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ABSTRACT

Mathematical models have been developed for predicting salinity
and dissolved oxygen distributions in the upper York River system,
including the tidal portions of the Mattaponi and Pamunkey. The study
area and field project are described. Summaries are given of the field
data and the method of evaluation of parameters.

Two programs are described: a time-dependent dissolved oxygen
model and a time-dependent salinity model. Basic equations and program

descriptions are given and verification results are presented.
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INTRODUCTION

Marine scientists and coastal engineers have sought mathematical
models which properly predict changes in the concentration and distribution
of conservative and non-conservative substances in estuaries. The substances
most frequently investigated are salinity and dissolved oxygen because they
are of prime importance to estuarine organisms. This study deals with
concentration changes of salinity and dissolved oxygen resulting from three
main factors: changes in stream discharge, fluctuations in the volume rate
of flow and the addition of oxygen-consuming organic'matter along the course
of an estuary. The first plan for a dissolved oxygen model was published
by Streeter and Phelps in 1925. The basic equation expresses the rate of
change of dissolved oxygen and includes terms for advection, deoxygenation
and re-aeration. Camp (1963) has modified the Streeter-Phelps equation and
introduced other parameters such as photosynthesis, bottom deposits, dis-
persion coefficients and mean tidal velocity to develop the most popular
steady state oxygen sag equations. The digital computer proved to be a
valuable aid in the solution of Camp's equations (Harrison & Fang, 1970).

Thomann (1963) put the unsteady state diffusion equation in a
finite-difference form, i.e., in a form dealing with the average concen-
trations in a finite number of segments. The equation in this form can be
programmed in a straightforward manner for solution by a digital computer.
The computer approach has been applied to several river systems, e.g. the
Delaware (Jeglic, 1967) and Potomac (Hetling, 1969).

There has been some recent work concerning the hydrographic charact-

eristics of the upper York system. The Chesapeake Bay Institute of The Johns
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Hopkins University (Anonymous, 1969) published a data report giving the
results of a dye study conducted in 1961. Harrison & Fang (1970) conducted
a dye study to determine the circulation pattern in the confluence of the
Mattaponi and Pamunkey.

The present study develops computer models for the prediction of
dissolved oxygen concentration in the Mattaponi, Pamunkey and upper York
rivers. Two models are presented, one for oxygen, the other for salinity;
both are based on the finite difference method of volume integration
between reaches suggested by Thomann (1963).' The work was done in coop-
eration with the Water Control Board and the Division of Water Resources,
Department of Conservation and Development of the Commonwealth of Virginia.
These models will serve as a guide for planning and management of the

river system.
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DESCRIPTION OF THE STUDY AREA

The upper estuary of the Yofk River includes the Pamunkey and
Mattaponi rivers (Fig. 1). The streams of the York River basin flow in
a southeasterly direction from their source in the foothills of the
Blue Ridge Mountains in Virginia to the Chesapeake Bay near Yorktown,
Virginia. The York River is. formed by the confluence of the Mattaponi
and Pamunkey rivers at West Point and is an estuary for its entire course
(about 35 miles*). The Pamunkey and Mattaponi channels are meandering
and are tidal for 56 and 41 miles, respectively. The tidal distances,
however, are subject to variation due to changes in the fluvial flow.

The mean range of tide at the mouth of the York River is two feet,
increasing to 2.9 feet at West Point. At Walkerton on the Mattaponi, 29
miles upstream from West Point, the mean tidal range is 3.9 feet and at
New Castle on the Pamunkey, 52 miles upstream from West Point, it is two
feet.

The drainage basin comprises 2663 square miles, of which 909 and
1477 square miles belong to the Mattaponi and Pamunkey, respectively.
Bottom slopes are about 10 feet per mile immediately upstream from the
fall line and reduce to about 1.5 feet per mile in the coastal plain below

the fall line.

*Miles referred to herein are statute miles. When the notation '"mile
number' is used to designate a particular feature, the distances are
statute miles upstream from the mouth of the York River. For this
paper, both the Lord Delaware Bridge over the Pamunkey and the Eltham
Bridge over the Mattaponi at West Point were taken to be at mile number 35.



-5-

The area is characterized by mild winters and hot summers, with
an average precipitation of 41 inches per year. Snowfall averages 14
inches per year. Summer is the wettest season, while autumn is the

driest (U.S. ESSA, 1958-1967).
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HYDROGRAPHIC SURVEY

Field Operation

In order to construct correct mathematical models for predicting
changes in the spatial and temporal distribution of salinity and dissolved
oxygen in the Maftaponi and Pamunkey rivers, field data were needed to
provide values for the various coefficients and parameters used in modeling
as well as for verification purposes. Required information consisted of
the following: basin geometry, fresh water discharge, mean cross-sectional
velocities within successive reaéhes, mean discharge through cross sections
for at least one complete tidal cycle, tidally-induced fluctuations in mean
salinity and dissolved oxygen at each cross section, water level fluctuations,
spatial distributions of salinity and dissolved oxygen for various flow
conditions, and longitudinal changes in biochemical oxygen demand (BOD) for
various flow conditions.

To satisfy these requirements, two types of field survey were planned
and executed. The first survey measured temperature, salinity, dissolved
oxygen, currents and water levels in the tidal portions of the Mattaponi
and Pamunkey rivers. The surveyed area extended from two miles below West
Point in the York River to 38 and 56 miles above West Point in the Mattaponi
and Pamunkey rivers, respectively. Figure 2 is a map of the stations
occupied during this field operation. Figures 3 and 4 show the stations
schematically, together with landmarks. This area was surveyed in as
short a time as could be achieved with the available equipment and personnel,
Hence the measurements were as close to simultaneous as was practicable. A
total of 37 transects were occupied during the survey. Each transect had
between one and four stations, depending on river width. Disfances between

transects averaged three miles with closer spacing in the vicinity of West
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Point where the dissolved oxygen was expected to be lowest. Transects
located near sharp bends were positioned at least four river widths from
the bend to insure representative measurements of currents for the reach.

Salinity samples and temperature-velocity measurements were
obtained at hourly intervals for twenty five consecutive hours at each
station. Sampling depths were at six-foot increments from surface to
bottom (inclusive). Water samples for dissolved oxygen analysis were
taken at hourly intervals, six feet below the surface at the central
station on each transect except in the vicinity of West Point where DO
sampling coincided with the temperature, salinity-velocity measuring
scheme. |

Water samples for salinity and dissolved oxygen analysis were
obtained with Frautschy bottles, placed in 4-o0z. sample bottles and
subjected to laboratory analysis. Dissolved oxygen was analyzed using
the Azide modification of the Winkler method (reagents up to and including
HySO4 were added in the field), while salinities were determined with a
laboratory model inductance salinometer (Beckman Model RS7-A). Velocities

were measured with Savonius rotor type current meters (Hydro Products

Model 400 direction 'sensor and 460 current speed sensor and Marine Advisors
Model B5 direction sensor and Bl speed sensor). Temperatures were sensed
with thermistors (Applied Research Austin Model ET-100) attached to the
current meter housings. Values for current speed and direction as well

as water temperature were read from deck readout meters. Water samplers
were lowered on a hand line and activated by a messenger. The current
meter-thermistor combination was weighted with a 50-1b lead weight and
lowered by a hand-cranked winch. All sampling was accomplished by two-

man crews in small (17-22 ft) outboard boats.
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Limitations of equipment and personnel precluded sampling at more
than six transects at a time. (One boat and crew sampled all stations
on a given transect once each hour). The entire survey was completed
during a ten-day period in October 1969. A total of seven 25-hour
sampling sessions were required, starting upstream in the Pamunkey and
working towards West Point, and repeating the procedure in the Mattaponi.
Stations in the vicinity of West Point were occupied twice.

Water level fluctuations (tides) were measured at West Point,
Elsing Green and Newcastle Bridge on the Pamunkey and at Aylett on the
Mattaponi. The West Point and Elsing Green facilities were established
and operated by the Division of Water Resources. The other gauges were
of a temporary type. However all gauges were surveyed for vertical control.

Bathymetry of each transect was obtained with a recording sonic
depth sounder (Raytheon Model DE-719).

The second type of survey, a slack water survey, was begin in
August 1970 and is continuing. Temperature is measured, and salinity,
dissolved oxygen and BOD samples are taken monthly at local slack water
before flood tide (low slack) or slack water before ebb tide (high slack)
at a series of stations up the Mattaponi and Pamunkey rivers. If weather
permits both slack waters are sampled. Stations generally coincide with
those of the October 1969 survey, with sampling starting at West Point and
proceeding up each river to follow the progressive wave of the tides. One
station on each transect is sampled with measurements made six feet below

the surface and six feet above the bottom.
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Analysis of Experimental Data

Data processing.- Data collected in the field and the results

of laboratory analyses were permanently recorded on a magnetic disk.
This medium greatly speeded and facilitated the editing and processing
of the data.

Data reduction.- From the data stored on the disk, various calcu-

lations were made. Section averages of the salinity, dissolved oxygen
and temperature were calculated to provide input values for the models.
Vertical integrals of the longitudinal component of velocity were
calculated. These were used to compute tidal exchange fluxes.

Channel widths were determined from U. S. Geological Survey
7.5-minute quadrangles. Cross-sectional areas were determined by plan-
imetry of the bottom profile data collected by VIMS personnel in January
1970. Section lengths were determined from C&GS navigation charts. fhe
volume of a section was taken to be the mean of the end cross-sectional
areas times the section length.

Tidal exchange fluxes were calculated from the vertical integrals
of the longitudinal components of velocity. These were averaged over a
cross-section and multiplied by the mean areas as determined from the
bottom profile measurements. This approach is a simplification of
Harlacher's method (Troskolanski, 1967).

Measurements from the strip-chart records of the temporary tide
gauges were corrected for the elevation of the staff with respect to sea
level (1929 datum), corrected for variations in the paper feed rate and

replotted.
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Results

Figures 5 and 6 show the longitudinal salinity distributions for
the Mattaponi and Pamunkey, respectively. Results are shown for high-
water slack and low-water slack. Figures 7 and 8 show the distribution
of maximum and minimum water temperatures at the time of the study for
the Mattaponi and Pamunkey, respectively. TFigures 9 and 10 show the
longitudinal distribution of maximum and minimum dissolved oxygen concen-
tration for the Mattaponi and Pamunkey, respectively.

Appendix B shows the profiles of the cross sections, with local
mean low water as the datum (U.S.C. & G.S., 1971). Figures 11 and 12
show the longitudinal profiles of hydraulic depth for the Mattaponi and
Pamunkey, respectively., Table 1 summarizes the geometric data for the
system, showing the cross-sectional areas, widths aqd hydraulic depths
at mean tidal height (U.S.C. & G.S., 1971).

The results of the tidal observations are shown in the figures
in Appendix C. For the permanent tide gauges, copies of the actual tide
records are shown. For the temporary tide gauges, the plots shown were
made after correction for sea level and variations in the rate of the
clock-work mechanism, The heights shown are referred to mean sea level
(1929 Datum Plain).

Cross-sectional averages of the field measurements are displayed

in graphical form in Appendix E.
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Table 1. Geometrical Data for the Station Locations

Transect Area Width Hydraulie Depth
(££2) (£t) (ft)
P20 837 140 6.0
P19 1563 120 13.0
P18 1875 180 10.4
P17 2250 200 11.2
P16 3188 340 9.4
P15 5750 480 12.0
Pl4 10000 700 14.3
P13 26750 1500 17.8
P12 19750 1480 13.4
P11 17500 810 21.6
P10 20250 1200 16.9
P09 22700 1400 16.2
P08 29000 2040 13.6
P07 18700 1220 23.5
P06 16000 1150 13.9
POS5 20750 1490 13.9
P04 20125 1350 14.9
P03 29250 1540 19.0
P02 37500 1800 20.9
POl 46900 2540 18.5
Y01 71250 7800 9.1
Y02 63500 5100 12.5
M15 317 85 3.7
Ml14 750 100 7.5
M13 2313 280 8.2
M12 4500 520 8.7
M11 8250 700 11.8
M10 9875 600 16.4
M09 17750 1080 16.4
MO8 23500 1340 17.6
MO7 19250 1680 11.4
MO6 16500 680 24,2
MO5 16500 1000 16.5
MO4 24250 1530 15.8
MO3 20500 1380 14.9
MO2 30500 1740 17.6
MO1 27000 3200 8.4
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MATHEMATICAL ANALYSIS

Basic Concepts

Hetling (1969) uses a checking account as an elementary example
of a mathematical model, The numbers added to or subtracted from the
total are not money, but they represent money, and (with careful accounting)
they tell the true state of a real situation. Similarly, a mathematical
model can be constructed to analyze the process of self-purification of a
stream.

A river is not only a physical-chemical system but is also a vital,
living community containing many forms of life in vast numbers. When
organic material is deposited into a body of water, the river community
tends to maintain itself in dynamic equilibrium, making natural and rapid
adjustments to changes in the food supply, the availability of sufficient
oxygen, and the rate of dissipation of its waste products. Bacteria begin
to attack and alter the material; during this alteration dissolved oxygen
is consumed. Often, this results in a noticeable decrease in the dissolved
oxygen content in a stream below a source of waste, and is followed by an
increasing oxygen concentration still farther downstream. This organic
matter serves as a sink for dissolved oxygen. The losses incurred through
such a sink are generally counteracted by sources of oxygen; the sources
of oxygen in a stream are photosynthesis and re-aeration, i.e. the entrap-
ment of oxygen from the overlying air. The systems tends to be self-
purifying in the sense that the oxygen used up in consuming the organic
matter is eventually replaced from the atmosphere.

Dissolved oxygen and organic matter tend to redistribute themselves
spatially. 1In a river, the longitudinal distribution of oxygen and organic

matter is much more variable than the lateral and vertical distributions.
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Two mechanisms are at work in distributing contaminants and dissolved
oxygen: advection and dispersion. Advection is the process whereby a
contaminant is carried along by the stream; Figure 13a illustrates this
phenomenon. Alternating ebb and flood flow past a contaminant discharge
tend to dilute the contaminant without removing it entirely while fresh-
water discharge tends to carry it away.

Dispersion is the process whereby a contaminant is transferred
by mixing. Turbulence causes a mass of water with a high concentration of
contaminant to mix with another water mass of lower concentration. In this
way tﬁe contaminant itself is spread out.

Gding downstream from an outfall, advection and dispersion act in
concert, both tending to carry the contaminant away from its source.
Going upstream, however, they tend to oppose one another, advection tending
to move the contaminant downstream, and dispersion tending to force it
upstream. The result is as shown in Figure 13b; the concentration profile
falls off gradually going downstream, but drops off quickly going upstream
from a source.

The fate of a contaminant in a short reach AX is shown in Figure
14, Advection and dispersion tend to carry the contaminant away horizon-
tally. At the same time, it is decaying within the reach. There may, in
addition, be a source of pollutant. The picture is much the same}for
dissolved oxygen: advection, dispersion, decay and a source (re-aeration).

The foregoing physical basis for analysis leads to a partial
differential equation containing terms representing advecfion, dispersion,
decay, re-aeration and sources. This equation (a refinement of the con-

tinuity equation) forms the mathematical basis for analysis.
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Figure 13a. Processes of advection and tidal mixing
redistributing contaminant from a discharge.

Figure 13b. Concentration profile of contaminant.
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Figure 14. Mass balance over volume element AAX.
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Salinity modeling proceeds in the same way, except that there
are no source of sink terms, since salt is a conservative substance.

The formula expressing the processes described above is called
the mass transfer equation. This general equation for the conservation

of mass of a substance in a turbulent fluid may be written in the following

form:
oC aC oC BC oC
+ + v 4w = X
3t YSx T VSy §~ (Ex Bx ) + (Ey oy ) (1)
) aC
+ > (E, Y ) + S5 -S4
Where C equals the concentration of the diffusing substance.
X, V, Z = coordinate directions x (length), y (width), z (depth).
u, v, w = velocity components corresponding to the x, y and z
directions.
Ex,Ey,Ez = turbulent diffusion coefficients corresponding to the
coordinate directions.
So = source; net nonadvective rate of addition of the
substance across the boundaries of the system.
S; = sink; the net rate of removal of substance from

the system.

In dealing with the distribution of a contaminant, it is frequently
convenient to use the one-dimensional approximation in which the instantaneous
concentration is considered to be uniform over each cross section, and all
spatial variations are in the longitudinal direction of the estuary.

The one-dimensional form of equation (1) is obtained by ignoring
oC and oC in comparison with 3C . The resulting equation is:

dy oz ox

gﬁ % 6._(Ex%)+so_si (2)
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Methods of solution of this equation are based upon addi;g the
re-aeration, photosynthesis and other sources of oxygen, and suBtracting
the biochemical oxygen demand, sludge deposits and other uses of oxygen
with respect to time. Once the stream parameters are known for existing
conditions, and the mathematical model is solved, certain parameters can
be altered to reflect a new set of conditions, such as increased waste

loads or the installation of sewage treatment plants.

Computer Models

Specific form must be given to the generalized source and sink
terms in equation (2) in order to obtain equations useful for DO analysis.
The following assumptions are therefore made:

1. the rate of atmospheric re-aeration is proportional to the

difference between the dissolved oxygen concentration and
the saturation concentration;

2. the rate of decay of organic material is proportional to the

concentration of organic material;

3. the rate of settling out of organic matter is proportional to

the concentration of organic matter present;

4. bottom deposits may exert an immediate demand on the oxygen

in the overlying water.

In order to solve them using a digital computer, these equations
must be put into a finite-difference form so that only a finite number of
reaches need be considered. One such reach is shown in Figﬁre 14. Because
of advective and dispersive exchange across the ends of a reach, the concen-
tration in one reach will depend on the concentrations in the two adjacent

reaches. Since fixed boundary conditions are used, there result 2N equations
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for N reaches. For reach i, the pair of equations for dissolved oxygen

and BOD is:

aCi -1
5 - k231 (Cgi - C3) + k3L - SiVy

20, E..0 (Ciyq - Cp) Vo1 g
i+17i+l i+l i i i
= - + — (Cy_q - C4) (1 - o4 3
D; T Di 1 Vi (Ci.1 i) ( ®i) 3)

2A; 1Eiiq (Ciaq - Ci)V:-L Qs
+ i+1™i+1 i+l i/Vi _ i+l (Ci _ Ci+1)mi’ and

oL Ji
5 FRili -y

-1
2A4E5(Ly - Li_1)Vi Qi
= - =Ly 1 - Li) (1 - ) (4)
Dj + Dy 4 vg -1 7

yys -1
2A4E; (Liyg - LV Qi+1 R
Dj + Diy vg 1T A

In these equations Aj is the area at the upstream boundary of the ith reach,
Eiy is the dispersion coefficient across the boundary, and Qi is the flow
rate of water across the boundary. The parameter Cgi is the saturation
concentration of oxygen in the ith reach. The decay coefficient is kij,
and kp; is the re-aeration coefficient. The volume of the ith reach is Vj,
and D; is its length. The source term for dissolved oxygen is Sj, while

J; is the source term for BOD. The form of the interpolation factor ¢j is

-1 Q4
20EjA{

1
pi = 0.5 (1 - 3-1—_-]_ tan (Di + D1+1) )
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The equation used for salinity is similar to the equations above

except for different advective terms as follows:

0S4 Qi
VT [ 85,1 (1 - i) + Siopi 1] (5)
Qi+ .
to— [ 51 (1 - 041) + Si401 ]
1

The salinity equation has no decay term but can have a term
fepresenting loading. The interpolation factor ¢j in the salinity
equation is éalculated in such a way as to prevent numerical instability
in the case of predominance of advection over dispersion (Pence, Jeglic

and Thomann, 1968).
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EVALUATION OF PARAMETERS

Stream flow.- The biological oxidation of organic matter is a
time-dependent process. The oxygen demands exerted b& such matter occur
at a distance downstream from the point of entry, this distance depending
on the raté at which stream flow sweeps away the organic material. Experience
has shown that several days are required before changes in river flow are
reflected by changes in the biological characteristics of a river.

The flow measurements used in making the necessary analysis wefe
obtained from U. S. Geological Survey for the gauging stations at Hanover,
Virgiﬁia and Beulahville, Virginia. The Hanover gauging station on the
Pamunkey River is located two miles east of Hanover at the bridge on State
Highway 614. The drainage area above Hanover is 1072 square miles. The
Beulahville station on the Mattaponi River is located 0.4 miles upstream
from the bridge on State Highway 628, 2.8 miles north of Beulahville. The
drainage area above the gauging station near Beulahville is 619 square miles.
The drainage areas and distances between transects are presented in Tables
2 and 3. The Hanover gauging station provisional flow record is shown in
Table 4.

Biochemical oxygen demand (BOD).- The concentration of biodegradable

organic matter present in waste water in a polluted stream is conveniently
measured by the BOD test. The standard test is the five-day 20 C BOD test
in which the amount of oxygen required for the decomposition of the organic
matter during a five-day period at 20 C, is determined. The limiting
pollutional load on a stream may be expressed in terms of the pounds of BOD
which may safely be disposed of in the stream each day. Samples taken
directly from natural waters usually contain sufficient bacteria to carry

on the oxidation, and seeding is not required. Likewise buffering and
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Table 2. Local Inflow Drainage Area - Mattaponi & York

Distance Drainage Cumulative
from Distance area Drainage
Transect West Point(ft) (Miles) (sq.mi.) Area (sq.mi.)
Upstream . v
. of M15 706.7 706.7
M15 201800 71.7
5.9 712.6
Mi4 196000 70.6
22.0 734.6
M13 174000 66.5
‘ 15.6 750.2
M12 159000 63.6
21.5 771.7
M1 138000 59.6
16.7 - 788.4 .
M10 121400 56.5
16.7 805.1
M09 105000 53.4
16.7 821.8
MO8 88600 50.3
13.4 835.2
MO7 75500 47.8
18.8 854.0
MO6 56800 44,3
23.1 877.1
MO5 34100 40.0
10.8 887.9
MO4 23600 38.0 :
10.7 898.6°
MO3 13100 36.0
10.2 909.8
M02 3280 34.1
3.2 912.0
MOl 0 33.5
6.5 2392.5
Y01 -6560 32.3
6.7 2399.2

Y02 -13100 31.0
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Table 3. Local Inflow Drainage Area - Pamunkey

Distance Drainage Cumulative
: from Distance area Drainage
Transect West Pt.(ft) (Miles) (sq.mi.) Area(sq.mi.)
Upstream ‘
of P20 1201.5 1201.5
P20 282000 86.3
20.4 1221.9
P19 261000 82.3
13.3 1235.2
P18 247000 79.7
, 23.5 1258.7
P17 223000 75.6
19.4 1278.1
P16 203000 71.3
10.2 1288.3
P15 192000 69.3 .
26.0 1314.3
P14 165000 64.2
16.8 1331.1
P13 148000 60.9
18.9 1350.0
P12 128300 57.2
9.7 1359.7
P11 118400 55.3
10.2 1369.9
P10 107600 53.3
12.2 1382.1
P09 95100 50.9
15.8 1397.9
P08 75700 47.8
7.7 1405.6
P07 70500 46.3
14.3 1419.9
P06 55800 43.5
12.7 1432.6
P05 42700 41.0
12.8 1445.4
P04 29500 38.5
12.7 1458.1
PO3 16400 36.0
12.8 1470.9
P02 3280 33.5
3.1 1474.0

POl 0 32.9
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Table 4. Discharge Record at Hanover, Va.

Date Discharge Date Discharge
(cfs) ' (cfs)
Sept. 1, 1969 465 Oct. 1, 1969 269
2 429 2 253
3 429 3 339
4 487 4 429
5 429 5 447
6 411 6 375
7 393 7 303
8 375 8 303
9 393 9 321
10 411 10 303
11 465 11 285
12 429 12 285
13 339 13 269
14 363 14 269
15 285 15 253
16 269 16 237
17 269 17 237
18 285 18 221
19 339 19 221
20 429 20 221
21 553 21 205
22 910 22 221
23 663 23 205
24 487 24 221
25 411 - 25 205
26 357 26 205
27 339 27 205
28 321 28 205
29 303 29 221
30 285 30 205
31 205
SUM = 12323 SUM = 8159
AVG = 410.8 AVG = 263.2
MAX = 910 MAX = 447
MIN = 269 MIN = 205
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dilution are not required im cases of low BOD. Im additiom, estuarine
water is: self-buffered by its carbonate concentration.

The oxidation process is generally carried out im two stages:
carbonaceous and ni&r@gen@us@ The first stage is accomplished by
saprephytic exganisms, those which derive their enerxrgy from the break-
down of engamdic substances. The second stage comes: about by the oxidation
of the nitregenous portion of pellutants in the waste watex. This aspect
eoff biolegicall degradation is accemplished by a group of bacteria referred
to as nitrifiers. ﬂhese-haxe<aasﬂower~negrodugcivewﬁaﬁenﬁhanzsagreghxtﬁa
eugamisms, s their effects are not noted im the 5-day test. Each stage
iis charvacterized by two steps: cell synthesis and respirvation. In the
carbonaceous stage, the emergy required for synthesis is obtained firom
the transformatiom of the complex oxganic compounds into carbon dioxide
and water. Afiter the erganic matter has been comverted to bactexial cells,
the endogeneous respiration of the oxrganisms occurs, also yielding canhon,
diexide and water, and usually ammonia. If insufficient amounts of the
nutrients mitrogem and phosphorous are present, they must be added initially
im ovder that the process may proceed at a reasonable rate. In laboratexy
long-term BOD bottle studies of raw sewage or industrial wastes, the
niitrogeneows BOD becomes appreciable only after an incubation perioed off
aboutt 10 days. In the strxeam, the two stages frequently proceed simul- '
taneously, although there may be lags in the nitrification stage in highly
polluted streams or those with low dissolved oxygen.

There is mo large population center or livestock industry on. the.
Youk River. A stream such as the York River has a low population of

niitrifiers, even with a relatively long history of introduction of papex
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- mill waste water. Hence the effect of the second stage BOD is insignificant.
The usual practice for measur;ng BOD is to store the sample at a

fixed temperature of 20 C for a period of five days and then to determine

the drop in dissolved oxygen that has occurred. The following equation

can be used for computing the ultimate BOD at 20 C or other temperatures

given the 5-day, 20 C BOD:

T-20
y (1.02)
L = NG + By (6)
1-10 77 0.5
where y = drop in DO occurring in incubated sample (mg/liter)
T = temperature (C)

By = nitrogenous BOD

The first stage deoxygenation coefficient k1 and k3.- The BOD is a

measure of the concentration of decomposabie organic matter in the'poiluted
.water. In the examination of stream water quality, the BOD concentration
involves not only the amount of organic material which is decomposéble by
bacteria but also the time rate at which it will decompose aerobically.
The BOD test may be used as a laboratory model of thevdeoxygenatiqn process
in the receiving waters. If laboratory results are to be épplied to actual .
situations, estimates must be in kéeping with: (1) the nature of the stream
channel, flow, and flow variations; (2) the progress in time of tﬁe waste
matter and the stream water itself; and (3) the transfer of pollutional load
to the stream bottom, where it undergoes benthal decomposition.

The rate at which oxygen is utilized in the biochemical oxidation
of organic material has been found to be proportional to the amount of
organic matter present. This relationship is expressed mathematically as

dL ’
a'_E = _le (7)
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where L the ultimate oxygen demand

kqy = rate constant (day-1)

t time in days

The sewage effluents and industrial wastes in water courses may
cause the accumulation of sludge over relatively long periods of time.
Settleable solids are deposited on the stream bottom by sedimentation.
This is particularly true in estuaries, since wastes discharged into a
salty water may undergo chemical coagulation. This causes the finely
divided colloidal particles to aggregate and subsequently to settle out as
bottom sediments. Moreover, due to bacterial activities, part of the
contributed BOD is removed by biological flocculation from the flowing

water in the stream. In the mathematical equations the rate of loss of

BOD from the stream due to settling is given by

dL _
i -k3L (8)
where k3 = rate constant for settling of BOD (day'l).

Re-aeration coefficient k2.- There is a continuous interchange of

oxygen at the air-water interface. When the concentration of dissolved
oxygen in the water falls below the saturation concentration, there will

be a net mass transfer of oxygen from the atmosphere to the water, referred
to as re-aeration. The difference between the saturation concentration and
actual concentration of dissolved oxygen in the water is called the oxygen
deficit., The rate of oxygen transfer depends on the properties of the
air-water interface, the gradient of the deficit, the intensity of turbulence
of the stream flow, and température. The rate at which the oxygen content
of the stream is replenished from the atmosphere may be estimated. The

rate constant for replenishment is called the ky value. The k2 values

cannot be determined in the laboratory but must be computed from the results
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of analyses of the water in the stream at a number of different stations.
The computation of k2 values is a much less precise procedure because of
the complexity of the problem and due to the uncontrollable factors

encountered in a natural stream. Expressed mathematically

dD _

r -k, D 9)
where D = dissolved oxygen deficit (mg/liter)

ko = re-aeration coefficient, days"1
| t = time, days

The re-aeration rate ky can be determined using the O'Connor-Dobbins

formula:

_ 24002

oy = DD (10)
2 23/2

where: D, = molecular diffusivity of oxygen in water
(0.000081 ft2/hr @ 20 C)

H water mean depth (feet)

U mean tidal velocity (feet per hour)

For different temperatures it can be corrected by the following

equation:
kp = koo (8)7 2%, where ~ (11)
= 1.015 to 1.047

)

Estimation of benthal oxygen demand. - There is not enough dissolved

oxygen to maintain aerobic conditions in the bottom sediments which are
relatively fine in texture but have a very high oxygen demand. Some of the
anaerobic decomposition products diffuse upward through the pore water of
the sediments to the overlying water and exert BOD in the flowing water.
Therefore, the oxygen demand of the bottom sediments upon the overlying

water becomes a very important part of the oxygen-balance studies.
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The oxygen demand of the benthal deposits in this report are
designated P and have the dimension mg/liter/day.

One method of estimating the benthal oxygen demand is based on.
measuring the volatile content of :iver boftom sludge samples and computing
the oxygen demand. Another method consists of placing samples of bottom
deposits in bottles and measuring the oxygen uptake over various time
intervals. |

Values of P in this report were assigned to those reaches of the
river where the profile indicated settling might occur. The values used
were selected by the best judgment of the design engineer. The benthél‘
demand in such unpredictable factors would require that the data be
constantly updated to reflect the changing river conditiomns.

Photosynthesis. - There are 15,000 acres of marsh or swamp draining

into the estuary of the Pamunkey River and 8,238 acres into the Mattaponi
River (see Table 5). The marsh vegetation, algae and aquatic plants in a
.stream share the common characteristic of all chlorophyll-containing plants,
of being able to convert carbon dioxide into organic plant substances and at
the same time release molecular oxygen to the environment. fhe amount of
oxygen produced during photosynthesis varies with the intensity of sunlight
and the density of the plant population. In addition, the same plants
require oxygen for respiration at night and on cloudy days. In the stream
pollution studies, careful consideration should be given as to the proper
role played by plant photosynthesis in the overall oxygen balance of the
stream. For use in the present method the overall net production of DO by
photosynthesis is expressed'in the mathematical equations as @ and has the
dimensions of mg/liter/day. The values of ¢ can be derivéd from light and

dark bottle tests. Since we did not test ¢ values during the course of the



Table 5. Wetland Acreage

Wooded Open Tidal
Marsh Marsh Creeks Woodland Flats Sand Ponds Totals
Pamunkey River
King William 0 639 290 0 0 0 0 929
New Kent 2406 2378 389 0 349 0 132 5654
01d Church 0 2617 515 0 0 0 62 3194
Tunstall 896 334 212 0 191 0 26 1659
West Point 3123 88 0 151 0 209 3571
Totals 3302 9091 1494 0 691 0 429 15007
Mattaponi River
Aylett 0] 642 294 0 0 11 110 1057
Beulahville 213 0 51 0 0 0 7 271
King & Queen 0 2202 33 0 224 0 0 2459
King William 0 609 15 0 7 15 7 653
Truhart 0 668 7 0 0 0 0 675
West Point 125 2646 235 22 0 7 88 3123
Totals 338 6767 635 22 231 33 212 8238

-0‘7-
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sanitary survey, we are using values based on our best judgment from the
1969 hydrographic survey.

A number of other formulas have been suggested for estimating
the rate constant for atmospheric re-aeration. They are useful mainly
for relatively clean waters.

Oxygen saturation.- Cs is the maximum quantity of oxygen which can

dissolve in equilibrium with the partial pressure of oxygen in the atmos-
phere. Partial pressure is determined by the volume percentage of oxygen
in the atmosphere in contact with water (approximately 21%) and depends
on the temperature, barometric pressure and degree of water vapor satu-
ration. Furthermore, the saturation value of DO is affected by the chemical
characteristics of the water, such as the concentration of dissolved salts.
Cg decreases with an increase in temperature, water vapor pressure and
concentration of solids and increases with barometric pressure. As salinity
increases the solubility of oxygen decreases, being only about 82% as great
for sea water as for fresh water (Camp, 1963). In oxygen balance studies
of tidal estuaries, the solubility of oxygen should be adjusted for the
average salt content in each reach. One of the reasons the stream quality
becomes critical in warmer months is that less DO is available. |

For this study an empirical equation was derived based on temperature
and salt content (D, E. Carritt and E. J. Green, 1967).

Coar = 14.6244 - 0.367134 T
+ 0.0044972 T? - 0.0966 S (12)
+ 0.00205 ST + 0.0002739 §2
where T = temp, in C

S = salinity in %, (parts per thousand)

CSAT = saturation concentration of DO in mg/liter.
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Figure 15 shows isopleths of DO in mg/liter as a function of salinity
and temperature.

Temperature.- In the relationship of BOD stabilization and DO
concentration, temperature plays an important role. An increase in
temperature has two effects: (1) the organic material is etabilized at
a faster rate and, therefore, the DO is utilized at a higher rate and
(2) the saturation value for dissolved oxygen is reduced, thereby decreasing
the amount of oxygen that a stream can dissolve. Low stream flows reduce
the waste removal rate and increase the waste concentration. For the
Pamunkey River, low flow and high temperature both occur at the end of
summer., From the viewpoint of stream pollution abatement, this represents
the worst combination of these two significant factors. Measurements of
water temperature durihg the summer months indicate that the average water
temperature in July and August is about 25 C with occasional peaks as high
as 28 C.

Temperature correction for k] and kj.- The values of k] and k2 in

the input data are assumed to be for 20 C. The values of kj and kp at -

temperature T, used in the model, can be computed by following equations

respectively:

(g = (kp)gg® 0.095 (T-20) (13)
and

(kp)p = (kp)go (1.038(T-20)) (14)

Dispersion.- The dispersion coefficient (or longitudinal mixing
coefficient), E, for a sectionally homogeneous estuary may be evaluated
for a particular stream flow from the average salinity, provided the
velocity, U, is not negligible and the'salt concentration at the upstream

station is larger than one percent of the normal value at the lower end of
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the estuary. This approach is based on the continuity equation applied

to salinity (Harleman, Lee and Hall, 1967). For this evaluation

S, = 8 (10) ~0-434 Ux (15)

where Sp = the average salinity concentration in %, at the downstream
point and x = the distance upstream to a station where the concentration
is S;. The Sz and Sp values were taken from the high-water distribution
of salinity observed during the October, 1969, hydrographic survey. This
equation is differentiated with respect to distance to obtain an explicit
expression for dispersion coefficient. The result was used for the saline
portion of the streams.

When the salinity in a reach of an estuary is less than one percent
of the downstream boundary condition of the estuary, this method cannot
be used because the mixing mechanism is quite different (Harleman, Lee and
Hall, 1967). Instead the Modified Taylor's Equation is used to determine
the turbulent diffusion coefficient:

E=77 () 3 (RS (16)

where n = Manning's roughness coefficient, Q = average flow over several
tidal cycles, A = the average cross-sectional area, and R = the average
hydraulic radius in the reach. The values used in this report are presented
in Table 6.

For the short-term prediction of dissolved oxygen and BOD, it is
inappropriate to use the dispersion coefficients calculated for use in the
long-term salinity prediction model. The reason for this conclusion is
that tidal flushing and shear flow tﬁrbulence cause the loﬁgitudinal dis-
persion observed over a long period, while for time scales smaller than a

tidal period, tidal velocity is included in the advection term and shear
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Table 6. Calculated Dispersion Coefficientsv

Transect E (ft2/sec) E(miZ/day)
P20 20 .06
P19 23 .07
P18 ' 24 .07
P17 18 .06
P16 12 .04
P15 12 .04
Pl4 22 .07
P13 58 .18
P12 84 .26
P11 290 .90
P10 220 .68
P09 310 .96
P08 350 1.09
PO7 440 1.37
P06 600 1.86
PO5 650 2,02
P04 1090 3.39
PO3 1170 3.63
P02 1140 3.54
P01 1010 3.14
Y01 : 1290 4.01
Y02 1490 4.63
M15 5 .02
Ml4 4 .01
M13 5 .02
M12 19 .06
M1l 34 11
M10 32 .10
M09 43 .13
M08 340 1.06
MO7 150 A7
MO06 340 1.06
MO5 390 1.21
MO4 330 1.02
MO3 520 1.61
M02 530 1.65

MO1 700 2.17
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flow turbulence along is acting as a dispersion mechanism. It has been
found in operating the dissolved oxygen model that reducing the dispersion
coefficients to about five percent of the values used in the salinity model
gives adequate representation of the dissolved oxygen sag regions. However,
computer results obtained using the higher dispersion coefficients tended
to diminish the difference in concentration between one reach and the next,
hence, the region near the sag was not adequately modeled.

Tidal exchange.- The velocity measurements made during the field

survey were used to compute the tidal exchange volume flux for the time-
dependent model. For each station for each hour, the vertical integral

of the streamwise component of velocity was computed. These were averaged
over the stations or a transect to obtain an average for the transect.
These results were multiplied by the cross-sectional areas computed from
the results of the bathymetry survey to obtain volume flow rates through
each cross section for each hour. This technique is a form of Harlacher's
method (Troskolanski, 1960). The results of these computations are shown
in Tables 7 through 13. According to the sign convection used, flood tides

are positive and ebb tides negative.



Date

13 Oct.

14 Oct.

Hour

1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
0000
0100
0200
0300
0400
0500
0600
0700
0800
0900
1000
1100
1200
1300
1400

Table 7.
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Computed Tidal Flows

(ft35ec"1 X 103)

P20

-0.16
-0.06
-0.02
-0.04
-0.06
-0.06
-0.08
-0.16
-0.20
-0.26

-0.28
-0.30
-0.14
-0.06
-0.06
-0.08
-0.10
-0.16
-0.22
-0.26
-0.24
-0.36
-0.38
-0.32
-0.10

P19

-0.410
-0.615
-0.716
-0.923
-1.03

-1.03

-1.03

-0.308
-0.103
-0.205
-0.205
-0.308
-0.513
-0.820
-0.718
-0.820
-0.921
-1.16

-0.820
-0.205

P17

1.62
1.18
1.18
1.03
1.03
-0.29%4
-1.48
-1.48
-1.62
-2.51
-1.92
-0.745
1.62
1.48
1.18
0.735
0.443
-0.295
-1.47
-2.06
-2.21
-2.51
-2.21
0.735
1.77
1.33

P16

2,30
1.67
1.67
1.47
1.47
0.42
-2.09
-2.09
-2.30
-3.56
-2.72
-1.04
2.30
2.09
1.67
1.04
0.63
-0.42
-2.09
-2.93
-3.14
-3.56
-3.14
1.04
2.51
1.88

P15

-40 90
-4.15
-4.90

2.64
2.64
1.89
1.13
.0.38
-1.13
-4.53



Date

Oct.

Oct.

16

17

Hour

0800
0900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
0000
0100
0200
0300
0400
0500
0600
0700
0800
0900
1000

~49.

Table 9. Computed Tidal Flows
(ftg’sec_1 X 104)
P08 PO7 PO6
-3.31
-2.82
1.17
0.67 2.76 2.89
0.76 3.56 2.83
1.14 3.68 2.89
1.62 3.31 2.57
0.67 2.45 2.68
0.57 0.86 -0.42
-0.86 -0.74 -2.05
-3.51 -2.64 -2.94
-4.09 -2.84 -3.46
-3.99 -3.19 -2.89
-3.14 -2.33 -2.83
-2.66 -1.41 -1.63
-0.95 0.18 0.11
1.53 0.89
1.90 2.39 2.36
2.47 2.21 2.94
2.28 1.41 1.73
1.14 0.80
-0.29 -2.82 -1.26
-0.57 -3.43 -2.36
-0.38 -3.86 -2.57
-0.19 -3.37 -2.47
-0.19

PO5

-3.47
-2.65
-0.41
1.77
3.61
3.47
3.54
3.13
1.91
0.95
-1.97
-3.88
-4.22
-4.22
-2.86
-1.77
-0.82
1.63
2.20
2.31
2.18
-0.41
-1.50
-3.13
-2.45
-2.72

PO4

-3.76
~2.57
-0.53
1.65
3.76
4.75
4.16
3.50
1.52
-0.33
-2.71
-4.42
-4.29
-3.63
-2.71
-1.39
0.26
1.98
3.23
2.51
1.19
-0.92
-2.18
-3.56
-3.96
-3.23

PO3

-4.89
-2.40
0.38
2.40
3.65
4.99
5.37
4.13
2.44
-1.15
-3.45
-5.09
-4.70
-4.13
-3.65
-1.63
0.096
2.49
3.55
3.74
2.02
-1.15
-2.69
-3.36
-3.36
-2.88



Date

14 Oct.

15 Oct.

Hour

1900
2000
2100
2200
2300
0000
0100
0200
0300
0400
0500
0600
0700
0800
0900
1000
1100
1200
1300
1400
1500
1600
1700

Table 8,
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Computed Tidal Flows

(ft33ec‘1 X 104)

P14

-1.18

-0.59
-0.46
-0.39
-0.13

-0.89
-1.05
-0.85
-0.89
-0.26
0.43
0.98
0.82
0.66
0.85
0.62

P13

-2.98
-2.98
-3.06
-2.62
-0.44
1.75
1.75
1.92
1.57
0.88
0.18
-1.14
-2.28
-2.46
-2.46
-5.00
-0.087
1.75
2.62
2.28
2.10
2.10
1.75

P12

-2.46
-2.52
-2.07
-1.62
0.13
1.01
1.74
1.55
1.42
0.905
-0.19
-1.10
-1.61
-1.49
-1.16
-0.78
0.58
1.49
1.62
1.68
1.68
1.29
0.71

P10

0.531
2.92
0.266
2.26
1.20
1.06

2.39
-2.66
-2.26
-1.46

0.13

1.66

2.32

2.46

2.26

1.93

1.33

0.66

P09

-3.72
-2.53
-1.71
-0.30
1.34
2.61
2.23
2.90
2.09
0.52
-1.19
-2.83

-2.23
-0.30
1.49
2.98
2.75
3.28
3.05
2.38
0.60



Date

17 Oct.

18 Oct.

Hour

1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
0000
0100
0200
0300
0400
0500
0600
0700
0800
0900
1000
1100
1200
1300

-50-

Table 10, Computed Tidal Flows

PO2

7.87
7.63
5.90
2.34
-1.50
-3.32
-5.29
-6.27
-6.03
-4.31
-2.21
-2.46
1.72
6.15
6.03
1.72
0.25
-1.23
-2.71
-5.54
-5.04
-4.43
-2.34
-0.74

(ft:asec'1 X 104)

POl

YOl

9.82
6.08
3.04
-1.87
-8.18
-10.28
-10.28
-9.58
-5.38
-4.66
-1.64
1.17

5.38

7.24
5.38
- 3.04
0.47
-4.21
-5.38
-4.44
-2.34
-1.64
-0.93
-0.93

MO2
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Date

Oct. 18

Oct. 19

Hour

1900
2000
2100
2200
2300
0000
0100

0200
0300
0400
0500
0600
0700
0800
0900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000

Table 11.
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Computed Tidal Flows

(ft:*)sec"1 X 104)

M1l4
0
-0.25
-0.30

0.34

0.34

M13

-0.03
-0.045
-0.14
-0.15
-0.15
-0.15
-0.17
-0.12
0
-0.065
-0.14
-0.091
-0.091
-0.015
-0.045
-0.091
-0.14
-0.03
-0.076
0
-0.015
0.065
0.091
0.17
-0.076
0.045

M12

M1l

0.054
-0.14
-0.27
-0.41
-0.27
-0.87
-0.76
-0.49

0.22

0.22

0.92

0.38

0.16
-0.11
-0.68
-0.81
-0.70
-0.49
-0.11

0.49

0.70

0.76

0.70

0.49

0.24

0.054

M10

“0. 39
0

0.39
~0.23
-0.48
-0.91
-0.87
-0.71
-0.52
-0.32

0.71

0.87

1.00

0.71

0.71

0.36



Date

Oct.

Oct.

20

21

-52-

Table 12. Computed Tidal Flows
(ft3sec'1 X 104)

Hour M09 MO8 MO7

0700 1.34 0.85 1.26
0800 0.81 -0.23 0.76
0900 -0.35 -1.54 -1.51
1000 -1.45 -2.,54 -2.14
1100 -2.27 -2.62 -2.33
1200 -2.04 -2.54 -2.46
1300 -1.92 -2.31 -1.95
1400 -1.39 -1.54 -0.9%4
1500 -0.35 0.63
1600 1.28 2.39
1700 2.21 3.23 2.39
1800 2.04 2.31 2.58
1900 1.74 2.23 1.83
2000 1.28 2.23 1,01
2100 0.46 2.08 0.63
2200 -0.70 1.85 -1.39
2300 -1.69 1.31 -2.71
0000 -2.26 1.00 -3.02
0100 -2.20 -0.54 -2.71
0200 -1.86 -1.23 -2.08
0300 -1.39 -0.39 -1.51
0400 -0.64 0.23 .-0.63
0500 1.10 1.31 1.39
0600 1.87 2.23 1.76
0700 2.39 1.76
0800 2.31 1.70

MO6

1.3
0.27
-1.12
-1.9%
-2.49
-2.38
-2.00
-1.24
0.27
2.32
2.54
2.32
2.00
1.57
-0.16
-1.62
-2.32
-2.16
-1.84
-1.78
-1.51
-1.41
1.89
2.49
2.27
1.95

MO5

-0.54
-2.32
-2.65
-2.38
-3.68
-1.62
-1.08
1.03
3.56
3.14
2.59
1.84
0.70
-1.13
-2.32
-3.02
-3.14
-2.48
-1.78
-0.38
1.51
2.48
1.94
2.22
1.94

MO4

-1.91
-2.84
-3.58
-3.42
-2.22
-1.11
0.56
2.9
3.65
3.49
2.9
1.99
0.87
-1.59
-4.05
-3.81
-3.66
-3.41
-1.59
1.19
2.54
3.50
3.34
1.67
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- Table 13. Computed Tidal Flows

(ft3se<:"1 X 104)

Date Hour MO3

Oct. 21 1100 -1.54
1200 -1.9
1300 ~1.48
1400 -0.60
1500 -0.27
1600 0.13
1700 3.02
1800 4,23
1900 3.89
2000 3.49
2100 0.74
2200 -1.14
2300 -3.16

Oct. 22 0000 -3.76
0100 -3.83
0200 -3.23
0300 -2.49
0400 -0.87
0500 1.75
0600 2.82
0700 3.56
0800 3.29
0900 1.88
1000 4.34
1100 -2.01

1200 -2.89
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DESCRIPTION OF THE MATHEMATICAL MODEL

Computational Method

The time-dependent equations are solved by integration using an
explicit scheme., Using the distribution of dissolved oxygen and BOD plus
all the geometric, hydraulic and waste-load information at a given time
as initial conditions, the equations are integrated numberically over a
given time interval, The final answers are printed out and a new time
interval is established. The geometric, hydraulic or load conditions
may be changed at the beginning of any interval. After the program finishes
integrating over the final time interval specified, it reinitializes to
begin a new run.

For computational purposes, the upper York system has been divided
into a number of reaches. Computations are performed using sectional average
values of the system parameters and dependent variables. Some parameters
are defined at the center of areach, others are defined between reaches.

The numbering system used for the salinity model is shown below.

Reach volume and inter-reach area are given as examples of each of the

two types of variables., Inter-reach variables are needed for the "fictitious"
sections up-and downstream of the system modeled. The number 151 is arbi-
trarily assigned to the extra numbers needed for the upstream end of the

- second branch.
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Vol(20) Vol(21)

I S’( Area(33)

| | )
Area(151) Area(21) Area(22) ' Area(34)
Vol(33)
V01(34),
Vol(19)
Area(20)

|vO1(1) ‘ Vol(2) ‘
— T 1

Area(l) Area(2) Area(3)

Below is the numbering system used for the sectioning of the oxygen
model. The two reaches farthest upstream have been eliminated, in order
to apply actual measurements as boundary conditions. The reach of the
York farthest upstream has been broken into two halves, one associated

with each tributary.

Vol(20) Vol(21)
l ‘ S f Area(32)
Area(151) Area(21) Area(22) vol(32) Area(33) Area(34)
Vol(33) l
Vol(19) Area(20)
Vol(1l) Vol(2)
' l I g)r Area(19)

Area(l) Area(2) Area(3)
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Description of the Computer Program
The program has been modified from DECS-III (Jeglic, 1967).
Additional information concefning input and output can be found in that
report,

"Namelist'" inputs.- For reading data into the program, the "Fortran

namelist" system is used. The first column of each card must be left blank.
The beginning of a namelist, say CONTRL, would be announced by a card
punched with "&CONTRL" beginning in column 2, The namelist must end with
the characters "&FND". It is not necessary to specify all the variables
belonging to a particular namelist.

Besides fixed and floating point variables, it is possible to read
in logical and holierith variables.

Data arrangement.- The input data deck begins with three cards

specifying the date of the computer run, the user's name and the problem
title. Next come a series of four namelists; CONTRL, MODEL, INITL, and
TIMDEP. Described below are changes in, and additions to, the data imput
as described in the DECS-III report (Jeglic, 1967).
A. Namelist CONTRL
Two fixed-point variables have been added to this namelist. IBRAN
is the number identifying the first section on the right-hand tributary.
For the DO model, IBRAN = 20. TIFORK identifies the section where the two
branches meet. IFORK = 38 is the appropriate input for the DO model.
NSECTS and SINGLE are not allowed as alternate mmenonics.
B. Namelist MODEL
' One must add the following variables because of the two-fork system.

The entries below pertain to the upstream end of the right branch.
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LENGTH (150), analagous to LUPPER

ZC0, ZC (1), analagous to XCO & XC(I)

and ZLO, ZL(I), analagous to XLO & XL(I)

The entries CSO and CS(I) have been changed so that saturation
concentration can be computed as a function of salinity and temperature.

The entries €CQO, CSO, XCO, ZCO, YCO, XLO, ZLO, and YLO must all
end in zero.

C. Namelist INITL

The following entries have been added for the upstream boundary
of the Mattaponi branch:

K(151) is the eddy diffusion coefficient for the interface
upstream of the first reach;

Q(151) is the flow entering the first reach;

AREA (151) is the area at the upstream end of the first reach;

CRUPP is the analogue of CUPP;

RLUPP is the analogue of LUPP.

D. Namelist TIMDEP

Q(151), K(151) and AREA(151) have the same function as in the
namelist INITL.

RECYCL = T causes the program to start over using a second set of
data. In the namelist CONTRL and MODEL, one need enter only the variables
which have been changed from the previous run. The namelist INITL and
TIMDEP must be filled out completely, even if nothing has been changed
from the preceding run.

Organization of subroutines.- The so-called main program (MAIN)

of the program does very little., It reads and prints the three title cards

and then transfers control to a subroutine called PRELIM, As the name



-58-

suggests, this subroutine carries out the preliminary setting up needed
for the program. It reads the namelists CONTRL, MODEL, and INITL and
prints out the information from them, as well as setting up the prescribed
options. Each time a namelist is read, a subroutine named CHECK is

called to make sure that the necessary information is indeed given. If

it is not, a subroutine named TROUBL is called and this subroutine prints
a diagnostic message and transfers control back to MAIN, which starts a
new run,

From PRELIM, control is next transferred to entry PREWRT in sub-
routine CYCLE. This subroutine is the central one of the program. It
is CYCLE which reads the namelist TIMDEP and from the information received
sets up the limits of a given time interval and, by appropriate calls, gets
the time integration going. Namelist INITL differs from namelist TIMDEP
in the manner of the printout only.

Initial conditions having been established and an integration
interval designated; a sequence of subroutines is called to perform the
integration. First, subroutine STPSIZ calls subroutine INTEGR to (i)
integrate over the time step and (ii) integrate over the two half-steps.
The two results are compared, using subroutine ERRORM, and if the agree-
ment is close enough, STPSIZ proceeds to the next time step. If it is
not, the time step is cut in half and another attempt made.

Subroutine RUNKUT, when called by INTEGR to perform the integra-
tion uses, as the name implies, a Runge-Kutta algorithm for computational
stability and acéuracy. Tﬁis subroutine also uses the explicit time
derivatives computed by the subroutines DCDTA and DLDTB for dissolved

oxygen and BOD respectively.
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The subroutine SETHDR prints page headings and headings for data
sets. The subroutine SETCAL computes time intervals for subroutine CYCLE,
using the day, month and year of fhe beginning and end of the time interval.

Figure 16 shows the flow diagram taken from the report on DECS-III
(Jeglic, 1967).

Salinity modeling.- The program for salinity works much as described

above however, several differences need to be mentioned. Most importantly,
the subroutine DCDTA has been eliminated, since there is only one dependent
variable. Only fixed boundary conditions have been allowed in the salinity
model, although these may be changed at the start of every new time interval.
The constants dealing with re-aeration and decay rate have been eliminated,
and only dummy temperatures and values of P need be specified. Values of

J (in pounds per day) may be input to signify either a saline waste discharge

or a quantity of salt introduced with a lateral inflow.

Salinity Model Demonstration

Sample input.- The salinity model was verified using:

1, Slack-water runs made by the Division of Oceanography beginning
in August, 1970;
2. Other VIMS data, where suitable for the purpose; and
3. Data gathered from August to October 1968 by the Chesapeake
Corporation.
Since the most important practical problem is salinity intrusion over a
time period of several months, highwater slack data were used. Appendix
D contains input data and computer printout for the 1970 verification.

The computer simulation is started 3.5 months in advance of the first

slack-water run being verified, in order to remove transients caused

by the arbitrariness of the initial conditions.
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DECS Il
f - —]
PRELIM [___.'___l r CYCLE
SETHDR T
NEWHDR :
\ HEADER
DATEXT j:i
TAPWRT

;I CHECK |
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| TROUBL fe—{ RECOVR )u-

‘ RUNOUT qT
PREWRT .

~

SETCAL H ELAPSE )-

-
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i
RUNKUT
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Flow diagram for organization of subroutines

Figure 16,
in time-dependent model.
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Sample output.- The program output is divided into several sections.

The first of these is a list of program controls (see Appendix D). The
volume parameters in the next section are for expressing volume as a
function of discharge and are not used in the program. Next comes a
printout of the geometric data used in the program, viz the inter-reach,
cross-sectional -area and the volume,lhydraulic depth and length of each
reach. Nexf comes a printout of the required hydraulic and loading
information, The quantity U is the magnitude of the tidal current. The
quantity J represents salinity loading in pounds per day, while P has no
significance in the salinity program. The quantity K is the dispersion
coefficient, specified at the interface between reaches. The dischérge,
Q, is likewise specified at the interface between two reaches.

The list of initial conditions concludes the printout of the
'infofmation needed to start the integration process. Integration is
carried out over specified time intervals, and one can have several outputs
pfinted out after a specified number of intervals (note the entry PRINTOUT
FREQﬁENCY). The first two of these geometric inputs and hydraulic and
load inputs have already been described. One may wish them printed out
occasionally because the entries in them may be changed at the beginning
of any interval. The printout of the integration history is used mainly
for diagnoétié purposes. The printout of Computed System Parameters may
be desired occasionally to check the results of changes in the geometric,
hydraulic or load inputs.

The final printout for an integration interval is the salinity
distribution at the end of that interval. The boundary conditions are
printed out after the salinity distribution; first the left branch, then

the right branch, then the downstream end.
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Verification.- The period from the beginning of Jyly, 1970 to

the middle of October in that year, was a time of gradually decreasing

flow and of increasing salinity intrusion in the Mattaponi and Pamunkey.
Therefore, it provides a suitable test for the salinity model. The computer
model was integrated from May 1, 1970 until September 29, 1970 using
boundary conditions obtained from prevailing seasonal salinity conditions

in the upper York system. The river discharge used in the computer program
for a given day was the median discharge over the month preceeding that

day. Figures 17 and 18 show comparisons of field data with model results
for the Pamunkey River. These graphs show the slack water run results for
August 14 and September 29, 1970, together with the calculated results.

The boundary conditions used in the salinity are prevailing seasonal
values at Bell's Rock at high-water slack, based on accumulated VIMS data;
For the winter and spfing months, 12%, is specified while 15%, is usedbfor :
summer and 16}, for autumn. |

During 1968 there were several low-water slack runs made by VIMS
personnel. In these runs, particular isohalines were sampled, rathé; than
particular fixed locations. By adding 5.7 miles to the location of fhe Fho
isohaline at low-water slack, its location at high-water slack may be
approximated. Figure 19 shows the observed location of the Sg,isohaiine
and the calculated results., Interpolation between reachbmidpoints was
used,tb deterﬁiné the model result for ﬁhe location of the za;isohaline.

The Chesapeake Corporation also conducted slack-water runs in 1968.
Figure 20 shows the comparison between the high-water slack observation
at Chelsea Farm, on the Mattaponi and the calculated results for the same
point. The calculated results were obtained by interpolating between the

model results for reaches 29 and 30, which bracket Chelsea Farm.
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Figure 17. Salinity verification - calculated and observed Pamunkey
salinity distributions for August 14, 1970.
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Figure 18, Salinity verification - calculated and observed
Pamunkey salinity distributions for September 29, 1970.
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Figure 20. Salinity verification - observed and calculated salinity versus time at Chelsea Farm.
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Dissolved Oxygen Model Demonstration

Initial conditions.- The time-dependent model of dissolved oxygen

'is intended for short-range prediction (one or two days) on an hourly
basis, including the daily temperature cycle, the tidal contribution to
discharge and the daily photosynthesis cycle. Effects not observable in a
steady-state model can be detected in this way. For example, one can
determine the effect of tidal motion in spreading a pollutant, night-time
oxygen minima or immediate effects of a léfge BOD '"spill",

This sort of prediction fits well with the field data that were
collected, which are quasi-synoptic measurements of the variables for a-
period of two tidal cycles. The quasi-synoptic measurements had to be
synthesized into a truly synoptic record. This was accomplished for tidal
currents by shifting the records for the various "days" in time sokthat the
tiﬁes for low-water slack coincide. The same was done for salinity and
oxygen. Temperature records were shifted in time by a whole humber of days.
The result is a single record starting at 1200 on October 17 (approximately
low-water slack). The BOD distribution was determined from daﬁa collected
on later slack-water runs. fhe rate of input of loading was determined
partly from (1) the reported outfall from the pulp mill at West Point, (2)
estimated outfall from the West Point sewage treatment plant based on
standard values of the contribution per person per day, and (3) estimates
of Fhe marsh contribution needed to maintain steady values of BOD. These
estimates were made by a succession of trial runs of the model for ten full
tidal cycles. For each run, the loading was adjusted to counteract the
drift in BOD observed in the,previous run. The same procedure was used for
primary or benthal oxygen demand (P).

The boundary conditions express dissolved oxygen as a function of

temperature. The upstream conditions define DO to be 807 of saturation
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in fresh water. The formula is

]

CUPP CRUPP

11.7 - 0.294T + 0.0036T2 oan
The downstream condition (based on field data) is that DO be
75% of saturation at 14%, salinity. The formula is
CLOW = 0.32 - 0.237T + 0.0032T2 ) (18)
In both formulae, T is temperature in C. The BOD boundary conditions
were fixed at values gathered from VIMS slack-water runs in August, 1970.

Time-dependent inputs.- The tidal contribution to the flow is

computed internally, using the magnitude of the tidal current and assuming
that the initial time corresponds to a low-water slack. The manner of
arriving at the temperature, tidal current and salinity inputs has already
been explained. There were, in addition, hourly inputs of estimated primary
oxygen demand and photosynthesis.

Verification results.- The model was run with the above initial

conditions and varying parameters for a period of ten tidal cycles of model
time. Figures 21 and 22 show the oxygen concentration at the first highf
water slack for the two rivers. Figure 25 shows the calculated dissolved
oxygen concentration versus time at reach 18, with the observed results at
stations POl and PO2. Figure 26 shows the DO concentration at reach 32,
together with the observed values at stations MOl and MO2. Figure 27 shows
the DO concentration at reach 16, with the observed values at sﬁations P03
and PO4, In the last three figures; ""percent of saturation'" refers to
saturation concentration at 19.0 C and 0%, . Hence values in excess of 1007%
saturation are not supersaturated COmpa:ed to the local saturation concen-

tration.
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Figure 21. DO verification - Pamunkey River high-water slack observed and calculated results.
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Figure 22. DO verification - Mattaponi River high-water slack observed and calculated results.
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Figure 23. DO verification - Pamunkey River low-water slack observed and calculated results.
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DO verification - Mattaponi River low-water slack observed and calculated results.
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Figure 25. DO verification - observations at POl and PO2 and calculated results at reach 18
versus time.
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Figure 26. DO verification - observations at MOl and MO2 and calculated results at

reach 32 versus time.
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CONCLUSIONS

A time-dependent model was developed from Thomann's (1963) équations.
This model is capable of predicting the dissolved oxygen and BOD levels
occurring in the upper York River and its tributaries under conditions of
tidal motion and time-varying flow rates and pollutional loadings. The
model has been verified according to data collected during Ocﬁober, 1969.

A time-dependent model has also been developed for predicting salinity
variation over time periods of several months, but without tidal motion.

With suitable inputs, other contaminants could also be modeled.

An extensive field survey was undertaken to gather background data
for constructing the models. A series of slack-water sampling runs has
been started to provide year-round verification data for the models.

Parameters which required precise description in this model include
flow, dispersion coefficients, unit rates of BOD decay, atmospheric re-aeration,
tidal exchange, waterway geometry and waste loading.

The dissolved oxygen concentration appears to be out of phase with
the salinity upstream from West Point on the Pamunkey, suggesting that low
oxygen water is being carried upstream on the flood tide. One of the values
of the time-dependent model is that it enables one to study such localized,
short-term variations of dissolved oxygen.

The Mattaponi and Pamunkey rivers have relatively strong tidal flows
and, therefore, high re-aeration rates. Any man-made change in the mechanical
properties of the rivers would have to be examined for its effect on the
rate of re-aeration.

For certain thermal effluent studies (e.g. Pritchard-Carpenter, 1967)

the freshwater discharge is replaced by a quantity called net new water,
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derived by assuming a two-layer system in which salt balance is maintained
by means of an upstream flow in the bottom layer and a return flow in the
top layer. The return flow plus the fresh’water discharge gives the net new
water. Thé net new water concept has not been used in this study because
BOD is distributed throughout the water column, and so will not be flushed
by a (supposedly) high flow in the top layer.

The model results are only as good as the data employed; results are
dependent on the rate parameters used for computation. Model development
requires extensive analysis of data describing the physical, chemical and
biological characteristics of the river system. The original collection. and
analysis of data for a medium-sized river may require anywhere from three to
five yeafs of effort. Its estuary may take longer since its characteristics
are mofe complex.

Time and funding limitations precluded further field and laboratory
work necessary to adequately describe these parameters. Estimates of their
values were made, based on close examination of available data from this
study and other river and estuarine studies. Such estimates, although used,
are undesirable since the river is a dynamic entity. A more correct‘procedure
would require a continuing series of field surveys to re-evaluate these
parameters.,

More sophisticated modeling techniques await future development. Present
methods do clearly describe, within board limits, existing and projected
future conditions. The accuracy of the methods described will be increased
as better data become available. At the present time, Thomann's equations
are widely accepted, mathematical relationships used for estimating the effects
of pollutions on a stream. They are among the best tools available for engineer-
ing decisions. The natural conditions in the streams and therefore, the para-
meters in the equations may, in the future, differ substantially from values

estimated at this time.



-78-

-

RECOMMENDATIONS

It is recommended that a study of the thickness, extent and
biochemical nature of the benthal deposits be made for the Mattaponi
and Pamunkey rivers. Furthermore, the nature of the oxygen exchange
between the rivers and their marshes and swamps needs to be studied.
It would also be useful to know the nature of the BOD exchange between
rivers and wetlands.

Consideration should be given to a model which predicts the
hydraulic and pollutional aspects of a river simultaneously, i.e.
that can predict the tidal height and dissolved oxygen level simultan-
eously.

A continuing program of measurements needs to be maintained to
enable updating of the parameters used in the equations. Thus the
effects of changes in river flow, or climate, or state of health of the

wetlands, may be detected and included in the model.
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APPENDIX A

RESULTS OF SIACK WATER RUNS
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APPENDIX B

PROFILES OF THE CROSS SECTIONS
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APPENDIX C

TIDAL OBSERVATIONS
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APPENDIX D
LISTING OF INPUT DATA AND OUTPUT DATA FROM SALINITY AND DO

VERIFICATION FOR TIME-DEPENDENT MODEL



PROBLEM TITLE
LATE OF RUN
SUBMITTED BY

*
*
%

TIMEDEP DISSOLVED OXYGEN MODEL BASED ON DECS-III PROGRAM
IBM 360/50 COMPUTER ;

DO MODEL - DEMONSTRATION

SEPT 17 71
Pe. HYER

PAGE

1

=80T~



DO MODEL - DEMONSTRATION SEPT 17 71 PAGE 2

PROGRAMCONTROLS

NO. OF ESTUARY SECTIONS - 38.

RIGHT BRANCH - 20.

CROTCH - 34,

NO. OF INITIAL INTEGRATION STEPS - 50.
INTEGRATION TYPE -CONTROLLED STEP SIZE.
DOUBLE VARIABLE INTEGRATION.

INTEGRATION TOLERANCES - D.O. B.0.D.

1. 5.0000E-03 5.0000E-03
2. 2.0000E-02 2.0000E-02
3. 1.0000E-01 1.0000E-01

TEMPERATURE INPUT IN DEGREES CENTIGRADE.

1.0000E 00
5.0000E 01
1.0000E 03
1.0000E 00
1.0000E 06
1.0000€ 00
1.0000€& 03
-1.0000Et 03
-1.0000€& 00
1.0000€ 03

CONVERSION FACTORS USED ON INPUT VARIABLE -

FCY9GCIC—AD>DXD
4 3 S 3t 3 36 3 3 3t

PRINTOUT FREQUENCY -
: « GEOMETRIC INPUTS
2. HYDRAULIC AND LOAD INPUTS
3. INTEGRATION HISTORY
4. COMPUTED SYSTEM PARAMETERS
5. FINAL ANSWERS

EVERY 25 TIME INTERVAL(S)
EVERY 25 TIME INTERVAL{S)
EVERY S5 TIME INTERVAL{(S)
EVERY 25 TIME INTERVAL(S)
EVERY 1 TIME INTERVALI(S)

#* 3 3 3 3

-60T-



00 MODEL - DEMONSTRATION SEPT 17 71 PAGE .3

PROBLEM CONSTANTS

THETA = 1.0238E 00
D = 2.2500E-08
A = 2.3000E-01
B = 0.0
PK = 1.0000E 00
NU = 1.0990E 00

COEFFICIENTS FOR C(S,T) QUADRATIC

]
C(0) . 0.146244E 02 =
cl1) -0.966000E-01 <
ct2) -0.367130E 00
ci3) 0.273900E-03 e
Cla) 0.205000E-02
ci(s) 0.449700E-02

BOUNDARY COEFFICIENTS

C(LEFT) C(RIGHT) C (DOWNSTR) LILEFT) L(RIGHT) L (DOWNSTR)
0 1.17000E 01 1.17000E 01 9,30000E 0OC 4.,00000E-01 4.00000E-01 3.30000E 00
1 -2.94000E-01 ~2.94000E-01 -2.37000E-01 0.0 0.0 0.0
2 3.60000E-03 3.60000E-03 3.20000E-03 0.0 0.0 0.0
3 0.0 0.0 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 0.0 0.0
5 0.0 0.0 0.0 0.0 0.0 0.0



SECTION

Ca(o)

VOLUME PARAMETERS

cQ(r)

cQ(2)

cQ(3)

PAGE

4
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GEOMETRIC INPUTS

DAY 0.500 OCTOBER 17, 1969 TIME 1200
AREA HEIGHT VOLUME LENGTH — .
(SQ.FT.) (FT.) (CULFT.) (FT.) e
0 21000.0 o .
0-1 1563.0 e
1 10.0 2.050FE 07 14000.0 ,
1-2 1875.0 e
2 9.0 4.140E 07 24000.0 e
2-3 2250.0
3 10.3 5.690€ 07 20000.0
3-4 3188.0 .
4 10.6 4.760E 07 11000.0
4-5 5720.0
5 11.4 1.850E 08 27000.0 e
5-6 10000.0
6 14.6 2.840E 08 17000.0
6-17 26750.0
7 15.7 4.450E 08 19700.0
7-8 20000.0
8 18.0 1.900E 08 9900.0 s
8-9 17500.0 5
9 19.8 2.050E 08 10800.0 !
9-10 20250.0
10 17.2 2.750E 08 12500.0
10-11 22700.0
11 15.8 4.660E 08 17400.0
11-12 29000.0
12 15.2 2.000E 08 8200.0
12-13 18700.0
13 16.9 2.940F 08 14700.0
13-14 16000.0
14 15.2 2.570E 08 13100.0
14-15 20750.0 A
15 13.0 2.430E 08 13200.0
15-16 20125.0
16 14.2 2.700E 08 13100.0
16-17 36000.0
17 17.4 3.830F 08 13100.0
17-18 37500.0
18 18.4 2.000E 08 4500.0
18-19 46900.0
19 18.0 - 3.100EF 08 6560.0
19-34 47000.0
0 5000.0
0-20 750.0
20 5.6 2.450E 07 22000.0
20-21 2313.0
21 6.7 4.100€ 07 15000.0

21-22 4500.0



22-23

23-24

24-25

25-26

26-27

27-28

28-29

29-30

30-31

31-32

32-33

33-34

34-35

35-36

36-37

37-38

38-39

AREA
(SQ.FT.)

8250.0

9875.0

17750.0

23500.0

19250.0

16500.90

16500.0

24250.0

20500.0

30000.0

27000.0

24000.0

64300.0

64300.0

64300.0

64300.0

64300.0

22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

39

HEIGHT
(FT.)
8o
12.2
15.0
15.5
13.8
18.4
20.0
13.7
12.8
14.6
11.7

10.0

VOLUME
(CU.FT.)
1.110€ 08
1.300€E 08
2.070E 08
3.080E 08
2+.650E 08
3.400E 08
3.630E 08
1.780E 08
1.950€E 08
1.770E 08
8.330E 07
1.400E 08
4.200E 08
4.200E 08
4.200E 08
4.200E 08

4.200E 08

LENGTH
(FT.)
21000.0
16600.0
16400.0
16400.0
13100.0
18700.0
22700.0
10500.0
10500.0
9820.0
3280.0
6560.0
6540.0
6540.0
6540.0
6540.0
6540.0

16000.0

PAGE
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HYDRAULIC AND LOAD INPUTS

DAY 0.500 OCTOBER 17, 1969 TIME 1200
T U J P K Q
(DEG-C) (FT./SEC) (LB/DAY) (LB/DAY) (SQ.FT./SEC) (CU.FT./SEZ)
0-1 1.25E 00 4.,20E 02
1 18.5 -0.45 0.0 0.0

1-2 1.25E 00 4.24E 02

2 18.5 -0.95 0.0 ~-7.20E 02
2-3 1.00E 00 4.32E 02

3 18.7 -0.95 1.80E 02 -2.40E 03
3-4 5.00E-01 4.39E 02

4 19.0 -0.95 1.50E 02 -2.30E 03
4-5 5.00E-01 4.42E 02

5 19.0 -0.65 5.80E 02 -7.30E 03
5-6 1.00E 00 4.51E 02

6 19.0 -0.55 l.19E 03 -1.08E 04
6-7 3.00€ 00 4.56E 02

1 19.3 -0.80 1.93E 03 -2.80E 03
7-8 4.25E 00 © 4.63E 02

8 19.6 -1.30 8.30E 02 -4,30E 03
’ 8-9 1.45€E 01 4.66E 02

9 19.7 -1.50 1.51E 03 -5.70E 03
9-10 1.10€ 01 4.70E 02

10 19.9 -1.50 2.60E 03 -6.80E 03 ‘

10-11 1.55E 01 4.T4E 02

11 19.7 -1.55 4.10E 03 -9,80E 03
11-12 1.75€ 0l 4.79E 02

12 19.4 -1.50 1.00E 03 -3.00E 03
12-13 2.20E 01 4.8lE 02

13 19.4 -2.05 2.00E 03 -1.15E 04
13-14 3.00E 01 4.86E 02
14 19.5 -2.05 1.80E 03 -1.05E 04 .
14-15 3.25E 01 4,91 02

15 19.17 -2.10 1.70E 03 -9.30E 03
15-16 5.45E 01 4.95E 02

16 19.6 -2.30 1.00E 03 ~-6.80E 03
16-17 5.85€ 01 4.99E 02

17 19.2 -1.80 1.40E 03 -1.42E 04
17-18 5.70€ 01 5.04E 02

18 18.9 -1.90 T.50E 04 -6.60E 03
18-19 5.05E 01 5.05€ 02

19 19.0 -1.50 4.,80E 02 -1.06E 04
19-34 6.45E 01 5.25E 02

20 14.3 =0.45 6.00E 01 -1.80EF 02
20-21 5.00E-01 2.52E 02
21 15.3 -0.50 5.10E 02 -2.50E 03 .
21-22 1.00€ 00 2.5TE 02

22 15.5 -0.35 1.40€ 02 -5.90E 03

22-23 1.75€ 00 2+.64E 02

-vTT-



23

24

25

26

27

28

23

30

31

32

33

34

35

36

37

38

(DEG-C)

16.4

17.3

18.0

18.2

18.3

18.5

18.6

18.7

18.8

18.8

19.0

19.0

13.0

19.0

19.0

19.0

U
(FT./SEC)

-1.05
-1.02
-1.35
-1.30
~-1l.65
-1.65
-2.60
~-1.75
-2.07
-1.25
-l.25
-l.41
-1.70
-1.70
-1.70

~-1.70

J

(LB/DAY)

3.20E
9.50E
1.10E
2.60E
4.00E
3.10E
1.80E
7.20E
4.40C
5.90E
5.40E
1.00E
1.00E
1.00E
1.00E

1.00E

02

02

03

03

03

03

03

02

02

02

02

03

03

03

03

03

p

(LB/DAY)

-5.10E
-5.50E
-9.20E
-7.90E
-6.30E
-7.60€
-4.40E
-5.30E
-4,40E
~3.90E
-4,.80E
-7.20E
-8.20E
-8.80E
-7.50E

~-1.02E

03

03

03

03

03

03

03

03

03

03

03

03

03

03

03

04

23-24
24-25
25-26
26-27
27-28
28-29
29-30
30-31
31-32
32-33
33-34
34-35
35-36
36-37
37-38

38-39

K

{SQ.FT./SEC)

1.50E
2.00E
1.70E
T+50E
1.70E
1.95E
1.65E
2.60E
2.65E
3.50E
6.45E
T.45E
T.45E
7.45E
T.45E

T.45E

00
00
ol
00
0l
0l
o1
01
01
01
01
ol
ol
(¢31
(13

0l

PAGE

Q
(CU.FT./SEQ)

2.70E
2.76E
2.81E
2.86E
2.92E
2.99E
3.03E
3.06E
3.10E
3.11E
3.14E
8.41E
8.41E
8.41E
8.41E

8.41E

02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02

8

-STT-
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PAGE

SEPT 17 71

DO MODEL - DEMONSTRATION

CONDITIONS

INT TIAL

1969 TIME 1200

OCTGBER 17,

0.500

DAY

De0. BeOaD.

(MG/L)

SECTION

(MG/L)

-116-
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PROBLEM TITLE
UDATE OF RUN
SUBMITTED BY

*
*
*

70 VERIFICATION E(S)

SEPT 17 71
PAUL V. HYER

~LTT-



70 VERIFICATION E(S)

PROGRAMCONTROLS

ND. OF ESTUARY SECTIONS - 35.
RIGHT ERANCH - 20.
CROTCH - 34,
NO. OF INITIAL INTEGRATION STEPS ~ 250.
INTEGRATION TYPE -CONTROLLED STEP SIZE.
SINGLE VARIABLE INTEGRATION.
INTEGRATION TOLERANCES -

2

3.
TEMPERATURE INPUT IN DEGREES CENTIGRADE.

CONVERSION FACTORS USED ON INPUT VARIABLE

PRINTOUT FREQUENCY -
1. GEOMETRIC INPUTS
2. HYDRAULIC AND LOAD INPUTS
3, INTEGRATION HISTORY
4, COMPUTED SYSTEM PARAMETERS
5. FINAL ANSWERS

% 3 # 3 #

SEPT 17 71

SALINTY
5.0000E-02
1.0000E-01
1.0000E 00
Q * 1.0000E 00
K % 1.0000E 03
A % 1.0000E 03
T =* 1.0000E 00
vV % 1.0000E 06
H  * 1.0000E 0O
J ¥ 1.0000€ 03
P * -1.0000E 03
U % 0.0
L * 1.0000E 03
EVERY 10 TIME INTERVAL(S)
EVERY 11 TIME INTERVAL(S)
EVERY 10 TIME INTERVALI(S)
EVERY 10 TIME INTERVAL(S)
EVERY 1 TIME INTERVAL(S)

PAGE

13
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70 VERIFICATION E(S) SEPT 17 71 RAGE 14

PROBLEM CONSTANTS

THETA

PK
NU

o+]
W oW nown
CCOoOOOoOC
cCoCoCoCOCoO

» o 8 s & o

-6TT-

COEFFICIENTS FOR C(S,T) QUADRATIC

c(o) 0.0

ceL) -0.366000E-01
c(2) -0.367130E 00
C(3) 0.273900E-03
Cl4) 0.205000E-02
C(5) 0.449700£-02

BOUNDARY COEFFICIENTS

INPUT TIME VARYING CONSTANTS



70 VERIFILALIUN E(DS)

11-12
12-13
13-14
14-15
15-16
16-17
17-18
18-19

19-34

GEOMETRIC

DAY 0.458

AREA
(SQ.FT.)

837.0
1563.0
1875.0
2250.0
3188.0
5750.0

10000.0
26750.0
19750.0
17500.0
20250.0
22700.0
29000.0
18700.0
16000.0
20750.0
20125.0
29250.0
37500.0

46900.0

2313.0

10
11
12
13
14
15
16
17
18

19

20

21

MAY

HEIGHT
(FT.)

10.3
10.6
11.4
14.6
15.7
18.0
19.8
17.2
15.8
15.2
16.9
15.2
13.0
14.2
17.4

18.4

1y

I NPUTS

1970

TIME 1059

VOLUME

(CU.FT.)

2.230E

2.050E"

4.140E
5.690E
4.T760E
1.850E
2.840E
4.450E
1.900E
2.050E
2.750E
4.660E
2.000E
2.940E
2.570E
2+.430E
2.700E
3.830F

1.290E

1.560¢

2.450E

07
o7
07
07
07
08
08
08
08
08
08

o8

08

08

08

08

08

08

08

06

07

LENGTH
(FT.)

5000.0

21000.0

14000.0 -

24000.0
20000.0
11000.0
27000.0
17000.0
19700.0

9900.0
10800.0
12500.0
17400.0

8200.0
14700.0
13100.0
13200.0
13100.0
13100.0

3280.0

5000.0

5000.0

22000.0

-02T-



22-23

23-24

24-25

25-26

26-21

27-28

28-29

29-30

30-31

31-32

32-33

33-34
34-35

35-3¢

AREA
(SO.FT.)

4500.0
8250.0
9875.0
17750.0

23500.0

1650040
16500.0
2425040
20500.0
30500.0
27000.0
711250.0

64287.0

22

23

24

26

27

28

29

30

31

32

33

34

15

36

HEIGHT
(FT.)
6.7
8.4
12.2
15.0
15.5
13.8
18.4
20.0
13.7
12.8
14.6
11.7

10.0

VOLUME

(CU.FT.

4.100E
1.110E
1.300E
2.070€
3.080E
2.650E
3.400E
3.630E
1.780E
1.950€
1.770€

8.330€E

- 4.,850€E

3.B60E

)

07
08
08
08
08
08
08
08
o8
08
08
Q7
08

08

LENGTH
(FT.)
15000.0
21000.0
16600.0
16400.0
16400.0
13100.0
18700.0
22700.0
10506.0
10500.0

9820.0

3280.0°

6560.0
6540.0

'16000.0

PAGE

17

-T2T-



{0 VERIFICALLIUN EUS)

10

11

12

13

14

15

16

17

18

13

24

21

22

(DEG-C)

20.0
20.0
20.u
2040
20.0
20U

20.0

20.v
20.0
20.0
2060
20.0
200
200

20.0

20.0

20.0

HY DRAuLITC

DAY

u
(FT./5€EC)

0.0

0.0

Uel)

0.458

J
(LL/DAY)

0.0
0.0

0.0

A

N

D

L OAD

MAY 1, 1970

P
(LB/DAY)

0.0
0.0
0.0

0.0

I NPUTS

TIME 1059

9-10
10-11
11-12
12-13
13-14
14-15
15-16
l6-17
17-18
18-17

19-34
0-20

20-21
21-22

22-23

K

(SQ.FT./SEC)

2.00E
2.50E
2.50E
2.00E

1.00E

3.10€
3.50E
4.40F
%.00F
6.50E
1.09€
1.17€
1.14E

1.01%
1.00E

1.00€
1.00E

2.00F

01
01
o1
01
o1
o1
01
o1
0l
02
02
02
02
02
02
02
03
03
03

03
o1

01
01

01

Q

{CU.FT./SEZ)

4.83E
4.92E
4.96E
5.04E
5.13E
5.17E
5.30E
5.35E
5.43E
5.47E
5.52E
5.56E
5.60E
5.65E
5.69E
5.73E
5.82€
5.86E
5.90F

5.93E
2.44E

2.51E

2+5bE

02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02

02
02

02
02

02

-¢21-



23

24

26

a1

29

3G

31

32

33

34

3>

2040

20U

20.0

20.0

2040

20.0

2040

20.0

20.0

2040

U

(FT./5t80)

£ N

J .
B70AY) ERE

8/DAY)

23-24
24-25
25-26
26-27
27-28
28-23
29-30
30-31
31-32
32-33
33-34
'34-35

35-36

X

{SQ.FT./SEC)

3.50F
3.00E
4.00E
3.40E
1.50F
3.40F
3.90E
3.30E

5.20F

0l
01l

01

02

02
02
02
02
02

02

02

- 03

03

PAGE

w

‘19

(CULFT./SEZ)

2.69E
2.74E
2.80E
2.84E
2.91E
2.99€
3.02E
3.06E
3. 10E
3.11E

3.15E

02
02
Q2
02
02
02
02
02
02
02
02
02

Q2

-¢ZT-



70 VERIFICATION E(S)

BOUNUARY VALUES =--

I T 1T AL

SECTION

Nelie R VI e N B S A

35

CONDITIONS

MAY 1y 1370 TIME 10%9

SALINTY

0,100
0.100
0.100
O.100
6.100
0.100
0.100
0.100
0.106
0.200
Je 300
Ce 800
1.600
24900
5.300
T7.600
9+000
10.100
10.800
0,100
0.100
0.100
0100
0.100
0.100
0.100
0.100
0.100
3.190
6.000
7.800
Je500
10.500
11.100
11.800

SALINTY , 10.0000E-02,

10.0000E-02,

SEPT 17 71

11.0000E 00

PAGE

20
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SEPT 17 71
DO MODEL - DEMONSTRATION
P. HYER
&CONTRL
NSECT=38,IFORK=34, IBRAN=20,
PFREQ=25,2575y25,17
ERCALL=-0059oOZ,oloERLALL=oOOSpuOZy.lo
FIXED=FyNSTEPS=50,CFLGTH=1000.,CFAREA=1000.,4CFVOL=1.0E6,DEXPOL=1,
CFK=50.,
CFU=-1.,
CFJ=1000.,
CFP=-1000.,
QDELQ=2,
SINGL=F
BOUND=1,
LEND
&MODEL
LENGTH=
140924692009 110927e917e919¢799¢9910e8912.5917e4498s2y1467,13.1,13.2,
13.1,13011405'6.56’
2241915¢921e916.6y1644, 16.49130191847922.79105410.5¢19.82+93.28,
656966549 4%6.54,
LUPPER=21.,LLOWER=16.,LENGTH(150)=5,,
CS0=14.6244,(5=-.0966,-.36713,.0002739,.00205,.004497,
XCO0=11.742C0=11.74yYC0=9.3,
XC=~,294,.0036,42C=-.294,.0036,YC=-.237,.0032,
XL0=0e4,YL0=3.3,2L0=0.4,
THETA=1.0238, D=2.25E-8, A=,23, B8=0., PK=1.0,
NU=1.099, &END
EINITL
DATE=10,17,69
MILTIM=1200
TEMP=18.591845918.7919.0+19.0519.0,1943,19.6419.79y19.9,19.7919.4,19.4,19.5,
19¢7919.6419.2,18.9,19.0,
14¢3915¢3915e5916¢4917¢3918¢0918.291843918.5918.691847
18.8,18.8,19.0,19.0,4%*19.0,
VOL= 204594104956 .9947.69185.09284.09445.0919049205492754946641+200.
2944 925749243.92704938344200493104424.5941.0311144130.4920749308.,2654¢,
36009363¢91784919549177¢983.3,140.95%420.,
H= 1000’900910c39100671104'1406'15.7918.0'1908717.2’1508’150271609’15.2)
1300914e2917e491804,318095.696¢798e4912.2915.0915¢5913.8,18.4920.0913.7,12.8»
14.6911.7,10.0+98.544%8.5,
U=e4590e95904959049590.6570e5590e8B31e39165916591.55416542.05,
2.05720109203091080’1090,1050,
0045,0.50'0035'1-0591002’1.35,1.3091065y1.65'2060'1-7572.0791.25'
1.25,1.41,4%*1.7,
P:O.,O.?Z, 2.41 2.3' 7.39 1008, 28y 43, 5.71 6.8y 9.8y 3.0, 11.51
10459y 943y 6.8y 14.2y 646y 1046,
O0elBy 2.5y 5¢9y Sely 5e59 Fe2y TeTy 663y Teby 4eby 53y 44y 3.9y 4.8,
7.29 8029 8.8' 7059 1002'
4%10e2,
J=0e90e9elBrel59)e5891e1951.493y 83y 151y 26694e1910092¢6091e891eT9laO0vletry
75.0y +48,
006'051' 0149 032' 095' 101! 2067 4.09 3.1' 1'8’ 072’ 044’ .59' 054' 1.01
107107 1ov10’
Q=419.5y Q(151)=243.9,
DELQ=4:e498¢1196e693.518.815:5166693¢639305944095¢6172.614.894.494.4,
404’4.41101'20037
Tebs5e397e4495.795.7,
SeT 140795699 T7e293e893e693e691e13264924594%04,
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AREA= 1656391487592425093.188954720910.00092647509204+917.500+920.250,
22.700929.000918.700,16.000920.750420.125¢136.0937.500+146.9447.0,
2¢31344.50098.25099.875,17.750,23.500,419.250,16,500,16.500,
24¢250920.500930.927.924.00095%64,.3,
AREA(151)=.750,
K= 002590025’ 0029 001' 001, 002' 006' 0085' .29’ 022’ d31' 0359
ey o609e65 4 1.09y 117y 1lelby 1.01491.29, v
«0ly .02 » 035y .03, 04y <34, <15y .34 , .39, 33 , .52, 53,
0e7091e62991.4994%1.49,

K(151)=.01,
SALT=0.06904069y0460690.064y040690.0690.069060690,0690.0740.165043290.7791:51,
2-96,501497.94'9.49,9.79

0.0690406y0.0670.06y0.0690.0690.0690.0670.0990.55,2.09,
Be63911.32912.4094%12.4, ’
,003)0.3,0.3,003,00490.490.4'0 5,0.690:7'0.890099101‘1.2’108'202 '3.4’
clQO.19002’0039004'006’0.7,0.8’ 100’101'101'104'0.9'2.6’2019
108,108)104’
o2 1TeBy 6eby 642y 5.9y 5.9y 666y bs4y 640y 643y 6.5y 6.7y 6.8,
6.6y Te0y 6.0y 448y 3.8, 4.0,
804’ 7.2’ 607’ 6.89 6-77 6.8, 6.8’ 608, 6.7, 6.59 6.6' 603' 6001 5069 5.7?
4%5,7, - '
EEND
&TIMDEP
DATE=104+17,69
MILTIM=1813
EEND
ETIMDEP
DATE=10,18,69
MILTIM=0025
&END
&ETIMDEP
MILTIM=0638
&END
&TIMDEP
MILTIM=1303
EEND
&TIMDEP
DATE=10+919,69
MILTIM=0116
&END
&TIMDEP
MILTIM=0728
&END
&TIMDEP
MILTIM=1341
&END
ETIMDEP
MILTIM=1953
&END
&ETIMDEP
DATE=10420,69y MILTIM=0206,
&END
ETIMDEP
MILTIM=0819,
LEND
ETIMDEP
MILTIM=1431,
EEND
ETIMDEP
MILTIM=2044,
&END

5
L=
3

e O D



&TIMDEP
DATE=10+921,469, MILTIM=0256,
&END } : '
&TIMDEP
MILTIM=0909,

&END
ETIMDEP

MILTIM=1522,
LEND
&TIMDEP

MILTIM=2134,
EEND
&ETIMDEP
DATE=10422+69, MILTIM=0347,
&END
&ETIMDEP

MILTIM=0959,

&END
&TIMDEP

MILTIM=1612,
&END
ETIMDEP RECYCL=T
&END

-127-
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SEPT 17 71
70 VERIFICATION E(S)
'AUL V. HYER
&CONTRL
NSECT=35, IFORK= 34918RAN=20v
PFREQ=10411,10,10,1,
ERCALL=005'01710’ ERLALL=0059t191¢'
FIXED=FyNSTEPS=250,CFLGTH=1000.,CFAREA=1000.,CFVOL=1.0E6,DEXPOL=1,
CFU=0. ’
CFK=1000.
QLELQ=2,
SINGL=T,LNAME=12H SALINTY ,
BOUND=2,
LEND
EMODEL
LENGTH=21.,
140’240'200'110'27.’17.'19.7'9099100891205,17041802'1407'130101302’
13.1,13.1,+3.28,
5e122¢115e9214y16, 6.16 4, 1664913.191867922.7910.5910.599.82,3.28,
665696454,
LUPPER= S.yLLOHER 16y LENGTH(150)=5.,
CS0=0.
THETA=O.’D=O.'A=O.’B=0.'PK=O.'NU=OQ'
&END
EINITL
DATE=5+1470,
MILTIM=1100,
L=9%0.190¢6290¢390e841¢692¢6995e6397¢699.091041,10.8,
9%0.193.196.097e89945910.5911.1,11.8,
LUPP=0.,1,4RLUPP=0.1,
LLOW=11.0,
H=844191060+9¢091063y10e69114491446915.7918¢0919e8917e2915:8915.2916.9,15.2,
1309140291749 18649362715e696e79844912.2915.0,15.5,413. 8'18 4420.0913.7912.8,
14¢6911.7910.098.5,
U=0e60190¢0290¢0990e2+2¢093¢192¢991e091elyle3ylely0e991e091a791e991.6,
2¢0916991.991.7y
De0191e3916591e491e991e391e091e391e792e¢091e591aT9le0ylebslely
J=35%0.4P=35%0.,
AREA=483791¢56391.87592425043.18895.750+10.000426.750419,750,517.500,20.250,
22¢700929.0004184700916.000920+7509204125929+250,37.500946.900,
eT75092¢31394¢50098425099.8754174750923.500,19.250416+500,16.500,
24.250420.500,30.500,27.000471.250964.287,
AREA(151)=.317,
VOL=22:37920¢5141¢4956¢994T7.69185.09284.0,445.0919049205492754,466,,200.
294092570’2430'270«’3830'1290'1.56’2405'4100’111011300,207.'308‘9265.'
3400936309 1784919549177e983434485.9386.,
= 4830’0(151)32‘0409
DELQ= 8.6y 4.3, 8.6y 8.6y 4¢3y 12.9y 4.3, 8.6y
T*4.3y B.6y 2% 4,3,
2011 702' 503’ 7.2' 3*5031 "079 6.4' 709’ 308, 2*306’ 1.1' 2*4.3'0-1
K= 0021 0025'.025, 002’ 001’ 001, 002, 006’ COBS' 029' 0229 031’ 0357
0449060’065 [ 1.09, 1017, 1.14' 1'01'
0019 0019 002 ? 00359 :OB, 004' 034’ 0157 034 L] 0399 033 \ ] 0’52’ 053’
0670491.29,1.49,
K(151)=.01,
TEMP=35%20.,
&END
&TIMDEP
DATE=6415,70,
Q= 483.,
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&END
&TIMDEP
DATE=7,15,70,
LLOW=15.0,
Q= 183.,
DELQ= 343y leby 2%3.3y 1leby 449y Lleby 343, T*leby 343y 2% 1.6,
2¢1y Te2y 563y Te2y 3%5.3y 44Ty beby Te9y 3.8y 2%3.6y 1.1,
&END :
ETIMDEP
DATE=8414470,
Q0=261.49Q(151)=179.,
DELQ= 4.7y 263y 2%4.7y 243y TeOy 243y 4aT 4 T%2.3y 4aly 2%2.3,
1.59506,3.9'5.513*4.2’3.4,4.79508'2.892*207!008'2*203'
&END
ETIMDEP
DATE=94293,70,
LLOW=17.6,
Q=39.,4Q(151)=41.,
DELQ= 7y o4,y 2% .7, oby lely o4,y o Ty T% ey oTy 2% .4,
04, 103' 6-79 1.39 3*100' 089 101’ 103’ 3*06’ 02’
&END
&ETIMDEP RECYCL=T
&END

2%4.3,

2% .4,
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APPENDIX E’
GRAPHICAL SUMMARY OF DATA COLLECTED DURING

OPERATION YORK RIVER, OCTOBER, 1969



(mg/ liter)

D.O.

(%0)
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