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Mixing Zone Mass Balance Calculations Including Far-Field
Accumulation of Effluent and Ambient Background Pollutants

Introduction

Tidal currents may cause effluent to accumulate in the receiving water surrounding an outfall in a
tidal river or estuary The receiving water may also contain background concentrations of
pollutants from sources other than effluent This discussion presents mass-balance equations to
account for far-field accumulation of effluent and background pollutant concentrations in the
receiving water for mixing zones that are tidally-influenced Various methods are available to
account for the accumulation of effluent and ambient background sources when determining
potential to exceed water quality criteria or estimating waste load allocations

When dye is used as a tracer of effluent in a mixing zone study, the far-field accumulation of
effluent may be estimated based on either of two methods:

. the USGS superposition method (Appendix A: a case study by Hubbard and Stamper,
1972) may be used by injecting the tracer during one tidal day and measuring continuously
at a fixed monitoring station to determine maximum concentrations during succeeding

days until the tracer is undetectable; or

. the Jirka method (Appendix B: section 2 6 of EPA, 1992: EPA Technical Guidance for
WLAs, Book II Part 3, EPA/823/R-92/004) may be used by injecting the tracer over
several tidal cycles (usually five or more) until a quasi-maximum steady state is reached.
Concentrations of the tracer are usually monitored continuously at a fixed monitoring

station.

In addition to the alternative methods of tracer injection, two alternative schemes for monitoring
stations are considered:

. Alternative 1: tracer concentrations are measured in the near-field at the mixing zone
boundary in the approximate centerline of the effluent plume; or

. Alternative 2: tracer concentrations are measured in the far-field at some considerable
distance from the effluent plume at a position that is representative of the source of
dilution water for the plume

Either the Jirka or superposition methods may be used to conduct the tracer studies for both
Alternatives 1 and 2. A third alternative is also proposed if a tracer study is not conducted:

. Alternative 3: no tracer study is conducted. A default correction for far-field accumulation
will be based on recommendations by EPA 1992 and Ecology's Permit Writer's Manual



Definitions
near-field

far-field

<]

Ta

DF

WLA

wQC

at the mixing zone boundary in the approximate center-line of the effluent plume

at some considerable distance from the effluent plume at a position that is
representative of the source of dilution water for the plume

initial maximum effluent concentration (volume fraction of effluent, e.g 5 percent
effluent corresponds to V of 0 05) during first tidal cycle prior to influence of far-
field accumulation from previous tidal cycles.

quasi-steady-state maximum effluent concentration (volume fraction of effluent,
e g 5 percent effluent corresponds to V of 0.05) after several tidal cycles result in
equilibrium with far-field accumulation.

return rate of dye or effluent mass diséharged in the previous tidal cycle as defined
in EPA 1992 (Appendix B).

initial effluent dilution factor (reciprocal of volume fraction of effluent, e.g. 5
percent effluent corresponds to DF of 20) during first tidal cycle prior to influence
of far-field accumulation from previous tidal cycles. DF may be estimated using a
model (e g. PLUMES or CORMIX) or by near-field tracer measurement, DF is
usually determined at critical conditions.

quasi-steady-state effluent dilution factor (reciprocal of volume fraction of |
effluent; e g 5 percent effluent corresponds to DF of 20) after several tidal cycles

(usually 5 or more cycles) result in equilibrium with far-field accumulation. DF is
usually determined at critical conditions.

pollutant concentration in the plume at the mixing zone boundary.
pollutant concentration in effluent before dilution in the mixing zone
pollutant concentration in upstream ambient receiving water.

effluent concentration to use for Waste Load Allocation (acute or chronic) for
derivation of water quality-based permit limits.

pollutant concentration for water quality criteria (acute or chronic).




Mass Balance Equations for Alternative 1

If the tracer monitoring station is located in the near-field (at the mixing zone boundary in the
approximate centerline of the effluent plume), then the following mass-balance equations are

appropriate:

. calculate Jirka's rq from near-field V and V (based on equation 22 in Appendix B):
=(V-V)/V | (H
. calculate the near-field DF (acute or chronic boundary), including the effect of far-field

accumulation of effluent, from model or tracer estimates of DF and estimated rq in the
previous step (based on equation 22 in Appendix B):

DF =DF (1-14) 2

. The following equation is appropriate to calculate pollutant concentrations (C;) at the
mixing zone boundaries for comparisons with water quality criteria. Near-field dilution is
corrected for far-field accumulation of effluent in the previous step The following
equation incorporates the effect of ambient background (C,) from sources of pollutants
other than effluent. Estimates of C. may also include a reasonable potential multiplier
using methods in chapter VI of Ecology's Permit Writer's Manual. Pollutant
concentrations (C,) are estimated as follows (based on equation 9 in the PLUMES

manual; EPA/600/R-93/139):

C,=C.(1/DF )+C.(1-(1/DF)) 3)
. ca_iculate acute and chronic WLAs:
WLA = WQC DF -C.(DF - 1) (4)

Example:

Given: near-field V = 02 (2 percent effluent); near-field V = 07 (7 percent effluent)

Calculation of near-field DF including far-field accumulation of effluent:
rs=(07-.02)/ 07=7143; DF=1/ 02=50; therefore near-field DF =50(1- 7143)=14.3.



Mass Balance Equations for Alternative 2

If the tracer monitoring station is located in the far-field at some considerable distance from the
effluent plume at a position that is representative of the source of dilution water for the plume,

then the following mass-balance equations are applicable:

calculate near-field DF, excluding the far-field accumulation of effluent, from a model {e.g.
PLUMES or CORMIX) or from an additional near-field tracer monitonng station (e.g
near-field DF = reciprocal of near-field V}

calculate the near-field DF (acute or chronic boundary), including the effect of far-field
accumulation of effluent, by mass balance with near-field DF from the previous step and

far-field V (based on equation 8 from the PLUMES manual, EPA/600/R-93/139):
DF =DF/(1+ V (DF-1)) 5)

The following equation is appropriate to calculate pollutant concentrations (C;) at the
mixing zone boundaries for comparisons with water quality criteria. Near-field dilution is
corrected for far-field accumulation of effluent in the previous step The following
equation incorporates the effect of ambient background (C,) from sources of pollutants
other than effluent. Estimates of C, may also include a reasonable potential multiplier
using methods in chapter VI of Ecology's Permit Writer's Manual. Pollutant
concentrations (C,) are estimated as follows (based on equation 9 in the PLUMES

manual; EPA/600/R-93/139):
C,=C.(1/DF )+C,(1-(1/DF)) 3)
calculate acute and chronic WLAsS:

WLA =WQC DF -C, (DF-1) (4)

Example:

Given: near-field DF=50 from PLUMES model excluding far-field accumulation of
effluent; far-field V=051 (5.1 percent effluent) from tracer study using super-position
method

Calculation of near-field DF iﬁcluding far-field accumulation of effluent: near-field
DF=50/(1+ 051(50-1})=14 3



Mass Balance Equations for Alternative 3

If a tracer study is not conducted to estimate far-field accumulation effects, then the following
mass balance equations are appropriate based on recommendations by EPA 1992 and Ecology's

Permit Writer's Manual:

. estimate default for Jirka's ry = 0 5 from EPA 1992 and Ecology's Permit Writer's Manual

. calculate the near-field DF (acute or chronic boundary), including the effect of far-field
accumulation of effluent, from model or tracer estimates of DF and estimated r4 in the

previous step (based on equation 22 in Appendix B):
DF =DF(1-14) (2)

. The following equation is appropriate to calculate pollutant concentrations (C;) at the
mixing zone boundaries for comparisons with water quality criteria. Near-field dilution is
corrected for far-field accumulation of effluent in the previous step. The following
equation incorporates the effect of ambient background (C,) from sources of pollutants
other than effluent. Estimates of C, may also include a reasonable potential multiplier
using methods in chapter VI of Ecology's Permit Writer's Manual Pollutant
concentrations (C,) are estimated as follows (based on equation 9 in the PLUMES
manual; EPA/600/R-93/139):

C,=C.(1/DF)+C,(1-(1/DF)) 3)
. calculate acute and chronic WL As:
WLA = WQC DF - C,(DF -1) 4

Example:
Given: r;~0.5; DF=50

Calculation of DF : DF =50(1-.5)=25



Appendix A

Hubbard and Stamper, 1972
Movement and Dispersion of Soluble Pollutants
in the Northeast Cape Fear Estuary, North Carolina



Appendix B

Excerpt from draft of Section 2 6 of EPA 1992
EPA Technical Guidance for Manual for Performing Waste Load Allocations
Book III: Estuaries
- Part 3: Use of Mixing Zone Models in Estuarine Waste Load Allocations.
EPA/823/R-92/004



Appendix A

Hubbard and Stamper, 1972,
Movement and Dispersion of Soluble Pollutants
in the Northeast Cape Fear Estuary, North Carolina
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GLOSSARY

The tollowing definitions refer to technical térms as specifically uned in this
report.

Connervative solute. A dinsolved substance of low degradability.

Cubic feet per second (cfs). The rate of discharge of a stream whose chan-
nel {a 1 square foot in cross-sectional ares and whose average velocity
is 1 foot per second.

Drainage area. The surface ares at a certain point on a stream from which
runofl is drained by the stream aystem.

Ebb tide. The outgoing tide, characterized by falling stage and downstrean
flow.

Flood tide. The incoming tide, characterizxed by rising stage and upstream
fllow.

Flushing time. The average time required for & particle of solute to travel
from a point of injection to the mouth of the estuary.

Left bank. The streambank that is on the left when facing downstream
or seaward,

b R P

CONTENTS v

Low-ﬂow_ fftquency curve. A graph showing the magnitude and frequency
of minimum flows for a perisd of given length. Frequency 1a usually
expresaed as the average interval, in years, between recurrences of an
l.nn}ni minimum flow equal to or leas than that shown by the magnitude
scale, . '

Micrograms per liter (ug/1}). A unit expressing the weight of a dinsoived
substance with reapect to the solution voiume, If it can be assumed that
& liter of solution weighs 1 kilogram, results in micrograms per liter
ure equivalent Lo those in parta per billion.

Mileage figuren. The distance mlong the center of the channel upstream
from the mouth in statute miles.

Mllllgl_-nml per liter (mg/l). A unit expressing the weight of a dissolved
substance with respect to the solution volume. If it can be assumed that
a liter of aoiution weigha i kilogram, results in milligrams per liter are
equivalent Lo those in parts per million.

Hecurrence interval. The average time, in years, within which an extreme
ovent will be equaled or exceeded once. An example of an extreme event
would be & drought or period of low streamflow.

Runoff. That part of precipitation that appesrs in streama.

Semidiurnal. A term which describes an event, or cycle, which occurs dur-
ing half-lay intervals, Since tidai cycies cover approximate intervals
of one-hulf iny, they ure charncterized as semidiurnal.

Solute, A substance which in dissolved in a liquid. Seiute may be expressed
a8 & concentration or as the total dry m{ undiluted wesght.

Slalinm.ng or station. As used 1 this report, the distance from the left
bank to a sampling point in & cross aection.

Tidal excursion. The distance a certain particle of water moves upstream

orrllownltre-m during a tidal cycle with reference to some stationary
point.
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MOVEMENT AND DISPERSION OF SOLUBLE POLLUTANTS
IN THE NORTHEAST CAPE FEAR ESTUARY,
NORTH CAROLINA

By E. F. HUBBARD and WILLIAM G. STAMPER

ARSTRACTY

‘This report presents the results of fuorescent-dye-tracing study to deter.
mine the concentrations of a pollutant that would be present in the Northenst
Cape Fear Estuary at various rates of continuous waate injection and fresh-
water inflow,

_"_‘R__h_og_n__rg_in__sn_W’l‘ gxm;__j_%ced Into the estuary at & constant rate over
“a 24.8-hour period (two tidal eyc e‘ﬂy a point 6.4 miles upstream from the
mouth in Wilmington, N.C7, and concentrationa were monitored mt severai
selected sections in the tide-affected part of the river for 17 days. The range
between high and low tide in this reach of the estuary averages ahout 3.5
feet, and there 1s usually strong flow i1n both directions.
Resulta of the dye study indicate that if a pollutant were injected at a

e Tale 0f 100 pounds per day under the conditions of relativeiv low 1nflow

existing at the time, concentrations would ultimately build up to 20 micro-
grame of dye per liter of water 1,000 feet downstream. The Aushing time
during the study is estimated 16 be 17 days. These resulta are extrapolated
to include periods of lower or higher inflow. For example, at average intervais
of 10 yearns, it in estimated that inflow is so low that 100 davs arve required
for a pollutant to travei the 6.4 miles from the point of waste release to the
mouth of the river. Under these conditions 1L is expected that 1,000 feet
downstream from the point of waste discharge, daily maximum concentia-
tions will average sbout 130 micrograms per liter for each 100 pounds of
pollutant injected per day.

Results of a continucus discharge measurement of flow made by curvent
meter during & complete tidal cycle are presented as & part of this repost.
Data from this measurement and other evidence indicate that net upstream
flow in the eatuary ia possible over a period of acveral dava,

INTRODUCTION

Increasingly, attention is centered on an important natural
resource of North Carolina, the estuaries of its rivera. These
tidal reaches have tremendous potentinl for recreation, waste dis-
posal, navigation, and water supply. In addition to these direct
uses by man, biologists stress the dependence of manv plants and
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animals on an estuarine environment during all or a part of their
life cycle. For good management of this resource, information is
reeded on the mechanics of flow in the estuaries.

The lower part of the Northeast Cape Fear River is an example
of an estuary that many industries presently use. This use 18
expected to increase rapidly in the near future, especially for
waste disposal. Owing to the varied flow patterns of an estuary,
which alternately has upstream and downatream ﬂow waste dis-

ollutnon can reach dangerous levels if the buildup
in waste concentration exceeds the capacity of the estuary to
reduce it. If the estuaries are to be protected from undue pollu-
tion and used for the benefit of the public, a thorough knowledge
of the system is essential. (For discussions on dispersion models,
see Harleman, 1966, and Sayre, 1968.)

The Nuclear Energy Division of the General Electric Co. re-
cently constructed and placed into production a plant located be-
tween U.S. Highway 117 and the Northeast Cape Fear River

about 6 miles north of Wilmington near Wrightsboro, N.C. Efflu- -

ent from this plant is being introduced into the river.

Because of the complex flow in the Northeast Cape Fear Estu-
ary, a special investigation was conducted to determine the dis-
persive and assimilative characteristics of the reach into which
the General Electric Co. is discharging wastes. The U.S. Geologi-
cal Survey, at the request of and in cooperation with the North
Carolina Department of Water and Air Resources, made the study.
The General Electric Co., in addition to making a financial contri-
bution to the North Carolina Department of Water and Air
Resources, furnished a pier and recording instruments for a gag-
ing station to record river stage and velocity and direction of
flow on the river near the point at which the wastes are being
discharged. {See location map, fig. 1.)

We thank the participants in this project not only for their
efforts but also for the willingneas with which they performed
them. Special thanks are given to James F. Bailey, Nobuhiro
Yotsukura, and Frederick A. Kilpatrick, hydraulic engineers of
the Geological Survey, who assisted in the initial reconnaissance,

the data coliection and reduction, the analyses of data, and the
review of this report.
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ORIECTIVER

The objectives of this study were to:

1. Understand the flow and dispersive characteristics of the
Northeast Cape Fear Estuary and determine how they affect
the flushing of soluble wastes.

2. Develop methods permitting the prediction of buildup in con-
centrationa to occur at selected points within the estuary
when a conservative solute (dissolved substance of low
degradability) is discharged to the system.

The authors’ objectives were accomplished by injecting a flu-
orescent dye and tracing its movement and dispersion in the
estuary as it was expelled from the system and by measuring
tidal velocity, direction, and volume of flow. This experiment, for
the most part, took place in October 1969, and the results are
included in this report. .(For other recent reports on estuarine
dye atudies, see Williama, 1967, and Beverage and Swecker, 1969.)

It was anticipated at the beginning of the study that waste
concentrations might reach undesirably high levels during certain
periods of low fresh-water inflow and that it might be necessary
to schedule waste relenses to make optimum use of the flushing
effecta of ebb tides and higher inflows and to minimize the up-
stream migration of the wastes, Scheduling releases requires
current data on the direction and velocity of flow in the estuary,
The General Electric Co. constructed a pier on which the Geologi-
cal Survey installed a deflection-vane and a stilling well. The com-
pany provided instruments which record direction of flow, vane
deflection, and stage. These instruments are arranged so that
relative velocity and direction of flow, as well as stage, can be

monitored and recorded at the river or in the General Electric
plant.

DRESCRIPTION OF ESTUARY AND STREAM .m

The Northeast Cape Fear River heads in Wayne County, N.C,,
and flows south through Duplin, Pender and New Hanover Coun-
ties, and at Wilmington flows into the Cape Fear River which
empties into the ocean about 30 miles south of Wilmington. The
gage site, also the point of dye injection, is on General Electric
Co. property at mile 6.4 above the mouth of the Northeast Cape
Fear River. The drainage area at the gage is 1,700 saq mi (square
miles) and at the mouth is 1,740 sq mi.

Much of the analysis in this report concerns the reach of the
river from the mouth upstream for about 12 miles. This is the

area usually affected by the discharge of solutes in the vicinity of

tha earine atatinn.
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The tidal effect in the Northeast Cape Fear River extends ahout
20 or 30 miles above the mouth. The tidal range is 3.4 feet at the
gaging station, compared to the tidal range of 4.5 feet in the ocean
near the mouth of the Cape Fear River. The characteristic diurnal
cycle of tides (a high high, a low iow, a iow high, and a high low
tide) is approximately 24 hours and 50 minutes.

The Northeast Cape Fear Estuary is essentially well-mixed:
that is, there is practically no vertical stratification of fresh and
salt water within the system, except poasibly during large floods.
This condition usuaily applies to estuaries in which the volume

of water due to tidal Aow is several orders of magnitude greater
than the volume of fresh-water inflow.

THE DYE STUDY

The dye study, designed to simulate the waste discharge from
the industrial facility into the Northeast Cape Fear Estuary, wus
accomplished by injecting Rhodamine WT dye solution into the
estuary at a constant rate from the gaging station pier and mons-
toring the movement and diapersion of the resulting dye cloud
by collecting samples at selected points in the study reach. (For
discussions of fluorescent-dye-tracing techniques, see Wilson,
1968, and Pritchard and Carpenter, 1960.) The assumption was
made that this dye would be as conservative (see glossary) as
the waste material it simulated. In other words, the dye would
resist destruction or alteration by chemical, photo-chemical, bio-
logical, or other processes to the same degree as waste materials
and would not be absorbed or adsorbed by bed materials and
substances in the wat rcnr,

geeDusing the study.fomglewatsrgingow was estitaated to be 4007
‘ofs, méderately low for this estaary. Tides were somewhat above’
normal, probably because of a tropncal storm which moved north
off the coast during the first few daya of the study. These factors,
relatively low fresh-water inflow and higher than average tides,
provided ideai conditiona for the study. Because both factora tend
to retard the flushing action of an estuary (Wilder and Hubbard,
1968), the results of the investigation are particularly applicable
to times when pollution buildup may reach critical values.

DATA COLLECTION

Before injecting the dye, the authors needed to find the approxi-
mate tidal excursion: the distances the dye cloud would move up-
stream and downstream during one tidai cycie. These distances
were determined by the authors observing the movement of floats
placed in the eatunry when flow conditinna were similar Lo those
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predicted for the injection period. The estimated upstream and
downstream tidal excursions were 2.9 and 5.0 miles from the
injection point, respectively.

Four cross sections were eatablished at strategic locations along
the estuary. Sampling sections 1.and 4 which, respectively, were
the farthest upstream and downstream, were located near the
ends of the tidal excursion zone noted above, at river miles 9.3
and 1.4. The locations of the sections and the gage are shown in
the following table. :

Diatonee nbove Dintunae from gagc and
month dye-injection pomit
Lnilen) {miles)
Section 1 oo iaviin i m———a— 9.3 29
GAFE ooevicmnmmcemman e 6.4 —
SeCtON 2 - oooomoonam o meemmnee 6.2 0.2
Seetion 3 i 4.4 2.0
Section 4 .o i i4 h.oO

One hundred thirty pounds of Rhodamine WT dye in a 6.26 per-
cent solution with water was used in the study. Dye injection
began at 2:00 a.m. e.d.t. on October 14, 1969, the time of high-
slack tide at the injection point, and continued for two complete
tidal cycles, which ended at 3:00 a.m. on October 15.

During the firat two tidal cycles after the dye injection began,
aix to 10 surface aamples and two bottom samples at selected sta-
tions in each cross section were collected at about 15.minute
intervals. These sampling intervals were gradually lengthened as
the concentration versus time curves became flatter. (See fig. 2.)
The number of sampling stations within each cross section were
reduced as lateral mixing became more complete. After the firat
week of the atudy, a achecdule waa developed no that representative

samples were collected from each cross section at timea of maxi-
mum concentration. Sampling was continued through Oct. 30,
1969, when the maximum concentration measured in any cross
section was less than 0.25 sg/l, below the level of significance
for this analysis; therefore, collection of data was concluded.

. DATA ANALYSIS

The dye study was designed to simulate the injection and move-
ment of a conservative soluble substance within the estuary for an
indefinite length of time. The experiment could duplicate this
situation exactly by the dye's being injected until the flushing
process stabilized and daily maximum concentrations measured in
the estuary reached a constant value for the prevailing inflow and
tidal conditions. It is prohibitively expensive, however, to inject

dye for the 15 or more days required to build up concentrations to
e £ % % ML aendhad ~f annarnoaitinn. therefore, is
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applied to the observed short-term data to compute the concen-
tration that would result from long-term injection of a solute.
Thearetioal application of this method, which has been known for
soma time,(Railay and others, 1966), was recently described by
Yotasukura (1968).

Understanding the superposition procedure to estimate the
buildup in dye concentrations requires considering the effect of
& solute being injected into the river. During the dye atudy, it was
observed that the dye quickly dispersed into a reach of the estuary
approximately 6 miles long at low tide. This cloud of dye moved
back and forth in the estuary in response to the ebb and flow of
the tide. Consequently, if the dye concentration was monitored at
o given point, the concentration would rise, reach a peak, and
then diminish as the dye cloud moved past. Then during the
reverse tide when the cloud recrosaed the monitoring point, it
would cause another rise, peak, and diminution. The dye-cloud
movement produces two peaks of concentration for each tidal
cycle unleas the dye disperses so uniformly throughout the reach
that no peak conecentration is discernible. If the concentration isa
monitored near either end of the reach in which the dye cloud ia
moving, only one peak is observed during each tidal cycle because
the dye cloud arrives at the end of the reach, causing an increase
in concentration; remains there during siack tide; and leaves
when the tide reveraes, causing a decreaae in concentration.

The superposition procedure, by which concentration buildup
is estimated, used the data from samples collected in the estuary.
The dye concentrations of these samples were determined, and
grapha of concentration versus time were plotted for selected
sampling points. Examples are shown in figures 2 and 3. For sim-
plicity, figures 2 and 3 depict the dve concentrations at sectionsa
1 and 4. Because these sectiona are near the upatream and down-
stream ends of the reach affected by the dye cloud, there is only
one peak in concentration per tidal cycle of 12.4 hours. Had the
concentrations at sections 2 or 3 been shown, there would be N
two peaks per tidal cycle, as explained above. ' O e

These peaks maintain a nearly constant relation with the rise 5
and fall of the tides. For example at section 4, which ia near the oy
mouth of the Northeast Cape Feur, the peak in concentration b
occurs approximately at low siack tide, when the dye cloud is 14
as far downstream as it will travel during that tidal cycle. The
concentrations at section 4, the most downstream sampling sec-
tion, therefore, are at the maximum for that tidal cycle. This rela- _
tion between the low slack tide and maximum concentration at YLD H3d SWYHDOUDIW Ni ‘NOILYHINIINOGD A0

22
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method of computing concentration buildup is tllustrated

085+507+4210+109+212+137+1.10+40 68+0.53+0‘SI +034+0:30+0 24
0.19
e

+0.19+0.1340.07=16.69 ug/!
0.20

ar ‘
248 m—+—z¢ 8 hr—-I
210

by summation of the daily maximum concentrations which occurred at intervals

equal to the period of dye intection (fwo tidal cycles 24 8 hr)

is as follows:

0.34
Paw AN

15
24

oy
18
Note:—Maximum buildup in concentration was estimated for this sampling point

—
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Ficuke 3. —Fluctuation in dye concentration at a sampling point 300 feet from the left bank in cross section 4. The

B L I TSN R——.




. E10 ENVIRONMENTAL QUALITY

section 4 1s maintained as long as the solute remains in the estu-
ary. Likewise a fixed relation between the tidal movement and the
fluctuation in dye concentration exists at any other point in the

reach. The effects of tidal motion on a solute are discussed in
greater detail later in this report.

The method of superposition is a technique for adding concen-
trationa cbserved on succeeding tidal cycles, after a short-term
injection of & solute, to approximate the concentration that would
result from a long-term injection. Consider the concentration
versus time curves illustrated in figures 2 and 8. The amplitude
of these curves increased sharply during the dye injection period
of two tidal cycles and then gradually decreased as the dye was
dispersed and flushed from the system. Had the injection con-
tinued for another two tidal cycles, the concentration resulting
only from the dye injected during second two cycles would follow
the same curve as that for the first injection for two cycles, but
the time would be delayed by 24.8 hours. Thus, the concentration
observed at a given time after an injection for two tidal cycles
plus the concentration observed 24.8 hours earlier would be
equal to the concentration that would result at that same given
time after (or during) an injection for four tidal cycles, If the
injection were continued for the more than 8 days required for
another two tidal cycles (six tidal cycles in all), the concentra-
tions on the third day would be equal to the superposition of the
concentration curves for the first, second, and third days. If the
injection were continued for many days, the concentration of any
peak would equal the sum of the peak concentrations resulting
from a two-cycle injection taken at the same time in every other
tidal cycle, Because the injection was for two tidal cycles, it ia
necessary to sum only the peak concentration for every other
cycle. If the injection were for one tidal cycle, every peak would
have to be added to obtain an estimate of concentration buildup.

For this study it was decided to inject dye for two tidal cycles
because of the asymmetry of the tides in this region. During a
two-tidal cycle period there is a high-high, a low-low, a low-high,
and a high-low tide. A determination of the response of the dye
cloud to this asymmetry was necessary to estimate the concen-
tration buildup accurately. In other words, it would make some
difference in ultimate concentration whether the solute were in-
jected through just the high-high or the low-high cycle. By
injecting through both it was poasible for the authors to choose
the combination of peaks that would add up to the largest dye
concentration. This summation was done, as is illustrated in

o s MR e e D
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figure 3, and the value obtained is referred to hereafter as the
daily maximum concentration.

One way to understand this computational procedure is to con-
sider that, if there were an injection of dye for many days, the
first incremental concentration would represent dye injected that
day; the second incremental concentration would represent dye
injected the day before. The third would represent dye injected
3 days before, and so on until the concentrationa build to & steady
level. Under flow conditions similar to those during the dye

study, this plateau concentration would be reached after about
17 days.

] .
e 1 0.

RRSULTS OF THR DYE STUDY ,;‘:O* f:".-’,:,o . L‘\Jﬂ
Dye concentrations were added for um[)ling‘ mﬁonn in each
section. Dye was injected at the rate of 126'pounds per day. Dye-
concentration data were divided by 126 so that the units were
micrograms per liter for each pound of solute injected per day.
Figures 4-7 illustrate the sum of incremental concentrations in
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point 200 feet from the left bank in cross section 1.
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Figurs §.—Cumulative dye concentration versus time, in days, at sam-
pling points 100 and 450 feet from the ieft bank in cross section 2.
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FiGune 7.—Cumuistive dye concentration versus time, in days, at & sam.
pling point 300 feet from the left bank in cross section 4.

these units, as described above. These curves represent the build-
up in daily maximum concentrations at the indicated sampling
atation if there were continuous injection of a solute. The hori-
zontal line which these curves approach asymptotically is the
maximum concentration buildup possible for the conditions dur-
ing the dye study.

Figures 8-11 show the lateral distribution of daily maximum
dye concentrations hereafter referred to as unit concentrations,
because they represent the maximum daily concentrations that
would result from an injection rate of ! pound per day. The
cumulative dye-concentration computations illustrated in figure 3
were done for all sampling atations in each cross section. These
unit concentrations can be multiplied by the amount of any solute,
in pounds per day injected, to determine the daily maximum
buildup of that solute, at any point. For example, suppose it were
necessary to determine the daily maximum concentration at =
point 500 feet from the left bank in section 3 after long-term
injection of phosphate at a rate of 3,000 pounds per day, when a
fresh-water inflow of 400 cfs exists. Figure 10 shows that the unit
concentration is 0.17 ug/l, Multiplying 0.17 by 3,000, we obtain
A maximum daily concentration of §10 »&/1 of phosphate This
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FIGURE 1).—Lateral variation in maximum dye-concentration buildup for
sampling stations in section 4, 1.4 miles above mouth.

value applies only for flow conditions similar to those that pre-
vailed during the study.

To eliminate the need for making the computation described
above, we calculated pollutant concentrations at each cross section
for different rates of injection by using the maximum buildup fac-
tors for each section. The resulting curves, the solid lines in fig-
ures 12-15, are based on the estimated average fresh-water run-
off of the entire basin (to the mouth) which occurred during the
dye-injection study. To increase the versatility of these curves,
we extrapolated them to cover various rates of fresh-water in.
flow which are shown as the dashed lines in figures 12-16. This
resulting family of curves was extrapolated from this single dye
study by the authors assuming that concentration buildup is in-
versely proportional to fresh-water inflow to the estuary. While
thia simplifies the complexities involved, and other dye studies at
different rates of fresh-water inflow are necessary to test the
assumption, we consider the extrapolated curves useful approxi-
mations. (For a discussion on the linearity of the response of
flushing time to inflow, see Carpenter, 1960.)

To illustrate the use of figures 12-15, we can eatimate the dsily
maximum concentration at section 2 if a solute were introduced
into the estuary near the gage at a rate of 1,000 pounds per day
when the fresh-water inflow was 200 cfs. Enter figure 13 on the
bottom scale and locate the intersection with the 200-cfs curve.
The maximum concentration is then read on the left-hand scale

_ opposite this point, which ia 400 sg/l for this example. This pro-

cedure may be used with any curves in figures 12-15. The result-
ing estimate represents the highest possible concentration at the
section during the daily maximum.

Figures 12-16 may be represented by a simple equation. The
equation, like the curves it represents, is more precise for fresh-
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water inflows near the 400 cfs experienced during the study than
for other inflow rates. The general equation ia:

Ci=KxL/Q - (1)

where

C, is the estimated maximum daily concentration, in micro-
grams per liter of a solute at sections 1-4, and 1 designates
the section number; :

K, is a constant of proportionality for each cross section
(x.—‘e, Kg-ao, K;-?Z, and K.—63);

L is the average daily load of the solute being injected into
the estuary, in pounds; and

Q is the average fresh-water inflow, in cubic feet per second,
to the estuary during the designated period.

For example, if one wished to calculate the maximum daily con-
centration at section 1 if 10,000 pounds of fluoride were injected
daily during a period in which fresh-water inflow averaged about
1,000 cfs, these figures could be used in the equation as follows:

Cy=46>10,000/1,000 = 460 »g/1

This value would represent the concentration of fluoride in the
water at section 1 resulting from the injection of 10,000 pounds
of fluoride per day in the vicinity of the gaging station. To obtain
the total concentration at this point, one would have to add any
background concentration already in the water from either natu-
ral or man-made sources, '

Ancther application of the superpoaition method to the present
data is the estimation of transient concentrations because of a
varied daily load. This capability might be needed if the dafly
load of injected solute varied so greatly that an average value
used in equation 1 would not give a representative answer. Here
the computation is performed by summing up dally maximum

concentrations which are linearly related to daily loads, or, in

equation form:

Cy =[0.047 (L;.¢)+0.028 (L.,)+0.011 (L,,) +0.007 (L..)
+0.006 (L,.) +0.003 (L.,)+0.008 (L,,)+0.002 (L,,)
+0.002 (L.,) +0.002 (L,,) +0.002 (L) +0.002 (L,.y,)
+0.001 (L,.sy) +0.001 (Ly.ss) +0.001 (Ly.ys) +0.001 (Ly.1a)
+0.001 (L...) +0.001 (Ll .‘u)] '4"42"'0 (2)

|
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C, =[0.060 (L,.,) +0.038 (Li.y) +0.026 (L,.,)+0.018 (L,..)
+0.013(L,.)) +0.010 (L,,)+0.008 (L.,,)+0.006 (L..)
+06.006 (L,.,)+0.004 (L:.,) +0.003 (L..,.) +0.003 (L, ,)
+0.002 (Ly.15) +0.001 (L,..,) +0.001 (L,..,) +0.001 (L, )
+0.001 (Lure)) 5—39 (3)

Cy =[0.027 (L..) +0.042 (L,.,)+0.025(L,.,)+0.018 (L,.)
+0.012 (L, ..} +0.010 (L,.,) +0.009 (L,.,) +0.008 (L,,)

+ 0.007 {L,..) +0.006 (L) +0.005 (L,.,,) +0.004 (L,,)

+0.003 (L:.y;) +0.002 (L,.,,) +0.001 (L,.,,) +0.001 (L,.,s)]
400

e} (4)

C.=[0.004(L,..) +0.006 (L,.,) +0.027 (L,,) +0.015(L,.,)
+0.010(L,..) +0.008(L,.,) + 0.006 (L,..) +0.006(L,..)
+0.004 (L...) +0.003(L,.,) +0.003 (L,.,.) +0.002(L,.,,)

+0.002(L,.,3) +0.001(L,.,;) +0.001 (L,.,,) +0.001(L,.,,) }
400

qQ (5)
where

Ci, Cy, C,, C, are the estimated daily maximum concentrations
at £ days after the start of loading, in micrograms per liter,
at cross sections 1, 2, 3, and 4, reapectively.

L., is the load of solute, in pounds, being injected on the day
for which C, ., is estimated, L, , is the load injected on the
preceding day, L,.» is that injected 2 days before, and so on.

Q is the average fresh-water inflow, in cubic feet per second,
for the period being considered.

These equations were developed from the data collected during
the dye study and give the same concentration as does equation 1
when all values are summed. The unit concentrations shown for
each day, h_owever. are values taken from a smoothed curve and
do not precisely agree with the concentration observed during the
study. The curves were smoothed 0 that the equations would
represent the response of the estuary to the injection of a solute
and not include the short.term effects of any anomalous tidal
movements that occurred during the study.

Equations 2.5 would have application for a process where
wastes for perhaps a week would be released in 1 or 2 days. These
four equations, like equation 1, are more precise for fresh-inflow
around 400 cfs than for other rates of inflow and must be added

to the background concentration to obtain the total concentration.
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FLOW CHARACTERISTICS

The amount of fresh-water inflow primarily determines the
rate at which a solute is flushed from the estuary. Tides cause
tremendous volumes of water to flow back and forth past any
given point in the estuary. If there is no fresh-water inflow, how-
ever, net flow is zero when averaged over many days. The net
downstream movement of a particle of water primarily depends,
in the long run, on fresh-water inflow.

The dye injected during this study was quickly dispersed by
turbulent diffusion resulting from tidal movements. A reach
extending approximately 12 miles above the mouth of the estuary
contained the dye cloud. A solute discharged into the estuary near
the gaging station would also be dispersed into this reach during
equivalent inflow and tidal conditions. During periods of higher
tides and lower inflow, the affected reach would probably extend
a few miles farther upstream. Conversely, during periods of
lower tides and higher inflows the affected reach would not
extend as far as 12 miles upstream. Effective use of the curves
developed in the preceding section, particularly those in figures
12-15, requires some data on fresh-water flow into the estuary.

EATIMATING FRESH-WATER INFLOW

Figure 16 illustrates a method of estimating the fresh-water
inflow to the estuary, upstream from the mouth, by using the flow
measured at the gaging station on the Northeast Cape Fear
River at Chinquapin, about 78 river miles upstream. Thia graph
is based on fiow records collected at Chinquapin and at stations
on three downstream tributaries. This curve provides a reliable
approximation of the total fresh-water inflow only during stable
low-flow recessions, Since such conditions usually occur only
when inflow is less than approximately 1,000 cfs, the curve is not
extended to higher flows. Under these conditions of low flow, pol-
lution problems are most critical. It is preferable to apply the
curve on an average-flow basis, that is, flow at the Chinquapin
station averaged over a period of several days and the derived
fresh-water inflow taken as the average during the corresponding
time period. '

The low-flow frequency curves in figure 17 give the expected
inflow regime in the estuary at both continuous and partial-
record gaging stations in the Northeast Cape Fear River basin.
These curves may be used to estimate the recurrence intervals of
annual minimum flows less than the indicated values. At average
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FiGURE 16.—Reistion between flow measured at the gaging station, North-

east Cape Fear River at Chinquapin, and the fresh-water inflow to the
Northeast Cape Fear Estuary.

intervals of 10 years, for example, the annual minimum fow,
averaged over 7 days, is less than about 15 ¢fs, as the dashed line
in figure 17 indicates,

PLUSHING TIME

As noted earlier, the maximum concentration buildup i3 as-
sumed to be inversely proportional to fresh-water inflow. Fresh-
water inflow is important because it controls the rate at which
wastes are flushed from the estuary. The rate of flushing is ex-
pressed in traveltime of u nolute (the center of the maas) from
its point of injection to the mouth of the eatuary.

For this analysis, average traveltimes are computed from the
gage to the mouth for varioua rates of fresh-water inflow. Cross-
sectional areas were computed at many points through the reach.
Figure 18 shows both the variation and the trend of these cross-
sectional areas. Volumes for each 1-mile part of the reach were
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determined from these areas. Mean velocities for each of these
subreaches were then computed for various values of fresh-water
inflow using the simpie flow equation:

VuQ/A {6)
where
V =mean velocity, in Teet per. second through the subreach
Q=inflow. in cubic feet per second
A =grea, in square feet.

Dividing the length of each subreach by the mean velocities
gave net traveltimes, which are based on fresh-water inflow, dis-
regarding tidal effects. Figure 19 shows the average flushing time
versus inflow for the 614-mile reach from the gage to the mouth.
This curve can be used to estimate the average time necessary for
a solute to travel through this reach of the estuary under various
conditions of inflow. Because the flushing times obtained from
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the graph are average values, only one-half of the dispersed solute N g
would move past the mouth of the Northeast Cape Fear in the AL 1=
indicated time. i

Figure 17, the frequency of occurrence of low inflows, and fig-
ure 19, the average flushing time as a function of inflow, may be
combined for one to estimate the time period required for the ks
estuary to flush for any given recurrence interval. This relation -
between flushing time and recurrence interval was developed by

the authors first selecting flushing times of 30, 60, 90, and 120 o Y
days and then determining the corresponding fresh-water inflows, - )
using figure 19. The recurrence interval was then determined for

each particular inflow for the designated period, in days, by using i R

the appropriate curve in figure 17. Figure 20 gives the resulting
relation of flushing time veraus recurrence interval. One can
estimate the probability of an average flushing time for any

. w3
magnitude occurring as the annual maximum. = - : de g <
For example, assume that it is necessary to determine how " 1Y 'é
often & solute being discharged into the estuary near the gage i I* =z L g
will be retained in the river for longer than 76 days. The fre- B 1 4 25
quency of occurrence may be estimated by entering figure 20 on 1 E §
the left-hand scale at 75 days, proceeding horizontally to the B B et He g .
curve, and then vertically to the bottom sacale, as the dashed line u & w EJ
illustrates. This procedure gives a result of about 6 years. Thus, I . MR
the maximum flushing time would exceed 75 days at average - g S E
intervals of b years. 3 1 § ;‘:
w 22
EFFECT OF TIDES =:
Fresh-water inflow is the prime force in the long-term net - i I~
movement of solutes within the Northeast Cape Fear Estuary.
In the short run, however, the effects of fresh-water inflow, except
during major floods, are innignificant when compared with tidal B —42

flows. In the estuary there are strong tides, flood and ebb, which .
result in large volumes of water moving upstream and down-
stream past the gage during each tidal eycle.

On October 22-23, 1969, a continuous measurement of dis- |
charge was made at the gaging station for one complete tidal
cycle. The results of this measurement illustrate the effects of
tide. During the firat ebb tide of the day, a total of 220 million
cubic feet of water passed the gaging station. On the following
flood tide 310 million cubic feet was measured at the gage. During
these periods, the volume of fresh.water inflow to the estuary SAYO w1 -
is estimated to be only 11 and 10 million cubic feet, respectively. @ NiamL oNMEn
Tn thix sana_ the component of flow due to fresh-water inflow wan

et R e 5 s
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Ficure 20.—Frequency curve of the maximum fAushing time for the reach extending upstream on the Northeast Cape
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only 5 percent during the ebb tide and 3 percent on the flood tide.

The discharge measurement was made while tides, which were
higher than average, effectively raised the water surface and
caused water to be backed up or stored in the estuary. For this
reason the volume of the flood tide was larger than that of the
ebb tide. The difference in these volumes represents the water
stored in the estuary upstream from the gaging station. during
this particular tidal cycle. Such net upstream flow may occur for
a few tidal cycles as a result of high tidal levels. Averaged over
a longer period of time, however, net flow will be downstream and
will equal the fresh-water inflow.

Because the peak concentration of a solute injected into the
Northeast Cape Fear Estuary moves back and forth past a given
point in the estuary in fixed relation to the tidal cycle, it may be
desirable to schedule any program of sampling to obtain data on
the maximum concentration rather than on some lower value. The
following table shows the relation between the events that occur.
on the Northeast Cape Fear tidal cycle, This table can be used
to schedule sampling so that the maximum concentration of 8
substance is monitored.

Etapaed time Time range
(Aourw) Evant and location {hours)
L High tide at gage ..o oo iimmummm e —m s —
5. S Peak concentration at seetion } . omme_. +1.0
| IR | . High slack tide at gage - cooocmememmomoaamee e += .6
2 I Peait concentration at section 2 .o aauooo. 1.0
4w Peak concentration at section 3 _eeonaan +1.0
[ . TS Peak concentration at sectlon 4 ... +2.0
68 e Low tide at gage .o + 5
T8 veimnennna Low Mlack tide &t gAKE . ooomo e mina e + .6
B8 ... . Penk concentration at nectlon 3 ... - A K
10T e Peak concentration at seetion 2 oo =1.0
) 3 O TR -High tide st Wilmington .. ..o R *=1.0
1240 eeee High tide at goge - aooo it +1.0

Although the table is based on the time of high tide at the
gaging station, it can be placed in terms of some other tidal event
by transposing the figures. In using the table one should allow
for the time range shown in the right-hand column, all or part
of which may result from variations in the typical tidal pattern
due to high fresh-water inflow, wind effects, or other factors.

THE BCREDULING OF EFFLUENT RELEASES

An interesting question raised during this project was whether
or not the scheduling of waste releases would help reduce the
concentration of wastes or their persistence in the estuary. If
wastes were released in the vicinity of the gaging station at high
slack tide. would they be carried out of the Northeast Cape Fear

Ao ] s e
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on the following ebb tide and not return to cause a buildup of
waste concentration in the estuary? The answer to this question
18 a qualified no. The following three factors, observed during
the dye atudy or inferred from the data, show that the scheduling

of waste releases would not preclude the buildup of waste con-
centrations within the estuary:

1. Ordinarily, a solute released on high slack tide will not reach
the mouth of the Northeaat Cape Fear and will be returned
on the following flood tide. The point to which the center
of mass of the solute will be returned, under moderate and
low inflow conditions, will be only a short distance below
the point of release. Short-term tidal conditions may cause
this distance to vary considerably and will, on occasion,
cause the center of mass to return to a point upstream from
the point of release. Figure 3 indicates that the higher con-
centrations near the center of mass of the dye cloud would
not reach section 4, located 1.4 milea upstream from the
mouth of the Northeast Cape Fear River, before two tidal
cycles (more than 24 hours) had elapsed.

2. The flow in the estuary becomes swift and turbulent during
each tidal phase and eauses rather rapid dispersion, as in-
dicated by the reduction of dye concentration with time, as
shown in figures 2 and 3. Instead of moving from the estu-
ary as a discrete slug, a solute mixes rather quickly into a
part of the system and is gradually removed by the com-
bined flushing action of fresh-water inflow and dispersion.

3. Although a molute that has been moved beyond the mouth of
the Northeast Cape Fear by ebb tide is subject to further
dispersion in the Cape Fear River, part of the solute may
return to the Northeast Cape Fear on the following flood
tide. The fraction of the solute which will reenter the North-
east Cape Fear River depends on the flow in the Cape Fear.

The lower the Cape Fear flow, the more solute will reenter
the Northeast Cape Fear.

In apite of these factors, scheduling of releases may be profit-
able to limit the upstream buildup of solute. If minimizing the up-
stream concentrations of solute in the estuary becomes desirable,
the gaging station may be used to schedule releases. If a solute
were released on high slack tide, the upstream migraticn of. this
solute would not be completely eliminated, but it would be sig-
nificantly reduced. Releasing the solute all at once, however, would
cause the maximum concentrations in the downstream part of the
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estuary to be higher than they would be in continuous release.

Conversely, if solute is released at low slack tide, the mass
center of the contaminant will be moved first upstream, increas-
ing the effective distance that the solute must move to be flushed
from the estuary. Average retention time in the estuary there-
fore is longer. The time of low-slack tide ia least desirable to
release a nolute. Periods of high inflow might not last long enough
to flush the estuary before periods of low inflow returned.

A solute released in a tributary to the estuary would primarily
be introduced into the estuary during the lower part of the tidal
cycle because water from the estuary would be backed up into
the tributary at high tide so that the solute would be atored in
the tributary or in the surrounding marsh. As noted previously,
a solute released into the estuary during the lower phase of the
tidal cyecle would tend to cause a greater upstream migration of
the solute and a longer retention time, which might possibly lead
to a higher buildup in concentrations.

As previously indicated, the peak concentration of a solute will
pass a point in the reach in a fixed relation to the tidal cycle. For
example, the peak concentration of a solute released at the gage
on high slack tide will pass cross section 3 on the outgoing ebb
tide and again on the incoming flood tide. This process will
continue on subsequent tides until the solute is flushed from the
estuary.

During the flushing of the dye cloud from the estuary, samples
were taken at about l.mile intervala nlong the center of the
channel during low-slack tide. This sampling was begun 1n the
Cape Fear Estuary severnl miles downatream from Wilmington
and ended several miles upstream from section 1 in the Northeast
Cape Fear River. These data show that the peak dye concentra-
tion at low-slack tide occurs near cross section 4, which is near
the mouth at mile 1.4.

Both the center of mass and the peak concentration of the
solute will oscillate in response to the tidal flows within the estu-
ary. As fresh-water inflow and dispersion act on the solute, the
center of mass will translate seaward. This net movement is the
flushing process. The peak concentration does not make any net
seaward progress, however, but remains within the Northeast
Cape Fear because that part of the solute cloud that moves into
the Cape Fear during the ebb tide becomes more diluted than
that which remains in the Northeast Cape Fear. When the tide
changes and the cloud is starting to move back upstream again,
the maximum concentration is in the Northeast Cape Fear just
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above the mouth. Since this condition occurs on every tidal cycle,
the geometry and dynamics of the system position the peak con-
centration to keep it in phase with tidal movement. This process
is illustrated in figure 21,

" = Downstream

Nertheast Cape Foar Rimr

i~ Position of solute at tow siech
tide. Darkness indicates
ralative concentration

Solute thatl has sniersd Cape
Faar River is grestly diluted

FiGURE 2]1.—Schematic diagram showing that the pesk con-
centration of a solute released in the Northeast Cape Fear

Eastuary ts located immediately above the mouth at each
Jow-alack tide.

SUMMARY

Data from the dye experiment were used to predict the maxi-
mum buildup in concentration of a soluble contaminant intro-
duced into the Northeaat Cape Fear Estuary at any given rate,
The values of buildup represent the highest concentration that
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would occur during a day. Also curves were developed for the
point of maximum concentration in each cross section. The study
was conducted under conditions of below-average fresh-water
inflow and above-normal high tides. The concentrations measured
would be lower during normal conditions. On the other hand,
since much lower inflow rates do occur, correspondingly higher
concentrations of contaminants can be expected. Since inflow
rates to the estuary vary widely, the results are expanded to pro-
vide a basis for estimating the buildup for different inflow condi-
tions. Other curves are presented to give the reader a concept of
the average flushing time of the estuary as related to fresh-water
inflow, the probability of occurrence of low flows, and the proba-
bility of occurrence of flushing times of various durations.

These relations may be applied, with appropriate safety factors,
to any waste release in the estuary near the gaging station. In
fact it is probably feasible to infer the consequences of pollution
from outfalls at sites other than the injection site of this study
by shifting the results of the dye experiment either upstream or
‘downstream. Shifting the outfall downatream probably will re-
duce buildup because shorter net traveltime is required to move
the solutes into the Cape Fear River. On the other hand, shifting
the outfall upstream would probably increase the amount of
buildup because of a longer net traveltime.

If problems are anticipated from the continuous introduction
of a certain quantity of industrial wastes into the estuary, a re-
lease shedule could be developed which would lessen upatream
migration of the pollutant.Releases only at high slack tide, or for
a short period thereafter, would significantly reduce concentra-
tions upstream from the point of injection. The pollutant would
be flushed from the estuary more quickly because of the initial
downstream displacement of the solute cloud.

Discharge measurementas during the tidal cycle measured
showed upstream flow exceeded downstream flow. A pollutant
released on the high-slack tide preceding the measurements
would make no net downstream progress during the cycle.
This phenomenon was obaerved during a period of only mod-
erately low fresh-water inflow. During periods of extremely low
fresh-water inflow, furthermore, the net movement of water in
the eatuary could be upstream for several days, particularly if
higher-than-normal tidal levels prevailed.

The Northeast Cape Fear quickly disperses a solute both ver-
tically and horizontally. Little difference waa noticed between dye
concentrations of samplen collected at the surface and those col-
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lected near the bottom during the dye study. Figures 8-11 show
that no really significant difference in concentration buildup ¢an
be detected at any of the sampling croas sections with the excep-
tion of section 2 which is only about 1,000 feet from the point
of injection. The high velocities and resulting turbuience of water
aggociated with the tidal movement cause this rapid dispersion.

Pollutants released into the Northeast Cape Fear Estuary do
not tend to remain in a discrete, highly concentrated masa, but
rather quickly disperse into a tremendous volume of water. For
this reason during moderate flow conditions, tidal flow will not

‘immediately carry a solute injected in the vicinity of the gaging

station out of the Northeast Cape Fear. It will instead be dis-
persed to form a cloud several miles long which will gradually
decrease in concentration as the forces of dispersion and the
effecta of fresh-water inflow remove it from the estuary.
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86 Mixing Zone Predictions Under
Unsteady Reversing Tidal Currents

As has been remarked earller in Section 8.1, the time -

scale for Inltla! mixing processes is usually short
enough relative to the tidal period, so that k s accept-
able to apply intial mixing models under steady-state
conditions, 8.g. corresponding to certain stages within
valld ¥ predictions are desired over a lar{er area en-
compassing distances that, in fact, provide a transition

In the present state-of-the-art no conmleiemoddstor
avalable (see Section 8.2). This

processes that govem te
estuarine or coastal water bodles in‘a single-analytical
or numerical technique. Therefore, an integration of
near-field mixing models and of predictive techniques
for the farfield effects must be employed. Farfield

proo,esses.tha:hdwememmponbythevaryhg
 tidal fiow, turbulent diffusion, and various biochemical

" transformation phenomena, have been addressed in

Parts | and Il of this estuarine waste load allocation

_ manual, The following comments. provide some

guidance on estimating the interaction between near-

861 rFar.ﬁafdAoanulaﬁmEﬁecs

The two major methods for estimating the unsteady
far-fiedd accumulation of discharged material, at varl-

" able distances from the outfall and in an unsteady tidal

flow, are elther numerical models or field dispersion

' _ta.sts.‘_:_ln.mg.fdlowhg R is assumed that a dispersion
. test is being employed, but the comments applyequal-
ly well 10 the results of an unsteady numerical model. -

' The schematics of a field dispersion test in a reversing

tidal current system are shown in Figure 8-19. The

tracer release line may represent the location ofls

submerged multiport diffuser with altemating nozzZies. - -
The'_.!idal-syst_em'lsassm\edasapprmaypedodlcv _
as indicated by the velochty curve. The figure also ;.

 shows the hypothetical dye concentration tracer Clxy)

" measured at some point (x,y) asa functionoftime. - .
(Note that In practice, fewer discrete measurements. . :

- overtime would be avaiable). Ifthe field dispersiontest .

consists of a tracer release period, n tidal cycles long, -

* thenthe continuous monltoring would usually indicate . .

period and a fall-off period. if an accurate simulation
of the pollutant discharge over a large-scale andfora - =
od, then consideration (and meas- '~

long-term Is requir
urement) for at least two of thess periods Is necessary. . -

Considering the maximum dye concentration during: . -
any tidal cycle at (x,y)the following sequence Is. -~ -
During the first cycle Cax 18"
found, in the second cycle the concentration 8 Caa,
plus some fraction of dye tracer retuming fromthe
previous cyde, thus C s + 74 Cmax = Cmax (1474 ) <. -

observable:

if these are continuously repeated, then the quasi- -

steady maximum concentration Caa Is ghven by the .

geometric series -
Cm=cm(1+r¢+r¢3+r¢3+...) (20)
or, inthe limit,

1

The quantity 7 Is labelled the dye refum rate of lmas

discharged in the previous cydle (ra implicitly includes -
any dye mass decay during the tidal period). The -

complement quantty (1-rq ) Is frequently referedtoas’

flushing rate. The retum rate wil depend on the char- -

acteristics of the tidal flow, notably tidal excursion,
mean veloclty, diffusion, etc. 74 Is also dependent on: -

' the posttion (x,y) with fespect to the release area.
Quask-steady conditions are typically encountesed -
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interest, such as the minimum or average concentra-
tions during a tidal cycle, thus

(22)

Ti(x.y.t) =Ci(x.y )72

where C; (x,y ) Is a singie cycle concentration quantity
of interest (Cmax ,Cenin Cavy , O4C.).

For the actual pollutant discharge the quasi-steady
condttion Is usualty of primary Importance. From Equa-
tion 22 it Is seen that this depends on two factors: the
mbchgd\aractedsﬁcsqwliﬂnasmﬁaﬁdalcyde and
the retum rate from previous cycles. To transiate the
quasl-steady dye concemntration conditions into pol-
lutant concertration, therefore, two adjustments are
neaded:

{a} Within a tidal cydle, the pollutant concentration c is
related to the dye concentration C

‘:(Z-)'.l) Ci(x,yt ) Qco -(k‘ k) t(x.y) (23)

where £ (1,y ) = time interval between occurence of
event i (maximum, minimum concentration) at
(x,y) and time of release of that tracer patch, Le.,
travel time. Q.o is the poliutant mass reléase rate and
Q40 Is the dye mass release rate. k. and k4 represent
the decay constarits for pofiutant and dye, respectively.
{for a conservative dye, ky=0). Determination of
depends on the detalled knowledge of the velocty
field; for average concentrations the average tidal
velocity Is representative. It is noted that for points far
from the release area, especially more than several
tidal excursions away, the exponential correction term
In Equation 23 becomes significant. In the discharge
vicinRty, however, R is frequently negligible, since 1; is
less than one tidal period. This is, in fact, the usual
assumption in most mbdng zone predlcﬁons.

- {b) The retumn rate for pollutant r. is related to the dye
return rate ryg
ro=rqe ~ekat’ (24)

wheret* = tidal period (12.4 hours). The quasi-stsady
pollutant concentration c; (xy ) Is thergfore related to
the measured single cycle dye tion Ci (xy )

B (x.y,t)=Gi(x.y. g e~ Cekot 118

Hence, for an accurate prediction of far-field d'fg
overa large area (larger than the tidal excursion length)

k Is necessary to (1) measure the veloclty flieid in some
detal so 5 (x,y) can be found for the points under
consideration, and (i) measure not only the quasi-
steady period of tracer distribution, but aiso the bulld-
up or fall-off period so the dye retumn rate r¢ can be
evaluated as shown In Figure 8-19. in actual tracer
monltoring k Is not always possible to have continuous
records. Nevertheless, a few measurements during the
bulld-up or fall-off period usually give some indication
ofra

it attention is restricted to a smaller area around the
discharge and ¥ the tracer used Is relatively conserva-
tive (smak ka), then both correction factors in Equation
25 are negligible and the measured concentrations can
bomeddkacﬂytowa!uatemeponmamawndaﬂon
in the far-fleld.

862 Linkage to inial Mixing Predictions

Al initial mixing models discussed In the preceding are
steady-state models and do not consider the far-fleld
return (accumulation). The following procedure

provides an approximate linkage:

(a)%wmasmdhnwmmmm
a steady-state nearfield mixing model for different
intervals {e.g 6 or 12, comresponding to 2 or 1-hour
intervals, respectively) within the tidal cycle. The
predictions at any point of interest (e.g. at the boundary
of a Legal Mbdng Zone) provide appraximate time-de-
pendent predictions for pollutant concentration

¢i (x,y, t) within a tidal cycle.

(b} Use the far-fieid pollutant retum rate 7., that applies
for the reglon of interest (e.g. the Legal Mixing Zone),
to calculate the quasi-steady (Le. long-term) poliutant
concentration

By, D=a(ny.) 72 (29)

The retum rate r. that applies to the area of interest can
be estimated using the procedures outfined in the
preceding paragraph, i.e. relying on a dye dispersion
test or numerical model. it should be noted that 7, In
turn, is a function of the distance from the outfall: 7.
tends to be very small in the immediate near-fleid,
where the poliutant concentrations are high; re be-
comes larger for increasing distances, where the in-

duced concentrations are falling off, however. This
dependence suggests the following practical
guidelines in the absence of detaled measurements or

pradictions for r. :
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¢ For Toxic Diution Zone (TDZ) predictions, the
effect of far-field retumn Is always negligible (. = 0)
dus to the strong spatial restriction of the TDZ.

¢ For most Legal Mixing Zone predictions, the r,
factorcanbeexpectedtovarylnme range of 0.1
to = 0.5 (highly conservative estimate). it Is vory
small (< 0.1) for deep water discharges in the open
coastal 20ne that are often assoclated with internal
trapping or buoyant surface layer formation. In
thase cases, the initial (buoyant Jet) miding Is, In
fact, quite independent of far- -effects. it may
be reasonably high (up 10 0.5) for shallow water,
vertically mixed, discharges in strongly restricted

estuaries with weak flushing. For additional flush-

Ing estimates in such tidal channels, see the

methods discussed in Fischer et al (1979)
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