-carriage system as unnecessarily wasteful of water, which was not
always readily available. In the mid-Nineteenth century water was only piped to homes
that could afford it. The slum areas were dependent on water carriers and standpipes
that were only operational for one or two hours per day three days a week (Barty-King,
1992). The organisation of the water companies that were then supplying the water
would have to be radically altered to allow for the new system. Many of the smaller
companies were afraid that they would go out of business. Other objections included
the pollution of the water courses that would receive the foul flow and the loss of faecal

material as a fertiliser.

Such objections delayed rather than halted the reformers' campaign to sewer towns.
Large-scale building of sewers outside London began in the 1860's and the Sanitary Act
of 1866 gave the Government the power to take action against any local authority who
had received a complaint about the lack of sufficient sewers or the maintenance of
existing ones. In Sheffield, the conversion process began in the late 1880's. The
Sheffield Corporation Act of 1890 enabled the Council to compel the conversion of
insanitary middens to water closets. In 1893 there were 32,362 privy middens. By
1914 there were 7,450. Complete conversion to the water carriage system in Sheffield
is thought to have occurred in the late 1920's (Shaw, 1993)..

When the new sewers were built the water closets were connected directly to them.
The basis for the arrangement of the sewage pipes was laid down .by the Chief
Engineering Inspector to the General Board of Health, Robert Rawlinson. He
recommended that sewers should be laid with straight pipes between manholes,
manholes at each change of direction and lamp shafts at intervening points (Barty-King,
1992). These recommendations were adopted and are still being used today. The
original sewers had been laid along the principal streets to avoid interference with
public property (White, 1970). As the water became more polluted interceptor sewers
were constructed parallel to the water courses and the sewage was discharged

downstream of the town with some attempt at treatment.

The continued growth of towns meant that the sewerage systems often had to be
enlarged and extended to cope with the increases in flow and the expansion of the
urbanised area. Many towns and cities still have the remnants of piecemeal attempts to
relieve overloaded sewers. The excess could often only be relieved by the construction
of combined sewer overflows. The early overflows were often simply holes in the wall
of the sewer and often where the principal branches of the sewers connected with the
interceptor sewer or where newer sewers connected with older ones (Mercer, 1967).



Three distinct phases in the development of British sewerage systems have been
identified (Green, 1981):

1. The Nineteenth Century programme of construction brought about by the
awareness that waterborne diseases were causing epidemics. These still
make up a large part of older city centre systems.

2. First World War: Foul and surface water was separated into a two pipe system (the
"separate system"). This coincided with the development of urban estates on the
outskirts of cities and large towns.

3. Second World War: Another dramatic rise in the new sewer construction associated
with the development of “new" towns. The separate system was again used.

Although the separate system has been in use for over 50 years many of the sewers
constructed using it are in the upper reaches of older, combined systems. Green (1981)
estimates that only 10% of the present day systems are completely separate. The
advantages of this system are that all the foul is taken to treatment and there is no need
for storm overflows as all the rain water is discharged directly to a watercourse. The
disadvantage is that the runoff from streets and houses is often highly polluting (Payne,
1989; Cordery, 1976, Ellis, 1988). Also, the Scottish Development Department Report
in 1977 concluded that a few wrong connections of the foul and surface water pipes
would negate any potential benefits of the system.

1.2 The Legislation Relating to Storm Overflows and their Pollution of the
Receiving Water. '

In 1868 the second Royal Commission on River Pollution recognised the great effect
that rainfall had on sewage treatment and on river pollution (Stanbridge, 1970). The
Commission recommended that "unavoidable" overflow of storm water to rivers should
be permitted but emphasised that it was of utmost importance to keep this to a
minimum. The Rivers Pollution Prevention Act 1876, stated that it was an offence to
discharge sewage to a river and sewage treatment on land then became the usual

method. -

In 1898 the Royal (Iddesleigh) Commission on Sewage Disposal was set up and an
early report recommended that there should be "no discharge to a stream until the flow
has reached 6 times the dry weather flow (DWF). No precise definition of what was
meant by the "dry weather flow" was given but it was, at least, an attempt to calculate a
setting for overflows.

The Fifth Report of this Commission, published in 1908, recommended that:

"Storm overflows on branch sewers should be used sparingly, and should usually be set
SO as not to come into operation until the flow in the branch sewer is several times the
maximum normal dry weather flow in the sewer. No general rule can be laid down as
to the increase in the flow which should occur in the branch sewers before sewage is

allowed to pass away by the overflow untreated"



It was also recommended that in setting the overflow for storm sewage the general
principle should be "to prevent such an amount of unpurified sewage from passing over

the overflow as would cause nuisance".

Recommendations about the size of storm tanks at treatment works were also given in
this report. It was recommended that storm sewage over 3DWF should be screened
and diverted into storm tanks were some settlement would occur. These tanks would
have a capacity of 6 hours DWF. No direct discharge to the river was to be made until
these tanks were full and then only discharge of the effluent (after sedimentation).

In 1919 the Ministry of Health took over responsibility for sewerage and sewage
disposal from the Local Government Boards in London and Edinburgh. The "Ministry
of Health Requirements", based on the findings of the Royal Commission on Sewage
Disposal Reports, were devised and became the standards for sewer overflow design
for many years. The main requirement relating to sewer overflows was that they should
be designed so that discharge should not take place until a flow equal to 6 times the
DWEF was being passed to treatment.

The setting of an overflow is its fundamental design criterion. It influences both the
frequency of spill and the volume spilled to the receiving watercourse. Problems arose
because there was no clear definition of "dry weather flow". The population in many
urban areas continued to increase as did the per capita consumption of water. This
meant that the base flow in many sewerage systems set to spill at 6DWF were now
spilling prematurely. To investigate the problems brought about by storm discharges
the "Technical Committee on Storm Overflows and the Disposal of Storm Sewage was
appointed in 1955, :

Their Final Report was published in 1970. Of the 10,000 to 12,000 .overflows in
England and Wales they estimated that 37% were operating unsatisfactorily. The
Report confirmed the view that the custom of setting the overflow as a multiple of
DWF was unacceptable. It recommended the use of formulae for calculating the setting
of storm overflows on sewers. It was recommended that the setting would be better
expressed as a sum of two variables, the DWF and the surface water to be retained in

the sewer before overflow commences.
The setting of the overflow was expressed as:
Setting (Q) = DWF + 1360P + 2E litres/day
where: DWF is in litres/day
P is the population .
E is the volume of industrial effluents discharged in 24 hours

(litres/day)

The DWF is defined as the average daily rate of dry weather flow in dry weather and it
includes infiltration water and industrial effluents.



This was the standard formula or “Formula A" which was to be applied to all new
overflows except where the receiving water was unusually large (where the setting
could be increased) or small (where the setting should be decreased). In many cases,
the Formula A setting was very similar to the 6DWF setting.

The main objection to "Formula A" (which also applies to the fixed 6DWF setting) was
that it addresses the problem only from the standpoint of sewer design and took no
account of the capacity of the downstream system or the ability of the receiving water
to assimilate pollutant material.

The Jeger Working Party was appointed in the late 1960's to investigate the
reorganisation of sewage disposal. In their report in 1970 they proposed that water
supply, sewage disposal and the recreational use of water should be combined. The
1973 Water Act reorganised the water industry into 9 English Water Authorities and
one Welsh Authority. The areas of the authorities were based on river basin
catchments. Some consisted of just one catchment e.g. Thames and others consisted of
several catchments e.g. Yorkshire. They were the statutory authorities responsible for
the provision of surface water drainage. They were responsible for the design,
financing and maintenance of the drainage services and had a statutory duty to evaluate

future needs and invest for the future.

Now that the river basins were under the control of one authority the collection and
interpretation of river basin data became much easier. It was also possible to take stock
of the condition of the sewerage systems. This process lead to the publication of the
Sewer Rehabilitation Manual in 1983 and, in 1986, the River Basin Management
Programme was initiated to provide "the necessary tools and methodology to allow
objective and rational upgrading of deficient sewer systems" in the U.K. (Clifforde et al,
1986). It was recognised that research was urgently required to determine the extent
and form of the contamination of the receiving water. It was also necessary to design
new overflow structures, or improve the old designs, to minimise pollution discharges.

The Water Act of 1989 created the National Rivers Authority (N.R.A.) and transferred
to it the pollution control function of the former Water Authorities. The Discharge
Consents and Compliance Group was set up by the N.R.A. at its first meeting in 1989
to "review the way in which discharge consents for all discharges are set; the
appropriate levels of compliance for different types of discharger and the way in which
compliance with these consents is assessed and monitored". All discharges from
C.S5.0.s now require a consent from the N.R.A.. Applications for new consents require
detailed information on the flows, contaminants, treatment measures and site plans. In
an increasing number of cases environmental impact assessments could also be required

(Morris, 1991; N.R.A_| 1990).



1.3 Computer Simulations for the Design of Sewerage Systems

Computer models to simulate the chemical and biological effects of acute and chronic
pollution resulting from combined sewer discharges are now being developed (Crabtree
et al, 1988; Eadon & Williams, 1988; Beck et al, 1988; Payne et al, 1990; Wishart et al,
1990). These simulations, such as QUALSOC or CARP, can be used in place of
traditional sewer system design methods when used in conjunction with existing
hydraulic simulations. The new simulations are limited by uncertainties as to how
overflows operate with respect to their hydraulic and pollution performance and the
need for suitable data for verification.

1.4 Combined Sewer Overflows - Their Role and Performance

During heavy rain the volume of surface water entering the combined sewerage system
is many times greater than that of dry weather flow (DWF). Storm treatment works
have traditionally been designed to treat up to 3DWF during storm events and to divert
a further 3DWF to specially built storm tanks with a joint capacity of 6 hours DWF. It
is considered impracticable and uneconomic to build treatment works that are capable
of treating the full storm discharge, or to provide sufficient storage at the works to
retain the full volume of storm sewage for treatment at a slower rate. Very dilute
sewage is also harder to treat using modern biological processes e.g. the activated

sludge process.

It is also considered impracticable and uneconomic to build sewers capable of carrying
the full storm discharge to the treatment works. Average storm flow volumes in the
UK. are between 40-150DWF (Lester, 1967). Any volume in excess of 6DWF must
be allowed to escape from the sewerage system to prevent surcharging, backing up,
overflowing and causing possible flooding. Combined sewer overflows are thus
incorporated into the sewerage system to relieve this excess flow. The original theory
was that the overflow will only discharge when the flow in the sewer is diluted by large
volumes of storm water and the resulting mixture will thus not be polluting. Also, as
the receiving water course would be swollen by the rain, the dry weather flow would be
diluted still further. This analysis has proved to be too simplistic.

The Technical Committee on Storm Overflows and the Disposal of Storm Sewage Final
Report (Ministry of Housing and Local Government, 1970) presented five general
design recommendations that each overflow chamber should achieve.

1. The overflow should not come into operation until the prescribed flow is passed to
treatment.

2. The flow to treatment should not increase significantly as the amount of overflowed
storm sewage is increased.

3. The maximum amount of polluting material should be passed to treatment.

4. The design of the overflow should avoid any complication likely to lead to unreliable
performance.



5. The chamber should be designed so as to minimise turbulence and the risk of
blockage; it should be self-cleaning and require a minimum of attendance and
maintenance

Other desirable features for a combined sewer overflow include :
i The overflow should be fully automatic.
1 Construction costs should be kept to a minimum.

iii The overflow should not take up much land (this is especially important in
densely populated areas).

v The chamber should be constructed from non-corrosive materials.
v The chamber should have a working life of over 30 years.

vi The setting of the overflow should be appropriate to the location.
vii The chamber should have proper ventilation and safe access.

1.5 COMBINED SEWER OVERFLOW DEVICES

The older designs simply gave hydraulic relief to avert the surcharging of sewers and
minimise the risk of flooding. Such designs included:

- Leaping weir
- Hole in Manhole
- Low Side Weir

With these designs it was often not possible to achieve the proper hydraulic control
required to satisfy at least the first two of the general design recommendations
suggested by the Technical Committee on Storm Overflows and the Disposal of
Sewage which were quoted in Section 1.4.

In order to ensure that the overflow operates to the desired setting the outlet should be
throttled in some way (using an orifice plate, a penstock, or a throttle pipe). The
overflow weir should also be set above the centreline of the incoming sewer. This
should encourage a gentle controlled motion in the incoming flow and thus ensure a
predictable first spill and the required regulation of the flow to treatment (Balmforth,

1986). Designs that achieve these criteria include:

- high sided weir
- stilling pond
- swirl/vortex chamber



It is also important to ensure that the velocity of the incoming flow is low (but not so
low that it allows suspended material to sediment out in the sewer pipes). The greater
the velocity of flow within the pipe the lower the efficiency of the chamber. The
Scottish Development Department Final Report, 1977 suggested that the best
performances occurred when the inlet pipe is long and straight and velocities are as
small as possible.

The overall efficiency of a C.S.0. chamber is also dependent on the terminal velocity
distribution of the particulate matter in the storm sewage passing through it. The
Scottish Development Department Final Report stated that if the proportion of particles
with low terminal velocities is high the proportion of material that is passed on to
treatment will tend to the flow ratio. A brief description of the different designs

follows.

1.5.1 Hole in Manhole

This is the simplest device (see Figurel.1). It consists of no more than a diversion pipe
set in the wall of a manhole chamber at some distance above the invert of the main
channel. Excess storm sewage is allowed to spill to the nearest watercourse if the level
in the manhole rises above the bottom of the introduced pipe.

1.5.2 Leaping Weir

The leaping weir consists of a trough or sometimes just a large hole in the bottom of the
sewer pipe (see Figure 1.2). In dry weather the sewage drops through the hole into a
lower pipe which continues on to the treatment works.  As the flow increases at the
onset of storm flow some of the flow has enough momentum to 'leap’ across the gap.
This flow is discharged to the water course. In some designs the length of the gap was
adjustable. One of the main problems with this design is that the gap often becomes
bridged by materials in the flow so that the overflow spills in dry weather.

There is no control of the flow in either of these two designs. Also, no account was
taken of the need to restrict polluting material. These types of overflow are often not
able to provide sufficient relief. As the flow in the sewers increased, due to an increase
in urbanisation and per capita consumption, other overflows had to be introduced near
to the existing structures in order to supply the necessary relief for the system. These
types of overflow are no longer constructed although a number of them in are still in

operation,
1.5.3 Low Side Weir

In this design the sewage flows along a channel (which may be tapered) to the outlet of
the overflow chamber (see Figure 1.3). The height of the weir crest is less than half the
diameter of the inlet pipe. The weir can be either single or double sided. The early
types of weir had low weirs crests and the downstream sewer was the same size as the
upstream pipe. In later designs the height of the weir was increased and a throttle
control downstream of the weir was incorporated. Scumboards or dip plates were fixed
near to the weir(s) to restrain the floatable material in the flow from passing over the

welr.



\\\§q

o
7 ) 7
T = = = g Spil b
g 7
2 %
] %
] %
Z ¢
'"""(WL —b —_— Gpntinuation Flow
Figure 1.1 Hole in Manhole
Adjusteble Pips
7 Z
7 g
Inflow —XT ] — Sl
U )
&
]

> /
i k s mrot;ghﬂow

SIS N7

Figure 1.2 Leaping Weir

N

10



Z %

/ Scumboards

g / \ 2

5 N
s U\g o
AN Y e
o T A

ww\\ e
TR T T T T

4

\\ \\\

nflow  —
—#»=  Coatlnuation

NN N N

i/
///7///M//

N

Spl

PLAN VIEW

Figure 1.3 Low Side Weir

11



Low side weirs tend to exhibit poor hydraulic control during storm events. A
drawdown of the flow occurs as the flow increases above a certain level. This causes
the level of the flow above the weir to diminish along the length of the weir. This
encourages an increasing proportion of the flow to continue on to the treatment works.
A secondary, longitudinal roller flow also occurs which is responsible for passing
settleable solids over the weir. Such poor hydraulic control is undesirable as it is not
possible to restrain the flow to a steady maximum.

The most important limiting factors affecting the proportion of flow that is spilled are
the crest height and the setting of the downstream throttle (if present). The discharge
will be increased if the crest is lowered or if the effect of throttling is increased. If the
crest is lowered too much there is a risk of premature spilling. At low flows the
inclusion of scumboards or dip plates seem to be detrimental. At higher flows the effect
is rarely beneficial and often negligible. The operation of the low side weir has been
shown by many to be unsatisfactory both in terms of the hydraulic performance and its
ability to restrict suspended material from passing over the weir (Ackers et al, 1967,
Min. Housing and Local Govt., 1970).

1.5.4 High Side Weir

This is a rectangular chamber with high, single or double crested weirs to the side of a
central dry weather flow channel (see Figure 1.4). The weir crest is designed to be
above the mid-point of the incoming sewer. There is a throttle on the throughflow pipe
that ensures that flow in the chamber can be restricted to the required setting and that
there will be 2 minimal increase in the flow to treatment after the first spill. There are a
number of methods of calculating the optimal length of the weir for a given site for the
design flow rate (De Marchi, 1934; Balmforth & Sarginson, 1978; Delo & Saul, 1985).

Delo and Saul (1985) outlined a series of design requirements for a high side weir to
maximise the efficiency of the chamber with respect to its ability to separate and pass on
the maximum polluting load to treatment. They investigated the solids separation
performance of a laboratory scale model of a high side weir which could be easily
modified to give various configurations. Each configuration was tested under steady
flow conditions and plastic particles were used to represent the sewage particles. The
main conclusions of their work were:

1. The chamber dimensions and entry conditions to the chamber should create a
uniform flow zone in which the particulate matter is encouraged to separate. An
oversized inlet pipe or a rectangular section stilling zone should be provided. The
length of the stilling zone should be as long as is practically possible and not less
than four times the diameter of the inlet pipe. Manholes and changes of direction
of the sewer immediately upstream of the chamber should be avoided if at all

possible.

2. Chamber efficiency is a function of head over the weir and consequently the we'ir
length should be as long as possible. Double side weirs are thus preferable to single

side weirs although they are more expensive.

12
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3. The weir height should be as high as possible and not less than 0.7D. Little
improvement in performance is achieved with weir heights greater than 0.9D.

4. Scumboards should be incorporated into the overflow design to prevent the
discharge of floating material over the weir.

5. A small retention volume should be provided downstream of the weirs primarily for
the collection of floating particulate retained by the scumboards.

6. The inlet and the throttle pipe should be centrally located along the longitudinal axis
of the chamber.

The high side weir has been shown to give good hydraulic control (Balmforth &
Sarginson, 1978). The solids separating efficiencies are almost as good as those
resulting from the stilling pond overflow for scale model tests. The high side weir was
recommended by the Technical Committee on Storm Overflows and the Disposal of
Storm Sewage (1970) as being an adequately efficient and cost-effective design. It is
still considered to be a reliable design although now dynamic designs and stilling ponds
are more popular for new overflow constructions.

1.5.4 Stilling Pond

The stilling pond was developed by Sharpe and Kirkbride in the late 1950's specifically
to provide good separation and retention of gross solids (defined as material where the
median size of the particle is greater than 6 millimeters (Green, 1991)). The stilling
pond is a rectangular tank with an end weir (or sometimes a siphon). A scumboard is
fitted parallel to the weir. A throttle is provided on the continuation pipe (see Fig. 1.5).
The chamber is designed to provide a suitable flow pattern in the chamber to allow
sufficient time for the separation of suspended material. Dense particles in the storm
sewage sink and are entrained into the continuation flow. Floating material rises and is
trapped in the chamber by a scumboard and reverse surface currents until the flow
subsides and the depth of storm sewage in the chamber is reduced to that of the dry
weather flow. The trapped material is then passed forward to treatment.

Sharpe and Kirkbride made five basic recommendations for the efficient operation of
stilling ponds in their report in 1959.

1. The chamber must be of adequate length and the downstream velocities low enough
to allow the floating bodies to reach the surface upstream of the scumboard.

2. A tranquil area or areas should exist within the chamber as far as possible from the
scumboard where the separated floating bodies can congregate and be stored
until the storm has subsided.

3. Surface flow conditions should naturally carry all floating bodies to the tranquil
storage area.

4. The water velocities in the chamber should not be so high that they remove the
floating bodies once they have reached the tranquil zone.

14
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5. The inlet velocity and the downstream velocity should not be high enough to lift the
heavy bodies up and over the weir.

The length of the chamber has a large influence on the performance of the chamber.
Sharpe and Kirkbride recommended design dimensions for optimal performance in their
paper in 1959. More recent work by Saul (1977) and Balmforth (1982) suggests that
an extended stilling pond design is more effective in separating the suspended material
in the flow. Saul (1986) comments that increasing the length of the chamber upto a
maximum of 9D (D is the diameter of the inlet pipe) resulted in an improvement in
efficiency over the whole range of particulate terminal velocities.

Increasing the width of the chamber above 2.5D did not appear to show any significant
change in the gross solids separation characteristics of the chamber although increasing
the width does increase the storage available and thus reduces the frequency of
overflow operation.

The stilling pond has been widely used in new installations as it is relatively cheap to
construct and gives a reliable performance. It was also recommended by the Technical
Committee in 1970 in their Final Report. The separation of solids has been shown to be
higher in the stilling pond than the high side weir for similarly sized chambers.

1.5.5 Vortex

The idea of using the vortex motion of storm sewage to separate suspended material
and to act as a hydraulic control in a combined sewer overflow was first devised by
Bernard Smisson in 1932 in Bristol (Smisson, 1967). In 1963 two such devices were
constructed in Bristol. His son, Robert Smisson, has continued to promote the use of
vortex separators under the name of "hydrodynamic separator". Several have now been
tested and are currently being successfully used as C.S.0. devices.

In the Smisson design the vortex is formed in a cylindrical chamber with a central spill
(see Figure 1.6). A complex flow pattern forms with a circular motion and the
development of separate vortices around the wall and near to the central column. The
separation of solids relies on the action of centrifugal forces. Denser particulates settle
at the bottom and are drawn into the centre by secondary currents. Lighter particulates
tend to rise to the surface in the middle of the chamber.

The vortex concept was taken up in the U.S.A. A "Swirl-Concentrator" design was
developed by Field (Field, 1974). This had some success in U.S.A. although it was
thought not to be a suitable design for British sewerage systems due to the greater ratio
of storm to foul sewage in the storm sewage in this country.

In the early 1980's Balmforth and others at Sheffield City Polytechnic developed a
vortex design with the weir on the circumference of a circular chamber (Wardle, 1976;
Winder, 1976; Brown, 1977; Balmforth, Lea & Sarginson, 1984). This was known as a
"vortex with peripheral spill" (see Figure 1.7). Using model tests Balmforth and Lea
produced a design which induced a forced vortex in the incoming flow which was found
to be more effective in separating suspended material than the free vortex created in
earlier designs.
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The vortex concept has also been used in Germany. In 1984 Brombach designed a
vortex separator with which he hoped to "fill the technical gap between storm
overflows and storm overflow tanks" (Brombach, 1987). In model tests, using a 4m
diameter structure and polystyrene granules to represent suspended material, only 6.3%
of the outflowing water going to the treatment works, was found to contain 60% of the
“polluting material" (the polystyrene granules). It was calculated that a conventional
side weir overflow would have to be three to four times greater in volume to achieve

the same efficiency.

The efficiency of the different designs in retaining gross solids has been investigated in a
number of studies (Smisson, 1989; Lockley, Hedges & Martin, 1989, Cootes, 1990).
Cootes in a three year study of a vortex with peripheral spill found that the structure
performed well hydraulically. The continuation flow did not increase significantly after
first spill. The chamber was found to concentrate gross solids (rags, tissues, sticks etc.)
in the foul flow reducing the concentration of such objects in the flow by 20-40%
compared with that in the inflow during storms with flows up to twice that required to
spill. The estimated pollutant load retained in the foul flow was 60-95% of that

entering the chamber.

The results of various studies using the hydrodynamic separator were summarised by
Robert Smisson in 1991. Monitoring had demonstrated that 46-60% of the mass of
suspended solids and 35-69% of the biochemical oxygen demand entering during a
storm event is retained in the throughflow and passed forward to treatment. They also
found that there was a 5-45% reduction in dissolved contaminants such a nitrates.

A comparison of the performance of a vortex with peripheral spill, a stilling pond, an
expanded stilling pond and a high side weir, using plastic particulates to represent the
gross polluting solids, was conducted by Balmforth using his own data and data from
other studies (Balmforth, 1990). The three designs were found to operate equally well
hydraulically. The vortex was found to give the best separating efficiency. However a
drop in invert of 1.5D is required thus limiting the number of sites at which it can be
installed. Balmforth concludes that there is no single best type of overflow and that the
choice will largely depend on the topography of the construction site. -

1.5.6 Storage Tank Overflows (S.T.0.)

Extra storage in the sewerage system can be provided by covered concrete tanks below
ground or the inclusion of oversize pipes known as tank sewers.

The advantages of S.T.O.s are described by Saul and Murrell (Saul & Murrell, 1986):

- the alleviation of downstream flooding

- a delay in the onset of first spill

- a reduced frequency of overflow

- a reduced volume of combined sewage spilled

- a reduction in the pollutant load discharged to the watercourse



They can also be effective in retaining the 'first foul flush' (see Section 1.6.2) although
some means of calculating the storage volume required to retain the first foul flush must
be determined. Hedley and King investigated the provision of storage at overflows to
protect watercourses against severe summer storms (Hedley & King, 1971). They
found that for very intense storms most of the excess BOD (approximately 90%) is
carried off in the time of concentration or just longer than this. They argue that for a
design storm the peak runoff occurs, usually, when flow is being received from all parts
of the drainage area including the most remote. It can be assumed that at this time after
the start of the storm, all the sewers and impervious areas will have been flushed clean
so that from that time on the foul sewage will simply be being diluted. Thus retention
of the storm sewage longer than the time of the peak runoff is unnecessary.

Storm tanks can be "on-line" or "off-line". The two configurations are illustrated in
Figures 1.8 and 1.9. A number of trials of storm tanks especially in the North West of
England, have shown storm tanks to be an efficient and cost effective means of
reducing the load of pollutant material entering the watercourse (Saul & Murrell,
1986). A study in Littleborough, near Rochdale, investigated the performance of a
1500m3 storage tank that had been installed to replace the eight existing C.S.0.s. A
report of this study written 12 months after it was commissioned suggests that the
upstream river quality had improved and the new overflow discharged less frequently
than had been predicted (Davis & Parkinson, 1991).

1.6  The Problems Caused by Combined Sewer Overflows

In many urban areas there has been a significant increase in the water consumption per
head of population since many of the C.S.0. settings were proposed. An increase in
urbanisation is usually associated with an increase in the proportion of the impervious
areas. This gives rise to flashier storm runoff, a reduced time of concentration and a
larger volume of runoff reaching the sewerage system. These factors, along with higher
dry weather flows, have considerably increased the volume of flow in the sewers since
they were constructed. Many overflows spill before their design setting and some even
in dry weather. The poor design of many of the original sewers has led to the
deposition of silt in the pipes thus reducing the hydraulic capability of the system still
further and leading to premature overflow (Water Research Centre, 1983).

Several reports in recent years have published data on the approximate number of
unsatisfactorily operating combined sewer overflows. In 1970 Technical Committee on
Storm Overflows and the Disposal of Storm Sewage published the results of their
survey conducted among the then River Boards. The River Boards were asked for
information on all the known overflows in their respective areas. From this it was
estimated that there were 10,000-12,000 overflows in England and Wales and that 37%

of these overflows were operating unsatisfactorily.

In 1974 the Scottish Development Department sent out a questionnaire to 234 Water
Authorities in Scotland asking them to state the size, number and type of overflows in
their area and to state whether they were operating satisfactorily or not. The results
suggested that 20% (423 overflows) were operating unsatisfactorily.
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During the privatisation of the Water Industry it was found that these earlier estimates
of the number of storm overflows was rather low and that a figure of 21,000 was more
realistic (O'Sullivan, 1990). Morris (1991), quotes a figure of 22,000 for the number
of combined sewer overflow consents inherited by the National Rivers Authority. He
also comments that several estimates of the problem have been made and that 25-30%
of all combined sewer overflows are considered to be unsatisfactory i.e. 5,500-6,600

combined sewer overflows in England and Wales.

Shuttleworth (1986) in his review of the state of rivers and sewers in Britain encourages
us to take such estimates with a pinch of salt. He quotes an example of the number of
unsatisfactory C.S.0O.s in Yorkshire. Having investigated three separate documents he
noticed that although the total number of C.S.0.s were the same the number of
unsatisfactory overflows varied considerably. This was put down to the absence of a
precise definition of "unsatisfactory". Several definitions have been used in the past. A
~ collation of the main reasons for describing a C.S.0. as unsatisfactory are as follows:

1. It causes or contributes to a change in the river classification (maybe in
combination with a group of overflows) i.e. it has an adverse effect on the biotic

environment surrounding the site.

2. There has been a history of complaints at the site e.g. reports of the stranding of
objectionable solids in the vicinity of the overflow, odour problems.

3. The overflow operates in dry weather.
4. The overflow operates too frequently in wet weather.
5. The overflow does not spill a large enough volume to provide sufficient relief

for the downstream sewerage system.

6. The overflow chamber is structurally unsound.

7. Access to the chamber is difficult or dangerous.

8. The overflow discharges into an amenity area where the public health risk is
high.

Figures published in the most recent survey of "The Quality of Rivers, Canals and
Estuaries in England and Wales" published by the National Rivers Authority in 1991,
state that the water quality in the Yorkshire region has deteriorated since 1985 (5% of
the classified river length has been downgraded). Most of the problems are said to be
as a result of sewage discharges and sewage effluent. In the same year it was estimated
that 21% of the poor quality of the River Aire (Yorkshire) could be attributable to
prematurely operating or inadequate C.S.0.s (Morris, 1991). In 1989 there were over
250 serious reported pollution incidents caused by storm overflow discharges in
England and Wales. Thus, although it may be hard to define the exact number of
unsatisfactory overflows, it can be seen that the problem is quite a significant one.
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In the late 1960's the gradual replacement of combined systems with separate systems
was seen as a reasonable solution to this problem (Klein, 1966). It now seems that this
view is unrealistic. The combined parts of the sewerage systems tend to be in the older,
more built-up parts of towns and cities were large-scale disruption of major roads
would be costly and inconvenient. The need for overflows within the drainage system

is not likely to change in the foreseeable future.

1.6.1 The Setting

The setting of an overflow is its fundamental design criterion influencing both the
frequency of spill and the volume spilled to the receiving watercourse. The following
factors should be taken into account to ensure that the correct setting is chosen.

- the composition of the dry weather flow
- the capacity of the downstream sewer and treatment works
- the impact on the receiving water (from a physical and a biological viewpoint)

- the current and proposed river quality objectives

1.6.2 The Composition of the Dry Weather Sewage and Storm Sewage
in Combined Sewer Systems

When sewage flow is mainly domestic dry weather flow it may be defined as “the
average daily flow to treatment during seven consecutive days without rain (excluding a
period which includes a public holiday or local holidays) during which rainfall is not
above 0.25mm on any one day". With industrial sewage the definition is based on five
working days (Aspinwall, 1981). In order to gain as representative a picture as possible
one set of samples should be taken in the summer and one in the winter.

Dry weather sewage is a complex mixture of natural inorganic and organic materials
with a small proportion of synthetic substances. The strength of dry weather sewage
depends on such factors as the per capita water consumption, the amount of infiltration
occurring in the catchment and the time of day. Peaks of urea and ammonia are
discernible in the early morning and late at night, reflecting the habits of the population.
The peak concentration of parameters such as BOD generally occur in the middle of the
morning although this depends on the length of the sewers and the nature of the
sewered area (Gray, 1989). It is generally found that the larger the catchment the

smaller the diurnal concentration fluctuations.

N
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The pollutant concentrations of combined storm sewage are inherently variable.
Reasons for the recorded differences in combined storm sewage discharge
concentrations have been given in a number of studies (Hogland, 1984; Ellis, 1988;
Thornton & Saul, 1987; Lester, 1967, Field, 1974, Tucker & Mortimer, 1978;
Lindholm, 1984; Lessard & Lavallee, 1984):

- characteristics of the rainfall (intensity, duration, total volume, time to first spill)

- the amount of pollutant that has accumulated in the sewer pipes and the
overflow chamber (related to the age of the sewerage network, its state
of repair etc.)

. the length of the antecedent dry weather period

- total volume of runoff

- scouring ability of the flow

- the dry weather sewage characteristics

- the possibility of solids deposition during storm events

- time of day

- land use

- proportion of the catchment that is impervious

- topography of the catchment

The "first foul flush" phenomenon can be defined as a peak of pollutant concentration in
advance of the peak flow. This was known about at the beginning of this century. The
Third Report of the Royal Commission of 1868, who were investigating the best means
of preventing the pollution of rivers, notes that "chemical analysis shows that storm
water, so far at least as its earlier portions are concerned, is more polluting that dry
weather sewage, owing to old deposits in the sewers being swept to the outfall". Since
this time the phenomenon has been recorded by numerous other workers (Harremoes,
1992; Thornton & Saul, 1987; Eckhoff et al, 1969; Tucker & Mortimer, 1978).

The occurrence and timing of such a flush of pollutants is highly variable. Work done
by Geiger (1984) suggests that the first foul flush only occurs about 25% of the time. It
is usually ascribed to the removal of materials accumulated in the sewerage system since
the previous storm event. Thornton and Saul found that 50-60% of the poliutant load
originated from the accumulation of material on the sewer pipe walls and from
deposited sediments in the pipes. Eckhoff et al, (1969) identified three phases of
pollutant concentration in sewerage systems in the U.S.

1. initial stage : the combined sewage strength is analogous to the dry weather
flow

2. middle stage : the combined sewage pollutant concentrations increase above
those of the dry weather flow (values of 125-200% are given)

3. final stage : the combined sewage strength diminishes to become dilute sewage

(10-25% of the strength of the dry weather flow)

The initial phase is not often described in the U.K. Ellis reports that the initial flush,
when it occurs, can be equivalent or greater than the dry weather flow but that it rapidly
declines until a delayed pollutant wave is received, thought to be due to fresh material
entering the drainage system from the roads and paved surfaces. This delayed wave can
be up to three hours behind (Ellis, 1982; Ellis,1986). Harremoes (1984) reports that in
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Danish experiments 60% (+/- 10%) of the mass was passed when only 50% of the
water had passed over the weir. Canadian experiments found that the peak flow and
the peak concentrations during 9 events were usually coincident (Lessard & Lavallee,
1984). This was thought to be because the catchment was quite steep and there were no
deposition problems in the sewerage system. Many report that where the first foul flush
occurs it approximates to the time of concentration of the sewerage system (Hedley &

King, 1971; Ellis, 1979).
1.6.3 The Impact of Combined Storm Sewage on the Receiving Water

Combined sewer overflows discharge intermittently. It is estimated that some 35% of
the total annual pollutant load discharged to receiving waters in the U.K. comes from
C.8.0.s and storm water overflows which only operate 2-3% of the time (Ellis, 1986).
Chemical analyses can only give a limited view of the effect of a storm sewage
discharge on the receiving watercourse. Only the state of the water at a single point in
time is recorded. Intermittent discharges may easily be missed by routine (weekly or
even daily sampling). An effluent which changes the ecology of a river is said to be
polluting. One that leaves the biota unaffected is seen as acceptable (Chandler, 1970).
Thus, in one situation a watercourse with a recorded BOD of Smg/l may be seen as
extremely polluted in one situation e.g. where flow is sluggish but the same pollution
level in another situation, e.g. a fast flowing stream, may be perfectly acceptable.

Any investigation into the effects of a combined sewer overflow discharge on the flora
and fauna of the receiving watercourse is extremely complex. This is due to the
diversity of the chemicals in the sewage and the complexities of the interactions
between the hydrosphere, geosphere and biosphere (Lockwood, 1976). This makes it
difficult, if not impossible, to analyse the different inputs separately.

LC50 tests are used to examine the tolerance of a given animal species to different
concentrations of a pollutant under laboratory conditions (it is the concentration which
causes the death of 50% of the sample). However, this method will not take account of
the varying concentrations that would occur in the watercourse or different stages in
the life cycle of the animal. It will also miss effects that may only be obvious at the
population or ecosystem level (Lijklema et al, 1988). Biological -sampling, by
macroinvertebrate surveys or experiments with caged indicator species in the flow
(Seager & Abrahams, 1989) can give an assessment of the quality of the watercourse
over a much longer period of time and should be carried out in conjunction with a
chemical survey in order to obtain a full assessment of the river water quality.

The impact of the discharge of combined storm sewage can be divided into two main
effects:

an acute effect: an immediate toxic effect at the point of discharge
2. a chronic effect: due to the settlement of discharged solids which may exert an
influence on the sediment/water boundary or be resuspended after being

disturbed

—
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The immediate effect is often an increase in the BOD and suspended solids
concentration of the receiving watercourse. The concentration of dissolved oxygen is
then reduced. Where there is exposure to high concentrations of BOD or where the
exposure is for a prolonged duration then the dissolved oxygen may be reduced to such
an extent that the biological condition of the river is disrupted, maybe irreversibly. It
may also detract from the value of any abstracted water. Low oxygen concentrations
are associated with fish kills, putrefaction and if prolonged the death of the entire flora
and fauna of the watercourse (Mason, 1991; Klein, 1957). The immediate toxic effect
will also include any inorganic materials or metal ions discharged. The severity of any
effects will depend on the bioavailability of the material.

The chronic effects, due to the prolonged exposure to low concentrations of pollutants,
are thought to be more significant for intermittent storm overflow discharges (Lijklema
et al, 1988). It is estimated that 35% of the total potential oxygen demand from a spill
event is exerted as a delayed chronic demand by the bed sediment and that only 4% is
exerted in the water column during the spill event (Harremoes, 1992). The solids are
considered to be the main vectors of pollution in storm water discharges. Chebbo and
his colleagues report that 69% of the hydrocarbon compounds are adsorbed by particles
that are >250um. Finer particles (<50um), adsorb 52-68% of the COD and BOD
pollutant load. While solids that are between 50-250um gather 60% of the solid
nitrogen pollution (Chebbo et al, 1990). The sediment downstream of an overflow may
be 10-50 times more contaminated that the sediment upstream (Villeneuve & Lavallee,

1986).

The addition of enhanced concentrations of nutrients, specifically nitrogen and
phosphorus, may result in the stimulation of plant growth, especially the growth of algal
blooms and species such as Spaerotilus natans. (sewage fungus) which is often found in
the vicinity of unsatisfactory storm overflows. It exudes a gelatinous substance which
act as a filter to trap large amounts of fine particulate matter which will later be

returned to the water (Ellis, 1982).

A study on the effects of combined sewer overflows on the ecology of the receiving
waters in Switzerland concluded that an important direct effect on ecology was an
increased flow velocity and a related erosion of the benthos and turnover of the
sediment material (Gujer & Krejci, 1987). This erosion of the benthos contributed to
the loss of the self-purification capacity of the receiving watercourses. This study also
found that, except for fish, the fauna can tolerate fairly high concentrations of ammonia
with acute effect, and also, low dissolved oxygen concentrations over short periods
(hours) as the transport in these organisms is usually by slow diffusion rather than fast
exchange at blood vessels.

Other problems include caused by storm overflows include:

- the release of unpleasant odours

- the washout of organisms

- an increase in the turbidity of the water (leading to a reduction in primary

productivity)
- a reduction in the aesthetic value of the site
- a reduction in biodiversity (as only pollution tolerant species can survive)
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1.7 Introduction to the Present Study

The need for overflows within the drainage system is not likely to change in the
foreseeable future. Research is urgently required to determine the extent and form of
the contamination of the receiving water and to investigate new designs of overflow or
improvements to the old designs. Early investigations into the pollution performance of
C.5.0/'s tended to be confined to model tests using plastic particulate to represent the
sewage solids (e.g. Ackers et al, 1967, Frederick & Markland, 1967, Balmforth, 1978).
Model tests are still used to test new designs of overflow (Smisson, 1989; Lockley et al,
1989). Such tests are useful as the make it possible to compare the performance of
different types of overflow under similar conditions. There are, however, obvious
limitations to this technique as the solids used are unlikely to be wholly representative
of those found in field conditions.

There is still a dearth of information concerning how the common overflow structures
actually operate with respect to dissolved, finely suspended and gross solids in the field
(Shuttleworth, 1986). However, with the advent of more reliable monitoring and
sampling equipment, flow and water quality surveys have become more feasible. It has
been recognised that the major portion of the polluting material is held in the dissolved
and finely suspended solids fraction (Ministry of Housing and Local Government, 1970;
Jeffries, 1992). However, it is the presence of gross, aesthetically objectionable
material that is most obvious and offensive to the public and which gives rise to the
majority of the complaints received by the N.R.A.. This is apparent in the form of
plastics, sanitary towels and condoms etc. strewn on the banks of the receiving
watercourses. It has been recognised that research is needed in order to ascertain the
gross solids removal efficiencies in the field for the various types of overflow device

commonly in use (O'Sullivan, 1990).

The present study attempts to address this need. Certain overflow designs have been
monitored and reported on elsewhere (Cootes, 1990 (vortex with peripheral spill);
Smisson, 1989 (hydrodynamic separator); Jeffries, 1989 (hydrodynamic separator)).
For this reason these types of overflow are not included in this study.

1.8 Aims of the Study

This study sets out to investigate the performance of three common combined sewer
overflow designs (stilling pond, high-side weir and low-side weir) and more specifically:

1. to determine the hydraulic character of each overflow chamber investigated and
thus the frequency and spill volume of storm sewage to the receiving
watercourses.

2. to establish the pollution performance of each overflow chamber on the
transport of pollutants during storm events, with particular reference to
aesthetically objectionable material.

3. to institute a novel monitoring methodology to evaluate the hydraulic and
pollution performance of common overflow designs.
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4. to investigate the correlation between pollutants in storm sewage.

1.9  Selection of Sites and Sampling Stations

Potential study sites were identified in consultation with the Local Authority (Sheffield
City Council, Department of Building Services). Safety is obviously a prime
consideration. A site was not chosen if there was any history of poisonous gases in the
chamber or local sewers or toxic discharges upstream. Many of the characteristics of a
suitable chamber can be assessed from their maps and plans. However, many a
potentially suitable site has had to be abandoned as a result of the preliminary site visit.

During this visit the suitability of the sites were assessed according to the following
criteria:

1. Accessibility

* distance to Sheffield Hallam University

*  position of the chamber access manholes with regard to road traffic,
pedestrians etc.

potential for leaving a trailer or cabinet to store non-intrinsically

safe equipment

*

N

Safety
proximity of the outfall to the watercourse and the potential for
lifting upstream manhole during site visits for ventilation purposes
build up of silt in the dry weather flow channel
evidence of rats (carriers of Weil's disease)

*

*

W

. Age and State of Repair of the Chamber

4. Vandalism of Equipment

(V)]

. Installation of Equipment

* installation of data loggers to accurately record flow data for the -
inflow, spill flow and/or continuation

* installation of frames for the collection of gross solids from the
inflow and spill

* sufficient space to allow easy access to the equipment during the

weekly maintenance and cleaning visits

Once the above criteria for a site were satisfied it was obviously important to obtain as
much information about the catchment and local sewerage as possible to ensure that the
overflow does spill regularly.  Ideally, a thorough computer analysis should be
undertaken before the start of the monitoring period. This would provide information
about the frequency of operation of the overflow, whether the storm water backed up
along the inflow pipe and thus the most suitable positions for the flow monitors and
other equipment. Some of this information could also be picked up during a
preliminary survey period at the site and observations taken during storm events.
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1.10  Introduction to the Sites

Four sites were investigated; a stilling pond with 15mm mechanically raked bar screen
(Chesterfield Road), a double-sided low-side weir with dip plates (Retford Road), and
two double-sided high-side weirs without dip plates (Dobcroft Road and Leyburn -
Road). The monitoring periods for the four sites are shown in Table 1.1.

Table 1.1 Monitoring Periods For the Different Sites

Type of Overflow | Location Monitoring Period Duration
(months)
Stilling Pond Chesterfield Road Sept. 1990 to July 1991 11
High-Side Weir Dobcroft Road Jan. 1991 to Jan. 1992 12
Low-Side Weir Retford Road Nov. 1991 to Dec. 1992 13
High-Side Weir Leyburn Road Oct. 1992 to Mar 1993 6

The duration of the monitoring at the high-side weir in Leyburn Road was restricted on
two counts. Firstly there were delays in obtaining replacement intrinsically safe
samplers, and secondly the sewer was found to be heavily silted. The desilting was not
completed until mid-September. Plans of the four sites giving the chamber dimensions
are given in Figures 1.10 to 1.13.

1.11  Catchment Characteristics

The four study sites were all within five miles radius of the city centre (see Figure 1.14).
The catchments tended to be reasonably steep with areas ranging in size from 57.8 to
160 hectares. All the sites were predominantly residential and in each there was a high
percentage (approx. 64%) of impervious area. Significant industrial activity was only
found on one site (Retford Road). Maps of the catchment areas are given in Figures
1.15 to 1.18. The general site characteristics are given in Table 1.2.

Table 1.2 Land Use of the Catchments

Site % Land Use

Residential | Highway | Open Industrial | Commercial
Chesterfield Road 70.4 10.9 16.2 1.8 0.7
Dobcroft Road 61.2 10.4 28.4 - -
Leyburn Road 70.0 9.8 20.0 - 0.3
Retford Road 68.7 12.9 11.9 6.1 0.4

1.11.1 Stilling Pond Site (Chesterfield Road).

The storm overflow chamber is situated in the car park of the Arnold Laver D.LY.
Warehouse off Chesterfield Road. It is approximately 1.5 miles from the city centre
(see Figure 1.14). The catchment is reasonably large (85.4 hectares) and predominantly
residential. The "open" area includes allotments and city parks, the largest of which is
Meersbrook Park. Although the catchment is very steep in some parts, as a whole, the
fall is only 136m over its 2.4 km length (I in 17.6).
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Figure 1.14 Map of Shefffield Showing the Position of the Surveyed Sites



Figure 115 Map of the Chesterfield Road Catchment
(Scale: 1:12,000)



Figure 1.16 Map of the Dobcroft Road Catchment
(Scale: 1:12,000)



Figure 1.17 Map of the Retford Road Catchment
{Scale: 1:12,000)



Figure 1.18 Map of the Leyburn Road Catchment
(Scale 112,000)
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1.11.2 High Side Weir Site (Dobcroft Road)

The overflow chamber is situated in Dobcroft Road near to its junction with Abbeydale
Road South. The access manhole is in the grass verge on the side of the road. The site
is approximately 3 miles Southwest of the city centre (see map of the catchments
positions, Figure 1.14). The area of the catchment was estimated to be 160 hectares.

The Dobcroft Road catchment is the largest of all the sites investigated. Like the other
sites it is also mainly residential. It is the only site that has no commercial or industrial
activity within its drainage area. It also has the largest proportion of "open land"
(28%). This open area is dominated by a park in the middle of the catchment, although
there are also a reasonable number of smaller parks and allotments. The catchment has
a fairly consistent slope, falling 135m over its 2.3km length (1 in 17).

1.11.3 Low Side Weir Site (Retford Road)

This chamber is situated at the side of Retford Road opposite its junction with
Beaverhill Road, approximately 4 miles east from the city centre (see Figure 1.14).

The catchment area is estimated to be 58 hectares. This is the smallest catchment
monitored. It has the largest proportion of area devoted to industrial activities (the
Chesterfield Road site being the only other one with any industrial activity), although
this only amounts to 6.1% of the area. It also has the smallest proportion of open
ground. The proportion of land in residential use is very similar to the other sites. The
slope of the catchment is 175m over its 1.05km length (1 in 6). This makes this the
steepest overall of all the catchments monitored.

1.11.4 High Side Weir Site (Leyburn Road)

The chamber is situated at the far end of a cul-de-sac off the Abbeydale Road
approximately 2 miles south of the city centre. The two outfall pipes discharge directly
into the River Sheaf which runs at right angles to the end of the road. The catchment
area was calculated to be 103.5 hectares (the second largest area). The proportion of
land in the residential land use category is the largest. There is a small amount of area
devoted to commercial enterprise in the catchment but there is no industrial activity.
The open area is taken up by small areas of grass, fields or allotments at various parts of
the catchment, rather than one large park as was the case at the other sites monitored.

It falls 75m over its 1800m length.




CHAPTER 2 LITERATURE REVIEW ON COMBINED SEWER
OVERFLOW PERFORMANCE STUDIES

This chapter presents detailed accounts of the most directly relevant previous research.
As monitoring of the pollution performance of combined sewer overflows is a
reletively new area for research, much of the work described has been carried out
recently. Particular attention has been given to the ways in which gross solids and the
water samples have been collected and the methodologies for obtaining accurate
hydraulic and pollution data for combined sewer overflows. The terminology used
here and the opinions expressed are those of the particular author referenced.

2.1 Gross Solids Monitoring Methodology

2.1.1 A Method of Gross Solids Collection by Mutzner in Switzerland
(Mutzner, 1987).

An experiment, conducted one summer by the author, was described. The aim of the
study was to find out how long after an CSO event gross solids were still visible on the
banks of the receiving watercourses and also, how far downstream from the overflow
they were still present. The duration of the overflow event was recorded and gross
polluting solids were collected from the banks of the streams as far downstream as

they were found to occur.
The main results of the survey can be summarised as follows:

- Gross solids that were captured on bushes remain visible (and therefore
offensive to the public) much longer than gross solids that were discharged on
to the grassy banks where they soon became covered.

- The density of gross solids on the bank decreased continually with distance
from the overflow.

- The larger the gross solids load discharged from the overflow the further
downstream the gross solids were found. -

- Gross solids were recovered at some considerable distance downstream from
the overflow structure. A willow tree 800m from the overflow received the

heaviest pollution.

- No relationship between the amount of pollution and the antecedent dry
weather period (ADWP), time of day, overflow duration, overflow volume or
maximum discharge (calculated from the rain records) was apparent.

Mutzner concluded that problems due to the visibility of gross solids on riverbanks
was not likely to be solved by increasing the volume of stormwater that received full
treatment. He recommended that new combined overflow structures should be
designed which would be more effective at concentrating gross solids in the flow to be

passed to treatment.
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2.1.2 The Gross Solids Monitor (Cootes, 1990)

The gross solids monitor was developed at the Water Research Centre as a means of
estimating the gross solids in the inflow and spill flow of an overflow chamber. The
monitor records videos of samples of sewage flowing past a window. From these it is
possible to count the number of large particles in the flow and thus get an estimate of

the total number of large solids (greater than 3mm).

The monitor requires a large peristaltic pump to pull the sewage up from the chamber
through a 100mm diameter hose. This sewage is then passed through a steel tube with
transparent sections on both the top and the bottom. These sections are illuminated
from below with near infra red illumination and viewed from above by a video camera
sensitive to this radiation. Any objects in the flow appear as dark shadows on the
video image. By counting the shadows it was possible to get an estimation of the
quantities of the large objects in the flow.

In the study referred to a vortex overflow with peripheral spill was monitored using
the gross solids monitor. It was found to operate quite reliably producing fairly clear
video images. The shadows only became obscured when the sewage was very turbid.
Automatic image analysis of the videos was attempted but had to be abandoned due to
the difficulty that the monitor had in isolating valid particles and distinguishing them
from the edges of bubbles. More advanced computer systems and improvements in the
clarity of the image (better lighting and cameras) and bubble traps were suggested as
ways of improving the system so that automatic analysis would be possible.

2.1.3 Work by Jeffries and The Wastewater Research Group at Dundee
Institute of Technology (Jeffries & Dickson, 1990; Jeflries, 1992)

Much of Jeffries recent work has been on ways to estimate the performance combined
sewer systems particularly with respect to the discharge of gross solids. In the earlier
paper Jeffries described a method, similar to that used by Mutzner, of collecting the
visible solids on the banks of the receiving watercourse immediately downstream of the
overflow. He noted that this method was rather subjective and dependent on the time
at which the survey was carried out. The site used in this study had the advantage that
it was dry for significant periods between discharges, thus material could be collected
from the stream bed and the lateral vegetation. A 20m stretch downstream of the
overflow was surveyed.

This method was used to collect material from 21 events during the study period. The
results indicated that the overflow (a hydrodynamic separator) performed well in the
handling of these visible solids. The great majority of the material (all but two floating
solids) was made up of plastic and paper strips which were found to be approximately
neutrally buoyant. It was thought that such material would be difficult to separate
without the use of fine screens. A positive correlation between the number of solids
collected and the volume of sewage discharged was calculated.
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The later paper described a project in which Jeffries compared three methods of
collecting gross solids data.

1. Trash Traps

This was devised as a passive method of trapping visible solids. One or more screens
were set horizontally just below the discharge from an overflow weir. The trap
intercepted gross solids (faecal matter, sanitary towels, condoms etc.) and also much
smaller particles (shredded paper, foodstuffs, fat particles etc.). Blinding was found to
be an occasional problem, due to the mesh being covered by a layer of sodden tissue
paper. When this occurred the results were ignored as flow was found to pass over
the trap carrying gross solids with it.

2. The Gross Solids Sampler

The gross solid sampler was developed by the Water Research Centre having
recognised that there was a dearth of information on the behaviour of gross solids at
combined sewer overflows ( Walsh, 1990). The prototype sampler was used in this
study. The sampler had been built inside a standard ISO container. It consisted of a
peristaltic pump with two 100mm diameter suction and delivery hoses. Sampling was
initiated by an ultrasonic sensor, situated above the overflow, when the water level
rises at the beginning of a storm. Both the inlet and the spill flow were sampled and
the samples were discharged into "Copasac" mesh bags in two bins. ("Copasacs are
woven polypropylene bags with variable mesh sizes. The size used here was 4-6mm.)
Any gross solids collected were thus held in the mesh bags.

A single bulked sample was taken in each operating cycle. This bulked sample could
consist of up to 20 samples although if the water level had dropped sufficiently before
20 samples had been taken then the sampler automatically shut off.

3. Visible Solids

A survey of the banks and bed of the receiving stream was undertaken after an
overflow event (as described above). Visible Solids were described as "material which
is identifiably sewage in origin and would be noticed by the casual observer walking on
the riverbank". Jeffries stated that this material was in effect plastic and paper strips
which had virtually neutral buoyancy. This material was similar to the material
retained on screens in sewers.

A project was set up at two sites in the Fife Region of Eastern Scotland to compare
the different methods. The gross solids from a hydrodynamic separator and a stilling
pond were investigated. Flow rates and volumes of flow in the sewer were also

determined.

No correlation was found to exist between the number of visible solids in the stream
and the spill volume or peak flow rate. A correlation between the number of visible
solids and the antecedent dry weather period (ADWP) was found. The ADWP was
defined in this project as "the greatest time between periods of filling, although not

necessarily causing overflow and spill”.
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Eighty-two percent of the visible solids on the trash traps were made up of plastic and
paper strips. The remaining 18% comprised faecal matter, plastic sticks and condoms
in equal proportions. Good correlations were obtained for the number of visible solids
and the mass collected on the trash trap. Correlations between the mass of trash

collected and the volume spilled were poor.

The hydrodynamic separator was found to give significantly better removal of visible
solids than the stilling pond. This may be expected due to the difference in their

relative size.

Relationships between the number of visible solids (VisNo) discharged and the mass of
the total suspended solids (MTSS) discharged were calculated:

Stilling Pond VisNo =0.15 x MTSS + 11

Hydrodynamic Separator
VisNo =0.75 x MTSS + 55

The gross solids sampler was installed at the stilling pond site for six months during
which time 22 storms were sampled. In 14 of these events no measurable weight of
material was recorded on the overflow sacks. In most of the events a small amount of
material (predominantly paper and plastic strips) was recovered. On visual
examination the material was found to comprise 50% faecal material and 50% tampons
and associated plastic material. Virtually no condoms or plastic sticks were recovered.

Event loads were calculated for gross solids (LGSS) and total suspended solids
(LTSS). The following relationship was determined:

LGSS = 0.005 x e**"759)

This relationship was found to apply to both the inlet and the spill data. It is proposed
that this relationship would be convenient for estimating the gross solids from a

catchment.
2.1.4 Artificial Surcharge Tests (Lockley et al, 1989; Smisson, 1990)

In such tests permission is granted to pump water into the inflow pipe upstream of the
overflow structure to artificially induce an overflow event. The obvious advantage of
this is that the timing of the event can be controlled (i.e it happens between 9a.m. and
5p.m. on a weekday) and it is possible to witness the operation. In the examples
quoted here this procedure was used to investigate the performance of hydrodynamic
separators with respect to gross solids.

1. The James Bridge Site, near Birmingham. (Lockley et al, 1989).

During the surcharge test a large amount of floatable material was injected into the
inlet. This material included 200 oranges and approximately 100 pieces of wood and
plastic. Nets were placed across the overflow and an observer was stationed in the
overflow chamber. Only two pieces of wood and one piece of plastic were observed in
the overflow, no oranges were seen. The average flow rate during the test was 34l/s.

43



2 The Lochgelly Site, Fife. (Smisson, 1990).

This is a twin "Storm King" installation i.e there are two hydrodynamic separators at
the site. Material was inserted into the middle of the flow by using a 2m long (50mm

diameter) pipe at two locations at the site.

a. Location A : at the inlet to the system (upstream from both overflow devices)
b. Location B : at the inlet to the second overflow.

At location A, 100 condoms and 400 plastic sticks in a range of sizes were inserted.
At location B, 50 condoms and 200 sticks were inserted. For the duration of the test a
mesh covered both outlets to prevent any of the injected solids, or any sewage present
in the dry weather flow , from being discharged.

None of the inserted tracer material was discharged via the overflow during the test.
Also, no identifiable sewage solids greater than 3mm were collected by the mesh

material.
2.1.5 Model Tests at Sheffield University (Ruff, 1992)

Experiments are currently being made to accurately compare the gross solid pollutant
retention performance of four types of CSO using scale models with similar storage
volumes. The four types being tested are the Stilling Pond (an extended and a Sharpe
and Kirkbride design), the High Side Weir, the Vortex and the Hydrodynamic
Separator. Particulate (untied condoms, pant liners, pant liner release tapes and cotton
buds) were introduced manually into the system 6.5m upstream of the overflow
chamber for various steady inflows.

For all the chambers tested to date (the high side weir and the two stilling ponds) the
efficiency of the overflows in retaining the gross solids in the flow to treatment
increased with a reduction in inflow. The retention performance of the extended
stilling pond was far superior to the Sharpe and Kirkbride stilling pond at low and mid
flow but the same at the high flow (120l/s). The Sharpe and Kirkbride stilling pond
performed better than the single high side weir at all the flows tested. -The effect of
changing the chamber configurations from the recommended dimensions was to
significantly reduce the retention efficiency.

2.2 CSO Performance Studies

2.2.1 Field Studies on the Flow and Composition of Storm Sewage
(Davidson and Gameson, 1967)

This was one of the earliest studies to investigate the pollution performance of
combined sewer overflows. A five year study of three catchments, with double low
side weir overflow structures, was undertaken with samples being collected between
February 1960 and January 1964. Samples of storm sewage and dry weather flow
were taken as well as continuous rainfall logging. Flow was recorded using stilling
chambers and measuring flumes or from depth measurements after calibration by salt-

velocity or salt dilution methods.
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Samples were taken manually and automatically at each site. The automatic sampler
was initiated by an increase in flow or depth at the beginning of the storm. Samples
were taken every 5 minutes for the first hour, and then hourly until the end of the
storm or until the 36 sample bottles were filled. The samples were usually examined
for 5-Day biochemical oxygen demand (BOD), permanganate value, suspended solids
and ammoniacal nitrogen. Many were also examined for chloride content and ash.
Manual samples were taken in such a way to be representative of the flow as a whole.
The resulting samples could then be compared with the automatic samples. It was
found that there was no significant difference between the two sets for ammonia and
chloride but, on average the manual samples contained 15% more suspended material.

The normal diurnal variation was discerned in the samples collected in a 24 hour
period from the dry weather flow. Strong foul flush effects were recorded at two of
the sites. The concentration of ammonia in the storm flow was thought to be primarily
determined by the composition of the dry weather flow. Ammonia and the other
parameters measured are thought to be greatly affected by local conditions, such as
deposition within the sewerage system. The accumulation of material was found to be

greater after a long dry period.

It was concluded that the low side weir was not efficient at either controlling the flow
to treatment or reducing the amount spilled to the watercourse. The results of the
sampling were inconsistent although a decrease in concentration of a given parameter
with time was apparent for many of the storms.

2.2.2 Storm Overflow Performance Using Crude Sewage (Ackers et al, 1967)
The aims of this study can be summarised as follows:

a. to determine the difference in composition of the storm sewage diséharged
from an overflow and that passed to treatment

b. to compare the performance of different types of overflow

C. to examine the effectiveness of scumboards

d. to measure the changes in flow to treatment with increasing total flow in each
structure.

Four full sized storm overflow structures were built and connected to a trunk sewer so
that their performance with could be determined.  The following designs were

investigated:

1. low side weir
2. high side weir
3. stilling pond
4,

central spill vortex
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The flow to treatment and the spilled sewage passed through 0.25 inch (6.5mm)
screens. Samples were taken from the screenings for both flows. The dry weight and
the moisture content of these samples was recorded. Some of the material was
observed to break up in the overflow or while being passed through the screens.

The low side weir was found to be hydraulically unsatisfactory. The weirs were used
inefficiently with most of the spill taking place over the last metre. A hydraulic jump
formed at the downstream end of the weir. The flow to treatment rose markedly with
the incoming flow. Attempts to calculate the discharge using classical side weir theory
failed to give satisfactory agreement with the observed values.

The flow in the high side weir was considerably more tranquil than that in the low side
weir and spill took place over the whole weir. The discharge to treatment for the
stilling pond was almost exactly the design value. The vortex was found to have better
hydraulic control than the low side weir but not as good as the stilling pond.

The low side weir had little noticeable effect on the screened solids. The stilling pond
had a tendency to discharge solids, particularly faeces, over the weir although paper
was concentrated in the flow to treatment. The vortex was found to be generally
ineffective with all the material in the flow. It was concluded that the high side weir
with scumboards was the most effective design tested and the vortex the worst.

2.2.3 CSO Performance Studies (Saul & Thornton, 1989)

This project was set up to monitor the hydraulic performance and the temporal
variation of pollutants in the inflow and the overflow at five CSOs in North West
England. This paper describe how one of the sites, a storage overflow, was set up.
Continuous flow readings were taken from the inflow , continuation and spill. Water
samples were taken using automatic samplers from both the inflow and the spill.
Samples were analysed for total suspended solids (TSS), chemical oxygen demand
(COD), total dissolved solids (TDS), ammonia and sometimes biochemical oxygen
demand (BOD). The water level in the chamber was recorded using an ultrasonic
water level transducer and a swingmeter fastened to the roof of the chamber.

The overflow was monitored for one year during which time it overflowed 85 times.
The hydraulic performance of about one third of these storms was calculated. The
average delay between the time at which the storm first entered the chamber and the
time to first spill, called here the "delay time" was approximately 60 minutes. The
shortest recorded delay was 4 minutes and the longest 239 minutes. The delay time
was found to be extremely significant in determining the retention time of pollutants in

the system.

Full sample, flow and rainfall data was obtained from 16 storms. The average
pollutant load efficiencies for the parameters measured were 86%, 88%, 90% and 92%
for TSS, COD, TDS and ammonia respectively. The average flow retention efficiency
of the 16 storms was 86%. From this it was concluded that the long term hydraulic
performance of any overflow structure will necessarily control the long term pollutant
load discharged to the receiving watercourse. Unfortunately, wide variations in the
pollutant load discharged becomes apparent when individual storm events of different

intensities and durations are investigated.
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Four examples were considered.

1.

A long duration storm where the rainfall was of low intensity at the start of the
storm. This lead to a significant first flush in the concentration of each
pollutant (>1000mg/l for COD and TSS). These values were some 4 times
greater than the expected concentrations in the dry weather flow for that time
of the day.This flush was caused by a highly mobile fraction of in-sewer
sediment deposits which had accrued during the antecedent dry weather
period. The onset of the overflow occurred 44 minutes after the storm first
entered the chamber. Only 2.5% of the total storm flow was spilled.

The overall pollutant load retention efficiencies were 97%, 98%, 98% and
98% for TSS, COD, TDS and ammonia respectively. The retention of flow
within the system was 97.5%. Secondary pollutant concentration peaks were
observed. These were due to the wash-off of pollutants from catchment
surfaces. In this example these did not cause any detrimental effect on the
watercourse quality as overflow only occurred when the pollutant

concentrations were low.

A twin peaked storm with intense rainfall of short duration. Initial and
secondary flushes in pollutant concentration and load were observed to occur
with the peaks in flow. These flushes were found to be of high concentration
due to the high intensity of the rain. The delay time for this storm was 63
minutes. Thus all the pollutant load from the first flush and the majority of the
second flush was retained within the system. The resulting load retention
efficiencies were 79%, 84%, 87% and 86% for TSS, COD, TDS and
ammonia, respectively.

A storm with a high intensity start which was so prolonged that the delay time
was only 9 minutes. A large proportion of the first flush was thus discharged
to the watercourse. The load retention values were 67%, 70%, 83% and
79% for TSS, COD, TDS and ammonia, respectively. The flow retention
was 75%.

Despite the lower retention load efficiencies recorded for the third storm
described the actual total load of polluting material spilt to the watercourse
was, in fact, higher for the second storm due to higher concentrations of
material in the latter storm. Thus it is important to consider the concentration
of pollutants discharged and not the load retention efficiencies in isolation.
This is illustrated in the following example.

In this storm the pollutant retention efficiencies were all over 80% but the total
load of ammonia spilled during the event was 3.4Kg. This could have a severe
effect on the biota in the receiving watercourse. The impact could, of course,
have been much worse if the overflow had not performed as hydraulically

efficiently as it did.

It is concluded that in assessing the performance on CSOs it is necessary to consider

both the concentration and the load of the spilled pollutants.

The separation

performance of the chamber will also have a significant influence on the quality of the
effluent discharged to the receiving watercourse.
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2.2.4 CSO Monitoring Methodology (Saul & Marsh, 1990; Water Research
Centre, 1992)

The first paper referred to describes the development of a methodology for short term
monitoring of pollutants in sewers, overflows and tanks. This was undertaken in
response to the need to identify procedures for the collection of data and to develop an
appropriate strategy for model calibration and verification. It was hoped that the
verification of sewer quality simulation models, such as MOSQITO, could be verified
at the same time as sewer flow quantity models, such as WALLRUS.

The following equipment is used:

1. WRc Swingmeter: this measures the water level in the overflow chamber.

2. Detectronic Flow Survey Loggers: these are used to give continuous depth and
velocity readings.

3. Sirco Samplers: to take automatic samples from the storm flow and the dry
weather flow.

4, Raingauges: to obtain a continuous rainfall record.
5. A Golden River Retriever: to download data from the loggers.

The sampler operation was controlled using software routines written to the memory
of the Golden River environmental computer. The sampler was triggered when the
flow level attained a preprogrammed level. The optimum trigger level was considered
to be that which was sufficiently large to avoid the operation of the storm flow sampler
at peak dry weather flow yet sufficiently small to ensure the collection of samples
during the early part of the storm. This level can be determined from examining the
flow records from the site for a period of at least one week. The first 10 samples were
programmed to be taken at 3 minute intervals. The next 10 were taken at 7 minute
intervals and the final 4 were taken at 30 minute intervals. This gave a total
monitoring period of 217 minutes.

An additional background sampler was operated in continuous mode to extract hourly
samples. This contributed extra information about the pre and post storm pollutant
concentrations. In the absence of any storm, the collected samples were retrieved and
the bottles emptied and clean bottles replaced. Samples were analysed for TSS,
volatile suspended solids (VSS), COD and ammonia.

The site was monitored for 11 weeks. During this time 9 sets of dry weather flow data
and five sets of storm data were obtained. The dry weather flow samples
demonstrated the expected diurnal variation. The storm samples indicated the
presence of first and secondary flushes in the concentration and load of pollutants.
From this it is concluded that the control and operation of the system is sufficiently
sensitive to monitor the complete pattern in the temporal load of pollutants at times of
dry weather and over the complete duration of a storm event.
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It is concluded that the system described is able to provide good quality data which
would be suitable for the verification of computer simulations. It would be possible to
develop the control technology but this was not thought to be advantageous due to the
increase in the required level of calibration and time taken to collect the necessary
data. It is recommended that instrumentation should be robust, reliable, and relatively
easy to handle, install and operate.

The second paper describes current techniques for the assessment of combined
overflow performance. Several definitions are provided for terms in common use
relating to CSO performance. Some of these are given below.

A. Classes of Pollutant.

- pollutants/sediments in solution

- finely suspended sediments with d = 0.5mm
- coarse sediments with d = 3.5mm

- gross solids with d > 6mm

Where d is the median size of the particle.

B. Overflow Efficiency

(i) The "total efficiency" is the overall performance of the overflow and storage
associated with it. It can be expressed in terms of quantity and quality parameters

as:
Total Storm Load Retained

Total Storm Inflow Load

Total Efficiency =

This can also be expressed graphically (see Figure 2.1):

4
D-a.c.

lﬂ
4

D aic i

Total Efficiency =

Where: t, = start of storm hydrograph
t, = end of storm hydrograph (or the time at which the flow returns to
pre-storm conditions)
q. = continuation flow
G inflow
¢. = pollutant continuation flow concentration
pollutant inflow concentration

G

i

(i) The Treatment Factor. This allows the quality performance of the overflow to
be assessed and the results for different CSO systems and devices be compared

where:

Total Efficiency

Treatment Factor = -
Flow Spht
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Figure 2.1 Hydrograph for Combined Sewer Overflow with No Storage
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Where Flow Split is :
Total Storm Volume Retained

Total Storm Inflow Volume

Flow Split =

(i) atreatment factor > | indicates some degree of treatment of the spilled flows have
taken place

(ii) atreatment factor = 1, the pollutant load is discharged to the receiving
watercourse according to the flow split i.e. no treatment is achieved.

(i) a treatment factor < 1, here the opposite effect is occurring and the overflow is
having an adverse effect by concentrating the pollutant load in the spilled flows.

The above definitions can be applied to the overall system or to an individual device
for the total storm hydrograph or just the spill period.

2.2.5 A Description of Some of the Problems Encountered in CSO Performance
Monitoring (Geiger, 1984, Geiger, 1986)

The earlier paper describes an intensive 4 year study of a combined sewer system in
Munich-Harlaching, Germany. Continuous records of rainfall, runoff, temperature,
turbidity and conductivity were taken. Dry and wet weather flows were sample for
TSS, BOD, COD, total organic carbon (TOC), Kjeldahl-Nitrogen and phosphorus.

The methods used to monitor the storm sewage quantity and quality are limited by a
number of factors. These are summarised below:

- the wide range of flows which can rapidly change from virtually zero to the
peak rate;

- the change from free to surcharged flow conditions;

- the frequently varying flow boundary geometry caused by the deposition of
solids and leading to flow nonuniformity;

- the contamination of metered media by solids, fibres and floating debris posing
a physical threat to sensors or sampling intakes;

- the damp, corrosive sewer environment necessitating frequent and
knowledgable maintenance of all installations;

- the necessity to determine the majority of the pollutional constituents via
laboratory analysis;

- the laboratory sometimes being unable to handle the unpredictably varying
amounts of samples.

The second paper referred to above discusses the use of field data in urban drainage
planning. In this, some further problems of accurately characterising combined sewer

flows are addressed.



These may be summarised as below:
- the possibility of backwater, or even flow reversal, in certain situations;

- the extremely wide range of pollutants that can be found;

the possible spatial variation of these pollutants in a given cross-section;

the presence of significant bed loads which may be highly polluted.

2.3 Comments on Previous CSO Performance Studies

As safety considerations make it impossible to enter a CSO to take samples during
storm events, methods of gross solid collection are required which will sample all, or a
representative portion of, the incoming and/or spilled flows. Various different
methods have been described here; visual observations of gross solids deposited along
the bank of a receiving stream; videos of gross solid material in the inflow and spill
flow of a CSO during a storm event (the Gross Solids Monitor); passive trapping
techniques; active pumping of storm sewage to obtain samples that are then sieved (the
Gross Solids Sampler). Each method has advantages and disadvantages. Both the
Gross Solids Sampler and the Gross Solids Monitor are large pieces of equipment
which have power requirements that strictly limit the number of sites at which they can
be used. The mesh of the passive "trash trap" can be easily blinded by toilet paper
forcing water containing the gross solids to pass over the mesh and thus not be
collected. The visible observations provide a useful estimate of what is being spilled
but in order to determine the performance of different designs of overflow structure
some means of estimating the load of gross solid material (or of "visible solids") must
be found. Both Jeffries (1992) and Mutzner (1987) investigate the influence of
external factors, such as ADWP, spill volume, time of day, on the loads of gross solids
(or visible solids). It is important to obtain as clear an understanding as possible of
the influence of such factors when designing or comparing different CSO structures.

To obtain truly comparative data on performance the CSO structures compared must
be of equal size and have equal storage volumes. This is difficult to achieve in the field
and so laboratory tests, such as those by Ruff (1992), at Sheffield University, must be
undertaken. The main advantage of the laboratory situation is that the tests can be
controlled and the data obtained are thus easier to interpret than those obtained in the
field, where the number of "unknowns" are much greater. The disadvantage of
laboratory simulations are that it is almost impossible to accurately represent the
behaviour of sewage solids in the field.

The methodology for determining the performance of CSOs with respect to finely
suspended and dissolved material has been investigated by a larger number of studies
and is now reasonably well developed, although the problems of the collection of both
hydraulic and water quality data, described by Geiger, still hold true. The importance
of considering both the concentration and the load of pollutant material entering and
spilling from a CSO was explained in the paper by Saul & Thornton, 1989. This paper
also describes the influence of the size of the available storage on the load of material
spilled to the receiving watercourse. From such studies it is apparent that the
provision of adequate storage is one of the most important design requirements for

CSO structures.
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3. DATA COLLECTION METHODS

3.1 The Sewer Entry Team

When the project began the sewer entry team consisted of myself and three technicians
from the then Polytechnic, all of whom had been trained in the use of breathing
apparatus in confined spaces. This training consisted of a week long course which
taught the use of breathing apparatus under working conditions and for escape, as well
as correct maintenance procedures to ensure that the equipment is ready for use. Two
of the team were also qualified in the correct use of road signs and cones to indicate an
obstruction to traffic caused by people at work. All members of the team were enrolled
on a course of injections to reduce the risk of catching diseases that could be found in
the sewer environment. These were tetanus, typhoid, polio, hepatitis A and hepatitis B.
Lung function tests were also taken. These tests can reveal problems with the
respiratory system which might preclude the use of breathing apparatus.

Three was considered the minimum and four the optimum number of people for the safe
entry of a sewage overflow chamber. Many of the tasks undertaken in a routine
maintenance visit required two people to be below ground and one person the "top
man", was required to remain above ground to pass equipment down and up, download
data and help in the event of an accident. The team was later enlarged to five for
although usually only four came out on the regular site visits, it was found necessary to
have at least five trained people on site during the installation of equipment in a new site
or during blocking tests.

3.2 The Sewer Entry Team Van

At the original site (Chesterfield Road) the large amount of equipment necessary for the
weekly maintenance visits (e.g. road signs, cones, ventilation manhole covers, breathing
apparatus, waterproof clothing and waders, tools and manhole lifting keys, winch and
batteries) all had to be stored at the Polytechnic and loaded onto the School of
Construction Landrover every week. This was both time consuming and inconvenient
for the other users of the Landrover. After the first year of the project a Sherpa van
was obtained ,for the sole use of the sewer entry team. This was fitted out to store all
the necessary equipment and was able to charge up logger and sampler batteries. The
van also had a sink with hot and cold water and enough space to carry five people.
Such a vehicle is of immense benefit for a project such as this.

3.3 Monitoring Equipment

Diagrams of the flow and sampling equipment used and their installation in the overflow
are given in Figures 3.1 to 3.3.

3.3.1 Flow Monitors

A diagram of a flow monitor, monitor head, sewer attachment ring and typical site set
up is given in Figure 3.1. Detectronic Intrinsically Safe flow monitors were used in this
study. These were supplemented by two Arx depth monitors during the latter part of
the study to provide extra information on the depths in the chambers.
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The Detectronic monitors consist of four main components (Detectronic, 1991):

sensor
processor
data logger
power supply

* X X »x

The depth of fluid over the sensor, recorded as a pressure head, was measured by a
pressure transducer. This measured the strain experienced by a silicon diaphragm
caused by the pressure difference between the fluid surrounding the sensor and
atmospheric pressure introduced via a breather tube at the back of the sensor
(Catterson, 1991). Pressure transducers are prone to drift over a period of time and
this drift must be regularly detected and corrected. Depth checks were made during the
weekly site maintenance visits. With the flow loggers used it was possible to obtain an
immediate reading of the depth and velocity of the flow in the sewer. This was then
compared with a measurement made at the same time using a hand-held, propeller type
velocity meter. Several readings of the velocity were taken to ensure that a reading

representative of the flow was used.

The fluid velocity was recorded by means of a Doppler meter. This records the velocity
of "reflectors”, air bubbles and particulate matter, transported in the flow. A
continuous ultrasonic wave is emitted from a piezo-electric crystal and the reflected
signal excites a separate crystal in the sensor head. The emitted and the received signals
are then compared and the phase shift between them is related to a velocity using the
Doppler principle (Catterson, 1991).

Guidelines for the installation of flow monitors in sewers are given in the Water
Research Centre's "Guide to Sewer Flow Surveys" (Green and Drinkwater, 1985).
Acceptable monitoring sites are limited by the depth of the effluent, the size of the
sewer and the velocity of the flow. The recommended ranges to obtain accurate

readings from the flow monitors used are as follows:

1. Effluent Depth : 10 to 1200 mm

2. Sewer Size : 225 to 1200 mm

3. Velocity : 0.2 to 2.0 nv/s (the upper end of the range
being dependent on the effluent depth and/or size of
the sewer)

If the depth of effluent is too low or the sewer too small accurate measurement is not

possible due to the disturbance caused by flow passing over the sensor. If the velocity
is too high the sensor will create too much disturbance in the flow pattern and reduce

its accuracy.

The Guide also recommends that flow monitors should be installed away from pipe
junctions to avoid any interference caused by the combining flows and other positions
where gross turbulence exists. Sites prone to silting should be avoided as far as
possible but if monitoring at such a site is required accurate measurements of the silt

depth, taken a regular intervals are essential.
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In this study the sensor head was held in place at the bottom of the sewer by attaching it
to either a steel strip (in pipes of 0.5m diameter or over) or an expanding steel fixing
ring (in pipes less than 0.5m). These rings were curved to fit the sewer pipe and have
an adjustable calliper mechanism. This was used to expand the ring so that it fitted

tightly into the sewer pipe.

Data were collected from the Detectronic monitors using a Husky Hunter portable
computer. The data were then transferred to an IBM personal computer provided by
the Water Research Centre for the project. The depth and velocity data obtained from
the survey loggers were processed using the Water Research Centres "Sewer Survey
Analysis Software" (SSAS). The size and shape of the sewers from which the data
were obtained was entered into the programme at the start of the survey. The
programme then calculated the flows and depths from the raw depths and velocity
readings. Specific storm events could then be defined and the data viewed graphically.
Data from the raingauges were also transferred into this package so that graphs of the
rainfall data could be compared with graphs of the flow data in the sewer overflow for

the same time periods.

The Arx depth sensor measures depth using the principle of immersed ultrasonics. The
instrument is purely digital and it needs no calibration (Arx Instruction Manual).
Although ultrasonics have been used for some time to measure depths in the process
industry its use in sewerage systems has previously been considered to be impractical as
the many reflectors in the flow prevented a clear single reflector source (i.e. the surface
of the liquid) from being identified (Catterson, 1991).

With the Arx monitor this problem is overcome by applying a probability technique to
all the collected reflected signals saved in the instrument’s memory in order to derive the
liquid surface (the most probable reflection source). The Arx monitor head was
installed by attaching it to a steel plate and then to the floor of the chamber, in the same
way as the flow monitor heads. It has very low power requirements and the battery can

thus last for up to a year of operation.

Before installation all the monitors were tested in the Hydraulics Laboratory to ensure
that the depth and velocity reading were in accordance with the manufacturers
specification. During the second year of the project a course was attended by three of
the sewer entry team. This enabled us to calibrate the Detectronics equipment

ourselves when drift occurred.

Data from the Arx were collected by an Olivetti portable computer. These were then
transferred to an IBM personal computer. The data were analysed using a specific Arx

depth monitor software package.
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3.3.2 Water Quality (Bottle) Samples

Sirco samplers were used to obtain samples of sewage for the first three sites in this
study. A diagram of a Sirco sampler is given in Figure 3.2. Samples were drawn from
the sewage when the samplers were triggered by an external float switch mechanism.
When triggered, air was pumped down the 10mm diameter sample tube for 60 seconds
to flush it free of any obstructions. A sample of sewage was then sucked up into the
Perspex cylinder on the top of the sampler unit until a predefined level was reached
(equivalent to 400ml), On reaching this level the pump stopped and the sample was
allowed to flow down through the distributor arm into one of the 24 bottles in the base
unit.

Once this had been completed the arm moved round onto the next sample bottle and the
procedure was repeated. The sampler was set to sample at five minute intervals. The
total sampling time was thus 115 minutes. After each event the entire base unit was
removed and a new one, with sterilised, empty bottles installed. The battery was
replaced each week or after every 2 storms (whichever came first).

The free end of the sampler tubes were fixed so that they pointed away from the
direction of the flow. This minimised the build up of debris that was found to rapidly
build up on any projections into the flow of sewage. This process was known as
“ragging up". A filter was attached to the end of the tube in order to reduce the risk of
blockages occurring. Unfortunately, this seemed to encourage the build up of rags and
it was eventually lost, presumably due to the weight of material built up on it between
maintenance visits. Blockages were not found to be a problem so the end of sampler
tube was left unfiltered.

The trigger mechanism used with the Sirco samplers were simple float switches. These
consisted of a ballcock on one end of a 600mm arm. The other end of the arm was
pivoted at a potentiometer. For the inflow this was fixed above the dry weather flow
channel so that the sampler would be initiated at the point of spill. The spill float switch
was set to sample when it was estimated that the spill flow depth was sufficient for a
sample to be drawn up the sample tube. The samplers were positioned so as to
minimise the height and distance that the sewage had to be pumped. The heights and
distances at all the sites were well within the design specification of the samplers.

The Epic samplers used at the final site operated in essentially the same way as the
Sirco samplers. Their use was necessitated because at this site all the equipment had to
be stored in the overflow chamber. Intrinsically safe samplers thus had to be obtained.

Once obtained the samples were taken immediately to the Yorkshire Water laboratories
where they were analysed for suspended solids, non volatile suspended solids (ash),
biochemical oxygen demand (BOD), chemical oxygen demand (COD), pH, conductivity
and ammonia. All these parameters are commonly used water quality determinands for
studies of this nature. The results of this study would therefore be comparable with the
results of other, similar studies. However, the NRA are recommending that a measure
of turbidity be substituted for suspended solids and total organic carbon (TOC) for
BOD. A more detailed discussion of this is given in Section 6.13.3.
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When the results of the analysis were obtained from Yorkshire Water, the were typed
into a spreadsheet package (Quattro Pro) on a personal computer. Flow data for the
same time periods could then be added to this data which could then be manipulated to
test for correlations between the parameters, to plot pollutographs and to give total
loads for the sampling period.

3.3.3 Gross Solid Samples

Samples of gross solid materials were taken from both the inflow and spill using a
passive sampling technique. Woven polypropylene mesh bags ("Copasacs") with an
aperture of 4-6mm were used to collect samples from a portion of the incoming and
overspilling flow during storm events. The approximate dimensions of the bags were
500mm wide and 900mm long. Originally, for the inflow samples at Chesterfield Road,
two bags were cut open down one of the long edges and then "sewn" together using
plastic cable ties to produce a bag with a mouth twice the area of the original bag. This
was the attached to a metal "Dexion" frame that had been fixed across the inflow pipe
at a height above dry weather flow so that it would only start to fill in storm conditions.

This method was later abandoned as the bags were found to rip apart along the
weakened, sewn seam as soon as any sizeable volume passed through them. The bags
were then attached to the frame side by side. This proved to be successful and was
used at all of the four sites. In the siting of these bags it was assumed that the gross
solids in the flow were well distributed throughout the flow profile. This assumption
was thought to be reasonable due to the steepness of the catchments investigated and
the corresponding turbulence of the flow which minimises the settlement of solid
material which could result in biased sampling.

The siting of the mesh bags for the sampling of gross solids from the spill depended on
the site being monitored. At the Chesterfield Road site it was possible, .by entering a
manhole downstream, to place the mesh bags so that the whole of the spill was covered
as there was a drop in level where the spill entered a culverted river. At the other three
sites the spill bags were attached to the weir, usually in more than one position so that a
more complete picture of the behaviour of the gross solids in the chamber could be

obtained. -

The material obtained was drained on site to remove any excess water then placed in a
large plastic bag and returned to the laboratory. Here the material was separated into
the following categories: faeces, sanitary towels, tampons, leaves and twigs, thick paper
towels, plastic, miscellaneous material and material adhering to the mesh bag (mostly
toilet tissue). A more detailed discussion of these categories is given in Section 6.7.

3.3.4 Raingauges

The rainfall was measured using tipping-bucket raingauges (see Figure 3.3). These
were set to tip on the collection of 0.2mm of rain. The time of each tip was recorded in
the data logger. Data were downloaded using the Husky Hunter portable computer.
This was then transferred to an IBM personal computer using the same SSAS software

as that used for the flow monitors.
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In order to obtain rain data representative of the rainfall of a particular catchment it was
important to find sites, usually building with flat roofs, that were out of the way of any
rain shadow effects produced by surrounding buildings. Care had also to be taken to
ensure that the raingauge was out of the way of any strong winds as this can lead to
under recording. The security of the site also had to be taken into account as the

raingauges, necessarily, have to be fairly exposed.
3.4 Positioning of the Equipment

3.4.1 The Stilling Pond

At this site two flow monitors were used, one in the inflow and one in the continuation
flow. The inflow monitor sensor head was positioned in the overflow chamber
approximately 0.5m into the inflow pipe. The continuation flow monitor sensor head
was positioned at the upstream end of the short continuation throttle pipe beneath the
weir. An Arx depth recorder was installed, with its sensor in the middle of the main
chamber, for just over half the monitoring period.

The inflow gross solid collection bag (Copasac) was attached to a rectangular metal
frame and placed where the inflow pipe discharges into the overflow chamber at a
height above dry weather flow. The spill bag was positioned in a downstream manhole
where the spill flow discharged into a culverted stream. At this location the whole of
the spill could be sampled.

As permission to leave a trailer on site had been granted by the Arnold Laver D.LY.
warehouse, the water quality samplers could be kept in the trailer immediately above
the chamber. The sampler pipes were run through a specially designed manhole cover
into the chamber. The inflow sampler tube was fixed along the wall of the chamber and
the end of the tube fixed above the dry weather flow channel in the middle of the
chamber. The spill sampler tube was fixed in the spill channel approximately two

metres beyond the screens.
3.4.2 The High Side Weir (Dobcroft Road)

Flow and depth readings were taken from the inflow and spill outlet pipe in the main
chamber by the Detectronic flow monitors. An Arx depth recorder took readings from

the middle of the main chamber.

A frame was installed above the dry weather flow level in the inflow pipe for the inflow
gross solids collection bag. The spill bag was installed on another frame on the end
weir at approximately 0.75m from the middle.

The samplers were stored in a specially designed, waterproof, secure metal cabinet that
could be chained down to prevent theft. The inflow sampler tube was placed above the
dry weather flow channel at the upstream end of the main chamber. The spill tube was
positioned in the spill pipe approximately 1.5m from the entrance to the pipe at S50mm

from the bottom of the pipe.
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3.4.3 The Low Side Weir

Three flow monitors were used at this site so that the inflow, spill and continuation flow
could be recorded. All were positioned in the main chamber. The inflow monitor
sensor head was installed at approximately 0.5m upstream of the chamber. The spill
monitor sensor head was installed at the entrance to the spill pipe. The continuation
flow was positioned approximately 0.75m into the continuation pipe.

The inflow gross solids bag was installed above the dry weather flow channel,
approximately at weir level, 0.5m down from the inflow pipe. Two spill bags were
installed on one side of the weir (the side with the spill pipe). The first spill bag was
positioned 0.75m downstream of the inflow pipe. The second was 2.25m downstream

of the inflow pipe.

The samplers were stored in a metal cabinet identical to that used at the Dobcroft Road
site. The inflow sample tube was positioned between the monitor sensor head and the
inflow gross solids bag. The spill tube was positioned beneath and to one side of the
weir, approximately 0.5m from the entrance to the spill channel.

3.4.4 The High Side Weir (Leyburn Road)

Three flow monitors were originally installed at this site. The inflow monitor was
placed in a school yard approximately 150m upstream of the chamber. This was done
to avoid backwater affecting the readings as far as possible. The monitor could not
have been placed further up as at the next manhole upstream there was a bifurcation
which would have affected the flow readings obtained. The continuation flow monitor
was also positioned in a separate manhole, 40m from the main chamber. This site has
two spill channels which spill directly into the River Sheaf at the bottom of Leyburn
Road. As only a limited number of monitors were available it was decided that only
one of the two should be monitored. However, when a second monitor became
available from another project it was installed in the second spill pipe. An Arx depth
recorder was installed in the main chamber part way through the monitoring period.

The inflow gross solids collection bag was installed across the inflow pipe, attached to a
metal frame, in the normal way. Ten spill bags were positioned at regular intervals
around the weir. It was hoped that this number would sample an adequate proportion

of the flow spilled.

Sampler tubes were placed to sample above the dry weather flow in the middle of the
chamber (for the inflow) and at the entrance to the spill pipe (for the spill).

3.5 Maintenance

Cleaning and equipment maintenance visits were made to each site on a weekly basis in
- order to check the correct operation of all the equipment. The monitor heads and
sampler tube ends and fixings were freed of all debris and the monitor head sensors

gently wiped.
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Data stored in the flow loggers were downloaded and the batteries replaced.
Instantaneous velocity and depth readings recorded by the loggers were then checked.
The depth was measured upstream of the monitor head and as near to it as possible
using a ruler. Velocity measurements were taken with a hand-held propeller-type
velocity meter. This was placed in the dry weather flow channel immediately upstream
of the monitor head and held at approximately the mid-depth of the dry weather flow.
Readings were taken until three similar counts were obtained. These counts, in the
form of revolutions per second, were later converted to velocities using the
manufacturer's calibration.

The sampler unit batteries were replaced each week, even if the samplers had not been
operational. Testing of the sampler units and the float switches was then undertaken.
Both the inflow and the spill float switches were raised in turn to ensure that sampling
during a storm would be initiated at the correct height and that the arm could move
freely. The samplers were checked to ensure that they could pump up the required
volume of sample, that the sample drawn up was correctly placed in the sample bottle
and that the distribution arm was then free to move on to the next sample bottle.

Data were collected from the rain gauges on a monthly basis. An input test was
undertaken to check that tips were being accurately recorded and the funnel was
flushed with water to ensure that it emptied freely and was not impeded by grit or other

debris.
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4. DATA ANALYSIS METHODS

A. HYDRAULIC ANALYSIS

4.1 Measurement of the Chambers

Data and drawings of the chambers were obtained from the Local Authority.
Unfortunately, some of the measurements were found to be inaccurate so the pipe, weir
and chamber dimensions had to be measured on site. Also, at each of the side weir
sites, a survey of the variation of the levels along the weir was undertaken, using an
automatic surveyor's level and scale rule.

As detailed knowledge of the volumes in the pipes upstream of the overflow was
required it was necessary to have information about their size and levels. Where
possible, the cover levels of the relevant manholes were measured and the invert levels
obtained from depth measurements. Where "on site" measurements were not possible
e.g. due to heavy traffic, the Local Authority levels were used. This information was
then used to define the limit of backing up of the storm sewage during an overflow
event and to obtain the storage in the pipes.

At the stilling pond site, Chesterfield Road, the only position for the continuation flow
monitor was in the 290mm diameter throttle pipe. It later became apparent that this
monitor was not reading the velocity correctly. This is thought to be due to the
formation of eddies at the entrance to the pipe reducing its effective area. As it was not
possible to site the monitor downstream of the combined sewer overflow an alternative
method was sought to measure the continuation flow. In addition, at the stilling pond
site the velocity decreased below the inflow monitor sensor threshold as the stilling
pond filled up. Monitoring at the upstream manhole was not possible. The alternative
method chosen was the blocking test. This was used at the stilling pond and high-side

welr sites.

4.2 Blocking Test

The continuation discharge characteristics of the stilling pond and the high side weir
overflows were determined by performing a falling head test. During a period of dry
weather, the continuation pipe was closed off allowing the dry weather flow to back up
in the overflow chamber and upstream pipes. At the stilling pond site the blocking took
place beyond the weir, at the end of a short continuation pipe. Here a wooden board,
shaped to fully cover the pipe and covered with a foam material to reduce leakage, was
held in place with a wooden stake jammed against the back wall of the chamber. The
stake and the board were attached to ropes so that from above ground, the stake could
be dislodged and the board displaced when the dry weather flow reached weir level.

At the high side weir sites a similar plugging device was used, attached to a metal pole.
This was placed in the main chamber in front of the continuation flow pipe so that the
backing up of the dry weather flow in the chamber forced the board against the end wall
of the weir. When the dry weather flow level reached the top of the weir the board was

lifted out and the ponded water released.
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Depths in the chambers, after the release of the plug, were recorded at equal time
intervals (15 seconds) until the depth returned to that of dry weather flow. These
depths were taken from a metre rule in the main overflow chamber and also from the
data loggers already installed at the site. These data loggers, which were usually set to
read at 2 minute intervals, were reset for the period of the blocking test to read at 15
second (Detectronic) and 30 second (Arx) intervals in order to obtain as much

information as possible.

The dry weather flow was recorded before and after the test and, where there was no
backing up of water, during the filling and release stages. Where backing up occurred
the dry weather flows could be estimated from the records of diurnal variation.
Upstream volumes were calculated from survey drawings and site measurements.

The graph of the time-depth for the blocking test was obtained by calculating the
discharge at each depth measurement. For a fall in depth, dy, to dy+| the discharge was
taken as:

(Q_"+2_QL1) Equation 4.1

Volume change was calculated as S+ - S, and hence the time is equal to:

(Sae1 - Sa) Equation 4.2
(Qqur -0.5(Q, + Quay))

The first few measured points were ignored due to the initial instability of the flow
when the plug was released. This method allows the continuation flow to be calculated
from the sewage depth measurements in the overflow chamber.

43  Measurement of Depth and Discharge

4.3.1 Stilling Pond Site

The initial information concerning the hydraulic operation of this site came from
scattergraphs composed of all the data measured at the Chesterfield Road site, both
during dry weather and precipitation (see Appendix 1). This showed that there was a
considerable scatter of values for both the inflow and continuation monitors. A
variation in flows at a given depth is not unusual in sewers due to the pipe roughness,
silt and backing up of storm sewage all of which alter the hydraulic gradient. However,
many of the storms also had missing velocity readings, possibly due to the build-up of
deposits and other debris over the monitor head.

A comparison of the inflow and continuation flow monitors show that there are
significant differences in the magnitude of the flow. Preliminary theoretical estimates of
the continuation discharge suggested that the continuation flow monitor was
underestimating the flow. The scattergraph indicates that there is more than one head

discharge relationship for the continuation flow.



When the inlet monitor is not affected by backing up the flow could be directly
calibrated against the measured depth. In this range the continuation flow was assumed
to be equal to the inflow. Small errors in the continuation discharge will occur in the
transition between free flow and drowned flow over the monitor head because of the
small increase in storage. At depths greater than this the values given by the
continuation monitor were thought to be unreliable.

For the gross solids and dissolved and finely suspended solids investigation it was
necessary to have full inflow and spill readings during storm events. The missing inflow
data thus had to be interpolated from a calibration curve. This was made easier when it
was shown that inflow depth measurements taken by the loggers agreed with the depths
that were measured during the blocking tests and with the data obtained by the Arx

monitor.

The continuity equation was used to determine the relationship between the
continuation discharge and inlet depth i.e.

Discharge In - Discharge Out = Rate of Change in Storage

Thus to calculate the change in storage in the time step n to n+1 the following equation
could be used:

(Qin, +Qin_,, )%E-(Qout“ + Qout"“)%£ =S, -Sa Equation 4.3

Where:
Qin is the inflow discharge
Qout is the outflow discharge
S is the volume stored

This is shown graphically in Figure 4.1 below:

Fiqure 4.2 Graphical Representation of Equation 4.3
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The continuation discharge could thus be determined using data from the inflow
monitor for storms with sufficient recorded values.

Qout,,; = Qin, +Qin,,, -Qout, +(S, -S"H)EZI Equation 4.4

Once this had been determined the missing inflow data could then be derived for the
remaining storms;

Qin,,; = Qout, +Qout,,, +(S,., -Sn)%-Qinn Equation 4.5

The outflow value, Q,,, will be the continuation flow, when the depth is below weir
level, or continuation flow and weir flow when the depth is above weir level.

The continuation discharge is a function of the differential head loss across the pipe. To
obtain this, upstream depths were calculated from the inflow pipe depths and the
downstream depths determined by a calibration to the upstream value. This calibration,
obtained from the blocking test results, was used because downstream depths were not
measured during storm conditions. The same relationship was assumed to hold when
depths were above weir crest.To calculate the discharge over the weir the following
equation was used:

Q=0Cd -i-‘/ZT,’ Bh"’ Equation 4.6

Where:
B is the length of the weir
Cd is the discharge coeficient
H is the head above crest level

The discharge through a throttle pipe is determined by considering the total energy
upstream and downstream. Figure 4.2 indicates the parameters of interest in this

investigation.
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Figure 4.1 Throltle Pipe Hydraulics

From this the following equation could be derived:
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In this system the losses are:
an entrance loss:

0.5v?
2g

a friction head loss, hy, (as given by the Darcy-Weisbach Equation):

Av?
2¢gd

and an exit loss:

(v; - "4)2
2g

In the friction equation A is a function of velocity and relative roughness. To avoid the
need for successive approximation rough turbulent flow is assumed. The friction head
loss can then be determined by the Manning equation (Ackers P., 1958):

From the Manning equation:

2 1
v= 1 R3 i2 Equation4.8
n
or,
1 4
2 _ I .
v = ;17 R3 i
1
k s
n = Manning's Roughness Coefficient = 8; 3

Thus, Equation 3.7 can be written out fully:

2 2 2 2 IRY:
h, +z+_\l_h4 =L‘_+0'5V3 +/11v3 +(V3 va) Equation4.9
2g 2g  2g 2gd 2g

If it is assumed that v, (for which there are no measured values) is v; multiplied by
some constant, C. i.e.

Let v, =Cv,
Thus,
h,+z+%—h4=czzf +O—'25;—§+%%%+(—VL—2—§!3—Z Equation4.10
Where,

2

H (head | h, +z+~L—h
= zZ+—-—
(head loss) = h, g
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This can be rearranged as below,

2 2
H=Y3 C2+0.5+28'1|+(]_C)1 Equation4.11

and again, in terms of v;, to give:

J2gh
5 Equation4.12

05+ 28 L (1_cy?
RJ

V3 =

To obtain the discharge, Q, both sides of this equation must be multiplied by A, as
Q=Av. Here, A is the cross-sectional area of the pipe,

6h =h + z -h,
The equation of an orifice is given as:
Q=Cd A 2gH Equation4.13

This can be rearranged in terms of Cd, as below:

N
A [2gh

This can then be substituted into Equation 4.12 to give:

Cd= ! Equation4. 14

\/c’ +0.5+(1-C)? +2g" !

R3

Values of C and kg (used in calculating Manning's roughness coefficient) were derived
by finding the best fit curve to the blocking test results (found by eye) and the weir
coefficient estimated from five storms with an adequate number of recorded values.
The assumptions made in this method are that there is rough turbulent flow and that v,
= Cv, The discharge-depth calibration was then tested on all storms in addition to the
ones used in the calibration, by comparing the input hydrographs from the calibration
with the measured hydrographs, to ensure that the calibration accorded with the actual
performance and to confirm that the appropriate values of the parameters had been

chosen.
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Gross Solid Load Calculations

Only a portion of the incoming flow was covered by the mesh bags used to collect the
gross solids. The total solids load during a storm thus had to be estimated. This was
done by assuming that the discharge through the Copasac mesh bags was proportional
to the area of the opening exposed to the flow. This could be done for any level of
storm sewage. These discharges could thus be estimated after the complete inflow
discharges had been determined. It was possible to position the spill mesh bag to cover
the whole of the spill flow so no adjustments had to be made to the values obtained
from this. A discussion of the analysis of the gross solids obtained will be given in the

next section.
4.3.2 High Side Weir (Dobcroft Road)

As the continuation pipe at Dobcroft Road was too small to permit the installation of a
monitor and the downstream manhole was inaccessible, values obtained from the inflow
and spill monitors were to be used to determine the continuation flows. In the inlet
pipe, velocity measurement was satisfactory at low flow but at high flows, low
velocities and ragging of the sensor prevented adequate measurement when the water
levels backed up. The results of the blocking test thus had to be used to interpolate the
missing values from the inflow pipe depths in a similar manner to that used for the

stilling pond.

The scattergraph of the overflow monitor showed a consistent depth-discharge
relationship (see Appendix 1). Also, the measured hydrographs of the overflow
discharge were complete for most storms. These values could thus be used, in
combination with the continuation flows and the rate of change of storage, to
determine the inflow discharges when the water levels were above the weir crest. It is
not possible to calibrate the spill flow monitors in situ as there is no flow in the spill
channel except in storm conditions when it is not possible to enter the chamber safely.
Calibration of the spill loggers was thus done in the hydraulics laboratory at the
University, during maintenance of the loggers and when they were removed from the
site at the end of the survey. '

Gross Solids Load Calculations

The discharge through the mesh bags was determined by calculating the mean velocity
of flow at each time step and muitiplying by the area of the mouth of the mesh bag

which is submerged.

Discharge through the overflow mesh bags was obtained by proportioning the flow
over the weir to the lengths of the frame to which the mesh bag was attached. To do
this the theoretical total discharge and discharge through the mesh bag were determined
using a standard weir equation for the end weir and by solving the spatially varied flow
over the side weir with the Runge-Kutta method (Balmforth, 1978). These proportions
were calculated at different total discharge rates. A regression equation for the
variation of discharge through the mesh bag with depth in the chamber was then

derived.

70



4.3.3 Low Side Weir (Retford Road)

The three monitors at Retford Road produced a continuous record of depth and
velocity, allowing the necessary hydrographs to be produced.

Gross Solids Load Calculations

As with the gross solids calculations for the high side weir, the discharge through the
inflow mesh bags was determined by calculating the mean velocity of flow at each time
step and multiplying by the area of the mouth of the mesh bag which was submerged.
Discharge through the overflow mesh bags were obtained by proportioning the
overflow over the weir to the lengths of the frame to which the mesh bags were

attached.

4.3.4 High Side Weir (Leyburn Road)

The inflow monitor recorded satisfactorily at low flows but once depths in the chamber
neared the weir level the monitor sensor started to be covered with backwater and this
prevented adequate measurements of the flow depth and velocity. This became more
significant as the depths in the chamber increased. A calibration was produced for the
inflow using the scattergraph and the blocking test data. This is described in Section
5.5. Spill flow was recorded from one of the two spill pipes for the whole of the
monitoring survey. As soon as another monitor was made available from another

project it was installed in the second spill pipe.

The continuation flow monitor was placed in a manhole chamber 40m from the
overflow chamber. Unfortunately much of the data recorded was useless. Most of the
velocity data was lost due to the rapid build-up of silt and gravel in the bed of the
channel. The chamber had been cleaned by Sheffield City Council Main Drainage
Department prior to the installation of equipment but silt and gravel remained a problem
at this site. Every storm event brought more into the chamber and the associated pipes.

This was the only chamber that could be used to measure the continuation flow. The
two previous chambers were on 90° bends in the flow. The subsequent manhole was
where the pipe joined the main sewer in the middle of one of Sheffield's busiest roads.

As the data recorded at this site were inadequate several months were spent trying to
create a Wallrus model for the site. This proved to be problematic. The two pipes
between the inflow monitor and the chamber were difficult to simulate accurately and
the lack of continuation flow data made it difficult to verify. Eventually it was decided
that a simpler method would be more appropriate in the time available.

A scattergraph of the inflow depths and flows was produced for all the storms with
sample data (see Figure 5.48). From this it was apparent that the flow depth
relationship was fairly consistent up to flows of 250-300I/s. Beyond this point backing
up started to occur and data was lost. A calibration curve was produced from this,
allowing for the depth and velocity checks made each week. This approximation was
adequate although at depths higher than 270mm it is possible that the calibration was
overestimating the flows.
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As the inflow monitor was 150m upstream of the chamber it was necessary to calculate
the flows at the entrance to the chamber so that the inflow through the gross solids bag,
situated at the entrance to the chamber, could be calculated. This was done by
calculating the change in volume in a given time step using the continuity equation i.e.
Discharge In - Discharge Out = Rate of Change in Storage. The "level pool"
assumption was made. This assumes that the water level is horizontal. This was
considered to be reasonable in view of the large cross-sectional area of the pipes and
the chamber compared to the pipe where monitoring occurs. Velocities of flow are
therefore very low. First the incoming volume at the upstream monitor for a given
time step was calculated. Then the change in the volume of the water stored in the
pipes and manhole chambers upstream of the inflow monitor was calculated. The
inflow into the chamber was given by subtracting the change in volume stored from the
monitored inflow volume for the same time step and dividing the result by that time step

(see equation 4.3).
Gross Solid Load Calculations

As at the Dobcroft Road, discharge through the overflow mesh bags was obtained by
proportioning the flow over the weir to the lengths of the frame to which the mesh bag

was attached.

B. SAMPLE ANALYSIS

4.4  Estimating Efficiency

4.4.1 Dissolved and Finely Suspended Solids

The relationship between the hydraulic data and the dissolved and finely suspended
solids samples was investigated in a number of different ways. A number of basic
questions to be addressed were identified:

a) is there any notable 'first foul flush' effect?

b) is there any correlation between the mass or load of a given parameter measured
during a storm event and other factors such as the length of the antecedent dry
weather period before the event, the duration of the storm, the peak or average
intensity of the storm?

c) do the different parameters measured (suspended solids, ash, biochemical
oxygen demand, chemical oxygen demand, ammonia, pH, conductivity)
behave in the same way under the same conditions (either during dry
weather or during a storm event)?

d) can the sources of the main pollutants be determined? i.e. is it possible to
determine whether a pollutant is primarily of dry weather origin or whether
it comes from other sources e.g. from road runoff.

Not all these questions could be fully answered due to the limited number of events
recorded at any one site during the time scale of this project. The resulting small
sample size made it difficult to determine the presence or absence of meaningful
correlation. The project time scale would have to have been significantly longer to have
thoroughly answer these questions.
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Three graphical ways of examining the dissolved and finely suspended solids date were
identified. Each can be used to present different aspects of the data.

4.4.1.1. Graphical Analysis

The following explanation is based on hypothetical examples and is intended to assist in
the interpretation of the results given in Chapter S by isolating specific phenomena and
discussing the implications of different possible outcomes.

a. Graphs of Concentration and Inflow against Time

This type of graph can be used to illustrate how the concentration of a given parameter
changes during the period of the storm and in relation to an increase or decrease in the
incoming flow. Such graphs are known as 'pollutographs' and they are often used in
investigations of this nature as they clearly show the presence or absence of a 'first foul
flush'. This is shown in Figure 4.3 for a hypothetical storm with samples. In this
example the sample concentration peak appears in advance of the flow peak (it should
be remembered that the concentration and the flow are measured on different scales on
the primary and secondary Y-axes). The concentrations of the samples increase up to
the third sample and then decrease. The differences in concentration between the
successive samples after the peak concentration is, at first, quite large but later becomes
less marked. The concentrations even out as the storm flow returns to the dry weather
flow level. At this point the concentrations are below the level of the typical dry
weather flow concentration for that time of the day.

If the first foul flush effect is ignored and it was supposed that all the pollutant material
present in the sewer system was of dry weather origin and that the storm water
contained none of the parameters measured then the resulting graph could be depicted
as shown in example 1 in Figure 4.4. The additional storm water acts purely to dilute
the dry weather sewage and consequently, the concentrations fall as the flow increases
and a larger volume of water is present and then rise again as the flow decreases and
the volume of water present returns to that of the dry weather flow. In this example the
minimum concentration would be found when the flow was at its maximum value.

In example 2 on Figure 4.4 the concentration of the sample parameter measured
increases and decreases with the flow of the storm water. This suggests that the storm
water is bringing in an amount of that parameter in addition to that brought in by the
dry weather sewage. Real examples tend to show a mixture of the two examples given
here. The results of the storms measured in the current project will be given in Chapter

5.
b. Graphs of the Change in Incoming Load with Time

Another way of representing the same information is to produce a graph of load against
time as shown in Figure 4.5 (Load is taken as the product of the mass coming in per
unit of time). This type of graph shows at which part of the storm the maximum
amount of material is entering. This could be useful when considering which part of the
storm is potentially the most polluting and which portion of the storm volume should be
prevented from discharging to the water course.
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In the graph shown in Figure 4.5 the 2 examples are developed from those given in the
previous Figure 4.4. i.e. they were produced from the product of the flow and the
concentrations of the examples given. Thus for example 1, in which the storm water
acts purely to dilute the dry weather sewage and contains none of the parameters
measured, the load entering would be as shown in example 1. Here the load remains in
a relatively narrow range after an increase at the beginning of the storm. In example 2,
however, there is a peak load which occurs at the same time as the peak flow. In a
storm which exhibited a ‘'first foul flush' the maximum load would occur towards the
earlier part of the storm i.e. before peak flow was reached.

c. Graphs of the Change in Mass with Time

If the incoming mass from the start time is plotted, a cumulative graph is produced
(mass is the cumulative sum of load). This is shown on Figure 4.6 for the same
examples as were used in the previous two figures. Here, the peak value is the total
mass of the parameter entering the combined sewer overflow during the sampling
period (the sampling period would normally be the period of the storm except where
the length of the storm exceeded the maximum time allowed by the automatic
samplers). From such a graph the total mass of a given parameter that has been
brought in could be determined at any time during the sampling period. Thus if the load
to a water course was to be reduced by a given % for a given parameter this type of
graph could be used to determine what period of the storm or volume of storm water
would have to be stored or otherwise prevented from entering the water course to
achieve this reduction.

The graphs illustrated here are, of course, theoretical and ideal examples. When taking
samples 'in the field', conditions are far from ideal and as a result samples are often lost
or are otherwise unusable. This produces much more patchy data making it harder to
determine what is actually happening. However, it was intended that a comparison of
such data with these theoretical models would lead to an understanding of the processes
affecting the movement of the various pollutants measured in the sewerage systems and

combined sewer overflows.
4.4.1.2. The Relationship between the Inflow and the Spill Samples-

Combined sewer overflows were originally designed to simply split the storm sewage in
order to reduce the volume that went forward to treatment. The composition of the
storm sewage that was discharged to the water course was thought to be the same as
that which went forward to treatment. It was considered important only that the storm
sewage was adequately diluted (often specified as six times the dry weather flow).
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As overflow design and the available technology became more sophisticated, the
positioning of the weirs and the increase in the available storage volume of the new
overflow designs led to claims that some were able to concentrate the major portion of
the pollutant material in the flow that was going forward to treatment so that what was
discharged to the water course was of a less damaging nature to this environment than
that which was passed forward to treatment. One of the primary aims of this study is to
determine whether the combined sewer overflows investigated do have any significant
effect in treating the storm sewage passing through them or whether an apparent
difference can simply be explained by the flow split.

This was initially investigated using unpaired t-test analysis to determine whether there
was a significant difference in the means of the inflow sample parameters and the spill
sample parameters for the same period of time (assuming that the lag time between the
inflow and the spill samplers is less than the sampling period of five minutes) during a
given storm. The F-test was used before the t-test to see whether the variances of the
two populations were equal. A full description of these tests can be found in most
statistics textbooks (e.g. Wardlaw, 1985; Clarke, 1980).

If the chamber design in some way enabled the majority of the polluting material to be
transported forward to treatment the means of the concentrations for the parameters
measured should be significantly less for the spill flow samples than for the inflow
samples. If it was found that there was a negligible difference in the concentration
means for the parameters measured then this would suggest that the design of the .
chamber had no beneficial effect in reducing the load of material that will be carried to
the water course. It was likely that the parameters measured do not all act uniformly
i.e. a beneficial effect might have been demonstrable for one parameter but not for
another. The aim of this analysis was to determine whether the inflow samples and the
spill samples were of the same composition for the parameters that were being
measured and thus to determine whether apparent differences could simply be explained

by the flow split.

Total loads for the inflow and spill samples were also calculated for all of the storms
with adequate sample data. The dry weather flow contribution to the total load was
estimated and subtracted from these totals in order to give a 'storm load' value i.e. a
value which represents the load of material brought in during the storm and not
including what was brought in the dry weather flow.

As the concentration of the parameters measured during the dry weather flow varied
considerably during the day dry weather loads were calculated to allow for this. Hourly
samples were taken during dry weather over one or more 24-hour periods. A
concentration value for each parameter was then determined for each hour. As storm
samples were taken at five minute intervals it was desirable to also estimate the dry
weather flow concentrations in five minute intervals. This was done by dividing the
difference between the hourly concentration values by twelve and sequentially adding
the result to the earlier hour for each of the twelve five minute periods in the hour. This

was repeated for each hour of the day.
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Measurements of flow were taken every two minutes during the study period so flow
values could be obtained for the periods of dry weather flow sampling. The dry
weather loads could thus be obtained by simply multiplying the concentration estimated
value for a given five minute period during the day by the flow at that point in the day.
and then by five to give the load for the whole five minute period. (This was then
multiplied by 60 to get load coming in one minute and then by 5 to obtain the load for

the five minute sampling period.)

The estimated dry weather flow loads were then calculated for the same time of day and
duration as a given storm. The results were then subtracted from the total load
calculated for the storm to give the 'storm load'. An investigation into the contribution
of the dry weather sewage to the total load was also made and the influence of various
factors was examined i.e. the antecedent dry weather period (defined as the greatest
time between periods of filling, although not necessarily causing spill, Jeffries, 1992),
the duration of the storm, the depth of the rain, the volume of flow and the peak and the

average rainfall intensities.

It might be supposed that the longer the antecedent dry weather period the smaller the
contribution of the dry weather sewage will be. This was implied by experiments e.g.
by Lindholm, 1984 and Malmqvist, 1982. - Their work suggested that during dry
weather deposits build up in sewer pipes and on the road, roofs and other structures,
which are picked up and washed away by the impact of the rain on the roads and roofs
and the storm wave in the sewer pipes. The longer the period of antecedent dry
weather the longer there is for deposits to build up. Similar suppositions can be made
for the other factors investigated e.g. a storm with a larger volume of inflow might be
expected to produce a greater storm load than a storm with a smaller volume of inflow.

It can be seen from what has previously been written' that the dry weather flow is
thought to deposit some material during periods of dry weather. For the purposes of
this report these deposits are considered to be of 'storm origin' as they are washed down
only by the extra volume of flow that is present during storm conditions.

4.4.1.3. Correlation Between Sample Parameters

The sewage samples that were taken were analysed for seven water quality parameters:
suspended solids, ash, biochemical oxygen demand (BOD), chemical oxygen demand
(COD), pH, conductivity and ammonia. Some of these parameters can be analysed
using relatively quick and simple techniques but others require more rigorous
procedures, especially the BOD test which needs five days before results can be

determined.

If significant and consistent correlation between one or more of these parameters were
demonstrated then the number of tests that would routinely have to be performed could
be reduced. This would be particularly advantageous if one of these strong correlations
involved a parameter that was easy to measure with one that was difficult to measure.
The samples would not then have to measured for the difficult test as the results could

be implied from the other parameter.
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This situation would seem very desirable as it could save a great deal of analysis time
and money. However, the degree of correlation would have to be extremely high and
consistent on a diurnal and seasonal basis and for all concentrations, for this to be
realistic. For example, there might be a good correlation between BOD and suspended
solids and this might lead to the suggestion that BOD values should no longer be
measured but could be implied from the results of the suspended solids analysis. This
should be done with great caution if the correlation is not extremely consistent and
strong (an allowable error could be estimated for each of the parameters), as although
this could be accurate in the majority of the cases in some the values could be extremely
misleading. This could lead to serious consequences for a parameter such as BOD
which is used to determine the amount of oxygen that would be required to degrade a
given substance. If the BOD value was significantly underestimated a highly polluting
material could be mistaken for a harmless one and discharged to a water course causing
considerable damage to the biotic environment.

Relationships between the different parameter values were first investigated graphically.
A graph of the concentrations of all the samples of one parameter was plotted against
all the concentrations of the samples of a second parameter (e.g. suspended solid
concentration would be on the y-axis and ash concentration along the x-axis). Any
trend in the pattern of the points could then be clearly seen and, if present, suggested
that there might be a significant correlation between the two sets of parameter
concentrations. Examples of this are given in Chapter 5.

These relationships were further investigated using correlation and regression analysis.
Correlation analysis was used to determine the degree of association between two
parameter values. Regression analysis was used to describe the association of the two
sets of parameter concentrations including the shape of the relationship i.e. whether it
was linear or curved. A full description of these tests can be found in most statistics

text books.

Multiple regression was also used as this is a regression with two or more predictors i.e.
the sample concentrations of six of the parameters was regressed with the sample
concentrations of the seventh parameter. From this, the dependence of the seventh
parameter on the other six could be described in the form of an equation.

4.4.2 Gross Solids

Estimates of the efficiency of the different overflow chambers in terms of the ability of
the overflow to retain gross solids in the flow to treatment were made using the

overflow performance terms (Green, 1991).
Total Storm Load Retained

Total Storm Inflow Load

Total Efficiency =

Total StormVolume Retained
Total Storm Inflow Volume

Flow Split =
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Total efficiency is defined as "the overall performance of the overflow and the storage
associated with it". Once the total efficiency and the volume ratio for a storm have
been calculated the “treatment factor" of the overflow for each storm can be derived

where:

Total Efficiency
Flow Split

Treatment Factor =

The treatment factor allows the quality performance of an overflow to be assessed and
the results for different combined sewer overflow systems to be compared. If the
resultant value is greater than 1.0 some sort of treatment effect on the spilled flow is
thought to have taken place (e.g. a settling of solids so that the concentration in the spill
flow is less than that in the inflow). If the value is equal to 1.0 no treatment occurs and
the apparent difference in loads between the spill and the inflow is due, solely to the
flow split occurring during the storm event. If the value is less than 1.0 the spill
contains a larger load than would be predicted purely by the flow split i.e. the spill flow
is more concentrated than the inflow for the particular parameter being investigated. In
this case. the overflow is having an adverse effect by concentrating the pollutant load in
the spill flow. The "load" referred to here was the mass of the gross solids or a
particular category of gross solid that was estimated from the mass that was captured in

the mesh bag

The efficiency, volume ratio and treatment effect values were determined for each of
the sites for gross solids. The efficiencies and treatment factors were also calculated for
specific categories of gross solid materials (e.g. sanitary towels, leaves etc.). The latter
was undertaken to investigate whether the overflows (or screens, at the stilling pond
site) were any more effective at preventing the passage of one type of material than

another. .

The antecedent dry weather period (A.D.W.P) was calculated for each of the storms
being investigated. The average and peak intensity of each storm as well as the
antecedent storm was also determined. The length of the A.D.W.P. is thought to affect
the pollutional strength of the "first foul flush". Both A.D.W.P. and storm intensity
affect the volume of runoff and infiltration occurring during a storm event. The delay
time (defined as the average delay between the time at which the storm first entered the
chamber and the time to first spill, Saul & Thornton, 1989) was also calculated for each

storm.

An investigation into the composition of the gross solid material collected in the mesh
bags was undertaken. The material captured during a storm event was sorted into eight
different categories (faeces, sanitary towels & tampons, leaves and twigs, thick paper
towels, miscellaneous plastic, miscellaneous absorbent material, miscellaneous non-
absorbent material, material adhering to the mesh bag (mostly toilet tissue)).
Comparisons of the proportions of the different gross solid categories at the different
sites could thus be made to see whether a given site could be classified by the sewage
type. A comparison between the range of values obtained during dry weather flow
sampling and the range obtained during storm events was also made. The aim of this
being to determine whether the highest concentrations occurred during dry weather or

storm conditions.
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S. RESULTS
A. HYDRAULIC ANALYSIS

S.1 Blocking Tests

The results of the blocking tests at Chesterfield Road, Dobcroft Road and Leyburn
Road are given graphically in Figures 5.1 to 5.6.

5.1.1 Stilling Pond Site (Chesterfield Road)

Three attempts at the blocking test were undertaken at this site. The first was
unsuccessful as the board used to cover the continuation pipe produced an inadequate
seal. In the second blocking test the time interval between depth readings was too large
and insufficient depth readings were obtained. The final test was successful. It took 59
minutes for the chamber to fill in both the second and the third blocking tests.

Figure 5.1 illustrates the time-depth relationship for the stilling pond. It can be seen
that the measured values did not produce a smooth relationship between depth and
time. This caused a significant variation in the gradient of the curve from which the rate
of change of storage could be calculated. Even with curve smoothing the errors were
significant. To avoid this problem the time for emptying for a theoretical depth-
discharge relationship was calculated using Equation 4.2 where Qout is determined
from Equation 4.13. The discharge coefficient was then adjusted until a fit to the
depth-time curve was achieved.

For the curve illustrated in Figure 5.1 the ratio of velocities (C) was taken as 0.74.
Rough turbulent flow was assumed and the value of ks was taken as 1.5mm.

Figure 5.2 illustrates how the downstream depth varied as the upstream depth
increased during the final blocking test. As a vortex was formed in this downstream
chamber no values of depth were taken during storm events. It was thus very important
to determine this relationship as accurately as possible during the blocking test. From
Figure 5.2 it can be seen that the relationship fluctuates. Despite this, as there was no
other information that could be used, a straight line through these values was used as an
estimate of the relationship.

The assumed relationship was taken as:

H,,, =0.53H,, —124

down

5.1.2 High Side Weir (Dobcroft Road)

Two blocking tests were undertaken during the survey at Dobcroft Road. Figures 5.3
and 5.4 illustrate the results of these tests on the 4 December 1991 and 26 February
1992 respectively. It took 195 and 125 minutes respectively to fill the overflow
chamber to weir level. The same procedure of fitting a theoretical depth-discharge
relationship was undertaken and these are also illustrated on the figures. Figure 5.5
illustrates the problem with direct calculation of discharge using the depth-time
relationship derived from the blocking test.
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5.1.3 High Side Weir (Leyburn Road)

Two blocking tests were undertaken at the Leyburn Road site (21 December 1992 and
23 March 1993). Both were successful and Figure 5.6 illustrates the results of the first
test (the second test giving almost identical readings). It took just over one hour on
each occasion to fill the chamber to the point of spill. The results of the tests were
again used to fit a theoretical depth-discharge relationship (illustrated on the figures).

5.2 STILLING POND SITE (CHESTERFIELD ROAD)

5.2.1 Producing the Calibration

The hydrographs of two storms (27 February 1991 and 15 June 1991 respectively)
showing the measured values of inflow and continuation flow are given in Figures 5.7
and 5.8. First spill occurs at approximately 249 I/s so it can be seen that for the
measured values, even when there is no spill, Qijn does not equal Qout. Some
difference in the measured flows could be explained by storage in the overflow chamber
but in this case the difference is greater than could be explained by storage indicating
the need for an accurate calibration.

The depth-discharge relationship for the inflow pipe at discharges where there was no
drowning of the sensor is illustrated in Figure 5.9. The discharge values for the
continuation pipe are assumed to be equal to the inflow values up to this point. Figures
5.10 and 5.11 illustrate the relationship between the continuation pipe discharge and the
inflow pipe depth for the rising and falling stages of the hydrographs respectively for
the storms used in the calibration.

A graph illustrating the increase in storage for a given depth above the continuation
invert is given in Figure 5.12. Using this information a calibration curve could be
produced. The relationship between the continuation flow and the spill flow against
inflow is illustrated in Figure 5.13. This indicates the inflow value at which first spill
occurs (approximately 249 I/s at an inflow depth of 1460mm). The average dry
weather flow for the Chesterfield Road site is approximately 10-12 I/s. The overflow
thus appears to be set to spill at 21-25 x DWF. Some examples of how the calibration
fits the measured data are given in Figures 5.14 to 5.18.

5.2.2 Comparison with Theoretical Discharge Equations
During dry weather flow and at the beginning of a storm the flow in the continuation

pipe is free surface flow. A comparison of the critical (Hc) and normal depths (Hn)
showed that the pipe has a steep slope (i.e. Hc > Hn ). This is illustrated in Figure 5.19.
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At the beginning of the storm the depth is unaffected by the transition from the dry
weather flow channel in the chamber to the continuation pipe. As the level increases
above half channel depth, however the transition becomes important causing subcritical
flow in the chamber. Flow in the pipe is supercritical. Provided that the downstream
depth remains below critical depth this will be Type I flow (Hager W.H., 1991). A
description of the different flow types is given in Appendix 4.

At the point where the depth in the chamber backs up to the inflow monitor head the
calculated discharge agrees with the measured value. As the depth increases beyond
this point the flow will change to Type V flow provided that the upstream depth is
below 1.5 times the pipe diameter, and the downstream depth remains below the critical
depth. If the depth increases, the flow will change to Type IV flow with the
continuation pipe running full. Type IV flow exists for all higher depths.

The different flow types described are given in Figure 5.20. This graph shows a
comparison of the theoretical and calibrated depth-discharge curves. (The calibrated
values are for the rising limb of the hydrograph). The apparent differences are mainly
due to the differences between the assumed downstream depth (estimated from the
values measured during the blocking test) and those occurring during storm conditions
(which were not measured) when additional drowning of the downstream end of the

pipe may occur.

The downstream depths could not be measured under storm conditions as there was no
suitable position to install a flow monitor. It was thus very difficult to compare the
recorded data with the theoretical equations. The best estimate of these values thus had
to be used, determined from a linear relationship obtained from values measured during

the blocking test.

As well as the downstream depth, the downstream velocities are also required. This
cannot be easily calculated due to a vortex that was observed to form in the small
chamber beyond the screens. Velocity values thus had to be determined from a "best
fit" to the blocking test resuits.

5.3 HIGH SIDE WEIR (DOBCROFT ROAD)

5.3.1. Producing the Calibration

Depth and velocity check measurements for the inflow monitor were made during site
visits. Figure 5.21 shows the depth offsets. It appears that the second value is
excessively low and, although there is no clear explanation for such a value it is thought
to be spurious. The calibrated velocities were unreliable due to the low depths of the

dry weather flows when they were taken.

Although the site measured values showed an average of approximately 30mm
difference at low depths, comparison of depth measurement with the Arx monitor
installed in the main chamber, and with the scale read values obtained during the
blocking tests indicated a much smaller difference at the higher depths. Low flow
values were modified to take these measured values into account.
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The stored volumes in the overflow chamber and upstream pipe in relation to the depth
above the continuation invert are shown in Figure 5.22. Figure 5.23 illustrates the
relationship between the overflow discharge and the inlet pipe depth, indicating the
variation in inlet pipe depth at which spill occurs. From the blocking test this depth was
found to be 1073mm for the lowest part of the weir and 1078mm for the end weir.

The relationship between continuation flow and spill flow against inflow is presented in
Figure 5.24. From this the inflow discharge at which first spill occurs can be seen
(approximately 113 V/s). The average dry weather flow for the Dobcroft Road site is
approximately 15 I/s. Thus the overflow is set to spill at approximately 7.5 x DWF.

Measured values of inflow are very irregular at high flows and cannot be considered to
be reliable. Figures 5.25 to 5.28 show a good fit between the calibrated and
measured data whilst Figures 5.29 to 5.32 show fits which are poor at high discharge.
Some discrepancies can be expected. The addition of measured weir flows does not
give precise magnitudes due to storage in the overflow channel before flow reaches the
monitor, which causes attenuation of discharge.

8.3.2. Comparison of Measured and Calculated Hydrographs

Figure 5.31 shows that the continuation pipe has a steep slope (hc>hn). As flow in the
chamber is subcritical the discharge in the pipe is initially controlled by critical depth
near the entrance (Type I flow). The pipe begins to run full at a discharge of about 64
Us and the flow changes to Type IV. When the water levels reach the crest of the weir
the continuation discharge is 113 I/s.

5.4 LOW SIDE WEIR SITE (RETFORD ROAD)

Examination of raw data showed that the sum of discharges for the continuation flow
and overflow were generally lower than the inflow discharges for the corresponding

times.

Examination of the depths and velocities measured during the site calibration of the
instrumentation for the inflow and continuation flow are shown in Figures 5.34 to 5.37.
These show that depths in the inflow were consistent but that the velocities were more
irregular. This is largely due to the depths being below the values at which the monitor
can be expected to be reliable. Depths for the continuation flow were much more
variable. Site depths were used to calibrate the continuation flow hydrograph. The
overflow monitor could not be calibrated in situ but calibration in the laboratory
showed that the depth was underestimated by an average of 33.3mm. This was allowed
for in determining the depth and discharge hydrographs.

Of the three monitors the continuation monitor was most likely to give inconsistent
results. The monitor had to be positioned at the upstream end of the pipe. It was
therefore affected by the disturbance to the velocity caused by the weir and by the
upstream mesh bag. In some cases a hydraulic jump formed part way along the weir.
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In order to obtain a correct volume balance a multiplying factor (f3) was applied to the
continuation hydrograph in the form of:

Qpodiies = Q x 1

For some storms modification of inflow and overflow was also required using a similar
relationship. Inflow was matched to continuation flow when there was no spill, and
spill flow adjusted for the peaks. Figures 5.38 to 5.41 show examples of the fits of the
inflow and the sum of the continuation flow and the overflow discharge.

The multiplying factors and continuation depth adjustment used for the graphs in Figure
5.38 to 5.41 are as follows:

Storm Event Factor | Factor 2 | Factor 3 | Continuation Depth
1 Adjustment

19 November 1992 3p.m. 1.1 0.8 1.2 -30

20 July 1992 1 1 1 47

21 July 1992 1 1 1 47

26 August 1992 1 1 1.2 37

Table 5.1 Factors Used in Retford Road Flow Adjustments

Figures 5.42 to 5.45 show the depth-discharge relationships for the inflow, continuation
flow and overflow for a number of storms. Figures 5.42 and 5.43 show the relationship
between the continuation flow and the inflow (Figure 5.43 is an enlargement of Figure
5.42). Figures 5.44 and 5.45 show the relationship between the overflow discharge and
the inflow discharge (Figure 5.45 is an enlargement of Figure 5.44). The flow at which
first spill occurs is between 30 to 34 I/s. Average dry weather flow is approximately 11
I/s at this site. It thus appears that this overflow is set rather low (3 x DWF). This is
supported by observations during site visits, of spills during dry weather.

5.5 HIGH SIDE WEIR (LEYBURN ROAD) .
5.5.1 Producing the Calibration

Depth and velocity check measurements were taken during the weekly site visits.
Figure 5.46 shows the depth offsets calculated from these measurements. It appears
that there is a significant drift in the logged depth measurements over the six month
monitoring period. The logged values were initially 20mm lower than the measured
values but, by the end of the monitoring period, they were 40mm higher. The weekly
checks were invariably done when the flow was low. Data obtained during the blocking
test suggest that the drift is smaller at higher depths. Low flows were modified to allow

for this drift.
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The stored volumes in the overflow chamber and upstream pipe in relation to the depth
above the continuation invert are shown in Figure 5.47. The chamber depth at which
spill occurs was found during the blocking test to be 1385mm at the lowest part of the
weir (the furthest upstream section of the weir). At the highest part of the weir (the end
weir) the depth was found to be 1508mm. Thus the total increase in the height of the
weir from the upstream to the downstream end of the chamber is 128mm.

The relationship between the spill flow and the inflow into the chamber is shown in
Figure 5.48. From this it appears that flow at which spill occurs is between 260V/s and
340U/s. The average dry weather flow was calculated to be 13V/s. Thus this overflow is
set to spill at 20-26xDWF.

Measured values of inflow were found to be very unreliable at high flows. When the
level in the chamber was 340mm below the weir level the inflow monitor started to be

affected by the backing up of water and data were lost.

As there was a shortage of flow monitors only one of the spill pipes was monitored at
the start of the survey period. It was intended that the second pipe would be monitored
as soon as a logger became available. Unfortunately, the time available for the survey
was limited and the second logger was not available until all the sampling events had
taken place. The logger was installed on 9 December 1992 and 7 events were
monitored hydraulically. This enabled data to be obtained for comparison of the two
spill pipes. It might be assumed that a similar amount of flow passes down each pipe
during a storm but, as the weirs are of not of equal height on both sides of the chamber,
it is likely that one spill pipe receives more flow than the other. An example of a
comparison of the two spills is given for the storm on 18 December 1992 (Figure 5.49).
Note that this was the spill before the flows were adjusted in accordance with the flow

calibrations.

A scattergraph was produced for the 7 events with both spills recorded. Spill monitors
cannot easily be calibrated in situ but, at the end of the survey period they were tested
for flow and depth in the hydraulics laboratory. With this information it was possible to
estimate the average proportion of the total flow that was flowing down each of the
pipes. It was found that slightly more flow (approximately 61%) was passed down the
second pipe to be monitored. This is in accordance with the survey of the weir heights.
As the distance from the inlet increases the weir on the right hand side of the chamber
becomes lower than the weir on the left hand side. At the end weir a 10mm difference

in weir height was measured.

A scattergraph of the inflow depths and flows was produced for all the storms with
sample data. This is shown in Figure 5.50(i). A description of how the calibration was
obtained is given in Chapter 4, section 4.3.4. Examples of how the calibration fits the

measured data are given in Figures 5.50 (ii) and (iii).

Ho



250

Figure 5.48 Relationship between Spill Flow and Inflow into the Chamber at the High
Side Weir (Leyburn Road)
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5.6 DRY WEATHER FLOW PATTERNS

Figures 5.51 to 5.54 give the dry weather flow pattern for a typical day. Minimum flow
values at all sites occur between 2a.m. and 6a.m. This is followed by a sharp increase in
flow up to 8a.m. The dry weather flow patterns found during the day tend to vary
much more according to the site. Peak flow at the Dobcroft and Retford Road sites
(approximately 24 I/s and 25 I/s respectively) occur at around midday whilst at the
Chesterfield Road site there is a trough in values at this time (approximately 9 I/s)
between twin peaks which occur between 8a.m. to 10a.m. and Sp.m. to 7p.m. (both
reaching approximately 14 I/s). At Leyburn Road the peak flow is between 7p.m. and
9p.m. when the flow reaches approximately 25 I/s. The range in flow values at
Dobcroft Road, Retford Road and Leyburn Road are reasonably similar (between 4 U/s
and 26 I/s) whilst at the Chesterfield Road site the range in values is from 3 U/s to 16 Us.

B. SAMPLE ANALYSIS
5.7 MONITORING PERIODS

The monitoring periods for the four sites are given in the following table (Table 5.2).
The number of storms from which finely suspended and dissolved samples were taken is
given and the number of storms with both inflow and spill samples is indicted. The
number of storms from which gross solid data was obtained is also given.

Site Monitoring Period Storms | Storms with | Events with

with Inflow and Gross Solid
Samples | Spill Samples Samples

Stilling Pond Sept. 1990 to July 1991 24 8 14

(Chesterfield Road)

High Side Weir Jan. 1991 to Jan. 1992 19 7 14

(Dobcroft Road) )

Low Side Weir Nov.1991 to Dec. 1992 18 12 17

(Retford Road)

High Side Weir Oct. 1992 to Dec. 1992 12 8 Il

(Leybum Road)

Table 5.2 Monitoring Periods and the Number of Storms
Sampled

5.8 DAILY SAMPLE VALUE VARIATION DURING DRY WEATHER

The daily variation at each of the sites is given in Figures 5.55 to 5.58. All sites indicate
a decline to minimum sample concentrations between 2a.m. to 6a.m. following an
evening peak between 4p.m. to 8p.m. This is apparent for all the sample parameters
investigated. At Leyburn Road, however, there is a peak between 10a.m. and 2p.m. for
all the parameters except ammonia. This could be due to a rogue sample or one-off
discharge that occurred during the day on which the dry weather flow samples were
taken. After 4a.m. there is a rapid rise at all sites, for all the parameters, to reach a
morning peak between 6a.m. and 8a.m. for all sites except Leyburn Road.

114




gl
]

8)IS puod Bulns ey 1e mojd4 Jauieapn AUg LS'S aunbid

(sinoy) swi

vi 4
ke |

ol
]

§

O

<

—oN

LT

8V}

b s
=
S

)

A

0l

Cl

14

9l

{s/) moy-

115



(peOY Yosogoq) euS JI8M 8pIS UBIH ay) 18 mo)) Jayieaps Aig zg°s ainbid

(sunoy) ewyy.

4 074 8l gl bl cl ol m 9 v
L | 1 1 1 _ | 1

Jumogtr

—=

14

p——

(o0]
v

8§ &

&

116

(/) moi4



(Peoy plojiey) 8IS JIoM BpIS MOT By} 1B MOl Jayieap Aig €6°S ainbiy

e 22 (074 8L gl 1748 Am50m.r.c_‘m=E. .9 8 | 9 4 &
42 ﬁa ﬂ: #ms_} g
Wil S
T O it
LR
I .
_ G2

(sh) mol4

L1



(peoy wingke) s1om 2piS YBIH ay) Je mo|d Jayieapy Aig  +§°G @inbigy

8L
1

(Keq jo Jnop) ewyy
gL ZL 91 SiL ¥ €t 2k 1t ot
1 1 1 1 1 1 1 1 |

8
1

8
I

L
I

8
1

S
1

=~

o

oL

I

St

]
e

14

(/) mol4

118



@IS puod buliing ay) sejdwes Jayjeapn g JNOH-¥Z  §S°G ainbly

BjUOW WS
o——
Auaponpuco

———

aod

aos
-

yss

e - o

spllos pepuedsns

—0

0L

-008

000}

(1/Bw) uonerUEIUCD

119

.



(peoy 1oiogoq)

3G JIeM @pIS UBIH suy sajdwes Jayieap A JNOH-yZ | 95°S 2inbid
{anoy) ewy.
R - S A ) ¢ gl 141 2} o] 8 E
] | = 4 | 1 .¢|_. = | = ! 1
I e = s ———. ¥
) e - ol Pl o R o I o
v\ i p/
\
\ k..\. —
//*‘l'
< :
yse oe
-
Auagonpuco
Y g
Ooo \ ke t\s\ .I-l.
e \ ]
P, \
aos ¥ il 7 wge. e ] s
DEEE 4.. .-.\l.l 4 -..f.....l. ..\ .~ \.
BlUOWWE y i nd i
e ../ — \_ 003
spios pepuedsns 174 f
AR |
0L

(1/Bw) uonBnULdUOD

120



(peoy piojiay)
a)IS JIsAA 9pIS Mo ay) sajdwes Jayjeapn g INoH-pZ  LS'S inbig

Aeq a8y Jo EQ_.I _
144 [ (04 gl 9l 14} cl 0]" 0
s L ) RN A o
Epc T g ao——1a =5 prres
\.rlf
\
i < 0.0.0]8
BUOWIWR /<
—_———
Aigonpuoo
SR 0051
aod
aos
rsmeiee 0002
yse <
s =
splios pepuedsns
L o - od

10,0,°74

(1/Bw) uonBUBOUOD

1211



€l

Concentration (mg/l)

700-

o
suspended sollda
A -
ash
A BOD
\ﬂ\u f \ e ’/—\
// "\o./ \-- /\ f (// h‘-..\ - o \g\ COoD
N a \ o
4 ¥ S conductivity
B ¥ -
o\“‘o\.___~,/ =
ammonla
? /A
1 e
/\
0 ‘::.-A. ----------- oSl _,“’:."""Lt:-’--, e \'ﬂ. ,.,_A-b-u-létnb-......l.“_!“__u.o;n—-ozg"";"-“.

I

T
8

1

T

T T T
10 12 14 16

Time (hour of day)

18 20 22 24

Figure 5.58 24-Hour Dry Weather Samples the High Side Weir Site

(Leyburn Road)



The pattern for the rest of the day is more site dependent. At the Chesterfield Road
site there are two pronounced daily peaks for all the parameters. The first peak is
between 8a.m. and 12a.m. and the second between 6p.m. and 10p.m. with a trough in
between showing a drop of over 50% in sample values for suspended solids, ash, BOD,
COD and conductivity. A midday trough is also apparent at Retford Road for all
sample parameters and at Dobcroft Road to a less pronounced extent for BOD and
COD.

As these are predominately residential catchments these observations correspond with
the normal diurnal pattern of people getting up between 6a.m.and 8a.m. and discharging
waste water down showers, sinks and toilets. The midday peak observed at Leyburn
Road may correspond to midday meals and breaks from work to use the toilet. The
evening peaks can be explained by people returning from work, the preparation of
meals and further use of the sinks and toilets.

In Table 5.3 the range of parameter values obtained during the 24-hour dry weather
sampling is compared with the range obtained in storm events. The ratio of the peak
values of the parameters (Dry Weather : Storm Event) is also given. From this it can be
seen how much more concentrated the peak values of the storm samples can be.

5.9 ESTIMATING THE EFFICIENCY OF THE SYSTEMS

$.9.1 Water Quality (Bottle) Samples

These samples were used to obtain information on the finely suspended and dissolved
fraction of material present in the combined sewer overflows. For each of the storms
from which bottle samples were taken, graphs were produced to show the relationship
between the inflow and the concentration variations for both the inflow and the spill
samples. An example of this is given in Figures 5.59 to 5.65 for each of the measured
parameters for the storm on 15th October 1990 at the Chesterfield Road site. Graphs
of suspended solids, BOD, conductivity and ammonia for each of the storms with
adequate sample data are given in Appendix 2. The change in the load of a parameter
with time during a storm is given in Figures 5.66 to 5.70. The corresponding
cumulative mass for the same storm and parameters is given in Figures 5.71 to 5.75.

The results of the t-tests are given in Tables 5.4 to 5.7. These indicate the significance
of any difference between the means of the two sets of samples for the parameters
measured. The significance of a result is shown as either 'n.s." i.e. not significant, or as
a percentage value. The smaller the percentage value the more significant the result is
i.e. the greater the difference in the means for the number of samples investigated. The
means of the inflow and spill are included for all the tests that gave a significant

relationship.

123



97'0'1 06°0:1 ¥6°0'1 1:S€°0 1:0T'1 1:££°0 1:7€°0 PEOY WINQAdT
STO'1 £6°0'1 ¥6°0:1 1740 120 1:11°0 11E0 PEOY P11y )
SYO'l 00T 0011 1:7€0 17€0 1:€0°0 1:€0°0 POy 1J013q0(
0T €l 00°€'T 86°0°'1 1:19°0 1:1€0 1:20°0 1€F'0 peoy pI1ofiay
Sp1[oS
gruourury L1anonpuo) Hd dod aod ysy papuadsng NS
(SIUdAg UUOIS © JMQ) SON[EA YBI] JO oney o
£9'4-10°0 ELY-0T1 TLS9 1081-8C 67-T1 917-7 78L-8 PEOY WIngda]
S'61-1°0 S1§-T11 0'8-6'9 0677-78 $$9-0T £9¢-7 8hv1-5T peoy PRSIy
$'61-6°0 09€1-611 v'L-L'9 0981-09 9€L-9] Y9TE-1 0968-87 PeOy Yyo1dqoq
€01-7 091+-16 ST-TS 08¥€-ST 0LpE-€1 ¥891-7 071¢-8 PeOy piofioy
(/3ur) (ur>/gn) (1/8w) (1/8ur) (1/3ur) (1/3u) sprjog

Bruourury A1anonpuo) angep Hd aod aod usy papuadsng aug
sanfep d[dureg jo 33uey:slusAg uLIOI§ ‘q

9°L1-8°0 LTS-EHE L'L-S'9 0€9-8% 11¢-6 (154 757-01 peoy wIng4sy
SLL-ETL 6L6-66€ §'8-6'9 756-L8 TLT-07 8S1-1 9St-vE PEOY PIRI3ISYD
67709 999-60% v'L-8'9 165-09 LYT-81 67 9LT-¥T Peoy JoI13qo(]
£0E-L'y 8TEI-616 €L-€9 0TIT-1€T 0501-191 8€-7 0SE1-011 Peoy piofay

((/3w) (w/Sn) (/8w ~(1/Fuy () (13w sprjos

BIuourury A1anonpuo) aneA Hd aod aod sy papuadsng aug

suonenuasuo) sjdures jo afuey : Moy Jayqieap K1q e

sjdureg uolg pue mojq Jayieap A1 Jo uosuedwo)) ¢°¢ s[qe,

124



:

~4000
1400 - /\V/\ -3500
1200 l \ [0
E -2500
1000
§ 800 _—
= 1500
8 \
600 =t
et 4 -1000
- -500
+
20G T 0
10 20 30 40 60 70 80 100
Time (min)

Fiow (V2)

=

(nflow sampte
‘-

aplll samploe

flow

Figure 5.59 Suspended Solids Concentration (Inflow and Spill) and Inflow for the

Storm on 15 October 1990 (Chesterfield Road)
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Figure 5.61 BOD Concentration (Inflow and Spill) and Inflow for the Storm on
15 October 1990 (Chesterfield Road)
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Figure 5.62 COD Concentration (Inflow and Spill) and Inflow for the Storm

on 15 October 1990 (Chesterfield Road)

126

=

Inflow sample
-+

splll sample

flow




- 1000

\_m
T i

Time (min)

3
8
A
8
8
3

Figure 5.63 pH Value Variation (Inflow and Spill)and the Inflow for the Storm

pH Value

on 15 October 1990 (Chesterfield Road)

76 4000
A -
7.4 s 3500 Inflow sample
7.3 splil sample
I flow
2 I ————4——4—-—-2500
z
71 \ -4 2000 g
7 I + \ -t 1500
6.9 +—- — - 1000
e )_- *\\ 500
6.7 T T T T T T T T 0
10 20 30 40 50 60 70 80 00 100
Timo (min)

Figure 5.64 Conductivity Variation (Inflow and Spill) and the Inflow for the Storm

on 15 October 1990 (Chesterfield Road)
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on 15 October 1990
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15 October 1990
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Figure 5.72 Cumulative Mass of Ash for the Storm on 15 October 1990
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Calculations to estimate the loads of the finely suspended and dissolved material for the
sampling period were made and these are given in Tables 5.8 to 5.11.. These tables
also show the percentage contribution of the loads of dry weather sewage origin to the
total load. The percentage contribution of the dry weather flow volume to the inflow
volume that was recorded during the sampling period is also given.

The dissolved and finely suspended solids loads comparisons for samples at similar time
periods given in these tables do not represent the total inflow and spill loads for the
whole of the storms as for storms lasting over 200 minutes only a proportion of the
storms were sampled. The values given indicate the load coming in and the load
contained in the spill flow for the periods where the inflow and spill flow samples
coincide (assuming that the time lag between the inflow sampler and the spill sampler is
less than the 5 minute sampling frequency). The inflow values are different to the
inflow values for the same storms given in later parts of the table because the latter
represent the load for the whole inflow sampling period and not just the period where
the inflow and the spill samples coincide.

The calculated loads for each of the measured parameters in turn for each of the storms
with adequate data given indicate the estimated dry weather sewage load for the same
duration at the same time of the day. The 'storm load' is simply the result of subtracting
the dry weather flow load from the total load. This allows for the changes in dry
weather flow concentrations that occur during the day.

The antecedent dry weather period (ADWP), peakedness and intensity of the rainstorms
producing the storms with samples is given in Tables 5.12 to 5.15. The peakedness and
intensity of the antecedent storm is also given here. The delay time is also given on
these tables. This value is similar to that described by Saul (see Chapter 2). It refers to
the time between the first storm flow entering the overflow chamber and the first spill
over the weir. It was hoped that relationships between these parameters (ADWP,
storm intensity, delay time etc.) and the volume of flow or the load of pollutant material
spilled to the watercourse could be determined for the chambers under investigation.
The results of these investigations and an interpretation of the results described here are

given in Chapter 6.

The possibility of any correlation between the measured parameters was first assessed
by examining graphs of all the samples of one parameter against all the samples of a
second parameter. Examples where a reasonably strong relationship exists (R? over
0.5) are given in Figures 5.76 to 5.83 for the inflow and the spill samples separately.
Only the data for the Leyburn Road site is given in the main text. The data for the
other sites is given in Appendix 3. Correlation analysis confirmed the existence of
significant relationships. This investigation was performed for every storm with sample
data. Where significant correlations were found to exist regression analysis was used to

establish the form of the relationship.



Table 5.8 Load Information for Chesterficld Road

a. Percentage Contribution of Dry Weather Flow Loads to Total Loads

Date Time of Duration Suspended Ash BOD COD Ammonia Flow
Day Solids
3 October 1990 05:06 306 0.15 0.05 0.33 0.29 1.84 0.57
15 October 1990 15:14 914 0.16 0.11 0.34 0.29 1.89 0.56
17 October 1990 20:22 1222 4.40 406 7.35 5.02 17.6 1.55
8 March 1991 17:22 1042 5.21 1.73 17.9 12.7 13.1 3.76
19 April 1991 08:06 486 6.97 1.36 11.0 12.8 61.9 9.75
29 April 1991 21:20 1280 4.87 2.64 10.4 10.7 31.7 5.26
13 June 1991 08:20 500 2.56 0.35 7.23 9.43 60.8 4.71
25 June 1991 05:26 326 0.87 0.37 1.21 1.7 11.2 1.89
b. Ratio of the % of the Total Flow to the % of the Total Parameter Load Provided by the Dry
Weather Flow
Date Time Duration Suspended Ash BOD CcoD Ammonia
Solids
3 October 1990 05:06 306 0.26 0.09 0.58 0.51 3.23
15 October 1990 15:14 914 0.29 0.19 0.60 0.51 3.37
17 October 1990 20:22 1222 2.84 2.62 4.74 3.24 11.37
8 March 1991 17:22 1042 1.39 0.46 4.77 3.37 3.49
19 April 1991 08:06 486 0.71 0.14 1.13 1.31 6.34
29 April 1991 21:20 1280 0.93 0.50 1.98 2.04 6.03
13 June 1991 08:20 500 0.54 0.07 1.54 2.00 12.91
25 June 1991 05:26 326 0.46 0.20 0.64 0.90 5.93
¢. Volumes of Flow
Date Time Total Inflow Storm Flow Dry Weather Flow for the
) ) Sampling Period (1)
3 October 1990 05:06 2566500 2551920 14580
15 October 1990 15:14 3602670 3582420 20250
17 October 1990 20:22 5396850 5313000 83850
8 March 1991 17:22 2116590 2036940 79650
19 April 1991 08.06 1034310 933510 100800
29 April 1991 21:20 1388070 1315020 73050
13 June 1991 08:20 739350 704550 34800
25 June 1991 05:26 1310700 1285950 24750
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d. Dissolved and Finely Suspended Solids Load Comparisons for Similar Time Periods

Storm Event No. Sampling Suspended Ash BOD CcobD Ammonia
Samples Time Solids
(min) (kg) (ke) (kg) (kg) (kg)

3 October 1990

inlet samples 5 15 620.8 233.6 165.3 659.9 8.30

spill samples S 15 319 10.2 8.9 31.8 0.20
15 October 1990

inlet samples S 13 334.4 131.3 2514 803.1 6.80

spill samples s 15 147.7 64.8 34.1 168.9 0.15
17 October 1990

inlet samples 7 35 73.9 17.4 32.7 145.6 1.70

spill samples 7 35 17.4 1.9 14.8 26.7 0.30
8 March 1991

inlet samples 22 110 446.4 208 109 496 9.30

spill samples 22 110 270.4 121 588 2714 2.90
19 April 1991

inlet samples 7 35 3744 133.2 1523 470.9 3.70

spill samples 7 35 3.5 1.0 23 4.7 0.09
29 April 1991

inlet samples 14 70 197.5 48.3 77.8 233.7 4.50

spill samples 14 70 13.8 3.7 4.8 184 0.70
13 June 1991

inlet samples 6 30 393.5 188.4 80.6 2118 2.04

spill samples 6 30 142.1 41.3 57.6 152 1.10
25 June 1991

inlet samples 7 35 43.5 5.1 14.9 57.2 2.94

spill samples 7 35 16.9 2.6 7.5 23.5 0.30

e. SUSPENDED SOLIDS

Date Time Total Load Storm Load | DWF Load % of Total Provided by Dry
Weather Sewage
(Xg) (Kg) (Kg)

3 October 1990 05:06 1201.1 1199.3 1.90 0.15

15 October 1990 15:14 27593 27549 4.40 0.16

17 October 1990 20:22 507.4 485.0 224 4.41

8 March 1991 17:22 505.3 479.0 26.3 5.20

19 April 1991 08:06 560.8 521.8 39.1 6.97-

29 April 1991 21:20 359.4 341.9 17.5 4.87

13 June 1991 08:20 502.0 487.0 15.1 3.00

25 June 1991 05:26 355.8 332.8 2.9 0.87

f. ASH
Date Time Total Load Stonn Load | DWF Load % of Total Provided by Dry
Weather Sewage
(Kg) (Kg) (Kg)

3 October 1990 05:06 338.2 338.0 0.2 0.05

15 October 1990 15:14 729.0 7282 0.8 0.11

17 October 1990 20:22 97.6 93.6 4.0 4.06

8 March 1991 17:22 233.2 229.2 4.0 1.73

19 April 1991 08:06 197.0 194.3 2.7 1.36

29 April 1991 21:20 21.3 88.9 2.4 2.64

13 June 1991 08:20 271.0 276.1 0.9 0.35

25 June 1991 05:26 49.1 48.9 0.2 0.37
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g. BIOCHEMICAL OXYGEN DEMAND (BOD)

Date Time Total Load Storm Load | DWF Load % of Total Provided by Dry
Weather Sewage
(Kg) (Kg) (Kg)

3 October 1990 05:06 337.9 336.8 1.1 0.33

15 October 1990 15:14 1180.4 1176.4 4.0 0.11

17 October 1990 20:22 275.1 254.8 20.3 7.35

8 March 1991 17:22 122.8 100.8 220 17.92

19 April 1991 08:06 248.1 220.7 274 11.04

29 April 1991 21:20 142.4 127.6 14.8 10.41

13 June 1991 08:20 131.7 122.2 9.5 7.23

235 June 1991 03:26 141.7 140.0 1.7 1.21

h. CHEMICAL OXYGEN DEMAND (COD)

Date Time Total Load Storm Load | DWF Load % of Total Provided by Dry
Weather Sewage
(Kg) (Kg) (Kg)

3 October 1990 05:06 1359.1 1355.2 3.9 0.29

15 October 1990 15:14 3880.4 3869.2 11.2 0.29

17 October 1990 20:22 1142.5 1085.1 57.4 5.02

8 March 1991 17:22 5583 487.6 70.7 12.67

19 April 1991 08:06 723.4 631.0 92.4 12.77

29 April 1991 21:20 422.0 376.7 45.3 10.73

13 June 1991 08:20 349.5 316.6 329 9.43

25 June 1991 05:26 368.6 362.3 6.3 1.70

i. AMMONIA
Date Time Total Load Storm Load | DWF Load % of Total Provided by Dry
Weather Sewage
(Kg) (Kg) (Kg)

3 October 1990 05:06 25.6 25.1 0.5 1.84

15 October 1990 15:14 26.2 25.7 0.5 1.90

17 October 1990 20:22 14.2 17.7 2.5 17.62

8 March 1991 17:22 17.5 15.2 2.3 13.13

19 April 1991 08:06 9.8 3.7 6:1 61.85

29 April 1991 21:20 7.8 5.3 2.5 31.70

13 June 1991 08:20 4.0 1.6 2.4 60.82

25 June 1991 05:26 6.7 5.9 0.7 11.21
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Table 5.9 Load Information for Dobcroft Road

a. Percentage Contribution of Dry Weather Flow Loads to Total Loads

Date Time | Duratio | Suspended | Ash | BOD | COD | Ammoni | Flow
of Day n Solids a
19 April 1991 08:22 196 3.4 1.3 8.8 7.25 9.9 8.6
25 June 1991 05:26 192 3.3 3.1 8.3 8.3 40.1 2.9
27 Sept. 1991 23:06 46 0.98 0.73 3.5 4.32 31.1 11.1
17 Oct. 1991 (1) 06:44 136 7.96 12.2 453 19.95 43.2 8.7
17 Oct. 1991 (2) 18:10 232 2.1 0.89 8.4 5.8 57.6 4.2
29 Oct. 1991 00:36 424 0.28 0.16 0.66 0.61 6.06 2.4
18 Nov. 1991 23:56 220 0.3 0.5 0.77 0.65 5.3 2.5
b. Ratio of the % of the Total Flow to the % of the Total Parameter Load Provided by the Dry
Weather Flow
Date Time of | Duration | Suspended | Ash BOD COD Ammonia
Day Solids
19 April 1991 08:22 196 0.4 0.15 1.02 0.84 1.15
25 June 1991 05:26 192 0.13 1.07 2.86 2.86 13.8
27 Sept. 1991 23:06 46 0.09 0.07 0.32 0.39 2.8
17 Oct. 1991 am. | 06:44 136 0.9 1.4 5.2 2.29 4.97
17 Oct. 1991 p.m. | 18:10 232 0.5 0.21 2.0 1.38 13.7
29 Oct. 1991 00:36 424 0.12 0.07 0.28 0.25 2.53
18 Nov. 1991 23:56 220 0.12 0.2 0.308 0.26 2.12
c. Volumes of Flow
Date Time Total Inflow Storm Flow Dry Weather Flow for the
) ) Sampling Period (1)
19 April 1991 08:22 587700 537450 50250
25 June 1991 05:26 712410 691710 20700
27 Sept. 1991 23:06 360870 320970 39900
17 Oct. 1991 a.m. 06:44 952200 869400 82800
17 Oct. 1991 p.m. 18:10 641640 614640 27000
29 QOct. 1991 00:36 681300 665150 16650
18 Nov. 1991 23:56 1003800 979050 24750




d. Dissolved and Finely Suspended Solids Load Comparisons for Similar Time Periods

Storm Event No. Sampling | Suspended | Ash | BOD | COD | Ammonia
Samples Time Solids (Kg) | Kg) Kg) | Kg) Kg)
(min)
27 Sept. 1991
inlet samples 10 50 128.8 40.3 27.3 83.2 0.9
spill samples 10 50 35.8 9.9 9.7 38 0.4
17 Oct. 1991 a.m.
inlet samples 8 40 51.6 7.9 12.9 80.3 1.5
__spill samples 8 40 26.3 1.3 5.13 | 355 0.59
17 Oct. 1991 p.m.
inlet samples 6 30 78.2 20 24.3 83.6 0.27
spill samples 6 30 18.3 5.0 6.8 25.5 0.5
29 Oct. 1991
inlet samples 13 65 149.4 59.3 2.2 112.9 0.8
_ spill samples 13 65 4.8 0.9 1.5 5.9 0.04
18 Nov. 1991
inlet samples 12 60 150.8 24.1 45.2 | 205.1 1.4
_spill samples 12 60 36.8 9.4 9.8 52.3 0.52
19 April 1991
inlet samples 3 15 94 34 35.5 103 1.0
spill samples 3 15 4.4 1.5 2.4 5.7 0.1
25 June 1991
inflow samples 6 30 54.9 4.2 20.7 | 504 0.5
spill samples 6 30 11.2 2.8 5.0 17.2 0.3
¢. SUSPENDED SOLIDS
Date Time Total Storm DWF % of Total Provided by
Load Load Load Dry Weather Sewage
Kg) Xg) (Kg) :
19 April 1991 08:22 301.7 291.4 10.3 3.40
25 June 1991 05:26 150.0 145.1 4.9 3.30
27 September 1991 23:06 134.5 101.9 1.3 0.98
17 October 1991 a.m. 06:44 206.6 190.1 16.5 7.96
17 October 1991 p.m. 18:10 126.2 123.5 2.7 -2.10
29 October 1991 00:36 185.5 185.0 0.5 0.28
18 November 1991 23:56 222.9 222.14 0.76 0.30
f. ASH
Date Time Total Storm DWF % of Total Provided by
Load Load Load Dry Weather Sewage
(Xg) Kg) (Kg)
19 April 1991 08:22 106.0 104.6 1.4 1.30
25 June 1991 05:26 22.1 214 0.7 3.10
27 September 1991 2306 423 42.0 0.3 0.73
17 October 1991 a.m. 06:44 19.7 17.3 2.4 12.20
17 October 1991 p.m. 18:10 29.2 28.9 0.3 0.89
29 October 1991 00:36 8.0 7.9 0.1 0.16
18 November 1991 23:56 377 37.5 0.2 0.50
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g. BOD

Date Time | Total Storm DWF % of Total Provided by
Load Load Load Dry Weather Sewage
Kg) | (Kg Kg)

19 April 1991 08:22 132.5 120.9 11.6 8.80

25 June 1991 05:26 59.5 54.6 4.9 8.30

27 September 1991 23:06 29.1 28.1 1.0 3.50

17 October 1991 a.m. 06:44 44.0 24.1 19.9 45.30

17 October 1991 p.m. 18:10 48.7 44.6 4.1 8.40

29 October 1991 00:36 50.7 50.3 0.3 0.66

18 November 1991 23:56 66.6 66.1 0.5 0.77

h. COD

Date Time | Total Storm DWF % of Total Provided by
Load Load Load Dry Weather Sewage
(Kg) (Kg) Kg)

19 April 1991 08:22 | 3918 3634 28.4 7.25

25 June 1991 05:26 129.4 118.7 10.7 8.30

27 September 1991 23:06 87.7 83.9 3.8 4.32

17 October 1991 am. [ 06:44 | 2304 184.5 46.0 19.95

17 October 1991 p.m. 18:10 | 152.0 143.2 8.8 5.80

29 October 1991 00:36 | 175.9 174.8 1.1 0.61

18 November 1991 23:56 | 299.5 297.6 1.9 0.65

i. AMMONIA

Date Time | Total Storm DWF % of Total Provided by Dry
Load Load Load Weather Sewage
Kg) (Kg) (Kg) :

19 April 1991 08:22 | 6.18 5.57 0.61 9.9

25 June 1991 05:26 | 1.77 1.06 0.71 40.1

27 September 1991 23:06 [ 0.98 0.68 0.31 311

17 October 1991 a.m, 06:44 | 3.31 1.88 1.43 43.2

17 October 1991 p.m. 18:10 | 0.91 0.39 0.52 576

29 October 1991 00:36 1.37 1.29 0.08 6.1

18 November 1991 23:56 2.91 2.76 0.15 5.3
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Table 5.10 Load Information for Retford Road

a. Percentage Contribution of Dry Weather Flow Loads to Total Loads

Date Time | Duration | Suspended | Ash | BOD | COD | Ammonia | Flow
of Day Solids
12 March 1992 00:32 132 1.9 0.2 4.2 3.1 5.2 15.1
29 March 1992 19:36 110 4.7 0.7 9.9 8.8 16.2 9.3
3 July 1992 13:26 498 91.7 20.6 - - 67.9 32.9
21 July 1992 04.06 282 8.8 1.16 14.5 9.9 3.0 8.4
23 July 1992 17:42 150 4.7 2.1 9.7 11.1 7.1 8.4
27 August 1992 07.04 38 26.7 10.0 49.7 | 75.3 - 32.8
21 September 1992 16:44 456 57.5 7.2 - 77.6 38.9 25.8
29 October 1992 11:56 202 8.5 2.7 30.1 18.8 - 12.0
11 November 1992 | 20:08 390 5.5 1.7 7.4 6.9 30.1 8.8
19 November 1992 | 03:53 140 24 0.3 5.3 4.1 9.2 7.3
24 November 1992 | 07:18 204 3.9 0.8 5.2 5.9 29.0 9.2
30 November 1992 | 12:32 174 5.6 0.5 - 7.2 5.3 8.3

b. Ratio of the % of the Total Flow to the % of the Total Parameter Load Provided by the Dry Weather

Flow
Date Time of | Duration | Suspended | Ash BOD COD | Ammonia
Day Solids
12 March 1992 00:32 132 0.13 0.01 0.28 0.21 0.34
29 March 1992 19:36 110 0.50 0.08 1.06 0.95 1.74
3 July 1992 13:26 498 2.79 0.63 - - 2.06
21 July 1992 04:06 282 1.05 0.14 1.73 1.18 0.36
23 July 1992 17:42 150 0.56 0.24 1.15 1.32 0.85
27 August 1992 07:04 38 0.81 0.30 1.52 2.30 -
21 September 1992 16:44 456 2.23 0.28 - 3.01 1.51
29 October 1992 11:56 202 0.71 0.23 2.51 1.57 -
11 November 1992 20:08 390 0.63 0.19 0.84 0.78 3.42
19 November 1992 03:53 140 0.33 0.03 0.73 0.56 1.26
24 November 1992 07:18 204 0.42 0.09 0.57 0.64 3.15
30 November 1992 12:32 174 0.67 0.06 - 0.87 0.64
c. Volumes of Flow
Date Time Total Inflow Storm Flow Dry Weather Flow for the
Sampling Period
12 March 1992 00:32 117000 99300 17700
29 March 1992 19:36 542400 491850 50550
3 July 1992 13:26 83400 55950 27450
21 July 1992 04:06 380400 348600 31800
23 July 1992 17:42 451200 413250 37950
27 August 1992 07:04 294600 198000 96600
21 September 1992 16:44 182700 135600 47100
29 October 1992 11:56 775200 681900 93300
11 November 1992 20:08 609000 555450 53550
19 November 1992 03:53 199500 - 184950 14550
24 November 1992 07:18 457200 415200 42000
30 November 1992 12:32 308400 282750 25650
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. Dissolved and Finely Suspended Solids Load Comparisons for Similar Time Periods

Storm Event No. Sampling Suspended Ash | BOD | COD | Ammonia
Samples | Time (min) | Solids (Kg) | (Kg) (Kg) (Kg) (Kg)

12 March 1992

inlet samples 8 40 51.6 7.9 12.9 80.3 1.5

spill samples 8 40 26.3 1.3 5.13 35.5 0.6
21 July 1992

inlet samples 7 35 58.6 20.7 13.9 68.4 1.2

spill samples 7 35 294 10.9 6.7 36.9 0.6
23 July 1992

inlet samples 4 20 5.2 1.1 3.7 8.4 0.1

spill samples 4 20 2.3 0.5 1.3 3.0 0.1
27 August 1992 .

inlet samples 19 95 71.9 21.2 67.9 99.9 1.7

spill samples 19 95 32.1 13.8 15.4 31.3 0.6
21 September 1992

inlet samples 10 50 37.5 8.2 15.8 50.9 1.0

spill samples 10 50 19.9 5.0 83 34.7 0.3
27 October 1992

inlet samples 23 115 193.4 82.4 63.9 | 248.8 5.1

spill samples 23 115 63 29.4 22.2 99.0 1.8
11 November 1992

inlet samples 21 105 150.8 21.8 | 162.1 | 390.1 3.9

spill samples 21 105 33.1 11.2 13.5 52.5 0.5
19 November 1992

inflow samples 4 20 36.9 14 22 49.4 0.7

spill samples 4 20 5.2 2.2 2.6 7.4 0.4
24 November 1992

inflow samples 19 95 131.5 347 | 155.3 | 339.8 3.1

spill samples 19 95 10.9 4.6 6.5 20.3 1.2

¢. SUSPENDED SOLIDS

Date Time | Total Load Storm DWF Load | % of Total Provided by
(Kg) Load (Kg) (Kg) Dry Weather Sewage |
12 March 1992 00:32 190.1 186.5 3.7 1.9
29 March 1992 19:36 182.6 174.1 7.5 4.6
3 July 1992 13:26 11.6 1.0 10.6 91.7
21 July 1992 04:06 144.9 132.1 12.8 8.8
23 July 1992 17:42 14.3 13.7 0.7 4.7
27 August 1992 07:04 77.9 57.1 20.8 26.7
21 September 1992 16:44 43.4 18.4 25.0 57.5
29 October 1992 11:56 208.5 190.8 17.7 8.8
11 November 1992 20:08 152.3 143.9 8.4 5.5
19 November 1992 03:53 75.7 73.9 1.8 2.4
24 November 1992 07:18 141.3 135.8 5.6 3.9
30 November 1992 12:32 184.3 173.9 10.4 5.6

147



f. ASH

Date Time | Total Load Storm DWF Load | % of Total Provided by
(Kg) Load Kg) (Kg) Dry Weather Sewage

12 March 1992 00:32 68.0 67.9 0.1 0.2

29 March 1992 19:36 39.3 39.0 0.3 0.7

3 July 1992 13:26 0.5 2.7 0.7 20.6

21 July 1992 04.06 319 31.5 0.4 1.2

23 July 1992 17:42 2.9 2.8 0.1 2.1

27 August 1992 07:04 21.2 19.1 2.1 10.0

21 September 1992 16:44 9.6 8.9 0.7 7.2

29 October 1992 11:56 87.6 85.2 2.4 2.7

11 November 1992 20:08 21.8 21.5 0.4 1.7

19 November 1992 03:53 29.7 27.6 0.1 0.3

24 November 1992 07:18 38.4 38.1 0.3 0.8

30 November 1992 12:32 38.7 385 0.2 0.5

g. BOD

Date Time | Total Load Storm DWF Load | % of Total Provided by
Kg) Load (Kg) Kg) Dry Weather Sewage

12 March 1992 00:32 102.9 98.5 4.4 4.2

29 March 1992 19:36 107.1 96.5 10.6 9.9

3 July 1992 13:26 8.1 - 11.0 -

21 July 1992 04:06 85.8 73.4 12.4 14.5

23 July 1992 17:42 9.4 8.5 0.9 9.7

27 August 1992 07:04 67.9 34.2 33.7 49.7

21 September 1992 16:44 17.7 - 23.9 -

29 October 1992 11:56 73.5 51.4 22.1 30.1

11 November 1992 20:08 164.5 152.3 12.2 7.4

19 November 1992 03:53 39.4 37.3 "2.1 5.3

24 November 1992 07:18 160.6 152.3 8.3 - 5.2

30 November 1992 12:32 - - 8.6 -

h. COD

Date Time Total Load Storm DWF Load | % of Total Provided by
Kg) Load (Kg) Kg) Dry Weather Sewage

12 March 1992 00:32 3103 300.6 9.7 3.1

29 March 1992 19:36 277.4 252.9 245 8.8

3 July 1992 13:26 - - - -

21 July 1992 04.06 244.0 220.0 24.1 9.9

23 July 1992 17:42 22.0 2.8 11.1

27 August 1992 07.04 24.7 75.2 75.3

21 September 1992 16:44 123.2 45.6 77.6

29 October 1992 11:56 277.5 225.4 52.1 18.8

11 November 1992 20.08 395.3 368.0 27.3 6.9

19 November 1992 03:53 106.5 102.1 4.34 4.1

24 November 1992 07:18 356.0 335.0 21.0 5.9

30 November 1992 12:32 240.4 223.0 17.4 7.2
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i. AMMONIA

Date Time Total Storm DWF Load | % of Total Provided by
Load (Kg) | Load (Kg) Kg) Dry Weather Sewage

12 March 1992 00:32 4.21 4.00 0.21 5.2

29 March 1992 19:36 6.48 5.43 1.05 16.2

3 July 1992 13:26 0.62 0.20 0.42 67.9

21 July 1992 04:06 0.95 6.74 0.21 3.02

23 July 1992 17:42 1.00 0.92 0.08 7.14

27 August 1992 07:04 0.69 - 2.51 -

21 September 1992 16:44 0.88 0.54 0.34 38.9

29 October 1992 11:56 1.10 - 1.35 -

11 November 1992 2008 3.96 2.77 1.19 30.1

19 November 1992 03:53 0.82 0.75 0.08 9.2

24 November 1992 07:18 3.39 2.42 0.97 29.0

30 November 1992 12:32 3.18 3.01 0.17 5.3
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Table S.11 Load Information for Leyburn Road

a. Percentage Contribution of Dry Weather Flow Loads to Total Loads

Date Time of | Duration | Suspended | Ash BOD | COD | Ammonia | Flow
Day Solids
9 Nov. 1992 16:10 166 2.9 0.2 8.3 6.8 35.6 6.5
11 Nov. 1992 02:20 164 0.4 0.2 0.8 0.5 3.8 1.5
11 Nov. 1992 17:34 234 3.3 0.2 10.5 8.0 58.5 12.7
24 Nov. 1992 04:28 220 3.9 1.0 53 7.0 20.4 6.7
30 Nov. 1992 07:10 428 5.0 2.2 - 8.3 15.8 4.8
2 Dec. 1992 07:36 536 4.7 1.3 11.8 7.4 38.3 4.7
3 Dec. 1992 18:40 118 3.3 0.5 7.9 5.7 13.1 3.6
b. Ratio of the % of the Total Flow to the % of the Total Parameter Load Provided by the Dry
Weather Flow
Date Time of | Duration | Suspended Ash BOD COoD Ammonia
Day Solids
9 Nov. 1992 16:10 166 0.45 0.04 1.28 1.05 5.52
11 Nov. 1992 02:20 164 0.25 0.10 0.52 0.33 248
11 Nov. 1992 17:34 234 0.26 0.02 0.83 0.63 4.62
24 Nov. 1992 04:28 220 0.58 0.14 0.79 1.04 3.05
30 Nov. 1992 07:10 428 1.05 045 1.73 3.29
2 Dec. 1992 07:36 536 1.00 0.28 2.53 1.60 8.22
3 Dec. 1992 18:40 118 0.92 0.15 2.21 1.60 3.68
c. Volumes of Flow
Date Time of Total Inflow for the Storm Flow for the Dry Weather Flow
Day Sampling Period Sampling Period for the Sampling
) Period
9 Nov. 1992 16:10 2340270 2189220 - 151050
11 Nov. 1992 02:20 2201490 2167740 33750
11 Nov. 1992 17:34 881910 770310 111600
24 Nov. 1992 04:28 1756440 1639140 117300
30 Nov. 1992 07:10 2252190 2143800 108390
2 Dec. 1992 07:36 2296500 2189550 106950
3 Dec. 1992 18:40 2083500 2009250 74250
d. Dissolved and Finely Suspended Solids Load Comparisons for Similar Time Periods
Storm Event No. Sampling | Suspended | Ash | BOD | COD | Ammonia
Samples Time Solids Kg) | Kg) Kg) Kg)
(min) (Kg)
9 November 1992
inlet samples 19 95 328.0 101.0 | 107.0 | 368.0 3.2
spill samples 19 95 22.0 8.0 8.0 30.4 0.4
11 November 1992 a.m.
inlet samples 17 85 94.0 32.0 | 36.0 | 357.0 0.8
spill samples 17 85 19.8 7.0 9.0 102.0 0.2
11 November 1992 a.m.
inlet samples 17 85 225.0 89.0 66.0 | 260.0 1.2
spill samples 17 85 31.0 11.0 7.0 36.0 0.4

continued on next page




Tablc 5.11 Dissolved and Finely Suspended Solids Loads Comparisons for Simifar Time Periods

(continued)

Storm Event No. Sampling | Suspended | Ash BOD | COD | Ammonia

Samples Time Solids (Kg) | (Kg) Kg) Kg) Kg)
(min)

24 November 1992

inlet samples 21 105 141.0 47.0 54.0 176.0 2.6

spill samples 21 105 26.0 12.0 7.6 30.5 2.1

30 November 1992

inlet samples 16 80 288.0 106.0 - 311.0 3.8

spill samples 16 80 42.0 14.0 - 53.5 3.2

2 December 1992

inlet samples 18 90 301.0 98.0 85.0 391.0 2.4

spill samples 18 90 65.5 24.0 18.0 79.4 0.6

3 December 1992

inlet samples 21 105 184.0 28.0 68.0 264.0 4.2

spill samples 21 105 31.6 5.0 20.0 58.0 1.2

e. SUSPENDED SOLIDS
Date Time Total Load Storm Load | DWF Load | % Total Provided
by Dry Weather
Sewage

9 November 1992 16:10 426.5 414.2 12.3 2.9

11 November 1992 02:20 129.6 129.1 0.5 0.4

11 November 1992 17:34 290.9 281.4 9.5 3.3

24 November 1992 04:28 154.0 148.0 6.0 3.9

30 November 1992 07:10 391.0 371.3 19.7 5.0

2 December 1992 07:36 351.8 335.4 16.5 4.7

3 December 1992 18:40 198.0 191.5 6.5 3.3

f. ASH
Date Time Total Load Storm Load | DWF Load | % Total Provided
by Dry Weather
Sewage

9 November 1992 16:10 129.6 129.3 0.3 0.2

11 November 1992 02:20 44.0 43.9 0.1 0.2

11 November 1992 17:34 97.9 97.7 0.2 0.2

24 November 1992 04:28 492 48.7 0.5 1.0

30 November 1992 07:10 137.6 134.6 3.0 2.2

2 December 1992 07:36 111.1 109.6 1.5 1.4

3 December 1992 18:40 29.9 29.7 0.2 0.5
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g. BOD

Date Time Total Load Storm Load | DWF Load | % Total Provided
by Dry Weather

Scwage

9 November 1992 16:10 135.2 124.0 11.2 8.3

11 November 1992 02:20 45.2 44.8 0.4 0.9

11 November 1992 17:34 80.7 72.2 8.5 10.5

24 November 1992 04:28 60.5 57.3 3.2 5.3

30 November 1992 07:10

2 December 1992 07:36 102.9 90.8 12.1 11.8

3 December 1992 18:40 73.7 67.9 5.8 7.9

h. COD
Date Time Total Load Storm Load | DWF Load { % Total Provided
by Dry Weather

Sewage

9 November 1992 16:10 485.0 451.9 33.1 6.8

11 November 1992 02:20 468.0 465.6 2.4 0.5

11 November 1992 17.34 310.2 285.4 24.8 8.0

24 November 1992 04:28 195.9 182.2 13.7 7.0

30 November 1992 07:10 451.4 414.0 37.4 8.3

2 December 1992 07:36 470.3 435.3 35.0 7.4

3 December 1992 18:40 287.4 271.0 16.4 5.7

i. Ammonia
Date Time Total Load Storm Load | DWF Load | % Total Provided
) by Dry Weather

Sewage

9 November 1992 16:10 4.3 2.8 1.5 35.1

11 November 1992 02:20 1.04 1.00 0.04 4.0

11 November 1992 17:34 1.6 0.7 0.9 58.8

24 November 1992 04:28 1.0 2.4 0.6 19.7

30 November 1992 07:10 6.5 5.5 1.0 15.4

2 December 1992 07:36 3.2 2.0 1.2 i 37.5

3 December 1992 18:40 4.7 4.1 0.6 12.7
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Figure 5.76 Graph of Suspended Solids Concentration Against Ash Concentration

for Inflow Samples at the High Side Weir, Leyburn Road

Regression: SS =241 + 28 Ash R2=0.84
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Figure 5.77 Graph of Suspended Solids Concentration Against BOD Concentration

for Inflow Samples at the High Side Weir, Leyburn Road
Regression: BOD = 11.8 +0.3SS R2=0.65
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Figure 5.78 Graph of Suspended Solids Concentration Against COD Concentration
for Inflow Samples at the High Side Weir, Leyburn Road
Regression: COD =596+ 1.0SS R2=0.65
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Figure 5.79 Graph of BOD Concentration Against COD Concentration for Inflow
Samples at the High Side Weir, Leyburn Road
Regression: BOD = 8.0 + 0.2 COD R?=0.60
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Figure 5.80 Graph of Suspended Solids Concentration Against Ash Concentration

for Spill Samples at the High Side Weir, Leyburn Road
Regression: SS=17.5+24 Ash R2?=0.89
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Figure 5.81 Graph of Suspended Solids Concentration Against BOD Concentration

for Spill Samples at the High Side Weir, Leyburn Road
Regression: BOD = 16.7 + 0.2SS R?=0.60
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Figure 5.82 Graph of Suspended Solids Concentration Against COD Concentration
for Spill Samples at the High Side Weir, Leyburn Road
Regression; COD =89.3+0.8SS R2=0.59
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Figure 5.83 Graph of BOD Concentration Against COD Concentration for Spill
Samples at the High Side Weir, Leyburn Road
Regression: BOD=6.5+02COD R%Z=0.53
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This was first investigated by linear regression analysis. The significant relationships
are shown on the graphs referred to above. They represent only those relationships
derived from a collation of all the results at this site for the inflow samples and the spill
samples. It was then decided that the data should be analysed using multiple regression
and the results of this are given in Table 5.16. This table indicates the value for a
collation of all the samples for a given parameter at a given site. An example of the
variation in the relationships between the measured parameters over all the storms in
the monitoring period is given in Table 5.17. From this the consistency of the

relationships can be determined.

5.9.2 Gross Solids

The results of the investigation into the composition of the gross solids material at the
four sites is given in Table 5.18. At the low side weir site (Retford Road) gross solids
were collected from two mesh bags on the weir. At the second high side weir site there
were ten mesh bags attached at regular intervals along the weir. In Table 5.18
percentage values are given for each of the mesh bags individually and an average

values for all the spill mesh bags are also given

For each of the storms from which gross solid samples had been taken the total inflow
and total spill flow was calculated. This information, together with the estimated total
mass of inflow and spill flow gross solids, is given in Tables 5.19 to 5.23, for the four
overflow chambers and for the screens at the stilling pond site. Other relevant flow
data, including the percentage flow to treatment or 'flow split', is given in Tables 5.24 to
5.27. As explained in Chapter 4, to investigate whether the overflow is having a
treatment effect on the concentration of gross solids or other pollutant material, the
total efficiency of the system must be divided by the flow split.

The calculated efficiencies and the corresponding treatment factors of the different
overflows (and the screens at the stilling pond site) in retaining gross solid material is
given in Tables 5.28 to 5.36. The efficiencies were calculated for total solids as well as

for separate categories.
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Table 5.16 Multiple Regression Equations for the Significant Relationships for All Samples at

Each Site

a. Chesterfield Road

ii.

ii.

Conductivity =- 1120 - 1.68 Ash - 1.0 BOD + 1.01 COD + 187 pH + 6.6! Ammonia

Inflow Samples
Regression Equation R value
SS = 555 + 1.3 Ash + 0.44 COD - 76.6 pH + 4.5 Ammonia 0.879
Ash =-385+0.46 SS-0.1 COD +56.1 pH - 4.13 Ammonia 0.759
BOD =472 + 0.247 cod - 67.6 pH + 0.01 Conductivity + 3.04 Ammonia 0.814
COD = 142 +0.54 SS - 0.33 Ash + 1.70 BOD + 0.05 Conductivity 0.857
Spill Samples
Regression Equation R? value
SS =4.78 +1.25 Ash +0.77 BOD + 0.304 COD - 64.3 pH 0.963
Ash = - 366 + 0.55 SS - 0.56 BOD + 49.0 pH 0.921
BOD =- 180 + 0.40 SS - 0.66 Ash + 25.9 pH 0.771
COD =68 +0.73 SS + 0.551 BOD + 10.3 Ammonia 0.897
Dobcroft Road
Inflow Samples
Regression Equation R? value
SS =102 +2.53 Ash + 1.28 BOD - 0.25 COD - 11.9 Ammonia 0.952
Ash =206 +0.34 SS 0.950
BOD =353 +0.037 SS + 0.234 COD - 50.8 pH - 0.035 Conductivity + 5.38 Ammonia __0.862
COD = -415 - 0.08S8S + 2.58 BOD + 0.24 Conductivity - 6.99 Ammonia 0.787
Spill Samples
Regression Equation R value
SS =23.8 + 1.35 Ash +0.376 BOD 0.987
Ash =-18.0+0.72SS -0.25 BOD - 0.19 COD 0.984
BOD = 183 +0.14 8S - 0.17 Ash + 0.09 COD - 26.5 pH + 7.18 Ammonia 0.589
COD =- 190+ 1.28 8S - 1.56 Ash + 1.07 BOD - 7.45 Ammonia 0.757
Retford Road
Inflow Samples
Regression Equation R? value
SS =473 +1.41 Ash - 0.22 BOD + 0.25 COD - 61.2 pH + 4.46 Ammonia 0.924
Ash =-259+0.57 $S - 0.04 COD + 34 pH - 0.03 Conductivity - 2.76 Ammonia 0.903
BOD =-2.2-0.23 8S - 0.54 COD - 0.41 Conductivity + 1.77 Ammonia 0.907
COD= -370+0.71SS -0.29Ash+1.49BOD+56. 1pH+0.11Conductivity -3.25Ammonia 0.939
0.514
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Spill Samples

Ammonia = 6.03 + 0.01 SS +0.0] BOD - 0.01 COD -0.80 pH + 0.01 Conductivity

Regression Equation R” value
SS =194+ 1.35 Ash +0.219 COD - 26.6 pH + 5.56 Ammonia 0.978
Ash=157+0.678S - 0.17 BOD - 0.08 COD + 21.6 pH - 4.70 Ammonia 0.968
BOD =-273 - 0.16 Ash - 0.22 COD - 41.3 pH - 0.08 Conductivity + 3.47 Ammonia 0.857
COD= -533+0.84 SS - 0.65 Ash + 1.84 BOD + 82.5 pH - 7.65Ammonia 0.903
Conductivity = 107 + 0.09 SS - 0.06 COD - 0.09 pH + 27.2 Ammonia 0.656
Ammonia = -12.5+0.01SS -0.02Ash+0.01BOD - 0.003COD+1.77pH+0.01Conductivity 0.645
Leyburn Road
Inflow Samples
Regression Equation R* value
SS =- 195+ 1.96 Ash + 0.499 BOD + 0.193 COD + 25.2 pH + 6.0 Ammonia 0.944
Ash =-54.2 + 0.36 SS - 0.04 COD - 5.25 Ammonia 0.907
BOD = 155 +0.23 SS - 0.04 COD - 23.7 pH - 0.04 Conductivity + 6.87 Ammonia 0.777
COD =1391+1.23 SS - 1.29 Ash + 0.57 BOD - 189 pH - 0.195 Ammonia 0.775
.Ammonia = - 8.22 + 0.01 SS - 0.03.Ash + 0.01 BOD + 1.24 pH + 0.01 Conductivity 0.505
Spill Samples
Regression Equation R” value
SS =-47+1.73 Ash + 0.752 BOD + 0.155 COD + 8.04 Ammonia 0.944
Ash =-100 +0.41 SS - 0.22 BOD + 15.2 pH 0.912
BOD = 88.6 + 0.2 SS - 0.25 Ash + 0.9 COD + 0.04 Conductivity + 5.85 Ammonia 0.765
COD =780 +0.73 SS + 1.51 BOD - 96.2 pH - 46.8 Ammonia ) 0.758
0.595
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Table 5.17 COLLATION OF MULTIPLE REGRESSION RESULTS

CHESTERFIELD ROAD INFLOW

a. SUSPENDED SOLIDS
Date Ash BOD COD pH Conductivity | Ammonia R?
3 October 1990 0.1 0.1 0.1 0.1 0.1 0.99
15 October 1990 0.98
16 October 1990 5.0 0.89
17 October 1990 0.1 0.90
18 October 1990 5.0 2.0 1.0 0.1 0.84
10 December 1990 0.1 0.84
18 January 1991 5.0 0.85
4 March 1991 5.0 0.57
8 March 1991 2.0 1.0 0.92
19 March 1991 0.1 0.82
19 April 1991 0.1 10.0 0.98
29 April 1991 0.1 1.0 10.0 0.83
15 May 1991 0.1 10.0 1.0 0.98
19 June 1991 0.1 5.0 5.0 0.99.
21 June 1991 10.0 10.0 0.83
28 June 1991 10 2.0 0.91]
27 June 1991 0.1 0.96
9 July 1991 10.0 1.0 0.94
Dry Weather Flow 0.1 0.1 10.0 0.98
Total Inflow 0.1 0.1 1.0 0.1 0.87
b.ASH
Date Suspended BOD COoD pH Conductivity Ammonia R
Solids
3 October 1990 0.67
15 Octaber 1990 - - - - - - -
16 October 1990 5.0 2.0 0.89
17 October 1990 0.1 0.84
18 October 1990 5.0 1.0 0.85
10 December 1990 0.1 1.0 0.90
18 January 1991 5.0 5.0 10.0 0.93
4 March 1991 10.0 5.0 0.34
8 March 1991 0.95
19 March 1991 0.1 10.0 0.82
19 April 1991 0.1 10.0 0.99
29 April 1991 0.1 5.0 - 0.73
15 May 1991 0.1 10.0 1.0 0.97
19 June 1991 0.1 5.0 5.0 0.98
21 June 1991 10.0 10.0 0.81
25 June 1991 10.0 0.81
27 June 1991 0.1 0.93
9 July 1991 10.0 10.0 5.0 0.95
Dry Weather Flow 0.1 1.0 3.0 0.86
Total Inflow 0.1 0.1 Q.1 0.1 0.76
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<. BOD

Date Suspended Ash COD pH Conductivity Ammonia R?
Solids

3 October 1990 0.1 0.1 ns. 10.0 2.0 0.1 0.99
15 October 1990 2.0 1.0 10.0 10.0 10.0

16 October 1990 0.1 10.0 0.97
17 October 1990 10.0 5.0 0.78
18 October 1990 1.0 0.44
10 December 1990 1.0 5.0 0.82
18 January 1991 1.0 091
4 March 1991 5.0 5.0 5.0 0.70
8 March 1991 0.90
19 March 1991 5.0 10.0 0.45
19 April 1991 10.0 10.0 10.0 0.88
29 April 1991 0.48
15 May 1991 10.0 2.0 5.0 0.96
19 June 1991 1.0 1.0 0.95
21 June 1991 0.90
25 June 1991 1.0 0.96
27 June 1991 Q.1 10.0 0.96
9 July 1991 0.90
Dry Weather Flow 1.0 10.0 0.93
Total Inflow 0.1 0.1 10.0 0.1 0.81
d. COD

Date Suspended Ash BOD pH Conductivity Ammonia R*

Solids

3 October 1990 0.1 10.0 5.0 10.0 10.0 0.96
15 October 1990 10.0

16 October 1990 0.1 1.0 10 0.1 0.98
17 October 1990 10.0 0.49
18 October 1990 2.0 1.0 1.0 2.0 0.76
10 December 1990 10.0 0.45
18 January 1991 1.0 50 5.0 0.97
4 March 1991 0.36
8 March 1991 2.0 5.0 0.97
19 March 1991 5.0 5.0 1.0 0.58
19 April 1991 10.0 0.90
29 April 1991 1.0 0.67
15 May 1991 1.0 2.0 0.98
19 June 1991 5.0 10.0 0.94
21 June 1991 10.0 5.0 - 0.93
25 Juae 1991 2.0 1.0 0.97
27 June 1991 0.1 0.97
9 July 1991 1.0 10 10.0 0.95
Dry Weather Flow 0.1 1.0 1.0 10.0 0.98
Total Inflow 0.1 0.1 0.1 2.0 0.86
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e. pH

Date Suspended Ash BOD | COD Conductivity Ammonia R?
Solids
3 October 1990 0.1 0.1 5.0 0.1 Q.1 0.98
15 October 1990 0.1 10.0 0.1
16 October 1990 1.0 0.1 5.0 0.72
17 October 1990 5.0 0.72
18 October 1990 1.0 1.0 1.0 5.0 1.0 0.89
10 December 1990 5.0 1.0 0.11
18 January 1991 0.1 0.51
4 March 1991 0.94
8 March 1991 10.0 5.0 2.0 0.75
19 March 1991 1.0 0.47
19 April 1991 0.73
29 April 1991 0.1 0.17
15 May 1991 0.90
19 June 1991 0.71
21 June 1991 1.0 0.1 Q.89
25 June 1991 0.1 0.96
27 June 1951 0.16
9 July 1991 0.88
Dry Weather Flow 10.0 10.0 0.90
Total Inflow 1.0 0.1 0.1 1.0 0.1 0.51
f. CONDUCTIVITY
Date Suspended Ash BOD COD pH Ammonia R*
Solids
3 October 1990 0.1 2.0 10.0 0.1 0.1 0.99
15 October 1990 0.1 10.0 0.1 1.0
16 October 1990 10.0 0.1 0.80
17 October 1990 0.19
18 October 1990 5.0 0.55
10 December 1990 10.0 0.35
18 January 1991 5.0 5.0 0.94
4 March 1991 : 0.35
8 March 1991 1.0 5.0 5.0 0.75
19 March 1991 1.0 1.0 0.1 0.77
19 April 1991 0.1 0.84
29 April 1991 10.0 0.1 0.90
15 May 1991 5.0 0.92
19 June 1991 0.1 0.95
21 June 1991 5.0 0.97
25 June 1991 0.1 0.90
27 June 1991 10.0 0.1 0.75
9 July 1991 5.0 10.0 1.0 0.98
Dry Weather Flow 10.0 1.0 0.96
Total Inflow 10.0 2.0 1.0 0.10
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g. AMMONIA

Date Suspended Ash BOD coD pH Conductivity R®
Solids
3 October 1990 0.1 0.1 10.0 0.1 0.1 0.99
15 October 1990 0.95
16 October 1990 2.0 10.0 0.1 3.0 0.80
17 October 1990 0.23
18 October 1990 0.1 2.0 1.0 0.90
10 December 1990 5.0 0.60
18 January 1991 1.0 0.58
4 March 1991 5.0 5.0 0.1 0.96
8 March 1991 0.76
19 March 1991 10.0 0.1 0.72
19 April 1991 1.0 0.1 0.84
29 April 1991 10.0 5.0 0.1 0.90
15 May 1991 0.1 0.92
19 June 1991 0.1 0.95
21 June 1991 5.0 0.97
25 June 1991 0.1 0.1 0.98
27 June 1991 0.1 0.67
9 July 1991 1.0 0.94
Dry Weather Flow 10.0 5.0 100 1.0 0.96
Total Inflow 0.1 0.1 0.1 0.1 0.52
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Table 5.20 Gross Solids Data for the Screens at Chesterfield Road

Event Flow (I/s) Total Material Collected (g)
30 September 1990 3 October 914144 12663
1990 6 October 1990

15 October 1990 17 October 1990 18377800 17401
18 November 1990 16536 11618
9 December 1990 106300 8674
18 January 1991 11713 1740
27 February 1991 80688 3886
8 March 1991 55416 3713
19 April 1991 4524 no data
29 April 1991 512900 6946
13 June 1991 15 June 1991 622392 4348
19 June 1991 25 June 1991 245292 11004
27 June 1991 717400 3748
6 July 1991 14524 7586
18 July 1991 55800 22900

171




6£L31 TvL8Y6 9L 908L859 1661 Azenuef ¢
91L9€ 550898 THLSY 06T6VSE 1661 22qW3AON 71/9
1661 39qUISAON T
TS6VE YPLSIEL py8SE 9619€9$ 1661 19QOWQ 1€
8SLY1 0r1667 81091 LSSt 1661 139000 67
jep |{ids ou $98Y0T YE6EE EvEs 1661 4290100 L1
1S66T 01Ts0T 695vE OLBETO1 1661 AInf 81/11
sTiY 9¢3859 Y0ESS 3ESYET1 1661 AInf 8/9
TTS9EL TISLO9 1£v5v1 9119811 1661uUn[ LT
3Pl 9£0Z01 19961 997586 1661 2unf 7/17
19861 TSE88Y %3944 0LESTII [e61aunf gl
T11El 0FZTL 0€01¥ 076697 1661 AW §1
1661 AeN |
08301 LISIOY T1L9€ 9956112 1661 1udv 67
Pigll vrL09 TEPEL pyo8LETT 1661 18dv 61/81
812 9L0686 TS 309867 1661 AReruqaj L7
(3) mor ids (0] (3) mogur ut spijog 0]
U1 SPI[Og SS01D) JO SSRIN] [F10 ], pareunsy mol4 g reoL SSOLD) JO SSEp [EI0] pIjeWnSg Mo[Ju] [E10L WA

(peoy yonqoq) s M pIS YSIH Y1 Joj ere(] SPIOS 501D 177§ AIqTL

172



87587 974001 1 19780¢ 62EL10L 1661 19GUISAON ¥ZO1 7661 J9qUIa0N 61
wd 7661 1WqWaAON 11
101L€ 9011Z€1 STITLT 88966001 ure 661 oquaaon | |
1L7€7 Y9€ES L0S9L TE1LTISE 7661 J2quidaoN 6
961LT 02£61 6LL007 9506V € T661 33qQUI2A0N T
6€0€1 070876 $6516 TSE0ISY 1661 129000 87 91 7661 32010 T
YOIVl 8LTYIEL 8S9TPT - vrL6VES 7661 129000 7 1661 32quadas g7
£L10€ TSYILE 05581 76061S€E T661 22quiadas |7
(3) mo] nds w (1) >winjop (3) moguy Wt spijog
SPI[OS $SOIL) JO SSEA[ [R10 | pateumsy ol 1ids o), $S0.0) JO SSEJ [BI0] parewnsg (1) swnjop aopu] [e10L waag
(peoy WIngAyT) JUS Ham 3pIS YBIH 2 Joj ele(] SPIOS $S0ID) €T'G QL
38057 16758 LEOLE Y1929 7661 2QWaNON 7T 7661 JPqWIAON 61
L619 96VEE [1314] 07L0Z1 7661 J2qui3aoN 91
000Z¢ EOPSEY 768EY 3vP8607 7661 J9QUISAON [ 7661 J2qUIAAON 6
63E1¢ 3EEST LSYEY 07187 7661 39qQUSAON T T661 J2qUIAON [
$E129 £C160T YILIG 0095877 7661 329000 LT 1661 229000 §T
LE9ST 1LS1ST 0EEST 0889L01 7661 32qundas 17
7€907 10871 I35 LYY 7661 3oquadag 71
0E1SE €L1E0L 8€965 09L6717 7661 Bn3NY OF 7661 NSV LT
0L89T 9T0L91 YrEOL 0Z£959 7661 5N3NY 97 7661 1snany 77
LpOST SEV8EY TLEST 008bE81 2661 AT 17 2661 AINf L1
LPO1T 869L8T YLSYT 95ETLE] 7661 AInf 11 661 4Inf 6
[13331 1529% 99161 075956 Z661 AIn[ b
Yivhl 06959¢€ 9LbS1 0099921 7661 AInf |
30887 9500L1 05309 bYEVEET 7661 2unf § 7661 3uUn[ €
0950¢ 9LE01E 95059 39196 7661 YT OF 661 WO 67
06731 $SLT 621vT 9stbs T661 WRN 17
TSELT Yr3SE 0606% ObbLLT 7661 RN €1
(2) molq Iidg ut (@) mopu] ui spijos
SPI[OS SSOIQ JO SSBA [%10], pIreunisy (1) mol irds ye10y, 504D JO SSeJN [€10], palewmsy (1) moyguy jero], WaAg

(peoy pIopay) SUS JI9M 9PIS MO A JOJ B SPHOS SSOID TT'§ Qe L

173



00p 009 9LTL101 8TSTLY 86891 1661 AInf 81 |
L0 €66 vZS00b Z10€ 9¢SEQY 1661 AInf O |
10T 6°6L 00L958T 00pL1L 001¥LS¢E 1661 2unf (T
54 SL8 TLEVTLI 6THST 996961 1661 2unf T
66V 108 00LZ161 0072061 06718€ 1661 2un( €1
Sy 5’56 ov31011 006€1S 00€ZESIT 1661 18dV 67
S0 $'66 0TT8Y8 YISy VLTS8 1661 1AV 61
S9 c'e8 00SLESE 00765L 00L965Y 1661 238N 8
€7 L'L6 89TESEE 38908 956EEVE 1661 ATeruqa ] (T
S0 S°66 165670 0Sb6 LY06E0T 1661 Arenuef g
S0 $°66 001€091Z 00£901 00P60L1T 0661 13QUad3(T 01
353 S'b6 09VP8T 00591 09600€ 0661 J9QUISAON 81
v6v 905 00177951 00642751 000L680¢€ 066133Q0190 L
0'LE 0°€9 9Lv9601 00T6EPE 9/95ESY 0661 3390150 §1
EE V'8 L869YET €1S61T 0059952 0661 1990190 €
91 7'36 ¥89¥60T 9L0SE 09L6T1T 0661 12quiaidas 0f

paids (ftds - mofyuy) (1) oumjop )
[E10L JO % uauneall o) mofg 9% | (1) molg uonenunuo) (B0 mor] [1ds [eroL auM[oA Mol [ZI0 ], WaAY

(pe0y PRIHASAYD) IS PUOH SUTIINS U WL SULIOYS I3 10} BIBC] MOL] HT'S JIqEL

174



3] 58 ¥906£95 TrL8Y6 9031859 1661 Kenwer ¢
9T bL TLSOLS 086961 TSSLOL 1661 J9QWIAON 71
0¢ 0L 838E£8L BrLTLE 9£99111 1661 J3quaaoN {1

3 L6 7688LT 8916 090887 1661 25QUISAON 8
)44 9L 788LY01 09167¢ ThOLLEL 1661 9QUWIdAON 9
Z 386 ¥899€T1 VZ6LT 809921 1661 J9qUSAON ¢
(41 88 TLY09L ¥0866 9L2098 1661 45quianoN T
[ 79 SEEVP6] 8yvs0zl 93L6V1E 166133010 (¢
0T 08 7099171 0r166T TLSIST 1661 BQOWO 67
[£4 8L TE167L ¥98507 TvEves 166139000 L1
3 $6 80£18€ 02507 37310% 1661 AInf 11
8¢ [44 TLSSLY 9£8859 BOYPETLT 1661 AInf 9
s 134 Y0T6LS TISLO9 91.9811 1661 2unf LT
1 <8 908565 S£0Z01 Tv8L69 1661 2unf 7
£ LS 3100v9 7E88Y 0LESTIT 1661 2unf £1
91 ¥8 089LLE (14443 0Z66v¢ 1661 AeN G 1
1 66 £68€SE L9LT 09995€ 1661 AeW 1
9 ¥6 9y 1¥9€9 09L86€ 90679L9 1661 184V 67
3 <6 Y66L¥9 031€€ ¥L1189 1661 144V 61
11 68 9656h ¥%L09 069955 1661 14dv 81
0€ 0L 92060€T 9L0686 309861¢ 1661 Arenugag L7

(inds - mopup)
Pa[IIdS [®10L JO % WIUNEAILY, 03 O[] % (1) Mo vonenunuoy (1) swnjop molq ids (w10l | () swnjop mopy] [eio], w7

(peoy Yoiqo) IS A IPIS YBIH dY1 woly suu0lg J0f vieQ Mol ST°¢ A(qel

175



i 66 163591 699 J 095991 7661 3QW3AON 77
[43 39 809898 TEPSOY 0v0pLT1 7661 9QWIAON 17
9 v6 1v6bS1 €996 $09v91 'wd 7661 39qUISAON 61
34 SL 100077 656bL 09667 W'E 7661 J9QUISAON 61
87 L yTILS 96bEE 0ZL0T1 T661 I_2quIdA0N 91
[%3 3L ¥LETYOL 929995 0088097 7661 3qQUISAON [ ]
S 8 0£9v8 81Z9v1 8Y80L6 7661 quIAoN ¢
L £6 $T95T1 5638 0TSVEL 1661 15GUBAON T
3 76 LSTPLL £h6 009€21 7661 33quaA0N |
67 L SPOES9 STL9LT 09L6T6 7661 13QoPO L7
T 9L TTPIol 81pTEE 0r895€i 7661 39010 §7
€7 LL 60€5T8 1LS1ST 0889L01 1661 32quidag 17
£ L6 (18434 LO8TY [4X3244 7661 $quadas 7|
61 18 11198 $9007 9L1901 ‘wd 1 7661 w3ny g
0¢ 0L 00€EPL] 90TSL Y0S6yl W E TE61 Sndny Of
LE £9 6LIEEE 199761 0857 ‘wdy 7661 wNdNY L7
LE £9 LT06Y9 £685LE 076¥701 ‘wdj 7661 518y /7
8! 8 TL6E8T SPEGE 0TEETT “Wreg 7661 wnBny /7
[74 9L 1L6067 686€6 09698¢€ 7661 53Ny 97
87 TL yT€881 9€0¢EL 09¢€197 7661 wn3dny 77
¥T 9L 6LESLL 1990¥7 0v99101 T661 K01 12
€l L3 126L9% 66589 0759¢€S T661 Ain 0T
[ 06 95$TST ¥806Z1 0v918Z T661 AIng L1
[12 [ 9pTEls PSEVET 009L¥01 Z661 AInf 11
67 1L 016006 06959¢ 00999T1 7661 AInf |
61 13 886989 210551 000Er3 7661 3unf ¢
Jx7 €L £5560¢ SEGITT 33FITY 7661 YWIE 0€
€1 L8 18p127 6SLEE (124914 ‘wd 7661 YR 67
¥9 9¢ 3SLY6 789+91 0v65T WY 7661 YW 67
€ L6 10L18 SSLT 9S8 T661 YIeN TT
8 76 099%9 91¢§ SLI0L 7661 YEI 31
€l L3 965 1¥7 (22133 0vPLLT 7661 YTe €1
wouneal], (11rds - mopuy) () swnjop
P3[Iids (w10 3o % 0) MO % MO Uohenunuo) [e10], (1) swinjoA [pdg (w01, (1) swnjop moguf fer0], Ww3Ag

(Peoy piopay) 1S 1M 3pIS MO'] AU WL SULIOLS JOJ TIRQ] MO 9Z°S JIGEL

176



1661 39qWISAON b
9l 2] £069165 970011 6TELIOL 01 7661 J3quisAoN 61
‘wd 7661 PQUIPAON T1
11 L8 7858LL8 9011Z¢€l 88966001 ‘we 7661 39qUIaAON [ 1
61 13 89LEL8T $9££59 TEILTSE T661 J3qQUIdAON 6
3 6 9EL6TE 0261 9506b€ 7661 12quAON T
7661 439000 8T
0z 08 TIET6SE 010826 ISE0TSY 012661 329010 $T
2661 136010 T
(14 SL 99vSTOY 8LIVIE] brLEVES 7661 Joquiaidag g7
11 68 0¥9Ts1E TSPILE 16067S€ 7661 Bquadss (7
({(inds - moguy)
P3[1ids 12101 Jo % WIUNEII], 03 MO[ % (1) moi4 uonienunuo el | (1) swnjop moyy jids 1o, | (1) swnjop moggug reroy waag

(peoy WingA¥T) Ui S1om 3piS YSIH U WO SULOS 3L Jof TIRQ MOl LTS I1qeL

177



[ %06 L8 L9 [ Iz £'€9 878 T ] san[eA 33e1dAy |

96 99 33 [ 8L £L 1661 Alnf 81
66 98 3L . 99 08 6 1661 AIR{ 9
L6 YL 43 L9 L 68 6 1661 dunf [T
1661 dunf ¢7
L6 L i€ 949 83 (44 1661 aunf 6]
1661 2unf ¢|
6 68 LS 6v 13 06 L8 1661 dunf ¢|
66 LL €L SL 09 98 1661 1udy 67
86 36 68 86 86 1661 1HdY 61
66 Ly 96 $6 6 1661 YoJBN 8
L6 1L S £9 6 16 1661 Arenxqag /7
66 £6 8¢ 06 L8 96 L6 1661 Azenuer g1
8 6 79 ¥9 9L 0661 12qUId(J 6
$6 99 0661 JOQUISAON 8]
0661 3390190 L1
96 68 0661 1900150 1
0661 1290150 9
0661 1990100 ¢
L6 98 3 6L 06 ¥9 98 06611oquaidss of

%) %) (%)

Seg yss oy uo (%) Teusep (%) snselq (%) spemo], o1 sjamo] (%)

paurey m&ﬁﬁﬂz mﬂgﬁﬁ:uomg ﬂ..ou:m:uomuz uu&&& yomgy, mm_i.ﬁ S9ABY] bSEwm mvzom el plithvs |

(Pe0y PIRI31S3YD) 3US Puod BUINS Y3 1 SPHOS SSOID) Jo Wodsues] oy ut Aousiowgg §7'c EICLAN

178



188 L'9%6 0'€6 86 €18 §€8 | Sonuabdyjg aFeiany |
96 96 66 16 16 1661 AlRf 81

66 6 88 €8 98 1661 AN 9

16 L6 8 L6 8L €L 1661 unf /T
1661 dunf ¢7

66 66 86 96 € L8 1661 3un{ 61
1661 dun{ g1

16 vL 8L 1661 dun{ €1

9 L6 86 L6 96 £6 1661 1AV 67

SL 9 1661 1UdY 61

€6 86 $6 86 98 £8 1661 YdIBIN 8

96 96 L8 86 88 68 1661 Ateruqayg L7

6L 06 38 68 £8 18 1661 Arenuef g}

6 86 L6 L6 9 96 0661 12quIadd{ 6

96 96 £6 16 8 0661 JoqUISAON 81
0661 1990100 LI

6 L6 66 6L 0661 130190 §1
0661 32G010 9

0661 129010

8L L6 66 LL 68 8 € 0661 Yoqundag O¢

(%) reuRleN (%) onseld (%) smo], %) (%) (%)

mﬁouﬂm_—ouwg SNOJUB[[IISTIA .—u&m& jom g, o)t wws.—.. S9ABT] S[omo], EENW mv:om el JUAJ

(peoy PIAIIISAYD) 3§ PuOd SUI[INS A} 18 SUSBIOS ) JO AU 67°G IIqBL

179



80’1 660 | 9L'0 $8°0 | £0°0 00'1 €01 sanfeA 3qendAy |
091 [ Lyl .99°0 0t (44l 1661 AIn[ 81
001 £6°0 L80 6L°0 68°0 18°0 £60 1661 AIRf 9
1Tl 0v'0 30 £9°0 111 SI'1 1661 dunf L7
1661 3unf ¢z
e 8Ll $8°0 $€0 0L°0 101 80 1661 3un( 61
1661 Sunyf 1
88’1 18°0 148 86°0 6L°0 08’1 €Ll 1661 3unf €1
0l 9L'0 680 £9°0 06'0 1661 144V 67
86°0 660 860 860 1661 14dv 61
611 95°0 STl ¥9'0 P11 €'l 1661 YOTEA 8
660 £L°0 $s'0 L8'0 6'0 £60 1661 ATenugad L7
66°0 £6°0 8€°0 06'0 960 L60 1661 Arenuef g1
800 60 790 ¥9'0 9L'0 0661 13qUN( 6
10°T 0L'0 0661 39qUIAON 81
0661 124010 L1
801 00'1 0661 1240190 s1
0661 1290100 9
0661 339030 ¢
660 L80 §8°0 08°0 16°0 §9°0 L30 066 113quia1das 0¢
‘geg YSSN o) uo JeLIDEIA onseld S[aMO], 039 S[oMo
paumeay [eUeN STIOAUB[[SOSTA SNOJUB[[IOSTA Jaded yory 1, s3I, S9ABYT] Aeyueg spi[og (e, W2Ag

(peoy PRYISISIYD) IS Puog SUINS S 10§ S10108 JUSUNESLL 0E'S JIQEL

180



}|0S31 9ANEFU SII0UP

T9s T L'0L 097 T 189 |  stf | Aouobigg sgemay |

S¢ * * N * 8L 4 1661 Atenuef ¢
1661 12qUIAON T

* * 9 * 89 Y4 0} 1661 J9QUIAON 9

] 1661 J9qUISAON T

* * * ¥ I8 £ 1661 1990100 1¢

z * * SL * L9 8 1661 3990190 67

- * * x 6L 4 1661 1990100 L1

1661 AIf 81

* * * * 1661 AIf 11

1661 AInf 8
LS * * » ¥ » 9z 1661 AM[ 9
£6 * * * * * L 661 aunf LT
1661 3unf ¢7
oY . * * * oL %% 1661 unf 7
9L * * * ¥ IS 9 1661 dunf ¢|
L * * i * 16 89 1661 Ay S1
1661 ABW |
SL * * * * £9 oL 1661 1udy 67
1661 [1dy 61

9¢ * * * * €€ Ly 1661 1udy 81
* * * 97 79 1661 ATeUQd] LT

(%) 3ed ysoW (%) (%)
uo paurey (%) reusrey onseld (%) %) s[amo], (%)

TeueN SNOJUR[[IISTIA] | SNOSUB[ROSTIA S[amo] Joded | 919 s8] saaea] Krejrueg SpI[oS [B10L jusAg

(PeOY YOI1940(T) NS I19M IPIS YSTH Y Je SPI[OS $501D JO UodsurIL, 3y} Ul AOUIBIYT  1€°S AIqeL

181



880 98°0 LEO 8L'0 S0 luauneal], 35esdAy |
1661 Arenuef ¢
1661 13qQUISAON T}
wo 8L°0 78°0 0€'0 0} [661 J9quIaA0N 9
1661 12QUISAON T
0T'1 ¥0°0 1661 190100 1€
€00 v6°0 ¥8°0 010 1661 130100 67
1071 S1°0 1661 1990100 L]
1661 AInf 81
1661 AIf {1
1661 Alnf 8
790 1661 &Inf 9
9¢'l v1°0 1661 dunf /T
1661 3unf ¢z
06'1 680 IS0 1661 aunf [
LY 68°0 860 1661 aunf ¢|
€€l 980 801 180 1661 ABN 61
1661 ARl 1
980 L9°0 vLo 1661 1udy 627
1661 12dY 61
6L°0 wo 090 1661 [udy 81
wo LEO 68°0 1661 Arenuqag /7
geq ysopy
uo uocmﬂom Etoaaz oﬁww—m o) b= ] m—o3o._..
[euUdJe]N m—-ou:d:uomaz mzoocm__oum_E S[omo], uuaanm wm_B.—. S9ABYT] bm::mw SPI[OS [e10L jusAg

(Peoy Yo13q0Q) 1S J19M IPIS YSIH SY) 10 SI0108, JUAUNBIL,  7E'S AGRL

182



(434 L09 €9 vi¢ £7¢ 10y 6ve | SusnwgsFenay |
T661 J9QUIIAON 77
9 * * 8y 129 [43 T661 JIQUIDAON 61
3¢ 33 L I 12 1L 0s 7661 I9QUISAON 9]
7661 13QUSAON []
* ¢ * 8T 6€ 8¢ LT 7661 13QUISAON 6
7661 13QUISAON T
* 9 o1 £ I€ £ 8T 7661 J9QUISAON |
T661 1290100 (7
43 ov * * K4S (A3 43 7661 1390100 7
* S N * 1T * * 7661 12quadas 17
3 o1 * i 9¢ 9 It 7661 Joquandeg 71
7661 1030y (¢
* [4] 8¢ £9 * 67 Iy 7661 030y (7
7661 snany 97
99 * 143 §9 Ly SL 79 661 sndny 77
7661 AIf 17
67 £ * 0s 17 01 Z661 AMf L]
T661 Amp 11
S * S¢€ 8 * €T 1 2661 AInf 6
9 %3 » * €€ (54 661 Alnf ¢
€9 * ¥ S ¥T L 661 AInf 1
T6619unf g
61 86 8 LE * 9 Ly 2661 unf ¢
7661 YOI 0f
€S ¥6 €L * 62 * £ 2661 Y2IBN 6
338 I€ * ¥T 7661 YIIBIN 7T
69 SL 89 * %4 8 S 7661 YR €1
(%) Feg YsaW uo | (%) eaeiy (%) dnseld (%) (%) (%) (%)
voESo,m —@ﬁoaﬂz mzooauzuowuz mzooﬁw:uoﬂz S[amo], uoamm o) =} mm_B._. S3ABYT] S[amo], bs.aam SptjoS [e10] uaAyg

VNS 9ANEZIU SA0USP ,  (PROY PIONIY) NS JI9A IPIS MO 3y} Je SPI[OS $S01D) jo wodsuel] oY) ur AU €€°S Qe

183



85°0 6L0 £L°0 or'o 1$0 150 SH'0 Adusigy sdesay |
T661 J3QUISAON 7T
S€0 £0'1 §90 9t'0 £90 7661 19QUISAON 61
£5°0 (44l €10 £9°0 66°0 690 T661 13QUISAON 9]
T661 13QUIAAON [ |
0 o SE0 640 LY'O vE0 7661 12quaAoN 6
T661 13qUISAON T
690 £0°0 £€°0 90 0£°0 7661 J3qUIDAON |
T661 19Q0100 LT
0 $S°0 vH0 0 tad\ 2661 1990120 ST
L0 LT0 7661 1oquadag 17
$0°0 €01 7K1} LED 85°0 o T661 19quIdIdas 7|
7661 1180y (¢
w7 L8°0 ¥6°0 €90 19°0 7661 18080y /7
7661 15130y 9
680 90 88'0 £9°0 101 $8°0 7661 15030y 77
7661 AInf [
9¢°0 87°0 190 9Z'0 T661 AM[ L]
7661 AIf [
5o LYo 110 1€°0 62°0 7661 AInf 6
85°0 L90 o €0 T661 AInf ¢
6380 90°0 L0'0 ¥€0 01°0 T661 AINJ |
T661 aunf g
¥T0 171 101 9°0 LSO 8570 T661 aunf ¢
T661 Y2IBN OF
6L°0 ¥l 60'1 £7'0 6L°0 7661 Y2TBN 67
160 €0 ST0 7661 YOI 7T
6L°0 060 8L°0 [S40) 60°0 £9°0 7661 YIIBN €]

seq YSS\ uo [eLIdB Jnseyd

DIUTeIY [ELIANEN | SMOSUB[SOSHA] | SNOSUB[[ISIA s[amoj, 1adeg 919 sBIm] soaa S[3MO], Areyiues | sprjog JeloL uIAg

(Peoy PIORI3Y) AUS JI9M IPIS MO'T SY) 10 SIOIB JUSUNRALL $E°C QL

184



[ 901 'l 660 89°0 9.0 [ L6°0 | 10'1 Adudndlyig SFesay |
7661 19qU2AON b7
[4%! LU1 vl 95°0 1l 801 01 7661 JoqUISAON 61
. | ‘wd 7661 J2QUIAON | [
1t 11 6L0 8€°0 6L0 L6°0 66'0 ‘W 7661 JOQUIDAON | |
5§60 96°0 60 060 98°0 7661 J2qUiBA0N 5
080 780 6870 L6°0 £60 760 7661 12qUDAON ¢
7661 150100 87
1271 31l £0'1 P10 61°0 86°0 801 01 7661 199010 p7
76611290130 7
LTl vl 9I'1 - bl 60'1 0Tl 7661 Joqusydag g7
960 960 $6°0 S0 £L°0 ¥3°0 £6°0 76611quialdag (7
deg ysapq 213 uo [euate|y anseld sfamo EIE) S[amo
paute1ay [eusiey STIO3UB[[20STIAl STOJUB[[ISTIA Inadeq Yomyy s3] saaea] Areyueg spljog [mo] Ay
(peoy wmqdsy) aug Niap 2pig YBTH o Joj 10108 JUaUNEaIL 9¢°S Qe
688 8'TS TIiL 1'0$ 9 | 618 | 108 Kdusroyyg Seray |
7661 39qWIaAON b7
L'Y6 £'86 856 £Ly $€6 L'06 01 2661 J5qUIAAON 61
‘wrd 7661 J9QUISAON [ 1
L'96 $'96 £'89 [X43 6'89 (44] 98 "UI'B 7661 JoqUISAON ||
I'LL v'8L 6'9L SEL 9'69 7661 13qQULAON 6
6°SL 9LL Vb8 L'16 L'L8 08 7661 19qUIaAON T
7661 190190 87
£96 L'€6 1'78 601 a 0'8L 6's8 01 766 [ 1390100 T
2661 32400 T
166 0'€6 v'L8 LS8 318 006 7661 Jsquiaidag ¢7
1'98 198 6'p8 9'8 759 X2 9'¢8 766 119quiandag [
(%) (%) %)
deg Ysa] 3 uo (%) Teusepy (%) suselg (%) sfamo W Spmo] (%)
pautey —aﬁuumz mdoo=m=uumu>~ mﬂooﬁwzuow_z uuamn_ PYL mws,ﬁ S9ABIT] bﬁmamw spIjoS [elo] UAH

(Peoy wngAa]) 3§ oM 2piS YBTH 341 16 SPHOS $501D) Jo HodSwre] 3y Ut ASUSIOWT 'S S1qeL

185



CHAPTER 6 DISCUSSION

PART ONE: HYDRAULIC ANALYSIS

6.1 COMPARISON OF RECOMMENDED AND ACTUAL CHAMBER
DIMENSIONS

Previous research, referred to in the introduction, suggested various chamber
dimensions for the optimum performance of different designs of storm sewer overflows.
A comparison of these design dimensions with the dimensions of the chambers used in
this project was made. Saul & Delo, 1981 suggested a number of relative dimensions
for the high side weir. In Table 6.1 their suggested dimensions are compared with the
actual dimensions of the high side weirs investigated (Dobcroft Road and Leyburn
Road). Most of these dimensions are given in terms of a proportion of the inlet pipe

dimension (D).

Dimension Saul & Delo Dobcroft Leyburn

Road Road
Weir Height 0.75-0.9D (not<0.6D) 0.81D 0.92D
Weir Length “as long as possible” 5.8D 6.0D
Diameter of  Throttle not < 300mm 228 203
Control

Table 6.1 Comparison of the Dimensions of Design and Surveyed High Side Weir
Chambers

A long section of straight pipe, without manholes, before the chamber was also
recommended to reduce the turbulence of the flow. This was present at both these
sites. The dimensions of both the high side weir sites are reasonably close to the design
optima for these criteria. However, a stilling zone in the upstream part of the chamber
and a storage zone in the downstream stream part of the chamber, were also found to
be critical to the performance of the high side weir chamber recommended by Saul &
Delo. These were not present at either site.

A similar comparison can be done for the stilling pond site. Design dimensions were
originally suggested by Sharpe and Kirkbride, 1959. An extended stilling pond was
then developed and tested (Saul, 1977, Balmforth, 1982). The recommendations for

this extended chamber are given below.

Dimension Extended Stilling Pond Chesterfield Road
Weir Height 1.2D (Saul, 1977) 0.97D
Length of Chamber 6-8D (Balmforth, 1982) 4.8D
Scumboards:

a. distance from weir 0.5D (Balmforth, 1982) 0.5D

b. height 2D (Balmforth, 1982) 1.9D
Width of Chamber 2.5D (Saul, 1977) 2.5D

Table 6.2 Comparison of the Dimensions of the Design and Surveyed Stilling Pond
Chamber
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The recommended length of the chamber given in the table is the length at which no
further improvement in the efficiency is achieved, over the whole range of particulate
terminal velocities. Thus, the longer the chamber the more efficient it is up to this
length. A compromise thus has to be made between efficiency, cost and the
characteristics of a given site (area available, diameter of the inlet pipe etc.). The
dimensions of the Chesterfield Road site, other than the length, therefore appear to be
similar to those of the optimum design chamber.

6.2 BLOCKING TESTS
6.2.1 Problems with the Blocking Tests

At the high side weir site (Dobcroft Road) it was not possible to gain access to the
manhole downstream of the continuation pipe as the cover was capped with road
surfacing material. Thus an assumption was made that the level of water did not exceed

the soffit level of the subsequent pipe downstream.

The inflow monitor at this site is drowned out as the level of water in the overflow
chamber rises. The inflow used in the storage calculations was therefore estimated as a
mean of values measured before blocking commenced and after the release of the water
when levels in the tank no longer affected the monitor. Inflow volume during the time
for the tank to fill could not be used to check the volume of water stored due to leakage
of water past the plug used to block the flow.

A check on the sensitivity of the continuation pipe discharge coefficient to the inlet dry
weather discharge during the blocking test is given in Table 6.3, below.

Percentage Change in Dry Weather Percentage Change in Discharge
Flow Coeflicient
+25 +3.5
+50 +5.7
+100 +12
-25 -2.7 )
-50 -5.5
-100 -11

Sensitivity to changes in the assumed downstream depth is shown in Table 6.4, below.

Percentage Change in Downstream Percentage Change in Discharge
Depth Coeflicient
+25 +7
+50 +15.5
+100 +39
=25 -3.9
-50 -8.6
-100 -17.3
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From Table 6.4 it can be seen that large errors in discharge will occur when the
downstream depth is higher than that assumed. This could occur in storm conditions
but is unlikely to be important in dry weather flow conditions when the blocking tests

were undertaken.

At the stilling pond site (Chesterfield Road) the chamber downstream of the
continuation pipe was accessible so that depths could therefore be measured. However,
there was considerable oscillation in the depths due to a formation of a vortex in the
chamber. Mean values for each time step thus had to be estimated from a scale.

The downstream chamber at Leyburn Road was also accessible. Depths were measured
on a scale rule in this chamber during both blocking tests. Again, an average value was
used as there was considerable oscillation in the depths shortly after release of the plug

due to the formation of a vortex in the chamber
6.2.2 Recommendations For A Successful Blocking Test.

1. Depths should be measured in both the overflow chamber and the manhole at the
downstream end of the continuation pipe.

2. Measurements of the inflow should be conducted at a point upstream of the chamber
which is not affected by the backing up of water when the level of water in
the chamber is at the weir crest.

3. The plug used should create an exact seal so that an estimate of the volume stored
can be obtained from the inflow discharge measurements. :

4. A survey of the upstream pipes should be conducted so that the volume
can be calculated from the geometry of the system. :

S. The time steps chosen for the test should be small enough to ensure that the
number of depth measurements is sufficient for the finite difference calculation.

The depth of any silt upstream should be determined.

o

7. The plug used should be designed so that it can be removed easily, quickly
and safely.

8. Care must be taken to release the plug as soon as the level of sewage in the
chamber reaches the weir crest so that pollution of the watercourse is avoided.
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6.3 FLOW RECORDS

6.3.1 Stilling Pond Site (Chesterfield Road)

Problems with missing data were experienced at the Chesterfield Road site due to
backwater conditions and "ragging up" of the sensor. The inflow monitor was not
positioned at an adequate distance upstream to prevent backwater affecting the sensor
head. Readings in the continuation flow were affected by turbulence and eddy
formation in the pipe. The continuation monitor would have been better placed at the
downstream end of the throttle pipe. This position had been rejected initially due to the
difficulty of installing the monitor in this position. Had the hydraulic conditions been
more fully understood, at this stage, more effort would have been made to install the

monitor there

Although these problems were recognised early in the monitoring period there were no
suitable alternative sites for the equipment. The manholes upstream followed the line of
the busy Chesterfield Road (one of the main routes into Sheffield). Regular visits to
download information would therefore have been both dangerous and inconvenient for
us and the road users. An alternative method of calculating the flows thus had to be
devised. Despite these complications, the fits obtained between the calibration and the
independent measured results are generally good. It is thus likely that the values chosen

for the parameters (i.e. ks and C) are acceptable.

6.3.2 High Side Weir (Dobcroft Road)

Problems with the positioning of equipment were also experienced at this site. Again it
was not possible to install the inflow monitor upstream at.the previous manhole as there
was a 2m height increase which would have disturbed 'the flow and affected the flow

values whether the monitor had been placed before or after it.

As the measured data were patchy at the higher flows during storm events it is not easy
to know how accurate an approximation the calibrated flows are to the measured
values. An example of this is given by the storm on the 4 November 1991. Just two
inflow values are recorded, the first 137 I/s at 216 minutes and the second, 225 /s at
240 minutes. A value of 225 I/s would cause depths to rise in the overflow chamber and
would also suggest that overflow should occur. Neither of these happen. For the
whole period from 200 minutes to the end of the storm at 300 minutes the depths in the
chamber were below weir level and no spill was recorded. However, a good was fit
obtained for both the blocking tests between the theoretical depth-discharge

relationship and the measured values.

A model of part of the weir was made and the coefficient of discharge for this was
calculated from the laboratory test results. (The Cd value for a weir crest of similar
dimensions (given in King & Brater, 1976), was found to give comparable results to
this model.) The Cd values of the model were used to produce a graph of overflow
discharge against inflow pipe depth. This graph is given in Figure 6.1. The coefficient
of discharge calculated is also given plotted against depth (Figure 6.2). This theoretical
analysis for the side and end weirs for a given depth, suggests that the actual weir
discharge is greater than the values recorded by the
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overflow monitor i.e. the spill monitor is reading low and the flows over the weir are
underestimated. This could be partly due to a storage effect in the two channels on
either side of the side weir which would affect discharge values but not total volumes.
This is not expected to have a very significant effect on the conclusions drawn of the
spill loads discharged over the weir as the samplers tended to take samples from the
early part of the storm and sampling had often been completed when the higher flows

were reached.

6.3.2 Low Side Weir (Retford Road)

Although adjustments were necessary to produce hydrographs where the inflow was
equal to the continuation plus weir flow we can be reasonably confident that the values
used were reliable. As regular measurements of depth and velocity were taken during
the monitoring period each storm could be adjusted to allow for a depth offset that had

been recently recorded at the site.

Not all the storms seemed to behave in the same way. It can be seen from the
scattergraphs (Appendix 1) that the bands are quite large. By splitting the large storms
up from the smaller ones the amount of scatter is greatly reduced. For the lower flows
the inlet depths are controlled by the continuation depth.

Calculation of the Froude Number for the inlet flow for the largest storms shows that
the flow at the upstream monitor becomes supercritical at a discharge which just causes
the downstream pipe to run full. As the downstream flow is subcritical a hydraulic
jump forms partway along the weir. The formation and position of this jump was also
influenced by the presence of the inflow gross solids collecting bag and also how full it

was.
6.3.4 High Side Weir (Leyburn Road)

The calibration fitted the measured data well at the lower flows but, like the other high
side weir site, data were patchy at flows greater than approximately 300l/s. A check to
investigate the influence of a given error in the calibration at these flows was
undertaken. An example of the storm on the 9 November 1992 is given in Table 6.5.
The original calibrated total volume (A) used was 4078484 litres.

Error in Calibration New Volume (B) % Difference Between A
(I/s) 0] and B
10 4023284 14
20 3968084 2.7
30 3912884 4.1
40 3857684 5.4
50 3802484 6.8

Thus, even if the calibration was 50V/s out at flows of 300l/s and above the percentage
error over the whole storm would only be 6.8%. Considering that the flow monitors
are only +/-10% accurate, this level of error would be acceptable.
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PART TWO: SAMPLE ANALYSIS
6.5 DAILY SAMPLE VALUE VARIATION DURING DRY WEATHER

The range of dry weather flow sample values vary quite considerably between the
different sites (see Table 5.3a and Figures 5.55 to 5.58 in Chapter 5). This information

is summarised in Table 6.6.

Site Average Concentration of Dry Weather Samples
Suspended BOD COD Ammonia
Solids
Chesterfield Road 225 177 554 29.5
Dobcroft Road 137 143 321 16.1
Retford Road 271 301 670 16.5
Leyburn Road 94 89 230 7.4

A brief survey of the literature gives the following dry weather flow sample parameter
values: suspended solids (113-355), BOD (135-311), COD (433-755) and Ammonia
(25-43) (Davidson & Gameson, 1967; Geiger, 1984, Aalderlink, 1989: Vanderborght et
al, 1989). The values obtained at Chesterfield Road fit comfortably into these ranges.
This is also true for the Retford Road site for suspended solids, BOD and COD and for
Dobcroft Road for suspended solids and BOD. All the averages calculated for the
Leyburn Road site are considerably lower than the other sites and the ranges given in
the other studies. The ammonia values at all sites other than Chesterfield Road are less

than those given in the literature.

For suspended solids, BOD, COD and conductivity the peak values at Retford Road are
considerably greater than any of the other sites. The ranges in values and peak values
for ash, pH and ammonia are reasonably similar. Dobcroft Road and Leyburn Road
appear to have reasonably similar ranges and peak values for the sample parameters
investigated. The peak values at the Chesterfield Road site tend to be higher for all

parameters except ash and BOD.

Only one or two sets of dry weather flow samples were taken during the sampling
periods as the emphasis was always on ensuring that sufficient storm samples were
obtained. It now seems obvious that it is important to obtain an accurate picture of the
sample variation during dry weather so that it can be compared with storm data taken at
the same time of day. It would also be useful to take the dry weather samples at

different times of the year to pick up any seasonal variations.
6.6 SAMPLE VALUES DURING STORM EVENTS

Table 5.3b indicates the range of sample values, from maximum to minimum, that have
been recorded during storm events at each of the sites. Table 5.3c gives the ratio of
peak dry weather flow values to the peak value recorded during a storm event. The aim
of this is to indicate how each of the sample parameters investigated behaves under the

different conditions.
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From this analysis it can be noted that for certain parameters which are primarily of
domestic sewage origin e.g. ammonia, the dilution effect that occurs during a storm
event is important and the ammonia values thus tend to be lower during storms than in
dry weather flow. For other parameters e.g. suspended solids, ash, BOD and COD the
peak values are recorded during storm events. The ratios in Table 5.3c show that the
peak values can be considerably greater during a storm event for these parameters.
This corresponds with the concept of the "first foul flush" in which the early part of the
storm is thought to carry an extra burden of pollutant material derived from the
scouring of pipes by the influx of rain water and solids brought in off roads, gulley pots,
roofs and other impervious or semi-impervious, surfaces by runoff. The first foul flush
has been reported in a number of studies (Saul et al, 1989; Hedley & King, 1971)
although they are not consistently present in overflow events. The magnitude of the
load brought in during the first foul flush (where present) is thought to be related to the
antecedent dry weather period (ADWP), the storm peak and average intensities, the
time between the entry of storm sewage into the chamber and the first spill (the 'delay
time' Saul and Thornton, 1989) and the duration of the storm.

An investigation into the occurrence of a first foul flush (defined as a peak in
concentration greater than that of dry weather flow, assuming a dilution with a volume
equal to the storm water volume) was undertaken at each of the sites. Elevated
concentrations were found to occur at all the sites but, only at the stilling pond site and
the low side weir site were these found to be commonly in advance of the flow peak.
At the Chesterfield Road site concentration peaks of 640:1 (storm peak:DWF (for same
time of day)) were recorded for suspended solids. The ratios for peak concentrations
for the peaks of the other measured parameters are 50:1, 15:1, 20:1 and 3:1 for ash,
BOD, COD and ammonia respectively. For the low side weir peak ratios are 9.5:1,
140:1, 33:1, 5:1, 8.5:1 and 2.5:1 for the same parameters. This advance peak flush of
material tended to be short-lived (average 18 minutes at the Chesterfield Road site and
20 minutes at the Retford Road site). Concentrations commonly remained higher than
the dry weather flow concentrations (for the same volume of storm water) for a much
longer period, sometimes the whole sampling time (115 minutes).

Ideally, a much longer sampling period would have been used but, the-samplers used
initially could only sample at similar intervals. A compromise thus had to be made
between the length of time a storm could be sampled and the number of samples that
could be obtained from the initial, more concentrated section of the storm. Most water
quality samplers can now be programmed to sample at different time intervals during
different sections of the storm. Thus the sampling frequency at the beginning of the
storm could be 5 minutes for the first 10 bottles, then 10 minutes for the next 8 bottles
then 20 minutes for the remaining 6 bottles. This would give a total sampling time of

250 minutes.

The influence of ADWP, storm peak intensity, delay time and duration on the mass
pollutant loading entering the overflow chamber during a storm are discussed in section

6.9.
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6.7 WATER QUALITY (BOTTLE) SAMPLES

6.7.1. Graphs of the Parameter Concentrations and the Incoming Flow

It is often useful to obtain a visual impression of the results of an experiment. By
plotting the results graphically patterns may become more readily obvious than they
would be in a tabular form. This helped us to determine the direction of further
investigations. The graphs that were included in the results section (Figures 5.59 to
5.65) are taken from only one of the eight storms from which adequate sample data was
obtained at the Chesterfield Road site. It was considered preferable to concentrate on
describing the analysis of one storm in detail and then to refer to the general findings of
the other storms and other sites. The graphs of concentration variations with flow for

the other site is given in Appendix 2.

The graphs shown thus refer to a storm that took place on 15th October 1990. The
first seven graphs show the variation in the concentrations of the different measured
parameters with the flow. It was noted in the introduction that the first foul flush effect
is often obvious on graphs such as these. This phenomenon was found in the
Chesterfield Road data, although it was more pronounced in certain storms. For the
storm illustrated in the results a high initial concentration was recorded for the
suspended solids, ash, BOD and COD. For all these parameters this concentration peak
falls rapidly to a level close to or just above what would be the dry weather flow
concentrations for that time of the day. This follows the pattern recorded by other
workers for the first foul flush. However, the graphs produced by other workers e.g.
Cootes, (1990), show the initial concentration peak coinciding more closely with the
peak in the flow. From the pattern of the samples on the graph it appears that a first
foul flush effect has been recorded.

The spill samples for the storm on the 15 October 1990 are generally of a lower
concentration than the inflow samples for BOD, COD, conductivity and ammonia.
Visual investigation of the graphs produced for the other storms at this site and for the
other sites suggests that for the majority of storms the concentrations of each parameter
are generally similar between the inlet and the spill. This is indicated on Table 6.7

Chesterfield | Dobcroft Retford Leyburn
Road (%) | Road (%) | Road (%) | Road (%)
spill sample concentrations 32 43 15 29
< inflow sample
concentrations
spill & inflow sample 68 57 70 71
concentrations are similar
spill sample concentrations - - 15 -
> inflow sample
concentrations

However, for a large minority of the storms at each site the spill concentrations appear
to be lower than the inflow sample concentrations. This effect seems to be particularly
common at Dobcroft Road. The difference in values was found to be most obvious for
suspended solids, BOD and COD and to a lesser extent ash and ammonia. This could
suggest that there is some form of 'treatment' i.e. the overflow design in some way
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concentrates certain material into the flow to treatment (the continuation flow) so that
what is spilled to the river is of a less concentrated nature. It has always been thought
unlikely that any treatment effect could be demonstrated for this class of sewage
material i.e. finely suspended and dissolved material (Green, et al, 1991). However, the
bore of the sampler tube is approximately 10mm, so it is conceivable that material that
is capable of settling out in the stilling pond is being sampled.

Sewage materials are classed into 4 main categories: pollutants/sediments in solution,
finely suspended sediments with a mean diameter of 0.5mm, coarse sediments with
diameter of 3.5mm and gross solids with diameter of 6mm or greater. Thus it seems
likely that these samplers can also sample the coarse material which would be separated
by settlement far more readily. It should also be noted that the stilling pond has quite a
high storage capacity compared to many of the conventional combined sewer overflow
designs so, although it may be correct to say that no treatment effect occurs in
combined overflows for the finely suspended and dissolved classes of material the extra
storage provided in the stilling pond overflow may make some separation possible.

The extent of the visual differences between the inflow and the spill samples, apparent
in these graphs is investigated further in the Section 6.7.2 using t-test analysis.

It is also interesting to note that the concentrations are often significantly higher than
would be expected if the source of the materials was simply the dry weather flow. This
was investigated theoretically in Chapter 3. There, graphical examples were given of
the difference between a storm where the source of the incoming material was solely
the dry weather sewage and one where material also came from other sources. This
must also provide material beyond the period of the initial flush as the elevated
concentrations can exist for the duration of the storm. The importance of the dry
weather sewage as a source of material is investigated further by examining the
contribution of the dry weather sewage to the total load brought in to.the overflow
during the sampling period of a storm. This is described more fully in Section 6.8.

6.7.2 Comparison of the Inflow and Spill Parameter Values

The t-test results (given in Tables 5.4 to 5.7) indicate that in quite a large number of
storms there is a significant difference in the mean of the inflow and the mean of the
spill for a given parameter. A summary of the results is given in Table 6.8.

Site Number of t-Tests Number of Number Indicating a
Significant t-Test | Beneficial Treatment
Results Effect
Chesterfield Road 40 24 21
Dobcroft Road 42 21 20
Retford Road 70 27 19
Leyburn Road 46 17 17

Table 6.8 Summary of the t-Test Results

The different sites will now be considered in turn.
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6.7.2.1 Stilling Pond (Chesterfield Road)

At the stilling pond site the means of the inflow and spill of six parameters (suspended
solids, ash, BOD, COD, conductivity and ammonia) were investigated from a total of 8
storms i.e. a total of 40 t-tests were undertaken. Of these, 24 gave significant results
(51% of the total) i.e. there was a significant difference in the means for these

parameters for these storms.

In 3 of the 24 (13%) tests that gave significant results the mean of the spill was greater
than the mean of the inflow. Thus in 21 of the 40 tests the overflow appears to be
having a significant beneficial or treatment effect on the concentrations of certain
parameters. The concentration is greater in the inflow than it is in the spill flow. In 3
of the 40 tests (one each for BOD, COD and conductivity) the overflow appears to
have a deleterious effect on the concentrations. In these cases the concentration in the

spill flow is significantly greater in the spill flow than the inflow.

6.7.2.2 High Side Weir (Dobcroft Road)

In 21 tests out of a total of 42 a significant result was obtained for the high side weir
site (Dobcroft Road) i.e. 50% of the tests produced a significant result. In only 1 of the
21 tests where a significant result was obtained was the mean spill concentration found
to be greater than the mean inflow concentration. Thus in 45% of the tests the
overflow appeared to be having a treatment effect.

6.7.2.3 Low Side Weir (Retford Road)

At this site 27 of the tests gave a significant result out of a total of 70 tests (39%). In 8
of the 27 tests where a significant result was obtained, the mean spill concentration was
greater than the mean inflow concentration i.e. in 11% of all the tests the-overflow was
having a deleterious effect by apparently increasing the mean spill concentration. In
27% of the tests the overflow appeared to have a treatment effect on the concentrations

spilled.
6.7.2.4 High Side Weir (Leyburn Road)

Of a total of 46 tests 17 were found to give significant results (37%). In none of the 17
tests where a significant result was obtained was the mean spill concentration found to
be greater than the mean inflow concentration. The overflow thus appeared to be
having a purely beneficial, treatment effect on the parameter concentrations.

6.7.2.5 Discussion of the t-Test Results

From these results it appears that the large majority of the tests where a significant
result was obtained, for all the sites, produce a treatment effect, by reducing the mean
concentration of the spill, for the given parameter. This supports the findings of the
visual investigation of the pollutographs. The Retford Road low side weir, however,
has the highest proportion of tests in which there is no significance in the difference
between the two means. It also has the greatest proportion of tests in which the mean
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spill concentration is higher than the mean inflow concentration i.e. the overflow is
having a deleterious effect (11% for the low side weir as opposed to 6% for the stilling
pond, 2% for the Dobcroft Road high side weir and 0% for the Leyburn Road high side
weir). This is not surprising, in fact it seems more surprising that the low side weir
should have any significant effect, especially an apparent treatment effect, as it has no
storage capacity.

From this analysis it appears that, although the Leyburn Road site was only monitored
for a relatively short period, the high side weirs produce the most significant treatment
effect. This is probably due to the large storage capacity available at these sites.

6.8 PARAMETER LOADS

6.8.1 Graphical Representation

Graphs of the change of load with time are given in Figures 5.66 to 5.70 in Chapter 5.
For the 15th October 1990 (the storm taken as the example) the pattern of the loads
tend to follow the variation in the flow very closely i.e. an increase in the flow leads to a
concomitant increase in the load of the parameter entering the overflow per second.
This suggests that the variations in the concentrations are small relative to the variations
in the flow. The maximum load per second can therefore be safely predicted as being at
around the time of the peak inflow. This is also found to occur for the majority of the
other storms at this site and at the other sites. Table 6.9 shows the results of a visual

investigation of all these graphs.

Chesterfield | Dobcroft Retford Leyburn
Road (%) | Road (%) | Road (%) | Road (%)

load variation matches 65 50 - 50 57
flow variation .
reduction in load values 35 11 25 29
in advance of flow
load has a separate peak - 20 22 11
to flow
no obvious relationship - 19 3 ] 3
apparent

Thus, for a significant number of storms the load tails off in advance of the peak. This
could be because the extra load brought in during the early part of the storm, due to the
flushing of sewer deposits and the scouring of ground surfaces, has been exhausted and
the later flow is simply dilute dry weather flow. For all sites, apart from Chesterfield
Road, a number of examples of loads having a separate peak were observed. This was
particularly common for ammonia , BOD and COD. This could be due to the presence
of high concentrations at a point in the storm unrelated to the flow peak. It could also
be influenced by the sampling time available. In a storm which has a slow build up of
flow due to low intensity rainfall at the beginning of the storm which is then followed
by an increase in rainfall intensity and a concomitant increase in flow into the chamber
the sampling may be finished before the flow has reached peak values. The load peak

will then appear distinct from the flow peak.
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For a number of storms no obvious relationship between the flow variation and the load
variation was apparent. This was particularly common at the Dobcroft Road high side
weir. It was most often found to occur when the depth of storm sewage in the chamber
had reached weir height in a relatively short space of time (i.e. a short delay time) and
the incoming flow remained fairly constant for the sampling period.

One implication of these observations is that for the storms where the load variations
closely follow the flow variations the 'first foul flush' with its high concentrations may
not be such an important phenomenon as it occurs at the beginning of the storm when
the flow is low, providing that the chamber is able to provide some storage. For these
storms the concentration of a parameter is relatively unimportant in determining the
load when compared to the inflow at the time. So, if the impact on the receiving river is
being investigated, the load of material entering, rather than its concentration, should be

seen as the important determinant.

This is an oversimplification, however, as it is also important to know the concentration
of the storm water entering the receiving water. High concentrations of particular
parameters e.g. BOD can have serious acute effects leading to dramatic reductions in
the amount of available oxygen and subsequent death of fish and other biota. It is
therefore important to establish both the concentration and the load of the material
entering the receiving water courses in order to be able to fully understand its effect on

this environment.

Figures 5.71 to 5.75 show the cumulative load of a given parameter from the start of
sampling in that storm. They also show the point at which further samples contribute
relatively little to the total mass. An S-shaped curve is produced. At the beginning the
loads are low as the flow is generally low. The flows then increase to a maximum and
then tail off again, usually rapidly, so that at the end of the sampling the extra samples

contribute a relatively small mass to the total.

6.8.2 Tabulated Results

6.8.2.1 Dry Weather Flow : Storm Load Ratios

The maximum loads for the whole sampling periods were calculated for each parameter
and the contribution of the dry weather flow to these loads was estimated. The results
of this investigation is given in Table 5.8 to 5.11 (parts e to i). The proportion of the
total load that was made up by the dry weather sewage is given in Part a of the Tables,
for each parameter and each storm. The ratio of the percentage contribution of the dry
weather flow volume to the total volume to the percentage contribution of the dry
weather flow load to the total load for a given parameter is given in Part b of the

Tables.

The aim of this is to establish the origin of a particular parameter. A value of 1.0 would
indicate that the % of the total volume due to dry weather volume is equal to the % of
the total load due to dry weather load. This would suggest that that parameter is only
found in the dry weather flow. If the ratio gave a value greater than 1.0 then this would
indicate that the % of the total volume made up by the dry weather volume is less than
the % of the total load made up by dry weather flow. This would suggest that the dry
weather flow is the main source of this material as less of it is found in the material
brought in during the storm. A similar explanation can be given if the ratio calculated is
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less than 1.0. Here the % of the total volume made up by the dry weather volume is
greater than the % of the total load made up by dry weather load. This suggests that
the parameter load is greater than can be explained simply by the material contained in
the dry weather flow. There must therefore be some other source of this material

present during an overflow event.

From the above it should be possible to suggest the likely values of the ratio for the
measured parameters for the largely domestic catchments in this study. As the
suspended solids and ash material is likely to be of various origins (grit off the roads,
scouring of sewer walls, small particles of faecal material etc.), a ratio of less than 1.0
would be expected. The BOD and COD parameters would also be expected to be
found in both the storm and the dry weather flows but possibly more in the dry weather
flow, especially for the BOD values. A prediction of a value less than 1.0 but higher
than the suspended solid and ash values is made. Ammonia would be expected to be
mostly derived from the domestic dry weather flow in these predominantly residential
catchments. A ratio significantly greater than 1.0 is therefore predicted.

A summary of the average values obtained form this investigation is given in Table
6.10.

Site Suspended Ash BOD COD Ammonia
Solids

Chesterfield Road 0.93 0.53 2.00 1.70 6.60

Dobcroft Road 0.32 0.45 1.72 1.23 5.90

Retford Road 0.91 0.19 1.15 1.22 1.53

Leyburn Road 0.64 0.17 1.36 1.14 441

The predictions made thus hold fairly well for all parameters although the BOD and
COD ratios are slightly greater than expected i.e. the parameter load is more dependent
on the dry weather flow as a source than had been expected. Only the mean values for
all the storms at one site were investigated here. The values for each storm taken
separately vary quite significantly (see Tables 5.8 to 5.11). Only ammonia is
consistently above a value of one. All the other sample parameters give ratios for
individual storms with implications that are quite different to those that were made for
the mean values. To get a more accurate impression of what is occurring a much larger
number of storms would have to be investigated. The main point of interest of such an
analysis is that the parameters do not all behave in the same manner and that the dry

weather flow contributes a fairly small amount to the total load.

6.8.2.2 Loads from Inflow and Spill for the Same Time Periods

For storms lasting over two hours not all of the storm could be sampled due to the fixed
sampling period. Comparisons between the total inflow load and the total spill load of a
storm event were therefore not possible. Thus, only the loads for samples taken at the
same time from the inflow and spill were considered here (see Part d. of the Load
Tables). As total flow over the weir tends to be considerably less than the inflow for
the same period of time the loads spilled are also considerably less than the inflow for
every parameter measured. However, large loads of material are spilled and these go
directly to the receiving watercourse. For example, on 13 June 1991 at the Chesterfield
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Road site, 13.8 Kg of suspended solids were spilled. The amounts of ammonia released
are much smaller due to the lower concentration of ammonia present in storm sewage.
However, even relatively small amounts can have significant toxic effects. In 80
minutes at Leyburn Road 3.2 Kg of ammonia was spilled. This could have a significant
deleterious effect on the receiving water (River Sheaf) which at that point is shallow
and no more than 7m wide. The BODs can also be high. Discharge of material with
high BODs can cause a serious reduction in the oxygen available for plant and animal
respiration. The maximum loading recorded occurred at the Chesterfield Road site

where 58.8 Kg was discharged in 110 minutes.

6.9 THE EFFECT OF VARIOUS FACTORS ON SAMPLE
CONCENTRATION AND LOAD

Many other similar projects have reported that the concentrations or loads of combined
sewage are influenced by such factors as the antecedent dry weather period (ADWP),
the peak storm intensity, the duration of the storm and the depth of rain (Hedley &
King, 1971; Saul & Thornton, 1989) an attempt was made to investigate this with data
from the present study. As so few storms were fully sampled (12 at Retford Road, 8 at
Chesterfield Road and 7 each at Dobcroft and Leyburn) the conclusions drawn are

tentative.

Graphs were initially produced to investigate the influence of peak intensity, average
intensity, depth of rainfall, ADWP and duration on the peak and average concentration
of the storm for each sampled parameter. Few relationships were obvious from this
analysis and none were found to be significant when a regression relationship was

applied to the data.

It was then decided that the influence of the dry weather flow should be eliminated so
that only the load of material that was brought in during the storm was being
considered. Thus "storm loads" were calculated. These are recorded in Tables 5.8 to
5.11 parts e to 1. As explained in Chapter 4 these loads are the total inflow loads minus
the dry weather flow load for the same time period for that time of the day.

An investigation was then made to determine the following:

1. Was there any interrelationships between the factors? e.g. did the storms with
higher peak intensities have shorter durations?

2. How did these factors influence the storm load of the parameters? Are there
any obvious differences in the way in which the different parameters behave?
Are there any obvious differences between the results for the different sites?

3. Does the length of the delay time influence the magnitude of the load discharged
over the weir?
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6.9.1. Interrelationships Between Factors

It seems logical that there should be some relationship between several of the factors
being investigated. Storms that had a very high peak might be expected to have a short
duration, storms with long duration might be expected to have a greater depth of rain.

A correlation matrix was produced for each site for ADWP, duration of the storm, peak
storm intensity and the depth of rain. From this it was possible to determine which
factors were influenced by which other factors.

For the majority of the factors no correlations existed. The relationship between peak
intensity and duration was poor at all sites except Leyburn Road where longer durations
were associated with higher peak intensities, although this was not highly significant.
However, a good correlation between peak intensity and the ADWP existed at
Dobcroft Road, where higher peak intensities were associated with a longer ADWP.
The relationship between these two factors was also reasonable at the Chesterfield
Road site and at Retford Road but at these latter sites a high peak intensity was
associated with a shorter ADWP. From this it was concluded that the amount of data

obtained was insufficient for such analysis.

6.9.2. The Influence of ADWP, Duration, Peak Intensity and Storm Depth on the
Storm Load

The influence of these factors on the magnitude of the storm load of the parameters
measured was determined by regression analysis. Where this was found to be
significant a graph was produced so that the relationship could be determined visually.

At the Chesterfield Road site the peak rainfall intensity was found to have a significant
influence on the magnitude of the storm load for suspended solids, ash, BOD and COD
(see Figures 6.3 to 6.6). A higher peak intensity was associated with a greater storm
pollutant load. This seems logical, as if peak rainfall intensity increases, greater material
removal from the ground surface would be expected. Higher peak intensities would
also be associated with greater discharges and velocities and hence more material would
be scoured from the sewer pipes. A high pollutant load would thus be predicted for a

storm with high peak rainfall intensity. -

A significant relationship between peak intensity and storm load was not apparent at
any of the other sites. At Dobcroft Road and Retford Road no significant relationships
were apparent for the factors investigated. This may be due to the paucity of the data

obtained.

At the Leyburn Road site a significant relationship was demonstrated between the
ADWP and suspended solids, ash and BOD storm loads (see Figures 6.7 to 6.9). This
suggested that the longer the ADWP the larger the volumes of pollutant material of
storm origin. This would be expected as the greater the time there is between storms,
the longer there is for material to build up on the roads, roofs etc. and to be deposited

in the sewer pipes from the dry weather flow.

As so few storms were sampled it is difficult to infer too much from these results.
However, it is possible that differences in the catchment could be used to explain the
results. At the Chesterfield Road site the catchment is steep immediately upstream of
the overflow chamber, the sewer pipes were clean and there was no significant
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deposition of material in the overflow chamber. At the Leyburn Road site, deposition
in the chamber and the pipes immediately upstream was a problem. The antecedent dry
weather period might therefore be expected to be more influential at the Leyburn Road
site rather than the Chesterfield Road site as it is prone to deposition whereas the
Chesterfield Road site is generally clean.

This would suggest that the majority of the Leyburn Road site storm load is derived
from material in the sewer and the majority of the Chesterfield Road storm load is
derived from material brought in off the roads, roofs and other ground surfaces.
However, the influence of the time of the year must also be considered. At the Leyburn
Road site, all the sample data were obtained in November and December 1992. At that
time of the year storms tend to be longer and less intense. The Chesterfield Road data
were obtained from storms throughout the year and the peak rainfall intensities obtained

are more variable,
6.9.3. The Influence of the Delay Time on the Load Spilled

The delay time is the time between the storm wave first entering the overflow chamber
to the time of the first spill. As the concentration of pollutants in the early part of the
storm is usually significantly greater than the later part of the storm, it would be
expected that the loads of storms which had short delay times would be greater than
those which had longer delay times. The shorter the delay time the less time there is for
material to be sedimented out and, in storms where some storage exists, retained in the

flow to treatment.

The influence of this factor on the load of material spilled was investigated graphically
and by regression analysis. For all the sites except the Chesterfield Road, some
significant relationships were demonstrated. These are shown in Figures 6.10 to 6.18.
At Retford Road, significant relationships were recorded for all the parameter
measured. At Dobcroft Road significant relationships were found for suspended solids,
BOD, COD and ammonia. At the Leyburn Road site a significant relationship was only
demonstrated for ammonia. In all these relationships longer delay times were
associated with smaller loads of material being measured in the spill.

For all these investigations into the influence of various factors on the magnitude of
storm loads more data needs to be obtained before any further conclusions can be

drawn.

6.10 CORRELATIONS BETWEEN MEASURED PARAMETERS

6.10.1 Linear Regression

One of the aims of the project was to investigate the strength of the correlations
between the dissolved and finely suspended solids sample parameters measured during
storm events. Some of the parameters are difficult and time consuming to analyse so, if
it was found that one such parameter showed a strong and consistent correlation with a
parameter that was easier to analyse then this could be used to predict the value of the

other.
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This idea was investigated for all the samples of every storm obtained. Reasonably
good correlation was found to occur for a number of parameters from both the inflow
and the spill. The examples of the strongest relationships for the Leyburn Road site are
illustrated in Figures 5.76 to 5.83. Examples from the other sites are given in Appendix
3. From these figures it can be seen that strong relationships exist at each site for both
the inflow and the spill for suspended solids and ash and for BOD and COD. The
relationship between suspended solids and BOD and between suspended solids and
COD is also good at some sites but there is more variation from the regression line (i.e.
a lower R2 value). At the Retford Road site the relationship for these latter parameters
is poor, possibly due to the presence of a meat factory upstream which discharged large
quantities of fatty substances and blood at various times of day. The relationship
between ash and suspended solids was consistently found to be strong although the
relationship between ash and BOD or COD is far less strong than that for suspended
solids. Conductivity and ammonia show no apparent correlation with any of the other
four parameters measured (pH was not included in this investigation). A relationship
between conductivity and ammonia could be detected from a visual inspection of the
regression graphs but the R? values were significantly less than for the other parameters

(usually between 0.30-0.40).

The relationship between suspended solids and ash was found to be very consistent
between sites. Thus, a regression line taken from one site could be drawn onto a
regression graph from another site and the two lines would be almost identical. This
was also true, but to a lesser extent, for BOD and COD.

Although good correlations were found to occur for a number of parameters from both
the inflow and the spill when all the storms were included in the regression, when
individual storms were investigated the strength of the correlations, or the R2 value of
the regression were more variable. For some storms stronger relationships between a
given pair of parameters existed but for other storms there was no significant
relationship between the same two parameters. From this it could be concluded that
although there were, on several occasions, strong correlations between the measured
parameters these correlations were not consistent. This is not surprising when the

nature of the liquid being sampled is considered.

Although certain generalisations could be made about the composition of storm water it
must be remembered that these are generalisations. Storm water, even when the dry
weather flow is largely of domestic origin, is subject to very large fluctuations, at
different times of the day, from one day to the next and seasonally. It may also be
affected by the duration and intensity of the rain and the antecedent dry weather period.
Thus although a prediction of say, BOD from suspended solids, might provide an
adequate estimate for a number of occasions on others it would be completely unrelated
to the actual value of the assumed parameter giving misleading information for a

potentially important parameter.

6.10.2 Multiple Regression (Linear Regression with More than One Independent
Variable)

Multiple regression analysis was also used to try to elucidate the relationships between
the different parameters. The results of this analysis support the conclusions of the
linear regression analysis. Table 5.16 gave examples of the most highly significant

relationships for all the data at the inflow and the spill at each site. The R2 value is
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again used as an indicator of the strength of the regression relationship. Only the
variables that make a significant contribution to determining the concentration of the
dependent variable are included in these equations. The resulting equations give the
concentration of one sample parameter as equal to a constant and various proportions
of other parameters.

This investigation shows that although significant relationships can exist between two
parameters the addition of other parameters to a regression equation can contribute to
providing a more precise estimate of the dependent variable. Thus, a linear regression
relationship might be calculated for the suspended solids and ash concentrations of a set
of samples and the R2 value calculated to be 0.81. With the extra contribution of COD
and ammonia concentrations this value could be increased to 0.94. In practical terms,
this could be useful in the prediction of a parameter e.g. BOD which is not being
measured as it provides a more accurate estimate than simply using one parameter to

make the prediction.

These relationships were taken from a collation of all the data from the inflow and spill
for the whole survey period at each site. As for the linear regression relationships,
when individual storm data are investigated the relationships are not so consistent and
wide variations can exist. To illustrate this point Table 5.17 is included here. This
shows the collation of multiple regression results at the Chesterfield Road site for the
inflow samples. The influence of the each variable parameter on the dependent
parameter is indicated by the number in the box, 0.1 being the highest significance and
an empty box indicating that this variable parameter has no significant influence on the
concentration of the dependent parameter. The R2 value in the end column indicates
how significant the whole regression equation is for that dependent parameter for the
given storm. For example, on the 3 October 1990, the suspended solids concentration
can be estimated from the regression equation the BOD, COD, pH, conductivity and
ammonia concentrations. For other storms at this site, e.g. on the 19 March 1991, only
ash concentration is found to a have a strong correlation with the suspended solids

concentration.

As was concluded the regression results in the previous section, these relationships
should only be used as a rough guide and they should not be used to replace the
measurement of important parameters when poor estimation of a parameter value could

have harmful effects.

6.11 THE COMPOSITION OF THE GROSS SOLIDS COLLECTED

The proportion of the total made up by different categories of gross solid material
found at the inflow and spill was investigated for each of the sites. This information is
given in Table 5.18 in Chapter 5. Some observations on the investigation follow.

6.11.1 Faecal Material

The values obtained for the amount of faecal material is bound to be an underestimate
due to the nature of the material. Flow passing through the mesh bags will obviously
force much of the faeces through and what remains, due to a drop in the flow or a
blinding of the mesh, will cover whatever else is in the bag. Faecal material is broken
down in the sewer and becomes dispersed in lumps or a thin slime over other materials.
Only the hard, compact nodules remain intact. For this reason faeces was not included
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in the tables showing the efficiency or the treatment factors at a particular site for
different categories (Tables 5.28 to 5.36). It was observed, however, that more of this
material was retrieved at the low side weir, inflow and spill, than at the other sites. It
was also found in some abundance on the screens at the stilling pond site but nowhere

else at that site.

The results for the proportion of faeces at the various sites given in Table 5.18 must
therefore be taken as an underestimate of the full proportion. This table indicates that
at every site, apart from the stilling pond, the proportion of faecal material is greater for
the spill than for the inflow. This may be due to the force of the water flowing through
the particular bags, it perhaps being less through the spill bags than through the inflow

bags.

6.11.2 Sanitary Towels and Tampons

Few tampons were found in the sorting of the material and, where present, they
comprised less than 0.5% of the total mass of material. No useful conclusions could be

made about their behaviour.

A reasonably consistent proportion of sanitary towels was found from the inflow for
each of the sites (an average of 25.3% +/- 6%) although the proportion for the high side
weir at Leyburn Road was somewhat smaller (16%). It must be noted however that the
large majority of the sampling at this site took place from October to December. Seven
of the eleven bags sorted were taken from events in autumn ie. when there was a
significantly larger proportion of leaf debris present than at any other time of the year.
This has obviously affected the results for this site, making the organic/leaf debris
category more significant than it would have been if samples had been taken over a
whole year. All the other sites have samples from each of the seasons and it is hoped

that the results portray a more accurate picture of reality.

The proportion of sanitary towels in the spill is more variable with the stilling pond site
(Chesterfield Road) and the low side weir (Retford Road) providing similar proportions
(33.3% and 32.5% respectively) and the high side weir at Dobcroft Road providing the
lowest proportion (14.1%). It is only at Dobcroft Road that the proportion of the total
contents taken up by sanitary towels actually decreases from inflow to spill. For each
of the other sites there is a 3.5% to 6% increase from inflow to spill. A problem with
sampling error becomes important at the high side weir site at Dobcroft Road. At this
site only 2%-3% of the spill was being sampled and analysed. This is too small a
proportion to provide useful results. If contents of a particular spill bag contained a
higher than average proportion of one material when this was multiplied up to provide
an estimate of the total mass of solids spilled in that event the amount for that material
would obviously be an overestimate. This problem was overcome at the high side weir
a Leyburn Road by installing 10 mesh bag frames along the weir. This sampling error
will be discussed further in Section 6.12.1.3. The consistently large proportion of
sanitary towels found in both the inflow and the spill mesh bags is of interest as the
UK. is the only country in the EU which permits the disposal of sanitary towels in the
sewer system. From these results it appears that a ban on this method of disposal
would be effective in significantly reducing the total discharge of gross suspended solids

from combined sewer overflows.
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6.11.3 Thick Paper Towels

Very similar proportions were found for all the sites at the inflow (range from 6.4% to
9.4%). Again there was more variation on the spill although the values were not
notably different from the inflow values.

6.11.4 Miscellaneous Plastic Material

This is found in very similar proportions at each of the sites (average of 1.5% +/-
0.3%). A moderately larger proportion is found on the spill (average 2.5% +/- 1.1%).
The buoyancy of many plastic materials may contribute to them being preferentially
passed over the weir. For the great majority of the events investigated at the high side
weir at Dobcroft Road no plastic items were retrieved. The results for this site thus
only refer to a small number of occasions. The same is true for the low side weir site
(Retford Road) and the other high side weir site (Leyburn Road) but to a lesser extent.

From these results it might appear that the plastic items only take up an insignificant
proportion of the total. However, it must be remembered that it does not require much
of a weight of crisp packets, sweet wrappers, plastic packaging etc. to cause a
considerable amount of aesthetic contamination.

Despite the popular conception that condoms are extremely common in sewage they
were not taken as a separate category for the same reason as the tampons i.e. they were
rarely found. They were, however, noted when they were obtained. It was only at the
high side weir at Leyburn Road that they were found with any degree of regularity (four
during the whole monitoring period). Only one was retrieved at the Dobcroft Road
high side weir in a whole year of monitoring. Three were taken from the low side weir
and 6 at the stilling pond site for similar monitoring periods as Dobcroft Road.

6.11.5 Leaves, Twigs and Other Organic Material

This category was taken to include leaf debris, twigs and other tree associated items
e.g. conkers, other nuts and grass clippings. Other items classed as "organic", in the
biological sense, have been included. On reflection, a separate "non-leaf organic
material" category should have been used for items such as dead goldfish, dead
blackbirds and live frogs as these items are unlikely to behave in the same way as leaves

in an overflow in storm conditions.

Fortunately, the amount of non-leaf organic material was insignificant for the large
majority of the events. At the stilling pond site (Chesterfield Road) there was a
sandwich shop upstream of the site and pieces of tomato and lettuce were common.
However, compared to the tree debris it is maintained that even at this site the
proportion of non-leaf debris is small compared to the leaf debris and this is particularly

so in the autumn/winter months.

No consistent proportions were found for any of the sites for spill or inflow for this
category. The problem with the timing of the monitoring period at the Leyburn Road
high side weir is thought to be important here. Generalisations as to the “leafiness" of
the particular catchments can also be made. It certainly appeared that the Dobcroft
Road and the Leyburn Road catchments had a particularly high proportion of trees
along the roads and small parks.
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This was true to a lesser extent at the Retford Road site, where there were some trees
along the roads but no parks, and at the Chesterfield Road site, where although there
was a reasonably large park in the middle of the catchment, there were fewer tree-lined

roads.

It thus appears that the influence of tree litter is quite important, as is the time of year in
which the sampling took place and the proportion of events recorded when the leaves
are being shed. Leaf fall is probably the most significant factor in determining the
proportions of the different categories of gross solid material.

At the stilling pond site the proportion of the total made up of this category was smaller
than that made up by faeces and only just greater than that made up by plastic. At the
Leyburn Road high side weir the proportion of the total made up with leaf debris is the
largest category (not including the material adhering to the bag, to be discussed later).
For the spill bags the greatest proportion is either taken up by sanitary towels (stilling
pond site and low side weir site) or by the leaf debris category (the two high side weir

sites).

Leaf debris, and all the organic materials included in this category, do not contribute to
“aesthetic pollution" in the same way as the other categories included in this study.
Tree debris is obviously not perceived as unsightly and all the items included in this
category have the advantage of being biodegradable.

6.11.6 Absorbent and Non Absorbent Material

These categories arose out of the desire to have some way of grouping unidentifiable
substances and uncommon things that did not fall into any of the other categories. The
"non-absorbent" category was largely made up of grit and gravel, presumably from the
roads. Some of the "miscellaneous absorbent" category was made up of what could be
the insides of sanitary towels. However, the material was so disintegrated that further
classification was not possible. The results for these categories are therefore variable
between the different sites as they were between the different storms at a particular site.
Further conclusions about such heterogeneous categories are not possible.

6.11.7 Material Adhering to the Mesh Bags (""Gunge")

Normal toilet paper probably produces the majority of the material in this category.
From visual observations on site it appears that the vast majority of the gross solids
coming into the sewer are such tissues and it is this material that causes the main
problems with the "ragging up" of equipment. This material significantly reduces the
mesh opening and often almost blinds the bottom of the bag. The values obtained for
this material are probably an underestimate of the total amount of toilet paper as, when
wet this material disintegrates to form this amorphous "gunge" some of which will pass

through the mesh bag when forced by a jet of water.

The results obtained for this material show that at each site the proportion of the total
taken up by this material is similar between the inflow and the spill but that there is a
notable variation in the proportions found between the different sites. The average
values for the inflow are 40 8% +/-8 3%, and for the spill 32.0% +/- 7.1%.
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6.11.8 General Comment on Gross Solids Composition

The general conclusion that can be made from this investigation are that for the
majority of the categories investigated there is similarity in the proportions of the total
taken up by particular categories. Although it might be interesting to try to predict the
composition of a catchment given its land use, area, etc. this would be difficult to
achieve, except at a very general level, due to the variable nature of the material from

day to day.

6.12 ESTIMATING THE EFFICIENCY OF THE SYSTEMS

6.12.1 Gross Solids

6.12.1.1 Treatment Factors for the Total Load of Gross Solids at Each Site

Although the efficiency of the stilling pond site in preventing the passage of gross solids
over the weir seems to be very high (average value 87.2%) the treatment factors for this
site, displayed in Table 5.30, suggest that the overflow has very little effect on
separating out gross solids as the apparent difference is due only to the flow split.
Where the treatment factor is greater than one some reduction in the concentration of
gross solids in the spill is suggested. Of the 14 events examined a treatment factor
greater than one was achieved on five occasions. The average value of the treatment
factor for all the storms is 1.07 with the majority of the storms having a value between

0.88 and 1.00.

At the high side weir site (Dobcroft Road) the value of the treatment factor decreases
significantly as the year proceeds from June to November (see Table 5.32). One
explanation for this is that significantly the largest portion of the spill gross solids is
made up of leaves and other plant debris. Towards the end of the year the amount of
such material increases markedly making the overflow seem much less effective. This
is investigated in more detail in the following section. The values for the first half of the
year are similar to those from the stilling pond site suggesting again that the overflow
has little effect preventing the passage of gross solids over the weir and the apparent

difference is due solely to the flow split. -

The treatment factors calculated for the low side weir site (Retford Road) site are
notably less than those for the other three sites (see Table 5.34). The average value for
all the events investigated is exactly 0.50. The values range from 0.19 to 0.84. These
results suggest that the overflow definitely does not have any treatment effect on the
flow being spilled and may actually have a deleterious effect i.e. by actually
preferentially passing gross solid material over the weir. Dip plates are present at the
site but it does not appear that they are particularly effective at reducing the proportion

of gross solids passed over the weir.

Again, the efficiencies at the Leyburn Road site appear to be consistently high (average
86.1) but as the percentage of the flow that is carried to treatment is also high (average
84.4%) the resulting treatment factors (Table 5.36) are near to unity (average 1.01)
suggesting that the distribution of the gross solids in the flow can be explained solely by
the flow split. The range in the treatment factors is narrower than all the other sites
(0.86-1.20), however, the survey period at this site was much shorter and confined to

the winter months only.



6.12.1.2 Treatment Factors for the Different Categories of Material

Efficiencies were calculated for several categories of gross solid material (see Tables
5.28 to 5.36). This investigation was first undertaken at the stilling pond site
(Chesterfield Road) and for the screens at this site where it was quite successful.
However, at the Dobcroft Road high side weir site, problems with sampling error
effects for particular categories of material meant that negative results were obtained.
This suggested the ridiculous conclusion that more material was being spilled than ever
came into the system. Problems with sampling error are detailed more fully in the
following section. This resulted from too small a proportion of the spill being sampled
(2-3% of total spill). This problem was rectified for the Leyburn Road high side weir
where approximately 23% of the spill was sampled. The results of an investigation into
the distribution of gross solids at the Leyburn Road site gives an understanding of the
reasons for the overestimation of material found at the Dobcroft Road site. This

discussion is found in Section 6.12.1.3.

Table 6.11 The Average Treatment Factors at Each Site for the Categories Used.

Site (No. Events) | Sanitary | Leaves | Thick Paper | Plastic | Miscellaneous | Material Adhering
Towels and Towels Matenal to Mesh Bag
Twigs

Chesterfield 1.00 0.03 0.85 0.76 0.99 1.08

Road (14)

Dobcroft Road 0.78 0.37 0.86 - - 0.88
14)

Retford Road 0.50 040 0.40 0.70 0.80 0.60
17)

Leybum Road 0.97 0.76 0.68 0.99 , 1.12 1.06

(O]

Although the number of storms contributing to these values is fairly small, some
tentative conclusions can be made about the performance of the chambers with regard
to the different materials. The treatment factors for the low side weir (Retford Road)
site are consistently lower for all categories except leaves and twigs. Apart from the
“miscellaneous material" category, the low side weir appears to preferentially pass all
types of material over the weir by actually concentrating the gross solid material in the
spilled flow. Low treatment factors are also found for the Dobcroft Road high side
weir site but these can be explained by the sampling error previously mentioned.

Of the different types of material the leaves and twigs category appears to be
preferentially passed over the weir most frequently. This category was found to consist
largely of neutrally buoyant leaves which could not easily be separated out of the flow.

6.12.1.3 Gross Solids Distribution at the High Side Weir Site (Leyburn Road)

To overcome the sampling problem encountered at the Dobcroft Road high side weir it
was decided that ten gross solids mesh bags should be installed around the weir at this
site. It is estimated that these bags sampled approximately 23% of the spilled flow. A
diagram of the positions of these bags is shown in Fig 6.19 (This figure was not drawn
to scale).
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Figure 6.19 Position of the Gross Solids Mesh Bags on the High Side Weir
(Leyburn Road) (Not to Scale)
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Using the Runge-Kutta method (see Chapter 3) it was possible to calculate the flow
over different sections of the weir. The heights of all parts of the weir had been
measured using a level and metre rule. The weir height was found to vary by 128mm
over its length. Figure 6.20 shows the variation in height of the weir with the position
of the mesh bags. As would be expected, it was calculated that the mesh bags fixed on
the lowest part of the weir (bags 1 and 10) would receive the largest flow volume and
the bags on the highest part of the weir (bags 5 and 6) would receive the smailest flow
volume. If it was assumed that the concentration of gross solids in the flow was equal
and the chamber had no effect on their distribution then, it would seem likely that the
bags at the lowest point of the weir (bags 1 and 10) would receive the greatest mass of
material in any given storm. This was not found to occur at the Leyburn Road site.

The average percentage of material in the mesh bags at each position is given in Table
6.12. From this it can be seen that bags 5 and 6 (on the highest part of the weir)
consistently get the largest percentage of the total mass of gross solid material during a
storm. The relationship between weir height and the percentage mass of material for a
given bag position is investigated further in Figure 6.21. From this it can be seen that
there is a highly significant relationship (R2 is 0.72) between the % mass of material at
a given position and the height of the weir at that position. The regression equation for

this relationship is:
y=106.9x - 145.7

Where: vy is the % Solids in the Mesh Bag
x is the Height of the Weir (m)

This suggests that gross solid material is concentrated towards the end weir of the
chamber. This is presumably because when the flow enters the chamber no strong
eddies are formed to encourage the gross solid material to circulate. There is thus no
obstruction to stop them simply being moved forward with the force of the flow. In the
Leyburn Road chamber the ratio between the width of the chamber and the inlet pipe
diameter is small (1.2:1). This means that there is relatively little "fanning out" of the
flow on its entry into the chamber. This could be important in preventing the
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formation of eddies which could entrain the gross solid material and thus prevent it
from passing over the weir. A greater ratio might force the flow to fan out more on
entry to the chamber and encourage the formation of eddies in the corners of the
upstream end of the chamber. At the Dobcroft Road high side weir the inlet diameter :
chamber width is higher (1.8:1). However, as insufficient gross solid data was
obtained at this site it is not possible to say whether this ratio has any influence on the

formation of eddies in the flow.

This explanation also provides an understanding of the results obtained at the Dobcroft
Road high side weir where it appeared that the spill gross solid data was overestimated.
At this site only one spill bag was used. This bag was fixed on the end weir. From the
findings at Leyburn Road it can be suggested that this position is likely to receive the
greatest load of material of any position on the weir during a storm event. It was
calculated that only 2-3% of the total spill was sampled during a storm. The total gross
solid mass spilled was calculated by wrongly assuming that the concentration of gross
solids in the flow would be equal at all positions along the weir. At the Leyburn Road
site it was found that position 6 (equivalent to the spill bag position at Dobcroft Road )
consistently received the greatest mass of material (on average 17.7% of the total). If
the same processes are occurring at the Dobcroft Road site this will explain why the

gross solid mass for the spill was overestimated.
PART3 COMMENTS ON THE METHODOLOGY USED

Much was learnt about efficient working practice during the course of this study. At
the original site (Chesterfield Road) installation of equipment took over four days of
work. At the other three sites it took only one day as knowledge of the relevant
installation equipment, tools and techniques had been obtained from the experience at
Chesterfield Road. This was also true for the blocking test. Three prototype bungs
were designed for the Chesterfield Road site before an accurate seal was obtained. At
the Dobcroft Road site a different design had to be used as the continuation pipe was
being blocked from within the chamber rather than at the end of the throttle pipe. Here
two prototype designs were developed, the first being almost too successful as it was
virtually impossible to shift at the end of the test when the storm water reached weir
level. The experience gained at this site was then adapted for the other high side weir
site at Leyburn Road where the first bung design was successful.

This learning process continued throughout the project as new difficulties constantly
arose. The following sections describe some of the main problems encountered with
the equipment used for the flow measurement and water quality sampling and the gross
solids method used. Some suggestions as to how these problems could be rectified or

avoided are also given.
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6.13.1 Problems with the Flow Monitors

The flow loggers used were generally very reliable although there was a tendency for
the depth readings to drift over time. For monitors installed at the inflow and
continuation pipes regular checks could be made of the actual depth of the flow. These
could then be compared to the monitored readings at the same time. For the spill in situ
checks were not possible. Errors in the readings were not picked up until the survey
had been completed when the equipment could be taken out of the chamber and tested

for flow and depth in the Hydraulics Laboratory.

Other problems occurred rarely once the old flow monitors inherited from a previous
project were replaced. These monitors had been installed for a short period of time at
the Dobcroft Road site. They frequently broke down due to water logging, keypad
failures and other miscellaneous problems.

Occasional problems with the operation of the new monitors were experienced. Twice
the sensors on the monitor head became damaged by material in the sewer and the
equipment had to be returned to the manufacturers for repair. If a spare monitor was
not immediately available a significant amount of flow data could be lost and without
the flow data any sample data obtained was of little use.

Projects of this nature are often under considerable financial constraints and spare
equipment is not always considered to be essential. However, it is suggested that at
least two spare monitors for every six monitors in the overflow chamber is a reasonable
expense to ensure that the minimum amount of data is lost through damage ( A flow
monitor with spare batteries and a battery recharger costs approximately £2,500).

6.13.2 Problems Encountered with the Water Quality (Bottle) Samplers

The requirements of samplers for use in sewers was given in the Scottish Development
Department's Working Party Report on Storm Sewage, "Storm Sewage Separation and

Disposal” (1977).

"Samplers were required to be robust, portable, easy to install, easily_ serviced, not
susceptible to blockages and able to draw representative samples which should be
accurate over a wide range of concentrations of suspended solids."

For much of the project it seemed that no such piece of equipment could exist. The
samplers used for the majority of this project were unreliable and, although blockages
of the sampler pipe were rare, "ragging up" of the end of the tube was a problem. At
the Chesterfield Road site a filter was attached to the end of the tube but this seemed to
encourage the ragging up process and it was eventually lost, presumably pulled off by
the weight of material that had built up over it. Both problems could be minimised by

fixing the tube so that is faced downstream.
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Other problems of basic function occurred. On a number of occasions the pumping
mechanism failed although the distance and height that the samples were to be drawn
were well within the design specifications of the sampler. At the Chesterfield Road and
Dobcroft site the samplers became iced up and unable to function. At the Chesterfield
Road site this problem could be solved as there was a heater in the trailer containing the
equipment. At the Dobcroft Road site little could be done about this problem, although
during such cold spells heavy rain was uncommon so little sample data were lost.

A third common reason for loss of sample data was the tendency of the distributor arm
to become stuck. Sometimes this was due to human error as the arm had become stuck
in a bottle that was standing proud from the other bottles in the carousel. On other
occasions the samplers had to be returned to the laboratory, cleaned out and the arm

regreased before normal function could be resumed.

At the last site new "Epic" samplers were required as they were to be stored in the
overflow chamber and thus had to be intrinsically safe. These proved to be far more
reliable than the original samplers. In only three months of the survey at this site full
sets of sample data had been obtained from each of the eight storms sampled.

6.13.3 Comments on the Water Quality (Bottle) Sample Method Used

In retrospect it seems obvious that the sampling time should have been extended to
cover a much longer time period. As it was, any storm that lasted over two hours was
incompletely sampled. This meant that the full load on the parameters measured could
not be determined nor the presence of secondary flushes in concentration reported in
other studies (e.g. Ellis, 1986). With the original samplers samples were taken at fixed
five minute intervals. An additional piece of equipment (a portable computer with the
relevant software) would have been required in order to make the sampling regime
flexible enough to cover a longer time period while still retaining sufficient coverage of
the high concentrations occurring at the beginning of the storm. At the start of the
project this was not thought to be important enough to justify the cost.

A sampling regime that would be suitable for projects of this nature was described by
Saul & Marsh, 1990 (quoted in Chapter 2). Here the initial ten samples are taken at 3
minute interval, the next ten were taken a 7 minute intervals and the final four at 30
minute intervals. This gave a total monitoring period of 217 minutes. The Epic
samplers used at Leyburn Road were more flexible and could be programmed directly
to sample at different time intervals. This is a great advantage and the use of this type

of equipment is recommended.

The float switches used to initiate sampling provided a considerable amount of trouble
in the early part of the project e.g. the balls became waterlogged and so would not rise,
on some the arms were too stiff and would jam in an off position, on other the arms
were too loose so that the circuit was not completed when the arms had risen the
required distance. It was later realised that the early versions had not been intrinsically
safe (I.S.) so these had to be replaced with LS. versions. By the end of the field
monitoring, having learnt from these mistakes, no problems were caused by the float

switches.
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6.13.4 Comments on the Sample Analysis

a. Accuracy of Sample Analysis

In order to examine how much variation there can be in the bottle sample results a large
sample was taken from the inflow at Dobcroft Road. This was then divided equally into
ten bottles and taken to the laboratory to be tested for the usual parameters. The

results of this are given in Table 6.13 below.

Sample Number | Suspended [ Ash BOD COD pH | Conductivity | Ammonia
Solids (mg/l) | (mg/l) | (mg/l) (uS/cm) (mg/1)
(mg/)
1 106 4.1 57 140 7.3 214 3.65
2 96 4.2 52 175 7.2 213 3.60
3 89 4.0 56 161 7.2 211 3.64
4 90 4 49 171 7.3 216 3.63
5 103 4 62 180 7.2 215 3.85
6 101 4 51 159 72 211 3.62
7 87 4 55 163 7.2 212 3.74
8 97 4 61 174 7.3 209 3.92
9 110 4.1 60 187 7.3 210 3.94
10 93 4.1 59 168 7.3 213 3.08
Mean 97.2 4.06 56.2 167.8 | 7.25 212.6 3.75
Standard 7.69 4.06 4.44 13.1 0.05 237 0.14
Deviation (S.D.)
% S.D. of Mean 7.9 1.7 7.9 7.8 0.73 1.1 3.6

There is some variation in the analysed values of these parameters but the standard
deviation is less than 8% of the mean for all the parameters and, for ash, pH and
conductivity the deviation is significantly less than this. Greater variations in the values
of suspended solid, BOD and COD would be expected as these parameters are more
prone to settlement and thus more susceptible to sampling error during the division of
the original sample. From this investigation it appears that the analysis used to
determine the water quality parameter values produces reasonably consistent and

reliable results. .
b. Unpredictable Nature of Overflow Events

Although local weather reports were quite accurate it was still not possible to obtain
advance warning of a rain event that would cause a spill. Also, despite weekly
maintenance checks of the sampling equipment, it is not always certain the an overflow

event will produce any usable samples.

One of the main difficulties of a rain-dependent project is that the time at which samples
are obtained is not controllable. The laboratories used were often very busy and, as
such, not amenable to the influx of 48 or more samples after a storm event which could
not have been planned for in advance. Luckily, only one set of data were lost because
of this (BOD on 30 November 1992 at Leyburn Road).
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c. Storage of Samples and Timing of Analysis

In order to obtain accurate estimations of the concentration of the water quality
parameters measured it is necessary that the samples be analysed as soon as possible.
Any samples that could not be analysed within 24 hours were discarded. The main
reason for this restriction was due to the instability of the BOD (Biochemical Oxygen

Demand) in samples during storage.

Much has been written about the pros and cons of the BOD Test which was introduced
by a Royal Commission on Sewage Disposal over 80 years ago (NRA, 1990). Since
then various adaptations and refinements have been made to the procedure but there is
still some debate about its accuracy. As the BOD test was used in this study, a few

comments will be made about this debate.

The BOD Test measures the biodegradable fraction of the sample by monitoring the
assimilation of organic material by aerobic micro-organisms over a set period of time
under strictly controlled conditions (Gray, 1989). The limitations of the test were
outlined in a report by Tyers (1989) and in a National Rivers Authority document
(Discharge Consent and Compliance Policy) the main points can be listed as follows:

The suppression of nitrification by the addition of allylthiourea is not always
fully effective.

- Poor stability is a problem with BOD when storage prior to analysis
is necessary. A study (quoted in Tyers, 1989) found that the final effluent from

sewage treatment works stored for 48 hours at ambient temperature showed
decreases in BOD of up to 34%.

The test requires a lengthy analysis procedure, lasting 5 days, and the daily and
time consuming preparation of standards.

The NRA recommend that the BOD test be replaced in their monitoring procedures by
the calculation of the Total Organic Carbon (TOC) content of samples. This procedure
is quicker and reliable and easily adapted to continuous monitoring. Others still prefer
the BOD test. In his paper, Tyers describes various ways of minimising the instability
of the BOD and ensuring as accurate an analysis as possible. Gray, comments that .
although TOC could be measured quickly and efficiently using a carbon analyser it is
more useful, in terms of predicting the effects on the watercourse, to have a measure of
the oxygen demand that will be exerted by these wastes on the watercourse.

The changes in stability of the BOD during storage tend to make the BOD values lower
and therefore give the impression that the water sampled is less polluting than it actually
is. In order to minimise the effects of BOD instability the samples collected in this
study were brought into the laboratory as soon as possible after the storm event and

immediately refrigerated at approximately 3'C.

A large amount of sample data were lost as the analysis laboratory and transport to
collect the samples were not accessible during weekends and bank holidays. Thus only
samples from Sunday afternoon to Friday morning were usable.
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6.13.5 Comments on the Gross Solids Method Used

1.

The problem of the inadequate sampling of the spill flow at Dobcroft Road has
already been described in some detail. The results at this site were significantly
affected by sampling errors leading to erroneous results for about proportions

of the different materials in the in the spill flow. As large a proportion as possible
of the flow should be sampled. However, the larger the sample the longer it takes
to sort so, in practice, a compromise must be made between the proportion of

the flow sampled and the sample size.

By sampling gross solids from the inflow the amount on gross solid material
available to be spilled is reduced. When only 2-3% of the inflow is being sampled
this effect is negligible. As the proportion of the inflow sampled increases,
however, this effect will become more important.

Certain categories were not adequately sampled by this method e.g. faeces and
toilet paper.

It was not always possible to be consistent in the time allowed for the draining of
the gross solids bag before taking it to be sorted. Ideally, a dry mass would be
taken but this would be impractical due to the volumes and nature of the material.

Certain materials e.g. plastic materials, did not appear significant when their mass
was compared with the mass of , for example, sanitary towels. However, even a
small mass of these materials can cause considerable aesthetic pollution.

The time of year when the samples are taken may be important as leaf fall may make
a significant contribution to the total results.

Blinding of the bag by material adhering to the mesh reduces the size of the
apertures. Thus what might have passed through the bag early on in the storm
becomes trapped, giving variable resuits for certain materials, as the storm

progresses.

For safe entry into the sewer a minimum of three people is required. As it is not
always possible to obtain these people the samples collected may represent more
than one storm event. This will also occur when two or more storms take place
over a weekend or bank holiday, or when the storms are so close together

that safe entry is not possible.
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6.13.6 General Comments on the Methodology

a. Choice of Site

An important limiting factor was the relatively small number of sites available that were
suitable for a study of this kind. There are around 230 storm overflow chambers in the
Sheffield area but the majority of these could be rejected as suitable site for monitoring
after only a brief inspection of the chamber drawings. The main reasons for this are:

- the chamber was of a design that was not being investigated in this study
- the chamber or pipe sizes are too small to install a monitor

upstream bifurcations immediately before the chamber or other irregular pipe
configurations that would complicate the hydraulic analysis

- difficult site access

The remaining chambers were visited and, again, the majority were rejected. Visual
inspection reveals irregularities in the chamber design that are not obvious on paper.
Often the manholes into the chamber were placed towards the middle of busy roads.
Other reasons for rejecting a site included the presence of large quantities of silt in the
chamber and upstream pipes and the presence of scumboards or screens which would

make the installation of monitors impossible.

As a result of these complications only a handful of sites were found to be suitable. As
a range of designs were to be looked at the choice was limited still further. Even when
a site had been chosen and the monitoring equipment installed, other problems may
become apparent. A second low side weir site was monitored for a period of 5 months
in 1991 but as it did not appear to spill even during heavy rain it had to be abandoned

and the equipment was moved to the Retford Road site.

b. Siting of Equipment

In all the chambers the choice of where to site equipment was strictly limited.
Obviously, the aim was to obtain accurate data which was free from the influence of
backwater, but the monitor also had to be installed safely and it had to be accessible so

that it could be downloaded each week.

Samplers had to be installed so that they would take representative samples from the
incoming flow. A number of studies have suggested ways to achieve this (Wood, 1968:
Krajca, 1989: Tucker, 1976). The effect of the settlement of solids must be considered

if samples are taken from low down in the inlet pipe or overflow chamber.
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¢. Miscellaneous Comments

Safe access to the chambers required a minimum of two trained people. This limited
the number of times site visits could be made. This was particularly a problem at
Leyburn Road where the samplers were stored in the manhole entry to the overflow
chamber. At the other sites the samplers were stored in cabinets or, at Chesterfield
Road, in a trailer, to which there was permanent access. This meant that only one
person was needed to collect the samples and deliver them to the laboratory.

The rain dependent nature of the project meant that the length of the monitoring
periods at each site were variable and unpredictable. It was originally intended that at
least ten storms with full sample data would be obtained at each site. This aim might
have been achieved if the monitors used at the last site had been used throughout. The
first and second years of the project (1990-1991) were also unusually dry.
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CHAPTER 7 CONCLUSIONS

Pollution caused by combined sewer overflow discharge has been recognised as being
one of the major factors contributing to the poor quality of many rivers and streams in
the UK. Current research is thus being directed towards the development of computer
models which can simulate the flows and pollutant loads in sewerage systems. In
order to ensure that these models are accurate more information is needed on the

behaviour of pollutant material in sewerage systems.

The techniques for monitoring the finely suspended and dissolved pollutant material in
the field has now been fairly well established. However, the behaviour of the larger
solids in the flow, particularly the gross solids, is still poorly understood. Although the
majority of the pollutant material present in the discharge from a storm overflow is in
the finely suspended and dissolved fraction it is the gross solid fraction which is most
visible and offensive to the public and which causes most complaints to the Water

Industry.
7.1 PRINCIPAL CONCLUSIONS

* The stilling pond and the two high side weir chambers performed well
hydraulically. The low side weir was found to perform unsatisfactorily,
hydraulically. The flow to treatment rose as the incoming flow increased
and for some storm conditions a hydraulic jump was formed towards
the downstream end of the chamber

* The combined sewer overflows monitored discharged significant amounts of
pollutant material to the receiving watercourses.

* The stilling pond and the Leyburn Road high side weir were highly efficient in
retaining the vast majority of the gross solid material present in the flow to
treatment but this efficiency can largely be explained by the flow split.

* The low side weir had a poor efficiency in retaining gross solids in the flow to
treatment. The chamber appeared to have a deleterious effect by preferentially
passing all types of gross solid material over the weir. i

7.2 DETAILED CONCLUSIONS

7.2.1 General

1. The range of dry weather flow sample concentrations varied considerably from
one site to another although the concentrations are mostly within or just below

the range of values given in the literature

2. The first foul flush effect was regularly observed at the stilling pond (Chesterfield

Road) and low side weir (Retford Road) sites. Peak concentrations for
suspended solids during a storm event were found to be 600 times greater than

the dry weather flow for that time of day. The first flush effect was rarely
observed at the other sites.
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10.

11.

For the majority of the storms at each site the spill concentrations are of a similar
magnitude to the inflow sample concentrations. For a large minority of suspended
solid, BOD and COD samples, however, the concentrations of the spill samples
were significantly less than the inflow samples. t-Tests suggest that at the stilling
pond (Chesterfield Road) site and the high side weir site (Dobcroft Road) there is
a significant reduction in the spill sample concentrations for the water quality

(bottle) samples.

Although the load of material spilled during an overflow event was found to be
small in comparison to the inflow load , large amounts of material can be spilled to

the receiving watercourses during a storm event.

The peak rainfall intensity of a storm was found to have a considerable influence
on the magnitude of the storm load of material brought in during a storm at the
Chesterfield Road site. At other sites a number of other factors were found to be
influential e.g. the delay time, the ADWP and the duration of the storm.

Strong correlations between the concentrations of different measured parameters
were recorded the strongest being those for suspended solids and ash and BOD
and COD. However, as these relationships are not consistent prediction of one
parameter from another is not recommended.

The types of gross solids collected at each site were similar with leaf material and
sanitary towels consistently the major items in term of total mass. Despite the
public perception of their abundance in storm sewage discharged to watercourses,
condoms were rarely found in either the spill or the inflow samples at any of the

sites.

The efficiency of the stilling pond and the high side weir (Leyburn Road) in
retaining gross solids appears to be explained by the flow split although for 5 of
14 storms at the stilling pond and 3 of 7 storms at the high side weir a treatment

effect was observed.

The treatment factors at the low side weir site were noticeably less than those for
the other three sites with all of them being less than unity (average 0.5). This
suggests that the low side weir preferentially discharges gross solid material over

the weir.

The treatment factors at the high side weir (Dobcroft Road) were lower than
those at the stilling pond and the other high side weir site but this may be due to
overestimation of the load of gross solid material from the spill caused by
sampling too small a proportion of the spill flow.

Leaves and twigs tended to be preferentially passed over the weir at all sites.
This is presumably due to the neutral buoyancy of this material. Sanitary towels
seem largely to be discharged over the weir in proportion to the flow split at all
sites except the low side weir.
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12. The gross solids bags on the end weir of the Leyburn Road high side weir were
consistently found to contain the largest proportion of the gross solid material in
a given storm although the weir was highest at this point. Suggesting that the
majority of the gross solid material is pushed forward to the end weir and the
downstream end of the side weirs. Relatively little gross solid material was
found in the bags on the upstream part of the side weirs.

13. The chambers investigated are not directly comparable as they are of different
types, different dimensions, different storage capacities and have different dry

weather flows.

14, Gross solids are not the major source of polluting material from combined sewer
overflows but they are aesthetically objectionable and so give rise to a large
number of complaints from the public. Overflow designs that are efficient in
reducing gross solids will not necessarily be the ones that are efficient in reducing
the discharge of highly polluting material, coarse, finely suspended and dissolved

material from overflow structures.

7.2.2 Site Specific

1. The stilling pond site at Chesterfield Road is set to spill at 250 I/s for a DWF of
10-12l/s. The spill is set at 21-25 x DWF.

2. The high side weir at Dobcroft Road is set to spill at 113 I/s for a dry weather
flow of 15 I/s. The spill is set at 7.5 x DWF.

3. Atthe low side weir at Retford Road, spill occurs at 30-35 I/s for a DWF of
11 V/s. The spill is set at 3 x DWF .

4.  The high side weir at Leyburn Road is set to spill at approximately 300 I/s for a
DWF of 13V/s. The spill is set at 22-25 DWF.

7.3 RECOMMENDATIONS

7.3.1 Recommendations For the Monitoring of Combined Sewer Overflows

1. The inflow monitor should be installed in an upstream pipe where depths are not
influenced by backwater from the overflow.

2.  The continuation flow monitor should be installed so that it is at the downstream
end of the continuation pipe. If the monitor cannot be installed in this position
depths should be recorded in the manhole downstream of the continuation pipe
to ensure that the differential head across the continuation control can be
determined.
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Where possible, the inflow, continuation flow and spill flow should all be
monitored. This will enable comparisons to be made to check the overall
accuracy of the data, increasing the accuracy of calibration produced. Greater
weight, however should be given to the inflow and continuation flow values
because of the fact that the spill monitor is often not covered with water for long

periods and it cannot be calibrated in situ.

Regular, reliable and comparable readings of depth and velocity should be
taken at weekly site visits.

Continuous depth measurements should be taken in the overflow chamber e.g.
using an Arx or similar depth logger.

Where possible, blocking tests should be undertaken early on in the monitoring
period so that any potential problems in the monitoring can be identified.

7.3.2 Recommendations For Estimating the Pollution Performance of

7.4

Combined Sewer Overflows

Samplers should be set to cover as long a period of the storm events as
possible, while still retaining sufficiently small sampling interval at the start of the
storm to cover the initial high concentrations.

The end of the sampler tube should be positioned to face downstream to prevent
it becoming covered in rags.

The correct functioning of all sampling equipment should be checked at each site
maintenance visit and after every storm event. If float switches are being used
these must also be checked to ensure that they initiate the samplers at the correct

height.

Gross solids bags on the inflow and spill must sample a sufficiently large
proportion of the flow to minimise sampling error. For side weirs the gross
solids bags should be fixed at intervals along the whole length of the weir.

Gross solids sampling bags must be positioned so that they do not interfere with
the flow or cause it to back up.

SUGGESTIONS FOR FUTURE WORK

The methodology for investigating the pollution performance of combined sewer
overflows, developed in this study, should be used to investigate chamber designs

not covered in this study e.g. single side weirs, storage tank overflows.

A more detailed investigation of the behaviour of gross solids in the sewer
overflow chamber should be undertaken to determine how the material is

- circulated in the flow and how it is influenced by turbulence in the flow. Also,

how different design dimensions, such as the height of the weir, the width and
length of the chamber can influence its behaviour.
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The settling velocities of the common gross solid materials in combined sewage
should be calculated. This information could be used to produce more
representative synthetic particulate in model tests and in the design of overflow

chambers.

More studies should be conducted on the composition of dry weather sewage for
different catchments. It could thus be determined how consistent the proportions
of different gross solid materials are between catchments of different sizes and

with different land uses.

As sanitary towels were found to consistently provide a major proportion of the
mass at each site for both the inflow and the spill a study to investigate means of
preventing the disposal of such material in the sewer system. This could be done
by public awareness campaigns or by legal means, although the latter would be

hard to enforce.

This study dealt with only a very limited aspect of the problems concerning the
discharge of combined sewage from combined sewer overflows. Studies that can
deal with the entire system must be undertaken. These should consider the
sources of pollutant or aesthetically objectionable material, its conveyance in the
sewer system, the performance of overflows, the treatment of dry weather and
combined sewage at sewage treatment works and the influence of effluent from
combined sewer overflows and sewage treatment works on the receiving waters.
The influence of material from separate systems and the runoff from ground
surfaces should also be included. There should also be greater collaboration
between ecologists and engineers so that new overflow designs are developed
which take the physical, chemical and biological consequences of the storm
discharges on the receiving waters into account.
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Appendix 1.1 Scatter Graph of Inflow Velocity at the Stilling Pond Site
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Appendix 1.2 Scatter Graph of the Inflow at the Stilling Pond Site
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1=1, 2=2, J=I-y, 4=7-15, §5=16-39, 6=40-97, 7=98-244, 8=245-610, 9=511¢+ reads.
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Each nuaber used regresents a nusber of reads:

I=1, 222, 3=3-5, 4=T-15, S=16-39, 8240-37, T=98-144, 3:245-510, P=411+ reads.

Appendix 1.3 Scatter Graph of Continuation Velocity at the Stilling Pond Site
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Appendix 1.4 Scatter Graph of Continuation Flow at the Stilling Pond Site
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1=1, 222, 3=3-5, #=7-15, S=13-37, s=40-77, T=9R-244. 8:245-510, 9=611¢ reads.
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Appendix 1.5 Scatter Graph of Inflow Velocity at the High Side Weir Site
(Dobcroft Road)
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Appendix 1.8 Scatter Graph of Spill Flow at the High Side Weir Site
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Appendix 1.9 Scatter Graph of Inflow Velocity at the Low Side Weir Site
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Appendix 1.11 Scatter Graph of Continuation Flow Velocity at the Low Side Weir
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Appendix 1.13 Scatter Graph of Spill Flow Velocity at the Low Side Weir Site
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Appendix 1.14 Scatter Graph of Spill Flow at the Low Side Weir Site
(Retford Road)

AV VEL kaNS

5% 1
0.3 0.0
0.73 WIS
0.87  0.80
0.71 0.74
006 009
0.72 0.7
0.68 0.77
0.70 0.79
0.56 0.79
0.73  0.79
0.69  0.81
0.68 0.82
.71 0.3
0.74 0.8
0.5 0.9
0.78  0.97
0.79 0.93
0.79  0.%
.77 L0
0.89  L.04
0.85 119
074 L1t
0.83 L0
0.9 118
0.09 LY
0.0  1.98
0.02 0.7
0.7 L7
0.77 1.9
.35 1.3
% 1.3
0.99 1,08
0.85 .98
0.%8 1.4¢
0.9 1.4%
0.98 1.4
195 1.8
1.08 1.5
.13 .74
1.20 1.e7
1.2 1.54
1.43 P4
.50 1.87
1.8l .37
.00 .79
2.06 2.12
p 2o N 5+

1=1, 2=2, 3=3-4, 4=I-I5, S=16-39, 4=40-97, 7=98-244, B=245-510, =611+ reads.



fathole nuaber: |

Lo (NERSURE o VELOL DT

Ly GCH TH) GRAFH

GEFIH vEL N0 S.DEV VELUCIT e - RetressSecr
LL] LI PERCENT  0.05 0,08 013 v. 21 (4] 055 0. 83 1.42 .
0 ¢ 048 veeen 0 75 0 GriBai5i5:5:5:5:0:61666:66617177677678758679888969063086608807 Tobe5 3 11100
42 ¢ 051 veeen v BT 0 S5 5 6 6555595 555 S5bbb6bs’6567)7176573380639663668888886776665337 +
St 0 Sl e 800 S5 4 5 5595555 555 Sbb500067671675)  §THBHICEINEE0060I0898777664411 ‘
7o oS esken e 900 b b b bbb bbb bbs bbbbbET61T711818357983878739799936763838877653 +
% v 05 A4 e b b b bbo b o) IITNIIIETIBIETEEETREISYBTE897998053808867 165111 +
S0 ST 9139 v 03y 5 9 5 555555 bbb bbso76670b16767776171)87678888838388077766653 +
S5 4 S s Q1T b b b bbb b6 S NITINITITINIIIBEETRIBEBEIBEOIBEOBYETIE6687 654 +
S 0 OS2 eeen C I 0 b b b bbb b bS 655 bobobbboTesT]767776877383876369833836877777165421 +
62 ¢ 055 #B562 € 105 ¢ b b b bbb bbb 6SH SSEI5TI06064161778177787838080660883677767665541 +
85 ¢ 0.50 9749 % 920 5 b & bbb bbb b6Y SHSHIS5I666T6767770677768078036688883877777666553 +
69 ¢ 0.56 44553 ¢ 105 ¢ S5 5 b b bbb b b bbS S5555455055656560667777878777788788787777666b66553 +
o0 et 5595 ¢ 99 % 5 5 5 565555 554 434434444435465667676667767777171787887777766655531 ¢+
o 0.6 4931 v 1060 5 5 5 555555 554 SHANA2I2IA1A354660570066676177717761087761776655632 ¢
¢ 0.77 «2862 v 128 ¢ S 05 5 453 048 G4 BDAI330 7 21033 S3545565687776T77117717706654454 .
86 ¢ 0.70 #2557 & 141 % S 5 5 655595 555 404423431 27 1 NII3444SSe7062T7T71776776654541 ¢
F1ov 0.71 ¢1480 ¢ 144 ¢ 1 3 & 455555 555 S44445434231 21 P | 1558656676b6b065653454  +
$o6 ¢ 0BT« 765 e 118 v ¢ 3 2 333324 404 4443333332113 ) THI3 1 1H1134455500666066664231 ¢
WLo¢ LIS s dee e b ¢ F420 3 40 My 1 10 12 2 113455565566664031  +
100 € {160 482¢ 82 ¢ + 1 LU0 Z31333030 134 i 1 1A33444556566654331
HI ¢ LU 3Te T ¢ JUE2 e 2 1 |23 3345568654321 ¢
Hy ¢ 1.08e2) ¢ 0 1 | 123332122 £ 1 A 11 215233445668532  +
126 ¢+ G4 e383 8260 2 1 3 2444555053132 1 ' oL LIIBIES3A44565532 |«
133 ¢ 020429 ¢ 351 ¢ 5 4 3 A4 4444 MMM 14 11 31 223 13344455431«
o & 024 e 34 e 43y 5 S A 433332221 M 1 20 123321 133133455543 ¢
148 ¢« 6eN3edi2e 5 55 $433 I U i 1111 11233 23 23 122233455431 ¢
15 ¢ 000320 432 5 4 4 §41223 11212 31323121322 7 133132345431 +
165 ¢ 093 ¢272¢515¢ 5 3 3 11 1 1 JOEII01222 38 32 2 11 312 123344454)  +
4 ¢ 0240181 v 408 3 4 3 322 212 T 1332203 32213 3 301 U3 212113 34k4) ¢+
%, ¢ 0SB e g4I 195 30 25302 1N S2I0 2203332323 23N Bt 13010 3443 1 ¢+
19 ¢ 0670 1150457 0 ¢ 10 2113 1 202333323 13312341 23 11 1 11 1201344431 +
W5 € 0870127 4 je2 0 ¢ R R | { I 132322311 22 031 235543«
H1o0¢ 058 ¢ 102236 ¢ 11 200 20 1122212313202 12 2211 1 i 11 33444421
228 ¢ 057 ¢ 1M 0212 | 103230 130 33033 332402 30 1028042 31 120 3344435 ¢
42 ¢+ 0,566 1344229 2 3 02 12212 IFZMINZLINIBI N AAT U H 34543321+
5 ¢ 0. 1Mo« aTe 2 30303 3323 VIUBING 2 MLRNL 43I U 2T IJMNB
00 043352166 3 4 4 333344330 I3MITIIL TI3334333 343443433141 234343434431 ¢+
&85 ¢ 0300 84 e 177 ¢ 404 4 45 4409 4 384 44040 ATANNASA T AT AATTE RRAASNZIN AN
o GAT BT oI5 e 5 & b 5556 65 565 55555555 55045A55NA0555 4448444 33044T443331 22322213041 1+
B v 008 v peC w152 0 4 5 5 55555 4555 55454454a4454404 edckd brach PO 101.’2 PRI PR B
388 % HUBeNIY 3T ASIILIBY LN 12 mmx 1 il 12412 1IN
3§40, € 150w M3 HL B3 0w i 1 1 H
I o& 122 2% W00 + o
S v G0 0 D . ¢
417 ¢ 2480 48 5 121
41 ¢ (00 0 D€ ¢ x
MH-8 2018 T e b 113
491 ¢« 000 0 O ‘ ¢
S0 248 1 O + 1+
S48 « 000 O D0 + ¢
2w 18 e 13 + 1 1t
o1l & 2.18¢ 1 ¥ (@ R I h et L AR F AR RS2 AR A RO RE R A LR PR RS FEL SRR FAT T segusseassle

Eack nuaber vced reprecents a nuaber of reags:

=1, 222, 3=3-b, 427-15, J=lo-

3, 0=d6-R7, T=9R-044, 8:045-610, 9=811¢ reads.

Appendix 1.15 Scattergraph of Inflow Velocity at the High Side Weir (Leyburn Road)
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Appendix 1.16 Scattergraph of Inflow at the High Side Weir (Leyburn Road)
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Appendix 1.17 Scattergraph of Continuation Flow Velocity at the High Side Weir
(Leyburn Road)
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Appendix 1.18 Scattergraph of Continuation Flow at the High Side Weir
(Leyburn Road)

18



Hanhole nuaber: 7 LOG (MEASURED VELOCIITY 7 LOG (DEFIHI GKAFH

DEFIH VEL N0 S.LEV VELOCITY (Netres/Sec!
L] His FERCEN) 0,05 2 0.1§ 0.30 0.46 v.n
A v 0 54 02080 f22 sslsssessnsalfastadelas2esdssessieSes2iife t
Qs e GyNe 2 [ .03 2281 A3 0 ‘
EENCE A K SR ) AR (O 3 | L 438 TR 1 3 W2 '
9 ¢ 0.3 Hellbe ¢ ! 0noamRm L '
Mo 029 55050 i i R A2 S | [P I I PATR PR L% .
B¢ 035 s3e2l5e v | 1 12 201203 3 ‘
63 ¢« 0290 Y eZbbs 2 | 113 330 3300 201241 .
68 ¢ 0.26¢ 54 4200 ¢ v PR R 1 112233 12 2432 ‘
B¢ 0220 s e300 3 21 11 ; S | oL 212321332 1% 1 *
19 ¢ 0,200 S6¢320¢ | g W AL O | 1 3] 1 5.2 I3 132030 | ‘
S ¢ 0450 S1oe 162 s 1 13 1 1 1 111 22213343131 .
2 00 0490 50 (| 1 2 10 1221 2 2133854445 1 +
9 ¢ 0430 s L2 Ut i P2 L 1222 I T +
107 € 0,85 % 100 ¢ 129 ¢ + | i 1ni 12 12 33 2234444334 33111 ‘
IS ¢ 6133 e 23 2 2 11 (A LE1Y 220252123444444512 .
1% ¢« GUsIMsMs 2 3 2121 1 414 12310231 2 21 133 JII334e5422 2 ‘
W+ SUrems 3 3 2.4 3V 09 am 2 113221 112213013 24334485325 1 ¢
5 ¢ 033 w159 e M3 4 POIEE 100 000021 1332 333 3333322244542 ¢
156 ¢ 0.24 v 147 + 356 ¢ 1 3 332 %1 RN R 3 | 122 31 353212022313133241 31 3343311 +
& 0BoIBeMe 2 3 23 122 2110 1123 3OA3330 13334 a7 335N *
182 ¢« o048 Wens 2 2 213 1" T 103 20200120 3333312 13312 5 41 .
196 ¢ 0.57¢ BOoto1 e 2 -1 1 11 111 i 10221 2310 1135333 11 223123342 ¢
A2 ¢ 049107 ¥ 1500 2 2 231232 | i 1" JIBFIFASNL 238215 N ¢+
28 ¢ 03¢ WeBis 2 1 1 4231 1 VAU AN AN 1223NQ ¢
46 ¢ 0.0 v 4Nk 1 2.3 1.4 1w 23 N2 & | n b2 B VAL
b ¢ 0.5 % S1eyi2ze ¢ 3 o I B (IR b G Y i 33138 +
8] ¢ 0.83¢ &3 B2 % ¢ i, 24232 1482 0 11 23482 ¢
3 e 4330 W 45 1323 .
B3 ¢ 132 f1s G * B3 e
0 % KR S Y + 132 1 ¢
I L R + 53 *
HE & GlArs e e + i 2 ¢
L~ O % R e 8 + B | +
91 5 JLISH & % ‘ |
N 4 LBy 3y 48 a i3 4
566 ¢ LGy 1t 0 ‘ it
6ll & 060 ¢ D G € ¢
&3 & s A 9§ . +
Lo« w6y g8 D0 + +
el ¢+ 0w s D 4 : '
a7 ¢ E % G . ‘
52 0« ¢ Sy oe & .
Y52 ¢ t Pe Qm ‘ '
038 o Do  G& Qs + +
1126« (¢ Ge @ . ‘
1208+ e 08 O + ¢
1303 e C0s e + +
1406 v ¢ 0 O + ‘
1516+ R S T S M
1635 . gt D + .
1768 ¢ L AN e sesssssaseseziisis:

Each nuaber used represente a nuaber of reads: 1=1, 252, J=3-b, 4=7-15, S=16-39, b=du-Wl, J=7d-l3:. &=G-410, F=b110 reads.

Appendix 1.19 Scattergraph of Spill Flow Velocity at the High Side Weir
(Leyburn Road)
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Appendix 1.20 Scattergraph of Spill Flow at the High Side Weir (Leyburn Road)
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APPENDIX TWO: GRAPHS OF SAMPLE CONCENTRTION
AND INFLOW
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