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CONVERSION FACTORS AND ABBREVIATIONS

Multiply By To Obtain
Length
kilometer (km) 0.6214 mile
meter (m) 1.094 yard
meter (m) 3.281 foot
Area 3
square meter (mz) 0.0002471 acre
Volume
cubic meter (m3) 35.31 cubic foot
cubic meter (m3) 1.308 cubic yard
cubic meter (m3) 0.0008107 acre-foot
Flow rate
cubic meter per second (m%/s) 35.31 cubic foot per second
cubic meter per day (m’/d) 35.31 cubic foot per day
Energy
kilojoules (kj) 0.00028 kilowatt hour

Temperature, in degrees Celsius (°C) can be converted to degrees Fahrenheit (°F) by use of the following equation:
°F=[1.8x°C]+32.

IV CONVERSION FACTORS AND ABBREVIATIONS
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were compared with simulations by MAC3D (Bernard,
1998) to help evaluate the capabilities of MAC3D to
simulate mixing dynamics in reservoirs, especially
those that will result in McCook Reservoir associated
with aeration. The mixing dynamics simulated by
MAC3D were much different than those measured in
Egan Quarry during stratified conditions. The discrep-
ancies appear to be directly related to violations of two
assumptions made within MAC3D: (1) density stratifi-
cation in the water body is minimal or not present, and
(2) surface heat transfers are unimportant and, there-
fore, may be neglected. In actuality, density stratifica-
tion was not only present in Egan Quarry but also was a
result of surface heat transfers. If aeration is used as
soon as combined sewage is discharged into McCook
Reservoir, however, heat transfers will probably be
insufficient to cause stratification, and the assumption
of little or no stratification should be valid. Therefore,
MAC3D may still simulate the mixing dynamics ade-
quately even if surface heat transfers are not incorpo-
rated into the model.

Mixing dynamics in the proposed McCook Reser-
voir with and without aeration were investigated by
Price and Tillman (1991) using the one-dimensional,
Corps of Engineers water-QUALIity model for Reser-
voirs, CE-QUAL-R1, (Environmental Laboratory
1982), with an oxygen submodel added. The oxygen
submodel simulates changes in oxygen and BOD by use
of first-order reaction kinetics. In simulating the effects
of aeration, it was assumed that oxygen was added to
the reservoir through surface interactions only and not
transferred from the rising bubbles of the aeration sys-
tem to the ambient water. Results of this model indi-
cated that, with sufficient aeration, the reservoir should
remain destratified, but anoxia would develop almost
immediately after filling and would persist while the
reservoir was being emptied. An algorithm was added
to this model to determine the amount of oxygen needed
to be supplied to the reservoir to keep dissolved oxygen
concentrations above 2 milligrams per liter (mg/L).
Results from these simulations were then used to help
design a preliminary oxygen-injection system. The oxy-
gen-transfer efficiency of such a system was assumed to
be a function of the height of the water column through
which the oxygen bubbles rose (the oxygen-transfer
efficiency, in percent, is approximately equal to twice
the water column depth, in meters). Therefore, if the
diffusers were placed at 46 m (150 feet) below the sur-
face, approximately 90 percent of the oxygen in the
bubbles should be transferred to the water. Results of

this modeling study indicated that with sufficient aera-
tion and with oxygen injection, the reservoir should
remain destratified and aerobic.

The design of McCook Reservoir has changed
since the original modeling study by Price and Tillman
(1991). The new design is for a smaller but deeper res-
ervoir: surface area of 395,000 m? (98 acres) compared
to the original area of 880,000 m? (218 acres) and depth
of approximately 77 m (250 feet) compared to the orig-
inal depth of 48 m (150 feet). The capacity of the reser-
voir is also less than the original design (27,000,000 m?
compared to the original capacity of 39,500,000 m’).
The design of the aeration system also has changed. The
original system was designed only to maintain destrati-
fied conditions, and consisted of a single linear diffuser
placed on the bottom of the reservoir, from which
1.2 m¥/s of air (amount of air reaching the surface of the
reservoir) would be released (Price and Tillman, 1991).
The new system was designed to maintain destratified
and aerobic conditions, and consists of 2,140 individual
coarse-bubble diffusers placed throughout the reservoir
in a rectangular grid design, from which 20.2 m>/s of air
would be released. This amount of air supplied by the
aeration system was based on results from CUP 0-D for
a continuous 40-year historical period with over 800
storms (U.S. Army Corps of Engineers, 1999).

CUP 0-D simulates air transfer through the surface of
the reservoir and from the rising bubbles of the aeration
system. CUP 0-D was developed and used because the
original one-dimensional model did not incorporate
oxygen transfer from the rising bubbles, and because
the model was determined to be ineffective in estimat-
ing the oxygen demand exerted by the combined sew-
age because it could not simulate BOD’s that vary
throughout a storm and vary throughout the day in the
reservoir. (The original model calculated oxygen
demands on a daily basis.) The oxygen-transfer effi-
ciency of the aeration system was assumed to vary with
the depth of the reservoir, similar to that used in the oxy-
gen-injection system of the previous one-dimensional
modeling study; however, in this case, oxygen is trans-
ferred from rising air bubbles, which are composed of
approximately 20 percent oxygen.

Because of the changes in the design of the reser-
voir and aeration system, the USGS, in cooperation
with the Corps, conducted a study to reevaluate the pos-
sible interactions related to temperature and dissolved
oxygen. In the study, the one-dimensional Dynamic
Lake Model (DLM), previously shown to be capable of
simulating changes in temperature and oxygen concen-

INTRODUCTION 3



trations in water bodies with surface heat transfers and
a bubble-diffuser aeration system, was used to deter-
mine (1) how important surface heat transfers should be
to the mixing processes in McCook Reservoir, (2) to
what extent stratification should develop with and with-
out aeration, and (3) whether anoxia will develop with
and without aeration. The results of these model simu-
lations are presented in this report.

APPROACH

To determine whether surface heat-transfer pro-
cesses should be important and result in stratification in
McCook Reservoir, DLM was used to simulate changes
in the distribution of temperature and dissolved oxygen
in the reservoir in response to a single designed event, a
1-in-100-year inflow. During this event, more than
25,500,000 m> (20,700 acre-ft) of combined sewage
will drain into McCook Reservoir over a 2- to 3-day
period and will keep the reservoir partly filled for about
28 days (H. Henneman, U.S. Army Corps of Engineers,
Chicago District, written commun., 1999). This event
was simulated for midsummer 1997. A midsummer
simulation period was chosen because a major influx of
combined sewage at this time should result in the worst
water-quality conditions in the reservoir (strongest
stratification and potentially lowest dissolved oxygen
concentrations). The year 1997 (beginning on July 12,
Julian day 193) was chosen because all of the meteoro-
logical data required by DLM were available from St.
Charles, Ill., approximately 50 km west of Chicago.

The reservoir will be designed such that the water
level in the reservoir during a 1-in-100-year event will
be at least 10 m below the surrounding land surface.
Hence, wind speed at the water surface may be much
less than that measured approximately 3 m above the
land surface at St. Charles. Therefore, simulations were
done to determine the range in potential effects of the
steep-sided, McCook Reservoir, using 100 percent (no
effect of the steep sides of the reservoir) and 10 percent
(maximum effect of the steep sides of the reservoir) of
the wind measured at St. Charles. DLM was incapable
of simulating changes in the reservoir if the wind was
completely eliminated.

Four simulations were done to determine the extent
of stratification and potential dissolved oxygen condi-
tions with and without the new proposed aeration sys-
tem and to determine possible effects of the steep-sided
walls in the reservoir. An additional simulation was
done to determine whether the air-flow rate of the ear-

lier proposed aeration system (Price and Tillman, 1991)
would maintain destratified conditions in the new—
smaller but deeper—proposed reservoir. In each simu-
lation, the reservoir was filled and emptied with the
design inflow and outflow for the 1-in-100-year event.

Simulation 1—Full wind, no aeration: This simula-
tion demonstrates base conditions in the reservoir if no
aeration system is in place and weather conditions at the
surface of the reservoir are similar to that just above the
land surface at the nearby airport at St. Charles, Ill. This
simulation is similar to one by Price and Tillman
(1991), but with new reservoir dimensions.

Simulation 2—Full wind, full aeration: This simu-
lation demonstrates the extent of stratification that
should be present in McCook Reservoir if the new pro-
posed aeration system (total air flow rate of 20.2 m/s)
is used and the wind at the surface of the reservoir is
similar to that just above the land surface at the nearby
airport at St. Charles, IlL.

Simulation 3—Full wind, moderate aeration: This
simulation demonstrates the extent of stratification that
should be present in McCook Reservoir if a total air-
flow rate of 1.2 m>/s (air-flow rate in the original
design) is used and the wind at the surface of the reser-
voir is similar to that just above the land surface at the
nearby airport at St. Charles, Ill. This simulation is sim-
ilar to one by Price and Tillman (1991), but with new
reservoir dimensions.

Simulation 4—Reduced wind, no aeration: This
simulation demonstrates the maximum potential effects
of the steep-sided walls of the reservoir if no aeration
system is in place. The daily wind data from St. Charles,
I11., are multiplied by 0.1.

Simulation 5—Reduced wind, full aeration: This
simulation demonstrates the maximum potential effects
of the steep-sided walls of the reservoir if an aeration
system, with a total air-flow rate of 20.2 m>/s, is in
place. The daily wind data from St. Charles, IlL, are
multiplied by 0.1.

DYNAMIC LAKE MODEL

DLM is a one-dimensional lake and reservoir
model modified from the DYnamic REservoir Simula-
tion Model, DYRESM (Imberger and Patterson, 1981)
by McCord and others (2000). These models are pro-
cess based and have been successfully used to simulate
changes in the vertical temperature and oxygen struc-
ture of many lakes and reservoirs around the world.
DLM is based on parameterizations of each specific
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mixing process, so site-specific model calibration is not
necessary. This feature of DLM is especially important
for examining mixing dynamics in reservoirs that have
not yet been constructed. DLM is based on a
Lagrangian layer scheme in which the water body is
represented by a series of horizontal layers, each with
uniform properties but variable thickness. Surface heat
transfers (short- and long-wave radiation, sensible heat
transfer, and evaporation) are modeled by use of Beer’s
law for short-wave radiation and bulk aerodynamic for-
mulae for the other processes. Mixed-layer deepening is
simulated as convective overturn resulting from cooling
and wind stirring at the surface and as seiche-induced
shear and billowing resulting from shear instability at
the pycnocline. Turbulent transport in the hypolimnion
is simulated as a diffusion-like process, with an eddy
diffusivity depending on the local density gradient and
rate of dissipation of kinetic energy. Inflows and out-
flows generally are confined to narrow regions adjacent
to the insertion and outflow levels of the water body
(Patterson and Imberger, 1989).

Changes in dissolved oxygen are simulated as a
function of mass transfers at the surface and reaction
processes within the water body (McCord and others,
2000). A mass transfer of oxygen is computed for the
area(s) at the surface near the rising plumes as a func-
tion of a reaeration constant and the gradient in oxygen
concentrations between the rising water and the air (sat-
uration). A mass transfer of oxygen also is computed for
the area at the surface away from the rising plumes as a
function of a different reaeration constant and the gradi-
ent in oxygen concentrations between the near-surface
water and the air (saturation). Reaction processes
include consumption of dissolved oxygen by BOD and
vertical diffusion of dissolved oxygen between adjacent
layers in the model. Consumption of dissolved oxygen
by BOD represents respiration by organisms, decompo-
sition of suspended organic matter, and oxidation of dis-
solved organic matter. Consumption of dissolved
oxygen by BOD is simulated in the water column and at
the sediment/water interface by use of different BOD
rates.

A bubble-plume submodel was added to the mod-
els described above to simulate mixing induced by bub-
ble-plume destratification systems (Schladow, 1992). In
this submodel, each diffuser is treated as a point source
of buoyancy, and the bubble plume is simulated by inte-
grating the equations for mass, momentum, and buoy-
ancy from the bottom of the water body to the surface.
As a simulated plume rises through each computational

layer, entrained water is added to the plume and the
plume density is changed. At any height, if the widths
of the rising plumes exceed the source spacing, the
plumes can interact and be treated as a line source (Rob-
ertson and others, 1991). If the vertical velocity of the
plumes decreases to zero, the water is detrained at that
height and a new plume is restarted as a new source at
the depth of the detrainments. The water detrained from
the rising plumes then is inserted into the water column
as a line source similar to tributary input. Therefore, the
detrained water affects only the computational layers
adjacent to the depth of the intrusion, but it will spread
out vertically as a result of other mixing processes
(Schladow, 1992).

In the present version of DM, oxygen transfer is
assumed to occur only at the surface of the reservoir,
and no oxygen is transferred from the bubbles to the
adjacent water. This assumption is similar to that made
in the CE-QUAL-R1 model used by Price and Tillman
(1991) in earlier simulations of McCook Reservoir.

MODEL INPUTS

Inputs to DLM include basin morphometry, meteo-
rological data, inflow and outflow data, and initial water
temperature and dissolved oxygen profiles. Daily aver-
ages of air temperature, vapor pressure, wind speed, and
inflow characteristics (temperature, specific conductiv-
ity, dissolved oxygen concentration, and BOD) are
used, whereas daily total values for inflows, outflows,
long-wave radiation (or average percent of clear sky),
short-wave radiation, and rainfall are used. To simulate
the operation of an aeration system, the total air-flow
rate (measured at the surface of the reservoir), number
of diffusers, depth of diffusers, and diffuser spacing are
required.

McCook Reservoir (fig. 1) will consist of three
basins: a small sump area, Stage 1, and Stage 2 (U.S.
Army Corps of Engineers, 1999). The basins will be
separated by weirs that will extend about 25 m from the
floor of the basin. The reservoir will have a total surface
area of about 395,000 m?, a maximum length of about
1,700 m, and a maximum width of about 425 m. In mod-
eling the reservoir, it was assumed that the weirs
between basins did not affect stratification. The total
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area and volume of the reservoir as a function of depth
are listed in table 1.

Table 1. Morphometry of McCook Reservoir, I11.

[Source: H. Henneman, U.S. Army Corps of Engineers, Chicago
District, written commun., 1999; Abbreviations: m, meters; mz,
square meters; m?>, cubic meters. All values represent that for all
three basins of the reservoir combined.]

Depth above Datum Area Volume
(m) (m? x 1000) (m® x 1000)
0.0 0.0 0.0
1.2 140.3 171.2
43 297.7 1,079.3
6.1 303.9 1,635.4
7.3 305.1 2,007.6
7.6 309.0 2,100.3

104 310.5 2,951.1
13.4 311.8 3,902.0
14.9 313.0 4,380.9
16.5 3145 4,858.9
19.5 3154 5,820.9
226 316.6 6,786.6
25.6 3173 7,738.5
317 330.8 9,769.8
35.0 356.6 10,946.6
40.8 356.6 13,029.3
50.0 3813 16,521.5
60.0 3953 204745
70.0 395.3 24,4275
77.4 3953 27,360.7

Meteorological data were obtained from St.
Charles, Ill., approximately 50 km west of Chicago,
from July to August 1997 and are illustrated in figure 2
for the dates during which the reservoir was simulated
to contain combined sewage. (For a full description of
the meteorological data, see Olson, 1998.) The precipi-
tation data used in the simulations were those measured
in 1997. The 1-in-100-year event affected only the
inflow to the reservoir, not the precipitation to the sur-
face of the reservoir.

During the 1-in-100-year event, it was estimated
that more than 25,500,000 m? of combined sewage will
drain into McCook Reservoir over a 2- to 3-day period
(H. Henneman, U.S. Army Corps of Engineers, Chi-
cago District, written commun., 1999) and that two
smaller storms will occur prior to treatment of all the
combined sewage stored in the reservoir. In the model

simulations, a volume of 16,500,000 m* is added on day
193, 5,000,000 m on day 194, and 4,000,000 m> on day
195 (fig. 3). The two smaller storms around days 203
and 210 result in small inflows on days 205 and 211.
The water quality of the inflows is assumed to be similar
to that used in the earlier water-quality study for
McCook Reservoir (Price and Tillman, 1991): water
temperature of 20°C, dissolved oxygen concentration of
6 mg/L, and a 5-day BOD of 30 mg/L. These values are
reasonable for inflows in July, but they would need to be
modified if the timing of the design event is changed.

Immediately after the 1-in-100-year event, com-
bined sewage stored in the deep tunnels will be treated
before those stored in the reservoir. About 6 to 8 days
will be required to treat the combined sewage stored in
the tunnels; therefore, simulated outflow from the reser-
voir did not start until day 201. From day 201 onward,
approximately 1,500,000 to 2,000,000 m?3 of combined
sewage is treated per day; however, because of the two
smaller storms around days 203 and 210, there is no out-
flow from the reservoir on days 203-205 and 210. Out-
flow from the reservoir is simulated to continue until the
water level reaches about 3 m. The following day, the
remaining combined sewage would be completely
removed from the reservoir.

The present design of the aeration system to be
installed in McCook Reservoir consists of 2,140 indi-
vidual coarse-bubble diffusers (180 in the sump area,
790 in Stage 1, and 1,170 in Stage 2) placed just above
the bottom of the reservoir (U.S. Army Corps of Engi-
neers, 1999). The diffusers will be distributed in a rect-
angular grid design, with spacings of approximately
7.6 m by 15.2 m. The total air-flow rate for this system
is planned to be 20.2 m?/s (air flow measured at the
water surface). The planned air-flow rate through each
diffuser will depend on its location (from 0.016 m>/s in
the sump area, to 0.011 m¥/s in Stage 1, to 0.008 m>/s in
Stage 2). The average air-flow rate through all diffusers
will be 0.009 m/s. In simulating the effects of the aer-
ation system, each diffuser is assumed to be 1 m above
the bottom, have an air-flow rate of 0.009 m3/s, and be
placed 7.6 m from adjacent diffusers.

In simulating the effects of the originally designed
line-diffuser system, a total of 1.2 m>/s of air
(0.0002 m?/s through each diffuser) is released through
5,276 individual diffusers (the number of diffuser heads
estimated to be needed to inject oxygen into the reser-
voir by Price and Tillman, 1991) placed 1 m apart and
1 m above the bottom of the reservoir.

6 One-Dimensional Simulation of Stratification and Dissolved Oxygen in McCook Reservolr, illinois.

































The Corps plans to use MAC3D to help design an
aeration system for McCook Reservoir. If an aeration
system, such as those examined here, is used in
McCook Reservoir, surface heat transfers should be
inconsequential and stratification should not develop.
Therefore, the assumption of little or no stratification
used in MAC3D should be valid, and the model may
simulate the mixing dynamics satisfactorily even if sur-
face heat transfers are not incorporated into the model.
Further development of a one-dimensional model that
incorporates oxygen transfer from rising bubbles of an
aeration system would be useful to help validate oxygen
algorithms in MAC3D and determine the relative
importance of oxygen transfer at the surface compared
to the oxygen transfer from air bubbles of an aeration
system.
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