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OUTLINE:

1.Background

a.Water quality standards (UAA)

b.Hydrology of Bubbly Creek

c. 2D modeling of Bubbly Creek

d.3D modeling of Chicago waterways
2.50D field observations
3.3D.modeling with SOD from field observations
4.Remediation alternatives in light of SOD studies
5.Implications for water quality management
6. Conclusions



Water quality standards (UAA
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Costs for Flow Augmentation and
Supplemental Aeration of Bubbly
Creek

 Capital Costs of 60.4 million to $102.9 million
* Annual costs of $S1.0 million to $2.8 million

From CTE, Zenz (2007)



Hydrology of Bubbly Creek

HISTORIC CSO EVENTS

Sources

MWRDGC: CSO events 2005-2007@
MWRDGC website: CSO volumes 2000-
2007, rainfall data 2006-2007.

Characteristics

17 CSO events per year on average in
the period 1992-2001
The CSO events usually last from few
hours to as long as a day or more
(depending on the amount and
duration of rainfall).




Volume (MG)

CSO VOLUMES 2000-2007

CSO events at Racine Avenue Pumping Station. Volumes in the period 2000-2007.
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CORRELATIONS RAINFALL-VOLUME-DURATION

CSO volume (MG)

CSO duration (hr)

Relation between the mean rainfall depth in the Central Basin and the CSO volume discharged at RAPS
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Catchment Description

The service area contributing to the Racine
Pumping Station (RAPS)

Area ~ 36 square miles,
Population ~463400

households ~169900, all susceptible to
basement backup flooding



Pumping Station

 The Racine Pumping Station (RAPS) receives flows from
the entire service area. This station currently pumps
flows to the Stickney Water Reclamation Plant (SWRP)
and also pumps overflows during CSO events to the

South Fork of the South Branch (SFSB) of the Chicago
River.

* The existing station has fourteen individual pumps. Five
pumps pump to SWRP and the remaining nine pumps
pump to the SFSB during CSO events.



Data

Long Term Rainfall Data (ISWS Rain Gages)
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CSO Volume Diverted to SFSB (MG)
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Comparison of simulated and measured CSO volumes discharged to Bubbly Creek.
Connection to TARP included (DS-27, DS-28, DS-29).
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Modeling Results
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Discharge (cfs)
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Summary

Even though five sub-catchments were adopted for the
analysis to characterize the service area of each one of the
main interceptors draining to the pump station, reasonable
estimates of the inflows to RAPS are obtained after
comparing with measured outflows to SFSB during CSO
events for Historical run made for the WY2006.

Discharging into TARP via drop shafts 27, 28, and 29
decreases the total inflow to RAPS.

Adding another drop shaft could reduce the inflow to RAPS
and therefore to Bubbly Creek.

Exclusion of snow depths on the simulations of continuous
rain, WY2006, will lead to miscalculation of more realistic
infiltration and runoff values, hence affecting the calculations
of the total amount of flows draining to the pump station.



2D modeling of Bubbly Creek (2008)

Bubbly Creek, South Fork of the South Branch of the Chicago River

O historically used as a drainage channel for the waste resulting from
Chicago’s stockyards;

 nowadays there is flow in the creek only during rainfall events resulting in
Combined Sewer Overflows (CSO) and water quality is a very important issue,
particularly during the summer months. Revived interest in Bubbly Creek.

Two scenarios analyzed

J CSO events;

O potential “purification” solutions, such as flow augmentation and
supplemental aeration, with the goal of increasing the DO levels in the creek
during dry weather periods.

Modeling

2-D depth-averaged numerical model STREMR-HySedWq which couples
hydrodynamics, sediment transport and water quality (BOD-DO).
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CSO event of September 13, 2006
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BOD bed/water column exchange
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CSO event - “Phase 2” - BOD and DO evolution

BOD concentration (mg/l)

DO concentration (mg/l)
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“Purification” scenarios

SCENARIO 1: flow recirculation of 50 MGD (2.19 m3/s), northward flow in the creek

Summer or after CSO event scenario; abstraction of daily fluctuation due to photosynthesis and

respiration.

1 BOD: oxidation and settling - BOD concentration decreases;
O DO: oxidation and sediment oxygen demand (SOD) from the bed - DO concentration decreases;
reaeration from the atmosphere - DO concentration increases.
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“Purification” scenarios (contd.)

SCENARIO 2: flow recirculation (northward flow in the creek) plus supplemental

aeration (1.31 g/s) in one location in the creek

SCENARIO 3: flow recirculation (northward flow in the creek) plus supplemental
aeration (1.31 g/s) in the recirculation pipe
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Summary of 2D modeling

« Two-dimensional depth-averaged water quality
BOD-DO model in the numerical code STREMR-
HySedWq. Quantitative framework for the
evaluation of the BOD transport across the
bed/water interface in rivers was derived, in
order to capture the additional oxygen demand

in the water

«SOD estimation is important for analysis of
purification scenarios



3D modeling of Chicago waterways

Bed elevation in comparison with Chicago city datum (CCD)
CCD=176.63 m above sea level / ol
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Closer Look at Bathymetry near Turning Basin
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Computational mesh with 4400 cells in horizontal and 8 layers in vertical

Chicago lock & gates

Stickney avenue
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Setting of the 3D Hydrodynamic Simulation

8-day (192 hrs) event was simulated, starting at 12:00 am on
10th of September 2008 and continuing till 12:00 am on 18th of

September.

Stickney Av.

Grand Av.

CRCW
Gates & Lock

RAPS

Boundary data are based on USGS gauging
stations and information from MWRD for flow

information through lock and gates




1

g bt 11!
e U,

131 /.

! .!'Ft | [

[ A -

% ':“:”_s..:;.-.

iRz e Agua) i
pJ

i

19{BN|DOWIN

1 -3 | 3
FoE = |
| sl
il i
i £ | 1
il | == NS Cla s
?.- : '
e |
¥ J gy
I )
3

CTL L TUTE

S RTINS
fiv lil'(cl-lini.h:.lil:lnl

PLEL L L
g BDTIE il

Wl CRCW South GATE

CRCW
North Gate

Chicago
Lock

USGS Gauging Station
Columbus Dr.
CRCW South Gate

11600 11800 12000 12200
X (m)




Velocity Magnitude 40 hrs after Start of Simulation

Umag (m/s) 0.00 0.04 0.09 0.13 0.18

W

10th to 18th of September 2008
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Velocity Magnitude 40 hrs after Start of Simulation

10th to 18th of September 2008

s outh Branch

Flow from
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Umag (m/s) 0.00 0.04 0.09 0.13 0.18
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Velocity Magnitude 80 hrs after Start of Simulation

Umag (m/s) 0.00 0.20 0.40 0.60 0.80

W

10th to 18th of September 2008
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Velocity Magnitude 80 hrs after Start of Simulation

Flow from

10th to 18th of September 2008 Grand Av.
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Depth in Turning-Basin 80 hrs after Start of Simulation

10th to 18th of September 2008
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Velocity Magnitude 110 hrs after Start of Simulation
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Velocity Magnitude 110 hrs after Start of Simulation

Flow from

10th to 18th of September 2008 Grand Av.
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Velocity Magnitude 150 hrs after Start of Simulation

Umag (m/s) 0.00 0.06 0.13 0.19 0.25

10th to 18th of September 2008

| BAPS |
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Velocity Magnitude 150 hrs after Start of Simulation

Flow from

10th to 18th of September 2008 "= Grand Av.

g outh Branch

Umag (m/s) 0.00 0.06 0.13 0.19 0.25
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Comparison of Modeled and Observed Stage Values at the
Validation Point
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Upstream Flow and Transport




CRCW gates opened
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10th to 18th of September 2008
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CRCW gates opened
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Grand Av.

116 hrs after start
of simulation
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CRCW gates opened

119 hrs after start
of simulation

10th to 18th of September 2008
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SOD field observations

Objectives of the Study:

For a non-resuspension condition:
1) What is the background SOD?

2) How does the SOD vary with increasing velocity (up to the point
of resuspension)?

For a sediment resuspension condition:
1) At what bed shear stress is sediment resuspension initiated?

2) What is the magnitude of resuspension with increasing bed shear
stress?

3) What is the oxygen demand associated with varying degrees of
resuspension?
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FIELD OBSERVATIONS AND RESULTS

No resuspension “Flaking” phase “Slurry” phase

(Note: an intermediate “Bedload” phase
in coarse-grained sediment.)

3 or 4 Phases of Sediment Resuspension



NO SEDIMENT RESUSPENSION
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Dissolved Oxygen (mg/L)

SOD = —=* (—— BOD)

3.5

1.5

0.5

SOD,,, RESULTS

Sediment Type SODz,, (8/m?/day) (All values

Fine-grained organic muck 12.1 normalized to 20°C)

Fine sandy organic muck 6.7 _ % (20-T)
Fine sand 63 SOD,, = SODt * 1.065
Medium to coarse sand 9.2

Sample Station #2: Trial 2A, Q=59 L/ min

+ Field Data

——Linear Regression

Spo=-0.0004192 mg/L/sec

4.5
Sample Station #6: Trial 6A, Q=30L/min
4
500 1000 1500 2000 2500 3000 -
Time (Seconds) = 35 - FieldData
£ ; ;
—_ ——Linear Regression
c
& Spo =-0.0004762 mg/L/sec
=
x 3 i
-] R B "ﬁ
2
D 125
B
a

vV dc

A Ndt

0 500 1000 1500 2000 2500

Time (seconds)



BED SHEAR STRESS AND EROSION ANALYSIS

During Field Measurements, Q was recorded. But we need to analyze in terms of
bed shear stress or shear velocity. So we turn to CFD.

[Modeling by Yovanni
Catano-Lopera using
Flow-3D]

120 i
110 200

N‘(’Of

50 40 30 40

3-D rendering of the Horizontal Velocity u (cm/s) using Flow-3D's FAVOR




Flow Direction _ _ . .
- u*(em/s): 0.00 0.05 0.10 0.20 0.30 0.40 0.50 0.70 2.00 3.00 Shear Ve|0C|ty (U*) is often used as a

surrogate for Bed Shear Stress (T;):

50 u — TB [%(]
*

P [

V =350cm/s

WH EREEE EREEN NN
Y(?:m)

| I TR SR NN T S N SR SR SR
40 60 80 100 120 140 160 180 200

m?
X (cm)
Flow Lirection Em T - I
—-— uw*(ecm/s): 0.00 0.05 0.10 0.20 0.30 0.40 0.50 0.70 2.00 3.00
=100 cm/s Where:
30
£ T, : Bed Shear Stress (N/m?)
40 S
Ne u.: Shear Velocity (m/s)
L e e b b e b e e b e e e e e b e | S Cla . 3
40 60 80 100 120 140 160 180 200 p: Fluid Density (kg/m?)
X (cm)
Flow Direction m a B
—_—— uw*(ecm/s): 0.00 0.05 0.10 0.20 0.30 0.40 0.50 0.70 2.00 3.00
=150 cm/s

e o b e e e e by e e e e e b e b e b oy

40 60 30 100 120 140 160 180 200
X (cm)
Flow Direction
—_—— u*(ecm/s): 0.00 0.05 0.10 0.20 0.30 0.40 0.50 0.70 2.00 3.00
=200 cm/s
; - 30
— 205 Field tests were
0 performed under:

| T N N AT TN NN B [ | o b [ | ;-

40 60 30 100 120 140 160 180 200 0.13<u*<0.93 cm/s

X (cm)



u* (cm/sec)
o
(o)}

Shear Velocities within SOD chamber

\\

—#— Sediment Class 1: D50=10pum
—4— Sediment Class 2: D50=30pm
~O- Sediment Class 3: D50=125pm
—®- Sediment Class 4: D50=250pm

0 50 100 150 200 250 300
Q (Flow Rate) [L/min]




TSS (mg/L)

Sample Station #3 (Fine-grained Organic Muck: Shallow)

100000 © < .
© Slurry Phase
-
i=)
o
@ Trial
'g 3D
10000 ' 8 —
: 8 ES
| Flaking Phase gg Trial e
No Resuspension E 4-% /f)’c.x"""-_ Lin-ear relation based on the
Bh g E s /_/.f points: (0.475,3440) and
; g e (0.774,10528)
: 2 e
: L& 1
1000 : - o
! (o
: 1 2
i Trial i =
i S g e
: y o &
Trial ! _,.»”/ '@
3A 1 2
100 - L =
! e
] (5
' ]
i Linear relation based o
TSSis the ambient ' onthe points: =
H = =]
water level E (0.17,90) and EU
: (0.253,236) =
10 & T o T T T .z T T T T ]
0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.200

u*, Shear Velocity (cm/sec)



From 2D model

For Q=2.19 m3/sec

CRITICAL SHEAR VELOCITIES
(cm/sec):
0.17  (Flaking)

STA 1450

LEGEND
u*, SHEAR VELOCITY
MAXIMUM VALUE OF SHEAR

VELOCITY IN RANGE IS LESS THAN (m/sec)
THE CRITICAL SHEAR VELOCITY —=
0.0028

ORGANIC SEOMENT 0.0026
0.0024
0.0022
0.002
0.0018
0.0016
0.0014

CRITICAL SHEAR VELOCITY
OF 0.17 CM/SEC FOR
INITIATION OF FLAKING

[ 0.0012

N 0.001
0.0008

B 0.0006
0.0004

SCALE: EACH TICK
MARK IS 100 M

0.37 (Full Resuspension, Muck, Shallow)
0.61 (Full Resuspension, Muck, Deep)
0.76  (Full Resuspension, Sandy Muck)
0.91 (Bedload, Sand)

2.54 (Full Resuspension, Sand)

STA 21+80

]

LEGEND

- SHEAR VELOCITY <0.17 cm/sec:
NO FLAKING, RESUSPENSION, ETC.

- SHEAR VELOCITY 0.17<x<0.37
cm/sec: FLAKING

NOTE: THIS FIGURE SHOWS THE SAME SHEAR
VELOCITIES AS THE FIGURE ON THE LEFT; ONLY THE
RANGES ARE SHOWN WITH RESPECT TO THE
CRITICAL VALUES SO THAT THE RESUSPENSION
PHASE IS MORE EVIDENT.

CRITICAL SHEAR VELOCITIES

(cm/sec):
0.17 (Flaking)
0.37 (Full Resuspension, Muck, Shallow)
0.61 (Full Resuspension, Muck, Deep)
0.76 (Full Resuspension, Sandy Muck)
0.91 (Bedload, Sand)
2.54 (Full Resuspension, Sand)

j—

]

f—

| SCALE: EACH TICK
MARK IS 100 m

m—

——




For Q=12 m3/sec

/— STA 1450

LEGEND
u*, SHEAR VELOCITY
(m/sec)
0.015
0.014
0.013
0.012
0.011
0.01
BEDLOAD, SAND—=— 0.009
0.008

_— FULL RESUSPENSION;
SANDY MUCK 0007
FULL RESUSPENSION;
MUCK, DEEP 0006

0.005

- rusesuason— S 0.004
' 0.003

| FLAKING 0.002
0.001

0

SCALE: EACH TICK
MARK IS 100 m

CRITICAL SHEAR VELOCITIES

(em/sec):
0.17
0.37
0.61
0.76
0.91
2.54

(Flaking)

(Full Resuspension, Muck, Shallow)

(Full Resuspension, Muck, Deep)

(Full Resuspension, Sandy Muck)

(Bedload, Sand)

(Full Resuspension, Sand) l

STA 21+80

| 1\\i; ]

LEGEND
- FLAKING

I FuLResUSPENSION (SLURRY)

[ DY SEDIMENT MOBILIZED AS BEDLOAD

NOTE: THIS FIGURE WAS GENERATED BY OVERLYING
THE SHEAR VELOCITIES FROM THE FIGURE ON THE
LEFT ONTO THE MAP OF SEDIMENT TYPES.
(RESUSPENSION PHASE 1S DEPENDENT ON BOTH
SEDIMENT TYPE AND SHEAR VELOCITY).

CRITICAL SHEAR VELOCITIES
(em/sec):
0.17  (Flaking)
0.37  (Full Resuspension, Muck, Shallow)
0.61  (Full Resuspension, Muck, Deep)
0.76  (Full Resuspension, Sandy Muck)
0.91 (Bedload, Sand)
2.54  (Full Resuspension, Sand)

100 m



For Q=24 m3/sec

CRITICAL SHEAR VELOCITIES

(em/sec):
0.17  (Flaking)
0.37  (Full Resuspension, Muck, Shallow)
0.61  (Full Resuspension, Muck, Deep)
0.76  (Full Resuspension, Sandy Muck)
0.91 (Bedload, Sand)
2.54 (Full Resuspension, Sand)

LEGEND

u*, SHEAR VELOCITY
(m/sec)

0.026
0.024
0.022
0.02

0.018
0.016
0.014
0.012
0.01

0.008
0.006
0.004

FULL RESUSPENSION,

BEDLOAD, SAND
FULL RESUSPENSION,
SANDY MUCK
FULL RESUSPENSION;
MUCK, DEEP

FULL
RESUSPENSION,
MUCK, SHALLOW

SCALE: EACH TICK
MARK IS 100 m

-

STA 21+80

| | l ] |

LEGEND
- FLAKING

FULL RESUSPENSION (SLURRY)

SANDY SEDIMENT MOBILIZED AS BEDLOAD

SANDY SEDIMENT TRANSITIONS FROM
BEDLOAD INTO FULL SUSPENSION

NOTE: THIS FIGURE WAS GENERATED BY OVERLYING
THE SHEAR VELOCITIES FROM THE FIGURE ON THE
LEFT ONTO THE MAP OF SEDIMENT TYPES.
(RESUSPENSION PHASE IS DEPENDENT ON BOTH
SEDIMENT TYPE AND SHEAR VELOCITY).

CRITICAL SHEAR VELOCITIES
(cm/sec):
0.17  (Flaking)
0.37  (Full Resuspension, Muck, Shallow)
0.61  (Full Resuspension, Muck, Deep)
0.76  (Full Resuspension, Sandy Muck)
0.91 (Bedload, Sand)
2.54  (Full Resuspension, Sand)

100 m



OXYGEN DEMAND ANALYSIS FOR RESUSPENDED SEDIMENT
Standard Equation for DO sink exerted by BOD

»K,is the deoxygenation (oxidation) rate coefficient at 20 °C

dCp, P C,p (1/day)
dt - DD K . BOD >OD(T'2°) is the temperature correction factor, whose
BOD DO standard value is 1.047

»Cpois the concentration of dissolved oxygen (mg/L)

»Cyop is the concentration of oxidizable material remaining in
terms of how much oxygen it will require to oxidize it (mg/L)

»Kgop is @ half-saturation constant for BOD oxidation (mg/L)

Proposed Parallel Equation for TSS

dC,, _K @20 Cho C
- D™D BOD |
dt ﬂ ,T\ KBOD + CDO F————— Replace Caop With Crg

Assumptions:

1. Crss % Co organic < Cpop

2. Depletion of C,,, was negligible for the

Temperature constant: This i ;
time scale of the field tests

term characterizes oxygen
demand as a function of

temperature. This term
will not change

DO dependent term: This ter
dictates how oxygen demand
decreases as a function of the
DO present. Establish a
appropriate function to
substitute for this term.

Rate constant: Establish
using the relation
between oxygen demand
and C,;at a set
concentration of DO

Calibrate these parameters
using field data



The Final Formulation for Oxygen Sink term associated with Resuspended Sediment:

— L (T—20) bo
Soz = 0,112 7= » 1.0470=20) « [2.22 4 20| « g

(SOD,)

Simulations of the Oxygen Sink term on Field Experiments:
Cpolt+1) = Cyp(t) — SOD,(t)* At
Trial 1B: TSS=2984mg/L; Temp=26.5°C

+ Field Data
+ Simulation using Kd=0.112/day

DO (mg/L)

0 200 400 600 800 1000 1200 1400

Time (seconds)



I-55
observation

point

3D modeling with SOD from field observations

36 Street
observation

point




Simulation Parameter for DO-BOD model with field — SOD for Aug-27-28,2009

15
14 — DO a;: 36th Street,lmeasured
- — DO at I-55, measured
1= ~ 21949 MG event
12 7 106.74 MG event on 8/28/09
11 +— on 8/27/09
g 10 H'\\
5 \
£ 8
§ 74
§ 6 \\M i N '——\,!, — \“
S s ] A
3 \ \ I' ' Y \ ]! \'\vf\vl .
, PN LT N AN
) SN " |
! N, \_ AN /
B/26/02 0:00 B/27409 D:I}Il ‘Ea'ﬂéamg 0:00 8/29/02 0:00 B/30/02 0:00 B8/31/02 0:00 9/1/092 0:00

40

- 35

- 30

9]
a1

CS0 discharge (n'ls)

- 20

- 15

- 10

- 5

o

972509 0:00

 Incoming BOD from RAPS for event-1 and event-2, 108.79 mg/l and 92.15 mg/|

respectively.

* Incoming SS from RAPS for event-1 and event-2, 384.92 mg/l and 379.49 mg/I

respectively.

* Incoming DO from RAPS for event-1 and even-2, 4 mg/l and 6.73 mg/l respectively.

» Settling velocity for particle 4.5 m/day. SOD = 8.7 g/m?/day




Simulation results starting from 12:00 am Aug-27,2009

\ "{-\__‘ Q“g-g E%I:ngﬁ
- ‘DO °
- IR TTTTIT T 77T -
h.— (mgl)l:l.l:ll:l 1.88 2758 563 7.40 \
a) 6 hrs after start of simulation b) 12 hrs after start of simulation
G} =2138 m~3is
DO=4 mygfl

RAPS switches off
10.75 hrs after start of sim ulation

c) 18 hrs after start of simulation d) 24 hrs after start of simulation

RAPS is off
RAPS is off



Simulation results starting from 12:00 am Aug-27,2009

3l
=22 s mo

DO(mg/) I TN

et

000 188 3.75 563 7.50 L
3
a) 30 hrs after start of simulation D):36' hrs-afterstarbok-simtlation
Q=35 m3/s
DO =6 mg/l

RAPS switches off
31.75 hrs after start of simulation

i . d) 48 hrs after start of simulation
c) 42 hrs after start of simulation

RAPS is off
RAPS is off



Simulation results starting from 12:00 am Aug-27,2009

Sus Sed.(mg/l)

MRCT T T T

20.0 120.0 2200 320.0 4200

Q=21.38 m"3/s
Sus Sed. = 385 mg/l &
—_—

RAPS switches off
10.75 hrs after start of simulation

-3

d) 24 hrs after start of simulation

¢) 18 hrs after start of simulation

RAPS is off
RAPS is off



Simulation results starting from 12:00 am Aug-27,2009

Sus Sed.(mg/l)

20.0 120.0 2200 320.0 4200

..

b) 36 hrs after start of simulation \

a) 30 hrs after start of simulation

Q=35 m"3/s
Sus Sed. = 380 mg/l
—_—

RAPS switches off
31.75 hrs after start of simulation

d) 48 hrs after start of simulation

c) 42 hrs after start of simulation

RAPS is off
RAPS is off



DO {mygl)

Simulation results from DO-BOD model covering two CSO events between Aug 27-28,2009

DO variation at 36th street Aug-27-28,2009

B.00 -

£.00 -

4.00 -

3.00 1

200 H

1.00 4

I:II:II:I T T T T T T T T 1

a 4 a 12 16 20 24 24 32 36
Time (Hrs)

+ DO[Observed) —e— DO (Simulated)




Simulation results from DO-BOD model covering two CSO events between Aug 27-28,2009

DO Variation at 1-55 Aug 27-28, 2009

B.00

4
5.00 -

L ]
FY LY )
4.00 - .
L] L]
L]
L]
2.00 4 1
L
L]
1.00 *
L ]
L
' . . & o),

I:II:":I 1 1 T T 1

0 20 24 28 32 G5

Time (hrs)

¢ DOjobserved) —— DO(Simulated)




Remediation alternatives in light of SOD studies

Zero-th order analysis of “purification” scenarios based on flow
augmentation

—> in absence of sediment resuspension
—> in presence of sediment resuspension

1D analysis of “purification” scenarios based on flow
augmentation and supplemental aeration

«All the analyses are based on a balance between:

flow reaeration - source term for Dissolved Oxygen
bed and suspended sediment oxygen demand - sink terms for
Dissolved Oxygen



Zero-th order analysis

Analytical Solution for DO Dynamics

in the Water Column

Assumptions for the water
column:

» steady state

« BOD has settled or been
oxidized

e net advection effect is zero
(9/ ox=a/ dy=0)
e balance between reaeration

on the top and SOD on the
bottom

Advection

—

‘ DO Reaeration

Vertical
Turbulent
Mixing

2he

Top Layer

Advection

—

Bottom Layer

77 77
SOD

S S S S



Zero-th order analysis (contd.)

is taken as 7

e The water column
control volume.

« At steady state, the reaeration flux H
is balanced by the SOD flux.
« We solve for the control volume-

averaged equilibrium concentration

of Dissolved Oxygen

Advection

—

‘ DO Reaeration

Top Layer

Advection

—

SOD %
k HT N (CS C ) HT 2 Vertical
H Turbulent
B Mixin
SoD 6% g
= Coo =G ﬂQ
a Y p
Bottom Layer
with 0 i ////y
1/2
C. = exp[7.71-1.31In(T +45.93)] K [day 1= 222 WLs)) SOD

(#[m])"




Zero-th order analysis (contd.)

11

1.0 | g Reaeration coefficient
0.9 1 . .
08 — as function of the discharge
= 07 -~
3 0.6 - /,/ Reaeration coefficient increases as discharge increases
= 05
X 0.4 '/

0.3
0.2 /

0.1 -
0.0
0 10 20 30 40 50 60 70
Q (m%s)
10 | | | | ey : :
9 Equilibrium Dissolved Oxygen concentration
8 S R — as function of the discharge
~ ; A with SOD = 3.30 g/m?2/day
- A I R Equilibrium Dissolved Oxygen concentration increases as
3 discharge increases
9 ——C DO | |
/ — C_DO_IPCB
114 Cs |
0 ‘ | | |
0 10 20 30 40 50 60 70

Q (m¥s)



Zero-th order analysis (contd.)

Sensitivity to SOD

MWRDGC measurements (2006) Waterman et al. (2009)
| Average value (g/m2/day) | 2.32 | . SeQimentTy_pe SOD (glmzlday) Effect of velocity on SOD
Fine-grained organic muck 12.1 .
MWRDGC measurements (2007) Fine sandy organic muck 6.7 even in  absence  of
| Average value (g/m2/day) | 3.30 | Fine sand 6.8 resuspension (increased
Medium to coarse sand 9.2 mixing)
Average 8.7

b R D O D

9 _|

8 —0|

7- —
E’ 6
3 SOD S The higher the SOD,
o 4=/ 77— Y - _7”‘ — — — 7 — = the lower the Dissolved Oxygen

3 ~ | —e—c_powithsop=232gm2day || concentration at equilibrium

2 C_DO with SOD = 3.30 g/m2/day |

/ ¥ —e—C_DO with SOD = 8.70 g/m2/day
1. // — C_DO_IPCB
C.s
0 s — 1 1
0 10 20 30 40 50 60 70

Q (m?/s)



Zero-th order analysis (contd.)

e« The water column is taken as

‘ DO Reaeration

control volume. H 10 Layer
» At steady state, the reaeration flux -
is balanced by the SOD flux and the Advection |7 . Advection
oxygen demand by the suspended a5 @ —)
sediment (SSOD). Vertical
« We solve for the control volume- Mixing
averaged equilibrium concentration pﬂQ
of dissolved oxygen

0 | Bottom Layer

e

SOD
H

ko™ (C.-C
b (C=Cho) = o +2.44

o

—— 607" +0.112-1.047"" 20{222(7 Cho }Css

v

SSOD

This is a relation that links Suspended Sediment and Dissolved Oxygen




Zero-th order analysis (contd.)

An expression which links suspended sediment concentration and discharge was derived

for Bubbly Creek

0.050

0.045 = Average values of shear velocity in
gt P Bubbly Creek, obtained with 2D
< 0030 pd hydrodynamic simulation
é 00257 // y = 0.0006x u
; 0.020 - / R? = 0.9998 R Cf = u,clU
2 0015 / U : u, oc Q
0.010 - /
0005 - O=U4 = QxU
0.000 Lol T —— ‘
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Discharge (msls)
1100 : .
1000 | . Relation between shear velocity and
" Suspended Sediment concentration,
= 700 from in situ data by Waterman et al.
2 600 -
E oo I (2009) e
© H
0o . 1. 3 i Recall
— C.=au, +au.,
100 - : : 7y
0 — e e ° ® o u* — _b
0 01 02 03 04 05 06 07 08 09 1 p

Shear velocity (cm/s)



Zero-th order analysis (contd.)

Therefore the expression which links suspended sediment concentration and discharge
for Bubbly Creek is

10000
9000
8000 -
7000 -
= 6000 / For high flow rates, the
£ 5000 // curve needs a “cap”,
J 4000 y since the concentration
3000 1 / cannot increase
2000 // indefinitely
1002 | _— ‘ N ‘
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Discharge (m®/s)
Q 2.19 12.00 24.09 38.55 69.43 m3/s
Summary of the H 2.19 2.19 2.19 2.19 2.19 m
hydrodynamics quantities for u 0.02 0.12 023 036 065 m/s
d]fferent d-lscharge ValueS u_star 0.001 0.01 0.02 0.02 0.04 m/s
Tau_bed 0.002 0.06 0.23 0.59 1.89 Pa




Zero-th order analysis (contd.)

The oxygen demand exerted by the Suspended Sediments
causes a decrease of Dissolved Oxygen at equilibrium
for high values of discharge

C_DO (no SSOD, SOD = 3.30 g/m2/day)
—@—C_DO (no SSOD, SOD = 8.70 g/m2/day)
=—8—C_DO (SSOD with empirical C_SS formulation, SOD = 3.30 g/m2/day)
—@—C_DO (SSOD with empirical C_SS formulation, SOD = 8.70 g/m2/day)
= C_DO_IPCB
Cs
9
8 -
, Marquette SOD

lllinois SOD

Coo (mgll)
3]

0 10 20 30 40 50 60 70

\ ) Q (m?/s)

Possible Q range for “purification”,
but supplemental aeration is needed

IEPA



1D analysis

In absence of suspended sediment

ac,, oy SOD - .. dx
Lo _p g (c —c, ) -2 0 th u=%
dt a’a ( s DO ) H s With dl‘

dC,, SOD

T-20 . _ T-20
u=L2 =0, (C, = Cpo)==2=0,

In presence of suspended sediment

dc,, ] SOD . ] C |
—D0 = §*(C -C,,))———0-0.112-1.047" | 2.22—29 _ |C : d
" (€ ~Co) H " { Cpo+244 | With uzi
SSOD
W0 g2~ ) -2 g _o.112-1.047 2.22%}@?
d H e, 244
SSOD

Recall C,,[mg/1]=500(0.0006-1000[ m’ /s])2 +50(0.0006-1000[ m’/s )

- 1D profiles of Dissolved Oxygen concentration can be obtained, for the
evaluation of “purification” scenarios based on flow recirculation and
supplemental aeration



1D analysis (contd.)

Considering a recirculation discharge of 2.19
m3/s (50 MGD), characterized by

» Average flow velocity = 0.02 m/s
e Average depth =2.19 m

we analyze a “purification” scenario of this
type.

Oxygen demand from the sediments in the bed
and in suspension compete with the flow
reaeration

Flow recirculation &4 &

_Supplemental aeration “?\

AN AN T Lol o

——



1D analysis (contd.)

If sediment resuspension is not considered

only one location is needed for supplemental aeration, in the pipe, with reaeration
rate = 8.63 g/s, with a bottom SOD of 8.7 g/mZ/day

to get a Dissolved Oxygen concentration of at least 4 mg/l in the creek

9.0

US end (RAPS) DS end

8.0 (Turning Basin)
\ g

7.0 I~

50 - ——
40 — — — — — ——— — — — — - e =

Cpo (mg/l)

3.0 -
2.0 -
1.0

0-0 I I I
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Distance (m)

"~ IPCB standard




1D analysis (contd.)

If sediment resuspension is considered (C,, = 15 mg/l)

two locations are needed for supplemental aeration, in the pipe and in the creek,
with a total reaeration rate = 15.38 g/s, with a bottom SOD of 8.7 g/mZ/day

to get a Dissolved Oxygen concentration of at least 4 mg/l in the creek

10
9 N
8 ™~
~
- \
= 6 \\
o)
E & ~~_ [~
L;g 4____._______NA_._X
3 | 11.46 3.92
9 gls gls
US end (RAPS) DS end
1- (Turning Basin)
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1D analysis (contd.)

If sediment resuspension is considered (C,, = 15 mg/l)

two locations are needed for supplemental aeration, in the pipe and in the creek,
with a total reaeration rate = 15.97 g/s, with a bottom SOD of 8.7 g/mZ/day

to get a Dissolved Oxygen concentration of at least 4 mg/l in the creek
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Implications for water quality management

Sediment Oxygen Demand - Chicago Area \Waterways
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FLOW AUGMENTATION OF THE UPPER NORTH SHORE CHANNEL
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Conclusions

v’ Strategies to improve water quality in the
waterways have to take into account benthic
sediment oxygen demand (SOD)

v' Sediment oxygen demand due to resuspension
of bottom material can result in very low oxygen
levels in the water column

v Correct modeling of the impact of sediment
resuspension and transport on oxygen demand is
crucial to assess the effectiveness of different
alternatives for water quality improvement and the
impact of CSO events on Bubbly Creek and the
South Branch of the Chicago River.
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