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* Transport, fate and effect of soluble pollutants

* Laboratory and field studies to identify and quantify
mixing processes

* Estuarine, coastal, rivers, urban drainage and pipes
Where, when & what concentration?
» Diffusion; turbulence; velocity shear

* Advection & dispersion

e Spatial scale: from millimetres (turbulence) to
several hundred kilometres (catchments)

 Temporal scale: from milliseconds to months
How to integrate all these processes

within 1D network models?
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Contents

e Why quantify longitudinal dispersion (D,) and can we predict D, ?
e 1D networks:
e estuaries/rivers/sewers/pipes
e Hydraulic conditions:
e Uniform; steady; straight; turbulent; density
* Processes:
e f(x)and f(t)

e How do cross-sectional (transverse) processes affect longitudinal
processes?

e Comments & conclusions




Why needed?

Accidental spills & storm overflows produce time varying water quality discharges
Models needed to describe the temporal concentration distributions

e.g. impact of contaminated highway runoff on receiving water ecology
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UK Environment Agency - Time of Travel Database

e 196 data sets, 27 different rivers

e Physical data recorded:
reach slope, catchment areas, discharge
(instantaneous, annual mean, daily mean, Q95)
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1.2

EA Database — Velocity & Dispersion trends
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* Multiple processes affecting longitudinal dispersion
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Mixing Processes
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Advection-dispersion Equation
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Estimating the Longitudinal Dispersion Coefficient

Fischer (1967), extended by Chickwendu (1986):
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Estuarine Mixing Processes

River flow
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Estuarme Mixing Processes

Velocity measurements
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* Longitudinal density gradients, combined with vertical velocity profiles, create strong
secondary circulations on the flood tide, reducing the longitudinal dispersion, D,

 “Bends appear to be influential, due either to channel asymmetry promoting transverse
effects in long bends or secondary flow induced intense mixing in short, sharp bends, thus
decreasing dispersion effects”

UnlverSIt Of Guymer, |. and West, J.R. (1992) “Longitudinal Dispersion Coefficients In An Estuary”

Shefﬁeld ASCE Journal of Hydraulic Engineering, 118(5), 718-734.




Planform Curvature — field studies
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Planform Curvature — laboratory studies
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Planform Curvature — laboratory studies
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Planform Curvature — transverse mixing

M T —

—

" -y

0.010 H * Measﬁred value | | e - ..
© 1| == Boxall & Guymer (2003) f'f " * Rozovskii (1961)
E | ¢ ;) analytical prediction of
~0.008 / R
x> BAve T R4 secondary flows due to
= Fy
S _ ) ¢ planform curvature
Eu.oos L - o E | ) )
S | p s . mploy increase in
8 - - 1 . transverse mixing
= 0.004 - 4 : within Chickwendu
2 *y
g _ * e ' / i ° (1986)
=
© 0.002 : L
= | . !*’ v 4 A e Relate transverse to
Z A SR * 1S de longitudinal mixing
0.000 +—r—tv"b+—r St o
0.0 2.0 4.0 6.0 8.0 10.0 12.0

Distance from apex I, x (m)

UnlverSlty Of Boxall, J.B. and Guymer, 1. (2003) “Analysis and Prediction of Transverse Mixing Coefficients

® ) ] . .
Sheffleld in Natural Channels”, ASCE Journal of Hydraulic Engineering, 129(2), 129-139.




Planform Curvature — longitudinal dispersion
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Compound Channels — transverse shear effects

_________________________ “We :
~< af momentum & substances Fiood ca ' Fields,

it L F
W ) . | PAEIYY N S . urban

3('«*"” S
‘ t)\\(f JQ&!T
f \ (

/ W"parmful () \r A y

Devel ! [\ -
/) C ol A ( I'substancesl

of chan NSV v "ﬂ‘wf', \
Vo L e ==
Q Secondary Harphiolo .
’ flows /
Main channel _ _ _ 4
Shear layer Depth-averaged Flow T~ 777 ST
mean flow velocities direction

UnlverS}ty Of Rowinski, P.M.; Vastila, K.; Aberle, J.; Jarveld, J. and Kalinowska, M.B. (2018) How Vegetation Can Aid in
Sheffleld Coping with River Management Challenges: A Brief Review. Ecohydrology Hydrobiology 18, 345—-354.




Compound Channels — transverse shear effects

A=A
S = “z) UnlverSlt Of Spence, K.J., Sonnenwald, F.S. & Guymer, I. (STILL in preparation) “Spatial variation of transverse

. Shefﬁ.eld mixing in compound channels”



Compound Channels — transverse shear effects
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Compound Channels — transverse shear effects
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Compound Channels — transverse shear effects
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Real Vegetation - Laboratory studies
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Real Vegetation - Results
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e D, similar trends, slightly different magnitudes

e Winter Typha exhibits greater transverse mixing
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Partial Vegetation — transverse shear effects
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Artificial Emergent Vegetation — CFD study “RandoSticks”
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RandoSticks - Laboratory System

RandoSticks morphology RandoSticks Layout Optical System
Winter Typha latifolia 1.0mx1.0mover9m LIF & PIV
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Laser Induced Fluorescence - Experiments
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Longitudinal Dispersion with Willow Patches
@ KICT - REC (River Experiment Center)
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Longitudinal Dispersion with Willow Patches
@ KICT - REC (River Experiment Center)
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Longitudinal Dispersion with Willow Patches
@ KICT - REC (River Experiment Center)
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Urban Drainage Systems

Effects of changes in shape, e.g. manholes
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Mixing in Surcharged Manholes
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Manhole Mixing — ADE & ADZ model predictions
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Manholes — Non-dimensional CRTD
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l -=Below-threshold data

—
|

‘ —Above-threshold . mixing can be

characterised by just
two dimensionless

o o
N =
\

Cumulative mass recovery (')

00 CRTDs
0.0 1.0 2.0 3.0 4.0 5.0 6.0
Normalized time, tQ/V (-)
UnlverSlt Of Guymer, |. & Stovin, V.R. (2011) “A 1D mixing model for surcharged manholes”

Shefﬁeld ASCE, J. Hydraulic Engineering, 137(10), 1160-1172.
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Compartmental “Jet Mixing” Model

Outer mixing

/ Zone

Jet diffusion

/ Zone
Inlet
~— / Jet core

".'F-'l
o Outlet 1 I I 1 1
— i 0.0 0.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Flow BID, =05 =10 =15 tQ/V []
—e— Experimental CRTD — — New compartmental model Well-mixed exponential CRTD
UnlverSlt of Sonnenwald, F., Mark, O., Stovin, V., & Guymer, I. (2021). Predicting manhole mixing using

Sheffleld a compartmental model. Journal of Hydraulic Engineering, 147(12), 04021046.



Pipe flows - challenge and context

* In drinking water distribution systems, ]

numerous lengths have laminar flow for long
durations

a
o

\
\

* In buildings flows are mainly stationary or
laminar

- Urban (15,545 pipes)
— Rural (7,136 pipes)

5
o

e Do we have the tools to model laminar and

Proportion of network time (%)

N
o

--- Re = 20,000
unsteady flows? — Re =3,000
* Inlaminar flow “Given sufficient time” 5 : A -
2 . . 1,000 10,000 100,000
t >0.5a%/D,, for 15 mm diameter pipe t > 8 hrs Reynolds number, Re (-)

e How do we know “the time in the flow”?

e |f Taylor/Gaussian RTD is not applicable, then what?
\«\/f University of ylor/Gaussi ! PP W

P - .
7S Shefﬁeld Challenges of unsteady flows




Longitudinal Dispersion in Pipes

o0 I I I I I I I I
\ ———268m ——7.08m ———10.98 m
40 - — 489 mM —38.92m 13.06 m
a
%30_ In steady flow, D, is determined from the increase in |
-% the temporal variance of a distribution
S 20 -
®)
(-
S
10 -
0 —j . = M AAAAAAA —
50 55 60 65 70 75 80 85 90 95
Time (s)
Flow meter Injection % Study reach " Pipe radius, r=12 mm
~-30.0m ___% ! ! ! e j
' 6 i 6 _: _________ N : _______ _-: ..... P N R — -
UnlverSlt Of Fluorimeter distance O.Sb m 2.68 m 4.8I9 m 7.0I8 m 8.92 m 10.98 m T 13.05 m

Shefﬁeld from injection




Longitudinal Dispersion in pipes — steady flow

1 1 T T

® Hartetal (2016) * Longitudinal dispersion
— — — Taylor (1954) L. .
+ o Regression coefficient deviates from
Critical flow

Taylor prediction for Re <
10,000, due to boundary
shear effect

XX
-
2
o
T
—-
1

 For transitional and

Dimensionless Longitudinal
Dispersion Coefficient D__/ud

1ap . ! turbulent flow the RTD is
________ S} Gaussian shape
‘‘‘‘‘ * |Inlaminar flow, Gaussian if
‘ : | | t >0.5a%/D,,
2000 4000 10000 50000
Reynolds number Re [-]
UnlverSlt Of Hart, J.R., Guymer, |., Sonnenwald, F. and Stovin, V.R. (2016) “Residence Time Distributions

Sheffleld for Turbulent, Critical and Laminar Pipe Flow” ASCE J. of Hydraulic Eng.



Application to Laminar Flow

N
o

* Predictions made from upstream data

Re = 2,670
recorded 4.89 m from injection

RN
€)]

e Compared to data 8.17 m further
downstream

Predictions using:
i) Modified Gaussian

Concentration (ppb)
S

5t
Lee (2004)
0/ S = Romero-Gomez and Choi (2011)
50 100 150 200 250 . , , :
Time (s) ii) Laminar velocity profile RTD
Data Danckwerts (1953) Danckwerts (1953)

— — —Lee (2004) —-—-— Romero-Gomez and Choi (2011)

\\/’ UnlverSIt Of Hart, J.R., Guymer, ., Sonnenwald, F. and Stovin, V.R. (2016) “Residence Time Distributions

',;/\\‘ Sheffleld for Turbulent, Critical and Laminar Pipe Flow” ASCE J. of Hydraulic Eng.



Longitudinal Dispersion in Pipes for Unsteady Flow

Injection ‘| 4
Trace h—» ' < 5
- Duration | ; S
) B | I
= | i
3~ | Acceleration }
g | Duration i
oY | } 5s |1 { i
§ i 10s ! i
) : 60s | : _
© i ;
| | :
-150 -100 -50 0 50 100 150
Time, t (s)
UnlverSlt of Hart, J., Sonnenwald, F., Stovin, V.R. & Guymer, |. (2021) Longitudinal Dispersion in

Shefﬁeld Unsteady Pipe Flows. ASCE J. Hydraulic Engineering, 147(9)




Laminar to Turbulent Accelerating Flow

100 I I I I I I 25000
0.50 m 2.68 m 4.89m Re
7.08 m 8.92m 13.06 m =— =— = Volume
— 80 -~ 120000
o) ”~
g e
_5 60 _ ~ —15000
© -7
S 401 —10000
2
S |
20~ } \ —5000
()L —u-&x—"";’-:\) PAN-S- < 0
205 210 215 220 225 230
Time (s)
* Note the disaggregation of the tracer between 0.5 m and 2.68 m
UnlverSlt of Hart, J., Sonnenwald, F., Stovin, V.R. & Guymer, |. (2021) Longitudinal Dispersion in

Sheffleld Unsteady Pipe Flows. ASCE J. Hydraulic Engineering, 147(9)
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Exploring cross-sectional mixing in pipes

* 24 mm diameter

* 13 mlong pipe

e Accelerating flows
* Re=1,000to0

11,000 T .|
 4x LIF systems i W T

Powell fens Laser Beamg

Current laboratory
study

Dr Zhangjie Peng I I l I l II I

University of

hefﬁeld
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Comments

e Longitudinal dispersion
coefficients, D,, integrate spatial
and temporal flow variations to
describe “mixing”

e Knowledge of the major flow
processes helps to estimate
magnitudes of D,

e Velocity measurements, in
combination with dye tracing,
can be used to quantify D,
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Physical Sciences
Research Council
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“Modelling Mixing Mechanisms in 1D Water
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