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BACKGROUND

The proposed McCook Reservoir will store combined sewer overflows (CSOs) frOlll the
District's Tunnel and Reservoir Plan (TARP) system until they can be pumped back to
the Stickney Water Reclamation Plant (WRP) for treatment. The McCook Reservoir will
have an approximate storage capacity of 7.0 billion gallons equally divided between two
stages. The stages are separated by a weir structure. A relatively small inlet stage is also
part of the design, The total floor area of the reservoir is approximately 80 acres, and the
maximum liquid depth will be approximately 250 feet. Based upon various assumptions
regarding the suspended solids content of the CSOs and the operation of the McCook
Reservoir, it is estimated that anywhere from 2100 to 6000 dry tons of solids could
accumulate in the reservoir after a large storm event or a series of smaller storm events.
These solids could form a layer on the reservoir floor that has been estimated by various
methods as varying from 3 to 18 inches deep and having a water content somewhere
between 90 and 98 percent.

The initial design plan for the McCook Reservoir is based on a horizontal reservoir floor
with mechanical cleaning using street sweepers, plows, or similar vehicles to move the
collected sediment to a sump for pumping back to the Stickney WRP after the reservoir
has been completely dewatered. However, concerns have been raised that this will not be
a cost-effective solution to the sediment handling problem, and that it may also result in
odor problems in the vicinity of the reservoir due to the decomposition of the exposed
solids.

It has been proposed that other methods of sediment transport/management may be
feasible for McCook Reservoir. One such method is the use of water jets, in conjunction
with a sloped reservoir bottom, to move the sediments to a collection sump while some
volume of CSOs still remain in the reservoir to act as a liquid odor cap. The jets might be
activated in conjunction with pump-back of the main liquid volume, or operated in some
independent manner. The water source for the jets could be river water, if available, or
the stored liquid in the reservoir. This method of sediment management has the potential
to reduce the manpower costs for reservoir cleaning and also to alleviate potential odor
problems. This technology may also be applicable to the Thornton Reservoir.

The Metropolitan Water Reclamation District of Greater Chicago commissioned the
Hydrosystems Laboratory of the University of Illinois at Urbana-Champaign to conduct
research aimed at determining whether water jets would be feasible for this application,
and if such technology is feasible, developing basic design concepts for their use.

This report summarizes preliminary results obtained as part of the ongoing research
project for MWRD, including a conceptualization of the problem, the research plan, and
preliminary results of the experimental and numerical modeling studies conducted so far.

Yen Te Chow Hydrosystems Laboratory 1 University of Illinois at Urbana-Champaign



CONCEPTUALIZATION OF THE PROBLEM

Flow Configurations

The application of water jets for sedimentation management rests on the ability of the
jetting system to resuspend bottom sediments and to create enough of a density difference
with respect to the water in the reservoir so that a density current will develop along a
sloping bottom, carrying the solids towards a drainage channel. This process is illustrated
in Fig. 1..

JET

TURBIDITY CURRENT

DRAINAGE CHANNEL

Fig. 1 Water jet induces entrainment of sediment deposited on the reservoir bottom.
Buoyancy effects create turbidity current that transports suspended sediment towards
drainage channel.

Various arrays ofmultiple jets might be needed to mobilize the sediment deposited all the
bottom of the reservoir. At least, two possible array configurations are considered herein,
which will probably have to be combined for the final design of the system: a) parallel
jets and b) longitudinal sequence of jets (Figs. 2 and 3). The first configuration provides
spatial coverage to generate uniform sediment resuspension along the reservoir (parallel
to the drainage chaImel). The second configuration provides a sustained entraining flow
in the direction perpendicular to the drainage channel, in case self-accelerating turbidity
currents conditions are not met within the reservoir. Self-accelerating currents are those
driven purely by buoyancy effects and able to entrain sediment into suspension,
generating a feedback mechanism that increases buoyancy and erosion capacity of the
flow down the slope (Parker et aI., 1986).

Each of the individual jets in any of the arrays described in Figs. 2 and 3 corresponds to
what is known as a wall jet, i.e., the flow is affected by the no-slip and no-penetration
conditions imposed by the bottom wall of the reservoir. Besides that, since the bottom
shear stress generated by the jets are supposed to entrain sediment into suspension,
buoyancy effects tend to increase the initial momentum of the jet and far away from the
source the flow conditions are not longer governed solely by the initial injection of fluid,

Yen Te Chow Hydrosysterns Laboratory 2 University of Illinois at Urbana-Champaign
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but a sediment balance, leading to erosion or deposition along the sloping bottom, and
ambient water entrainment into the density current, ultimately determine its fate. Taking
this behavior into account, it is convenient to define near- and far-field regions to analyze
the flow in the vicinity of the jet discharge, or further away down the slope, once
buoyancy forces and sediment transport processes take over as the driving mechanisms of
the current, respectively.

rvV\NIFOLD

2D FLOW TO THE DRAINAGE CHANNEL

Fig. 2 Array of parallel jets. Plan view. Jet interaction creates 2D density current moving
along sloping bottom towards drainage channel.

The near field of an isolated jet comprises the region where the jet flow gets established
as it is discharged into the ambient fluid. It includes the developing wall boundary layer
and the expansion of the flow into the ambient fluid associated with the entrainment of
ambient water, which causes a downslope decay of flow velocity and wall shear stress
(Rajaratnam, 1976). Despite the decay of wall shear stress, erosion and entrainment into
suspension of sediment deposited on the bed occurs as long as the bottom shear stress
exceeds threshold or critical values (Hogg et aI., 1997).

The far field of an isolated jet discharge is the region where buoyancy effects, generated
by the sedin1ent originally suspended in the near field, constitute the main driving force
of the flow and the velocity and shear stress induced by the initial wall jet are mostly
dissipated. Hence, the far field of a jet discharge corresponds to the region where a
turbidity current develops along the sloping bed of the reservoir. The fate of such current
(self-acceleration or extinction further downslope) depends on the ability of the buoyancy
induced flow field to generate sediment entrainment rates in excess of deposition rates.

A further distinction is required in the case of parallel jets, when several jets of an array
configuration such as that of Fig. 2 are operated simultaneously. Due to the lateral
expansion of the jets, the flow fields generated by them eventually come to interact, as

Ven Te Chow Hydrosystems Laboratory 3 University of Illinois at Urbana--Champaign
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illustrated in Fig. 2. At a certain distance from the sources, which depends on the spacing
between jets (the pitch, s), the initially 3D flow associated with each individual jet
becomes 2D, that is, uniform in the transverse (along the reservoir) direction. According
to Wang et al. (2001) such distance, L2D, is about 12 s. Thus in the case of parallel jets,
the near- and far-field distinctions and the behavior of the flow in each region depend on
how L2D compares with the distance from the jet discharge at which the resulting
turbidity current becomes fully established, Lt. Cantero (2002) did numerical simulations
of turbidity currents generated by a plane jet discharging tangential to a sediment bed. An
analysis of those simulations suggests that L t is of the order of 100 times the thickness of
the initial jet. Therefore, the characteristics of the flow in the near- and far-field regions
depend on the design parameters of the jet system (pitch, size of the nozzles). A
reasonable assumption, however, is to consider that the pitch will be large enough 801:2D

> Lt, and the turbidity currents generated by individual jets will become fully established
before interacting with flow fields generated by neighboring jets. In such case, it is
convenient to define a near field identical to that of an isolated jet discharge, an
intermediate field, comparable to the far field of an isolated jet discharge, and a far field
consisting of a 2D turbidity current (uniform in the transverse direction) generated by the
interacting currents of the parallel jet system.

MANIFOLD

JET

JET

Fig. 3 Longitudinal sequence ofjets (side view). In case the turbidity currents are not
self-accelerating, the sequence ofjets induces entrainment of sediment into suspension
along the bottom and the turbidity currents provide the downslope transport.

In the case of a longitudinal sequence ofjets (Fig. 3), it is assumed that the spacing of the
jets will be greater that L to and possible comparable to L2D. This suggests that the
behavior of the downstream jets will be influenced by the presence of a near 2D turbidity
current. Thus, the transition from the 3D near field to the 2D far field in the case of the
downstream jets would be swifter than in the case of the jet at the upstream end of the
sequence and the defmition of an intermediate field in this case would not be justified.

Yen Te Chow Hydrosystems Laboratory 4 University of Illinois at Urbana-Champaign



Scouring and Sediment Transport Processes

i) Near field

Jenkins et ai. (1981) and Dellaripa and Bailard (1986) have studied the use ofjet arrays to
manage .sedimentation problems at Navy port facilities. The typical array configuration
used, with 10 to 25 jet nozzles with a pitch of about 3 to 7 m and nozzle diameters of
about 2 to 7 cm, cover spans of about 50 to 100 m with scour radius of about 15 to 30 m
(Fig. 4). The scour radius is defined as the distance away from the jet, in the streamwise
direction, that is scoured by the action of the induced flow field. The concept is that the
bottom shear stress induced by a jet decays away from the source, therefore entrainment
and scouring of bottom sediments will prevail only as long as the bottom shear stress
exceeds the threshold scour stress of the sediment (Jenkins et aI., 1981). The jet array is
operated sequentially in time, using either one or several jet nozzles simultaneously at a
time. Jenkins et al. used a 150 hp centrifugal pump, with a total discharge of about 120
lis.

-....... -""

SCOUR ZONE

Fig. 4 Jet array system used by Jenkins et al. (1981); rm represents the scour radius.

A similar system might be used in McCook reservoir to provide the near field conditions
for turbidity currents to develop, which would carry the suspended sediment down the
slope and into the drainage charmel. A network ofjet arrays such as those ofFig. 4 would
provide spatial coverage to maintain the reservoir free of sediment deposits. The network
would be operated sequentially in time to optimize the cost of the cleaning process.

Consider an individual jet nozzle with a diameter d, located at a height h over the
sediment bed, under a water column of total height H, having a discharge velocity Uo at

an angle e with respect to the horizontal (Fig. 5). No density difference is assumed
between the fluid discharged by the jet and the ambient fluid.

Ven Te Chow Hydrosystems Laboratory 5 University of Illinois at Urbana-Champaign
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H

­ x

Fig. 5 Circular jet impinging over sediment bed.

The shear stress exerted by a jet on a bottom surface, 'tb, is given by an expression such
as:

'tb =!i(Un, d, h, 6" H, v, p, x,y) (1)

where v and p denote kinematic viscosity and density of the jet fluid, respectively, and x
and y denote longitudinal and transverse coordinates, respectively. Note that no
dependence on gravity has been included, as there are no buoyancy effects involved and
the flow is driven by inertia balanced by bottom friction. In dimensionless terms,
equation (1) reduces to:

'tb I( P U(2)= <PI (hid, Hid, €I, Reo, xld, yld) (2)

where Reo = Uo d/v denotes the jet Reynolds number. In the case of a deep reservoir, the
dependence on H/d can be neglected as this parameter approaches infinity. Dellaripa and
Bailard (1986) suggest that the scouring area is maximized with h = 0 and an angle eof
about 10 degrees, although in the latter case the improvement is only mild with respect to
the case when e :::: O. For h = 0, e= 0 and large Hid, Jenkins et al. (1981) proposed the
following relationship for the decay of the bottom shear stress along the x axis, which
completely agrees with the present dimensional analysis:

(3)

The jet Reynolds number appears to be the dominant parameter that determines the
bottom shear stress even in fully developed turbulent jets. In Appendix A, a theoretical
analysis of the bottom shear stress induced by a wall jet, which supports the results
obtained from this dimensional analysis, is presented. On the other hand, Wygnanski et
al. (1992) suggest that the dependence on Reo indicated by (3) disappears for values of
this parameter larger than about 104.

Ven Te Chow Hydrosystems Laboratory 6 University of Illinois at Urbana-Champaign



According to Jenkins et al. (1981) the design of a jet for sediment management pluposes
can be done with the help of (3) by setting Uo and d in order to have, at a nominal

distance x = rm (the scouring radius), a bottom shear stress, 'tb' that exceeds the threshold

or critical stress for the scour of the bottom sediments, 'tc' This can be analyzed as

follows.

Consider a threshold shear velocity, u*c' such that 'c = P u*c2, the scouring radius is then
given by a relationship such as:

(4)

which in dimensionless terms can be written as:

(5)

Similarly the lateral extension of the area scoured by the jet, Ym' is given by

(6)

The dimensions of the scour pattern have been studied experimentally by VanDorn et al.
(1978). Dellaripa and Bailard (1986) argue, based on the data of Van Dom et aI., that the
scouring area of the jet is self-similar such that the ratio Ym I rm remains constant, taking a
value of about li3.

Boundary conditions needed for the analysis of the far field behavior of the flow, or
region where the subsequent turbidity current develops, corresponds to the relative
density difference of the current at the onset, ~p/p, where ~p = Pm - P, and Pm denotes
the density of the sediment-water mixture, and the corresponding mass flow rate per unit
width, gs. These variables are given by the following expressions:

(7)

(8)

where the settling velocity of the sediment particles, wS' has been added as one of the
independent variables, characterizing the suspension characteristics of the sediment. The
fall velocity takes into account parameters such as sediment size, shape and density,
cohesiveness and gravity effects, etc. In these relationships the total depth of the
reservoir, H, has been taken out of the analysis assuming Hid is very large.
Corresponding dimensionless relations are:

(9)

Yen Te Chow Hydrosystems Laboratory 7 University of Illinois at Urbana-Champaign



(10)

1

...

Note that the effect of gravity is included through the settling velocity. The erosIon
capacity of the jet-induced flow is dominated by inertia and friction. This changes in the
far field, where buoyancy is the main driving force of the subsequent turbidity current.

ii) Far field

The far field is the region where the turbidity current generated by the jet-induced
sediment suspension develops, carrying the suspended sediment down the slope towards
the drainage channel of the reservoir. The main variable of this process corresponds to
the mass transport rate of the turbidity current, gs' as it detennines the ultimate cleaning
efficiency of the jet system" The following expression can be considered:

gs = !sCUo, d, h, e, v, p, g', ws' u*o x, y) (11)

where g' = g 6.p/p, with g denoting gravitational acceleration, is the reduced gravity at
the onset of the CWTent which represents the main driving force of the flow in the far
field. The resulting dimensionless relation is:

(12)

where FrdO denotes the densimetric Froude number defined as Frd02 = U0
2/(g' d) .. In

equation (12) the parameter UoIws controls the characteristics of the sediment suspension,

such as concentration distribution and deposition rate, while the parameter Ur/u*c
controls the erosive capacity of the turbidity current.

Instead of using the jet parameters in the relationship for gs the velocity and height ofthe

flow at the onset of the current, Ui and hi, respectively, can be used to obtain:

(l3)

where Rii = g' h:/U? is the Richardson number at the onset of the current, which has been
used instead of the densimetric Froude number of the flow (which is just the inverse of
RiD to be consistent with classical analyses of density currents (e.g., Ellison and Turner,

1959)" In this relation the dependence on the kinematic viscosity was neglected, assuming
fully developed turbulent flow (Ellison and Turner, 1959). Again, U/ws controls the

concentration distribution and deposition rate, while U!u*c controls the erosive capacity
of the turbidity current.

A model of flow and sediment transport by turbidity currents based on a two-phase tlow
analysis (Cantero, 2002) is presented in Appendix B. This mathematical model provides
the basis for a numerical model that has been developed to simulate 2D turbidity currents
in McCook reservoir under different initial flow conditions and sediment properties.

Ven Te Chow Hydrosystems Laboratory 8 University of Illinois at Urbana-Champaign
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The design of the jet system in McCook reservoir must provide the conditions for which
gs remains relatively constant or increases with x in the far field region of the flow. This
ensures that the sediment scoured by the jets in the near field is evacuated from the
system and, eventually, that the turbidity currents also contribute to eroding the sediment
deposit to some extent.

Research Needs

From the analyses of previ.ous sections it is concluded that a number of different flow
situations and sediment characteristics must be studied in order to understand the
phenomena involved and gather sufficient knowledge to design the sediment
management system ofMcCook reservoir using water jets. These are:

1. Flow and sediment transport processes

• Flow and scour pattern of a jet impinging on a sediment deposit of limited thickness
• Flow field and bottom shear stress generated by parallel wall jets
• 2D eroding/depositing turbidity current
• 3D laterally expanding eroding/depositing turbidity current
• Interaction ofjet and 2D turbidity current

2. Characterization ofMcCook sediments

• Settling velocity
• Critical shear stress for erosion
• Suspension dynamics

Although the information provided by Jenkins et al. (1981) and Dellaripa and Bailard
(1986) regarding the design of jet array systems to manage sediment deposits in port
facilities is useful for the McCook study, there are some aspects of such application that
are different to the present one. In particular, the sediment deposit in McCook reservoir is
going to be of a limited thickness (estimated by MWRD as about 0.1 to 0.5 m), which
means that the scouring process will be limited by the solid bottom of the reservoir,
changing the geometry of the scour zone and the scour radius in particular (Fig. 4), with
respect to those given by the relationships proposed by Dellaripa and Bailard (1986).

Another aspect that needs to be investigated corresponds to the flow and sediment
concentration conditions prevailing at the onset of the turbidity current, at the edge of the
near field zone generated by the jet array. These constitute the boundary conditions that
control the developing turbidity current in the far field zone of the jet arrays. Jenkins et
al. (1993) report sediment entrainment fluxes created by jets in port facilities and propose
a theory to estimate them. This information can be used to some extent to estimate
sediment concentration and mass fluxes created by jet arrays at McCook reservoir,
however its application to the latter conditions is not direct, particularly because of the

Yen Te Chow Hydrosystems Laboratory 9 University of Illinois at Urbana-Champaign



},

limited thickness of the sediment deposit and the presence of the solid bottom of the
reservOir.

To address the lack of knowledge needed for the design of the jetting sediment
management system in McCook reservoir, different series of experiments are being
conducted, with the aim of establishing flow and sediment transport conditions within the
near field zone and to, some extent, the beginning of the far field zone.

As concluded from the analysis of the previous section, the near field sediment transport
problem depends, among other dimensionless parameters, on Reo, Uo!ws, and Uo!u*c' A
consequence of this result is that the only way to physically model the field situation
meaningfully, i.e., without introducing major scale distortions, is by reproducing both the
Reynolds number and the sediment of the prototype, and this results in the need to use a
1:1 model scale which is unpractical. Even though it can be argued that Reo would not be
a relevant parameter in the prototype and therefore it may not necessarily be reproduced
exactly in the laboratory experiments as long as it is large enough in those experiments,
the need to reproduce the response of the sediment, which in McCook case it seems to be
a complicated one given the origin of those sediments, imposes the use of prototype
sediments in the experimental study and this leads, by dimensional considerations, to the
need to reproduce also prototype flow velocities in the experiments.

The response of the sediments has been characterized in the previous section by
essentially two parameters: the settling velocity, ws' and the threshold or critical scour

stress of the bottom sediments, 'tc' It has been observed in preliminary tests with solids
provided by MWRD that they behave as cohesive sediment to some degree, and therefore
both Ws and 'tc will probably depend on the degree of consolidation of the deposit. One of
the main objectives of the present study is, therefore, to learn about the expected behavior
ofMcCaok sediments and its effect on the jetting management system.

These topics define specific objectives for the ongoing research and the strategy used to
approach their study is explained in the following section.

THE RESEARCH PLAN

Given that the experimental research on the behavior of the jetting sediment management
system requires model scales close to unity, which are not possible to obtain at a
laboratory scale, an alternative approach is being used in the present study. This approach
consists of combining experiments and numerical modeling of flow and sediment
transport induced by the jet array systems. The idea is to validate the main aspects of the
numerical models at a laboratory scale, using conditions that probably differ from those
expected in the prototype, and then use those numerical models for the final design of the
jetting system for McCook reservoir. Based on this strategy, the following research plan
is envisioned, many aspects of which are already under study. A summary of preliminary
results obtained so far, are presented in the next section.

Yen Te Chow Hydrosystems Laboratory 10 University of Illinois at Urbana-Champaign
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Flow and Sediment Transport Process

Experimental studies

El Experimental study on flow and scour pattern of isolated and parallel jets impinging
on a sediment deposit of limited thickness

E2 Experimental study on the onset of turbidity current by jet impinging on a sediment
deposit of limited thickness

E3 Experimental study on the interaction ofjet and 2D turbidity current

Numerical studies

N1 Numerical Shldy of flow field· and bottom shear stress generated by isolated and
paranel wall jets

N2 Numerical study of sediment transport process induced by isolated and parallel jets
impinging 011 a sediment deposit of limited thickness

N3 Numerical modeling of eroding/depositing turbidity current
N4 Numerical modeling of the interaction ofjet and 2D turbidity current

The experiments are being conducted in an existing water tank (7.3 m by 2.7 m
horizontal area and 2.3 m height) having a plate 5.4 m long and 2.5 m wide, with
adjustable slope, representing the bottom of McCook reservoir. Either a 1.7 m wide
channel or a narrower partition 0.3 m wide are being used to study the behavior of
circular or plane jets impinging, either parallel to or at an angle with respect to a sediment
bed of a given thickness. The sediments used in the study range from a fine. quartz
material provided by U.S. Silica Company, with a mean size of about 19 to 45 Om, to
sediments that are representative of those that will be deposited on McCook reservoir
(provided by MWRD). During the experiments the flow field generated by the jet
discharge is monitored by means of an array of 4 synchronized ADVs (Acoustic Doppler
Velocimeter). Erosion rates are registered by means of surveys of the bed elevation and
also, in some cases, through the analysis of video records of the erosion process.
Sediment concentrations generated by the entrainment process are measured through
samples taken from the water column.

The numerical studies are based on two different models: Flow3D, a commercial
software, and a depth-averaged turbidity current model based on two-phase flow
equations, developed by our research group (Cantero, 2002). Flow3D is being used to
simulate the near field flow structure and bottom shear stress generated by isolated and
parallel jets, while the turbidity current model is being used to simulate the far field flow
and sediment transport properties of turbidity currents, including erosion and deposition
processes, given a set of conditions at the onset of the current and sediment properties,
such as settling velocity and entrainment rates. Values of these properties for McCook
sediments are going to be determined from the characterization study explained next.

Yen Te Chow Hydrosystems Laboratory 11 University of Illinois at Urbana-Champaign
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Characterization of McCook Sediments

The characterization of sediments representative of those to be deposited on the bottom
of McCook reservoir is being done by means of a number of different experiments. They
concentrate on the following aspects:

S1 Settling velocity
S2 Critical shear stress for erosion
S3 Suspension dynamics
S4 Near Held erosion rates

The experiments Sl, to characterize settling velocity, are being conducted with the help
of a laser-diffraction instrument: LISST-ST. This instrument measures size distribution,
concentration, and settling velocity distribution of suspended particles, among other
parameters. The characterization of the settling velocity of McCook-type sediments
(provided by MWRD) is being made considering dependence on both sediment
concentration and aggregate formation.

The experiments S2 and S3 are being conducted in an annular flume with an inner radius
of 0.55 m, an outer radius of 0.75 m, and a total depth of 0.45 m, and with a rotating
upper lid and an also rotating bottom plate. The main advantage of using this type of
flume for cohesive sediment research is that motion is transmitted to the fluid by means
of wall friction, which prevents floes to be broken up by pumps, thus preserving the
aggregate structure of the suspended sediment during the experiments. The flow within
the an.'1ular flume has, at least theoretically, a uniform shear stress distribution, which
facilitates the analysis of the response of the sediment (entrainment from the bed,
concentration distribution, change in the aggregate structure of the suspended sediment,
etc.) to flow conditions. Measurements in experiments S2 and S3 include characterizing
the flow field by means of an ADV that rotates with the upper lid of the flume, measthring
concentration distribution and suspended sediment properties by analyzing samples taken
from the flume, and direct observations of the behavior of the sediment suspensions.

The experiments S4 are to be conducted in the water tank of experiments El. By tracking
the time evolution of a sediment bed formed with McCook-type sediments, in response to
the scour generated by a plane wall jet, an estimation of the erosion rate in the near field
of those sediments can be obtained. Preliminary observations indicate that an erosion
front is created by the impact of the jet on the sediment bed, which moves in the
streamwise direction at a rate that is proportional to the erosion rate created by the jet.
Video recordings will be used to estimate the velocity of the erosion front, which Vl-ill
provide the estimation of the near field erosion rate ofthe jet.

The experiments S1 to S4 will consider the effect of different degrees of consolidation of
the bottom sediments in McCook reservoir, by starting from mechanically disaggregated
samples and allowing them to consolidate for times ranging from 0 to a few days, which
is the estimated residence time for the sediments within the reservoir.

\len Te Chow Hydrosystems Laboratory 12 University ofIJIinois at Urbana-Champaign



PRELIMINARY RESULTS

Characterization of Sediments

A series of experiments have been conducted to characterize sediment properties of solids
from O'Hare reservoir, provided by MWRD. A report on the results of those experiments
(belonging to series S1 described in previous sections) is presented in Appendix C. The
USST-ST laser-diffraction instrument was used for the analyses. Different test samples
were prepared from the solids provided by MWRD. Solid concentrations used in those
samples varied between 2 and 20 mllI. Tests with and without disaggregated samples
were made in order to estimate the size of aggregate formation. The mean size of
particles belonging to the original samples (not disaggregated) is about 24.5 f..lm, and the
typical settling velocity is 0.05 cm/s, while corresponding values for disaggregated
samples were 10.8 f..lm and 0.008 cm/s, respectively. Although more tests are needed, the
results obtained 80 far indicate a negligible dependence of the settling velocity on
sediment concentration and this applies to both the original and disaggregated samples.
The mean size of the aggregates found in the original sediment samples (not
disaggregated) was estimated indirectly, from particle size and concentration distributions
measurements. The results indicate that the mean diameter of the aggregates is about 84
f..lm with a mean settling velocity of 0.5 cm/s. Given the range of particles sizes found in
this preliminary study, it is concluded that this sediment can be considered as cohesive

The results from the sediment characterization analysis suggest that the type of solids to
be deposited within McCook reservoir might be characterized as to be composed mainly
by two fractions:: a disperse fraction and floes or aggregates of larger size and higher
settling velocity. The time scale associated with the formation of those aggregates is
currently being investigated, as well as their response to turbulence and flow shear
stresses. This information is important for modeling purposes as is discussed in Appendix
B, where the mathematical model for the far-field flow and sediment transport by
turbidity currents to be used in the present study is presented.

To study the response of the reservoir sediments to shear stress and turbulem;e,
experiments belonging to series S2 and S3 described previously are being conducted in
an annular flume. A description of the experimental facility and methods is presented in
AppendixD.

Flow and Erosion in the Near Field of Jets

Two different studies are being conducting regarding flow and erosion in the near field of
jets. The first one corresponds to a 3D numerical simulation of the flow field generated
by isolated and parallel jets (series Nl described in previous sections). Flow3D is being
used for this purpose. An example of the results obtained is shown in Appendix E, where
the flow field generated by a series of 5 wall jets, with nozzle diameter d = 0.1 m and
pitch s::::: 1 m, simultaneously discharging water into a stagnant layer of water of the same
properties, tangentially to the bottom wall of the reservoir and with a velocity of 1 :mJs,
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are presented. These are just preliminary results of a more comprehensive study, covering
different conditions such as number ofjets, pitch, nozzle diameter, jet velocity, etc.

The second ongoing study regarding the near field of jets is an experimental study
belonging to series E1 and E2. The experiments are being conducted in the water tank
described in previous sections, within the 0.3 m wide channel partition, using a bottom
slope of about 1.5%. A plane wall jet is discharged into the channel, parallel to the
bottom (see Appendix F). Two different situations are being analyzed using either a fixed
bottom or a movable bed formed with a fine quartz material, having a mean size of about
19 to 45 Jl.m. The flow field in the experiments was measured with a set of four AnVs
located at different positions along the channel. Video recordings were used in the
experiments with sediment beds, to track the erosion generated by the jets. This
methodology will also be applied to study erosion rates characteristic of McCook type of
solids, for series 84. Appendix F summarizes some of the preliminary results obtained.
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APPENDIX A
Plane Wall Jet

An analysis of the bottom shear stress behavior

Consider a plane jet developing along an inclined plane with slope S, intruding into a stagnant
ambient fluid (Fig. 1). The initial velocity and thickness of the flow are Uo and ho respectively.
No density differences are considered between the discharged fluid and the ambient fluid.

1 Governing Equations

If h is a measure of the thickness of the density current and H denotes the total depth of the ambient
fluid, it is assumed that hiH << 1. With this assumption, boundary layer approximations are.
invoked to simplify the equations governing the motion of the density current.

The Reynolds averaged equations for a 2D flow in the x - z plane of Fig. 1 are:

ail ail au ap a2u cPu ou/2 au/wI
p{ot+iiax+Waz}=-ox+pv{ox2+az2}+gpS-p ox -P--g;- (1)

ow _ 8w _ 8w 8p 82w 82w 8w/2 8U'W'p {7ft + u 8x + w -8z} = - 8z + Po v {8x2 + 8z2} - 9 P - P & - P --a;;- (2)

8u + 8w = 0 (3)
8x 8z

where (1) and (2) eorrespond to the momentum equations in directions x and z, respectively, and
(3) corresponds to the conservation of volume equation. In those equations u and ill denote the
streamwise and bed normal velocity components averaged over the turbulence, p denotes thermo­
dynamic pressure averaged over the turbulence, v denotes kinematic viscosity of the moving fluid,
and the terms u12 , w 12 , UIWI , represent Reynolds turbulent stresses.

To reduce the Reynolds averaged equations, boundary layer approximations are introduced. For
that, the following scaling is used:

UlXU ; zlXh ; xlXL ; (3lXB (4)

where U denotes the maximum velocity characteristic of the wall jet, h denotes the height of the cur­
rent, and L denotes a length scale in the streamwise direction. The boundary layer approximation
is obtained by invoking the condition: hiL << 1.

To further simplify the analysis, the assumption of a steady wall jet is considered.
From (4) it is concluded that

16



Figure 1: Plane jet along inclined bottom intruding into staganant ambient fluid.

u W
L C( h (5)

and therefore W oc U hiL, where W is a measure of the bed normal velocity scale. Since hIL << 1
then it is obvious that W is of a lower magnitude than U.

Introducing the scales U, W, hand L, neglecting the term:

u/2

U2« 1

it is possible to reduce (1) to:

OU ou op o2u ou'w'
p{u ox +w oz}=-ox +gpS+PlJ8z2 -P---a;-

or, simply expressing the total, viscous plus turbulent, longitudinal shear stress as:

ou -
Tzx = P lJ- - P u'w'

oz
yields:

(6)

(7)

(8)

au oil op OTzx
P {u ax +w oz} = - ox +9 P S + f}z (9)

Repeating the same procedure for (2) yields the hydrostatic pressure approximation:

f}p
0= -- - 9 p (10)OZ

Integrating (10) in the vertical and imposing a zero value for the pressure at the free surface
gives an expression for the pressure distribution of the flow gives:

l
H (X)

p(x,z)=pg z dz

and taking the derivative of this result with respect to x yields:

op
-=pgS
ox

(ll)

(12)
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Where the relationship:

oH =8
ax

has been used, assuming a horizontal free surface, unperturbed by the submerged current.
Replacing (12) in (9) yields:

{_au _ au} OTzxp u-+w- =--ax oz oz
It is easy to see, using the conservation of volume equation (3) that:

au au ou2 ouwu-+w-=-+--ax oz ax oz
Replacing this result in (14) gives:

2 Depth-averaged Equations

(13)

(14)

(15)

(16)

(17)

Next, the simplified equations of motion are integrated in the vertical. Equation (16) can be
depth-averaged to obtain:

0100

- p ii? dz = -Tbax 0

where the upper limit of integration, H, has been replaced by the limit z ---? 00, assuming HIh >> 1,
the no-slip, no-penetration, no surface streamwise velocity and no surface shear stress boundary
conditions have been imposed: (uw)lz=o = 0, (uw)lz=oo = 0, Tzxlz=o = Tb, Tzxlz=oo = 0, and Tb
denotes the bottom shear stress.

Integrating now (3) yields:

:x looo u dz = We (18)

where the boundary conditions: wlz=o = 0 and w!z=oo = -We have been used. Here We denotes the
entrainment velocity or rate of entrainment of ambient fluid into the density current due to mixing
effects.

Equation (17) shows that the momentum flux of the flow decreases in the streamwise direction
due to friction with the bed and Equation (18) shows that the volumetric discharge increases in
the streamwise direction due to entrainment of ambient fluid into the current.

To continue with the analysis it is necessary to introduce further assumptions. In particular,
closure relationships for the entrainment velocity, We, and the bottom shear stress, Tb are required.
These are specified as:

Department of Civil and Environmental Engineering

We = ew U

Tb = p cf U2

18

l19)\,

(20)
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where ew denotes an entrainment coefficient and cf a bottom friction coefficient. Here U denotes
the maximum velocity of the current induced by the wall jet.

3 Self Similar Solution

To further simplify the equations governing the motion of the density current, a self similarity
hypothesis is introduced for the vertical distribution of il, which reduces its dependence on x,
such that a collapse of the vertical profiles of il in one unique curve, when the variables are made
dimensionless using the proper scaling, is possible.

Consider the following normalization:

il z
U = !l(1]) 1]= h

Replacing (19), (20) and (21) in (17) and (18) yields:

8
1

d(U2 h) = -cf U2
dx

8
2

d(U h) = ew U
dx

where 8 1 and 8 2 are shape factors defined by:

81 = faoo f2(1]) d1] ; 82 = faoo f(1]) d1]

Introducing now power law assumptions for U and h:

U = U* x P ; h = h* x q

(21)

(22)

(23)

(24)

(25)

(27)

where p and q are some exponents and U* and h* proportionality factors, and assuming that the
coefficients cf and ew are functions ofthe local Reynolds number of the flow defined as: Re = U kjv,
such that they also follow power laws of the type:

Cf = C1 Rem ; ew = C2 Ren (26)

where m and n are exponents and C1 and C2 coefficients of proportionality, thell equations (22)
and (23) can be reduced to:

81 U*2 h* (2 P + q) x(2 p+q-1) = _ C1 U*(2+m) h*m x(m (p+q)+2 p)
l/m

82 U* h* (p + q) x(p+q-l) = C2 U*(1+n) h*n x(n (p+q)+p)
l/n

On dimensional grounds, the following relationships must hold:

2 p + q - 1 = m (p + q) + 2 P

p + q - 1 = n (p + q) +P

(28)

(29)

(30)
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(33)
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J

which yield the simple result: p = -1 and q = 1 and necessarily C2 = O. That is, for this result to
be valid there should be no entrainment of ambient fluid into the jet-induced flow and the. initial
discha,rge must remain constant along x.

Note that in a free jet, assuming Tb = 0 and ew = constant in (22) and (23), the present analysis
gives: p"" -1/2 and. q = 1 in agreement with ~ell known results (Rajaratnam, 1976).

Now imposing boundary conditions for the jet volumetric discharge and momentum flux, such
that:

faOC u dzlx=xo = qo = Uo ho (31)

lXJ Pu2 dzlx=xo = rno = p ug ho (32)

where Uo and ho denote the initial velocity and height of the jet, respectively, at a reference distance
x =Xo.

Replacing (21), (24) and (25) in (31) and (32) yields:

U* 82 TT • h* _ 81 ho= -- uo xo, - 8 281 2 Xo

which introduced into (25) and using the result p = -1, q = 1, finally gives:

!!... = (82 ) (xo) (34)
Uo 81 x

!!:.-- = (81
) (~) (35)

ho 8~ Xo

Note t,hat this result, as it was already discussed, leads to a constant volumetric discharge, q

(no entrainment of ambient fluid into the current):

q = faoc u dz = 82 U h = Uo ho = qo

which also yields a constant Reynolds number along the x direction:

(36)

Re = U h = .!. Uo ho = .!. Reo (37)
IJ 82 IJ 82

where Reo is the Reynolds number of the initial jet discharge.
Assuming that the reference distance Xo is proportional to the initial height of the jet such that:

Xo = a: ho, then (34) and (35) can be rewritten as:

where K = 0:: 82/81 is a coefficient.
From (27), the following relationship is derived:

8 2 8m- 2 R m1 2 =qo:: eo

(38)

(39)

(40)
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(43)

(45)

(46)

which shows that the shape factors 81 and 82 , and therefore K, are functions of the Reynolds
number of the jet.

4 Botton1 Shear Stress

Replacing (38) and (39) in (20), an expression for the shear stress exerted by the wall jet on the
bottom is obtai.ned as:

~ = a (ho)2 (41)
pUJ x

Jenkins et a1. (1981) report measurements of bottom shear stress exerted by a jet parallel to a
smooth walL They indicate that although a dependence: 1b oc x-2 can be deduced from similarity
considerations, in agreement with the present analysis, the experimental results suggest a different
exponent. They propose the following relationship from a fit to their experimental data:

~ = 120 Re-O.4 (ko)2.4 (42)
PUJ 0 x

Beyond the difference in exponents of the power law relationships (41) and (42), the latter result
suggests that the parameter a is also a function of the jet Reynolds number Reo.

These results disagree with those of Hogg et al. (1997). They propose a different scaling for U
and h, which is expressed in general terms as:

U _ K R (I-2m) (hO)m
-- 1 eO -
Uo x

!!- = K R 2 (n-l) (~)n (,44)
ho 2

e
O ho

with the values m == 0.47 and n = 0.88 fitted by Wygnanski (1992) from experimental data. This
scaling leads to closures for Tb and We that are totally different with respect to those used in the
previous section. Indeed the following results are obtained:

Tb _ 8 K 2 K R 2 (1-2m)+2(n-l) (2 ) (hO)(2m-n+l)
---2 - 1 1 2 eo m-n -
p Uo X

We _ 8 K K R (1-2 m)+2 (n-l) ( ) (ho)(m-n+l)
-- - 2 1 2 eO n-m -
~ x

which lead to 1b oc x-LOB, with an exponent that is about half that reported by Jenkins et al (1981),
and We ex: X- O.59 , which implies that the entrainment is not zero as predicted by the analysis of the
previous section, but it decreases as x increases.

Further comparison with experimental data is needed to test the validity of the results obtained
herein and to resolve the apparent contradiction between the experimental results of Jenkins et a1.
(1981) and those used by Hogg et a1. (1997) that lead to a different behavior of the bottom shear
stress exerted by the plane jet.
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APPENDIXB

Mathematical model for the far field flow and sediment transport:
2D Turbidity currents

Conceptual model of flow

The flow can be separated in two different regions with different characteristics: a near field and
a far field. It is assumed here that the near field is the region where single jets interact eventually
producing a two-dimensional flow [1-2], and the far field region is where the flow can be
,considered as two-dimensional with negligible transversal variation of both the flow velocity and
the suspended sediment concentration. Figure 1 illustrates this idea.

'-----'---.--.-"'.-.. --- --- ------ ·,-,t~.:~--·--.­
r--- U,n C,n

Side view

.. -"­...... -.. "....... -

-U

- .. _~-

--" .._.... -_.. - ..

.. -.. ~ -" ....
-..... ....

I !i

I Xlp
i....' -----""----....

i iii, Far fieldi Near field

Top view

Figure l. Conceptual model of flow. The near field is characterized by the interaction
of single jets, while the far field can be considered as a 2D flow where there is no
transversal variation of the flow.

In the follmving sections this idea and the strategy to analyze the flow in each region are
explained.
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Analysis of near field

In the near field the single jets interact and generate a flow that can be considered as two­
dimensionaL Knystautas [1] has studied experimentally the interaction of round free jets
discharging from a sene of holes in lines. In his work Knystautas found that the flow can be
consideredquasi-two-dimensiona1 after 12 inter-hole distances, i.e. X20=12 s. In a later
analytical work about free plane jets discharging in line, Wang et al. [2] found that this distance
varies as the third power of the pitch s. It is worth noting that both authors found that X:m does
not depend on the opening size of the discharge, but only on the pitch s.

The near field analysis will describe the initial conditions for the far field model. These initial
conditions are shown as U20, h20 and C20 in Figure 1. In order to implement this idea D20, h20
and Cm must be determined as functions of the diameter of the jets, the initial velocity of the
jets, the separation between discharges.

The strategy of this analysis in being developed at the time that this report is being written.

Analysis of far field

The far field region is characterized by the two-dimensionality of the flow. Figure 2 shows the
conceptual model used in the far field for the flow. Therein a two-dimensional clear water jet is
discharging over a movable bed with constant slope S. The model considers a two-phase flow:
the fluid phase and the sediment phase. As a first approximation the sediment is treated a'S non­
cohesive sediment with settling velocity Vs and submerged specific gravity R.
The mathematical model of the flow is based in the four-equation, depth-averaged model
presented by Parker et al. [3] with the closure relations proposed by Garcia and Parker [4]. In
this model the flow is taken to be steady and fully turbulent, and the sediment concentration is
assumed to be small in order for the Boussinesq approximation to be valid.

The important layer-averaged quantities are flow velocity U, volumetric concentration of
suspended sediment C, layer thickness h, and level of turbulence K (layer-averaged value of
turbulent kinetic energy). The equations governing the flow read as follows:

dUb
--=wdx e

dU2h 1 dCh2
2

--= --Rg--. -I- RgChS - u.
dx 2 dx

dUCh
--=v,(E.-cb )dx . >

dUKh =u.2 U +~.U2W -13 h-Rgv Ch-l.Rgw Ch-l.Rgv h(E -c )dx . 2 e 0 s 2 e 2 s s b
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(5a, b)

(6)

where u" Es, We, Cb, and Co are the bed shear velocity, the sediment entrainment coefficient, the
water entrainment velocity, the near-bed sediment concentration, and the layer-averagedviscous
dissipation, respectively.

The closure relations are taken as follows:

Bed shear stress:

U,
2 =CD U 2 for momentum-driven flow, U,

2 =ciKfor buoyant-driven flow
where

C 0 1(
x j-l(U02ho )0,5 dOl

'D='-- ana=.
2ho / • v

HereUo and ho are the initial conditions for the far field model (U20 and h2o), and v is the
Idnematic viscosity of water. This relation has been taken from the work by Myers [6]. A new
relation win be determined from measurement using the real sediment.

Sediment entrainment:

5 {R 0.6Az u -7 u. p
Es = A ,A=1.3 10 , Zu =-f(Rp ), f(R p )=

l+-z 5 V s O.586Rp
123

0.3 u
,.--

Here R p =_.vRgDsDs is a Reynolds number defmed using the characteristic sediment size Ds,
v

the acceleration of gravity g and the submerged specific gravity of the sediment R

Water entrainment:
0.075

we =e wU , e =-( ) /2
w 1+718Ri2.4 1

where Ri = _Rg?h is a bulk Richardson number.
U

Near bed suspended sediment concentration:

( )

1.46

ro = 1+31.5 ::

TKE dissipation (should we solve an equation for epsilon?):

"( C )
j . 'D'-e l-Rl-2- +c? w ~
"" a

p= (C;')",
where Co' is a bed friction coefficient.
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Figure 2. Schematic of a jet-induced density current over an erodible bed. The jet
discharge induces an initial sediment resuspension that may lead to the development of a
self-sust.aining density current..

The coupling between phases is very important in the buoyant-driven flow region, and it is a key
feature that dictates whether or not a self-sustained flow develops. This coupling ocCurs at
different levels and scales. They are taken into account in the model in the buoyant term in the
conservation of momentum (second term of the r.h.s. of equation 2), and in the closure for
bottom shear stress by setting it proportional to the layer-averaged turbulent kinetic energy
I(equation 5)..

Preliminary studies on the characterization of the sediment (see Appendix C) suggest that the
sediment may behave as cohesive. In tum, it presents two different phases, one composed
primarily by fIne sediments, and the other composed by aggregated sediment. This also suggests
that some characteristics of the sediment, such as density and settling velocity, may differ from
one sediment phase to the other. More work is still needed in order to determine the shear and
time scales for aggregate breakup and formation. Future work will consider a three-phase flow, a
fluid phase and two sediment phases, in order to capture the cohesive behavior of sediment if
needed.
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APPENDIXC
Preliminary Report:

Characterization of solids from O'Hare reservoir

Abstract

Results of a series of experiments conducted to characterize sediment
properties of solids from O'Hare reservoir are presented. The LISST-ST
laser-diffraction instrument was used for the analyses. Different test
samples were prepared from the solids provided by MWRD. Solid
concentrations used in those samples varied between 2 and 20 mll!. Tests
'with and without disaggregated samples were made in order to estimate
the size of aggregate formation. The mean size of particles belonging to
the original samples (not disaggregated) is about 24.5 flm, and the typical
settling velocity is 0.05 cm/s, while corresponding values for
disaggregated samples were 10.8 J.lm and 0.008 cm/s, respectively.
Although more tests are needed, the results obtained so far indicate a
negligible dependence of the settling velocity on sediment concentration
and this applies to both the original and disaggregated samples. The mean
size of the aggregates found in the original sediment samples (not
disaggregated) was estimated indirectly, from particle size and
concentration distributions measurements. The results indicate that the
mean diameter of the aggregates is about 84 J.lm with a mean settling
velocity of 0.5 cm/s. Given the range of particles sizes found in this
preliminary study, it is concluded that this sediment can be considered as
cohesive.

Theoretical aspects of cohesive sediment

Cohesive sediment is composed predominantly by silt and clay, with particle sizes less
than 62 llm. In this size range inter-particle physico-chemical forces exist, which may
exceed. the effect of gravitational forces. Because of this, cohesive particles tend to attach
to each other, forming aggregates or floes as a result ofparticle-particle interactions.

Flocculation is a phenomenon involving the formation of floes and their subse.quent
settling. Through flocculation, even the finest material transported in suspension ill a
water flow (silts and clays) can eventually get deposited on the bottom, in cases for which
those fine particles would never reach the bed through sedimentation as individual
particles.

The process of aggregation is defined as a set of mechanisms by which floc size, density
and strength (resistance to breakup or disaggregation) are established, as functions of
cohesion, size and organic content. Such process depends also on flow-particle and
particle-particle (or floc-floc) interactions. A floc may originate in the water column or
just above the bed. There it may deposit to the soft mud layer and become part of bed, or
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it may be broken into smaller particles which are picked up by the flow to begin a new
flocculation process.

Floes or aggregates are fonned by the attachment of a number of sediment particles that
get together due to collisions. This flocculation process is governed mainly by three
processes:

1. Brownian motion of fluid molecules, which causes collisions between them and
individual solid particles, exerting forces that move the particles in random directions
increasing the chances for particle-particle collisions.
2. Small-scale turbulent eddies exert drag forces that, like Brownian motion, impart
random motion to particles of sizes similar to those eddies.
3. Differential settling, associated to different particles sizes having different settling
velocities. This effect may increase or decrease flocculation, depending on how high the
concentration of sediment is. Particles with large settling velocities tend to overtake
particles with smaller settling velocities, such that collisions between these particles may
result in flocculation.

Factors that enhance the flocculation and the floc sizes are, for instance, increasing
concentrations of sediment and organic content, which makes the binding forces between
particles large. With increasing organic content floes become larger, but their d~n$ity

decreases. In still water, due to differential settling, the floes may grow to larger sizes
compared with those in a turbulent flow situation. Other factors that affect the
flocculation are salinity and temperature ofwater.

Flocculation occurs for particle sizes smaller than about 10-15 microns, in combination
with large concentrations. Flocculation is dominant for concentrations bel'Neen 300 lllg/l
and 1000 mg/I. For smaller concentrations flocculation processes still exist although they
are of smaller importance (Krone, 1962).

Shearing forces larger than the strength of floes can break them up. Large shearing forces
usually exist near the bottom of water currents where the velocity gradients are larger
than in the rest of the water column. Also large shearing forces exist within small eddies
distributed everywhere in the fluid. Indeed, in turbulent flows, fluctuating forces. may
produce a continuous process of flocculation and break-up resulting in a dynamic
equilibrium of the floes size and concentration.

Experimental research regarding cohesive sediment suspensions in annular flumes has
produced the following main conclusions:

-The lower the particle concentration, the lower the flocculation.
-Sheanrelocitiesnear the bottom control floes deposition and erosion.
-'tbe: critical bottom shear stress ('tb) below which the flocculation process begins. Lower
values of the bed shear stresses (tb< 'tbe) imply flocculation.
-tbful! ; bottom shear stress below which all sediment is deposited by flocculation.
-'tbe and 'bful1 depend on the type of sediment.
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Different researchers have found different values of the threshold shear stresses tbc and
'tbfull, depending on type of sediment and water salinity. A summary of these results is
presented in Table 1.

Table 1 Summary oflimit shear stresses for deposition by flocculation according to
different studies

R--~:-TConcentration Type of
-

Facility Sediment 'tbfull (N/m
2
) (N I 2)esearc ers, (mg/l) water

'tbe _ 1 lm
--f----

Annular
--

Mehta y
Partheniades 300 a 10000 flume Kaolin Distilled 0.15 -

(1975) (laboratory)
Annular -

Krone <300 flume 0.06- -1962)
(laboratory)

Mehta (1984) Anular flume
& Winterwerp 100 a 1000

(laboratory)
Kaolin Distilled 0.15 14

(1991)

Mehta (1984) Lakes and
--

Anular flume
& Winterwerp 100 a 1000

(laboratory)
rivers of - 0.06 to 0.1 "'

(1991) Holland

Partheniades Anular flume San

(1986)
100 a 300

(laboratory)
Fransisco Ocean - 0.065 to 0.07

Bay

Methodology and Instrumentation

Different techniques exist for measuring particle size distribution and settling velocity.
In this study a laser-diffraction instrument, USST-ST was used. This instrument
measures size distribution, concentration, and settling velocity distribution of suspended
particles. The main advantage of using the USST-ST is that no assumption of particle
density is necessary for determining the aforementioned variables. The range of particle
sizes measured by USST-ST (Type B) is 1.25 to 250 ~m. A multi-angle technique is
used by LISST-ST, relating scattering angle to particle size. Diffracted laser light is
collected in several rings and the diameters of these rings vary logarithmically as
presented in Fig. 1. Large particles are described by small angles and consequently
belong to inner rings. Since the diameter of these rings varies logarithmically, the size
classes are also ordered logarithmically. These size classes are shown in Fig. 2.

30



10

{) 5 10 15 20 25 30 Ring No. 35

10

Fig. 1: Mean size of the Ring

•
2511;

.'HlO·.17C I

I
i
1
I
~

I
---.--,------r---..,.---,..----r--.-~---_l

{) 2 3 4 5 6 7 8 Size class 9

Fig. 2: Size class vs. Particle sizes

31



Samples of water-solid mixtures with different concentrations were prepared using solids
from O'Hare reservoir provided by MWRD. Two different types of samples were
prepared: disaggregated and non-disaggregated, denoted McD and Mc, respectively. The
disaggregated samples were created by means of mechanical mixing and blending of
water-solid mixtures using the solids provided by MWRD, in order to break down and
eliminate aggregates and flocs that are originally present in those solids. Using the USST
instrument, the samples were analyzed to obtain particle size distributions and
corresponding partic~le settling velocities.

Data analysis

Particle size distribution

The particle size distribution associated with each sample of both series Mc and McD, and
their corresponding concentration, is shown in Table 2 and Fig. 3.

Table 2. Particle-Size Distribution

Particle 1.74 3.38 6.56 12.74 24.7 47.91 92.91 180.17 Total I

Diameter (j.l.m) Conentration I
1-'

% Finer (j.l.1I1)

-1
Sample

Mel 8.26 27.76 44.66 60.63 76.60 90.53 95.26 100.00 5385
Me2 12.12 33.12 51.21 66.56 80.37 92.49 96.45 100.00 6190
Me3 14.30 35.49 53.36 67.91 81.44 91.80 96.09 100.00 19585 \
Mc4 17.99 37.46 53.82 67.83 80.53 89.10 93.38 100.00 12840 I

Mc5 27.65 41.47 57.09 71.68 83.21 91.40 96.16 10b.00 1953 IMc6 25.66 42.36 56.09 69.45 81.74 90.69 94.93 100.00 8380 ,
MeDl 27.20 49.07 69.33 81.87 90.93 96.27 98.35 100.00 18750

1

MeD2 26.00 52.35 73.15 86.32 95.82 99.15 99.69 100.00 14423
MeD3 23.91 49.11 70.44 84.65 94.73 98.80 99.52 100.00 15475
McD4 23.60 48.89 69.80 83.96 94.08 98.13 99.02 100.00 14828 I

IMcD5 24.95 50.19 71.87 85.95 95.57 98.87 99.47 100.00 16830 I
McD6 19.91 46.46 69.03 83.63 94.25 98.36 99.20 100.00 11300

j

!
McD7 18.85 46.45 66.96 82.49 94.71 98.63 99.20 100.00 6631 I
McD8 18.18 45.90 67.54 82.61 93.96 98.37 99.20 100.00 5774 I
McD9 18.38 44.07 65.15 80.29 93.81 99.08 99.54 100.00 3669 I

Fig. 3 reveals that the particle size distribution of the McD samples is finer than that of
the Me samples. The McD samples show an amount of clay-size material betvleen 22%
and 32% in weight while those values decrease to between 10% and 29 % for the Me
samples.
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Fig. 3. Particle-Size Distribution

Settling velocity

A summary of the settling velocity of each particle size fraction for each of the samples
tested, obtained using the LISST instrument is shown in Tables 3 and 4.

Table 3. Settling velocity of Me samples (cm/s)

Particle Diameter 1.74 3.38 6.56 12.74 24.7 47.91 92.91 180.17

(~m)

Mel 5.46E-04 2.44E-03 4.32E-03 1.69E-02 5.44E-02 2.59E-Ol 6.85E-Ol 833E-Ol
Me2 4.78E-04 1.65E-03 3.56E-03 9.42E-03 3.03E-02 1.44E-Ol 3.82E-Ol 8.33E"01
Mc3 6.92E-04 1.25E-03 2. 11E-03 1.14E-02 4.48E-02 2. 13E-Ol 6.85E-Ol 8.33£-01
Mc4 3.18E-04 3.56E-03 4.32E-03 1.39E-02 4.48E-02 1.19E-Ol 3.14E-Ol 6.85E-Ol
Me5 1.95E-04 2.53E-04 7.60E-04 7.75E-03 4.48E-02 3.14E-Ol 8.33E-Ol 2.59E~01

Mc6 1.95E-04 8.43E-04 9.46E-04 7.75E-03 3.03E-02 1.44E-Ol 5.64E-Ol 1.01Et--OO
f---.-----

7.42£-01Mean Value 4.04E-04 1.67E-03 2.67E-03 1.12E-02 4. 16E-02 1.99E-Ol 5.77E-Ol
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Table 4. Settling velocity ofMcD samples (cm/s)

Palticle 1.74 3.38 6.56 12.74 24.7 47.91 92.91 180.171
Diameter (IlOl)

MeDl 8.92E-04 1.65E-03 2.89E-03 7.75E-03 2.50E-02 2. 13E-01 2.21E+00
MeD2 6.35E-04 1.49E-03 2.11E-03 6.38E-03 1.69E-02 4.48E-02 2. 13E-01
MeD3 6.92E-04 1.65E-03 2.11E-03 6.38E-03 2.05E-02 8.03E-02 3.82E-01
MeD4 7.60E-04 1.49E-03 2.11E-03 1.14E-02 3.69E-02 1.75E-01 8.33E-01
MeDS 1.36E-03 1.85E-03 2.89E-03 1.14E-02 3.03E-02 8.03E-02 2.59E-01 3.14E-01
McD6 7.60E-04 1.49E-03 2.44E-03 7.75E-03 2.05E-02 6.6IE-02 2.59E-01 3.14E~Ol

MeD7 5.10E-04 1.65E-03 1.65E-03 1.14E-02 3.69E-02 9.76E-02 1.44E-01 1.75E-01
McD8 5.10E-04 1.36E-03 1.85E-03 1.14E-02 3.03E-02 9.76E-02 4.64E-01
McD9 1.95E-04 1.25E-03 2.1IE·03 1.39E-02 3.69E-02 2.59E-01 2.59E-01 1.44E'O~

Mean Value 7.02E-04 1.54E-03 2.24E-03 9.76E-03 2.82E-02 1.24E-01 5.58E-01 2.3713-01

Mean diameter and mean settling velocity

The computed dso, mean diameter, dm, and settling velocity associated with dOl, Ws, of
each of the samples of series Mc and McD are shown in Tables 5 and 6, respectively. For
the Me samples, these results show a variation of dso in the range 5.2 to 8.1 /lm, witb a
mean value of about 6.0 fJ.m, and a variation of dm in the range 23.3 to 27.5 pm, with a
mean value of about 24.5fJ.m. The corresponding settling velocity is in the range 0.03 to
0.07 cm/s with a mean value of about 0.05 cm/s. For the disaggregated samples (series
McD) the dso values show a slight variation in the range 3.2 to 4.0 fJ.m, with a mean value
of about 3.3 fJ.ffi, while the dOl values are in the range 8.8 to 12.2 fJ.m, with a mean value
of about 10.8 fJ.m. The corresponding settling velocity is in the range 0.004 to 0.012 em/s
with a mean value of about 0.008 cm/s.

Table 5 Mean Diameter, weighted mean diameter and
weighed mean settling velocity ofMe samples

Sample d50 (~un) dm(~) Ws (cmls)

(1) (2) (3)
,..--

23.32Mel 8.1 0.050
Me2 6.2 23.36 0.028
Mc3 5.8 27.49 0.070
Me4 5.5 26.98 0.070
McS 5.2 21.95 0.035
MeG 5.15 24.01 0.029
Mean 6.00 24.52 0.047
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Table 6 Mean Diameter, weighted mean diameter and
weighed mean settling velocity ofMc samples

I Sample dso (!-lm) dm (/lm) Ws (em/s)
I (1) (2) (3)

I McDI 3.4 10.9 0.007
McD2 3.3 8.8 0.004
McD3 3.2 9.6 0.004
McD4 3.2 11.5 0.009
MeD5 3.2 9.7 0.008
McD6 3.3 11.5 0.007
MeD7 3.7 11.4 0.009
MeDS 3.7 11.62 0.010
MeD9 4 12.18 0.012
Mean 3.3 10.8 0.008-

In general, this sediment can be characterized as silty clay, with a mean content of clay­
size matelial of about 27 % and with about 50% in weight of particles smaller than 10
!-tm, for both Mc and McD samples. This value, 10 !-tm, corresponds to the particle size
below which it is considered that the sediment has cohesive properties and is affected by
flocculation-driven settling.

Figure 4 shows a plot of the mean settling velocity, Ws, as a function of the mean
diameter, dm, of each of the samples tested in the Mc and McD series (values from
columns (2) and (3) in Tables 5 and 6).

As it is apparent from FigA, the settling velocity obtained for both the Mc and McD
samples does not show a strong tendency to change with concentration, although in the
former case ws tends to slightly increase as the concentration increases. What is clear is
that the Mc sanlples exhibit a larger settling velocity (about 0.05 cm/s) than theMcD
ones (about 0.008 cm/s). This simply responds to the larger values of dm observed in
those samples with respect to the disaggregated ones. These results indicate that
aggregates are present in the solids obtained from O'Hare reservoir. Those aggregates
increase the mean diameter of the sediment samples and also increase the mean settling
velocity of the solids.

Mean-Size of Aggregates in McCook samples

In order to estimate the mean size of floes or aggregates in the solids samples from
O'Hare reservoir, an indirect analysis was done. Tables 7 and 8 show the concentration
corresponding to each particle size fraction in the Me and McD samples.
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Table 7 Concentrations for Me Samples

- Total concentrations Total
1.74 3.38 6.55 12.74 24.7 47.91 92.91 180.17 Cene.

ulll
Mel 8.26% 19.50% 16.90% 15.97% 15.97% 13.93% 4.74% 4.74% 5385
Me2 12.12% 21.00% 18.09% 15.35% 13.81% 12.12% 3.96% 3.55% 6190
Me3 i 14.30% 21.19% 17.87% 14.55% 13.53% 10.37% 4.29% 3.91% 19585

~~~ l;~::~~
19.47% 16.36% 14.02% 12.69% 8.57% 4.28% 6.62% 12840
13.82% 15.62% 14.59% 11.52% 8.19% 4.76% 3.84% 1953

Me6 25,66% 16.71% 13.72% 13.37% 12.29% 8.95% 4.24% 5.07% 8,38

Mean Me 17.66% 18.62% 16.43% 14.64% 13.30% 10.35% 4.38% 4.62% 9055

Table 8 Concentrations for McD Samples
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Total concentrations Total
1.74 3.38 6.56 12.74 24.7 47.91 92.91 180.17 Conc,

u]Jl

McDl 27,20% 21.87% 20.27% 12.53% 9.07% 5.33% 2.08% 1.65% 18750
McD2 26.00% 26.35% 20.80% 13.17% 9.50% 3.33% 0.54% 0.31% 14423
McD3 23.91% 25.20% 21.32% 14.22% 10.08% 4.07% 0.71% 0.48% 15475

IMcD4 23.60% 25.29% 20.91% 14.16% 10.12% 4.05% 0.89% 0.98% 14828
McD5 24.95% 25.25% 21.68% 14.08% 9.62% 3.30% 0.59% 0.53% 16830 IMcD6 19.91% 26.55% 22.57% 14.60% 10.62% 4.12% 0.84% 0.80% 11300
McD7 18.85% 27.60% 20.51% 15.53% 12.22% 3.92% 0.57% 0.80% 6631 I

I
McD8 18,18% 27.71% 21.65% 15.07% 11.34% 4.42% 0.83% 0.80% 5774 I
McD9 18.38% 25.68% 21.09% 15.14% 13.52% 5.27% 0.46% 0.46% 3660 J

MeanMcD 22.33% 25.72% 21.20% 14.28% 10.68% 4.20% 0.84% 0.76% 1196f_.

The difference between mean concentrations in McD and Mc samples corresponding to
the same particle size fraction is shown in Table 9.

Table 9 Difference between concentrations in Mc and McD samples

The mean concentration difference, in percentage, between McD and Mc samples shown
in Table 9 is positive for particle size fractions smaller than 12.74 !-Lm and negative
otherwise. This result indi.cates that there is a larger amount of particles with a size
smaller than 9.135 !-Lm (which is the upper limit of the size fraction that has 6.56!J.m as
mean di.ameter) in the McD samples than in the Mc samples. The smaller particles
present in the disaggregated samples, apparently, take part in the aggregate formation in
the Me samples.

A graphic version of this analysis is shown in Fig 5.
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As shown in Table 10, the accumulated concentration difference between samples MeD
and Me in the range of sizes 1.74 to 6.56 /lIl1 is 16.55%.

Defining I as:

Where Mean Me denotes the mean concentration of a particular size fraction in the Mc
samples and Mean McD denotes the mean concentration of the same size fraction in the
McD samples. The values of I obtained from the present analysis in the range of sizes
12.74 to 180.17 jlm are shown in Table 11. The accumulated value of 16.55% represents
an estimation of the amount of floc concentration in Mc samples.

Table 10 Increment of particle concentration in the range of sizes between 1.74 to 656
jlm in series McD with respect to Mc

16.55%

Table 11 Increment ofparticle concentration in the range of sizes between 12.74 to
180.17 jlm in series Mc with respect to McD

Particle Diameter 11m 12.74 24.7 47.91 92.91 180.17
Mean Me- Mean MeD 0.36% 2.63% 6.15% 3.54% 3.86% 16.55 % I

(Mean Me - Mean MeD) ! Mean Me 2.48% 19.75% 59.43% 80.91% 83.60%

Mean Diameter of Floes

Using Table 11, the mean floc diameter in the samples from O'Hare reservoir was
calculated from a weighed average considering the percentage (Mean Mc - Mean McD)
in which the mean concentration in each size range increases due to the presence of floes.
The mean diameter of flocs present in the solids from O'Hare reservoir is 84 /lIl1 and its
corresponding settling velocity is 0.5 cm/s.
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APPENDIXD

Cohesive Sediment Experiments in Laboratory with Annular Flume

Introduction

The processes of deposition, consolidation, and erosion of cohesive sediment are
controlled by a complex array of physical and chemical factors that are only partly
understood. As yet it is not possible to predict the behavior of cohesive sediments from
their physical and chemical properties alone, and some empirical relations must be
develop for engineering computations. The annular flume has been recognized as the
appropriate apparatus in the investigation of the properties of cohesive sediments.

Materials

Annular Flume

The annular flume consists of a ring-shaped flume in which the flow is driven by the
differential motion of the ring in contact with the fluid and the channel (see figure 1). The
use of annular flumes has several advantages in cohesive sediment research. The motion
to the fluid is transmitted by mean of wall roughness, which prevents floes to be broken
up by pumps. In this way the aggregate structure of the suspended sedimen.t is preserved
during the experiment (Krishnappan 1993). In addition, since there is no inflow or
outflow condition; once steady state is achieved; the flow is fully developed over the
entire bed (Spark et a11993).

The annular flume used in this study was constructed by Engineering Laboratory Design,
Inc. of Lake City, Minnesota. The channel is made of laminated fiberglass and it has one
Plexiglas window. It is supported by a five-leg frame of welded steel structural tubirlg.
The flume rests on an aluminum board with a steel ring that runs on five rollers. The
flume has an inner radius of 55 em, an outer radius of 75 cm, and is 45 em deep. Seven
taps were installed at 5-cm intervals on the outer wall of the flume in order to take water
samples at heights ranging from 5 to 35 em. Another tap installed at a height of 18 em
was used to add clean water to the flume after samples were taken so that the volume of
water inside the flume remained constant. Figure 2 is a photograph of the sampling taps.

The lid is made ofPlexiglas bolted to a steel frame mounted on a threaded shaft. The lid
can be moved up and down on this shaft to allow for flow depths between 20 and 40 em,
and a large nut holds it at the desired vertical position. Three holes were cut into the lid
in order to insert various measuring devices into the flow. The holes were sealed with
Plexiglas caps when not in use. A painted wooden shelf was put on the support arms of
the lid to hold a laptop computer and the data logger for the ADV.

The lid and the channel are each equipped with a digital signal conditioner manufactured
by Electro-Sensors. The convert shaft speed measured with magnetic sensors to analog
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Methods

Description of experiments

Two types of experiments are going to be performed with the annular flume: deposition
tests and erosion tests. In a deposition test, the flume is first set to a high speed to ensl.,U'e
complete mixing throughout the water column. Then the speed of the flume is quickly
lowered to the desired setting. The evolution of the suspended sediment profile is usuany
measured periodically by taking samples from the flume, and then adding clean water so
that the total volu.rne remains constant. The results of deposition test indicate how much
sediment stays in suspension for a given bed shear stress and bulk concentration of
sediment.

While deposition tests begin with a water-sediment slurry, erosion tests start with a 11at
bed previously deposited by a water-sediment slurry. Suspended sediment concentration
is monitored for a given bed shear stress. Once equilibrium has been reached, the shear
stress is abruptly increased. Resuspension tests measure the critical shear stress for
erosion, as well as the erosion rates for different bed shear stresses (Lau and Droppo
2000).
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Figure 1. The Annular Flume.
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Figure 2. Sampling Taps.
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APPENDIXE

Flow structure in the near field of parallel wall jets in McCook reservoir.
Numerical simulations using FLOW3D

.Jets confignration:

Nozzle diameter: d= 0.10 m
Pitch: s = 1.00 m
Jet velocity: Uo: 1 mls
X domain: 10 m (100 cells)
Y domain: 5.0 m (100 cells)
Z domain: 2.0 m (30 cells)

Fig. 1 Parallel wall jets configuration
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Results:

The results obtained are plotted at 30 seconds, when the flow field generated by the jets is still
developing.

Figs. 2 to 5 show a top view ofthe flow field (x - y plane) at different elevations in z (vertical).

Fig. 6 shows the flow field in the x - z plane for the three central jets (at y = -2.0 m, y =-1.0 m,
and y =0.0 m)and cross sections (y - z planes) at different x positions.

The color code for the plots of the velocity field is in Fig. 6.

2

> 0

-1

-2

x

Fig. 2 Plan view of the flow velocity field at K = 1: z = 0.017 m from the bottom wall.
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Fig. 3 Plan view of the flow velocity field at K =2: z =0.05 m from the bottom walL
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Fig. 4 Plan view of the flow velocity field at K = 3: z = 0.083 m from the bottom walL
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Fig. 5 Plan view ofthe flow velocity field at K =4: z =0.117 m from the bottom wal1.
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Fig.6 Flow field in the three central jets (x - z planes) and cross sections (y - z planes) at
different x positions.
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APPENDIXF

Experimental study on flow structure and erosion in the near field of jets

Experiments

The experiments are being conducted in an existing water tank (7.3 m by 2.7 m horizontal area
and 2.3 m height) having a plate 5.4 m long and 2.5 m wide, with adjustable slope, representing
the bottom of McCook reservoir. A partition that generates a channel 0.3 m wide is being used
with a bottom slope of about 1.5%. A plane wall jet is discharged into the channel, parallel to the
bottom (Fig. 1). Two different situations are being analyzed using either a fixed bottom or a .
movable bed formed with a fine quartz material provided by U.S. Silica Company, having a
mean size of about 19 to 45 pm. During the experiments the flow field generated by the jet
discharge is monitored by means of an array of 4 synchronized ADVs (Acoustic Doppler
Velocirneter). Erosion rates are registered by means of video recordings of the erosion process.
Sediment concentrations generated by the entrainment process are measured through samples
taken from the water column.

STL\GNANT AMBIENT WATER

H

Fig. 1 Plane wall jet parallel to channel bottom.

Flow structure inthe near field of plane wall jet

.. An example of the results obtained, corresponding to the flow velocity structure induced by a
wall jet parallel to a fixed bottom, is shown in Fig. 2. The jet flow velocity was Uo = 0.73 mis

and the jet height hO= 0.0225 m, which define a value of the jet Reynolds number Reo = 16330.

A recirculation zone in the vicinity of the jet discharge and the expansion of the jet in the x
direction are evident from the data. The corresponding turbulent kinetic energy and total (viscous
plus turbulent) streamwise shear stress distributions are show in Figs. 3 and 4, respectively.
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Following the procedure outlined in Appendix A, Fig. 5 shows the estimated values of the bed
shear stress exerted by the jet, using the rate of change of streamwise momentum along the
channel obtained from the velocity information of Fig. 2. A power law was fit to the data and a
decay 0 f the bed shear stress with x -1.4 is obtained.
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Fig. 5 Variation ofbed shear stress along the centerline of the channel.

..

•

52



Erosion in the near field of plane wall jet

The scour generated by a plane wall jet similar to that characterized in Figs. 2 to 5 is illustrated
through the sequence of video images of the process shown in Fig. 6. It can be seen in those
images that the sediment bed is eroded by the wall jet, such that a front that moves in the
streamwise direction is created, that separates the completely scoured bed from the sediment bed
downstream.

•

Fig. 6 Sequence of images of the bed erosion process generated by a wall jet. Image a)
corresponds to a time l == 15 min after initiated the experiment; b) t =25 min; c) t =40 min; d) t =
55 min.

The image information obtained can be used to track the position of the front in time, and from
that to obtain the erosion rate generated by the wall jet. The results obtained from this analysis
for the experiment shown in Fig. 6 are presented in Fig. 7, where the front position and the
erosion rate are plotted as a function of time. The erosion rate, or velocity of the scour front,
decreases as the front moves away from the jet discharge, as the flow velocity and bed shear
stress decay away from the source of momentum. It is interesting to note, as it can be observed in
Fig. 6, that the angle of the front with respect to the bottom alternates between almQst 90" to
about 45

0

, and this defines a stepwise advancement of the tip of the front. Starting from a vertical
front, the bed is eroded with the tip of the front more or less fixed, until a front angle of about
45

0 is obtained. After that, the tip is rapidly eroded, thus advancing downstream, until the front is
again vertical and the procedure repeats all over again. The effect of this erosion mechanism is
detected in Fig. 7, as the front location in that figure corresponds to that of the tip. This explains
the observed intermittent variation of the front velocity particularly during the first IOta 15
minutes ofthe experiment.
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Fig. 7 Location and velocity of the scour front as a funtion of time.

In the present experiments, the eroded sediment was transported downstream mostly in
suspension. As the momentum input by the jet discharge is completely dissipated by friction, the
only transport mechanism available at the end of the near field region is buoyancy, which drives
a turbidity current that is able to transport the entrained sediment to the downstream end of the
channel. In the channel reach of about 5 m long, no deposition of the suspended sediment
transported by thettJrbidity c.urrent was detected, although no erosion occurred either. This
behavior is promising as it validates the main design premise of the jetting system for the
management of solids in McCook reservoir: the far field transport capacity of the flow must be
large enough as to carry the sediment entrained by the jets away from the reservoir to the
drainage channeL
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