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ABSTRACT

Tests of surface instream aerators and of bottom diffuser aerators were
conducted on the Delaware River near Philadelphia in order to determine
the practicability of induced oxygenation of deep navigable rivers.
Techniques used were based mainly upon those developed previously by
Rutgers University upon a smaller river, with special adaptations re-
quired to determine oxygen transfer rates, since the equipment affected
only a small part of the channel. The diffuser was tested at various
depths up to 38 feet, but its performance in pounds of oxygen per
horsepower hour decreased markedly in the deeper water. Performance of
the surface aerator appeared to be somewhat improved over results pre-
viously found in a shallower river. Cost estimates and systems analysis
led to the following conclusions:

(a) That induced oxygenation by aerators appears to constitute
an economical alternative to advanced waste treatment on the Delaware
River.

(b) That surface aerators can readily be reinforced to operate
economically on large rivers, but can only be used in areas where they
will not interfere with navigation.

(¢) That diffuser aerators of the type tested are closely com-
parable in economy to surface aerators, and can be used in port areas
without interference with navigation.

(d) That oxygen diffusers developed by others may provide an
even more economical means of induced oxygenation in waters subject to
navigation, provided certain problems can be solved.

This report was submitted in fulfillment of Grant No. 16080 DUP under
the partial sponsorship of the Environmental Protection Agency.

Key Words: Dissolved oxygen,* water quality control,* oxygen sag,*
aeration,” stream improvement,* stream pollution,
biochemical oxygen demand, dispersion, pollution abate-
ment, surface aerators,* air diffusers,® induced
oxygenation,® instream aeration.*®
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CONCLUS IONS

1. Induced oxygenation of deep navigable rivers by river aeration
appears to be an entirely feasible and economical alternative to advanced
waste treatment under appropriate conditions, costing approximately half
as much to achieve a given dissolved oxygen level on the Delaware River.

2. Mechanical surface aerators provide an economical means of
adding oxygen to deep rivers; but they may need to be reinforced struc-
turally, and can only be used for areas where they will not interfere
with navigation.

3. The submerged diffuser aerators, with coarse holes, have about
the same costs as surface aeratars for oxygenation of deep rivers. They
are relatively most efficient in waters 15 - 20 feet in depth. They
should not adversely affect navigation, except perhaps for small, rapidly-
moving craft, such as outboards. Their relative economy declines rapidly
where long underwater pipelines are required.

L. Based upon experiments of others, it appears that diffuser
aerators would have a much higher transfer rate if built with smaller
apertures. Diffusers with small apertures have been found to plug up
when not in use, due to both physical and biological causes. However,
means may be found to avoid the plugging.

5. On the bzsis of available estimates, oxygen diffusers developed
by others appear to be less costly than aeration, especially in deep
water. However, the problem of dispersion would have to be solved before
they could be used in a large navigable river.

vii



RECOMMENDATIONS

1. That in planning increased consideration should be given to the
possibilities of induced oxygenation of rivers, either by aeration or
oxygenation, or a combination of both, as appropriate to the circumstances.

2. That research and development should be continued upon oxygen
diffusers and fine bubble air diffusers, including means of minimizing

plugging of apertures, and of obtaining dispersion throughout the river
cross section.



SECTION I

INTR ODUCTION

In 1967 and 1968, the Water Resources Research Institute of New Jersey
conducted tests of instream aeration on the Passaic River, supported by
EPA grants (Phase I, 16080 DUP) and accompanying OWRR research projects
(B-010-N.J., B-0O11-N.J., A-Ol7-N.J., and B-002-N.J.). TFinancial support
also was provided by the Department of Conservation and Economic De-
velopment, State of New Jersey. The results, which have been reported
previously (1, 2, 3, L, 5) indicate that the artificial or induced aera-
tion of rivers may provide a more economical method of improving oxygen
levels than advanced waste treatment of effluents and that for small
rivers, surface aerators are more economical than diffusers. The present
study constitutes Phase II of the original program. It is based upon
field tests conducted upon the Delaware River in the summers of 1969 and
1970, The purposes of the study were to test both surface and diffuser
aerators on a wide, deep, navigable stream; to determine efficiency,
economy, and operating characteristics of these aerators; and to prepare
prototype designs and cost estimates of aerator installations appropriate
to such rivers.

The lower Delaware River, below Trenton, N.J., is designated as the
Delaware Estuary; and it is the sections between Philadelphia and Chester,
Pa., inclusive, which constitute the main problem area from the viewpoint
of water pollution (see map, Figure 1). The situation on the Delaware
Estuary is recognized nationally as a major water quality problem. It
was analyzed in a 1966 report (6) and has been the subject of much action
by the Delaware River Basin Commission. The situation is well summarized
in a recent paper (7) and a report (8). About LO miles of the river suffer
from insufficient dissolved oxygen at times, as shown in Figure 2. The
oxygen deficiency interferes with important runs of anadromous fish, be-
sides impairing the quality of the river for recreational and living pur-
poses. Adopted dissolved oxygen standards will require bringing minimum
daily average dissolved oxygen (DO) levels up to about 3.5 mg/l. The
cost of implementing this program is very great, of the order of $L0 mil-
lion annually;l and it will require a high degree of treatment. In view
of the economic importance of the situation, and the definitive evalua-
tion of the optimum program obtainable by means of treatment alone, the
Delaware Estuary provides an ideal situation to study the feasibility of
a program of instream aeration, to be used as a supplement to a (somewhat
reduced) program of effluent treatment.

1 Reference 7 indicates annual cost estimates of $L6 million and $3k.h
million, respectively, far two given cbjectives, the adopted plan ly-~
ing somewhere between them. Comparison of these figures, tiking into
account differences in dissolved oxygen objectives for various reaches
of the river, indicates that the annual cost of adding the last 1.0 mg/1
of dissolved oxygen to the critical section of the river would be over
$9 million annually.
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The Delaware River at the test site is about a half-mile wide. The nor-
mal tide range is about 6 feet. Just after high or low tide, the river
flows relatively quickly for a short time; then velocity decreases slowly,
usually ranging between 1 and 1% ft/sec, in water depths of 20 to 30 feet.
The main navigation channel is maintained at LO feet of depth, or over.

The demonstration project (Phase II) approved was for a year only, ending
30 November 1969, but notification of the grant was only given in May
1969, leaving little time for preparations. The tests of surface aerator
and diffusers were carried out during the summer of 1969 substantially as
planned, at a site near Camden, N.J. However, upon later analysis of
results and discussions with the Corps of Engineers and Delaware River
Basin Commission, it was found that, as regards diffuser aerators, the
conditions tested did not include water of sufficient depth. The require-
ments of navigation entirely preclude the use of surface aerators in port
areas and limit diffusers to areas outside the channels and anchorages.

In view of channel configuration and river dispersion characteristics,
diffusers must be utilized in water of 30 or even LO feet in depth along
considerable reaches. Since perfarmance at such depths had not been
tested, it was decided to postpone submission of the report and to arrange
for additional diffuser tests in deeper water in June 1970. The Federal
funds had by that time administratively terminated; but tests were conduct-
ed with remaining state funds.

During the final period of analysis, information was received indicating
that under some conditions use of pure oxygen may be more economical than
air diffusers. Also certain other types of air diffusers may be prefer-
able to those tested. These possibilities, although beyond the project
scope, are mentioned as a matter of perspective.

The first phase of the project was the field operations of the aerators
in Camden, N.J., described in Section II. As previously indicated, part
of the field operations took place during the second summer. The second
phase was the calculation of oxygen transfer of the aerators. (See
Section III.) In principle, this analysis resembles similar calculations
for the Passaic River aerators (1); except that subsequent laboratory
work has indicated a change in one of the constants. In practice, how-
ever, mich more elaborate methods were necessary to obtain oxygen uptakes
on the Delaware River, since, in the larger river, it is much more diffi-
cult to determine which portions of the flow are affected by the aerator.
Also, entirely different methods involving a gas chromatograph were re-
quired to obtain oxygen uptake of the deeper diffusers. Section IV
describes the dispersion field tests, using fluorescent dyes, and the
analysis required to determine dispersion characteristics of the river.

Once the transfer rates, navigation requirements, and dispersion character-
istics had been determined, it was possible to develop a series of proto-
type aeration sites which would be practicable oun such a river. Different
sizes are required, in order to apply to reaches needing more or less
supplementary oxygen. Cost estimates were prepared for these systems by
design consultants, Hazen and Sawyer. These considerations are covered in



Section VI. Section V is a discussion of a systems analysis of oxygen
characteristics of the Delaware Estuary, which derives an estimate of the
amount of supplemental oxygen required to raise the dissolved oxygen level
by a given amount, and draws inferences as to approximate costs of river
oxygenation by means of mechanical facilities.

This report incarporates mainly the work of the following:

William Whipple, project directar, general planning and coordination, basis
for design.

Joseph V. Hunter, Department of Environmental Science, water chemistry and
biochemistry.

Frank W. Dittman, Department of Chemical Engineering, field operations,
power estimates and gas chromatography.

Shaw L. Yu, Department of Civil and Environmental Engineering, oxygen
uptake and systems analysis.

George E. Mattingly, Department of Civil and Geologilcal Engineering,
Princeton University, dispersion analysis.

Francis P. Coughlan, Jr., and Melvin Stein, Hazen and Sawyer, design con-
sultation and cost estimates.

Personnel of U.S. Geological Survey, Trenton, N.J. and Washington, D.C.,
whose contributions are acknowledged elsewhere in this report.

Dr. Dittman was primarily responsible for Section II, Dr. Yu for Section
IIT and V, Dr. Mattingly for Section IV, and General Whipple for Sections
I and VI. Various students also assisted in field work or office opera-
tions.



SECTION I

FIEID OPERATIONS

Operating headquarters for the 1969 Delaware River tests was located in
Camden, New Jersey, at a pier projecting into the river from the east
bank. The pier is part of the Camden Sewage Treatment Plant, located
about midway between the Ben Franklin and Walt Whitman bridges. It was
generously made available by the city, free of charge, on recommendation
of the plant manager, Mr. John Frazee.

The mechanical and diffuser aseratars were located on a common north-south
centerline about 75 feet west of the end of the pier, and about 150 feet
downstream (see Figures 3 and L4). About 12 pile clusters or individual
pilings had to be driven into the bottom for several purposes--to anchor
the aerators, to support the necessary services extending outward from
the end of the pier, and to provide reference points for locating the
boats while instream measurements and samples were being taken. The Corps
of Engineers granted an official permit for the work, being in navigable
waters.

The services extending out from the pier included: (a) one 12-inch steel
pipe carrying compressed air for the diffuser aerator; (b) one LLO-volt,
3-phase, 200 KVA electrical supply cable for the mechanical aerator;

(c) one 3/h-inch plastic hose for Rhodamine B dye solution used in dis-
persion studies; (d) thermocouple wires and pressure leads of 1/h-inch
plastic tubing to an orifice meter used for air flow measurements.

The entire river installation had to conform to two navigation restric-
tions-~the space at the end of the pier had to be kept clear at all times
for the sewage plant sludge barge, and the navigational anchorage area
could not be infringed upon by any pilings ar equipment.

Compressed air for the diffuser aerator was supplied from the pier by the
same diesel-compressor unit used for the Passaic River Study in 1968 (see
Ref. 1). This was a Fuller Company Sutorbilt rotary positive blower with
silencer, driven by a 250 hp Cummins diesel engine, with muffler, through
a clutch and reduction gear assembly. Pressures up to 25 psi were obtain-
able. The fuel tank was elevated on a steel framework so that its bottom
was about two feet above the engine fuel intake. Air from the 12-inch
supply pipe, metered by the orifice plate connected to an inclined manom-
eter, was divided at the outward end into two 8-inch branches leading to
the two 8-inch underwater headers with a total of 160 diffuser nozzles.
Link-Belt 3/L-inch adjust-air diffuser nozzles, each having 12 openings
5/32 inches in diameter, were used.

The 75 horsepower Yeomans mechanical aerator was the same unit used in
the Passaic River study in 1967 and 1968 (Ref. 1); electric power for it
was supplied by a portable 200-kilowatt diesel-generator unit on the pier.
Switchgear for the electrical output was mounted in a small existing shed
near the outer end of the pier.
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Two trailers, one for the office and laboratory and the other for equip-
ment storage, were installed on the pier for the duration of the project.
110-volt power for the office-lab trailer was supplied from a line pre-~
viously installed to serve a floodlight at the end of the pier.

The installation of both aerators was completed on Friday, July 11, 1969.
During the following day, a brief but violent storm occurred at about

6 pm; as a result of wave action, the mechanical aerator, designed for
service in treatment plants or quiet waters, collapsed. It failed to
sink only because its supporting pontoons were undamaged; two of the

three radial pairs of steel channels were badly twisted, and the motor was
damaged by water (see Figure 5).

A revised design was quickly developed, using fabricated box girders in-
stead of simple channels for the radial members. Meanwhile, the motor was
dried out and reconditioned. The installation of the redesigned and re-
built mechanical aerator was completed on Friday, August 15. Initial
operation occurred August 18, and satisfactory operation was achieved on
August 21, after several problems were corrected (see Figure 6). The
diffuser aerator was not affected by the storm.

Two 1lh-foot open boats with 10 horsepower outboard motors were used far
direct instream measurements, for taking water samples, and far miscellan-
eous water transportation. Since the waters around the pier were complete-
1y unprotected against storms, ship wakes, and boat thieves, the boats
were kept at the nearest marina, about 3 miles away, and were brought to
the project daily. Additional boats and special equipment, used for a
few days during the dye dispersion studies, were furnished by the U.S.
Geological Survey office at Trenton. Their boats were stared temporarily
at the Gloucester Coast Guard Base, immediately south of Camden. One
boat each was also borrowed for dispersion tests from the Delaware River
Basin Commission and the Corps of Engineers Philadelphia District.

The data taken from the boats on a daily basis included instream measure-
ments of dissolved oxygen, temperature, velocity, depth, and boat position.
Numerous water samples were also taken to check the dissolved oxygen meter
readings against dissolved oxygen via Winkler titration. Samples of spent
air from the diffuser were also taken. When an aerator was operating, two
boats were used to make simultaneous cross-traverses, upstream and down-
stream of the aerators. Two men were needed in each boat to maneuver and
position the boat, and then to take oxygen and velocity data (see Figures
7 and 8). Daily data taken on the pier included atmospheric temperture,
pressure, and oxygen content, air flowmeter readings on the 12-inch supply
line, electrical data on the mechanical aerator drive, and operating data
on the two diesel engines. Also on the pier, Winkler samples previously
fixed in the boats were titrated in the office-laboratory trailer.

One of the complications of data-taking in a tidal estuary is the diurnal
tidal cycle; water is flowing upstream for about 12 hours of each 2L,

Random eddies, unpredictable mixing zones, and additional turbulence occur
where the incoming tide meets the outgoing river water. The direction of

10



4

B e e B B

===

=
=

< ‘ P - N
‘ - .

FIG. 5 SURFACE AERATOR DAMAGED BY STORM



¢t

FIG. 6

XXX

REBUILT SURFACE AERATOR IN OPERATION

1P > -y




STUDENT ASSISTANTS WITH DISSOLVED OXYGEN METER

FIG. 7

13
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the flow should not affect the performance of the aerators, but because
of the mixing phenomena, it would affect the accuracy of our oxygen input
calculations. For consistency, it was decided to operate the aerators
and take data only during the periods of out-going tide. This decision,
of course, required that data be taken at different time periods each day,
using the tide tables as a guide. Most of the work could be done in day-
light; on only a few occasions was there need to continue after sundown.

Two Delta Type 85 portable oxygen meters, previously used on the Passaic
River project, were available for the work on the Delaware. Results with
these portable instruments had been satisfactory, provided that they were
calibrated by the Winkler method at the beginning of each data-taking
period. These Type 85 meters, however, had cables only 6 to 8 feet long,
which were not adequate for the Delaware. Therefore, while some data
were taken with the Type 85 meters, portable polographic meters with
cables about }j5 feet long were obtained and used during most of the proj-
ect--a Delta Type 75 from another OWRR project at Rutgers, and a Yellow-
springs meter generously made available by the U.S. Geological Survey at
Trenton. Meters were calibrated at the beginning of each data-taking run
against the Winkler titration method, azide modification, using the same
sample of river water for both measurements. The meters were adjusted to
agree exactly with the Winkler method at the beginning of each run; data
taken during the run usually indicated a maximum difference of ¥ o.5 mg/1
between the two methods. During July and August, 1969, the Delaware
River at Camden usually contained 0.5 to 1.5 mg/l of oxygen except after
heavy general rains, when it increased to a range of about L to 5 mg/l.

The measurement of water temperature at or very close to the oxygen probes
is important for two reasons; it affects the meter readings, and it af-
fects the saturation concentration of oxygen in water. The Delta 85 and
Yellowsprings instruments are each equipped with a built-in thermistor
close to the oxygen probe, plus a measuring circuit. The temperature is
measured and recorded on the data sheet, and the temperature-compensating
dial of the instrument is set accardingly, before the oxygen measurement
is made. Since the Delta 75 lacks the temperature-measuring feature, but
still requires the setting of a temperature-compensating dial, it was
used in conjunction with a Model 380 electrical thermometer, made by RFL
Industries of Boonton, N.J. This thermometer has a cable of about the
same length as the Delta 75; in operation, the two cables were taped to-
gether.

Point values of river velocity to define the velocity profile were made

at various depths and locations, using weighted current meters, made by
Gurley Engineering Instruments of Troy, N.Y. These instruments had cables
about 50 feet long, so that velocity could be measured at any desired
depth, Prior to use on the project, these Gurley meters were recalibrat-
ed, using a moving boat technique in a swimming pool. Results agreed well
with the manufacturer's calibration. The manufacturer's calibrations were
used in making calculations from the data. The depth, at which each
point measurement of temperature, velocity, and oxygen concentration was
made, was obtained by means of red and black tapes fastened to the in-
struments' cables at 5-foot intervals.

15



The position of a given boat for a given measurement was determined by
reference to a coardinate system based on distances from the pier and from
various pilings or pile clusters. Distances of the boats from the refer-
ence points were obtained using calibrated ropes. Where possible, the
ropes were stretched between pilings. When working on the outboard side
of a single piling, the outboard motor had to be kept running to keep the
boat in position at the end of the rope. This method was required because
of the restriction against driving pilings in the navigational channel.

Ten to fifteen river water samples for Winkler analysis were taken as spot
checks on the meters during each traverse, usually at 1-foot depths only.
Standard 200-ml bottles with ground-glass stoppers were used. Samples
were "fixed" in the boats immediately after being taken; that is, the oxy-
gen content of the water in the bottle was converted to a chemically
equivalent quantity of iodine (Ip) in solution. Back at the office-lab
trailer, the iodine was titrated with standard Na»Sp03 solution to deter-
mine the original oxygen content.

The diffuser manifold, 80 feet long, consisting of two headers 5 feet
apart, was installed between two clumps of piles, supported so as to re-
main in a horizontal position, averaging about 13 feet below the surface.
At this depth the operating characteristics were excellent. The S5-foot
horizontal distance between the headers brought bubbles up in a fairly
uniform pattern, with an upward velocity which seemed to be perhaps 1.0
to 1.5 ft/sec (see Figure 9).

In a permanent installation, the clumps of piles actually used would be
objectionable to navigation interests. One of three alternatives would
be used:

(a) Lay the diffuser on a sloping bottom and vary the size of
diffuser apertures to correct (approximately) for the different depths.

(b) Use a support structure of some kind to hold the diffuser
horizontal despite a sloping bottom.

(c) Lay the diffuser upon a bottom which was either already level,
or was specially leveled priar to the installation.

It had been anticipated that the oxygen input to the Delaware in terms of
pounds or tons per hour might not be calculable accurately if based on a
small observed concentration rise multiplied by a large flow rate. Also,
the exact quantity of water passing through the aeration zone is diffi-
cult to determine precisely when only part of the stream is being aerated.
In the case of the mechanical aerator, there is no alternate simple,
available way of verifying the oxygen input based on water analysis and
flow rate. For the diffuser aerator, however, there is an available
method, namely, to take samples of the spent air and analyze them for oxy-
gen content. Then, knowing the flow rate and oxygen concentration of the
inlet air, it should be possible to calculate the oxygen input to the
water and the efficiency of absorption.

16



FIG. 9 OPERATION OF SUBMERGED DIFFUSER AFRATOR
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Samples of spent air were taken from a boat over the aeration zone, using
a large plastic funnel with its stem connected to a rubber hose. The
hose, in turn, was connected to sample bulbs with inlet and outlet stop-
cocks. With the stopcocks open, the funnel was inverted and submerged
over the aeration zone, and the spent air allowed to flow through for a
few minutes. After the bulb had been sufficiently purged, the stopcocks
were closed to trap the required sample.

Initial results, using 5 to 10 ml portions of each sample in the Beckman
GC-5 gas chromatograph, were disappointing. The same atmospheric air
sample, for instance, gave Oy contents varying from 19.5 to 22.2 volume
percent--good enough for some purposes, perhaps, but not for calculation
of the percent 0o absarbed. Obviously, the analyses of the Camden spent
air samples done in this way were not reliable.

The instrument manufacturer, when consulted about the problem and shown
copies of data from several runs of this degree of scatter, attributed
the error to unconscious variations in the operator's technique from one
trial to the next. The variations occurred in the rate at which the
operator pushed the plunger of the syringe when injecting the 1 ml
sample of gas. A Beckman Gas Sampling Valve of the manual type was then
obtained. This valve traps a portion of sample of constant volume in a
loop of capillary tubing; by turning the valve to the alternate position,
the operator then injects the sample at the same rate each time. By the
use of this device, 0, contents of various portions of the same air sample
ranged from, for example, 20.9 to 21.5 percent O2; the average for 5
portions of this sample was 21.1% Op. Other air samples gave results as
good or better.

The diffuser aeratar at Camden operated at depths averaging about 13
feet. It was determined after analysis and discussion of aerator results
with agencies concerned that the extensive pier and anchorage areas of
the Philadelphia port and the navigation channels would not permit use

of surface aerators; moreover that diffuser depths of up to LO feet in
some areas would be required. A search of tle literature did not dis-
close any basis upon which the performance of these or any other aerators
at depths of 30 to LO feet could be predicted. Accordingly, a decision
was made to carry on another set of tests using a diffuser aerator at
various depths in June 1970.

These tests were performed at a deep water pier on the west bank of the
Delaware River, about 3 miles upstream from the Camden test site, made
available through the courtesy of Brig. Gen. Allen F. Clark (rett'd),
director of the Philadelphia Port Corparation. At this pier a maximum
water depth of L4O feet was available, so that if a variable depth diffu-
ser with controllable air supply could be devised and spent air samples
could be taken, a correlation of percent oxygen absorption with depth
and air flow rate should be obtainable.

A 3-inch diameter steel pipe diffuser header, 6 feet long, was made up
with a 3-inch cap at one end and a l-inch hose connection at the other
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end. At 1-foot intervals there was a Link-Belt 3/L-inch Diffusair nozzle,
with 12 §/32-inch air outlets. This was the same kind of nozzles and the
same nozzle spacing as in the large diffuser previously used. The header
was suspended from an improvised hoist with a manually operated winch and
marked cable, so that the depth in the water could be controlled down to
the maximum of about LO feet. The axis of the header was horizontal and
it was held roughly perpendicular to the current by the air supply hose.

The header was supplied with air from a Jaeger gasoline-driven recipro-
cating compressor having a maximum output flow of 125 SCFM at 100 psig
pressure. The air receiver outlet was equipped for the occasion with a
manually variable pressure regulator so that, while the receiver pressure
rose and fell, and the compressor started and stopped automatically, the
pressure and flow rate of the air supplied to the header remained con-
stant.

From the pressure regulator, the air flowed through a Brooks rotameter
with a maximum capacity of 70.8 SCFM; the meter outlet was equipped with
calibrated temperature and pressure instruments and a sampling connec-
tion for collecting samples of the compressed air. The air then flowed
through a standard 1l-inch compressed air hose about 50 feet long to the
air header in the water.

During the operation, 19 spent air samples and L compressed inlet air
samples were taken over a 2-hour period. Three different header depths
were used, and three different air flow rates were used at each depth.
Data taken were as follows:

. Time of day

Air rotameter scale reading

Air rotameter gauge pressure

Air rotameter temperature, °F
Atmospheric pressure, inches of mercury
Atmospheric dry bulb temperature, OF
Atmospheric wet bulb temperature, OF
. Dissolved oxygen in water, mg/l

. Dissolved oxygen sensor depth, ft.
10. Water temperature, OC

11. Spent air sample number

12. Compressed air sample number

13. Air header depth, feet.

O o=~ ON\LESwWw o

Data items 2-7, 12, and 13 were taken by Observer No. 1, on shore. Ttems
8-11 were taken by Observer No. 2, in a boat over the zone of rising
bubbles. Both Observer 1 and 2 recorded the time(data item 1) from syn-
chronized watches. Observer No. 3, also in the boat, held the inverted
funnel in the water over the rising bubbles and filled the sample bulbs,
using a collecting period of 30 to 60 seconds for each sample. The
weather was cloudy but there was no wind or rain. The only difficulties
were caused by the wakes of passing tugs and boats.
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The chromatographic analysis of these spent air samples and their correla-
tion with depth and flow rate yielded interesting results, which are
summarized in Table 1, and discussed in Section III.

A special feature of the 1969 project was the plotting of the dispersion
pattern of the oxygenated water from the aerators by injecting Rhodamine
B organic dye solution into the water at the point of aeration. Using

a group of 3 small centrifugal pumps in series, with a capacity of 5 to
20 GPM, river water was pumped continuously up to the working level of
the pier and mixed with dye solution in a jet mixer. The dye-water mix-
ture was then sent through the 3/L-inch hose to a perforated spray hose
within the turbulent mixing zone of whichever aerator was operating dur-
ing the test.

For the mechanical aerator, the perforated hose was extended around a
horizontal triangular pattern, just above the cascade created by the
aerator. For the diffuser aerator, the perforated hose was underwater,
parallel to the two 8-inch headers, just between and about 1 to 2 feet
above them.

During each test, one of the aerators and the dye solution pumps ran
continuously for several hours. Boats equipped with samplers and photo-
electric colorimeters moved through the dispersion zone at various dis-
tances downstream from the aerator, measuring and plotting the dye
concentration vs time at many known points. Measurements continued for
one to two hours after the dye pumps and the aerator were shut down. In
this way the dispersion pattern of the oxygenated water could be plotted
much more accurately than would be possible by means of oxygen analysis.

For several reasons the dye solution is better than oxygen in this type
of study. Dye analysis is quicker, more sensitive, and more accurate
than oxygen analysis. There is only one source of dye, at a known loca-
tion, and the dye concentration is not affected by the atmosphere or by
variations in biochemical oxygen demand.

The dye dispersion studies were made possible by the cooperation of the
U.S. Geological Survey of Trenton, N.J., under the leadership of Mr.
John McCall. His staff worked closely with our project staff for sever-
al days to achieve results which constitute an unusually complete study
of the dispersion pattern of the oxygenated water.
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TABIE 1

TABULATION OF GAS SAMPIES
Taken July 2, 1970 in Philadelphia

Carrected
Sample Depth of Flow Rate % 0o in % Oo
No. Header SCFM Air Spent Air Absarbed
1 1213n 93.0 20.8 1
2 1213n 93.0 19.9 6.5
3 1213" Lh.0 20.06 5.6
L 12130 Lh.O 20.L 3.6
5 12130 16.3 19.9 6.5
6 12130 16.0L 19.91 6.5
7 3813 19.7 20.7 1.8
8 3813n 19.7 19.07 11.3
9
10 3813n 53.7 19.6 8.2
11 3813n 53.5 18.9 = 12.3
12 3813" 99.4 19.3 10.0
13 3833 99.h 19.7 1.7
i 25! 17.9 20.1 5.3
15 25! 17.9 19.8 7.1
16 254 L9.6 19.6 8.2
17 25! 49.6 19.7 7.7
18 251 L9.6 19.7 7.7
19 25! 9h.1 20.3 L.2
20 25! 92.9 19.4 6.0
Al 21-1 -y
As Air Intake Samples 21.0 -
A3 20.9 -
A 20.83 -

Sample bulbs filled with air;
Ny purged with No 15 seconds . . . « <> 0.7
No Purged with Np 30 seconds . . . . . 0.0 -
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SECTION IITI

OXYGEN TRANSFER OF AFRATCRS

In this section the data on oxygen transfer for both diffuser and surface
aerators are presented and the results discussed. Also comparisons are
made with oxygen transfer efficiencies obtained from the same equipment
on the Passaic River and other results reported in the literature.

Oxygen Transfer Rates

In the Passaic River aeration report (1) it was demonstrated that in a
natural stream the rate of oxygen transfer for an aerator under steady-
state conditions may be expressed as

2246 Q (Cg-Cu)

Rt = (3-1
t 5 )
in which
Rt = oxygen transfer rate in pounds per hour per unit horsepower
Q = river discharge in cubic feet per second
Cq = DO concentration downstream of the aerator in milligrams per
liter
Cu = DO concentration upstream of the aerator in milligrams per
liter
P = aerator power consumption in shaft horsepower

Equation 3-1 implies that the amount of oxygen supplied by the aerator
per hour is proportional to the difference between the concentrations of
oxygen downstream and upstream of the aerator and to the river discharge.
Also in this equation the contributions from other oxygen sources or
sinks, such as BOD consumption and atmospheric reaeration, are considered
negligible.

The applicability of Equation 3-1 depends mainly on the following assump-
tions:

(1) the dissolved oxygen concentrations within the upstream and
downstream sampling cross-sections are uniform, that is, there is no
significant DO concentration gradient across each of the river sections;
and

(2) the capacity of the aerator is such that the entire downstream
cross-section is affected by the aerator at the time DO samples are taken.

During the Passaic River aeration study, the aeratars were placed in a
relatively narrow (average width 100 feet) and shallow (average depth 7
feet near the aeration site during low flows) river. The above two con-
ditions were generally satisfied (1) and Equation 3-1 was used to compute
oxygen transfer rates far the aerators. For the Delaware River tests,
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however, the aerators were placed near the Camden side of the river,
approximately 200 feet from the bank, as shown in Figure 3 in Section II.
The width of the river at the aeration site is about half a mile, and the
depth of water near the aerator about 30 feet. It is evident that only
a small fraction of the river flow was affected by the aerator when DO
samples were taken; also the DO concentrations were not uniform in the
vicinity of the aerator. Hence in such cases the conditions for using
Equation 3-1 are not satisfied. Therefore the following method derived
from a mass balance concept is adopted as an approximation.

Tt is assumed that a "control section" could be located downstream of the
aerator through which all or most of the aerated water passes. This con-
trol section can be determined by observing the flow pattern in the vicini-
ty of the aerator in operation. For a small area, AAj, the DO concentra-
tions may be considered uniform and represented by C;. If the velocity of
flow for the small area, AAj,is Vi, then the mass rate of oxygen passing
through the area is CiVi A Aj. The total mass rate far the control sec=-
tion, M, is then

M= Lj CiVi DAy (3-2)

Iet Cj be the DO concentration before and C'j after the aerator was in
operation. The oxygen uptake rate due to the aerator, U, can be computed

by
U= £;(C'y - C5)Vy DAy (3-3)

under the assumption that there is no significant velocity change at
the control section befcre and after the aerator is in operation.

The oxygen transfer rate for the aerator under test conditions, Ry, can
then be determined by

Ry = U/P (3-L)

Mechanisms of Oxygen Transfer

The mechanisms of oxygen transfer for the diffuser and the mechanical
aerators are different. As shown by Bewtra and Nicholas (9), in the case
of diffuser aeration the total rate of oxygen transfer constitutes the
following three components, namely, bubble formation, bubble ascent, and
bubble breaking at the water surface. For porous diffusers with small
capillary openings and a small rate of air flow, the oxygen transfer
during bubble formation is appreciable. However, for diffusers with large
apertures, such as the one tested in this study, bubbles are formed while
rising in the water and the amount of oxygen transfer during bubble forma-
tion is negligible. The aeration during bubble bursting at the water
surface is related mainly to turbulence conditions. Although Carver (10)
has shown that in conventional aeration tanks the amount of oxygen trans-
fer in this phase of bubble aeration is small, other investigators, e.g.,
Barnhart (11), have observed that a substantial amount of oxygen is
transferred at highly turbulent aeration tank surfaces. Therefore for

2L



duffusers with large apertures the total rate of oxygen transfer, N, can
be written as the sum of two individual rates; namely, Ny, the rate during
bubble ascent, and Ny, the rate during bubble bursting at the surface.

N = Ny + Ny (3-5)

The oxygen transfer during bubble ascent, Ny, depends on such factors as
the diffuser submergence, velocity of air bubbles, diameter of air bubbles,
and so forth. On the other hand, Ny, has been expressed as an exponential
function of the water velocity at the surface (12). It is therefore ex-
pected that for a diffuser the efficiency of oxygen transfer would be
proportional to the depth of submergence, the size of the bubbles, the

air flow rate, and the surface turbulence, as described by Eckenfelder

(13) and Eckenfelder and Ferd (1L).

In the case of the mechanical aerator, oxygen transfer to the water occurs
both in the sprayed water and in the turbulent mixing zone (1L). Carver
(10) has investigated the process of spray aeration and found that oxygen
transfer was correlated to the size of water droplets. Garland (15) re-
ported that oxygen transfer efficiency for surface entrainment aerators
generally decreases with increasing aeration basin volume, but increases
with increasing water depth for basins of constant diameter. In an
earlier study by Kaplovsky, et al (16), oxygen transfer was found to in-
crease markedly in a certain velocity region. To date (1970), however,
no information is available concerning the independent evaluation of the
relative importance of each of the aforementioned two phases of oxygen
transfer, i.e., the spray aeration and the turbulent mixing.

Procedures of Computation

As indicated in Section II, it was decided to operate the aerators and
collect data only during the periods of outgoing tide in an attempt to
minimize the mixing effects of the tidal currents on the DO distribution.
For each test run, numerous samples were taken both upstream and down-
stream of the aerator. Details of the sampling procedures as well as

the locations of the sampling sections are described in Section ITI.
Figure 10 illustrates the results of a typical DO and velocity traverse.

To compute the oxygen uptake due to the aerator, the DO readings were
first corrected against the Winkler readings. The average DO for a
cross-section was then obtained by weighing the DO readings according

to the velocities, and the uptake was determined by Equation 3-3. It
should be noted that for several tests no DO data were taken at the
downstream "control" section before the aerator was in operation. In
these cases, the DO concentrations at the upstream sampling section were
taken as approximations of the downstream readings.

As mentioned earlier, the downstream "control" section was located by
examining the flow pattern of the oxygenated water in the vicinity of the
aerator. To accomplish this, dye tests and floating object tests were
conducted so that the paths of the aerated water could be determined.
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These tests revealed that in general the aerated flows downstream of the
aerator were divided. For the mechanical aerator, as shown in Figure 11,
part of the flow passes riverward of pile BW, while the balance seems to
pass landward of pile BE, leaving a section between them without aerated
water. For the diffuser aerator the flow pattern is generally similar,
with only a small portion of the flow also passing the section between
piles BW and BE and some aerated flow going upstream and then turning
back to downstream, as indicated in Figure 12. More detailed description
of the oxygenated flow patterns is given in Section IV.

For the Philadelphia tests, only air samples were taken for the determina-
tion of percentage of oxygen absorption, as described in Section II. The
oxygen uptake rates for these tests were computed by knowing the supply
air flow rate, oxygen content in the air, percent absorption, and density
of oxygen. The results so obtained in the Philadelphia tests for the
diffuser with four nozzles were adjusted to compare with those for the
manifold of 160 nozzles, at both Camden and the Passaic River, on the
assumption that the oxygen transfer per nozzle remained the same. Equa-
tion 3-L4 was then used to compute the oxygen transfer rates under test
conditions. It should be mentioned that for the Philadelphia tests the
power consumptions were obtained by extrapolating the manufacturer's
calibration curves to the greater depth of submergence experienced during
the experiments.

The oxygen transfer rates, Ry, were reduced to those under standard con-
ditions, Rg, by the following relationship so that comparisons can be
made with results elsewhere:

Rg =Ry x F
C
F = (Cs )20 (3-6)
[(s)T( )( B)-Cpl (TF)( @)
in which
(Cg)op = sautration DO concentration at 20°¢
CS)T = gsaturation DO concentration at test water temperature, T
P = pressure in inches of mercury
B = "specific solubility" of oxygen
Cp = DO concentration at the aerator
TF = temperature correction factor = (1.025)T-20
a = "specific oxygen transfer rate"
T = conversion factor

The saturation oxygen concentration, Cg, was computed by the SED/ASCE

Equation (1). For the diffuser aerator Cg was corrected for pressure,

which in turn was evaluated at the mid-point of the diffuser submergence.

According to laboratory tests not yet reported on elsewhere, both o and
g values were found to be 1.0. The analysis is as follows:
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Many environmental factors influence the reaeration characteristics of
surface waters. One of the most general of these is the quality of the
water itself. That is, the possible presence of constituents that will
influence reaeration either through effects on the rate constant (trans-
fer characteristics) or the saturation value above and beyond well de-
fined influence of temperature and salinity.

To either substantiate or remove such possibilities, studies were carried
out to determine any influences on either the saturation value or reaera-
tion constants. Effects on the saturation value (Cg) were evaluated by
deaerating six cylinders with nitrogen and measuring the dissolved oxygen
levels after various time periods until the level remained constant. For
199C, the DO levels ranged from 9.23 to 9.26 with an average of 9.25.
This places the saturation value only slightly below that noted in
Standard Methods for the Examination of Water and Waste Water.

Three systems were employed to evaluate effects on the rate of reaeration.
These were slow stirred cylinders, high-speed mixing giving considerable
turbulence and bubble aeration. In each case, the rate of aeration for
river water was compared to that for New Brunswick tap water. For the
slow stirred cylinders, the rates of reaeration of tap and river water
were identified. For both the high turbulence mechanical and the bubble
aerators, the river water values were 99% of the tap water values. As
these latter two areas are directly analogous to actual methods employed
in river aeration, it can be concluded that the rate of reaeration is not
influenced by constituents present in the water at their actual concentra-
tion in the aquatic environment.

Mechanical Aerator Results

Due to the late start of tests and the storm accident described earlier
in Section II, only four complete sets of cbservations were obtained.

The field data, which include dates, water temperature, oxygen concentra-
tions and uptake, and power consumptions are listed in Table 2. The
results on oxygen transfer rates, both under test and standard conditions,
are given in Table 3. Also Figure 13 illustrates the oxygen increase
resulting from the aerator operation for the test on September 8, 1969.
The stationing shown on the figure refers to arbitrarily chosen sampling
section. It can be seen that the maximum oxygen increase at the down-
stream control section was close to 1.0 mg/l, and the net increase in
oxygen content is well indicated. The upstream variation of DO concen-
tration does not seem to be significant.

The computed oxygen transfer rates show a large variation in the effi-
ciencies, probably partly due to approximations inherent in the methods

of measurement. The transfer rates varied from 1.18 lbs Op/hp-hr to

3.78 1bs Op/hp-Ir with an average of 2.56 lbs 02/hp-hr. When converted

to standard conditions, the range became 1.29 lbs Op/hp-lr to 4.50 0Op/hp-hr
and the average 3.06 lbs Op/hp-hr.

The Delaware results indicated substantially higher average transfer
rates for the mechanical aerator than the Passaic River tests, both for
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TABIE 2

SUMMARY OF FIEID TEST DATA FOR MECHANICAL AERATCR

Water Temp. d.o. concentrations Uptake Power
Date oc Before (mg/l) After 1lbs Op/hr Shaft hp
8/21/69 25.0 1.23 2.1, 377.1 99.8
8/25 27.7 0.95 1.13 172.4 98.0
9/2 27.4 1.79 2.02 351.7 100.0
9/8 26.8 0.78 1.02 118.9 101.4
TABIE 3

SUMMARY OF OXYGEN TRANSFER RESULTS, MECHANICAL AERATGR

R¢ R
Oxygen transfer rate Oxygen tran:fer rate
Uptake under test conditions under standard condi-
Date lbs 02/hr 1bs O2/hp hr tions, 1lbs 02/hp hr
8/21/69  371.1 3.78 L.50
8/25 172.h 1.76 1.94
9/2 351.7 3.52 L.h9
9/8 118.9 1.17 1.29
Ave. 3.06
TABIE L

SUMMARY OF FIEID TEST DATA AT CAMDEN, N.J. DIFFUSER AERATQR

Water Temp. d.o. concentrations Uptake Brake
Date oC Befare (mg/1) After 1bs Oo/hr hp
8/1/69 23.1 .52 .64 103.5 108.0
8/7 2L.2 3.67 .07 90.5 83.5
8/8 2Lh.5 3.13 3.35 118.9 92.5
8/18 26.2 1.47 1.82 105.L4 76.5
8/22 26.0 0.75 0.82 109.2 90.0
8/27 27.0 1.51 1.92 141.9 94.0
9/5 27.4 0.63 0.92 6.4 77.0
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field conditions (2.56 1lbs Op/hp-hr compared to 1.0L lbs O,/hp-hr) and
under standard conditions (3.06 lbs 02/hp-hr compared to 2.12 lbs Op/hp-
hr).

Compared with most of the transfer rates reported in the literature, even
the results for the Delaware are a little low. FEckenfelder and Ford (1L)
reported a transfer rate between 3.2 and 3.8 1bs Oz/hp-hr in activated
sludge plants and aerated lagoons; Susag, et al (17), reported a L lbs
Op/hp-hr in laboratory channels; Cleary (18) an 11.05 1lbs Op/hp-hr and
Kaplovsky (16) a range of 1.5 to L.5 lbs Op/hp-hr in the Chicago canalj
all referred to standard conditions. However, the average uptake rate of
210 lbs Oo/hp-hr under standard conditions on the Delaware is higher than
the 180 lbs 0p/hp-hr reported by Imhoff (19) on the lower Ruhr River in
West Germany.

In summary, the Delaware results seem to fall within the range of values
reported in the literature, the difficulties of measurement and number
of tests were such that the determination is not considered conclusive.

Diffuser Aerator Results

Compared with the Passaic River study, much more data were obtained for
the diffuser aerator on the Delaware River. As described earlier in
Section II, the diffuser aerator was tested under various depths of sub-
mergence ranging from 11.0 feet to 16.9 feet at Camden, N.J., and a short
replica of the diffuser was tested later at Philadelphia under depths of
12.3 feet, 25 feet, and 38.3 feet. A summary of the Camden tests data,
including date, water temperature, DO concentrations, power consumption,
and uptake rates is given in Table L, and the Philadelphia data are listed
in Table 5.

The oxygen increase due to diffuser aeration is illustrated in Figure 1k,
using data of September 5, 1969. It can be seen that the DO increase is
approximately uniform along the vertical direction, but less so horizon-
tally.

The oxygen transfer results for the diffuser aerator are given in Table
6, together with some Passaic River results for comparison purposes.

The observed power consumption data for the Camden tests and for the
Passaic River tests are plotted against the diffuser submergence for
various engine speeds, as shown in Figure 15. It is observed that for a
certain engine speed, the brake horsepower varies linearly with the water
depth. Consequently, power consumptions for greater depth could be esti-
mated by extrapolation, as was carried out in this study.

Upon examining the results for diffuser aerators given in Table 6, the
following are noted: (1) The amount of oxygen absorption increases
substantially as the depth of submergence increases. Under standard con-
ditions, for an average depth of 7.2 feet, the oxygen absorption averages
3.1 percent, as experienced on the Passaic River. On the Delaware, the
absorption increases to 5.0 percent for an average depth of 13.2 feet; to
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TABIE 5

SUMMARY OF FIEID TEST DATA AT PHIIADELPHIA? DIFFUSER AFRATOR

July 2, 1970

Water Temp. = 25.50C

Diffuser sub-~ Air flow rate Percent Uptake Brake

mergence, ft. SCFM/Nozzle Absorption 1lbs Op/hr hp
12.3 11.0 5.6 102.7 65
12.3 11.0 3.6 66.0 65
25.0 12.4 8.2 169.6 1140
25.0 2.4 7.7 159.2 140
38.3 13.L 8.2 183.2 230
38.3 13.4 12.3 274.8 232

# TInclude only the portion of the data for which the air flow
rates are comparable with the Passaic and Camden tests.

TABLE 6

SUMMARY OF OXYGEN TRANSFER RESULTS, DIFFUSER AERATCR

Depth Air Ry Rg
of flow Percent Oxygen Oxygen transfer
submer - rate- absorption  transfer rate rate, stand-
gence, SCFM/ standard test conditions ard conditions
Study ft. Nozzle conditions  1bs 02/hp-hr Ibs 0Op/hp-hr
7.0 9.1 3.8 1.33 1.hh
Passaic 7.7 15.8 2.7 0.92 1.16
7.9 17.1 3.2 0.95 1.50
6.5 12.6 2.6 0.95 1.05
11.0 15.4 L.l 1.35 1.38
Del. 11.2 13.6 5.k 1.21 1.59
at 12.8 1h.3 5.0 1.08 1.43
Camden, 1h.2 14.0 6.0 1.29 1.51
N.J. 14.2 11.7 5.0 0.9k 1.08
.4h 1.7 5.k 1.23 1.41
16.9 15.9 5.3 0.96 1.30
12.3 11.0 5.5 1.58 1.55
Del. 12.3 11.0 3.5 1.02 0.99
at 25.0 12.4 6.5 1.21 0.96
Phil., 25.0 12.4 6.1 1.1k 0.90
Pa. 38.3 13.h 8.4 1.18 0.81
38.3 13.k 5.6 0.80 0.54
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6.3 percent for a depth of 25 feet; and to 7.0 percent for a depth of
38.3 feet. (2) The variation in oxygen uptake with depth of submergence
can be summarized as follows: 68.8 lbs Op/hr at 7.2 feet; 113.6 1bs
0,/hr at 13.2 feet; 130.3 1lbs Op/hr at 25 feet; and 156.L 1bs Op/hr at
38.3 feet, all under standard conditions. (3) The power consumption
varies linearly with the depth of submergence, with a range of 52 hp at
a depth of 6.5 feet, to 232 hp at 38.3 feet. (L) The oxygen transfer
rate, Rg, in pounds of oxygen per hp-lr seems to increase somewhat be-
tween depths 7 and 15 feet, but decreases materially with further in-
crease in depth. The average transfer rates at various depths are:
1.29 lbs Op/hp-hr at 7.2 feet; 1.36 lbs Op/hp-hr at 13.2 feet; 0.93 lbs
02/hp-hr at 25 feet, and 0.68 lbs Op/hp-hr at 38.3 feet. Figure 16
illustrates this variation with the depth of submergence.

The oxygen abscarption results for diffusers also were compared with
results of other studies. Bewtra and Nicholas (9) reported aeration
data for both the saran tube and the sparger type diffusers operating in
aeration tanks. Their data, for air flow rates ranging between 10 and
15 SCFM per unit, are plotted on Figure 17 against diffuser submergence.
The relationship between percent absorption and depth appears to be
linear on the log-log paper. For the saran tubes, which have very fine
bubbles, the absorption reaches 11% at a depth of 12 feet, while for the
spargers, with larger openings, the absorption is 7.5% for the same
depth. Also Imhoff (19) used hoses with very fine orifices (between
0.5 and 0.7 mm in diameter) on the lower Ruhr River in West Germany and
obtained high absorption rates for depths of 8, 16, and 20 feet. These
results are also plotted on Figure 17. To compare the above findings
with results of the present study, the Passaic and the Delaware aera-
tion results are plotted on the same figure, and an eye-fit line is
drawn to represent the approximate relationship. It is noted that the
absorption rates for the Passaic and the Delaware studies are lower
than both of the aforementioned two sets of results (see Figure 17).
This may be due partly to the larger bubble sizes as a result of the
larger openings of the nozzles (5/32 inch) used in the present study,
and the fact that most of the tests were conducted in tanks, which
would materially reduce the upward velocity of the bubbles.

According to Eckenfelder (13), and Bewtra and Nicholas (9), oxygen ab-
sorption is also correlated with the supply air flow rate. However,

no apparent relationship was found with the present data. It may be
possible that, although the rate of absorption increases with increas-
ing air flow rate, the velocity of the rising bubbles may alsoc increase,
resulting in a shorter detention time, and hence less absorption.

Conclusions

1) For the mechanical aerator, an average oxygen transfer rate of
3.06 1bs Op/hp-hr was obtained on the Delaware River, while for the
Passaic River a 2.12 lbs Op/hp-hr was obtained. The Delaware results,
however, should not be considered conclusive due tc certain difficulties
in taking measurements and small number of experiments.
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2) For the diffuser aerator, the percent oxygen absorption was
found to increase significantly with increasing depth of submergence,
though not as rapidly as results reported elsewhere for aeration tanks
with fine bubble diffusers. The average oxygen absorption increases
from 3.8 percent at a depth of 10 feet to 7.0 percent at a depth of
38.3 feet.

3) The oxygen transfer rate for the diffuser aerator was found to
decrease generally with increasing water depth, though a slight increase
in efficiency appeared to occur between depths of 7 and 16 feet. The
transfer rates average about 1.4 lbs Op/hp-hr at 10 feet depth and about
0.65 1bs Op/hp-hr at LO feet depth.

L) The diffuser results indicated generally lower absorption rates

than most of those reported in the literature, probably due mainly to
the larger bubble sizes, and the free circulation provided by the river.
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SECTION IV

DISPERSTION ANALYSIS

Introduction

The purpose of the dispersion test was to determine quantitatively the
geometry of the aerated plume spreading downstream from the aerator.
The importance of this plume geometry becomes apparent when several
aerators are to be installed in the same river. Optimal placement of
these aerators is dependent upon the dispersion characteristics of the
individual aerators. Consequently, to avoid repetitious reaeration of
the same slug of river water, it is appropriate to know the aerator
dispersion characteristics.

Aeration installations may be subdivided into two categories: (a) aera-
tion from a line source and (b) from a point source. In the first
group would exist such schemes as bank-to-bank aeration, wherein the
entire width of a stream is aerated. Here, at least initially, the dis-
persion of the plume is in two spatial dimensions, i.e., the vertical

or with depth and the streamwise direction. The second aeration cate-
gory is exemplified by a single, relatively small aerator unit installed
in a much larger river. In this case, the initial stages of dispersion
take place spatially in three dimensions, i.e., in the vertical, in the
stream direction and in the cross-stream or lateral direction. When,

in both of the above instances, the dispersion phenomenon has succeeded
in spreading throughout one or more spatial directions, the stages that
follow take place in the remaining dimensions. That is, in the first
case of line source aeration when the aerated plume has spread through-
out the vertical so as to permeate uniformly the entire depth of a
stream, the remaining stages of dispersion occur only in the stream
direction. This then diminishes the concentration with downstream dis-
tance only, all extraneous effects neglected. In the second case, when
the aerated plume has spread throughout the depth, the dispersion pro-
cess occurs in both the streamwise and cross-stream directions. After
the cross-stream mixing has been completed, the dispersion process then
takes place only in the stream direction.

The dispersion phenomenon is further complicated in the following manner.
Immediately after the injection of a dispersing quantity into a stream,
the spreading process is dominated by what is termed convective trans-
port phenomena. During this convective period the concentration distri-
butions take on a conspicuous skewness that will be discussed further in
the following. This skewness, which initially is quite severe, diminishes
until at the end of the convective regime the symmetrical distributions
pertaining to one-dimensional diffusion prevail. Once the concentration
distributions attain this symmetrical character, their behavior is pre-
dicted by the one-dimensional dispersion dispersion model. The differ-
ent dispersion regimes are illustrated as follows. Consider a stream in
which a vertical cross-sectional plane of water oriented perpendicular
to the stream direction is instantaneously colored red. Immediately
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after this injection, the one-dimensional concentration distribution
exhibits a decided skewness as shown by Figure 18. In (a) the view is
that of a vertical plane parallel to the stream direction; in (b) is
pictured the carresponding concentration distributions where ¢ is the
dye concentration averaged over the cross section of the stream. Ul-
timately, the concentration distribution exhibits the gaussian shapes
predicted by the simple model. Until this occurs, however, the dye
cloud spreading phenomenon is convective, and following this interval
it becomes dispersive. It is therefore important to arrange the data
taking procedures to record the symmetrical gaussian concentration dis-
tributions.

Several schemes (see references) have been devised through which the
longitudinal dispersion coefficient may be determined. The one employed
in the present study is the change of moment method. The results of ex-
periment will determine both quantitatively and qualitatively the dis-
persion characteristics downstream from aerators in river conditiouns
similar to those encountered in the Delaware River.

Theory for One Dimensional Dispersion Model

The three-dimensional, unsteady conservation-of-mass equation for the
dispersion of a conserved quantity will be developed. This is found by
decomposing the velocity field and the concentration of our counserved
quantity into a time averaged and the fluctuating quantity. Assuming
conservation of mass for the mean velocity field, we obtain, in Cartesian
form (see Daily & Harlemann, 1966)

- - - - 2= 2-
dC . =3C , =BdC , =3C _ D [T o) : = ST dc , dc,ac
=+ o=+ s = 22 (UTc) - =(vic') «=(w'c') + D, [ + + ]
St Yax T Vay T Waz T T Ay 3z AL 2 52 a2

(1)

where U, v, W are the usual time averaged velocities. The quantity ¢

is the time-averaged concentration and Djpp is a molecular dispersion
coefficient that is assumed uniform and isotropic. Invoking the Fickian
dispersion relations:

T = _ F Q¢
u'lc X3
ll—_EBE
Ve y3y (2)
- _ _ &
wW ' C ZBZ
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the above equation, dropping the molecular dispersion terms which are
dominated by their turbulent dispersion counterparts, becomes

38, A, A€, 2 _ A(p 2Sy . D(p By 4 J(g A€
Tt U T V%? +W§Z S E50 3y (EyaY 32 \C2az) (3)

When Vv = w = 0 and the turbulent dispersion is characterized solely by
the uniform coefficient, Ey, we obtain our one-dimensional model

a8, jae-g2g (4)
3t Ty a3x x?;?

Boundary conditions for the above equation depend upon the type of in-
jection of the conserved guantity. If, as in the case of the dispersion
tests conducted in the present wark, the quantity Rhodamine B dye is
steadily injected at a prescribed rate the conditions are

+oo oo
oo e M
J-mc(x,t)dx im cx,0)dx = "
c(x=,t) =0; t 20 (5)
=
Qinject dt

Solutions to the one—-dimensional dispersion model, satisfying the above
boundary conditions are given by:

i n; t -Le(e=r)1®
HEx(t-T) (6)

- —_
© = Ro(imE )= JO -7

Experimental determination of the coefficient E, via the method of
moments (see H.B. Fischer, 1966) utilizes the transformation:
£ =x - ut (7)

Substituting this into equation (1) and taking the partial derivative
with respect to time, we get

a2 _ . 2¢
2 Ex 2 (8)
at At at
Multiplying by gz'and integrating over all values of g produces
PRes) 2— foo] 3—
c .2 r S -
| St =g 5l (9)
== 3t - 3577t

for constant Ey. Switching the order of operations on the left hand
side gilves

d_ ac gzdc = ZEx j ac d€ (10)



Defining the variance by
O -
|2 efge
B

T Ee

(1)

we obtain the following relationship for Ex:

2
-1 Are
E =2 > (12)

8 Ot
Equation (11) may be transformed

=) -
f 2 L4t
2 Jo dt )
ot = ‘e AT - (]3)
i d_t dt
0

(ag

where T is the mean time:

R (14)

The longitudinal dispersion coefficient, E, will be determined using
the relations (12) through (1L).

Longitudinal Dispersion

The concentration distributions moving through two stream stations are
presented in Figure 19. Differentiating these distributions produces
the curves shown in Figure 20. These curves pertain only to the diffu-
ser aerator, as similar data for the mechanical aerator were found to
be incomplete due to equipment failures.

Using a computerized moment method, the value of E, for the diffuser
aerator found between the two stream stations in the Delaware River is
8.5 x 10° ft2/min. While it is true that this value is characteristic
of the aerator in the reach of the river under consideration, it is
felt that it constitutes a decent first approximation to other reaches

in similar rivers.

It is significant to note from Figure 19 and 20 that the concentration
levels at the front of the dye cloud move downstream ahead of the mean
stream velocity of the cloud. When the dye cloud is assumed to approach
the behavior of an aerated plume, it is concluded that the dissolved
oxygen level behaves similarly. Hence, an amount of river greater than
the mean slug quantity has experienced an increased DO.
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Considering travel times, specifically, Figure 19 shows that the leading
edge precedes the mean of the front by 0% at the upstream station. At
the station downstream, the travel time of the leading edge is approxi-
mately 25% of the mean travel time.

The magnitude of the longitudinal dispersion coefficient is significant.
Previous values available in the literature (Yotﬁukura, et al, 1970)
(32) indicate that naturally a value of 9.6 x 10° ft2/min., which is the
largest yet determined, has been measured in the Missouri River flowing
at 33,000 cfs. A value for the Delaware estuary of approximately
160,000 ft2/min has been determined by Paulson (1969) (28).

That the longitudinal dispersion coefficient determined in the present
study is an order of magnitude larger than that which occurs naturally
in similar rivers becomes more apparent from the photographs, shown
elsewhere in this volume, of the turbulent mixing visible at the river
surface over this submerged aerator. It is to be noted that the dif-
fuser aerator installed in the present Delaware test was oriented at

an angle of about L5° with the New Jersey shore. 1In this configuration
it presented a projected length of only LO feet normal to the flow of
the river. The speculation is therefore put forth that were it oriented
normal to the river flow, the longitudinal dispersion phenomena would
have been even more pronounced. Such a violent turbulent mixing is of
course associated with the large air bubbles emitted by the diffuser
nozzles. A small bubble diffuser, therefare, might not give rise to
dispersion coefficients of the size presently determined. However, the
smaller bubbles would rise more slowly to the surface and hence would
enable an increased DO to be attained by the affected river water. Ob-
viously, both bubble size, oxygen transfer, and dispersion characteristics
have to be considered together in the final analysis of river aeration.

Transverse Dispersion

Because it is important for the optimal installation of multiple aerators
in the same river, an estimate is obtained for the extent of transverse
mixing downstream of the diffuser aerator. With the collected data for
the dye cloud geometry, a curve-fitting technique is employed wherein the
cross-stream dispersion is predicted as a function of downstream distance.
However, based upon visual observation of the spreading dye, the lateral
dispersion of the two types of aerator wmay be considered approximately
the same.

Tt is assumed here that complete vertical mixing has taken place and that
further mixing occurs only in the cross-stream direction and longitudin-
ally. Furthermore, it is assumed that cross-stream mixing occurs mono-
tonically in the downstream direction. To insure this monotonicity, an
exponential relationship of the following form is assumed:

A=a+b(l -e%*)+c(l- e~¥)2 (15)

where A and x are the non-dimensionalized, cross-sectional area normal
to the stream direction, and the downstream direction, respectively. The
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normalizing quantities are Ay = 12,000 £t% and x, = 1000 ft. The
coefficients a, b, and ¢ are non-dimensional constants evaluated using
cross-sectional areas depicted by the dye cloud at three downstream
stations. These are shown in Figure 21. Numerically, the constants

are found to be

a = 0.0666
b = 1.1993
c = ~0.2756

These values ensble the calculation of the graphical results presented
in Figure 22. From these results a percentage of reaeration can be
obtained which is hyperbolic in nature. Using this as an estimate one
is able to determine the amount of aerated water that is reaerated
downstream by subsequent aerators. Specifically, if two diffuser aera-
tors were aligned one directly upstream of the other at LOO feet dis-
tance, it may be estimated that 16% of the aerated water from the first
would pass tlrough the second. AT greater distances the percentage
would be less.

Conclusions

The results of the dispersion experiment conducted for the diffuser
aerator in the Delaware River verify the highly dispersive effects that
exist downstream of this type of device. Quantitatively, the longi-
tudinal dispersion coefficient determined using a one-dimensional moment
method is 8.5 x 10° ft2/min. This value is an order of magnitude larger
than the largest "natural coefficient measured to date. It is apparent
that the violent, turbulent, mixing motions initiated in this river by
this type of artificial aeration are responsible for this large value.
In addition, judging by the relatively symmetric concentration distri-
bution shown in Figure 20 at the upstream station, the convective

regime behind this aerator is quite short. The convective region which
occurs naturally is much longer, and in Ref. (32) stated to be of the
order of tens of miles.

In view of this large dispersion coefficient found downstream of this
diffuser it is felt that a smaller bubble diffuser might well have a
smaller longitudinal dispersion coefficient. However, it is also felt
that the small bubble diffuser would inject an increased amount of
oxygen per hp-hr into the river. As a result, it is concluded that
future analyses pertaining to varying bubble size include both of these
factors. Undoubtedly, the violent turbulent mixing motions which exist
downstream of the diffuser aerator are due to the circulatory fluid
dynamics produced by the rising bubbles interacting with the river
velocities. Needless to add, this is an extremely complicated phenom-
enon to document in detail. The present results pertain specifically
to time and space averaged ramification of these detailed features. As
a consequence, the extrapolation of the present to other situations
should be done with care and consideration of these factors.
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Because of the large longitudinal dispersion coefficient, the diffuser
aerator actually supplies dissolved oxygen to a segment of river larger
than the slug described by the mean river velocity. With regard to the
times of travel at the two stream stations, the leading edge of the dye
cloud exceeds the mean travel time by LOZ and 25%, respectively.

The cross-stream dispersion that occurs downstream of the diffuser aera-
tor is approximated from the available dye data. Intuitively assuming
a monotonically increasing distribution with downstream direction, the
dependence of aerated cross-sectional area upon distance is

A=2a+b(l -eX) +c(l -eX)2 (16)
where

a = 0.0666

b = 1.1993

¢ = -0.2756

Using this result the amount of reaeration which occurs with aerators
placed in the aerated plumes of upstream aerators may be predicted using
the results presented in Figure 22. The distribution found is hyper-
bolic. This leads to the conclusion that the time required to increase
the DO level above that of the ambient at the outer edge of the plume at
the downstream station may now be estimated. However, this equation
should not be used to extrapolate dispersion results beyond the reach
actually measured.

To approximate the distance required for the dye to spread throughout
the width of the stream, we assume that natural dispersion processes
prevail below the 6247 foot station. From reference 23, the downstream
distance estimated for the beginning of the dispersive region (see

Figure 18) -
u B2
x<_ 1.8 = =
u, Yn

The distance required is x; U is the average velocity; uy is the fric-
tional velocity; B is the transverse width of spreading; and Y, is_the
average channel depth. Substituting the values for the Delaware: u =
1.27 ft/sec; uy = Jg¥nS = 1.86 ft/sec where g = 32.2 ft/sec; Yy = LO ft;
S the slope determined from discharge, area, and hydraulic radius; and

B = 1500 ft, which is transverse distance from the west edge of the plume
to the west shore. The above equations produce

x < 12.8 miles

This is the approximate distance from the 6247 foot station required
for non-tidal natural dispersion to spread the cloud of dye across the
width of the river. However, when tidal effects are incorparated, this
distance decreases. Through a simple proportion, the distance required
for the cloud to spread to the center of the river would be x4 = L.5
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miles (see Figure 21). Both distances, x and x., are relative to the
6247 foot stream station. As a result, the disfance downstream of the
aerator required for the dye cloud to reach the west shore is 14.0 miles
assuming that only natural non-tidal dispersion takes place below the
6247 foot station. The distance required for the dye to reach the
stream center would be 5.7 miles given the same assumptions.
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SECTION V

DELAWARE AFRATION SYSTEM ANALYSIS

Objectives

The feasibility of the application of instream aeration to meet dissolved
oxygen standards on the Delaware Estuary is examined in Sections V and
VI. In this section a systems analysis is carried out to estimate the
amount of oxygen input required to raise the existing DO level to a spe-
cific, desired level.

Various desired DO levels have been suggested for the Delaware Estuary
(7). 1In this analysis it is assumed that the present DO level will be
maintained at no less than 3 mg/l by treatment, and that a further im-
provement to a minimum level of L mg/l is to be achieved by instream
aeration.

The Delaware Estuary has been intensively studied by the Environmental
Protection Agency, the Delaware River Basin Commission and others; and
reference has been made to various published and unpublished results in
order to relate the present analysis to what has been done previously.

The Critical Region

The estuary between Trenton and Liston Point is divided into 30 sections,
the length of which being either 10,000 feet or 20,000 feet, except
section one, which is assumed to be 21,000 feet long, as described by

Pence et al (35).

The critical region is designated as the region in which the present DO
levels are below 3 mg/l. The region was determined by using the iso-
variate plot of dissolved oxygen for 196l loading conditions. Two
critical fresh water flows were investigated; namely, a 1-in-25 year low
flow and a 6000 cfs minimum flow assumed to be provided by an upstream
reservoir system. For details, see Pence et al (35).

Composite DO profiles for the months June through September, derived
from these figures are plotted in Figure 23. For the 1-in-25 year low
flow, the critical region includes Sections 10 through 20, while for the
6000 cfs minimum flow it includes Sections 12 through 21. To obtain a
conservative estimate of the oxygen input required, it was decided to
consider Sections 10 through 21 as the critical region that required
instream aeration. As can be seen in Figure 23, the present DO levels
in Sections 9, 22, and 23 are lower than the desired L mg/1l, and thus
require aeration. However, the actual DO profile to be raised by ad-
vanced treatment will undoubtedly extend beyond the critical region
making it unnecessary to add oxygen to those sections.
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Oxygen Mass Balance in a Section

Following procedures of Pence et al (35), any section i can be represent-
ed by a free body, as shown in Figure 2),. Mathematically, the oxygen
mass balance in the section can be expressed as (35):

C +

Q-1,1084-1,4C51 + (-5 C 1+ By, ,(Cy 1-Cp)
+ E c

1,i+1(ci+1' i)

N
oxygen entering section

*rgVi(CmCy) =duL, = Qg 08y 44g s+ (78 )G ] 28y
\ / N _/
~ . N
natural aeration oxygen leaving section

—

BOD consumption

in which

1, 2, 3....n and i-1 = upstream, i+l = downstream
ultimate carbonaceous BOD demand

net flow from section to section

volume of section

an advection coefficient due to tidal motion

an eddy exchange coefficient

the decay rate of BOD

Qg <O
N

Cs = saturation DO concentration

Ci = DO concentration in section i

r = atmospheric reaeration coefficient; and
S = other sources or sinks of oxygen.

In this analysis the following assumptions were made to obtain approximate
estimates of oxygen required:

1) Qi-1,i = Qi, j+1, i.e. constant flow
2) Ci-1 = Cj+1 = Ci, i.e. uniform DO level
3) §i-1, i = Ej” i+1, i.e. constant advective coefficient
Equation 1 is then simplified to:
ri7;(Cs - C3) = d3L; X 83 ()
Now if the DO level is to be raised artificially from 3 mg/l to L mg/l in

the critical region, the reduction in natural reaeration must be supple-
mented by instream aeration in order to maintain the higher DO level.
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But S4i remains unchanged.
Therefore
r;Vi(Cs = 3) - riV4(Cg - L) = N3 (3)
where
Ni = oxygen required from iﬁstream aeration.

Thus _
N; = BU;(1)ry W

where
B = a units conversion constant.

In order to allow a DO sag after the oxygen level is raised to L mg/1,
and also to account for the effect of dispersion, the oxygen required, Ni,
was computed for a DO raise from 3 mg/l to L% mg/1, by the following
equation:

N3 = BV;(1.5)ry (5)
where
N; is in 1bs Op/day
V; in liters, and
B = 2.20L6 x 1070

Data for the hydraulic geometry and atmospheric reaeration coefficient
were obtained from the EPA office in Metuchen, N.J. The results as to
oxygen required are listed in Table 7. The computation gave a total re-
quired oxygen input of 304,869 lbs/day for sections 10 through 21.

Since the Delaware Estuary is tidal, with tidal flows far in excess of
flows due to net discharge, additional net discharges up to 6000 cfs do
not correspond to materially increased BOD loads or oxygen requirements,
and, from Figure 23, it appears that the critical period is the period
of extreme low flow. For purposes of computation the total area affect-
ed by either period was included.

As described earlier in Section III of this report, Table 2, the actual
oxygen transfer rates of the diffuser aerator for raising DO from 3.0 to
L,.5 mg/l are as follows:

At 20 ft 3210 1bs Og/day
25 ft 3530 lbs 0y/day
4O ft L4580 1bs Op/day
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TABLE 7

COMPUTATION OF OXYGEN REQUIRED TO MAINTAIN A 4 MG/L
D.O. LEVEL IN THE CRITICAL REGION

i r Volume N*
Section 1/day liters x 10° lbs 0,/day
10 .14 20,700 9,581
11 .14 19,794 9,161
12 .10 19,057 6,300
13 .10 17,642 5,832
14 .16 21,606 11,429
15 .16 56,209 29,732
16 .23 58,446 44,441
17 .16 70,566 37,327
18 .15 84,866 42,085
19 .15 90,728 44,992
20 .11 108,992 39,636
21 .16 56,039 24,353
* N = 2.2046 x 1070(V) (1.5)r Total 304,869
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This diffuser is 80 feet long, with 160 nozzles. Based on the above ef-
ficiencies, the number of the diffusers required to supply the oxygen
demand was computed for each section for the three depths of submergence.
The results are given in Table 8.

Comparison with DEGS Report

In a tidal estuary, the effect of adding oxygen at one section will not
be confined to the section volume alone, but will spread to both up-
stream and downstream sections due to tidal mixing and dispersion. The
DECS Report (6) has presented a "response matrix," which gives the
responses in DO increase in all the sections due to an input of 10,000
1bs/day of oxygen at any section. Since the DECS model was based on the
general equation of the form of Equation 1, it was intended to compare
the results of this study with those computed by the DECS model. If
placed at 25 foot depth, a total of 91 such diffusers would be required.
However, as is brought out in the next section, design considerations
will vary the type of aerator used, so that this result is only illus-
trative.

To compare the above results with those computed by the DECS model (36),
the actual oxygen input at each section was first calculated, based on
the number of aerators placed at 20 foot depth as indicated in Table 8.
The oxygen input vector was then multiplied with the DECS response
matrix, to give the actual DO increase in each section. The results
are listed in Table 9.

The system results based upon the present approach (treating each sec-
tion separately) are not much different from those of the DECS model.
The latter shows a considerable dispersion of oxygenation effects to
adjacent sections, which is undoubtedly realistic, about 16% less aggre-
gate dissolved oxygen response, which is presumably due to differences
in the approach used. The total additional oxygen demand obtained by
the methods of this study should be conservative, since it provides
enough oxygen to maintain a mean level of L.5 mg/1l throughout the entire
critical regions, which would correspond to local levels of over 5 mg/1
at aerators and minimums of L mg/l in the middle of the stream. There
seems no reason to believe that the aeration process itself would accen-
tuate either the normal or benthic BOD demands, under situations given.
If natural aeration is affected at all, other than by the reduction of
the oxygen deficit, it would be increased.

As will be discussed in the next section, it is unlikely that such a
large difference as 1.0 mg/1 will be required. Small indicated deficien-
cies of the DO level below the required norm towards the ends of the
critical region are not of significance, because a treatment program
which establishes minimum levels of 3 mg/l in that part of the river
would not result in & quantum jump at the ends of the critical region
but in a gradual slope or sag curve. The results of the aeration program
could more easily be adjusted to such a sag curve than to the assumed
step profile.
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TABLE 8

DIFFUSER AERATION SYSTEM DESIGN =~ AN EXAMPLE
Oxygen .
required | Number of 80! diffusers needed
to maintain | If placed If placed If placed
4 mg/1 at 201 at 25°¢ at 401 ,
Section]| 1lbs/day depth depth depth Remarks
10 9,581 3 3 3 (1) At 20% the diffuser transe
11 9,161 3 3 2 fers 1,09 lbs O,/hp hr at a
12 6,300 2 2 2 brake hp of 124 hp; this gives
13 5,832 2 2 2 3240 1bs Oz/dayo
14 11,429 4 4 3
15 29,732 10 9 7 (2) At 25' the diffuser transe
16 44,441 14 13 10 fers 0,98 1lbs Oy/hp hr at a
17 37,327 12 11 9 brake hp of 150 hp; this gives
18 42,085 13 12 10 3530 lbs Og/day.
19 44,992 14 13 10
20 39,636 13 12 9 (3) At 40' the diffuser trans-
21 24,353 8 7 6 fers 0,83 lbs Oy/hp hr at a
brake hp of 230 hp; this gives
4580 1lbs Op/day.
Total 98 91 73

(4) All for a temp, of 25°C
and average d.o. 375 mg/1l,




TABLE 9

COMPARISON OF THE OXYGEN INCREASE DUE TO THE
PRESENT DESIGN AND THAT BASED ON DECS D.O. RESPONSE MATRIX

Oxygen increase

Number Oxygen Oxygen based on DECS
of input increase response matrix
Section diffusers lbs 02/day mg/1 mg/1
1 -6 - - —_—— —-_——
7 -— -—— -—- 0.01
8 —-—— -—— - 0.07
9 -——- —-——— -——— 0.23
10 3 9,720 1.52 0.56
11 3 9,720 1.59 0.77
12 2 6,480 1.54 0.90
13 2 6,480 1.67 1.00
14 4 12,960 1.70 1.10
15 10 32,400 1.63 1.23
16 14 45,360 1.53 1.34
17 12 38,880 1.56 1.43
18 13 42,120 1,50 1.48
19 14 45,360 1.51 1.41
20 13 42,120 1.59 1.21
21 8 25,920 1.60 0.87
22 —-——— - - 0.65
23 -—— -—— ——— 0.49
24 —-— - -—— 0.37
25 -——— -— —— 0.28
26 -— -— -—- 0.21
27 _—— -—— -—— 0.15
28 - - -——— 0.11
29 - - -—— 0.06
30 _— -_— -— 0.02
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SECTION VI

DESIGN AND COST CONSIDERATIONS

The area of oxygen deficiency on the Delaware River, extends over a
distance of about LO miles, including extensive port area developments,
heavy industrial sites, the Philadelphia Navy Yard and other developed
water front. The river is generally from 2000 feet to 2500 feet wide
above the confluence with the Schuylkill, and wider below this point;
and it has been extensively dredged, with a 4O-foot main channel and
30-foot anchorage areas.

Since passage of anadromous fish is an important consideration on the
Delaware, consideration was given initially to the possibility of pro-
viding adequate oxygen only along the lesser developed New Jersey shore,
in order to provide for assured fish passage at minimum cost. However,
experiments with the young of shad and striped bass have now shown that
these fish do not immediately perceive water of deficient oxygen; and
when suffocation begins they react randomly, being as likely as not to
swim deeper into the oxygen-deficient area (37). Moreover, legally
adopted water quality standards apply to the river as a whole. Accord-
ingly, it is accepted as basic that supplemental oxygenation must be
effective throughout the entire river cross-section.

Spacing of Aerators

Figure 25 shows schematically a system of aerator sites evenly spaced on
each side of a river. Five-day BOD values during summer periods are
currently about 5 mg/l, and dissolved oxygen falls at times to below 1.0
mg/l. However, it is not intended that oxygenation be applied to pre-
sent conditions, but be used in combination with added effluent treatment,
which will reduce prevailing levels of BOD from the present values of
about 5.0 mg/1 (5 day) to perhaps 4.0 mg/l. If the influence of various
sources and sinks of aeration is assumed unchanged by river aeration or
degree of effluent treatment, the steady-state condition to be satisfied
in a section where DO level remains level, based upon the usual first
order relationship, is the following

Ko (Cg-C) = KiL "

where Ko is aeration coefficient, Cg is oxygen saturation of water, C is
actual DO level, K, is BOD removal coefficient and I. is BOD (ultimate).

If aeration raises DO level C temporarily to C', mg/1l, a corresponding
expression will be

de/dt = Ky (Cg - C') - KiL (2)

or Ko (Cg - ¢') = K,L - de/dt (3)
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Dividing Eq. (3) by Eq. (1) we obtain

Cs - '~ K,L - dc/dt - W)
Cs - C K,L

Substituting values of Cg; = 8.17, C! = 4.5, C = 3.0, K, =0 a
L = 1.5 x S-day BOD = 6.0 ’ s s K 37, an

Eq. (L) may be reduced to give
dc/dt = 0.6L5 mg/1 1 day

Therefore the rate at which DO will decline after the aeration.to L.5
mg/l will be 0.6L5 mg/1l per day. The aeration of water at the aerator
site to a DO of L.5 mg/l, at a time when the river as a whole was slight-
ly above 4.0, would be immediately subject to dilution effects during

the dispersion process. The actual reduction in DO concentration would
be a complex variable depending upon dilution as well as natural aera-
tion and biochemical action. As an approximation it may be assumed that
the process is represented by a dilution reducing the DO immediately to
.25 mg/l, followed by reduction by aeration and biochemical processes
only, at the rate of 0.6L5 mg/l/day.

If spacing of aerator sites is assumed to be not over 2.0 miles, the
basic design condition will be an oxygenated plume from one site dis-
persing to the center of the river, a distance of 5.L5 miles, at a rate
of 1.27 ft/sec, and thereafter flowing another 2.0 miles until the next
oxygenated plume arrived. Application of Eq. (L) indicates that DO
would decline by 0.2h mg/l during this movement. An alternative assump-
tion is that flow near the bank, during periods of low tide, might be
only one half of that actually observed, or 0.63 ft/sec, and that it
might circulate under tidal influence from one site almost to the other,
and then return, a distance approaching .0 miles. The computed reduc-
tion of DO during this cycle would be 0.25 mg/l. Therefore it may be
seen that, under the assumptions made, a spacing of aerator stations of
2.0 miles will be satisfactory, and this spacing is assumed for design
purposes. Where particular circumstances warranted it, spacing closer
than two miles would be operationally acceptable, down to as little as
LOO feet for 25-foot diffusers. Below this interval, as shown in
Section IV, such an aerator would be likely to rehandle a substantial
proportion of aerated water from a site immediately upstream, and thus
lose efficiency. Larger aerators would require further spacing.
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Far all types of aerators considered, an increase in number of aerator
sites would add to total cost, primarily on account of cost of electri-
cal connections and electric service. Accordingly, based upon general
design considerations, aerators may be tentatively considered to be
spaced about two miles apart, down each side of the river. The sites
would handle unequal quantities of oxygenation, depending upon a BOD
systems analysis to determine the requirements of each section.

Aerator Type

Unlike the case for small rivers such as the Passaic, oxygen transfer
efficiency is not the determining factar in selection of aerator type.
In this important poart area the requirements of navigation greatly
limit use of mechanical aerators, since their pile moorings would
greatly interfere with navigation in the main port and anchorage areas.
They can be used outside of port activity and anchorage areas; but the
site must have water of sufficient depth and current to carry away the
aerated mass and disperse it into the main flow of the stream.

Surface Aerator Sites

The layout of a suitable surface aerator site should be governed as far
as practicable by the following criteria.

(a) Not more than two aerators along a stream line

(b) As close to the main channel as possible

(¢) Layout as compact as possible

(d) Layout such that any one aerator can be removed individually.

Two suggested layouts are outlined in Figure 26, one with one aerator
and the other with two. The twin aerator layout could easily be expand-
ed to take a third aerator shoreward of the two shown. Such sites
would require submarine cable connections to shore, and a source of
electric power. Cost estimates are indicated in Table 10. These esti-
mates are on a similar basis to estimates previously reported (1),
modified to provide for creosoted piling, submarine cable, and naviga-
tion lights. They are based upon electric drive, 75 hp surface aerators,
with frames specially reinforced, and upon installation of a number of
facilities in one contract. Figure 27 shows the mocoring of a surface
aerator between pile clusters.

As shown in Section III, the surface aerators have a transfer rate of
3.06 1bs/hp-Ir at standard conditions. This amounts to 1.70 lbs/hp-hr
field output at 25°C and a mean DO level of 3.75 mg/l. Therefoare, the
field output of the three-aerator site in pounds per day would be

3x 75 x 24 x 1.70 = 9150 1bs/day.

Annual costs computed as indicated in the paragraph following are

$49,200. With a 135-day operating period annually, this would amount
to 4.0 cents per pound of oxygen utilized. Carresponding figures far
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Table 10

COST ESTIMATE

SURFACE AERATOR SITES

Single Two Three
Aerator Aerators Aerators
Installed horsepower 75 150 225
Equipment and Construction ‘
Items $57,000 $92,700 $130,500
Engineering and Contingencies 11,400 18,500 26,100
Total Construction Cost $68,L00 | $111,200 $156, 600
Operation and Maintenance ' $20,000 $ 26,500 $ 33,000
Interest and Amortization
at 15 years 6% basis (10.3%) 7,000 11,500 16,200
Total Annual Costs $27,000 $38,000 $L9, 200
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the two aerator sites are li.6 cents and for the single aerator site 6.6
cents per pound of oxygen utilized.

Equivalent Annual Costs

The costs in Table 10 are reduced to equivalent total annual costs per
unit of oxygen transferred, for comparison with other types of aerator,
in the following manner.

The social discount rate for economic comparison of one government in-
vestment with another may be approximated as the long-term U.S. bond
yield rate, less an allowance for the inflation increment in the current
rates, and plus an increment for risk not borme by the bond holder (38).
In November 1970, U.S. bonds of maturity exceeding ten years had an
average interest rate of 6.7%. Allowing for a depreciation component
of 1.7% and a risk component of 1.0%, the costs of alternatives may be
compared on the basis of an economic interest/discount rate of 6%
annually. With an economic life of 15 years, this corresponds to a
combined rate of 10.3% annually for both interest and amortization of
the original investment.

Diffuser Aerator Facilities

The costs of providing a diffuser aeration facility depends very largely
upon distance of the diffusers from the shore, since underwater pipe-
lines are very expensive. The distance between the blower and the
manifold is assumed to be 1000 feet; and the resulting estimated pipe-
line cost is more than half the entire construction cost in each case.
Installation nearer shore would be less expensive, although on-shore
pipelines would be required in most such cases.

Another very important design condition is the question of whether the
diffusers are capable of operation for long periods of time without
clogging or obstruction by sediment. One unpublished study of river
aeration potential (preliminary by others) eliminated diffuser aerators
from consideration because of this question. However, the diffuser
aerators tested have holes of 5/32-inch diameter, with a ball valve
which at least partly seals off the manifold when not in use. It is
assumed that these diffusers would remain operable over a period of
four years, on the average, and would then require to be removed and
serviced. Much greater efficiency could be obtained by fine bubble
aerators, but because of this question of clogging, the coarse bubble
aerator has been retained as a basis for comparison. If necessary,
devices could be provided to seal off the orifices of the diffuser
when not in use.

A third important consideration in design is the relationship of the
equipment to navigation requirements, in the areas in which the pier-
head line and channel line are closely adjacent. According to dis-

cussions with the Philadelphia District, Corps of Engineers, it must
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be accepted as a constraint that there can be no diffusers laid in the
channel and anchorage areas on account of potential interference with
mooring or with maintenance dredging. On the other hand, placing of
diffusers back of the pierhead line might leave them in slack water or
eddy conditions during portions of the tidal cycle, such as to detract
seriously from their effectiveness. Accordingly, in areas where navi-
gation requirements preclude the use of surface aerators, there are
three possible solutions, as follows. First, in open water, use single
long diffusers, as illustrated in Figure 28B and cases a, b, and c¢ in
Table 11. Second, where the pierhead line is close to the channel line,
the necessary diffuser capacity could be provided by one or more short
(25) diffusers perpendicular to the line of stream flow, successive
diffusers being separated by at least LOO feet along the stream line,
in order to avoid reprocessing the aerated water a second time. These
short multiple diffusers illustrated in Figure 28 (A) and cases d and

e of Table 11, would be comparatively expensive, on account of the under-
water pipelines. Third, where piers exist, the outer ends of which are
not used for mooring purposes, a good solution would be a diffuser laid
parallel to the line of stream flow, close to the pier, as illustrated
in Figure 29 and with costs as shown in case f, Table 11. Judging

from the flow characteristics shown by diffusers in the tests, the
surface water would flow away from the pier at a fairly rapid rate,

as shown by solid lines on the figure, while water from lower levels
would flow in towards the diffuser as shown by dotted lines. It is
believed that such a design, if not over 80 feet long, would function
satisfactorily, except briefly at slack tide. At such periods all types
of aerators would probably recirculate some of the aerated water. An
examination of the map shows that there are a great number of finger
piers in the Philadelphia area, many of which would undoubtedly be
adaptable to such an installation.

The following design assumptions were made for the diffuser aerators
by consulting engineers Hazen and Sawyer, in preparing the cost
estimates.

1. In relating air flows to estimated shaft horsepower, average
blower efficiency was assumed at 80% and a discharge pres-
sure was estimated to overcome the depth plus 254 for losses.
These values were checked against the maximum allowable pre-
sure drop in the diffuser nozzles when located one foot on
center, with 12 orifices "open" and a discharge air flow of
15 scfm per diffuser nozzle.

2. An optimum air velocity of 50 to 60 feet per second was used
to size the main and diffuser header pipes.

3. No excavation of the river bottom is included in these costs.
The diffuser would lie directly on the bottom.

L. Current market prices (material only) were used for the air
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Case Designation
Manifold Systems
River Depth, ft.
SCHM

Equipment and
Construction

Contingencies and
Engineering at 20%

Total

Annual Operation and
Maintenance Costs

1-80!
20

2620

$101,000

20,000

$121,000

$ 18,000

Interest and Amortization

at 15 years 6% basis

(10.3%)

12,500

Total Annual Cost_$30,500

Table 11

COST ESTIMATES

DIFFUSION AERATION FACILITIES

1-160"
20
5240

$128,000

262000
$15L,000

$ 26,000

152900

$l1,900

% Installed at pler end

1-80!
30
2790

$110,000

22,000
$1322000

$ 22,000

13,700
$35,700

d
1-25!
Lo
1000

$ 8L,000

17,000

$101,000

——————————

$ 15,000

_10,400
$25, 400

e
3-25!
Lo
3000

$176,000

35,000

$211,000

$ 34,000

212800

$55,800

f
1-80'%
30
2790

$ 77,500

15,500

$ 93,000

$ 19,000

9,600

$28,600
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blower with its accompanying electric drive motor, with an
allowance of 30% for installation. The estimates of horse-
power were generally increased to account for economic equip-
ment sizes.

The blower assembly was assumed to include the following:

a. Purchase of blower unit and accessories--one or two
stage blower, V-belt drive or reduction gear, electric
drive motor, starter, base, coupling guard, relief
and unloading valve, inter-stage piping, inlet filter
silencer, discharge silencer and wiring.

b. Installation of blower with electric drive motor complete
with timber or concrete foundatiocn, and

c. Assistance in intial start-up operation.
The air piping system includes the following:
a. Preliminary river soundings.

b. Purchase, erection and installation of 1000 ft. of Schedule
4O steel pipe (main header) and various lengths of diffuser

piping.
c. Valves, fittings and flexible couplings.
d. Purchase and installation of proper anchorage and supports.

e. Purchase and installation of diffuser mnozzles similar to
previously purchased.

f. Assistance in initial start-up operation.

Electrical costs were estimated based on a source of electric
power approximately 1,000 ft. from the site. Among the princi-
pal items included are the following: 1,000 ft. conduit,

3,000 ft. of cable sized for motor load, lighting transformer
feeder breaker, lighting transformer, lighting panel, two
floodlights, and six incandescent fixtures. In addition,

250 ft. of service cable from the service pole is included.

The cost of the poles was assumed backcharged by the utility.

Each piping is planned to be removed for cleaning and repair
and reinstalled once every four years.

The following schedule of equipment operation was useds
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Number of

Months/Year Hours of Operation (21l cases)
6 No operation
3 Full (24 hr/day) continuous operation
3 Half-day (12 hr/day) operation

10. Annual costs of removal from river were estimated as 50% of
the original installation cost, prorated over four years.

11. During a daily visit to each of approximately ten sites, one
serviceman can inspect, repair and maintain equipment.

12. Electric power costs based on Public Service Gas and Electric
Company of New Jersey rate schedule for large power and light
users.

13. Annual maintenance costs estimated as 3% of total equipment
costs.

The transfer efficiency of diffusers varies with depth, and must be
adjusted to field conditons. In this case, field conditions are cal-
culated as a mean DO value of 3.75 mg/l and temperature of 25°C, and
also pressure corresponding to the mean depth of water during rise of
bubbles. A change in oxygen saturation value appropriate to that
depth must be allowed for. Values for the diffuser tested are as
follows:

Depth - Percent Absorption
Standard Field
Conditions Conditions
20 5.6 L.8
30 ' 6.8. 6.9
Lo 7.0 8.1

Applying these percentages to the various cases outlined in Table 11,
the costs per pound of oxygen used during an assumed 135 day annual
operational period may be computed.

The diffuser aerator with lowest unit cost is case f, a large pier-end
installation (80' unit) which would provide oxygen at L.L¢/1b.0, in 30!
water. Case c, a similar installation in open river without a pier,
assuming a 1000' underwater pipeline, would have costs of S.5¢/1b.02.
If the water were only 20 ft. deep (case a) costs would rise to 7.2¢.
Smaller installations would be more expensive. For example, a single
95_foot diffuser in LO feet of water, in the open river (case d),
would have costs of 9.3¢

When a comparison is made as to costs between diffuser and mechanical
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aerators, account must be taken of volume of output, since, for both
classes of aerator, unit costs for the smaller units rise rapidly.

When compared on the basis of equivalent outputs, the diffuser aerators
appear somewhat more costly than the surface aerators, except for case f,
the pier-end aerator, which is less costly.

Based upon these results, the surface aerators appear to be the more
economical for reaches of the river where they do not interfere with
navigation. In port areas and other developed waterfronts where
surface installations would not be acceptable, the diffusers would be
used, installed preferably upon pier ends or other favorable points
where underwater pipeline construction would be minimized.

Possibilities of Oxygenation

There are also possibilities of raising DO level by diffusion of pure
oxygen, which have been reported on both for rivers (39,L0) and in much
more detail, for waste treatment plants (L1). Although investigation

of such possiblilities was not within the scope of the demonstration
project, other studies underway indicate that oxygen diffusion offers
possibilities of providing an economical alternative to air diffusion
under conditions assumed. This is particularly true for water of 30-LO
feet deep. There are two reasons for this: (a) the oxygen supply lines,
being much smaller, can utilize flexible plastic tubing rather than
steel pipe, and (b) the oxygen diffusers function at LO feet depth as
well or better than at lesser depths, with added cost only for initial
installation. The cost of the oxygen is a considerable item, of course,
but for installations of the larger sizes in particular, oxygen dif-
fusion appears considerably more economical. These conclusions are
based upon estimates of cost of diffusers provided by the Martin Marietta
Corporation, and provision for construction cost, provision of oxygen,
and annual removal and cleaning of diffusers. The annual removal of
diffusers would be much simpler for the small oxygen diffusers and
flexible supply lines than with the heavy steel aeration pipe lines and
diffusers. However, further work will be required to determine various
design aspects since there are several alternative methods of oxygenation.
Also it will be necessary to make an entirely different dispersion
analysis since the dispersion analysis of the present report will not

be applicable.

Overall Economy of Induced Oxygenation

An accurate cost estimate for adding oxygen to a major river cannot be
be made without further research and design studies, particularly to
determine which areas in the river can be oxygenated with surface
aerators and which of the remainder can be served by pierhead installa-
tions. Also, possibilities of further economies by use of pure oxygen
should be developed. However, some very rough approximations can be
made. It is shown in Section V that the total additional oxygen re-
quirement on the Delaware amounts to about 305,000 1lbs/day (Table 7).
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Allowing extra for irregularities in spacing and sizing, this might
amount to about 48 million pounds of oxygen annually provided by a mini-
mum of perhaps 50 sites, an average of 960,000 1bs Oy annually per site.
Such an input would require two of the 8 foot pier-end diffusers (case
f) or intermediate between two and three surface aerators. Since the
distribution of added oxygen to obtain the desired oxygen distribution
would be somewhat irregular (as shown in Section IV), and the size of
diffuser facilities will usually be limited by practical considerations,
there will undoubtedly be a considerably larger number of sites required.
Some sites will undoubtedly be required of size much less than the mean,
with corresponding increase in unit price. It appears likely that the
mean unit cost of raising the minimum average DO level from 3.0 to 4.0
mg/1l by means of induced aeration would cost about 5¢ per pound of oxy-
gen added during the critical period. This would correspond to total
cost, including amortization of $4,800,000 annually. Since this is much
less than the costs of achieving the same results by treatment alone, it
appears that the instream aeration should be adopted in planning as an
alternative to advanced degrees of waste treatment, where the main
objective is the maintenance of satisfactory dissolved oxygen levels.
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