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PREFACE

This report documents work performed during the period
1 July 1975 through 1 March 1977 by the Water and Solid
Resolurces Division of the Environics Directorate. The in-house
job order number was 19005W27 at the Air Force Civil Engineer-
ing Center, 2ir Force Systems Command, Tyndall AFB FL 32403.
Captain Stephen P. Shelton, Water and Solid Resources Division,
was the principal investigator for the Center.

This report has been reviewed by the Information Office
(01} and is releasable to the National Technical Information
Service (NTIS). At NTIS it will be available to the general
public, including foreign nations.

This technical report has been reviewed and is approved
for publicatisn. -
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SECTION 1

INTRODUCTION

BACKGROUND

Current trends indicate continuing interest in improving
water quality modeling techniques available for use in en-
vironmental impact and in planning for wastewater treatment
facility needs. Historical modeling activities hava largely
been directed toward water bodies having significant flows
- with water quality changes predominantly related to orly a
few factors. As Air Force (AF) facilities are expanded along
vmall streams, the water quality models necessary for planning
mission impacts upon both point and area sourcz discharges
must include a wider range of environmental factors.

This technical report presents the logic and methodology
used in faecilitatino design of an oxygen profile model for
AF use. The medel developed herein evatuates only two pollu-
tants thecoretically: however. other pollutants are considered
empirically. . :

OBJECTIVES

‘More than 50 percent of the AF installations in the United
States are adjoined or traversed by small streams. Recause
the AF is required by regqulation (AFR 19-2) and puklic law to
" assess the environuental 1mpact of mission, facility, and oper-
ational modifications, it is \prarent that some methodolegy
+Q assess water relared enviv.irent2l impacts is required.
The objective of this technical report is to docscribe a basic
first order theoretical dissolved oxycgen model that considers
"Bicchemical fixvgen Demand (BOD), Nitrogenous Oxygen Demand
(NOD) . and instream recxygenation as a function of time.

e




SECTION 11

MODEL DEVELOPMENT

The initial element in developing the oxygen profile
moedel involved use of a standard first-order oxygen sag
model to describe carbonaceous oxygen demand. This model
was re-derived, using the Laplace transforms, to consider a
second first-order reaction for nitrogenous oxygen demand.
It is designed for stepwise application to accommodate stream
changes from free-flow to pools and to allow variation of
the reoxygenation coefficient as a function of gtream turbu-
lence. Semi-empirical relationships were developed to correct
this basic model for benthkic demand, area source demand,
photosynthesis, and respiration. Methods for applying these
corrections are described in subsequent sections of this
report. In addition, since industrial discharges are often
a problem on AF installations, an empirical correction tech-
nique is developed to explore the significance of *oxic
discharges on the bioclogical reaction rates and thereby
evaluate their impact.

The sullsequent sections of this technical report detail
the elements involved iu thls approach and desccibe the
verification of the model. Based upon substantive verifi-
cation of the model, future projections are described for
alternative mission, facility, and operational modifications
and their associated pollution abatement strategies.

FIRET ORDER OXYGEN SAG MODEL

The general form of the first-order oxygen saqg model
classically used to describe the simultaneous interaction of
carbonaceous oxygen demand and surface reoxygenation is
{Reference 1):

[exp(-xlt) - exp(-Kztﬁ + Daexp(=Kyt) (1)

tS




for K1#K2 where

Dy = oxygen deficit in mg/l at any time. t in days

Ky = deoxygenation coefficient for carbonaceous BOD in
days‘l

K, = reoxygenation coefficient in the stream in days~l

L, = wultimate carbonaceous BOD in mg/l at time zero

D, = oxygen deficit in mg/l at time zero

REOXYGENATION COEFFICIENT

Because of the physical system being modeled, a low-flow
stream, generally involves a series of freeflow reaches
interspersed with more slowly flowing pools, it was necessary
to eamploy a relationship to evaluate K; as a function of the
varisble turbulence in the system. Models for K; developed
by O'Connor and Dobhins (Reference 2), Dobbins (Reference 3),
Krenkel and Orlob (Reference 4), Churchill (References 5 and 6),
and Thackston and Krenkel (Reference 7) were considered for this
purpose. The Thackston and Krenkel model was selected for use
in this investigation since the range of conditions employed
for its verification encompassed the conditions existing in
the low-flow streams of concern to the AF. The general form
of this model is:

k s X
Ky = 2¢.87 |1+ (g _ﬁﬂ-\ (2)
(gh) ]

where

Kz = reoxygenation coefficient (base e) for the streams

in days'l

(]
3}

average stream longitudinal velocity in feet per
second /ft/sec)

g = 32.2 ft/secz

S¢ = s8lope of the energy grade line in ft/ft
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The stream hydraulics for a constant cross-section and slope
can be described by Mannings' equation:

where
Q = stream flow in cubic feet per second (cfs)
A = cross-sectional area of the stream in ft?
R = hydraulic radius for the stream in ft

n = Mannings' roughness coefficient
g g

For a given river reach, with semi-rectangular cross-section
and constant width, R can be expressed for the reach:

R=%=W%H (4)
where
P = the wetted perimeter in ft
h = mean river depth in ft
W = mean river width in ft

If h is much smaller than W, the 2h term in the expression
becomes insignificant with respect to W, and R becomres
essentially equal to h. With these approximations, the
Manning equation may be reexpressed

Q= A = thw = 243 p5/3ygl/2 (5)

or solving for average depth and va2locity

1/2] 3/5
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and

e (7)

Therefore, the velocity and depth can both be =expressed as
a function of flow for a given stream with constant width,
slope, and roughness coefficient.

In reaches of a low-flow stream considered suitable
for hydraulic modeling by Manning's equation, equation 2,
can be simpl!ified by substituting equations 6 and 7 for h
and u variables in equation 2. If this is done, and the
actual values of n, w, and S are included, K, for a
specific stream can be expressed as a function of flow:

- ~0.3 -0.

&

25 (8)

When: K, = Raoxygenation coefficient in déu,rs_l

(i}

2 Stream flow in cfs

Cl and C, = Constants dependent upon n, w, and s

For river reaches that contain pools, K, is computed directly
from equatior 2. Values used for depth; slope of the energy

grade line, and mean velocity must be determined from field
data.

CARBONMACEQUS OXYGEN DEMAND

While background stream organic generation and area
source runoff sometimes contribute significantly to the organic
load in a low-flow stream, this lcad can normally be expressed
as & percentage of the stream's waste assimilation allocation.
A model to evaluate the area saurce pollution component -,
compatible with this model algorithm, is currently being de-
veloped for AF applications. Generally, however, the point
source discharges in a stream have the greatest pollution
potential to determine the overall carbonaceous waste assimi-
lation potential for the stream. Description of carbonaceous
BOD is accomplished by use of field data to determine the
range of values for L,. D, and K, to be used in equation 2.

When a model is validated, use of these field data to evaluate
model sensitivity is a necessity to determine confidernce
intervals.
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NITROGENOUS OXYGEN DEMAND

Ammonia nitrogen can produce an additional oxygen demand
upon a stream. The oxidation of ammonia to nitrite to nitrate
is a twofold sequential biological process: (1) ~Nitrcsomcnas
bacteria oxidizes ammonia to nitrite, then (2) ¥itrobacter
bacteria oxidizes nitrite to nitrate. The rate of these
reactions is proportional to the concentrations of ammonia
and bacteria present (Nitroscmonas and Nitrobacter) and the
quality of the stream environment for biological activities
(References 8, 9, 10, 11, and 12). The oxidation of ammonia
to nitrite, however, is the rate-controlling reaction, since
the nitrite to nitrate reaction proceeds at a much higher
rate. Since both reactions are aerobic processes, oxygen is
consumed in the reactions; approximately 4.47 mg/l1 of oxygen
per mg/l of ammonia as N oxidized to nitrate as N (References
8, 9, 10, and 13). All subsequent references for concentra-
tions of ammonia, nitrite, and nitrate are expressed in mg/1
as nitrogen ().

Most low-flow streams, particularly those that traverse
populated or agricultural areas, leave a backgrcund ammonia
concentration sufficient to maintain a seed culture of J::pro-
somonas and Witwvora~ier., Agricultural practices have a |
great potential for contributing ammonia to surface
waters through seepage and runoff and/or accidental
spills of chemical fertilizers and through livestock feeding
and cleaning practices. Moreover, if the watershed of concern
is a naturally producti~ area, it should be expected that
nutrient levels in the runoff waters will be significant.

From the foreqgoing discussion, it is apparent that the
normal low-flow stream will require evaluation of the nitroge-
nous oxygen demand contribution to its oxygen dynamics. Since
most domestic wastewatey treatment plants and many industrial
wastewater treatment plants discharge large juantities of
ammenia, stream data must be collected both above and below
any wastewater treatment facility. When the Stream data are
evaluated, oxidation rates can be determined. Four generali-
zations can normally be made concerning the impact of the
wastewater discharge upon the stream (assuming it contains
significant levels of ammonia and BOD)}: (1} A~Ammonia oxidation
to nitrate is occurring at some rate in all reaches of vhe
stream: (2) the area source compocnent is a significant con-
tributer of ammonia to the system; (3) the wastewater treat-
aent facility significantly increases the stream's background
concentration of ammonia: and (4) the apparent rate of ammonia
oxidation, below the wastewater trcatment plant, is lower than
the background rate.




These statements can be expressad quantitatively and
the rate of ammonia oxidation can be calculated. Stratton
(References 10 and 11) proposed a general equation to describe
the rate of oxygen utilization in the process Lf ammonia
oxidation to nitrate as follows:

do KMC KMC .
3= = 3.43 | 5—= + .14 | 5—= (3)
dt (Ksﬂ.)‘ (KSPC) NO
3
do N ] . . : 5
Where gt - rate of oxygen utilization in mg/l-day
K = Substrate utilization rate constant for NH,
or NO, in da‘ys‘l
M = Concentration of viable nitrifying organisms

{{ny Nitrosomonas and Nitrobacter)
C = Substrate concentration for NH3 or N02 in mg/l

K, = “Michaelis" half-velocity constant mg/l

If the overall resaction rate is assumed to be controlled by
the ammonia to nitrite reaction (References 10 and 11},
equation 9 can be approximated:

a0 KMC
Y =497 (REfTE) (10)
NH

3

;.
:
:
5

This reaction assumes that nitrite is oxidized immediately
to nitrate. If this reaction is written in terms of the rate
of substrato uvt:ilization, the first order eguation can be

written:
-dNt 3 t:iN(')3
: L T N (11)
. ) ang
Where: 3¢ ° Rate of ammonia utilization
:13‘303
-t el Rate of nitrate production

7




K3 = Effective rate constant for the oxidation
reaction

llote that K 1s the K in Stratton's equation {eguation %)
for the raté of conversion from ammonia to nitrite.

If eguation 11 is integrated between time t = 0§ and

some time, t, it can be reexpressed:

(NH3)E

Tﬁl—r = eXp ("‘K3t) (4_2)
371

Where: NH, = ammonia concentration in mg/l {as N)

Subscripts t and 1 = Concentrations at time t and
time 0, respectively.

Values for X, can be calculated from these equations using
field data from above and below the wastewater point source
discharge of concern. These constants, along with other
upstream data including stream flow, velocity, reach length,
temperature, and flow times are then used to evaluate the
background oxygen depletior attributable to ammonia oxi-
dation. Because the background oxygen depletion is usually
small by comparison to the point source ammonia depletion
component, the value can normally be used for initializing
the model; however, if the area source was large enough to con-
tribute substantially to the upstream background oxygen
balance, the model could ke segmented to evaluate the up-
stream situation.

If the stream data indicate a large drop in K3 below

the wastewater treatment plant (>10”l) the discharge is
probably contributing a toxic component or enzyme inhibiter to
the stream. This would be almost assured if there is a signi-
icant industrial component in the wastewater. If this
oceurs, sufficient field Gata should be acquired to (1}
determine the toxic component and evaluate methods to
eliminate its presence, and (2) determine the recovery rate
for X, in the stream in sufficient detail that an empirical
equat%on can be written to describe it.

I1f, in the first order reaction equation for ammonia
oxidation (eguation 11) the ammonia concentration, NH3 as N
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is reexpressed as the ultimate nitrogenous oxygen demand
(NODu = 4.47 X NH3 as N), the expression can be added to the

differential equation form of the first order oxygen sag
model, equation 1. When this is done, a modified form of
the first order oxygen sag model that considers ammonia
oxidation, results:

dp ;
— = X,L_ -KN_ + K_D (13)
dt 17a j a 2 4

Where: I = Rate of oxvgen deficit change as a function of
' time in mg/1l-day

K1 = rate of carbonaceous BOD oxidation in days-l
. . -1
K, = Pate of stream reoxygenation in days
K3 = Rate cf nitrogenous NOD oxidation in days"l
L, = Ultimate carbonaceous BOD in mg/1l
D, = Background oxygen deficit for the stream in mg/1
N, = Ultimate ritrogenous NOD in mg/l

This equation assumes that there are no intermediate ammonia
nitrogen sources such as system inflows or nitrogen fixation
by algae or organisms in the system. This assumption can be
eliminated subsequently, however, by finite difference
analysis.

If the Laplace transforms of equations 1, 11 and 13 are
solved simultaneously, and boundary conditions are defined:

L(o) = initial ultimate carbonaceous BOD in mg/l = L,
N(o) = initial ultimate nitrogenous NOD in mg/1 = Na
D(o) = oxygen deficit in the stream at time t = 0,

in mg/l = Da' then the integrated form of the general
equation may be written:




KlLa

D, = R;-—K"l [exp(-Klt) - expéKZt)]

+ K2-K3 [exp(-K3t) - exP6K2tﬂ

+ D, exp(-Kzt) (14)
7 s 4 .y
Where: D, = Oxygen deficit in the stream at any time due to
the crrbined ~ffectn of BOD, NOD, and strear
reoxvgenatinn,

Equation 14 was developed to make the first estimate of
oxygen deficit in a stream. This first estimate is then
corrected to consider benthic demand, photosynthesis, and
respiration.

TOXIC INHIBITION OF CARBONACEOUS DECOMPOSITION

Sublethal concentrations of toxic compounds, periodically
found in point source discharges on AF installations, may
have an impact upon the oxygen dynamics of a stream., Because
waste assimilation is primarily a biological process, sublethal
toxic effects or inhibition of enzymatic reactions of the
bacteria will medify the waste assimilative capacity. This
modification may produce an apparent increase in the waste
assimilative capacity of the stream with respect to its
oxygen dynamics. This apparent increase is caused by the
reduction in the carbonaceous and nitrogenous reaction rates
in the sublethal system. If an AF treatment facility is
found to have a sublethal toxic component in its discharge,
this component must be considered in the evaluation of the
environmental baseline for the system.

The general first order expression used to approximate
carbonaceous BOD is:

L, = L, exp(-Klt) (15)

Where: L

1}

£ BOD used at time t (in days), in mg/l

Ultimate BOD of the sample in mg/l

=
i

1 Carbonaceous BOD deoxygenation rate constant days~l

10




The impact of toxic materials on a stream must be evaluated if
they are contained in the wastewater discharge. This is true
both for the projection of future impact or establishment of
the current environmental baseline. It has been previously
shown (References 14 and 15) that the oxygen profile impact

of sublethal toxic components can be evaluated using waste-
water treatmeant plant records. This is accomplished by evalu-
ating the effect of the toxic substance upon the biological
reaction rate constant, K,. This is accomplished by comparing
the apparent reaction rat& constants across the wastewater
treatment facility (secondary portion) when the defined toxic
omponent is either present or not present. Ideally, the
sublethal effects can be treated as a step function (on/off);
however, if the toxicity decreases activity in a continuous
function, this too can be evaluated using a curve fitting
-echnique. Tne suggested approach for application of this
technique is:

1. Determine, from wastewater treatment plant records,
the value of La (utimate carbonaceous BOD) for the effluent

frem the primary clarifier when toxic components are absent.

2. Determine, from wastewater treatment plant records,
the apparent vaiue of L;, (Lé = the apparent ultimate

carbonaceous BOD with toxic influences) for the primary
effluent when toxic components are present. Note, if the
toxic effect 1s not a step function, this would require a
numober of evaluations to determine tae equation of the
func?ion. Furthermore, the subsequent duscription would
require consideration of L; throughout as a function.

3. Express the effect of the toxic compound on the BOD
test as a ratio:

o
[ 2N

it

n (16)

Ly

na

Where: n = the teat efficiency when the toxic component is
present

4. If it is assum~d that the efficiency of the BOD
test is the same foi the effluent as for the primary effluent
{assume that the toxic compound is conservative across the
secondary treatment system), then the uninhibited ultimate

11




carbonaceous BOD of the wastewater treatment plant effluent
may be expressed:

L, = Eé (17)

n

Where: Le = the ultimate carbonaceous BOD of the effluent
without toxic interferences

1. = the apparent ultimate carbonaceous BOD of the
effluent when the toxic material is present

5. 1If wastewater treatment plant records are used to

establish the values of La’ L Le, and Lé, the true values

of La and Le can be determined for times when the toxic
component was present.

6. Since organic reduction in secondary wastewater
treatment is a combination of sorption and oxidation, the
apparent rate constant for the BOD is greater than an oxidation
only process. However, an eguation analogous to equation 15
can be adopted to describe this process:

In{L_/L_)
- a’ “e
R = ——p— (18)
Where: R = overall rate of reaction across the secondary
treatment unit in days'l
DT = average detention time across the secondary units

in days

If the values obtained in step 5 are used in equation 18, two
reaction rate constants result; R, the reaction rate constant
when toxic material is absent and R”, the reaction rate when
toxic material is present.

7. The reaction rate constant, K,, for the wastewater
treatment plant effluent with the calculation of R and
R”, can be approximated. This rate constant will be used in
the oxygen sag model to simulate the oxygen dynamics of the
stream. The expression for this approximation is:

12
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Y 5%
Kl = (R )Kl (19)
Where: K,

1 BOD rate constant for the stream when toxic
1

]

components are present in days

=
]

1 BOD rate constant when toxic components are not

: ‘ present in days-l; the value of K, is determined

from ultimate BOD tests of the plant effluent
when toxic compounds are not present

R” = the apparent rate constant across the secondary
treatment system when toxic material is present

< in days“‘l

R = the rate constant across the secondary'treatmgnt
units when toxic materials are absent in days 1

Fr R SR e

It is believed that this procedure provides a good approxi-
mation of the reaction rate existing in the stream when toxic
conditions occur. This is supported by the rationale that,

with low flow systems, effluent dilution is small and toxic
materials in sufficient quantities to cause biological retarda-
tion in the wastewater treatment plant are subsequently deposited
into the stream. Therefore, in some instances, a toxic material
may reduce the rate of oxygen use by organic decomposition and

cause an apparent increase in the waste assimilative capacity
relative to organic loadings.

BENTHIC DEMAND

Part of the naturally occurring or man-made organic
material in a stream exists in the form of suspended solids
material. Under high flow conditions when this material remains
in suspension, it is decomposed aerobically in a manner similar
to the soluble BOD which is the major fraction of the L_ term
discussed previously. When the stream velocity is reduéed,
suspended materials will settle out of the flowing water and
form deposits on the stream bottom. The depth, location,
and behavior of these deposits may vary with the type and A
amount of organic materials in the stream; the stream hydro-
graphic conditions; and the rate and characteristics of the

decomposition processes occurring in the deposit during
various times of the year.

13




The most accurate approach to the evaluatior of benthic
demand is an exteusive field sampling program coupled with a
laboratory testing procedure. The laboratory procedure is
designed to estimate the oxygen uptake rate for the sludge
blanket under a number of ambient dissolved oxygen conditions.
The field sampling estimates benthic deposit volume and surface
area. This procedure is very expensive and extremely time
consuming. A more realistic and less expensive method relies
on probabilistic technigques, good engineering judgment, and
relatively little field data. For most low-flow streams,

a qualitative evaluation will yield the conclusion that the bulk
of deposited material is located in pooled reaches. Furthermore,
unless the river is biologically dead, the benthic blanket
decays at a slow rate without significant gasification to stir
the deposits. Using this rationale, the benthic associated
oxygen demand can be attributed to the pooled reaches of the
stream. Furthermore, an averaging technique can be adapted

for estimating the average influence of the deposits. Since
oxygen transfer into this type of sludge deposit is a function
of the oxygen residual above the blanket (References 15, 16,

and 17), estimation of benthic influence can be related to
oxygen residual in the stream.

The data used to evaluate this process should include field
data for interim measurements of dissolved oxygen, temperature,
and BOD5 20(subscripts 5 and 20 refer to the standard 5-day

14

BOD test at 20°C) for two stations, one upstream from the pooled
reach and one downstream from the pooled reach. For many low-
flow streams sufficient data for this evaluation can be obtained
from the United States Geological Survey (USGS) streamflow

and water quality records.

Most low-flow streams are subject to extreme flow variations
during theyear. Generally, streamflow will be a minimum during
the dry season and when the wet season arrives, an increase in
flow of several hundred to several thousand percent is not
uncommon. Usually with the first large storm of the wet season
a flushing action occurs and benthic sediments are resuspended.
This occurrence reduces the benthic oxygen requirement to that
of the bottom muds. If the rate of oxygen depletion across the '
stagnant reaches of the stream, below point source discharces,
are evaluated and rates are corrected for flow, temperature and
waste load fluctuations, the rate difference between pre- and
post-washout can be considered to be caused by benthic demand.

There are two basic stages involved in determination of

benthic oxygen demandfrom the raw field data; these are (1)
pre-processing the data to ensure comparable conditions of flow, f

14




temperature, and waste lnad, and (2) determination of benthic
oxygen demand from differential (.vgen concentrations. Point
source discharge data, from treatmenti plant records is required.
These data should be chosen to reflect similar point source
discharge conditions. In many systems, midweek data (Tuesday
through Thursday) is the most recursive with regard to flow and
BOD5 2 from week to week. Using the most recursive weekly
data, 8reprocessing using stocastic techniques (References 18
and 19) of these data is undertaken to select the appropriate
combinations of sysiem paramecers for comparison, MNormally, the
flow and BODS 20 data will fall into a skewed normal distribution.
1

If data beyond one standard deviation about the mean is dis-
regarded, reasonable projections can be made from the remainder
of the data. Strezamflow decision factors should be evaluated
using the mean dry season flow rate. The range for stream flow,
from the mean, should be chosen so that stagnation in dead zonew
(under very low flows), or scour (during higher flows), is not

a significant consideration. A reasoanable value for this range
is + 10 percent of the mean dry season stream flow; this choice
also permits prediction of flow times without the influence of
surges from increased flow.

Point source discharge data and streamflow data that do
not meet the selection criteria are eliminated. The remaining
data are tabulated along with corresponding daily mean BOD,
dissolved oxygen, and temperature data for stations above and
below the pooled reach of concern. The data for the stream
stations must reflect the flow time from the point source dis-
charge such that water quality parameters considered at all
locations are for the same slug of water as it flows downstream.
Therefore, data selected from upstream and downstream sampling
stations correspond to successively later times than the point
source discharge data. 1If the temperature between stations
varies by more than 2°C or, if the BOD projected by the rate
equation varies by more than 50 percent, the data for that
incident should be rejected.

At this point the remaining data is retabulated and classi-
fied according to pre- or post-washout conditions by date. The
mean daily dissolved oxygen level (to eliminate diurnal fluctu-
ations caused by photosynthesis and respiration) and mean
temperature are used for both stations. When this is accom~
plished, oxygen deficit is calculated, in percent of saturation
concentration, for each piece of data at its respective temperature.
This calculation minimizes temperature effects between data and
thus improves their comparability. The percent of change across
the system for each data set is then calculated, the mean of
these pre-and post-washout data is determined and the mean

15
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change in percent oxygen deficit caused by benthic demand

is calculated. This value is then expressed in terms of the
oxygen deficit caused by benthic demand for pre-washout con-
ditions of temperature and flow.

Once the above sequence is accomplished, for low-flow
pre-washout conditions, the kenthic oxygen demand between the
two cstations can be expressed }n terms of grams of oxygen used
per square meter per dgy (gm/m+day). This value is normally
decreased by 1.00 gm/m.day to account for background: this
value is typicval of those reported by Fair, et al (Reference
20) for a relatively inert filler material. Thus, the net
oxygen damand caused by benthic deposits becomes the differ-
ence between the measured value and the background value.
Using known flow, volume, area, and depth relationships for
the given subreach, between the two field sampling stations,
the net benthic oxygen demand may be reexpressed in terms cf
milligrams per liter (of stream flow) per day.

As previously discussed, benthic oxygen demand may be a
function of oxygen concentration above the sludge blanket.
It was found by Burdick and Parker (Reference 16), Burdick
(Reference 17), and Shelton, et al (References 14 and 15),
that, for compacted deposits this influence was significant,
when dissolved oxygen levels dropped below 4.0 wng/l, since
oxygen diffusion into the depousit is reduced substantially.
Unless the low-flow stream is grossly polluted with suspended
organics, benthic deposits will not be subject to intense
decomposition which releases gases and stirs the deposit.
With this condition, the above-noted description of the diffusion
effect should be applicable.

The net benthic demand, developed previously, is evaluated
using data when the average stream oxygen concentration is greater
than 4.0 mg/l. In order to determine the effect of reduced
dissolved oxygen levels upon benthic demand, selected data
from the previous analysis are used. These data are selected
so that the mean dissolved oxygen level between the two stream
sampling stations is approximately 2 mg/l. Using the previously
described techniques, the benthic oxygen demand under these con-~
ditions is determined. If it is assumed that the benthic oxygen
demand approaches zerc as the dissolved oxygen concentration
in the stream approaches zero, these points may be used to
estimate the benthic oxygen demand for dissolved oxygen levels
between zero and 4.9 mg/l. This relationship can be approximated
by curve fitting an exponential function: :
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B = B expla Ct) + d (29)

Where: B’ = Benthic oxvagen demand in maq/1l day

B = Average benthic oxvaen demand for dissolved
oxvgen concentrations areater than 4.9 mg/l

C, = Dissolved oxvgen concentration (<4.0 ma/l) in
the stream

a,d = Bmpirical constants

The data points can be evaluated using a pattern recognition
curve fitting technique (References 1S and 21) to determine
the values of a and d. The resulting expression will yield
an approximation of the benthic oxygen demand for stream
disgolved oxygen concentrations between zero and 4 mg/l.

PHOTOSYNTHESIS AND RESPIRATION

In systems which have only relatively small amounts of
green plant materials, the diurnal sequence of oxygen pro-
duction and demand may be safely omitted from consiéeration
in an oxygen profile simulation model; however, in other
systems, particularly small fertile streams, the photosynthesis/
respiration influence may be a significant factor.

In some systems, the amount of algae present is sufficient
to raise the dissolved oxygen concentration above the satura-
tion concentration during daylight hours, and oxygen is lost
to the atmosphere. This situation is most common in lakes
and large streams and is rare in small low flow streams;
however, the other extreme, development of critical oxygen
deficits due to nocturnal respiration, occurs frequently in
pooled reaches of low flow streams.

Evaluation of stream data should indicate the presence
or absence of diurnal oxygen fluctuations caused by algae. If
active, fluctuations in the oxygen concentration due to photo-
synthesls/respiration should be accentuated below the point
source wastewater discharge of concern. This increase in
diurnal activity is a manifestation of the organic material
released at the wastewater treatment facility. The organics
decompose in the stream and release carbon dioxide and other
nutrients which stimulate growth in the algae population.
Stagnant areas or poels in the st.ecam also facilitate increased
algae activity by allowing accumulation and tnus greater growth
times through storage effacts.
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A technique used to project oxygen fluctuat:ions, caused
by algae in low flow systems, has been suggested by Shelton,
et al (References 14 and 15) as modified from O'Connor (Refer-
ences 22 and 23). The procedure is empirical since it uses
oxygen residual data taken at all times of the day tc simulate
a diurnal pattern about the mean value from the data. The two
components that cause the diurnal cycle are net daily photo-
synthesis and respiration. Net daily photosynthesis is an
oxygen source. The amount of cxygen acquired by the system
from this source is dependent upon the amount of algae present,
the amount of sunlight received by the algae mass, and influences
of the oxygen deficit within the system. If, for a given short
season of several weeks, the sunlight is considexred to be
constant and the algae mass is considered, for this period,
to be in equilibrium at any given stream location, then the
amount of photosynthetic oxygen produced can be expressed as
a function of the daily oxygen deficit variation. Respiration
is an oxygen sink caused by algae and is constant for a given
algae mass (References 22 and 23). The total effect of Net
Daylight Photosynthesis minus respiration (P-~R) can, in most
low-flow systems, be expressed as a function of the daily oxygen
deficit variation. Daily cycles of net P-R effects can be
expressed as a sinusoidal function when the fluctuation does
not exceed saturation or zero dissolved oxygen. This curve is
symmetric about the mean oxygen level for the day.

For application of this technique, stream sampling stations
are required wherever significant stream bed or waste loading
characteristics occur. A minimum of one backgrcund and two
downstream stations are required. Oxygen data for the stream
at the stations is required for representative times (a minimum
of every € hours) between 0000 and 2400 hours. These data
should be obtained over at least one low flow season. Once
acquired, the data should be expressed in terms of percent of
saturation concentration for the stream temperature. Fach
station should be fitted to the general P-R equation using a
pattern recognition curve fitting technique (References 19 and
21):

D'= a sine [(E_i%_é) 2n] + D {21)

where: D’ = dissolved oxygen deficit adjusted for P-R impacts
in mg/l
D = mean 24-hour dissolved oxygen deficit in mg/l

a = amplitude function for P-R activity (a constant
for each station)
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t® = time of day in hours (0000 to 2400)

o
I

lag time between noon and maximum production
of oxygen in hours {(a constant for each
station)

2n/24 = conversion factor from time of day to radians

For most systems the lag time, b, is a constant for all
stations since it is related only to sunlight intensity.

If the algae mass is in dyramic equilibrim, P-R fluctu-
ations can be predicted as a function of oxygen deficit. With
this, the amplitude term in equation 21 can be expressed as
a function of the deficit, thereby permitting projection of
P-R effects for any location where the mean oxygen deficit,

D, is known.

Using the least-square regression analysis (Reference 19)
for the general equation:

a = gp" (22)
Where a = amplitude constant for any sampling station
D = corresponding mean oxygen deficit mg/l

g and h = constants evaluated in the least-square
analysis.

The relation between stream station and amplitude can be
determined.

In summary, the P-R correction factor may be applied to
oxygen predictions made by continuous models for the oxygen
profile. Since the empirical relationships between amplitude
and deficit is derived using data from stream sampling
stations both upstream and downstream from the point source
wastewater discharge, it may be considered to be recasonably
independent of the location on the river and thus transposable
to permit prediction of diurnal effects for all cases to be
considered.

SUMMARY - MODEL DEVELOPMENT
The oxygen profile simulation model resulting from an
analysis of sinks and sources for low flow streams is expressed

by equation 14 with correcxions for benthic demand from
equation 20. %his deficit projection is then adjusted by
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equation 21 to correct for P-R effects. The equations in
order used to project dissolved oxygen deficits are:

KlLa )
Dt = E;:-iz [exp(—Klt)-exp(-Kzt)]
KN, [ (14)
t o exp(-K,t)-exp(-K t)]
1(2 1\3 L 3 2

+ Da exp(-Kzt)
Ry # Ky # Ky

This expression projects oxygen deficit changes caused by
carbonaceous BOD, pitrogenous BOD, stream reoxygenation,
and the effects caused by toxic compounds (reduced K, and
K,) when present. The rate constants were developed ' in
p¥evious sections.

Adjustments in the oxygen deficit, projected by equation

13, for benthic oxygen demand are made by modifications of
eguation 20:

(Dt)B =D, ¢ thd-B exp[—a(Cs-th’ (23)
for 0 < (Cs-Dt) 4.0 mg/l

Where: (Dt)a = Adjusted dissolved oxygen deficit with
benthic demand in mg/1

Dt = Dissolved oxygen deficit as calculated by
equation 13 in mg/l
Cs = Saturation concentration for dissolved

oxygen at stream temperature in mg/l

ty = Contact time in days of water volume with
benthic deposit

B = Benthic demand when stream dissolved oxygeh
is greater than 4.0 wg/l

a and d = empirical constant determined for equation 20.
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1f D, from equation 13 is small, such that (C_ - D) is 4
mg/l or greater, then equation 23 is simplified:

(Dt)B = Dt + BtB (24)

for (CS - D © 4.0 mg/l

t)
The benthic demund correction predictions made by this
equation improve in accuracy as t, approaches zero; thus, if
stream reaches where benthic demagd is present are evalua.ed
in small sections and the correction factor is carried
forward cumulatively, the true continuous benthic demand can
be approximated ianalogous to approximating an integral by
an infinite series expansion). This type of evaluation
could be expressed:

(Dt)B =D+ J 4 (tB)ill_B exp[-a(CS~Dt)]} (25)

Where: J = Henthic demand that has been exerted in the sum
of previously evaluated contigeous redches

(t = Time increment for the current approximation

Y.
B
In this instance, J for the next incremen: becones the sum
of the old J and the (tR)i{d'B exp -a(C_-D, : term. The

s
same logic also applies when (CG-DL) - 4.0 mg/l, this may be
expressed: N

(G.)

el T Dt + J 2 B(tB)i {26)

for (Cs-ot) _ 4.0 mg/l

Adjustiments in the oxygen deficit for diurnal fluctuations
caused by photosynthesis/respiration are made using equations
21 and 22. These equations proiect the P-R impact on dissolved
oxygen deficit with .espect to the mean dissolved ~xygen
deficit calculated in equations 13, 23 and 24 for a given
time of day. This correction may be expressed:

§
£
i
£
&t
S
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R e
dt = g(Dt)B51nel-—7z— 25 + (Dt)B (27)
Where: tD = Time of day (0000 to 2400 hours)
D, = FFinal dissolved oxygen deficit projection
in mg/1

g, h, b = Constants

(v, ]

tig = .Dt from equation 13 when benthic demand is

not present

The final prodicted values of dissolved oxygen deficit
et pertinent points are determined by a sequence of predictions
which refine the initial calculated estimates. The first
calculation is accomplished using the general model,
egquation 13, which considers carbonaceous BOD, ammonia oxi-
dation, stream reoxygenation, and K, rate constant which may
reflect toxic effects. This predic%ion is then corrected for
benthic oxycen demand and photosynthesis/respiration.

The low-flow stream of concern should be divided into
subreaches according to their hydraulic characteristics. This
segmented approach is necessary since rate constants vary
greatly with hvdraulic characteristics. For each subreach,
water quality parcameters are evaluated independently; values
calculated for the downstream end of each subreach are used
as the initial conditions for the contigeous subreach and
time reverts to zero. If K, is a function instead of a
constant, further reduction”in each subreach is required to
approximate the integral of the function.
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SECTION 11T

MODEL APPLICATION

The model developed in the foregoing sections predicts
the oxygen dynamics of a low-flow stream in its existing
condition with one or more point source discharges. The
objectives of applying the model to the existing system are
twofold: (1) it is necessary to simulate the range of
background conditions and compare the oxygen profile pre-
dicted with field data for model verification; (2) the
objective of the modeling effort is to project the range of
conditions to be expected after proposed mission, operational,
or facility modifications are accomplished. Therefore,
model verification should be stressed on the critical
physical conditions of concern.

x5
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SECTION IV

MODEL VERIFICATION

i
’

The oxygen profile simulation model should be applied
to the stream over the reaches of impact from point source
discharge. This should include downstream reaches, below the
point source discharge, to a point where background conditions
are restored and the system is again in equilibrium,

Oxygen profiles predicted by the model and observed
oxygen concentrations measured during the field studies
should ke compared for agreement. A complete verification
matrix should be designed so that stream flow, organic load,
benthic influences, and photosynthesis/respiration are con-
sidered at both mean and maximum conditions.

While verification of the model is constrained by having
data at only selected locations within the system, if uniformly
good agreement can be attained between predictions and obser-
vations for a wide range of matrix conditions, this suggests
that the overall oxygen dynamics of the system are adequately
described by the model. Therefore, it may be assumed that the
model can be successfully transposed, with appropriate input
assumptions, to predict future conditions within the limits
of statistical confidence gained during model verification.
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SECTION V

SUMMARY AND CONCLUSIONS

For low-flow streams which receive wastewater discharges,
the oxygen dynamics may be significantly influenced by a wide
variety of factors. 1In this investigation, techniques were
developed, using a rationale previously proposed (References
14 and 15) to consider the effects of carbonaceous BOD, nitro-
genous BOD;, stream reoxygenation, benthic oxygen demand,
and photosynthegis/respiration. In addition, the effects of
toxic compounds upon the waste assimilative capacity were dis-
cussed. Methods to verify the ability of the model were
discussed. The ability of the proposed techniques to simulate
water quality conditions caused by future mission, operation, or
facility modifications were discussed.

Since very few previous waste assimilative capacity investi-
gations (References 14 and 15) have attempted to investigate
the many aspects involved in the oxygen dynamics of low flow
streams receiving wastewater discharges, it was necessary to
develop guidelines for conducting this type of investigation
during the ccurse of this study. The techniques adopted for
use herein may be considered as one approach to evaluating the
behavior of low flow systems. The validity and limitations of
model extrapolation to project current and future conditions
is not fully substantiated; however, some investigations
(References 14 and 15) have reported excellent results.
Therefore, it is believed that the potential value of this model
and its raticnale is significant.

25




REFERENCES

1. Streeter, H.W. and E.B. Phelps, "A& Study of the Pcollution and Natural
Purification of the Ohio River," Public Health Bulletin 146, U.S. Public
Health Service, Washington DC, 1925,

2. O'Connor, D.J. and W.E. Dobbins, "Mechanism of Reaeration in Natural
Streams,"” Transactions of the American Society of Civil Engineers (ASCE),
Paper #2934, Volume 123, 1958,

3. Dobbins, W.E., "BOD and Oxygen Relationships in Streams," Journal ASCE,
Sanitary Engineering Divigion (SED), Vol 90, No. SA3, June 1964.

4. Xrenkel, P.A. and G.T. Orlob, “Turbulent Diffusion and the Reaeration
Coefficient,” JASCE, SED, Vol 88. No. SAZ, March 1962.

5. <Churchill, M.L., H.L. Elmore and R.A. Buckingham, The Prediction of
Stream Reaeration Rates, The Division of Health and Safety, Environmental
Hygiene Branch, Tennessee Valley Authority, Chattancoga, Tennessee, 1962.

6. Churchill, M.A., H.L. Eimore and R.A. Buckingham, "The Prediction of
Stream Reaeration Rates," JASCE, SED, Vol 88, No. SA4, July 1962.

7. Thackston, E.A. and P.A. Krenkel, “Reaeration Prediction in NWatural
Streams," JASCE, SED, Vol 95, No. SAl, February 1969.

8, Bondurant, W.B., A Study of Nitrification in Fort Louden Reservoir,
an unpublished Master's thesis,; The University of Tennessee, Knoxville,
Tennessee, 1972,

9. Stratton, Frank E., Nitrogen Effects on Oxygen Resources in Streamns,
an unpublished Dissertation, Department of Civil Ergineering, Stanford
University, California, July 1966.

10, Stratton, F.E., "Ammonia Nitrogen Losses from Streams," JASCE, SED, Vol 94,
No. SA6, December 1968.

11. Downing, A.L. and G. Knowles, "Nitrification in Treatment Plants and
Natural Waters: Some Implications of Theoretical Models," Water Pollution
Research laboratory, Stevenage, England, August 1970.

12. DO sag~I Simulation of Water Quality in Streams and Canals - Program
Documentation and Users Manual, Texas Water Development Board, Austin, Texas;
published by National Technical Information Service (NTIS), PB 202-374,
September 1970,

13. McKenney, R.£., Microbiology for Sanitary Engineers, McGraw Hill Book
Co., NY, 1962,

26




et e L eV
TR

s

SR

A
S

e
e
&
E ol

e

o e
SR A

&
R

e

14. shelton, S.P., J.C. Burdick and W.A. Drewry, "A Planning Study of West
Fork Stones River - Evaluation of Current and Future Water Quality Conditions,"
Environmental Engineering Program, Publication of The Department of Civil
Engineering, the University of Tennesser, Knoxville, Tennessee, July 1973,

15. Shelton, 5.P., J.C. Burdick and W.A. Drewry, "Water Quality Modeling

in a Low Flow Stream," presented at the 49th Annual Conference of the Water
Pollution Control Federation (WPCF)}, October 5, 1976, and awaiting publication
in the WPCF Journal.

16. Burdick, J.C. and F.L. Parker, Estimation of Water Quality in a New
Reservoir, National Center for Research and Training in the Hydrologic

and Hydraulic Aspects of Water Pollution Contrcl, Report No. 8, Department
of Environmental and Water Resources Engineering, Vanderbilt University and
U.S. Army Corps of Engineers, December 1971.

17. Burdick, J.C., "Analysis of Oxygen Demand of Sediments," Proceedings of
the Specialty Conference on Dredging and its Enviromment, ASCE, 1976.

18. Miller, J. and J.E. Freund, Probability and Statistics for Engineers,
Prentis-Hall, Englewood Cliffs, New Jersey, 1965.

19. Wide, J.T., Optimum Sinking Methods, Prentis-Hall, Englewood Cliffs,
New Jersey, 1966,

20, Fair, G.M., E.W. Moore and H.A. Thomas, Jr., "The Natural Purificatien
of River Muds and Pollutional Sediments," Sewage Works Journal, 13, 1941,

21. Moore, C.F., C.L. Smith and D.W. Murril, "Multidimensional Optimization
Using Pattern Search," unpublished research report, College of Engineering,
Louisiana State University, Baton Rouge, Louisiana, 1970.

22. O'Connor, D.J. and D.M. DiToro, "Photosynthesis and Oxygen Balance in
Streams," JASCE, SED, Vol 96, No, SA2, April 1970,

23, O'Connor, D.J., Stream and Estuarine Analysls, Manhattan College, New
York, NY, 1976.

27
(The reverse of this page 1s blank)




HQ USAF/PREE
HQ USAF/PREVP
HQ USAF/RDPS
HQ USAF/SAFOI
HQ USAF/SGPA
CINCAD/SGPAP
AFLC/SGB
AFSC/DE
AFSC/SD
AFSC/SGB
AFSC/SGPE
AFSC/DLCAM
ATC/SGPAP
AAC/DEV
AAC/SGB
MAC/DEEE
CINCPACAF/DEMU
CINCPACAF/SGPE
CINCSAC/DEPV
CINCSAC/SGPA
TAC/DEEV
TAC/SGPB
USAFSS/DEMM
CINCUSAFE/SG
CINCUSAFE/DEPV
USAFA/DEV
AFIT/DEM

AUL

AFOSR
AFFDL/TST
AFML/DO
OEHL/CC
OEHL/OL-AA
OEHL/0L-AB
AFWL/SUL
USAFSAM/EDE
AFRPL/Library
FID/LGM
AMRL/THE
ASD/ENAMC
ASD/DEP
RADC/DOT
AEDC/DEE
SAMTEC /SEH
SAMSO/DEC
SAMS0/8G
AMD/RDU
ADTC/DLOSL
AFFTC/DE

INITIAL DISTRIBUTION

ESD/DE

SAMMA /MAGCB

USAF30/DEE

L Med Service Wg/SGB

DDC/TCA 1

ARPA

Defense Research & Engrg/AD

E&LS)

OASD/(1&L)ES

USA Environ Hygn Agency

Ch of Engrg/ENGMC-~RD

Dir, USA WW Exp Sta

USA CERL

Dir, USA Eng R&D Lab/MERC

Ch of R&D

Dept of the Army/DARD-ARE-E

AFRCE (ER)

AFRCE (CR)

AFRCE (WR)

Chief of Naval Op

Naval Air Dev Ctr/

MAE

Technical Applicatinns 1
Center (UNM)

Technology Transfer Staff
(EPA)

Office of R&D (EPA)

National Science Foundation

US Army Med Bioengrg R&D Lab

Det 1 HQ ADTC/EC

Det 1 HQ ADTC/ED (Project
Officer)

Det 1 HQ ADTC/PRL 1

PO b

I Tl I I =

o

I o

[

D I e T e B N S L T I I S e e R e G e S S e N = i (ST ol Sl el e O e e e e AR
b et et e b

29
(The reverse of this ﬁage is blank)




