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Memorandum

To: City of Memphis Division of Public Works

From: CDM

Date: December 1, 2010

Subject: Stiles WWTP Foam Study and Outfall Improvements Work Plan

Introduction
The draft NPDES Permit for the M.C. Stiles Wastewater Treatment Plant (WWTP) authorizes

discharge of treated wastewater from Outfa11001 with the requirement that "there shall be no
distinctly visible floating foam, scum, oil, or other matter contained in the wastewater

discharge." While the City has voluntarily taken steps to reduce foaming in its effluent, foam
is still observed at times of lower flow in the Mississippi River, both at Outfa11001 and
downstream of the outfall. The plant staff has used a defoaming agent since the late 1990s; but
this approach does not provide a sustainable, long-term solution to address the root causes of
foaming at the plant. CDM has supported the City in evaluating the probable sources and
solutions to foaming to provide more beneficial alternatives to addressing the issue. This
document provides a summary of the technical analyses conducted to investigate foaming at
Outfa11001 and an overall work plan for implementing the proposed solution.

Objectives

The underlying state narrative water quality standards ("WQS") upon which the NPDES
permit condition is based does not anticipate that all foam be eliminated from the discharge.
For example, where the water quality criterion is for protection of fish and aquatic life, the
WQS at 1200-4-3-.03(3)(c) prohibits the discharge of foam "of such size or character that may
be detrimental to fish and aquatic life." Similarly, the water quality criteria for:

industrial water supply at 1200-4-3-.03(2)(e) prohibits the discharge of foam
of such size and character that "may impair the usefulness of the water as a
source of industrial water supply;"

recreation at 1200-4-3-.03(4)(c) prohibits the discharge of foam of such size or
character that "may be detrimental to recreation;"
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irrigation at 1200-4-3-.03(5)(d) prohibits the discharge of foam of such size or

character that "may impair the usefulness of the water for irrigation

purpose;"

livestock watering and wildlife at 1200-4-3-.03(6)(d) prohibits the discharge
of foam of such size or character "as to interfere with livestock watering and
wildlife;" and

navigation at 1200-4-3-.03(7)(a) prohibits the discharge of foam of such size
or character "as to interfere with navigation."

The City objectives under this consent decree are to assure that any foam that may remain
after implementation of the project provided in this work plan be in compliance with the
underlying applicable water quality standards.

Background Information
In general, foaming at a wastewater treatment plant could be caused by manmade surfactants
or from long-chain fatty, acids, petroleum hydrocarbons, and natural surfactants. Manmade
surfactants enter wastewaters mainly by discharge of aqueous wastes from household and
industrial laundering and other cleansing operations. Detergents used in cleaning operations
may also contain agents known as "builders" to enhance the surfactant effect. Builders lower
water hardness by scavenging the calcium and magnesium ions. Typically, some form of
sodium phosphate is used; although, in some areas, phosphate is no longer used as an
additive due to environmental concerns. As alternatives, other chelating agents are used. It is
important to note that the builders that are added to detergents, while enhancing foaming, are
not the source of the foaming itself.

hydro~phhabe , ' ~ hydrophile

l4nianic (ph~pftabes, s~dfonates
sulfates... y

Gatior~c (quaternary

Amphoteric (betaines~

hlonionic (Efhoxylates)

Figure 1
Examples of Surfactant Molecules

A surfactant combines, in a single
molecule, a strongly hydrophobic
group with a strongly hydrophilic
one. These molecules tend to
congregate at the interfaces between
the aqueous medium and the other
phases of the system such as air, oily
liquids, and particles; thus imparting
their aforementioned properties. The
surfactant hydrophobic group,
generally, is a hydrocarbon
containing 10 to 20 carbon atoms; and
the hydrophilic groups are of two
types: those that ionize in water and
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those that do not. The ionic surfactants are further subdivided into two categories: anionic
surfactant ion, or negatively charged ions, and cationic ions, which are positively charged.
Nonionizing (nonionic) surfactants commonly contain a polyoxyethylene hydrophilic group.
Hybrids of these types also exist. Examples of Surfactant Molecules are shown in Figure 1.

Quantification and identification of the source of compounds responsible for foam can be
challenging. Anionic surfactants are the most prominent surfactants, with an extensive list of
producers and trade names. Anionic surfactants account for about two-thirds of the synthetic
surfactant production, with linear allcyl sulfonates (LAS) on top of the list. This is why the
industry standard for quantification of surfactants is to analyze for methylene blue active
substances (MBAs) using LAS as the equivalent standard. This method is useful for
estimating the anionic surfactant content of waters and wastewaters, but the possible
presence of other types of surfactants must be kept in mind. Cationic surfactants constitute
less than .1 of the anionic surfactants and are commonly used for disinfecting, fabric
softening, and various cosmetic purposes, rather than for their detersive properties.

At current detergent and water usage levels, the surfactant content of raw domestic
wastewater is typically in the range of approximately 1 to 20 mg/L. When present in
wastewater treatment systems, surfactants can be problematic. In fact, surfactants can kill
microorganisms at concentrations in the 1— 5 mg/ L range and harm them at even lower
concentrations (0.5 mg/L), depending upon the nature of the chemical(s). Surfactants can
produce foams directly in a wastewater treatment system or combine with other compounds
in the treatment system, resulting in enhanced foam formation. In addition, many surfactants
have relatively low biodegradability and may pass through a wastewater treatment plant
untransformed.

Surfactants can also be produced from biological activity using various hydrocarbons. The
scientific literature describes various experiments where microorganisms are able to produce
foaming surfactants from allcanes. The most infamous of these micro-organisms is Gordonia
(formerly Nocardia) amarae. Many publications describe the filamentous characteristics of
Nocardia. However, Nocardia can also be present in activated sludge in anon-filamentous form
and escape obvious detection. Atlas (1981) described the biodegradation of petroleum
hydrocarbons, including branched allcanes, resulting in the formation of long-chain fatty acids
(C10 or greater).

To determine if the foam is attributable to man-made surfactants, analytical tests for MBAs
and non-ionic surfactants (CTAS) can be run. To detect low concentrations of the surfactants
in dilute wastewaters, analysts use a precondition test called "sublation', where foaming
chemicals are floated up and concentrated just as they do in an aeration basin (see SM 5540).
If results indicate that there is greater than approximately 10 mg/L of either/or a
combination of MBAS and CTAS, the chemical mix of the surfactants is most likely the cause
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of foam. In the case the surfactant class is clearly identified, neutralization of the base charge
can be accomplished with a defoaming agent (e.g., such as addition of a cationic defoamer to
neutralize anionic surfactants). If, however, results of these tests do not conclusively identify
man-made surfactants are the source of foam, additional analysis should be conducted to
identify the compounds that compose the foam. Once the chemical composition of the foam
and the surfactant concentrations are identified, alternatives for addressing the foam issue
may be developed.

Foam Sampling and Results
To determine the source of the foam that is regularly observed at the M.C. Stiles WWTP
Outfa11001, this study included a sampling and testing program of the plant process, influent
sewer interceptors, and industrial users (IU) discharges, along with a record review of
qualitative visual observations of foam. A sample of the foam that forms at the outfall was
also collected, concentrated, and submitted for specialized testing at Auburn University.
Additionally, the City conducted an IU surfactant survey to gather data for determining the
possible sources and causes of the foam. The survey results are provided in Appendix A.

Surfactant Sampling and Results
Results of the analytical testing for wastewater samples collected at locations in the WWTP
process are provided in Table 1. In addition to samples collected throughout the plant,
samples were collected from the Mississippi River, upstream of Outfa11001 to determine if
these compounds were also present in the receiving stream. If these compounds were present
in significant quantities, the hydraulic energy that is imparted to the river as a result of the
plant discharge could result in foaming within the river. Samples of concentrated foam were
also collected at the clarifiers and Outfa11001 for analysis of the foam itself. Samples were also
taken from selected IUs and the three major sewer interceptors entering the plant. These
analytical results are summarized in Table 2.
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Table 1
Sample Results for Anionic (MBAs) and

Nonionic (CTAS) Surfactants in M. C. Stiles VWVTP and Interceptors
Location Date MBAs (mg/L) CTAS (mg/L)

Mississippi River, Upstream
4 /15/2009 <0.025 N/A
5/13/2009 <0.025 <0.5
7 /29/2009 <0.025 0.36

Lagoon Return

4 /15/2009 0.45 N/A

5 /12/2009 0.055 <0.5
7 /22/2009 0.38 <0.5
7 /28/2009 0.3 0.45
4 /15/2009 0.45 N/A
5 /12/2009 0.12 <0.5
7 /22/2009 0.46 <0.5

Plant Influent

4 /15/2009 1.17 N/A

5 /12/2009 <0.025 <0.5
7 /20/2009 0.15 0.7
7 /28/2009 1.06 0.48

Grit Tank

5 /13/2009 1.39 <0.5

7X23/2009 <0.025 <0.5
7 /28/2009 0.025 0.42
7 /28/2009 0.7 0.42

Contact Tank-A
4 /15/2009 0.04 N!A

5 /13/2009 <0.025 <0.5
7 /23/2009 0.4 <0.5

Contact Tank-B
4 /15/2009 0.04 N/A

5 /13/2009 <0.025 <0.5
Return Sludge-A 4 /15/2009 <0.025 N/A
Return Sludge-B 4 /15/2009 <0.025 N/A

Secondary Clarifiers

4 /15/2009 0.18 N/A
5 /13/2009 <0.025 <0.5
7 /23/2009 <0.025 <0.5
7 /28/2009 <0.025 0.23

Stabilization Tank-A
5 /13/2009 0.045 <0.5
7 /23/2009 0.66 N/A

Stabilization Tank-B 5 /13/2009 0.056 <0.5

Effluent at Weir

4 /15/2009 0.18 N/A

5 /12/2009 <0.025 <0.5
7 /22/2009 <0.025 <0.5
7 /28/2009 <0.025 0.4

Effluent at Outfall
5 /12/2009 0.07 <0.5
7 /22/2009 <0.025 <0.5
7 /28/2009 0.083 0.35

Foam, Clarifier A
6/15/2009 1.08 5.6
8 /10/2009 32.2 14.5

Foam, Outfall 5 /12/2009 0.069 <0.5
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Table 2
Sample Results for Anionic (MBAs) and

Nonionic (CTAS) Surfactants in Industrial User Discharges
Location Date MBAs (mg/L) CTAS (mg/L)

American Yeast
4 /27/2009 <0.025 3.5
7 /27/2009 0.14 2.81

Buckeye Technologies 7 /27/2009 0.1 0.34
Cacade Tissue Group 7 /27/2009 0.39 1.64

KTG
4 /27/2009 <0.025 <0.5
7 /27!2009 <0.025 0.45

PMC Biogenics 5 /19/2009 <0.025 <0.5

Front Street Interceptor

4 /27/2009 0.73 <0.5
5 /11/2009 0.11 <0.5
5 /18/2009 0.081 N/A
7 /20/2009 0.19 <0.5
7 /27/2009 0.11 0.57

Loosahatchie River Interceptor

4 /27/2009 <0.025 <0.5
5 /11/2009 0.025 <0.5
5 /18/2009 0.042 <0.5
7 /20/2009 0.28 <0.5
7 /27/2009 0.064 0.64

Wolf River Interceptor

4 /27/2009 0.08 <0.5
5 /11/2009 0.063 <0.5
5 /18/2009 0.143 N/A
7 /20/2009 0.15 <0.5
7 /27/2009 1.16 0.54

Plant Influent

4 /15/2009 1.17 N/A
5 /12/2009 <0.025 <0.5
7 /20/2009 0.15 0.7
7 /28/2009 1.06 0.48

The reported concentrations of MBAs and CTAS in the wastewater samples, as presented in
Tables 1 and 2, are well below 10 mg/1 and, as such, do not indicate unusually high
concentrations of these classes of surfactants present in the plant and/or industrial
dischargers. None of the samples had individual or combined concentrations of these classes
of compounds in excess of 10 mg/L. While this is not conclusive proof that the chemical mix
of surfactants is not the primary cause of foam, it is clear that there is not a single class of
surfactant that can be identified. This means that using a base charge neutralization approach
may not fully address the foaming at Outfall 001. As a result, additional analyses of the foam
in the plant (at clarifier A) were conducted and are presented in Table 3.
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Table 3
Sample Results from Specialized Surfactant

Analyses of Foam frem Clarifier A at the M.C. Stiles WWTP

Compound Fatty Acids
Composition

1 Palmitic acid 15.8
2 Stearic acid 7.2
3 M ristic acid 5.1
4 Oleic acid 16.4
5 Palmitoleic acid 3.8
6 Linoleic acid 2.9

Quaterna Amines
7 Didec I dimeth I ammonium salt 2.2
8 Oct I dec I dimeth I ammonium salt 2.0
9 Dioct I dimeth I ammonium salt 1.8
10 Benz Idimeth Itetradec lammonium chloride 0.5
11 Dec Idimeth I ammonium salt 0.6

Linear Benz lalk Isulfonates (MBAs
12 4-sulfo hen I undecanoic acid 6.2
13 4-sulfo hen I octadecanoic acid 3.1
14 4- sulfophen I octanoic acid 1.6

Other Compounds
15 Non I henol ethox late 1.9

In addition to identification and quantification of specific surfactant compounds, a
microscopic inspection of the foam was conducted. This analysis indicated that a moderate
amount of bacteria was present in the foam structure. However, these bacteria were not
consistent in morphology with known foam producing bacteria. Most likely, the bacteria
present in the foam were floated into the foam by surfactant micelles and trapped there.
With respect to the specific concentrations of surfactant compounds in the foam sample,
compounds 1 to 6, which are long-chain fatty acids, may contribute to foaming problems.
Long-chain fatty acids made up 51 percent of the dry weight of the foam; and while fatty
acids are not a major source of foaming problems on their own, they often intensify the effects
of surfactant-based foam. Fatty acids can also stabilize foam, making it more resistant to
typical defoamers. Compounds 7 to 11 are significant products from the common class of
surfactants known as quaternary amines and comprised 7.1 percent of the foam (by dry
weight). Quaternary amines are commonly utilized in household and industrial cleaning
solutions because of their antibacterial action. Quaternary amines are slowly biodegradable
under aerobic conditions. Compounds 12 to 14 are linear alkyl benzosulfonates and were
detected in the samples at 10.9 percent of the foam by dry weight. These compounds are
common household detergents. An additional surfactant, nonylphenol ethoxylate (compound
15), was detected in the sample as well. This compound is also an ingredient in common
household detergent and comprised less than 2 percent of the dry weight of the foam.

In summary, the foam that is present on the clarifiers is a mixture of man-made surfactants
and fariy acids that likely arise from influent fats, oils, and grease, as well as potentially from
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grease in the system. The foam is formed by the fatty acids and stabilized by the surfactants.
A diverse mixture of common surfactants is present in the samples, indicating a high
likelihood that they arise from multiple sources and/or products; and, therefore, reduction or
removal of surfactants to the WWTP is impractical as they arise from many sources.

Visual Foam Observations
In the mid-1990s, WWTP management initiated an outfall defoaming program consisting of
injecting a 10-percent polydimethylsiloxane solution into W WTP effluent at the existing
chlorine contact tank to eliminate or, at least, significantly reduce foaming on the river. In an
effort to further decrease foam at Outfa11001, the WWTP started using adouble-strength
defoaming agent (i.e., a 20-percent polydimethylsiloxane solution) for injection into the
WWTP effluent in Apri12009.

Observations of foam on the river show that foam originating from Outfa11001 generally
remains within approximately 90 yards of the eastern bank of the river. The foam that
originates from the WWTP outfall is characterized as frothy and bright white. The foam tends
to be unstable and generally dissipates within 0.5 miles of the outfall, even when the
defoaming agent is not fed. Observations from the eastern river bank have also shown that
dense, yellow-brown foam frequently originates from upstream of the outfall. This foam
generally extends across the entire width of the river and does not originate from the outfall.
WWTP management believes that a large proportion of the complaints of foam on the river
have been due to reports of the dense, yellow-brown foam that originates at some point
upstream from the plant. To demonstrate that the upstream-originating foam is different than
the foam that is present at Outfa11001, a sample of this yellow-brown foam was collected and
sent to Auburn University for specific surfactant testing. Results from this sample analysis are
shown in Table 4.

In addition to identification and quantification of specific surfactant compounds, a
microscopic inspection of the foam indicated that a moderate amount of bacteria and a large
amount of silt/clay was present in the foam structure. This material gives the foam the
yellowish-brown color when it begins to dry. The bacteria were not consistent in morphology
with known foam producing bacteria; and the bacteria, clay, and silt particles that are present
in the foam have most likely floated into the foam by surfactant micelles and become trapped.

Case 2:10-cv-02083-SHM-dkv   Document 25-10   Filed 04/16/12   Page 9 of 34    PageID 466



City of Memphis
Foam Study and Outfall Improvements Work Plan
December 1, 2010
Page 9

Table 4
Sample Results from Specialized Surfactant Analyses
of Foam from Mississip i River Upstream of Outfall 001

Compound Fatty Acids
Composition

1 Palmitic acid 12.30
2 Stearic acid 9.60
3 Myristic acid 5.70
4 Oleic acid 11.80
5 Palmitoleic acid 5.00
6 Linoleic acid 3.10
7 Octadecanoic acid methylester 5.80
8 Octadecamide 4.60
9 Dodecanoic acid methyl ester 2.50
10 Tetradecanoic acid methyl ester 3.50

Quaternary amines
11 Didecyl dimethyl ammonium salt 0.90
12 Octyl decyl dimethyl ammonium salt 1.10
13 Dioctyl dimethyl ammonium salt 0.70
14 Benzyldimethyltetradecylammonium chloride 0.30
15 Decyldimethyl ammonium salt 0.30

Linear Benzylalkylsulfonates
16 4-sulfophenyl undecanoic acid 1.20
17 4-sulfophenyl octadecanoic acid 1.40
18 4- sulfophenyl octanoic acid 1.00

Other Compounds
19 Nonyl phenol ethoxylate 0.90

With respect to the specific concentrations of surfactant compounds in the river foam sample,
compounds 1 to 10 are long-chain fatty acids which may contribute to foaming problems. The
long-chain fatty acids made up 63.9 percent of the dry weight of the foam. These fatty acids
likely originate from organic decomposition and re-suspension of sediments. Naturally
occurring river and sea foam are comprised of similar fatty acids. Compounds 11 to 15 are
significant products from the common class of surfactants known as quaternary amines. They
comprised 3.3 percent of the foam by dry weight. These quaternary amines comprise only a
small fraction of the foam and are not likely to be the source of the foam. Compounds 16 to 18
are linear alkyl benzosulfonates and were detected by GC-MS in the samples and accounted
for 3.6 percent of the foam by dry weight. These compounds are common manmade
detergents and are likely present as result of use upstream. Nonylphenol ethoxylate
(compound 19), was also detected in the sample but comprised less than 0.9 percent of the
foam by dry weight.

In summary, the river foam is comprised mostly of naturally occurring fatty acids and is
consistent with naturally occurring river foams. The foam is formed by fatty acids and their
methyl esters that arise from fatty acid decomposition. The fatty acids may originate from
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aerobic biodegradation of petroleum alkanes, vegetable oils, and animal fats. A small, but
diverse mixture of common surfactants is present in the samples. The manmade surfactants
were a minor component of the foam and are likely the result of upstream discharges.

Alternative Defoaming Agent Demonstration Study
While various analyses and observations were being conducted, the City of Memphis
contacted NRP Group to test an alternate, non-silicon based defoaming product to determine
its effectiveness compared to the polydimethylsiloxane solution currently being used. Testing
was conducted on November 5, 2009.

The NRP product was added at the beginning of the north and south troughs and at the
junction box at a dose of 0.05 mg/L. The product was added 30 minutes after the silicone-
based product was shut off and, again, 30 minutes later. An additional test was run following
a shutoff of all defoaming products for 30 minutes when the NRP product was added again.

A slight visual reduction in the foaming was noted with the NRP product over the current
silicone product used at the WWTP. However, the conditions of the river prevented
conclusive results. The river was at a high stage, resulting in submergence of the discharge,
which prevented the very heavy foaming that typically occurs when the river is at a low
stage. The water flowing from the end of the discharge causes additional foaming as a result
of the hydraulic release created.

Summary of Foam Evaluations and Recommendations
In summary, the composition of the foam that is present in the M. C. Stiles WWTP and at
Outfa11001 is a mixture of man-made surfactants and biologically produced fatty acids that
likely arise from sewer users and other grease within the collection system. Foam is formed
by fatty acids and is stabilized by surfactants/biosurfactants. Adiverse mixture of common

surfactants is present, indicating a high likelihood that they arise from multiple sources
and/ or products.

Removal and/ or reduction of hydraulic drops at the chlorine contact basin and outfall that

allow energy and air to be imparted into water would reduce foaming. Addressing the large
hydraulic drops to the discharge would make anti-foaming agents effective (if necessary at
all) and would eliminate most of the foaming at Outfall 001.

Due to the difficulty of identifying and eliminating all the surfactant and fatty acids
discharging to the plant, the recommended solution is to address the foaming by
restructuring the outfall structure to remove the large hydraulic drops responsible for air
entrainment. Based on a preliminary review of the existing outfall, a redesign or
reconfiguration of the existing outlet structure is anticipated to relieve the air entrainment and

Case 2:10-cv-02083-SHM-dkv   Document 25-10   Filed 04/16/12   Page 11 of 34    PageID 468



City of Memphis
Foam Study and Outfall Improvements Work Plan
December 1, 2010
Page 11

release of the air at the outfall causing the existing foaming. Recommendations of this study
are to move forward with the design of the outfall reconfiguration and construction of a new
outfall structure.

Existing Outfall Structure
Effluent from the plant has an energy grade line well above the invert elevation of 224 feet,
which must dissipate roughly 10 to 40 feet of head at or before its discharge to the river.
Currently, most of the foam is generated at the primary outfall vertical drop, situated at the
top of the river bank, and there is little horizontal distance between the drop structure and
outlet for foam bubbles to rise and be purged before discharging. When the river level is
below an elevation of 197 feet, the drop structure to the river acts hydraulically as an open
channel, preventing submergence that is hydraulically favorable for eliminating air
entrainment.

Currently, effluent flows over abroad-crested weir in the chlorine contact basin into either an
84-inch primary or secondary overflow outfall pipe. From the chlorine contact basin at Station
0+00, the primary outfall pipe slopes downward to an invert elevation of 210 feet at Station
1+55, then continues at a reduced slope to an invert elevation of 209 feet at Station 3+49. Here,
flow empties into a vertical drop structure adjacent to the Mississippi River bank where the
outfall structure has afree-fall drop to an invert elevation of 190 feet. This free-fall entrains a
significant amount of air, much of which is released up the vertical shaft, leaving a significant
residue of foam to discharge into the river. Down gradient of the drop structure, flow
continues within the primary 84-inch pipe which extends another 54 feet to Station 4+18,
where its crown intersects the concrete mat bank revetment. Effluent flows into the river
through an 8-foot-wide headwall structure at an invert elevation of 190 feet.

The secondary outfall pipe, which is used only at high Mississippi River water levels,
currently slopes from Station 0+00, within the chlorine contact basin at an invert elevation of
224 feet, to Station 1+15 at an invert elevation of 221 feet. The pipe terminates at a headwall
structure located approximately 200 feet from the shoreline. Any effluent that must be
diverted through this secondary pipe flows through a 200-foot earthen drainage ditch,
approximately at grade, to the bank of and into the river.

In the vicinity of the river outlet, the river bank is lined with heavy rip-rap, at an embankment
side slope of approximately 3H:1V. The top elevation of the lined bank is 220 feet. The rip-rap
lining continues down slope to an approximate elevation of 180 feet. At the location of the
outfall, the Mississippi River is about 2,400 feet wide and has a maximum depth of 55 feet,
based on the average recorded depth of 194 feet over the past 10 years.
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Mississippi River Water Elevations
Development of alternative outfall configurations to address foam formation depends upon
the ability to remove major hydraulic drops in the outfall structure, as well as the
submergence of the outfall structure in the Mississippi River. Thus, understanding the
variability of water elevations in the river are critical to developing, evaluating, and selecting
the best alternative to meet the objectives of reducing foam formation.

The past 10 years of historical Mississippi River flow and depth data were obtained and
reviewed. In that period, the average Mississippi River water elevation at the City of
Memphis has been 194.4 feet. Seasonal low-water levels were been between 175 —180 feet
during that period. However in the most recent years the river elevation has been closer to
180 —182 feet. The high-water level in the river within the past 10 years was 222 feet, recorded
in April and May of 2002.

The past 10 years of Mississippi River data are shown in Figure 2. This data indicates that
there are significant differences in the amount of time that an outfall would be entirely or
partially submerged, based on alternative elevations at 190,180, and 175 feet. As previously
discussed, submergence is not the primary mode of foam reduction, but does provide a
secondary mechanism for minimizing foam formation. Submergence also provides improved
dispersion of effluent flow, which may improve compliance with other discharge permit
standards.

Based on historical river data, a proposed outfall alternative at 190 feet would be partially
submerged 62-percent of the time with the outfall being entirely submerged 41-percent of the
time, or 150 days of the year. In comparison, proposed outfall structures at 180 feet and 175
feet would be partially submerged 96 and 99.6 percent of the time, respectively; and each
alternative would be totally submerged 70 and 87 percent of the time, respectively. This
equates to a submergence of 256 and 317 days, at elevations 180 feet and 175 feet, respectively.
The 180-foot outfall alternative would provide an additiona1100 plus days annually over the
190-foot alternative. The 175-foot outfall elevation provides an additiona160 days of
submergence over the 180-foot alternative. This information regarding the number of days of
outfall submergences for several alternatives will be used in a feasibility evaluation that will
also consider constructability and cost with the alternative effectiveness, which includes
consideration of the annual submergence of the outfall structure.
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2000-2010 Mississippi River Stage Elevationsys. Proposed Outfall Invert
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Figure 2
10-year Historical Mississippi River Data vs. Proposed Outfall Elevations

Alternative Outfall Designs
Five alternative layouts to the existing piping and drop structure were evaluated to address
the hydraulic issues associated with air entrainment and foaming issues. The plan for
addressing foam control is to adapt and extend the secondary outfall pipeline using one of the
following alternatives. This approach will allow the existing primary outfall to remain in
service throughout construction of a modified outfall structure. The alternatives that will be
evaluated for feasibility, cost, constructability, and effectiveness include the following:

■ Construct anon-vertical drop structure with discharge through a portal in the bank at an

invert elevation of 190 feet.

■ Construct anon-vertical drop structure with discharge through a portal in the bank at an
invert elevation of 180 feet.

■ Construct anon-vertical drop structure with discharge through a short diffuser located
approximately 150 feet from the bank at an invert elevation of 175 feet
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■ Construct anon-vertical drop structure with discharge through a diffuser approximately
1,000 feet long, extending across the deepest part of the river, at and/or under an elevation
of 150 feet. This option was quickly eliminated after discussions with the US Army Corps
resulted in concerns due to its presence within a ship channel that routinely needs
maintenance dredging, as well as the problems of sand waves propagating over the
diffuser alignment.

■ Utilize a mechanical energy dissipater in place of the reconfiguration of the existing piping
and outfall structure.

Alternatives Evaluation
For each of the alternatives, a new design could employ the existing 84-inch pipeline at the
secondary outfall. Using and extending the secondary pipeline for these alternatives would
allow construction to proceed without interrupting operation of the primary outfall. Upon
completion and commissioning of any alternative, the existing outlet would be reconfigured
as the secondary emergency outfall.

The non-vertical drop structure mentioned in all alternatives, except for the energy dissipater,
would replace the vertical drop structure in the primary pipeline. This existing drop structure
is considered to be the major hydraulic drop that causes air entrainment and subsequent
foaming. The non-vertical drop would consist of a steep (about 6H:1V) portion of the
extended secondary pipeline, from invert elevation 221 feet at station 110+00 to one of the
alternative discharge elevations (190 feet, 180 feet, or 175 feet) at Station 350+00, where Station
0+00 is the outlet from the chlorine contact tank. At Station 350+00, a tee of the same diameter
as the outlet pipeline would be used, with the stem of the tee rising vertically to several feet
above grade. This tee stem would function as an air release for bubbles and foam generated
where the effluent in the partially full, steeply sloping pipe enters the full-flowing pipe.

Alternative 1-Non-vertical Drop Structure, Discharge at 190 Feet
The first alternative provides for effluent discharge through a portal in the river bank at an
invert elevation of 190 feet. This option would allow discharge into the River at the same
elevation as the existing outfall. Therefore, there would be portions of the year that the outfall
would not be submerged. Outfall submergence is not essential, because the primary reduction
of foam would result within the flatter portion of piping, with release of the air and foam at
the rising vertical tee; however, submergence of the outfall structure is an additional source of
foam dissipation. This alternative also has the advantage that construction would be adjacent
to the shoreline, evading the river cross section and any dangers of outall burial by sand
waves or damage by impact from river traffic. Due to the required depth of the outfall piping,
this alternative would require the least excavation and site work, and would be the least
expensive of the three outfall reconfiguration options (Alternatives 1, 2 and 3).
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Alternative 2 -Non-vertical Drop Structure, Discharge at 180 Feet
The second alternative provides for effluent discharge through a portal in the river bank at an
invert elevation of 180 feet. This option would also be constructed adjacent to the banks, thus
avoiding the danger of burial by sand waves or damage by river traffic. Compared with the
present outlet, this alternative would significantly reduce foam, but would have submergence
during a greater portion of the year, which could provide a greater level of foam dissipation
throughout the year. In addition, the greater depth of submergence will also allow for greater
mixing of the effluent, extending the plume a slightly greater distance from the shore than a
free-fall plume. Due to the additional 10 feet of depth required for the construction of the
effluent pipeline, this option would require additional excavation and site work.

Alternative 3 -Non-vertical Drop Structure, Discharge at 175 Feet
This outfall reconfiguration option includes extending the outfall piping to an elevation of 175
feet — approximately 150 feet from the shore. Due to the extension into the river and the
requirement of the multi-port diffuser, this option is a difficult option to construct and would
have a significantly higher cost. This alternative also is subject to significant risk of damage
from river traffic, including freight transport and dredging operations. Sand waves would
also be a concern and could have significant impacts on plant operations and maintenance
activities and costs. Although the outfall would be submerged a greater percentage of the
year, the disadvantages of operations, in addition to the complex excavation (deeper on the
plant site and open trenching of the river bed) required for construction of this alternative
eliminate it from further consideration.

Alternative 4 -Non-vertical Drop Structure with Discharge Through
Diffuser at 1,000 feet from Shore
This alternative involves the construction of anon-vertical drop structure with discharge
through a diffuser, approximately 1,000 feet long, extending across the deepest part of the
river at and/ or under an elevation of 150 feet. After preliminary discussions with the US
Army Corps, this option was quickly eliminated due to concerns over the presence of a
diffuser structure within a busy navigation channel. The diffuser would require significant,
routine maintenance in addition to potential dredging responses to sand wave propagation
over the diffuser alignment.

Alternative 5 -Mechanical Energy Dissipater
The final alternative includes installation of an energy dissipater on the existing outfall. As an
alternative to the sloping-pipe configuration recommended above, the vortex energy
dissipater, which has been studied extensively in hydraulic laboratories at St. Anthony Falls,
Iowa Institute of Hydraulic Research, Caltech, and other research institutions, was evaluated
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for its applicability to the reduction of the foam at the M.C. Stiles WWTP outfall. A typical

design resulting from physical model studies is shown in Figure 3. The dunensions shown in

black, in inches, are the dimensions in a physical model that have been demonstrated to be

successful in dissipating hydraulic head with a minimum of attendant foaming; the design

flow rate in this model was 3.5 cubic feet per second (cfs) (2.3 mgd) ,while the peak discharge

in the model was 4.85 cfs (3.2 mgd).

- Inlet Box

i
~ ~.. 16.8° 

11 1!2" L~ 51~JJj85.$• ~4 1
T ZO y8" ~ 2 7/a•
~, g,s,. ~~

12' 8"
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Figure 3
A Vortex Drop Structure Design Based on Physical Modeling
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The dimensions shown in red, in feet and inches, have been scaled to pass a design peak flow
of 235 mgd (364 cfs) to address the peak flow at the M. C. Stiles WWTP. The scaling was
conducted using a Froude scaling ratio and was determined as follows:

Lprototype/Lmodel= (Qprototype/Qmodel) 0.4 = (364/4.85) 0.4 = 5.625.

Thus, the diameter of the drop shaft,ll 1/z inches in the model, becomes
111h x 5.625 = 64.7 inches = 5 feet 5 inches in the prototype, sized for the peak flow for the
facility.

Except for the model's 24-foot drop (which has not been scaled, because the design should
operate satisfactorily at lesser drop distances), the red dunensions in Figure 3 indicate that
this structure could fit into the space available between the end of the current secondary
outfall and the top of the river bank. The extent to which this dissipater would reduce
foaming, compared with the sloping-pipe configuration recommended above, is not explicitly
understood and there are concerns with regard to its effectiveness. Complex design
requirements and expensive, specialized, concrete construction would be required for this
alternative. The resulting structure would be over 100 feet long and approximately 20 feet in
depth. The massive size and unknown success of the vortex energy dissipater, compared with
reconfiguring the outfall pipe makes this a less than preferred alternative.

Recommended Alternative
It is recommended to design and implement Alternative 2, which includes a reconfigured
piping and outfall with construction of the new outfall at a 180-foot elevation. Discharging to
the river at an invert elevation of 180 feet, rather than the present 190 feet, puts the outlet
approximately 30 feet farther from shoreline, which shall allow for greater mixing within the
river. In addition, the lowering of the depth by 10 feet decreases the fraction of time that the
discharge conduit flows as an open-channel pipe, resulting in submergence over 30 percent
greater days than at an elevation of 190 feet. This submergence provides an additional level
of secondary foam reduction and protection. The reconfigured outfall should allow for a
significant reduction in foam production at the WWTP effluent, thereby eliminating the
visible discharge of the plant. In order to estimate the level of effort required to develop a
design and schedule, a design approach has been proposed and is discussed in the following
section.

Design Approach
Based on the preliminary evaluations, the proposed new design will extend the existing
secondary outfall pipe to a new outfall elevation of 180 feet. The new outfall will dissipate
energy via a hydraulic jump in a gently sloping pipe, rather than in a vertical drop structure.
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While this Alternative will not completely eliminate air entrainment, the jump will create far
less foam than a vertical free-fall. This approach will also provide a generously adequate
distance after the jump to allow foam bubbles to collect at the top of the pipe and be vented,
instead of continuing to the river and being discharged with the effluent. The layout of the
preferred Alternative lowers the discharge invert from the current 190 feet to 180 feet,
resulting in a discharge point about 30 feet further off shore than the current outfall structure.
The proposed outfall would include the following physical constraints (note, however, that
during detailed design the optimum sizes, locations, invert elevations, etc. will be determined
and may vary somewhat from the conceptual configuration presented below):

■ The existing headwall on the secondary outfall pipe, at Station 1+15 and invert 221 feet,
would be removed.

■ The existing 84-inch secondary outfall would be extended from Station 1+15 and invert 221
feet, sloping down to an invert elevation of 180 feet.

■ From the toe of the outfall slope, the outfall conduit would continue horizontally at invert
180 feet to a point under the top of the river bank, about 350 feet from the chlorine contact
basin.

■ An 84-inch vertical vent shaft would be provided, intersecting the horizontal outfall pipe.

■ From Station 3+57 feet, the horizontal outfall pipe would be continued to its intersection
with the concrete-mat-revetted river bank, at Station 4+60, invert 180 feet. Flow would be
released to the river in a headwall structure identical to the existing structure.

For the layout, bubble velocity rise will be considered in determining the horizontal distance
between the bottom of the slope and the vent shaft. Research by Wu and Gharib (2002) has
been used to calculate these dimensions which are presented in Table 5.

Table 5
Calculated Horizontal Distance between the
Bottom of the Slo e and the Vent Shaft

Q, mgd B, ft
X
ft (X —115), ft

Slope Tangent
= 221-180 / X-115

Slope for Jump,
De rees

80 69 281 166 0.247 13.9
135 116 234 119 0.345 19.0
235 202 148 33 1.24 51.2

In Table 5, the position of the toe of the slope, X feet from the WWTP, is 350 feet - B feet. The
tangent of the slope is the vertical drop from elevation 221 to 180, or 41 feet, divided by the
horizontal run of the slope, which is X feet -115 feet —the location of the end of the current
secondary outfall. This provides for a variety of layout options which are illustrated, in
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profile, in Figure 4. Three alternative slopes are shown in red, dark red, and violet. The vent
pipe (violet) extends vertically to just above grade (green) at Station 350. The B distance is
from the toe of the slope to the vent pipe.

250

X = 150

240
X = 230

230 
~X = 280

Grade

220

c

~ 210r

a~i
W

2~~

190

180

170

0 100 200 300 400 500

Feet from WWTP boundary

Figure 4
Pipe Invert Profiles for Various Values of Slope Toe Location X

Layout
Figure 4 provides a schematic of three configurations of the proposed alternative which
would be buried beneath the shore grade and the revetted embankment (green line). All three
layout configurations use the existing 84-inch secondary outfall line from the WWTP
boundary at elevation 224 feet to a point 115 feet from the chlorine contact basin at elevation
221 feet (<115, 221> ). All configurations slope downward to an invert elevation of 180 feet
and continue horizontally at the invert elevation of 180 feet until intersecting a vertical vent
pipe under the top of the bank at <350,180>, then emerging through the river bank at <470,
180>, 500 feet from the chlorine contact basin.
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The differences in these layouts are primarily in the slopes employed between the end of the
existing 84-inch secondary outfall pipe at <115, 221> and the bottom of the slope at <X,180>.
A description of the differences among these layout options is provided below:

■ X =150 ft (red line). This provides the greatest distance, S, from the toe of the slope to the
vent pipe (B = 200 ft), for adequate time for bubbles to rise to the top of the pipe and escape
up the vent pipe even at the peak flow rate of 235 mgd. However, the slope of 50 degrees is
the steepest, and the volume of excavation required would be the greatest, at about 7,000 cu
yd.

■ X = 230 ft (dark red line). This provides a B of 116 feet from the toe of the slope to the vent
pipe, for adequate time for bubbles to rise to the top of the pipe and escape up the vent
pipe at the permitted flow rate of 135 mgd. The slope would be 19 degrees, and the volume
of excavation required would be slightly less than 6,000 cu yd.

X = 280 ft (violet line). This provides the shortest distance, B, from the toe of the slope to
the vent pipe (B = 70 ft), for adequate time for bubbles to rise to the top of the pipe and
escape up the vent pipe, but is only designed at the current dry-weather flow rate of about
80 mgd. However, the slope of 14 degrees is the gentlest. The volume of excavation
required would be the least, at just over 5,000 cu yd.

The excavation, bubble-rise distance, B, and slope quantities for these three alternatives are
compared graphically in Figure 5.

60

50

40 ■Excavation required
(thousands of cu yd)

30 ■ B (tens of ft)

20 ■Slope, degrees

10

0

X =150 ft X =230 ft X =280 ft

Figure 5
Comparative Effects of Various Values of Slope Toe Location, X
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Among these alternatives, the required excavation varies a relatively small amount.

The B values are estimates of the distance required to let entrained air bubbles rise to the top
of the pipe, and are conservative because:

■ The bubble rise velocity, U, of 10 cm/sec applies to bubbles 1 mm in diameter, whereas
most bubbles will be larger, with faster rise velocities.

■ B was calculated assuming that all bubbles will need to rise throughout the entire pipe
diameter, D, whereas the bubbles generated in the hydraulic jump on the slope will
initially be distributed throughout the pipe cross-section.

■ Except at very low river levels, the hydraulic jump causing bubble entrainment will occur
some distance up the slope. Therefore, in addition to the horizontal distance, B, from the
toe of the slope to the vent pipe, there will be a distance on the slope from the jump
location to the toe of the slope for bubbles to rise toward the top of the pipe.

These points are somewhat offset by the fact that bubble rise will be slightly hindered by the
turbulence of the flow in the pipe, tending to stir some of the rising bubbles downward.

All the slopes used in these three arrangements should engender less air entrainment than a
vertical free-fall plunge, but in general, the gentler the slope the less air entrainment is to be
expected. The arrangement in which X =150 ft has a slope of 50 degrees, which is much
greater than those of the other two layouts — 19 and 14 degrees, respectively —and may be
expected to entrain considerably more air.

Summary and Recommendations
As previously discussed, the recommendation is to complete the design and implementation
of Alternative 2 -construction of a new outfall structure with a discharge elevation of 180
feet. As noted, during the design, precise details regarding the configuration, location and
sizing of the modified outfall will be made, and some variation to the details can be expected,
however the overall concept of Alternative 2 will be followed. Discharging to the river at an
invert elevation of 180 feet, rather than the present 190 feet, puts the outlet approximately 30
feet farther from the shoreline than the existing structure, which allows for greater mixing
within the river. In addition, lowering the outfall depth by 10 feet decreases the fraction of
time that the discharge conduit flows as an open-channel pipe opposed to being submerged
by over 30 percent, providing an additional level of secondary foam reduction. The
recommended layout for Alternative 2 includes a design that aligns the toe of the outfall slope
at X = 230 feet from the chlorine contact basin. This provides a slope of 19 degrees, which is
much gentler than that for the steepest layout option, still providing a bubble rise distance
that is adequate for average flows of 135 mgd. These recommendations will allow for a
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significant reduction in foam formation in the outfall structure and the visible foam at the
outfall into the Mississippi River.

Proposed Schedule
Based on the recommended alternative for improvements to the outfall structure and piping
at the Stiles WWTP, the following proposed schedule is included for the implementation of
the project from design through commissioning and startup. The total estimated time for a
full operating system is anticipated to be 28 months. A schedule by major task is included for
reference in Figure 6.

Project Task
Month

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

Project Design

Permitting

Bidding

Procurement /
Contract Negotiations

Construction

Commissioning and
Startup

Figure 6
Outfall Improvements Implementation Proposed Schedule
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Appendix J

State Projects
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