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The oxygen concentration in a stream is an important
parameter of water quality. Changes in oxygen concentra-
tions can affect various stream organisms including fish.
Foresters have become concerned with predicting the impacts
of forest activitiés on oxygen levels in streams. Slash,
which accumulates in streams as a result of harvesting
activities, is a food source for stream organisms. During
aerobic respiration, oxygen is utilized. Under some condi-
tions the oxygen concentration can be depleted below
acceptable levels. Large, fish bearing streams are generally
well protected by forest practice regulations. For smaller
streams without fish populations, the issue is one of down-
stream impairment of water quality as deoxygenated water
enters fish-bearing reaches.

A natural process counteracting oxygen depletion is
reaeraﬁion. Reaeration is the exchange of gases betweén
the atmosphere and water. This process operates to maintain

oxXygen near the saturation concentration. The change in the



oxygen deficit in a stream is a function of the existing
deficit and the reaeration rate coefficient.

The objective of this study was to develop a predic-
tive equation for the reaeration rate coefficient based on
the hydraulic characteristics of stream channels. This is a
a first step in developing guidelines to regulate harvesting
residues in streams. Seven natural stream sites were
selected in Oregon. These sites represented a wide range
of hydraulic cenditions. The stream reaches were segre-
gated into segments of uniform hydraulic characteristics.
Sodium sulfite was injected inte the stream to artificially
deplete the oxygen concentration. The recovery of the
oxygen concentration was used to determine the reaeration-
réte coefficient.

Several models for the reaeration process were tested
using regression techniques. Some were models proposed by
other investigators and some were developed independently.
The predictive equation which fit the data best is a func-
tion of the maximum unit energy dissipation rate (ED) and a

depth parameter (HD):
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This equation is consistent with theoretical descrip-
tions of gas exchange phenomena. As the rate of energy

dissipation increases in a segment, the turbulence in the



segment also increases. Turbulence promotes an increase in
the liquid-atmosphere interface area and in the exchange
rate of volume elements in the interface. Reaeration is
stimulated when deaerated water from the bulk flow of the
stream replaces the oxygen saturated water in the surface
film. As the area of liquid-atmosphere contact increases,
the total flux of oxygen molecules into the depleted fluid
volume increases. As the fluid volume increases, the
change in concentration for a specific flux of molecules
decreases. The depth term (HD) can be used to describe the
ratio of the surface area to the volume of fluid in the
segment. In this study, the depth term used was the dis-
charge divided by the mean width and maximum velocity.

This approach adjusts for dead zones that do not actively
mix with the bulk flow.

For fieid applications, predicting the reaeration co-
efficient for any temperature (T) requires that the slope
(s), active width (WD), maximum velocity (UD), and discharge
(Q) , be measured for uniform stream segments. These vari-

ables are combined in the following equation:
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Using the predicted reaeration rates, estimates of mean
segment velocities, biochemical oxygen demand loading, and

rates of oxygen demand decay, it is possible to predict the



oxygen concentration of a stream moving through and down-
stream from a harvesting site. The reaeration rate in-
fluences the maximum deficit and time required for recovery
and can be used to evaluate the risks that debris accumula-

tions pose to water quality.
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REAERATION IN A TURBULENT STREAM SYSTEM
INTRODUCTION

The harvesting and removal eof timber provides an'impor—
tant economic base to the Pacific Northwest. These same
silvicultural activities can endanger water quality by
modifying associated forest stream ecosystems. In the
Pacific Northwest, small forest streams are often valuable
spawning and rearing sites. Even when streams provide no
fish habitat, they may influence water quality downstream
where it is critical for fish habitat. Because of these
conflicts) it is necessary to be able to predict the impact
of forest activities on water quality in a wide range of
stream systems.

| The dissolved oxygen concentration is an important com-
ponent of the water quality. The suitability of a stream as
a fish habitat is dependent on adequate oxygen concentra-
tions. Changes in stream oxygen concentrations can affect
the development, growth, activity, reproductive capacity,
and survival of a variety of stream organisms.

The concentration of oxygen in a stream is a function
of the solubility of oxygen and the various sources and
sinks that modify the oxygen concentration. Harvesting can.
affect each of these factors. For example, harvesting

activities can increase the load of organic debris in the



stream, modify streambed characteristics, and alter the
physical environment of the stream system causing large
changes in stream temperature.

Accelerated accumulations of organic debris are a
major concern of foresters. DeBris deposited in a stréam
is available to organisms as a food source. The oxygen
concentration of a stream can be depleted as the organic
matter is oxidized during respiration of these organisms.

Reaeration is a process that counteracts oxygen deple-
tion in small streams. During this process gas is exchanged
between the atmosphere and the water. This physical pro-
cess operates to modify the oxygen concentration in a
stream towards its saturation value. The difference be-
twéen the saturation concentration and actual concentration
is the oxygen deficit. Molecular diffusion causes a flux
of oxygen molecules into a solution with a deficit. The
change in the deficit of a gas in a body of liquid is a
function of the existing deficit and a rate constant. This
relationship can be expressed as a first order kinetic
reaction.

Stream segments with large reaeration rates can assimi-
late gfeater amounts of organic debris before the deficits
become unacceptable. The time required for the stream to
recover from a deficit is also shorter for streams with
larger reaeration rates. For these reasons, foresters need

to be able to predict the reaeration rate for a stream in



order to model the impact of forest operations on the
stream environment.

Implementation of the Federal Water Pollution Control
Act Amendments of 1972 (Public Law: 92-500) calls for iden-
tification of "silviculturally related nonpoint sources of
pollution" and development of "procedures and methods in-
cluding land use requirements to control to the extent
feasible such [pollution] sources." The Oregon Forest
Practices Act and Public Law 92-500 require that streams
important to fisheries be protected and that water quality
be maintained at high levels.

Much of the controversy about developing best manage-
ment practices for forest sites is associated with small
first and second order streams. -These small streams are
classified as class II streams in the Oregen Forest Prac-
tices Act. These are streams that have not been identified
as directly important for fish habitat, recreation, or
domestic use. The concern, however, is that deaerated
water, leachates, and organic debris from class II streams
can be transported downstream to adversely impact class I
streams which have important fish resources.

Data on reaeration rates in these typically small and
turbulent streams is limited. Direct measurement of
reaeration for all sites would be ideal. Unfortunately,
direct measurement of reaeration would be a difficult and

costly technique to apply to all forest streams near North-



4
west harvesting sites. Further, the reaeration rate is re-
lated to the hydraulic properties of the stream. There-
fore, directly meaéured values become invalid with changes
in discharge rates and streambed characteristics.

A predictive equation for the reaeration rate which is
based on stream hydraulic characteristics would allow
foresters to evaluate where potential oxygen problems might
occur. Using a predicted reaeration rate coefficient, the
projected organic loading, and decay rate constants, the
oxygen concentration within and downstream from a harvest-
ing site can be calculated.

It is important that foresters be able to discriminate
between sites that may have oxygen problems and sites that
can tolerate organic inputs. Where a stream canhet assimi-
late large amounts of organic debris, it may be necessary
to prescribe buffer strips or streamside management 2zones
around the streams. This could be a costly reduction of
the timber available for havesting on a site. The clean-up
of debris deposited in the stream and special felling tech-
niques are alternative procedures for treating sensitive
sites. Buffer strips, stream clean-up, and special har-
vesting techniques generally increase operation costs, thus
reducing revenues. Streamside zones are often the most
productive. The removal of these sites from commercial
wood production conflicts with society's needs for future

wood supplies. Therefore, the social cost of reduced



future timber revenues must be considered. On the other
hand, the economic and social consequences of allowing
practices which adversely deplete oxygen are fish mortality
and habitat reduction.

The purpose of this study is to develop a predictive
method for estimating reaeration rate coefficients that
could be used to predict reaeration downstream from harvest
units. One of the criteria for the method is that it be
suitable for use in the field. Using the predicted reaera-
tion rate, foresters can estimate the distance required for
a stream to recover from organic debris inputs and oxygen
deficits, and the maximum deficit that could be expected.
The relative sensitivity of streams to organic loads can

also be evaluated.



LITERATURE REVIEW

Solubility

Gasses dissolve in“liéuids to form true solutions

with the degree of solubility depending on the

nature of the gas, the nature of the solvent, the

pressure, and the temperature (Landine 1971).

Solutions are homogeneous mixtures in a similar phase.
In stream systems, water acts as a solvent for many sub-
stances. All gases, including oxygen and carbon dioxide,
dissolve in water to become components or solutes in the
selution. The solubility of a gas defines the concentra-
tion at which an equilibrium exists between the gas in
solution and the gas in the atmosphere. FrOm a moleculaf
viewpoint, oxygen molecules in the water and in the atmos-
. phere aie constantly in random motion. At saturation,
oxygen molecules enter and leave the solution at the same
rate. The relative rate at which gas molecules move from
the atmosphere to the water can be related to the pressure
of'the gas species in the atmosphere. Maron and Prutton
(1965) suggest that one can consider "the gas as a solute

which vaporizes to establish a vapor pressure above the

solution."” Under these conditions:
a . =f . k (1)

where £ is the fugacity of the gas above the solution, ag

. is the activity of the gas in selution, and k is a constant.



For an ideal gas phase, the fugacity is equal to the
partial pressure of the gas above the solution. For an
ideal solution, the activity is equal to the mole fraction.
If temperature remains constant, the mole fraction and
weight of a gas per unit volume of solution can be related.
This appreach yields Henry's Law which states:

The weight of any gas that will dissolve
in a given volume of a liquid, at con-
stant temperature, 1s directly propor-
tional to the pressure that the gas
exerts above the liquid (Sawyer and
McCarthy 1967).

Henry's Law is expressed as:

cC.=H, - P (2)

where Cs is the saturation concentration in mg/1l, HL is the
Henry's Law constant in mg/l * mm Hg (or mg/cm3 ° pascal),

and Pgas is the partial pressure of the gas species in mm

Hg (or pascals).
The partial pressure of oxygen can be determined using
the principles of Dalton's Law.

In a mixture of gases, such as air, each

gas exerts pressure independently of the

others. The partial pressure of each gas
is proportional to the amount (percent by
volume) of the gas in the mixture, or in

other words, it is equal to the pressure

which that gas would exert if it were the
sole occupant of the volume available to

the mixture. (Sawyer and McCarthy. 1967).

Since oxygen remains at a relatively constant proportion in
the atmosphere, the partial pressure of oxygen is propor-

tional te the baremetric pressure. The volumetric
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proportion of oxygen reported in the literature ranges from
20.90% to 21.00%, with 20.95% being the most widely accepted
figure (Landine 1971). Saturation values are usually re-
ported for 1 atm barometric pressure (760 mm Hg or 101,308
pascals). Conversion pf standard pressure saturation values_
to actual saturation values can be made using the equation:

cg, = c} P:t‘—_% (3)
where (in ST units) Pgy is 101,308 pascals, P is the baro-
metric pressure in pascals, p is the vapor pressure of the
water at the given water temperature in pascals, C; is the
saturation concentration of oxygen in kg/m3 at 101,308 pas-
cals (1 atm) and a given water temperature, and Cq is the
actual saturation concentration in kg/m3. Expressed in

more conventional units, Ps is 7660 mm Hg, P and p are mea-

t
sured in mm Hg, and Cé and Cs are measured in mg/l.
The solubility of a gas in water is inversely related
to water temperature. Maron and Prutton (1967) note:
If a substance dissolves at saturation with
evolution of heat, then solubility decreases
with rising temperature. On the other hand,
if a substance dissolves with absorption of
heat, the solubility increases as the tem-
perature is raised.
The solubility of oxygen for different temperatures and at
a standard pressure has been measured in several studies
(Whipple and Whipple 1911; Truesdale 1955; Churchill et .

al. 1962; Montgomery 1964). Both Holtje (1971) and



and Landine (1971) reviewed oxygen saturation values and
concluded that the values used by "Standard Methods"l were
the least accurate. Landine concludes that Montgomery's
values are, in theory, the most accurate. Holtje suggests
that the experimental techniques used in the Churchill
study make that data the most acceptable. Saturation
values developed by the Churchill and Montgomery studies
are very close, particularly over the range of 5°C to 15°C.
Appendix ITII lists empirical equations developed from four
temperature~saturation studies and includes a table listing

the corresponding saturation values between 0°C and 30°C.

Modeling Dissolved Oxvgen

Dissolvéd oxygen is an important component in the
physical environment of aquatic organisms. The dissolved
oxygen concentration in a stream is vulnerable to signifi-
cant changes due to natural shifts and man-made distur-
bances. Modeling the impacts of human activities on dis-
solved oxygen has become an important téol for controlling
detrimental changes in water quality and aquatic habitats.

In order to model the behavior of dissolved oxygen in
streams, it is necessary to determine how dissolved oxygen

enters streams and how it is removed. The processes that

lStandard Methods for the Examination of Water and Waste-

water, published by the American Public Health Assoc.,
Inc., New York.
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contribute or remove oxygen are known as sources and sinks.
Some processes can be either sources or sinks depending on
stream conditions. One such process is the exchange of
oxygen between the atmosphere and stream. The movement of
oxygen into solution is called reaeration.

Pioneering work on reaeration was done by Adeney and
Becker in 1914. In their study they used the concept of a
gas deficit which is the difference between the saturafion
and actual gaé concentration in a selution. Working with
oxygen and nitrogen gases, they found that the change in
the gas deficit in a body of liquid was a function of its
ekisting deficit and a rate constant. The rate constant is
now referred to as the reaeration rate constant, reaeration
coefficient, or exchange éoefficient. The change in the

gas deficit is expressed as a first order kinetic reaction:

-t = —K2D (4)

where D is the deficit in mg/l (or kg/m3), t is time in

days (or s), and K2 is the reaeration coefficient in days_l

(or s71).

A second major step in oxygen modeling resulted from
the Streeter and Phelps (1925) study of natural purifica-
tion in the Ohio River. They assumed that the only sink

for oxygen in the Ohio River was the oxygen demand of

organisms and chemicals that were oxidizing organic matter
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in the water. This oxygen sink, called the biochemical
oxygen demand, could.be modeled (like the reaeration pro-
cess) as a first order kinetic equation. The biochemical
'oxygen demand (BOD) 1is the amount of oxygen organisms re-
quire to oxidize organic matter to a non-reactive state.
The rate at which oxygen is utilized for oxidation is a
function of the total biochemical oxygen demand and a rate
constant,

The rate of BOD utilization is expressed as:

dL

d—t' = -KlL ) (5)

where L is the BOD in mg/l (or kg/m3), t is time in days
(or s) and K, is the BOD rate constant in days T (or s 1).
The oxidation of organic matter results in a decrease
in the BOD. The oxidation also utilizes dissolved oxygen
and therefore increases the dissolved oxygen deficit.
Since both the deficit and BOD are expressed in units of
mg/l (or kg/m3) of oxygen, the equations for atmospheric

reaeration and biochemical oxygen demand can be combined.

Streeter and Phelps combined equations (4) and (5) to

vield:
dp _ _dn

From equation 6, the equation for the oxygen sag curve was

developed:
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K.L
170 e-Kzt

170 -K) t ]

D=g=x-e + [D0 - (7)
where L0 is the initial BOD in mg/l (or kg/m3) and D0 is
the initial deficit in mg/l (of kg/m’).

The development of the oxygen sag curve allowed pre-
diction of a future oxygen deficit if information on the
K., Ky, Lo, Dy, and t were available. It also enabled cal-
culation of any one of these variables from measurements of
the others.

More detailed models based on the work of Streeter and
Phelps have been proposed to account for additional oxygen
sources and sinks. Figure 1 diagrams the possible sources
and sinks of oxygen in surface water. Oxygen sources thaf
can be modeled include reaeration, inflowing oxygenated
water, and phetosynthesis. Oxygen sinks can include bio-
chemical oxygen demand, respiration of photosynthetic
organisms, inflowing deoxygenated water, deaeration of
supersaturated water and benthic.exygen demand. Most
oxygen medels assume that the river approaches a uniform
and steady state condition with tﬁe stream cross section
being completely mixed. This allows one-dimensional
modeling of disselved oxygen concentrations along a reach
and simplifies the equation. Additional complexity is re-
quired where significant diurnal or tidal fluctuations
occur, where longitudinal dispersion modifies dissolved

oxygen and BOD concentrations, where other mechanisms
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IAtmospheric

" 1 rfa
Inflowing Su ce
Water

Water D.0
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Organic
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Figure 1. Sources and sinks of dissolved oxygen in a
small stream system.
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contribute to BOD inputs and removal, and where other fac-
tors invalidate the moedel assumptions.

Several more detailed models using the balancing
approach of Streeter and Phelps have been found to be
appropriate under various stream conditions.

The Streeter and Phelps model accounted for.the pro-
cesses of reaeration and biochemical oxygen demand. Camp
(1963) presented an oxygen balance which also accounted for
constant additions of BOD aleng the study reach, settling
of the BOD to the stream bottom, and photosynthesis.

Camp's equations were originally developed using base 10
constants for the atmospheric reaeration rate constantr
(k2), the deoxygenation rate constant (kl), and the BOD

settling rate constant (k3) in days-l (or s-l

). When con-
verted to base e constants, Camp's balance for the change

in the oxygen deficit and BOD are shown as:

%% = (-K,D + K,L) - a (8)
= (K, + Ky) L + Py (9)

where a is the rate of photosynthesis by algae in mg/l/day

(or kg/m3/s), and P, is the rate of BOD additions to the

B
stream from bottom deposits in mg/l/day (or kg/m3/s).
Dobbins (1964) developed oxygen balance equations for

many of the same processes thatJCamp had modeled and
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included consideration of longitudinal dispersion. Dobbins

uses the following equations:

2
aC 3C. _ 3 " C -
.,().E+U§_Dx—-2-+KZD-KlL a (10)
ax
L L,y _p EEE - (Ky + K,)L + P (11)
ot ox X ax2 1 3 B

where U is the mean velocity in miles/day (or m/s),C is the
concentration of oxygen, x ié the longiﬁudinal distance in
miles (or m), and-Dx is the leongitudinal dispersion coeffi-
cient in milesz/day'(or m2/s). Dobbins notes that a is the
net effect of plant respiration and photosynthesis and that
it can be either a source (negative) or a sink (positive).
For a steady state and uniformly flowing stream, %%
and %% become zero. As the coefficient for longitudinal
dispersion becomes small, the Dobbins equation becomes
equivalent to that of Camp. If photosynthesis, BOD addi-
tions and settling become unimportant, then the simplified
equation is equal to the Streeter and Phelps medel. |
Simplified modeling of English streams by Edwards and
Owens (1962) and Owens and Eqwards (1966) assumed that the
rates of processes were independent of time and longitudinal

pesition. The basic equatien they used is:

Qox = Pox ¥ Pox ~ Rox - . (12)
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where Qox is the rate of change of dissolved oxygen in g/m2/
day (or_kg/mz/s),Pox is the rate of oxygen production by
photosynthesis in g/mz/day (or kg/mz/s), Dox is the rate of
oxygen transfer through the stream surface in g/mz/day (or
kg/m2/s),and Rox is the rate of oxygen utilization by res-
piration in g/mz/day (erukg/mz/day).

A more detailed model was later proposed in which the
respiration and photosynthetic units of the oxygen system

were more completely segregated. This model is expressed

as:

Qox=P +P RM RB RP+Dx (13)

where'PB is the rate of photosynthesis by bottom plants, Py
is the rate of photesynthesis by phytoplankton, Rﬁ is the
respiration rate of bottom depeosits, Ry is the respiration
rate of attached bottom plants, and Ry is the respiration
rate of unattached phyteplankton. All terms are in units
of g/mz/day (or kg/mz/s).

Bennett and Rathbun (1972), in reviewing this equation,
noted that the term RBOD shoﬁld be added in polluted
streams. Bennett and Rathbun also noted that the term Dox
can be related to the Streeter and Phelps term db if the

dt

assumptions made by Owens and Edwards are correct. Dbx is

defined by the equation:

D =£f _(C. - C) (14)

oX oX" " S

where fox is the exchange coefficient in m/day (or m/s).
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Under the special conditions of a steady state, uni-
form stream where the process rates remain constant, the
deficit would also remain constant and therefore C_ - C
could be replaced by Cs - C in equation 14. When the left
side of equation 14 is divided by the mean depth of the
stream, it becomes equivalent to the change in the oxygen
concentration over time. Comparison of equation 14 with
equation 4 shows that the ternlfo*<iivided by the mean depth
of the stream becomes equivalent to the reaeration coeffi-
cient (X,).

From studies on the biochemical oxygen demand created
by logs, needles, and leaves, Schaumburg and Atkinson
(1970), Atkinson (1971), and Berry (1974) concluded that
BOD additions could not realistically be modeled as either
slug or‘constant inputs. Berry noted that the BOD leaches
from the slash before it is available for rapid oxidation.
Soluble organics, once released from the s;ash, are then
oxidized according to the process described by equation 4.
Berry visualized the leaching process as a linear first

order decay reaction. Equation 15 represents the leaching

process:

s (15)

where S is the potential BOD remaining as slash in mg/l “(or

kg/m3) and K4 is the leaching rate constant in days“l (or

s~1).
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Using the varying addition rate expressed in equation

15, Berry solved for the rate change of the soluble BOD (L):

dL _ X.S e-K4t

Tt = X345, - KlL (16)

where Sy is the initial slash BOD in mg/l (or kg/m3).

In cases concerned with logging debris in streams,
Berry showed that equation 16 can be substituted for equa-
tion 9. The dissolved oxygen deficit is then found using

equation 17:

1 K450 (e7K4L _ K28

K
D = (L -
K,-K, U0 - KX,
(17)
Ky RSy o-Kat _ g-Kat, Kyt
=% ‘B=x + Dye
27Ky Ki-Ky

Equation 17 is applicable for forest streams where there is
steady and uniform flow, uniform debris loading, constant

temperature, and no scoeuring, deposition, or photosynthesis.

Atmospheric Reaeration

With the development of models to simulate oxygen pro-
cesses in streams, it has become necessary to estimate the
parameters and coefficients in the various models. Atmos-
pheric reaeration acts to adjust gas concentrations in seolu-
tions toward saturation as defined by equation 4. When

stream temperature and barometric pressure are known, it has
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been shown that the saturation concentration of oxygen can
be calculated. Measuring the actual dissolved oxygen con-
centration permits determination of the deficit. Knowing
the deficit allows calculation of the rate of gas exchange
when the reaeration rate constant (Kz) is known or can be
predicted. |

Several different approaches to predicting reaeration
coefficients have been used. Early research and practical
observations showed that the rate of gas transfer between
the atmosphere and a solution is much more rapid in agi-
tated fluids thén in quiescent fluids. As internal motions
or turbulence increase, the rate of gas transfer increases.
Turbulence results where the viscous forces of adhesion and
cohesion become small compared to inertial forces. Volume
elements are swirled and mixed within the bulk motion in an
irregular and unpredictable spectrum of motions. Because
turbulence arises from the physical interaction of the
stream and its channel, the accepted approach has been to
predict reaeration rates using stream flow and channel
parameters. This overall approach which links the rate of
reaeration to physical and hydraulic parameters has been
examined in two different types of studies: those which
concentrate on gas exchange theories, and those which are

empirical or semi-empirical in nature.
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Gas Exchange Theories

An attempt to explain reaeration on a theoretical
basis was made by Whitman (1923) and Lewis and Whitman
(1924) . They theorized that a laminar layer of gas and a
laminar layer of liquid existed at the gas-liquid interface.
If the reaeration process operates through these -laminar
layers then the transport of oxygen.through the films to

the bulk of the liquid can be defined by the equation:
N =k (C; - Cp) = kglpg =~ By) (18)

where N is the mass of oxygen mo&ing through the films in
mg/cmzs (or kg/mzs), Cr, and Cy are the concentrations of.
oxyéen in the bulk-water phase and interface in mg/l (or
kg/m3), Pg and p; are the partial éressures in the gas
phase and at the interface in mm Hg (or pascals), kL is the

1 (or g1

liquid film coefficient in days~ ), and k, is the
gas film coefficient in mg/mm/Hg days (or kg/pascal/s).

It is not possible to measure the concentration or
pressure within the surface films, but it is possible to
measure the concentration in the bulk of the liquid and the
partial pressure in the atmosphere, and to determine the
saturation value for the liquid. Using these bulk values,

equation 19 defines the transport of oxygen:

N =K (Cg - C) = Kg(pg~ ps) (19)
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where Cs is the saturation concentration in mg/l (or kg/m3),
Pg is the partial pressure of oxygen at saturation in mm Hg

(or pascals), and K, and K, are the overall liquid f£ilm and

L
gas film coefficients in cm/day (or m/s).

Combining Henry's Law (equation 2) with equation 19

yields:

= +

1 1
— — (20)
Ky, H k kL

Bennett and Rathbun note that for sparingly soluble solu-

tions, such as oxygen and carbon dioxide, H. is extremely

L

large so that the term becomes extremely small. It

i
Hrkg
was therefore determined that KL is approxim;tely equal to
kL énd that the ligquid film exerts the most control over
the rate of oxygen exchange (see Appendix II).

Mass transfer across the liquid film is visualized as
occurring by molecular diffusion. This process can be
modeled using Fick's first law of diffusion, which states
that the total flux of mass across a boundary (N) is a
function of the concentration gradient, area of interface,
and a diffusion coefficient. For the Lewis and Whitman
model, the process can be expressed using the equation:

c_-~C
_ s "L
N = D ——

(21)

where Dy is the molecular diffusivity in ftz/day (or mz/s),

and x is the film thickness in ft (or m).



22
From the definition of N, Lewis and Whitman showed
that:
A, _ dC
N(v) = 3t (22)

Combining equations 4, 21 and 22 they derived the equation:

K =

D
A m, A
2 (v) = (T) (\—,) (23)

o=z

where D is the deficit in mg/l (or kg/m3). Isaacs and
Gaudy (1968) note that this equation proved impractical be-
cause of the problems in measuring x. Furthermore, the
concept of laminar layers becomes less realistic as stream
turbulence increases. This theory did show that both the
solvént characteristics accounted for by D, and the hydro-
dynamic characteristics accounted for by X were important.

Higbie (1955) and Danckwerts (1951) also visualized
the water surface as being bounded by a laminar liquid £film.
In.their models, an attempt was made to account for the
role of turbulence in increasing the rate of gas exchange.

Higbie's penetration theory proposed that K, was a
function of the contact time of turbulent surface eddies at
the interface. Fick's second law of diffusion is repre-
sented by the equation:

_p 3%

Ei S S (24)
Y

oC )
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where y is the depth in ft (or m) from the surface.
Higbie assumed an infinitely deep film. This is a good
assumption when film thickness is large relative to the
depth penetrated by diffusing molecules. Higbie defined
the following boundaries:

C = CL when t

0, y=20
C

CL when t > 0, y =

C = Cs when t > 0, y =20
He assumed that the surface elements were mixed with the
bulk volume after a uniform time (te) within the surface
film., He was then able to solve for the concentration
change and rate of exchangé. When equation 24 is solved

according to Higbie's assumptions} equation 25 results:

’ (25)

where C is the concentration of the fluid after time t in
mg/l (or kg/m3). For the contact period of tar the gas ab-
sorbed per unit surface area can be expressed as:

/D€

me
m

Nt = 2(cs - Cp) (26)

e

If the left side of equation 26 is divided by (CS—CL)te, an

equation for the liquid film coefficient K., results:

K., = 2 —_— (27)
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Multiﬁlying the liquid film coefficient by the stream sur-
face area (A) and dividing by the volume of the stream seg-

ment (V) yields the reaeration rate coefficient:

Ka = 2 A /EEL (28)
.2 v nte

Danckwerts concluded that the films and laminar boun-
dary layers propasedrby Lewis, Whitman, and Highbie could
not exist in a unified form under turbulent conditiens. In-
stead ofsassuming a single liquid film with one contact
period (te), Danckwerts modeled a surface film, parts of
which are conséantly being renewed. Replacement of volume
elements at the surface is assumed to be independent of'the
age of the elements. Portions of the surface film are con-
stantly being replaced by new volume elements at the rate
1y

of r (in 8" 7). Using these assumptions, Danckwerts derived

equation 29
=r e (29)

where 6 is the age of the surface in s and ¢ is the surface
age distribution functien.
The absorption of gas into those surfacé elements of

age 6 is represented by the egquation:

D
N6 = e(cs CL)r e / — de (30)
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The mean rate of absorption per unit area of turbulent sur-

face is represented by equation 31:

— -ré
N = (cg - cp) VB J Y- (31)
o) yme
which can be simplified to equation 32:
N = (Cs - CL) VDmr (32)

The equation for the liquid filﬁ coefficient can be derived

from equations 19 and 32:

K., = /D_r (33)

Multiplying by the surface area and dividing by the segment

volume yields the reaeration rate equation:

K, = % /O T (34)

The models of both Higbie and Danckwerts recognized
‘the role of turbulence in reaeration. Unfortunately, the
parameters te and r are unmeasurable.

. Dobbins (1956, 1964, 1965) and O'Connor and Dobbins
(1956) developéd a model in which a laminar film of thick-
ness X overtops the turbulent bulk flow. Using the age dis-
tribution assumed by Danckwerts (equation 29), Fick's
second law of diffusion (equation 24), and the boundary

conditions:
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(@]
n

CL when t =0, 0 <y £ ¥

C

Cg when £t 2 0, y =20
C = CL when t 2 0, y = ¥

a solution for the liquid film coefficient was developed:

2
k= /BF coth (B (35)

Another model, which does not assume a film at the
liguid surface, but does assume periods of quiescence in

vertical columns was also proposed:

2
K, = {Dmr tanh (%?—Jé' (36)
m

where H is the hydraulic depth of the stream in ft (or m).
-2 2

Since the terms coth (%%;)é and tanh (%%;)é approach 1 for

most stream conditions, Dobbins suggested that equations 35

and 36 be simplified to:

(Dmr)é

Ky =%, ¥~ (37)

o

It should be noted that equation 34 solved by Danck-
werts and equation 37 are identical. As in Danckwerts' model,
the problem of estimating the renewal rate (r) and its re-
lationship to stream turbulence remains.

O'Connor and Dobbins noted that velocity fluctuations
occur along the x, y, and z axes. The velocity of the

fluid in one of these directions at'any time can be
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expressed by considering the mean velocity in that direc-
tion and any velocity fluctuation. For example, the down-
stream velocity at any time can be defined by the term U *
u, where U is the mean velocity in the x direction and 'u
is the difference between the observed and mean velocities.
If the velocity fluctuations aleng the separate axes are
not correlated, then the turbulence is considered iso-
tropic. 1Isotropic turbulent flow is found in cases where
there is no shearing stress or velocity gradient. In non-
isotropic turbulence, found in shallow open channels, there
is a significant correlatioh between the velocity fluctua-
tions. For Chezy coefficients less than 17, nonisotropic
turbulence is assumed to exist.

0'Connor and Dobbins used Prandtl's mixing length
hypothesis to describe the scale of turbulence. According

to Prandtl's hypothesis:

= _ . 4du ,
|U| = 1 a-y (38)

where |u| is the mean absolute velocity fluctuation in the

x directien in ft/s (or m/s),igg is the velocity gradient_
in the y directien,and 1 is the mixing length in ft (or m).
The parameter 1 represents the distance a water particle
departs frem the mean motion before it returns to the main
bedy. Dobbins and O'Connor suggested that 1 is a measure

of the average size of an eddy. Increases in |u| imply that

turbulence is becoming more intense and that the rate of
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renewal will increase. 2An increase in 1 means that the
eddy size is increasing, thus retarding renewal. It was
therefore proposed that the ratio l%l be used to define the
rate of surface renewal (r). Substituting r for lﬁl ’

1
equation 38 becomes:

_ du
r = a—i (39)

The von Karman universal logarithmic velocity law was
used to define the velocity gradient %% and the renewal

rate (r):

é .
_ du _ (Hgs)
e - - o wo

where Ko is the von Karman constant, g is the gravitational
constant, and s is the slope of the energy gradient in ft/
mile. Assuming a constant value of 0.4 for Ko’ the solution

to equation 36 can be derived:

3.1
x - 480 Dp’s (41)
2 = 0.438 571 |

O'Connor and Dobbins note that the assumptions of 0.4
for the von Karman constant is not always valid. This is
particularly true where the scalé of the bed roughness
approaches the stream depth (H).

In isotropic turbulence, the velocity gradient
approaches zero. Therefore, the velocity gradient cannot

be used to predict the vertical velocity fluctuations. 1In
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order to predict renewal rates under isotropic conditions,
O'Connor and Dobbins used Kalinske's measurements of verti-
cal velocity fluctuations and mixing lengths in the
Mississippi River; From this data it was shown that equa-

tien 42 was appropriate for isotropic turbulent conditions:

r=g- (42)
The reaeration rate constant could then be defined as:
%
D
=_n U
K2 = (H (43)

Dobbins based a later study (1964) on many of the same
assumptions that he and O0'Connor had used to develop equa-
tieh 36. Dobbins suggests that it is the "small eddies by-
which most of the conversion of kinetic energy into heat
takes place." At the surface, small eddies are dissipating
energy generated from bottom shear. Dobbins assumed that
the potential energy loss per unit mass of liquid (E) in ft/
s (or m/s) was proportional to the turbulent energy per unit
' mass of liquid at the surface (Eg). Accounting for the
effect of surface tension (o) in ft-lb/ft2 (or pascal . m) and
density (p) in slugs/ft3 (or kg/m3), he.theorized that the

renewal rate could be expressed as:

€y PX E

r = _O'—_ (44)

where c1 is a censtant.
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Dobbins assumed that the effective film thickness was
related to the minimum sizé of eddy that could form.
Kolmogoroff described the limiting eddy size as a function
of the stream kinematic viscosity (v) in ft2/s (or m?/ s)
Using this relationship, Dobbins expressed the film thick-

ness asz:
X = T C (45)

where ¢ is a proportionality coenstant.

Dobbins noted that stream turbulence can deform the
water surface from a smooth plane. The actual surface area
(A) exposed to atmospheric gas exchange can be significant-
ly different from the area calculated by measuring the |
stream width andjlength. Using the new definitions for A,
r, and x and accounting for temperature effects, Dobbins

/
rewrote equation 35 as:

1/8
3/8 BE
0.12 CpAE coth (-2;1;%
A .
K, = (46)
2 0.434 C43/2H
where:
_ 2
A=9.68 + 0.054(T-20)
B = 0.976 + 0.0137(30-T)3/2
E = 30.0(sU)
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F = LC E the Froude number
vYgH .
U = velocity in ft/s

s = slope of energy grade line -in £t/1000 ft
T = temperature in °C
H = depth of stream in ft
K2.= reaeration constant in days-l

Metzger and Dobbins (1967) and Metzger (1968) pre-
sented an improved version of equation 46 in which they
substituted the surface compression modulus (Ms) for the
surface tension (o). Using this substitution, the equation
accurately predicts the rate-retarding effects of surface-
active agents on reaeration. In waters not polluted by

detergents, the renewal rate can be expressed using the

equation:

(47)

where Cy = 0.9 +F. Dobbins states that the coefficient Cy
"reflects to a large degree the fraction of the total
energy dissipation which occurs near the surface."

Isaac and Maag (1969) criticize equations 41 and 43
for incoerrectly evaluating r and Xx. Parkhurst and Pomeroy
(1972) praise the work but note its dependence on the con-
cept of a limiting eddy size. Wilson and MacCleod (1974),
in reviewing predictive equations for reaeration coeffi-

cients, state:
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Of all correlations examined, those of
Dobbins (1965) and of Parkhurst and
Pomeroy (1972) give the most reliable
prediction over the whole range of sewer
and river data...

Thackston and Krenkel (1969) assumed that the reaera-
tion coefficient was a function of the surface renewal and
was inversely proportional to the depth of the stream. 1In
the Danckwerts and O'Connor and Pobbins models, the reaera-
tion coefficient was found to be proportional to ré.
Thackston and Krenkel proposed that K, should be propor-
tional to r.

Krenkel (1960) suggested that r was proportional to
the longitudinal mixing coefficient (DL) in ft/day (or m/s).
DL aQerages turbulent effects and was assumed to be propor-
tional to the average eddy diffusivity (ky) in ff/day (or
m/s) . In nonuniform streams, D proved to be a poor pre-
diction of K; and r.

According to Krenkel, the momentum transfer coeffi-
cient (ey) in ftz/day (or mz/s) "... is often considered to
be equal to, or proportional to ..." the eddy diffusivity
(ky). Data from Al-Saffar showed that the shear velocity
(U*) in ft/s (or m/s) could be calculated from the'mean
momentum transfer coefficient (Ey):

U* = EEX (48)

OH

=~

where Ko is von Karman's constant.
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Thackston and Krenkel combined equation 48 with the
equatioh:

e, = K U* (1 - %I’-) (49)

which is based on the Vanoni modification of the ven Karman

universal velocity distribution. This yielded the equation:

e, = 65y %I’- (1 -9 (50)

The authors noted that equation 50 required e _ at any rela-

Yy
tive depth (%) to be linearly proportional to €

v Ey was
found to be proportional to shear velocity (U*) and depth
(H). Using these principles, the solution for the vertical

mass transfer coefficient (ky) at the surface is:

= Cl < HU* = C,HU* (51)

kYsurface 2

where Cl and C2 are constants. The vertical mass transfer
coefficient at the surface (sturface) was assumed to be
proportional to the renewal rate (r). The reaeration rate

coefficient (K2) is therefore expressed by the equation:

C,HU*
2 = U*
2 "S5 H (52)

K, = C4

Reducing equation 52 to its most fundamental form yields

the equation:
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_ 0.000125 g & | v
Ky = 5432 1+ ( ] /A?‘ (53)

This equation also accounts for an inéreased area of inter-
face due to surface deformation.

Miyamoto (1932) and Tsivoglou (1967) suggested reaera-
tion models which are based on the movement of gas moleculés

at the stream surface. The Miyamoto model is:

3
k. = A 2Tk _(-M/2R Tg) (vm)

20430 H W (54)

where R is the ideal gas constant in liter-atmospheres/°K,
TK is the temperature in °X, M is the molecular weight of

the gas (oxygen) in g/mole, and v_ is the velocity (perpen-

m
dicular to the interface) that a selute molecule must
attain in order to leave the liquid.

Bennett and Rathbun, in reviewing this model, state
that the escape velocity term (vm) reflects the role of
turbulgnce in reaeration. The term M(vm)z/z is the activa-
tion energy necessary for escape from the liquid. Local
shear stress can influence the activation energy, and shear
stress is also related to turbulence. The variable v, has
not been measured.

Tsivoglou.develoéed his model using the steady state
condition of saturation. At saturation the rate of move-

ment of gas molecules into the water (re in mg/s) is equal

to the rate of movement of gas molecules out of the water
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(r. in mg/s). The rate at which molecules move into solu-

o)
tion is a function of the gas concentration in the atmos-
phere. The rate of molecules moving out of solution is a
function of the concentration of the dissolved gas in the

ligquid at the interface. Tsivoglou modeled r, as:

r, = b(wansA) (55)

where h is the thickness of liquid available for loss of
gas, b is the percent of molecules being lost from h, Cu is
the concentration of:dissolved gas at the surface, ng is
the number of fresh surfaces exposed at the interface, and

A is the area of interface. At saturation, rq equals ryt

=r
re ©

= b(wansA) = b(thnsA) (56)
where Cs is the concentration of dissolved gas at satura-
tion. The rate of molecules entering the solution remains
constant even when the solution is not at saturation.

Equation 57 describes the flux of molecules across the

interface:

ry = Ty = bhnsA(Cs - Cw) (57)

The quantity (Cs - Cw) is the deficit at the surface.
Assuming that the surface deficit and bulk deficit can be
related, then the reaeration coefficient (Kz) can be ex-

pressed by the equation:
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Ky = (bhnsA/V) (58)

For equation 58 to be valid, it is not necessary for a
segregated film to exist.

Fortescue and Pearson (1967) and Lamont and Scott
(1970) have developed predictive models based on eddy move-
ments at the surface. Fortescue and Pearson modeled stream
fiow as consisting of a series of square rolling cells of
dimension Lo. The velocity of an eddy in the longitudinal
or vertical direction was modeled as a function of size of
the eddy cell, spétial position within the cell, and
average kinetic energy of the cell. Using appropriate
boundary conditions to solve for a two dimensional repre-
sentation of Fick's second law of diffusion, the liquid

film coefficient may be expressed as:

D_u
_ 1.46
Ky = 0.434 Le (59)

O'Connor and Dobbins showed that u/Le = U/M. The pre-

dictive equation for the reaeration rate coefficient is:

_ 1 m-, %
K, = - (ﬁ) (—H—) (60)

Lamont and Scott (1976) modeled stream flow at the
surface as consisting of large eddies with small eddies
superimposed upon them. They considered the form of eddies

to be similar to the square cell used by Fortescue and
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Pearson. The local transfer rate of solute across the
interface is dependent on eddy size, energy, and molecular-
diffusivity. Using an energy spectrum based on a Fourier
decomposition of a turbulent velocity field, a variety of
eddy conditions could be estimated. The overall transfer

coefficient is the sum of gas transfer rates from all eddy

sizes. The equation for reaeration is:

E 7% (g (61)

Ky o g
m

where E is the rate of energy dissipated by turbulence per
unit mass in cm2/s3 (or m2/s3). This hodel has not been
evaluated for open channel conditions because it was de-

veloped for industrial applications.

Empirical Equations

Many attempts have been made to measure hydraulic
parameters and correlate them directly to the reaeration
coefficient.

Streeter and Phelps correlated measured reaeration
rates against several streamflow characteristics in the
Ohio River. They proposed that the reaeration rate con-

stant could be predicted using the equation:

0438 3 (62)
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where the coefficient C is a function of stream surface

slope, H_ is the depth above the minimum flow in £t (or m),

m
U is the velocity in ft/s (or m/s), and n is a function of
‘the mean relative increase in velocity with a 5 ft increase
in depth. This formula is applicable only for those
reaches of the Ohio River studied and only during periods
in which the discharge levels are comparable to those
studied (Wilson and Macleod 1974). Bennett and Rathbun
noted that the parameters ﬁsed by Streeter and Phelps were
artificial.

In 1962 Churchill et al. studied reaeration below dams.
This investigation is frequently cited because it was made
under almost ideal field conditions. The water released
from the dam was deoxygenated but free of bioclogical oxygen
demand. The equation developed and recommended by
Churchill et al. is:
U

KZ(T) =5 gm (1.0241)

T-20 (63)

where Rh is the hydraulic radius in ft (or m) and T is the
temperature in °C.

Several studies by Isaacs et al. (1968, 1969a, 1969b),
1970) developed predictive equations for reaeration. The

basic form of the equations is:

_ U
K2 = C HT-Z- (64)
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Many factors, including the streambed configuration and
bottom roughness, were considered. The coefficient c is

defined by the equation:

¢ = ¢t (pf v1/€ 47176 (65)

where c' changes with thé shépe of the channel, D, is the
melecular diffusivity, v is the kinematic viscosity, and g
is the gravitational constant. This definition of ¢ means
that equation 64 is dimensionally constant. Isaacs et g;,
evaluated the data of Churchill et al. and found c¢ to be
equal to 3.739. The study chaqnels used by Isaacs had
values for c of 3.051 and 2.440.

Isaacs showed that if the bottem shape and velocity
distribution for a stream are known, then the reaeration
coeffiéient can be more accurately described By integrating
equation 64 over the cross section. Equation 66 accounts
for variation in shape and velocity over the stream cross

section while using overall velocity and depth parameters:

-

Kap = © bg by 5%7 (1.0241)T-20 (66)

where ¢S and ¢U are constants for shape and velocity.
Parkhurst and Pomeroy (1972) developed a predictive
equation for the "superficial exchange coefficient for

oxygen" from the general formula:

_ m _n
K, = dynr 9pCatdpdgdp (SU)™ Ry (67)
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where ¢UN’ ¢F’ CA’ ¢P’ ¢S’ and ¢T are coefficients adjust-
ing the equation for units, general fit, the ratio of
actual interface to hydraulic width, water purity effects,
channel shape effects, and temperature effects, respec-
tively. The exponent n which controls the role of the
hydraulic radius has been used in a number of studies and
assigned values from -5/3 to +0.34. Parkhurst and Pomeroy
defined C, as the ratio of "the area of actual air-water
interface to the superficial area of a stream." Dobbins

estimated that:

C. =1+ 0.3 F2

a (68)

where F is the Froude number. Parkhurst and Pomeroy suggest

that an analysis of sewer data yields the following im-

proved equation:

Cy = 1+ 0.17 F2 (69)
Thackston and Krenkel estimated Cp from the equation:
c, =1+ F0> (70)

A

Parkhurst and Pomeroy analyzed the energy dissipation term
(st)™ in relation to sewer data and estimated m at 0.375.
Solving for the coefficients ¢N’ bpr ¢P’ and ¢S'yields the
following solution:

K, = 0.96 (1 + 0.17 F2) ¢, (su)>/8 (71)
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where U is in m/s and K is in m/hr (or m/s). Velocity (U)
can be predicted from the slope and discharge of the chan-

nel. Using the equation:

U=¢cs ° Q (72)

where Q is the discharge in m/s, s is the slope, and ¢ is a

constant, Parkhurst and Pomeroy developed the equation:

3/8 0.53 ,0.09

K, = K (1 + 0.17F%) by S ol (73)

o

L §=24(0.96)c

where K, is in days-l.

Owens, Edwards, and Gibbs (1964) developed an empiri-
cai equation for small English streams by artificially
depleting dissolved oxygen. Using data from their own
study and the Churchill study, the English group proposed

that the reaeration coefficient could be estimated by the

equation:

(74)

Isaacs and Maag criticized the use of data sets that were
not continuous and noted that the equation was biased in
favor of sites whgre reaeration was rapid.

Holtje (1971) studied feaeration rates in a small
Oregon stream using procedures similar to those employed by
Owens, Edwards and Gibbs. Holtje recommended the equation:

Ky (py = 1.016T-20) (181.6 sug - 1657 s

(75)
+ 20.86) (2.304)
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as the best predictor of reaeration rates in small, turbu-
lent mountain streams. Although Holtje's equation showed a
correlation coefficient of 0;9920, it is strongly influenced
by a few large K2 values and shows substantial variations
where K2 values are small. Critical oxygen problems are
more likely to occur where reaeration is slow. The general
dse of this equation-ﬁust also be questioned because it is

based on data from a single stream site.

Extreme Turbulence Effects

Most of the equations discussed above for predicting
the reaeration rate coefficient were developed under the
assumption that the surface remains continuous. In many
small streams this is not the case. Where turbulence is
severe, entrainment of bubbles, free fall, and droplet for-
mation may contribute to an increasing rate of reaeration.

Physical descriptions of extremely turbulent flow have
been presented by Straub and Anderson (1958), Gangadharaiah
et al. (1970), and Lakshmana Rao et al. (1970). Straub and
Anderson; using experimental channels, found that self-
aerated flow had two regions of aeration:

... an upper region consisting primarily of
independent droplets and larger agglomera-
tions of water that move independently of
the stream proper and a lower region in
which discrete air bubbles are suspended

in a turbulent stream and are distributed
by the mechanism of turbulence.
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The volume of entrained air was shown to be dependent
on the depth of the channel and on the intensity of the tur-
bulent fluctuations generated at the bottom of the channel.
The mean concentration of air in the water (by volume) was
correlated to U*/dT2/3 or s'/ql/5 where dT is the transi-
tional depth between the upper and lower zones of flow, s'
is the sine function of the slope angle and g is unit dis-
charge.
Gangadharaiah ‘et al. concluded:
. For inception of air entrainment to occur,
it is shown that the surface eddies should
leave the free surface, besides the whole
fluid becoming fully developed turbulent
flow. i
They refined work by Straub and Anderson, relating the mean

air concentration to the Froude number and to energy loss.

Reaeration in Falls

Small drops and falls are sites of rapid reaeration.
Holtje found the highest K, values in small drops. The
hydraulic conditions of a drop differ significantly from
those found in riffles, rapids, or pools. Under the most
extreme conditions, the water will leave the streambed
entirely and then dissipate energy in a hydraulic jump at
the bottom of the drop.

A study by Gameson and Barrett (1978) defined the

reaeration process at a weir as:
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D,
1—3—2- = Wc(Htl - Ht2) + 1 (76)

where Dl and D2 are the upstream and downstream oxygen de-
ficits in mg/l (or kg/m3), Htl and Ht2 are_the water sur-
face elevations in m, and W, is the weir reaeration con-
stant. Parkhurst and Pomeroy suggested that the equation:‘

dD

. -
. T 3mEE; - L) KyPo (77)

might be used if reaeration is assumed to be proportional
to change in the potential energy.(mgH1 - mgH2). The term
m is the mass of the water flow over the drop and g is the
gravitational constant. Equation 76 provides a linear fit
to data, whereas eéuation 77 is logarithmic. 1In studying
sloping passages and turbulent streams, Gameson found Kﬁ
values of only 0.088. Ky values for weirs with unpolluted
water were 0.54.

Tebbutt (1972) reports studies on cascades (a series
of drops) in which a deficit ratio (rD) was used to evaluate

reaeration characteristics. The deficit ratio defined by

Tebbutts is expressed by the equation:

1 -5 1
- s(1l)
rp 5 (78)
1 - 2
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where Cs(l) and Cs(2) are the saturation valugs in mg/1 (or
kg/m3) above and below the cascade and Dy and D, are the
corresponding deficits in mg/l (or kg/m3). Tebbutt found
thatz%)ceuld be calculated from the expression:

a' bf AHt _
rD =] + T (79)

where a' 1is a coefficient for pollutant interference with
reaeration, bf is a coefficient for the fall pattern (free
or step) and AHt is the height of the drop. Expressed in

terms of the weir coefficient (from equation 76):

rp - 1

"o = —FmE y (80)

Tebbutt's studies indicated that there may be an opti-
mum sStep size for maximum reaeration and that increasing
discharge over a drop will reduce the reaeration coeffi-
cient.

Another indication that mechanisms differ between nor-
mal turbulent flow and flow in falls is found in the in-
fluence of temperature on reaeration rates. Parkhurst and
Pomeroy found that temperature affects free fall reaeration
in a linear rather than logarithmic manner:

The principal disparate information is from
the measurements of the effects of weirs
and waterfalls. Extrapolating from the
observations in streams, a low temperature
coefficient would be expected, but the co-
efficient found by Gameson, Vandyke, and

Ogden is similar to that expected from slow
streams and the temperature dependence
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appears to be linear rather than exponen-
tial. Perhaps the different aeration
mechanisms in waterfalls alters the tem-
perature effect.

Bubble Mass Transfer

Much theoretical work has been done in the field of
industrial engineering to describe and quantify the process
of mass transfer betwéen bubbles and liquids. Even under
controlled conditions with the release of uniformly sized
bubbles, the liquid mass transfer coefficient (KL) is not
constant. Calderbank and Lochiel (1964) state: "Since the
size, shape, and velocity of a bubble change appreciably as
it rises and dissolves, its mass transfer coefficient should
also vary accordingly." Deindoerfer and Humphrey (1961)
indicate that as the age of a bubble increases, the mass
tfahsfer coefficient decreases. In natural streams,\the
relative oxygen concentrations of the bubble and the liquid
will determine whether bubbles decrease in size (as in a
deaerated liquid) or increase (as in a supersaturated
liquig).

Equations predicting the ligquid mass transfer coeffi-
cient from a single bubble have been developed from both
theoretical and empirical studies. Higbie (1935), Calder-
bank and Lochiel, and Johnson et al. (1969) déveloped éimi-
lar equations in the form:

m b

D_U 3
KL = C (Te—_) (81)
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where D is the molecular diffusivity in cmz/s (or mz/s),
de is the equivalent spherical diameter of the bubble in cm
(or m), and Uy is the velocity of the rising bubble in cm/s
(or m/s). Values assigned to c range from 1.13 to 1.36.

Haberman and Morton (1954) developed an equation for
the velocity of a rising bubble in water:
u, = 1.02 (g &% (82)
where g is the gravitational constant in cm/s2 (or m/sz).
Baird and Davidson (1962), using equation 82, developed the

equation: .

K, = 0.975 de”% p ¥ ot (83)

Johnson et al., accounting for bubble shape distortion and
transfer from the frontal surface only, developed the

equation:

U, D
- bmé_ de %
Ky = 1.13 (=37)" (5758 7 0.23 @& (84)
Equation 84 was adjusted to fit experimental data and
account for exchange at the rear surface of the bubble:
D_U
= m b 3
K, = 1.13 ¥ 0.2 & (85)

Equation 85 closely fits data measured by Baird and David-
son, Leonard and Houghton (1963), Calderbank and Lochiel,

and Johnson et al.
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Droplet Reaeration

Studies on droplet reaeration evolved from work done
on bubble mass transfer. _
Lewis and Whitman (1924) studied gas absorption from

bubbles using the equation:l

c. -c
—) = £ kAt (86)
s t

where w is the weight of the water column in lb (or kg), A
is the area of the bubble surface in ££2 (or mz), t is the
time in hrs (or s), Cq is the oxygen saturation of the
water column in ppm (or kg/m3), Co is the initial concen-
tratien, Ct is the concentration at time t, and KL is the
oxygen transfer coefficient in lbs of oxygen per hour of

* exXposure, per ft2 of.bubble surface, and per ppm deficit

(or m/s). From equation 86 it can be shown that:

K 6
- _L _ 10
K2 =®w = o K2 (87)

where H is the mean depth of the column in ft (or m), and
L

Ippen et al. (1952) showed that K

K, is in units of daysz-l (or s~

L could be calculated

by modifying equation 86 to the form:

K. = dC ( W ) 1
L dt 106 A(CS-C

(88)
t)

lEquation 86 has been adjusted to base e.
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Carver used equation 88 to evaluate the gas transfer pro-
cess of droplets. In his study, the properties of droplets
were substituted for the properties of the liquid column.

w became the weight of the droplet and Cs’ CO’ and Ct be-
came‘the:OXYgen concentrations of the droplet.

Two separate tests were conducted. In tests with
deaerated droplets, the oxygen transfer coefficient (KL)
decreased as the size of the droplet increased. 1In tests
with fully aerated droplets in a ﬂitrogen atmosphere, KL
was found to increase with the size of the droplet. No
explanation of this discrepancy was presented; however, the
data for deaerated droplets was collected over a very small
range of droplet sizes (0.47 to 0.54 cm2). Tests in the
nitrogen atmosphere used a much larger size rahge (0.15 to
0.50 cmz) and may be subject to less error. In the tests
with deaerated droplets, KL became independent of droplet
size as the oxygen concentration of the droplet approached
saturation.

Banks and Herrera (1977), in considering the influences
of wind and rain on the reaeration rate in lakes and
lagoons, discussed the role of rain droplets in reaeration.
Using data collected by the Thames Survey Committée and Water
Pollution Research Laboratory (1964), Banks and Herrera were
able to show that rain droplets increased oxygen transfer
both through direct addition of oxygen from the aerated

droplets (as in measurements by Carver) and through
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increased circulation at the surface resulting from droplet
bombardment. The Thames investigators used_a tank stirred
by an impeller to measure the overall reaeration rate when
rainfall and mixing unassociated with the rainfall occur
simultaneouély. They found that the overall equation for

oxygen transfer could be defined as:

KL = KI + Rr(al - a2KI) (89)

where KI is the oxygen transfer coefficient due té the im-
peller mixing in em/s (or m/s), aj; and a, are constants
dependent on tank characteristics, and R, is the total rain-
fall rate in cm/s (or m/s). When no forces other than rain-

fall are contributing to oxygen transfer, the equation for

KL would be simply:

K; = Kp = Rea; (90)

where KD is the oxygen transfer rate resulting from droplet
disturbances. For uniform droplet size and uniform velo-
city, the power of the rainfall (P,) in ergs/s-cm2 (or

watts) can be expressed by the equation:

_ 2
P = épRrUd (91)

where Ud;is the velocity of the falling droplet in cm/s (or
m/s) and p is the density of the water droplet in slug/ft3

(or kg/m3). Banks and Herrera noted that because both P,
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and K, are proportional to R/ K could be assumed to be a

function of P.

Reaeration Measurement Techniques

Three general methods can be used to measure the
reaeration rate coefficient. In streams where the oxygen
concentration is depleted below saturation (or elevated
above saturation), the reaeration rate coefficient can be
calculated frqm a balance of sources and sinks of oxygen.
Streeter and Phélps, using equation 7, were able to solve
for K, by measuring Kys Lgs Dgr Dyv and.t.

In streams where natural or man-caused deficits do not
occur, artificial deficits can be created by chemical reduc-
tion of the dissolved oxygen. Using this procedure under
pollution-free conditions eliminates the need to measure
Ky and L,. Owens et al. (1964) used this method for their
study. This disturbed equilibrium method will be discussed
in greater detail under "Procedures."

Another technique measures the loss of a radioactive

gas from solution. Tsivoglou (1967) showed that:

—— T o = o (92)

where Ka and Kb are the gas exchange constants for gas
species a and b, Dm, and Dy, are molecular diffusivities,

and da and db are diameters of the gas molecules. If a
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reaeration rate coefficient is determined for any gas
species, the coefficient can be calculated for any other

gas. Tsivoglou iﬁjected a slug of the radiecactive noble

85

gas krypton and tritiated water. Dispersion was

accounted for by measuring the ratio of the krypton85 to

the tritiated water at times 0 and t. The gas exchange

constant for krypton85 can be calculated using the equation:
C C
ln(—EE) - ln(—££)
c,.'0 C t
K = tr tr (93)
kr t

where Ckf is' the concentration of krypton85 in mg/l1 (or kg/

m3), Ctr is the tritium concentration in mg/l (of kg/m3), t

85

is the time in days (or s), and K is the krypton rate

kr
coefficient. Combining the results of equation 93 with
equation 92, the oxygen reaeration coefficient for a stream
can be determined. Tsivoglou has used this procedure in

polluted streams in order to make a measurement of K2 that

is independent of other oxygen-modifying sources and sinks.
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STUDY SITES

Seven streams were selected for field testing. These
sites were chosen bécause they represent a range of hydrau-
lic conditions that would typically be found in small first
or second order Oregon streams. Two streams are in the
Willamette Valley, two are in the Coast Range, and three

are in the Cascade Range (Figure 2).
Qak Creek

The Oak Creek site is located in the Willamette Valley,
6.5 km (4 miles) north of Corvallis. Oak Creek is a tribu-
tary of the Marys River. - joining it near the confluence of
the Willamette River. The 0Oak Creek study site is near the
south entrance of McDonald Forest, an experimental tract
owned and managed by Oregon State University. Immediately
- downstream 1s an experimental vortex weir and gaging sta-
tion. Upstream about 200 m is an experimental flume. Dis-
charge measured during the study varied from less than
0.006 m3/s (0.2 cfs) to nearly 0.03 m3/s (1 cfs). At the
top of the study reach elevation is about 146 m (480 ft)
above msl. '

The study section is a natural channel. Along this
stretch of Oak Creek the streambed has long pools separated
by riffles. The streambed varies from silty in the pools

to rocky in the steep sections. Surrounding vegetation
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includes red alder (Alnus rubra Nutt.), bigleaf maple (Acer

macrophyllum Pursh.), black cottonwood (Populus trichocarpa

Torr. and Gray), Pacific serviceberry (Amelanchier alni-

folia Nutt. var. semiintegerifelia (Hook) C. L. Hitchc.),

mountain snowberry (Symphoricarpos mollis Nutt.), Himalaya

‘blackberry (Rubus procerus Muell.), and poison oak (Rhus

diversiloba Térr. and Gray) .

Six segments were recognized as hydraulically distinct
in the study reach. Segments 1, 2, and 4 are poels with
very lew gradients and velocities of flow. Segments 3, 5,
and 6 are riffles with exposed rock. The six segments total
87.5 m (287 £ft) in length. Total drep over the study reach
is about 1.2 m (4 ft).

Berry Creek

Berry Creek is located about 16 km (10 miles) nerth of
Corvallis in Dunn Forest, another tract owned by Oregon
State University. Berry Creek is a tributary of Soap Creek
which flows into the Luckiamute River. The Luckiamute is
a tributary of the Willamette River. |

The study site is surrounded by second growth Douglas-

banks are lined with red alder. Berry Creek is a small,
moderate to swiftly flowing stream; the streambed is rocky.
Discharge in Berry Creek varies from 0.003 m3/s (0.1 cfs)

in the summer to a peak of 0.57 m3/s (20 cfs) in the winter
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or spring (Warren et al. 1964). The elevation of the
study site is about 135 m (450 ft) above msl.

In 1971 Holtje studied reaeration in Berry Creek about
270 m (900 f£ft) downstream from the present site. Although
hydraulic modifications to the earlier test site prevented
closer replication, the use of the same stream allews a
comparison of resulté between these two studies.

Four segments totaling 64 m (210 ft) in length were
selected. The total drop for the four segments is nearly
2m (6 ft). A section of dissected streambed between seg-
ments 2 and 3 was excluded from the study. Segment 1 is a

peol; the other three are riffles of moderate gradient.

Needle Branch

Needle Branch is a coastal stream in the Alsea River
basin. The study site is located 16 km (10 miles) east of
tﬁe Pacific Ocean near Toledo. Needle Branch is a tribu-
tary of Drift Creek which flows into the Alsea River.

The study site was clearcut in 1966 as part of the
Alsea Watershed Study. No buffer strip was left during the
clearcutting but a dense thicket of red alder, willow

(Salix spp. L.), and salmonberry (Rubus spectabilis Pursh)

now shades the stream. Understory components of the vege-

tation include sword fern (Polystichum munitum (Kaulf)

Presl. var. munitum), vine maple (Acer circinatum Pursh),

and bracken fern (Pteridium aquilinum (L.) Kuhn var.
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lanuginosum (Bong.) Fernald), Douglas-fir seedlings planted

after harvesting are restecking the site away from the stream.

Needle Branch is a very small and slow flowing stream.
Discharge is reported to vary from 0.0003-m3/s (0.01 cfs)
to winter peaks of 1.81 m3/s (64 cfs). The streambed is a
composite of gravels. The elevation of the study site is
about 134 m (440 ft) above msl.

Two segments of 30.5 m (100 £t) and 24.4 m (80 £t) in
length were tested. Both sections have a low gradient; the
second section is deeper and narrower. Total drop for the

test segments is 0.64 m (2.1 £t).

Deer Creek

Deer Créek is located about 3.2 km (2 miles) nerthwest
of Needle Branch Creek; It is a tributary of Horse Creek
which flows into Drift Creek. The drainage was part of the
Alsea Watershed Study and parts of it were clearcut in 1966.
A buffer strip was left to protect the stream. Red alder,
salmonberry, vine maple,and sword fern are common near the
study site.

The section of Deer Creek used in this study is a
steep and rocky channel. Discharge and velocity of flow
are much greater than in Needle Branch Creek. Discharge
is reported to range from 0.004 m3/s (0.15 cfs) to 5.6 m3/s

(201 cfs). The creek drains an area of 300 hectares (1.17
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milesz); elevation of the study site is about 188 m (625 ft)
above msl.

Five segments totaling 74.7 m (245 f£t) in length were
isolated; total drop is 1.70 m (5.59 ft). Sections 2 and 5
have the least gradient. Section 5 is a large pool. Sec-

tiens 1, 3, and 4 are turbulent riffles with exposed rocks.

Watershed 3

Watershed 3 is located in the H.J. Andrews Experimental
Forest, 72 km (45 miles) east of Eugene. The stream drain-
ing Watershed 3 is a tributary of Lookout Creek, which
flows into Blue River. Blue River is a tributary of the
McKenzie River which joins the Willamette near Eugene.
Watershed 3 is an experimentai basin that has been used in
several water quality studies (Brown 1967; Rothacher et
al. 1967). The site used in this study was scoured to bed-
rock by a debris torrent. The resulting streambed has
several sections with virtually no particle roughness. The
rock underlaying the basin is largely greenish breccias and
tuffs (Rothacher et al.). Vegetation in the basin includes
Douglas-fir, red alder, vine maple, red huckleberry

(Vaccinium parvifolium Sm.), thimbleberry (Rubus parviflorus

Nutt.), trailing blackberry (Rubus ursinus Cham. and Schlect.

var. macropectolus (Dougl.) Brown), and blackcap raspberry

(Rubus leucodermis Dougl.).




59
Discharge is reported by Rothacher to have varied from
minimums below 0.006‘m3/s (0.2 cfs) to a maximum of 1.2 m3/
s (40 cfs). Elevation of the study site is'about 564 m
(1850 £t) above msl. The total change in elevation for the
44.2 m (145 £t) of streambed studied is 5.14 m (16.85 ft).
Four segments were identified. Segment 1 is a fast-
dropping, narrew channel of smooth bedrock. Segment 2 is
deeper but drops even more rapidly over bedrock and rock
debris. The third segment is flatter with more bed mate-
rial; the fourth is a waterslide dropping more than 2 m (6

ft) o
Andrews I

Andrews I is an unnamed stream less than 1.6 km (1
mile) east of Watershed 3. It flows into Lookout Creek.
Andrews I is a steep and turbulent stream; both upstream
and downstream from the study segment are numerous small
waterfalls and dreps. The study;segment is relatively nar-
row and shallow. The streambed is stair-stepped with uni-
form small drops totaling 2.9 m (9.5 £ft) over the 27.4 m
(90.4 ft) section studied. No data on discharge is avail-
able, but frequent measurements and observations indicate
flow patterns similar to those of Watershed 3. The stream-

side vegetation and elevation are alseo éomparable.
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Andrews IT

Andrews II is a small stream about 4.8 km (3 miles)
east of Andrews I. It also is a tributary of Lookout
Creek. The upper section of Andrews II is similar to
Andrews I, and the lower section is similar to segments in
Berry Creek and Oak Creek. The streambed material ranges
from large rocks in the steep upper portions to small
pebbles in the flat lower section. Vegetation is similar
to that of the other Andrews sites, although elevation is
slightly higher.

Five segments were used, totaling 33 m (110 ft) in
length. A portioen of the channel within the study reach
was excluded from measurements because it was highly dis-
sected. The total drop is 1.84 m (6.04 ft), most of which

occurs in the upper 15 m (50 £t) of the test reach.
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PROCEDURES

The disturbed equilibrium method was used to determine
the reaeration rate ceoefficient in natural streams. The
procedures used by Holtje were closely followed.

Creating an Artificial Oxygen Deficit
Using Sodium Sulfite

Method

Dissolved oxygen was artificially depleted by releas-
.ing a reducing agent, sedium sulfite (Naéso3), inte the
stream. Oxygen combines with sedium sulfite to form sodium
sulfate (Na2504) in the presence of the catalyst cobaltous

chloride (CeClz).

, _CoCl2

2Na SO-_+ 02 —_—'2Na

2903 SO

250, (94)

The concentration of sodium sulfite necessary to create
a desired deficit in the dissolved oxygen concentration of
a stream can be calculated with the equation (developed by
Holtje):

o - 1.335 x 10% no

ss I

(95)

where Css is the coencentration of sodium sulfite in g/1, D
is the desired dissolved oxygen deficit in mg/l, Q is the
discharge in ft3/s (cfs), and I is the injection rate in

ml/min.
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A Mariotte injection vessel was constructed from a 5
gallon (20 1) glass carboy. A 25 1 rigid polyethylene con-
tainer was substituted for the glass carboy in later tests.
Thé Mariotte vessel has the advantage of delivering fluid
at a constant rate despite changes in the level of the solu-
tion. The air inlet tube and solution outlet.tube were
made of 3/16 inch (0.005 m)  rigid plastic tubing. A 1l m
length of flexible tubing was connected to the top of the
outlet tube. The rate of flow was controlled by raising
the vessel above the stream and adjusting the end of the
tubing to a level below the outlet opening. A siphon was

created by blowing inte the air inlet tube.

Sources of Error

Although sodium sulfite provides a convenient means of
depleting the dissolved oxygen in a stream, Benedek (1971)
notes that this technique can introduce additional sources
of error. Three possible errors introduced by the use of
sodium sulfite are: a slow reaction causing a residual

oxygen demand downstream; interference by the Co++

catalyst
with chemical measurements of dissolved oxygen; and modifi-
cation of stream reaeration properties due to the contamina-
tion by sodium sulfate. Néne of these problems proved to

be significant in this study.
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Reaction Time

Rapid and complete reaction of the sodium sulfite is
necessary for accurate measurement of K2 values. A solution
.containing 5 mg of cobaltous chlorite per 1 of sodium sul-
fite solution was suggested by previous studies. 1In field
tests, it was found that substances in natural waters tie
up the catalyst so that it must be used in greater strengths.
The cobalt demand seems to vary with the stream and season.
In order to insure that an adequate but minimum amount of
catalyst was injected, co’t was titrated into a mixture of
stream water and sodium sulfite. A 500 ml sample of stream
water with approximately 40 mg of Na,S05 was titrated with
a solution of 50 mg/l of CoClz. A Yellow Springs Instru-
ments Model 54 Dissolved Oxygen Meter was used to monitor
the dissolved oxygén'concentration. During the titration,
.little or no change in dissolved oxygen is observed until
a break-point is reached where free cobalt is available. A
small additional quantity of cobalt results in a complete
and rapid reduction of the dissolved oxygen. The g/l of
cobaltous chloride (C_.) needed for a rapid reaction can be

calculated from the equation:

- .TiQ
C.o = 170 =

(96)

where Ti is the amount of titrants in ml used to achieve
the break point, Q is the discharge of the stream in cfs,

and I is the injection rate in ml/min. Use of the
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indicated quantity of catalyst resulted in rapid deaeration

without residual oxygen demand.
Chemical Measurement of Dissolved Oxygen

The sodium sulfite/catalyst mixture did not interfere
wi#h chemical determination of dissolved oxygen because
samples were taken before injection. Chemical determina-
tions of dissolved oxygen were used only to standardize the

Dissolved Oxygen Meter.
Modification of Stream Reaeration Properties

Benedek states that the presence of sodium sulfate (or
any electfolyte) in water will influence the viscosity and
surface tension of the water. Consequently, the solubility
of oxygen and reaeration rate in the solution will also be
modified.

The reduction in the solubility of oxygen that results
from additiens of sodium sulfate to the water does not
affect the calculations of K, if the final saturation con-
centration is measured. In any case, the low concentra-
tions of sedium sulfate used in this study produced no
observable differences in oxygen solubility.

Additions of sodium sulfate to water may, hoWever,
change the wvalue of K, because both diffusivity (Dm) and
area of atmospheric-liquid interface (A) can be affected by

changes in the viscosity and surface tension.
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Ratcliff and Holdcroft (1963) report that the decrease
in diffusivity resulting from the addition of an electro-
lyte can be predicted from the depression of viscosity.

They use the equation:

P

logy, (=) = 0.637 log, (ﬁi)
m o]

(97)
where Dy, and ﬁo are the diffusivity and viscosity of pure
water.

Tsivoglou, in his development of a reaeration model,
proposed that molecular diffusivity could be predicted

using the equation:

RTK

Dm = No ar n d (98)
where R is the universal gas constant (0.08205 1 . atm/
mole . °K), TK is the temperature in °K, No is Avagadro's

number (6.023 x 1023

molecules/mole}, u is the viscosity of
the liquid, and d is the diameter of the gas molecule.

From equation 98, the ratio of the molecular diffusivity
for a liquid with and without an electrolyte in solution

can be shown to be:

Bng W )

Although equations 97 and 99 are different, they both show
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that molecular diffusivity can be influenced by changes in
viscosity.

Most researchers recognize that D is an important
parameter in determining the gas exchange coefficient.
Both Tsivoglou and Dobbins compared gas species and found
that the ratio of gas diffusivities was directly proportion-

al to the ratio of exchange coefficients:

Y (100)

where K, and Kb are the gas exchange coefficients for gas
- gpecies a and b in m/s. Any change in the molecular dif-
fusivity will therefore change the oxygen exchange coeffi-
-cient (X)) .

in equations 44 and 47, Dobbins theorizes that the re-
newal rate (r) is another factor influenced by surface ten-
sion and viscosity. A change in r would, in turn, affect
the value of K¢ -

No measurable change in Dy, r, or K; would be pre-
dicted for the concentrations of solute used in this study.

Interface area is theoretically increased with the
addition of solutes because of increases in both surface
tension and viscosity. Increased surface tension is re-
ported to prevent coalescence of bubbles and could pos-

sibly prevent gurface films from uniting. Calderbank found

that bubble surface area increased in fluids with greater
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viscosity. This may represent the tendency of viscous
liquids to maintain deformed shapes.

From tests of different concentrations of sodium sul-
fite, Benedek reports that "the error resulting from the
addition of 100 mg/l of Na2303, in a non-steady state
reaeration test, would be negligible." The maximum concen-
tration of sodium sulfite used in this study was less than

90 mg/l.

Sodium Sulfite

An important consideration in any study that releases
chemicals into the environment is the impact of those
chemicals. The use of large quantities of the salt sodium
sulfite as a reducing agent for dissolved oxygen was of
particular concern despite its accepted use in several
reaeration studies.

Under test cenditions, sodium sulfite was released
into streams in the presence of the catalyst Co+f. Streams
usually contain some trace metal ions capable of acting as
catalysts, and Chen and Morris (1972) report that under
natural conditions sodium sulfite is rapidly oxidized to
sodium sulfate,

The hydrated fbrm of sodium sulfate, sodium sulfate
decahydrate, is a naturally occurring salt. Pure deposits

are found in Horseshoe Lake, Saskatchewan, and mixed



68
deposits are found in Searles Lake, California. Sodium sul-
fate decahydrate is commonly known as Glauber's salt after
Rudolf Glauber who produced it from sulphuric acid and
sodium chloride. Glauber's salt was first used as a laxa-
tive and is now commercially used in pulp and.textile pro-
cesses. It is a normal salt, exhibiting the characteris-
tics of neither a base nor an acid. Sodium sulfite and
sodium sulfate are both highly soluble énd quickly flush
through the stream system. Physical absorption and biologi-

cal uptake of these salts have not been studied.
Cobaltous Chloride

The cobaltous chloride injected with the sodium sul-
fite as a catalyst is added only in minute concentrations;
but because cobalt is reported to be potentially toxic to-
sheep and cattle, careful evaluation and monitoring of
cobalt levels is desirable.

Cobaltous chloride is used industrially in the.prepara-
tion of paints and as an indicator of humidity. Soluble
forms of cobalt such as cobaltous chloride have been re-
ported to produce both therapeutic ana toxic effects on
sheep and cattle depending en the concentration of cobalt.
In low concentrations cobalt, which is a component of
vitamin B-12, serves as an antianemic. Cobalt is non-

cummulative; it is rapidly eliminated from the body.
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Church and Pond (1974) reported that sheep can
tolerate 3 mg of Co++ per kg body weight for a period of 8
weeks with no toxic reaction. Clark-Hewley (1974) claims
that deses of 50 mg of Co++ per day cause no toxic reaction
in livestock. At very high levels cobalt can cause exces-
sive formation of hemoglobin Qith resulting hyperplasma.
Doses of 300 mg Co++'per kg body weight are reported to be
fatal in sheep.

Concentrations of cobaltous chleoride in test streams
were raised a maximum of 1 mg/l during testing periods.
That concentration of cobalt corresponds to about 0.42 mg/l.
A 1000 1b cow, heat stressed at 100°C, could consume up to
55.5 1 of water (an amount equivalent to 12% of its body
weight). The reSultan£ dose of Co++ from the stream would
be 23.3 mg, assuming that the cow drank from test water all
day.

The longest injection period used in this study was 4
hr. At most sites the test stream was rapidly diluted with
water from other streams joining it below the test site.
Where possible, the Co++ concentrations used were well be-

low the 1 mg/l maximum.

Hydraulic parameters measured for the selected stream
segments included discharge, width, depth, length, travel

time, and change in elevation.
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Dischérge was measured near the study sites. Needle
Branch, Deer Creek, and Watershed 3 are equipped with ex-
perimental weirs. Culverts are located on Berry Creek,
Andrews I, and Andrews II. When discharge wés low, flow
could be collected and timed. Splitting of flow was neces-
sary at larger discharges. An experimental vortex weir and
bypass flume are located downstream from the Oak Creek site.
Discharge was measured by determining the flume cross sec-
tion and velocity of flow. At each stream, discharge could
be confirmed by measuring the injection rate and artificial
oxygen deficit created by the addition of sodium sulfite.

From equation 95:

g =—CI , (101)

1.335 x 10" D

The value of Q, calculated from the oxygen deficit, préQided
a good check on the upper limit of discharge.

At the study site, stream segments with uniform charac-
teristics were isolated and marked with stakes. The segment
length between stations was measured along the centerline
of the stream. Stream width was measured at the stations
and at 10 £t (3.05 m) intervals between stations. Where
unusually irregular cross sections were located within a
'éegment, the interval was altered to obtainva more repre-
sentative measurement. At each measurement point, the depth

of the stream at 1 ft intervals across the channel was
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recorded. Where the cross-channel line intersected rock
and organic debris above the surface of the water, the
length of these intersections was noted.

Time of travel within a segment was calculated by
dropping Rhodamine B dye into the stream at an upper sta-
tion and measuring the time required for the leading edge
of the dye cloud to reach the next station.

The elevational change occurring within a segment was
" measured with a transit or level and a surveyor's rod. The
elevational change was measured as the difference between
the water surface at the upper and lower stations.

The dissolved oxygen condentration was measured with a
membrane eiectrode probe. -The_probe was standardized
according to an idometric determination of dissolved oxygen
concentrations. Stream water was collected for the ido-
metric determination with a sampler similar to the APHA type
design shown in “Standard Methods." The sampler was con-
structed eof 1/4 inch (0.006 m) plexiglass and is diagrammed
in Figure 3. The upper gasket was made of 1/8 inch (0.003
m) neoprene and the air outlet and water inlet tubes were
pieces of 3/8 inch (0.010 m) plexiglass tubing. An elastic
cord held the cap and cylinder together during sampling.
This design allows overflow of the bottles with minimum air
contact.

Two 300 ml BOD bottles were filled and allowed to over-

flow for 10 seconds. Hach Chemical Company Reagents@D
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conveniently packaged in pre-measured "pillows," were used
to determine dissolved oxygen concentration according to
the azide modification of the Winkler Method. The contents
of a manganous sulfate pillow and an alkaline iodide-azide
powder pillow were added to each BOD bottle. The manganous
sulfate added to the sample releases Mn++. The alkaline
iodide-azide piliow adds sodium hydroxide (NaOH), potassium
iodide (KI), and sodium azide (NaN3). The Mn++ is oxidized

in the reaction:

Mn(OH)2 + 502 —_— MnO2 + H20 (102)

When sulfamic acid is added to the bottles, the iodide ion

(I") is oxidized to free iodine (120) in reaction:

MO, + 2 I7 + 4B — ™ + 1.0 4 2m0  (103)

The sodium azide, added earlier with the potassium iodide
and sodium hydroxide, combines with nitrite (NO-Z) under
acid conditions to stop it from oxidizing I~ to 120.
‘Titration was made with phenylarsine oxide (PAO) solu-
~tioen rather than the usual sodium thiosulfate (Na28203),
PAQO solution is reported to be more stable than sodium
thiosulfate. The addition of PAO solution results iﬁ the

reduction of 120 to I . The presence of 120

can be deter-
mined using a starch indicator. When 120 has been removed,
the titration is complete. Because the full 300 ml sample

was used in determining the oxygen concentration, the mg/l
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of oxygen in the sample was calculated as two-thirds of the
ml of titrant used.

This determination of dissolved oxygen concentration
was used to calibrate a Yellow Springs Instruments Model 54
Oxygen Meter (Y¥SI-54). The ¥YSI-54 is a Clark-type, mem-
brane-covered, polarographic probe. A membrane permeable
to gases allows oxygen to enter the sensor chamber. A
polarizing voltage is applied which causes the oxygen to be
reduced at the cathode and a current to flow across the
sensor cell. The current is a function of the rate oxygen
enters the sensor. Automatic adjustments are made for
changes in the pressure of the dissolved oxygen due to
changes in temperature. The YSI-54 can also be used to
-measure temperature directly.

Temperature and dissolved oxygen concentration were
measured at all stations prior to deaeration. After |
deaeration was begun, the YSI-54 was monitored until the
dissolved oxygén concentration had stabilized. Temperature
and dissolved oxygen cencentratiqn were then remeasured at

all stations.
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PRELIMINARY DEVELOPMENT OF AN EQUATION FOR
PREDICTING THE REAERATION COEFFICIENT IN
SMALL TURBULENT CHANNELS

The reaeration coefficient (K2) has been previously

defined in the equation:
dap _ _
IE = K,D (4)

where dD/dt is the change in the oxygen deficit with time.
The value of K, is determined by thé rate at which gas is
exchanged between the atmosphere and liquid for a unit area
of interface (KL), the total area of surface exposed (A),
and the volume of water being reaerated (V). Hydraulic
parameters determine the intensity of turbulent mixing,
which controls the gas transfer coefficient (KL). The mean
hydraulic depth (H) can be used to characterize the area

and volume. These relationships can be expressed as:

(104)

Equation 104 shows that A, V, and K, must be determined in

L
order to aécurately predict K,.

Volume

-

The volume of flow in a stream segment undergoing

reaeration can be closely approximated using the segment
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length and average cross-section. Errors are introduced by
nonuniform channel characteristics, entrainment of bubbles,
and the presence of non-mixing “dead zones." Numerous
measurements of stream depth will minimize errors caused by
bottom and surface irregularities. (See the Discussion.)
Inception of bubbles can occur where the velocity of turbu-
lence normal to the surface creates enough kinetic energy
to overcome surface tension. Gangadharaiah et al. (1970)
report that the concentration of bubbles entrained can be

calculated with the equation:

1-¢C= 1 (105)

1+ C'nF3/2

where C is the mean concentration of entrained aif (by
volume) , n is Manning's roughness coefficignt, F is the
Froude number, and C' is a channel shape constant. Using
data from Straub and Anderson, Gangadharaiah found that C'
ranged from 1.35 in rectangular channels to 2.16 in trape-
zoidal channels. Using this relationship, the true volume
of water can be calculated from the formula:

1
l + C'nF

v = Vo

72 (106)

where Vo is the observed stream volume. The change in
volume can become a very significant factor in artificial

spillways. In natural channels bubbles are entrained but
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are usually a very minor component of the volume. This is
particularly true in less turbulent conditions.

The presence of non-mixing "dead zones" has been re-
ported in studies deéling with both stream temperature and
reaeration. Thackston and Krenkel (1969) placed bricks in
an artificial channel to create vertical eddies which were
somewhat isolated from the main flow. No difference was
found between the prédicted K, values (based on average
hydraulic characteristics) and observed K, values. In con-
trast, Brown (1972) found that prediction of maximum stream
temperatures was greatly improved when isolated eddies
could be eliminated from the calculations:

All pools are not fully mixed. Only the
flowing portion of the poel should be in-
cluded in the calculation of surface area.
The average width of a reach can best be
estimated by follewing a dye cloud through
the reach taking frequent measurements of
its width.

The different conclusions drawn from these two studies
can be explained by the nature and degree of isolation. In
the Thackston and Krenkel study, the "dead zones and flow
discontinuities" were probably still mixing aﬁd influencing
the stream. Small discontinuities in the streambed pro-
bably do not cause complete isolation. This is particularly
true of an artificial channel where the flow is confined.
Dye observations made during Brown's study indicated that

the portions of the stream eliminated from calculations

were definitely isolated. When a pool can become thermally
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or hydraulically iseolated it is appropriate to eliminate

the unmixed portion from the calculations.

Interface Area

The liquid-atmosphere interface of a stream segment
with laminar flow can be defined as the product of the
average width and length. Dobbins (1964), Thackston and
Krenkel, and Parkhurst and Pomeroy (1972) have shown that
in turbulent flow it is necessary to account for an in-
crease in the surface area caused by rippling and deforma-
tion. The relationships developed by these authors used
the Froude Number to calculate the proportional increase in
surface area. |

'Equations 68 and 69 were developed for turbulent flow
without bubble entrainment. It seems reasonable to assume
that the forces which cause bubbles to be entrained in flow
are the same as theose causing surface distortion. If tﬁis
is the case, the total increase in surface area due to both
surface distortion and entrainment of bubbles may be pre-
dicted from one equation. Gangadharaiah's equation can be
used for this purpose if the following assumptions are
made: the bubble concentration (C) is inversely propor-
tional to depth; a characteristic or average radius (Rb)
for the bubbles can be used to describe the relationship
betwéen entrained bubble volume and entrained bubble sur-

face area; the average bubble size always remains constant



79
for different conditions; and surface distortion can be re-
lated to the same physical properties that cause bubble
entrainment.

The ratio of the volume of flow containing entrained
bubbles te flow without bubbles can be expressed using

Gangadharéiah's equation:

1 —= C'nF3/2

+ 1 (107)

From this equation and the assumptions made above, it is
possible to develop an equation for the coefficient Ca
which accounts for the increase in surface area resulting

from turbulence and bubble ‘entrainment. This equation is:

T 3/2
CA = cl(l + c2nF ) (108)

where =21 and c, are constants. If a stream or experimen-
tal channel were evaluated under conditions where n re-
mained nearly constant and c, was included with other con-

stants, then CA could be expressed as:

- 3/2
Cp = (1 + CyF ) (109)

which is very similar to equations 68 and 69, but now in-

cludes bubble entrainment as a component.
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Gas Transfer Coefficient

A model of reaeration must account for the roles of
both molecular diffusion and turbulent mixing. An increa
in either process has been shown to increase the rate of
reaeration. It is through the gas transfer coefficient
(KL) that molecular diffusion and turbulent mixing in-

fluence the reaeration rate constant (KZ)'

se

Molecular diffusion results from the inherent kinetic

energy of gas molecules. The average kinetic energy of a

perfect gas molecule is represented by the equation:

KE = 3/2 «T : (11

where k¥ is Boltzmann's constant (1.38042 x 10"16

ergs/°K)
and T is in °K. The average relative speed of molecular

movement can be determined from the egquation:

KE = 3Mv2 (11

0)

1)

where M is the mass of the gas molecule and v is its velo-

city.

From equations 110 and 111 it can be seen that as
_temperature increases, there is a corresponding increase
molecular velocity. With elevated molecular velocities,
molecular diffusivity (Dm) increases. Other variables,
including surface tension and viscosity, are temperature
dependent, influencing both molecular diffusivity and

hydraulic characteristics of water. However, the change

in

in
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reaeration rate with a temperature change has been modeled
using D, as the only temperature-dependent variable. -

The molecular diffusivity of a solute in a given sol-
vent is dependent on properties of both. Each gas species
will have a unique D in water. Reaeration rates of dif-
ferent gases in water are related to their molecular dif-
fusivities, which further supports the importance of D, in
determining KL.

In formulating the equation to predict K it becomes

L’
necessary to consider whether a laminar film develops at
the gas-liquid interface. Any change in the concéntration
of dissolved oxygen in a fluid which results from physical
reaeration must occur due to a flux of gas molecules across
a gradient at the air-liquid interface. Several of the
studies discussed in the Literature Review section assume
that a film exists at the surface of the water. Film
theories suggest that adhesion, cohesion, and surface ten-
sion held a film of water in iselation from the bulk flow.
If the film can be considered deep relative fo the distance
a molecule can penetrate into it, if the rate of gas trans-
fer at the surface is rapid, and if the diffusivity of the
gas in water is slow, then a gradient will form in the £ilm.
Diffusion wili occur across this gradient according to

Fick's first law of diffusien:

J = ""Dm a-I' (112)
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where %% is the concentration gradient and J is the flux of
molecules per unit area and time. In the film penetration
model, volume elements are exchanged between the film and
bulk flow. This results in fresh elements being presented
at the surface, promoting gas exchange.

‘Tsivoglou notes that the existence of a film has never
been confirmed. He proposed that the dependence of the gas
exchange coefficients on Dm is explained because gas con-
centrations in volume elements of the bulk flow must
equalize simultaneously with the influx of molecules
through the surface. Equalizing the gas concentrations in
the bulk flow does not provide a mechanism by which D, can
control the rate that molecules move into the liquid. For
the film penetration model to successfully account for the
role of Dm’ it must be assumed that the volume elements are
withdrawn from the surface before they are fully reaerated.
Under this assumption, Dm would control the mean concentra-
tion in the volume eleﬁents withdrawn from the surface.

O'Connor and Dobbins developed an equation for ‘the gas
exchange coefficient which accounts for the influence of
D, without the existence of a film:

rH2 %

Dy, = /Dmr tanh ‘(q (35)

Using the film penetration model, they showed that:
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2
Kp = /5;? coth (%é—)% (36)

m

where KL is the gas exchange coefficient in ft/day (or m/s),
r is the renewal rate in days™! (or s™1), H is the stream
depth in ft (or m), X is the film thickness in ft (or m),
and D, is molecular diffusivity in ft2/s (or m?/s). For a
small turbulent stream, r would be very large. When rx2 or
rH2 is large relative to Dm,then the functions coth (%%%)%

2
and tanh (%?—)é approach 1 and equations 35 and 36 can be
m _

simplified to:

K. = VyD_r (37)

It is apparent from this equation that turbulent mixing
acts to control the gas transfer coefficient through the
renewal rate. Turbulence has been previously described as
the sum of instantaneous divergences from the mean motion
of flow. Turbulence is a process, internal to the stream-
flow system, that dissipates energy. From these relation-
ships it follows that the renewal rate is related to the
rate at which energy is dissipated.

During laminar flow, the internal motion of water is a_
sliding of water layers across or between adjacent layers.
Energy is efficiently converted from potential to kinetic
energy in the form of stream velocity. The potential

energy change can be calculated as:
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PE = mgAHt (113)

where m is the mass of the fluid, g is the gravitational
constant, and AHt is the change in head. The change in

kinetic energy of the stream can be calculated as:
KE = 3m(U,? - v,?) (114)

where Ul and U, are the velocities at stations 1 and 2.
For thié idealized case the potential energy change should
be equal to the change in kinetic energy, assuming there is
no loss of energy through friction.

Laminar flow is very rare and does not occur naturally
in forest streams. As the viscous forces of water become
small compared to the inertial forces, the flow becomes

turbulent. The Reynolds number is defined as:

R (115)

- Fn

where U is\the velocity of flow in ft/s (or m/s),Rh is the
hydraulic radius in £t (or m), and v is the kinematic
viscosity in ftz/s (or mz/s). When R is large, the flow
is turbulent. No definite upper limit is defined for the
change from laminar to transitional flow, or from transi-
tional to turbulent flow. This suggests that R is an in-
complete parameter for describing the state of the flow.
Dobbins (1964), Krenkel and Orlob (1962), and Holtje

(1971) computed the rate of energy dissipation (E) using
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the equation:
E=U-.8 g (116)

where U is the mean velocity in ft/s (or m/s), g is the
gravitatiénal constant in ft/s2 (erm /sz), and S is slope.
The product of velocity and slope is the change in head per
unit time in ft/s (oer m/s). E is the rate of the change in
potential enérgy per unit mass of water. Dobbins states:

The energy is withdrawn from the main flow

to create the kinetic energy of turbulence

that finally is dissipated by viscous action

into heat. For the flow as a whole, the

rates of withdrawal, creation of turbulent

energy, and dissipation are equal.

One of the assumptions implicit in using the energy
dissipation (E) is that flow in the stream section being
studied is steady and uniform. It is important that the
incoming and outgoing velocities be equal, or the change in
the potential energy will have to account for both
the kinetic energy of turbulence and the kinetic energy of
velocity. Over a long stream section, the difference in
the kinetic energy of velocity would become small relative
to the potential energy drop and U « S . g would become an

increasingly good measure of the energy available for tur-

bulent mixing.

Temperature Dependence

Although the solubility of oxygen decreases as tem-

perature increases, the reaeration rate has been shown to



86
increase with temperature, due primarily to the greater
kinetic energy of the oxygen molecules. Tsivoglou, using
his model of the reaeration process, suggested that the
théorétical temperature correction can be calculated using

the equation:

K2 (T Cs (T

2)

- Cs(ry)

) -
1 _¢T2T1

K2
(Tl)
With this relationship, ¢T is 1.022 + 0.004. Several of
Tsivoglou's assumptions have been criticized (Bennett and
Rathbun 1972).
Measured values for ¢T commonly used to convert
reaeration rates to the equivalent rate at 20°C are:
¢T
¢T

Both these measured values have been widely used in reaera-

1.016 Streeter, Wright and Kehr (1936)

1.0241 Churchill, et al. (1962)

tion studies. The Streeter et al. value is used in this
study because it is supported by Krenkel and Orleb (1963),
Metzger and Dobbins (1967), and Metzger (1968).

The validity of using a single equation to measure the
responses of stream reaeration to temperature has been
.questioned. It has been suggested, through stirring-tank
experiments, that ¢T is affected by turbulence. No
theoretical basis seems evident for this conclusion. It

seems more probable that these studies have failed to
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completely account for surface distortion, molecular dif-
fusivity, film depth, and surface renewal.

In this study, the equation from Streeter et al. will

be used for temperature corrections:

= 1.016(T~20) ¢ (118)

Komy 2(20)

. . -1
where KZ(T) and K2(20) are the reaeration rates in days

(or s—l) for stream temperatures T and 20°C.:

Complete Model

When the factors of molecular diffusivity, energy dis-
sipation, true active volume, surface area increase, and
temperature are all considered, the following formula can

be used to predict the reaeration rate of a stream:

3
3/2, (Dpyq E)
H

XK, = 1.016(T~20) ey (1 + c,nF (119)

2 2

According to Tsivoglou's development of S the expres-

6(T-20) is dimensionless. The term for increased

sion 1.0l
surface area (1 + c2nF) is also dimensionless if n is
treated as a dimensionless variable.3 This is reasonable

since it expresses the ratio of actual surface area to the

3Manning's n is usually treated as having the dimension of
either TL-1/3 or L"1/6, cChow (1959) notes that n can be
treated as a dimensionless variable . if the constant 1.49
is assumed to have the dimension Ll/37-1, The value for n
is therefore the same in both English and metric units.
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product of measured width and length. F is the Froude num-
ber for the segment. The molecular diffusivity in ft/day
(or m/s) and energy dissipation rate in ft2/s3 (or m2/s3)
are used to determine the gas exchange coefficient component
of the equation.. The mean hydraulic depth of the active
stream (H) is in ft (or m). Therefore, cq is expressed in

units of days/ft (or s/m).
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DATA ANALYSIS

The basic parameters measured in the field tests were
manipulated into composite parameters. Predictive equa-
tions for the reaeration coefficient (K2), using stream
hydraulic parameters, were then compared to measured values

for K, using linear and nonlinear techniques.

Measured Stream Parameters

The length, elevatienal change, discharge, and dye -
travel time were measured for each stream segment. Measure-
ments of the width and depth were also made at intervals
along the length of the segment. From the field data for
each segment, weighted averages were calculated for the
width, depth, wetted perimeter, and cross-sectional area.
The weighting was based on the proportion of the segment
bracketed by measurement points. The active stream width
was defined as the stream width observed to be discolored
by dye.

The average hydraulic radius (Rh) in ft (or m) was
calculated from the average wetted perimeter (Wp) in £t (or

m) and the cross-sectional area (Aw) in ft2 (or m2):

A _
R, = W"l ©(120)
p
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The stream slope (s) was calculated as the elevational
change (AHt) in ft (or m) divided by the stream segment

length (X) in ft (or m):

_ AHt
s - (121)
The average stream velocity (U) in ft/s (or m/s) was

calculated using the equatioen:

U = (122)

<o

where Q is the discharge in ft3/s (or m3/s).
The velocity (UD) in ft/s (or m/s) of a florescent dye

introduced into the stream was also calculated:
(123)

where X is the length of the segment in ft (or m) and tD is
the travel time in s-l required for the leading edge of the
dye to travel through the segment. Brown (1972) and Holtje
(1971) boﬁh used dye to characterize velocities in small
streams. This method measures the maximum velocity in the
stream segment.

When cross-sectional area is calculated from the width
and depth measurements it is assumed that all the water is
actively mixing. When this is not the case, dye velocity

can be used to obtain a more realistic estimate of active

cross-sectional area. If it 1is assumed that the active
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portion of the stream is moving at the velocity of the dye
(near maximum), then the depth of active water (HD) in £t

(or m) can be calculated using the equation:

H = —D (124)

where Q is the discharge in ft3/s (or m3/s), Up is the dye
velecity in ft/s (or m/s), and Wy is the active width of
the stream in ft (or m). The parameter Hp is a simple way
of correcting for the presence of stagnant water that con-
tributes very little to the net oxygen exchange.

| Several other important composite parameters were com-
puted from the average field measurement values. These
parameters include the Froude number, the Reynolds number,
the rate of energy dissipation, Manning's n, and Chezy's C.
Additional stream parameters were generated by substituting
the dye velocity (UD) for the average cross-sectional velo-
city (U).

The Froude number (F) is a dimensionless parameter

that is the ratio of inertial forces to gravitational
forces. The Froude number was calculated using the

equation:

F=—0U__ (125)

(gH)O's

where U is velocity in ft/s (or m/s), g is the gravitational

constant in ft/s2 (or m/sz), and H is the average depth in
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ft (or m). The maximum Froude number (FD) was calculated

using the equation:

U
F_= —2D__ (126)

D 0.5
(gHD)

where Up is the dye velocity in ft/s.(or m/s), g is the
gravitational constant, and HD is the active stream depth
in ft (or m). When F is greater than 1.0, the flow is
supercritical and inertial forces are greater than gravita-
tional forces. Chow (1959) describes supercritical flow as
"rapid, shooting, and torrential.“'

The Reynolds number (IR) is the dimensionless ratio of
viscous to inertial forces. The Reynolds nﬁmber was calcu-
lated using equation 115. In order to calculate R, the
kinematic viscosity (v) in ftz/s must be determined. It
was approximated using the empirical equation cited by

Dean (1973):

v = 0.0010076391042 : (127)

2.1482(T) - 8.435 + /8078.4 + (T-8.435)2 - 120

where T is temperature in °C.
The rate of energy dissipation (E) in ftz/s3 (or mz/
53) was determined using equation 116. The maximum energy

dissipation rate for a segment was calculated as:

E f sUL9 (128)
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where s is the slope in ft/ft (or m/m), UD is dye velocity,
and g is the gravitational constant. E has been used by
several researchers as a parameter for predicting K2 values.

Manning's and Chezy's formulas are both used_to pre-
dict stream velocities. Manning's formula is sometimes con-
sidered to be a special case of Chezy's equation. Manning's
n and Chezy's € are coefficients which indicate stream
resistance to flow.

Manning's roughness coefficient (n) is calculated

using the equation:

_ 1.49 0.67 _0.5
n = —TJ—Rh [} (129)
where U is velocity in £ft/s, R, is the hydraulic radius in
ft, and s is the slope in ft/ft. As n increases, the resis-
tance to flow becomes greater. Manning's formula is com-
monly used for natural streams.

Chezy's equation is another commonly used predictive
0.5

formula. Chezy's resistance factor (C) in £t °“/s (or
mo's/s) is calculated using the equation:
c =-—2— (130)

(Rhs)o'5

as € increases, the resistance to flow decreases.
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Reaeration Coefficients

Reaeration rate constants were calculated for each
stream segment from observed oxygen deficits below the
sodium sulfite injection stations. The reaeration rate
constant (Kz) in days_l for a segment is calculated using

the equation:
K, = 86400 (1n D0 - 1ln Dt)/t (131)

where D0 and Dt are the upstream and downstream deficits in
mg/l (or kg/m3) and t is the time of flow in seconds between
the upstream and downstream stations.

The time between stations (t) was calculated from the
mean velocity (U) in £ft/s (or m/s) and the length of the

segment (X) in ft (or m):

o+
i
ap<

(132)

(The travel time of dye between stations (tD) could also be
used to calculate KZ' This method was used by Holtje.)

The deficit (D) in mg/1 (or kg/m3) is calculated from
the observed oxygen concentration (C) and the saturation

concentration-(cs) in mg/l1 (or kg/m3):
D=C_~-C (133)

The concentration of oxygen in each stream was measured
prior to deaeration using the Winkler method (described

under "Procedures"). These streams were assumed to be at
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saturation. In order to test that assumption, measured
oxygen concentrations were compared to values calculated

using equation 3:

cC =¢C°" P-p (3)

where Cs' is the solubility of oxygen at a given tempera-
ture and a standard pressure (Pst), P is the observed pres-
sure, and p is the vapor pressure of water in mm Hg.
Churchill's equation was used to predict the solubility
of oxygen in water at standard pressure:
Cs' = 14.632 - 0.41022(T) + 0.007991(T2)
' . 3 (134)
- 0.000077774(T")
where T is the stream temperature in °C.
Barometric pressures néar the study areas were ob-
tained from the National Weather Service and the 0.S.U.
Marine Science Center. Corrections for differences in
pressure due to differences in elevation between measure-
ment stations and study sites wére made using an equation

cited by Trewartha (1954):

Puy = Py - (0.02667AHt) (135)

where Pue is the barometric pressure in mm Hg at the study

site, P_ is the barometric pressure in mm Hg at the mea-

o]

surement station, and AHt is the difference in elevation in

ft between the study site and the measurement station.
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The calculated saturation values agreed very closely
with the observed values. Therefore, the initial oxygen
concentrations measured before deaeration were used for Cg

(Appendix V).

Data Modifications

Several early experiments were conducted with insuffi-
cient cobaltous chloride catalyst. This resulted in a sus-
tained oxyéen demand through all or part of the test reach.
In segments with low reaeration rates, a reduction in the
dissolved oxygen concentration was observed from upstream
to downstream stations. In segments with low reaeration
rates, the reaeration rate coefficients calculated from
observed deficits were depressed. All data sets collected
on streams injected with insufficient cebaltous‘chloride
were eliminated from analysis.

In two of the 51 test segments, no change was observed
in the dissolved oxygen concentration. 1In both cases, the
segments were short and positioned at the lower end of the
test reach. Deficits and changes in oxygen concentrations
would be expected to be small for segments in this position.
Rather than bias the total stream response by eliminating
these segments, they. were combined with the segment immedi-
ately upstream.

For four segments, the observed reaeration rates seem

unusually high. All of these segments are short pools
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or quieécent reaches below riffles. It appears that energy
is advected into the pools from upstream drops in the form
of velocity and turbulence. The dissipation of energy and
subsequent increased renewal rate appears to be higher in
these segments than would be predicted from their slopes.
For this reason, these four segments were combined with the
segments immediately upstream. Although these segments
were originally thought to be hydraulically distinct, they
must be combined wifh the riffles above to fully account
for the effects of energy dissipation on the reaeration

rate.

Model Testing

K2 values measured in the field tests were compared
with values estimated by reaeration models using least

squares regression techniques.

Linear Regression

At Oregon State University, the Statistical Interactive
Program System (SIPS) is available for multiple linear re-
gression. Regression analysis is used to fit a mathemati-
cal model to the relationship betweén a dependent variable
and independent variables., The general model for a linear

regression is:

Yi = qa + Bxi + YZ4 + e,

i (137)
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where Yi is the observed value for the dependent variable;
o, B, and y are regression 'coefficients; X5 and z; are the
observed independent variables; and e; is the difference
between the observed value (Yi) and the predicted value
(?i) of the dependent variable. The error term ey is the
result of errors in measuring the variables and stochastic
errors inherent in trying to model physical phenomena.

The regression coefficients are selected so that the
squared deviation between the vectors of the observed and
predicted dependent variables are minimized. This proce-
dure is supported by the Gauss-Markov Theorem (as stated by
Wonnacott and Wonnacott 1972): |

Within the class of linear unbiased
estimators of [the regression coeffi-

cients], the least squares estimator
has minimum variance.

Non-Linear Regression

At Oregon State University, analysis of non-linear
models is possible using the program CURFIT, which is based
on a Gauss-Newton non-linear least squares method. The
CURFIT program is an iterative approximating procedure.

The user must supply partial derivatives of the model with
respect to the regression coefficients. (This is done
automatically for linear models in SIPS.) Initial estimates
of coefficients are necessary to begin the computation. If
the initial coefficients selected are,sufficiently close to

those which will best fit the model according to the least
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squares estimators, then the program will converge on those

best-fit values.

Selecting the Regression Model

The SIPS program was used to conduct multiple linear
regression tests. In the initial tests, variables were
selected for their entering F-test values. Guthrie et al.
(1973) note that this procedure "... selects the single
variable to enter the regression model which makes the
greatest contribution to reducing the residual variability
belew that of the current model." Variables were added
until they no longer satisfied the F-test criterion at the
0.95 level. The t statistics, entering F values, analysis
of variance table, and multiple correlation coefficients
for the models were evaluated.

The t statistic tests the null hypothesis that the re-
gression coefficient is zero. When the t statistic is
large, the hypothesis can be rejected. The multiple cor-
relation coefficient (Rz) is the ratio of the variance of
¥y explained by the model to the total variation. When the
explained variation nearly equals the total variation, the
model closely fits the observed variables.

For non-linear models using CURFIT, it was necessary
to develop an accurate estimate of the regression coeffi-

cients. A non-linear model in the form:
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Y. = oX., 2Z. + e, . (138)

can be linearized to the form:

1n Yi = 1Inao + B In x; + v 1n 2z,

i i (139)

in order to estimate the regression coefficients. The co-
efficients B and y can be determined directly from the
linearized model using SIPS. The coefficient a was esti-
mated as elna. Because of linearization errors, the fit
between the actual and predicted values of K2 might not have
a slope'of 1.0.

The regression coefficients developed using this SIPS
procedure were used in the CURFIT program in selection of
the final coefficient values. These coefficients were
selected by evaluating the R2 of the model and the slope
of the relationship between the actual and predicted values
of K2. When both R2 and the slope were near 1.0, the model

satisfactorily evaluated the observed data.
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RESULTS

The field data from 45 study reaches were used to
develop equations predicting reaeration rate constants for
small turbulent streams. The analytical techniques des-
cribed in the previous chapter were used for this purpose.
Several model forms were examined including linear, multi-
plicative, and non-linear. Models proposed by other
workers were also evaluated using data from this study.
These models included functions specifically designed to
account for turbulent effects. Predictive equations that
use only the slope and width of the stream were also com-
pared to fhe data since these variables are more easily
obtained by technicians in the field. Finally; oxygen sag
curves-wefe developed for the study streams using field
observations and were compared with those predicted by the

model which best described the reaeration preccess.

" Linear Equation

Holtje (1971) propesed an equation in a.simple linear
form for the prediction of reaeration rates in small
streams. This equation was derived from a multiple linear
regression analysis of several hydraulic variables. A
linear equation was developed with the field data from
‘this study according to this same regressibn procedure,

For all regression models, the measured reaeration
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coefficients were adjusted to the expected reaeration co-
efficient at26°C!according to equation 118. The linear
model was chosen using the entering F-values as the select-
ing criterion. The size of the F-value determines whether
the residual of the model to thé data is significantly re-
duced by the entering variable. Variables were included if
they significantly improved the model at the 0.95 level.
Eighteen variables were tested and only four of those were
selected for the linear equation. This technique yielded
the linear model:

K259 = 29.475 - 602.97 U + 1727.9 ¥
(140)
- 297.53 E -+ 219.7 Ej
where K220 is the reaeration rate coefficient at 20°C in
days_l, U is the mean velocity in ft/s, F is the Froude

number, E is the mean energy dissipation in ft2/s3, and E
3

D
. From the t-

is the maximum energy dissipation in ftz/s
values listed for the coefficients in Table 1, the hypo-
thesis that the regression coefficients are zero can be re-
jected at the 0.99 probability level. The next entering F
value, for slope of the stream, fell below the 0.95 F-test
criterion. Slope was therefore rejected as a parameter be-
cause it did not significantly reduce the residual. Figure
4 shows the relationship between the reaeration coefficients
measured (adjusted for a standard temperature of 20°C) and

the values of K220 predicted by equation 140. (The R?
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Figure 4. Measured versus predicted values of K2,y from
equation 140.

K2,, (predicted) = 29.475 - 602.97 U + 1727.9 F

- 297.53 E + 219.7 ED
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values reported for this model and for the other models
developed in this section are for the measured and predicted
K250 values.) The equation provides a reasonably good fit
for the large reaeration values. In the lower range, the
equation becomes less reliable.

Table l; Regression variables and statistical information
for the linear model.

Standard
Error of .
Coefficient Regression t-values for
Variable Value Coefficients Coefficients
Constant 29.475 8.9273 3.3017
U -602.97 72.045 -8.3693
F 1727.9 161.76 10.682
E -297.52 23.465 -12.679
ED 219.7 9.4115 23.344
slope = 1.000
R? = 0.990

Multiplicative Models

Multiplicative models were developed that are similar
~ to the form suggested by Krenkel and Orlob (1963) , Owens,
Edwards, and Gibbs (1964) and Isaacs (1968). Regression
techniques were again utilized to obtain the coefficients
for the variables selected, and the F-test criterion was
used to select the significant variables. The log trans-

formations of the measured reaeration rate constants and 18
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hydraulic parameters were analyzed for this solution. This

approach was used to develop the model shown below:

E 0.4447

D
03472 — 0.3592 (141)

D Rn

Ko = 35.04

20 H

where Hj is a depth parameter in ft and R is the hydraulic
radius of the stream channel in ft. The depth parameter Hy

is defined by the equation:
Hy = Q/(WD . UD) - (124)

where Q is the discharge in ft3/s, WD is the active stream

width in ft, and Up is the dye velocity in ft/s.

The regression variables and coefficients for the

2

model are listed in Table 2. The slope and R® values are

Table 2. Regression variables and statistical information
for the multiplicative model.

Standard
Error of
Coefficient . Regression t-values for
Variable vValue* Coefficients Coefficients
Ry, -3.5921 0.13081 -2.7460
H -3.4719 0.12214 | -2.8427
ED 4.4468 0.02999 14.830
' Constant 3.5566 0.19504 18.236
Slope = 1.026
R% = 0.985

*Values reported in logarithmic form to permit testing of
coefficient significance.
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taken directly from equation 141. The t-values listed were
obtained using the coefficient values in the logarithmic
form.

The hydraulic radius requires numerous measurements of
the stream depth. The field application of equation 141
can be simplified if R, is not used as a variable for the
predictive equation. For smooth, shallow, wide streams,
the value of the hydraulic radius (Rh) approaches the value
of the hydraulic depth (H). The denominator of equation
141, which uses both Hp and Rh’ describes the stream depth
in terms of both the surface contact and streambed contact.
The parameter Hp is an expression of the ratio of surface
area available for oxygen transfer to the active segment
volume. The pérameter Rh can be considered the ratio of
the stream volume to the streambed surface available for
shear stress. For a smooth, wide, shallow stream where the
average and maximum velocities are equal, Ry and Hpy become
equal. |
| For equation 141, R, is the last variable to enter the
equation using the F-test criterion. Because of these con-
siderations a simplified multiplicative model was tested
where Rh was eliminated. The reéulting simplified multipli-
cative equation is:

0.4967
Ep

K220 = 36,98 . 0 €07 (142)
D
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The R2 values for equations 141 and 142 were both
0.985. However, the slope of equation 142 was 1.249 which
indicates that this equation is less accurate in predicting
the reaeration rate.

If the multiplicative model is developed according to
linear multiple regression techniques such as those used to
develop equations 141 and 142, the residuals of the natural.
logarithms become the fitting criteria. This procedure re-
duces the dominance of the larger values. However, when
the equation is transposed back from the logarithmic form,
the slope between the observed and predicted reaeration
rates often diverges from 1.0.

In order to avoid this divergence and develop an accu-
rate equation, a non-linear fitting procedure was used.
This nen-linear iterative estimation procedure requires
that the equation form and coefficient values be estimated.
The coefficients developed in equation 142 were used as .
starting values for the simplified non-linear model esti-

mate. The resulting equation is

E 0.4995

_ D
D :

Equation 143 is both accurate and precise (Table 3). The
standard errors of the regreséion coefficients are very

small, indicating that these parameters are important.
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Table 3. Regression-variables and statistical information
for the simplified multiplicative model.

Standard
Error of
Coefficient Regression t-values for
Variable Value Coefficients Coefficients*
Constant 24 .91 4.144 6.011
ED 0.4994 0.0297 16.82
Hp, 0.7811 0.0602 12.98
slope = 1.000
R? = 0.992

%*

The t-values are not an exact measurement for the non-
linear extimation procedure but are accepted as close
approximations.

' Equation 143 is similar in form to an equation derived

by Krenkel and Orlob (1963):

E0.408

K220 = 56.83 70.660

(144)

where E is the average unit energy dissipation rate in ftz/
s3, and H is the hydraulic depth in ft. As will be dis-
cussed later, E and H may be comparable to ED and HD under
some conditions.

Krenkel and Orlob used a 1 ft wide circulating flume.
This configuration may bias predictions for larger streams
due to sidewall effects, but it is probably appropriate for
small streams. Small streams are frequently dissected by

rocks. This dissection of the channel can influence the

apparent roughness of the streambed in a manner similar to
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the sidewalls of a small flume. If the stream data from
the current study are expressed in the form of equation 144,

using E and H rather than E_ and Hy as used in equation 143,

D

the resulting equation is:

E0.273
K220 = 57.95 HO'W _ (145)

Equation 145 has a slope of 1.000 and a regression coeffi-

cient of 0.947 (Table 4).

Table 4. Regression variables and statistical information
for multiplicative model using mean segment para-

meters.
Standard
Error of
. Coefficient Regression t-values for
Variable Value Coefficients Coefficients*
Constant 57.95 21.48 2.698
E 0.2726 0.0787 3.464
H 0.7381 0.1457 5.066
slope = 1.000
R? = 0.947

*
The t-values are not an exact measurement for the non-
linear estimation procedure but are accepted as close
approximations

The velocity of flow could be expected to be more uni-
form in a flume than in a natural channel. The mean velo-
city in a flume would probably be very near the maximum
velocity. If it is assumed that the 2zones of.maximum

energy dissipation largely determine the reaeration rate,
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then the most accurate predictions should be made using the
variables ED and HD,.which are derived from the maximum
velocity. This is, in fact, illustrated by the results of
this study. The regression analysis shows that equation
143 is a more precise estimator of the measured reaeration
rates than equation 145.

The fit of equation 143 to the stream data is shown in
Figure 5. The fit of the predicted reaeration rates to
those measured is reasonably consistent throughout the
range of values measured. Relative scatter for lower
reaeration rate coefficient values is comparable to that
found in the middle reaeration range. The R2 value for
the entire data set is 0.992. The R2 value for the mea-

l'is 0.792. The R2 value

1

sured coefficients below 100 days

for the measured coefficients below 10 days °— is 0.667.

Equations Designed to Account for Increased
Surface Area Due to Turbulence

The next step in the model development was intended to
include the additional complexity of the surface distortion
that results from turbulence. The internal motion of tur-
bulent eddies can increase the liquid-atmosphere contact
area by stimulating surface waves. Where turbulence is ex-
treme, bubbles can be entrained in the flow to further in-
crease the liquid-atmosphere contact area.

Several reaeration studies have attempted to account

for the role of increased surface area in reaeration.
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Examples include the models proposed by Dobbins (1964),
Thackston and Krenkel (1969), and Parkhurst and Pomeroy
(1972) . The term C, is used to describe the ratio of the
actual-surface'area to the planar surface area. The general

form of the equations that have been used to predict Ca is:

c, = (1 + c.F¢3) (146)

A 2

where F is the Froude number.

For model testing, it was assumed that surface renewal
effects were accounted for by the energy dissipation and
depth parameters. Effects of surface area increases were
assumed to be proportional to the form of the function
shown in equation 146. The composite form of the equation
used to fit the data is: |

g _C4

Ka,0 = Cp (1 + C,F¢3) HDC5 (147)
D

The functions proposed by the authors cited above were
tested by hoelding C2 and C3 constant at the suggested
values. The coefficients Cyr C4» and Cg were allowed to
move to their best fit values. The precision of all three
equations is similar (Table 5).

The standard errors for some of the coefficients in
equations 148, 149, and 150 were large enough so that the
hypothesis that some of the coefficients are zero could not

be rejected.
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Table 5. Reaeration equations which account for increased
surface area based on proposed equations for CA.

! 5 Equation
Equation R Number
After Thackston 0.5 EDO'346
and Krenkel K220 =19.11 (L + F °7) —5 753 0.983 : 148
g 0
D
0.326
2.0, Ep
After Dobbins K220 = 18.51 (1 + 0.3 F ") —0 8e9 0.967 149
g 0
D
E(L388
After Parkhurst — an 2.0, D » ,
and Pomeroy K220 = 20.84 (1 + 0.15 F ) ;_57535-0'979 150
D

Wheh all the coefficients including C2 and C3 were
allowed to float freely and values were derived for all five
coefficients, the best-fit equation was unrealistic (i.e.,
the Froude number was raised to the fifteenth power). The
standard errors for some of the coefficients were again too
large to reject the hypothesis that the coefficients were
zero.

Thus, because the precision of the equation was not
improved by including surface disturbance considerations
and because the standard errors of the.coefficients were
statistically less sound, these equations were rejected for
use in small forest streams.

Another equation for Cp was developed after studies by

Gangadharaiah et al. (1970). The form of the equation for
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Cy = C;(1+Cyn rC3) (108)

A 2

where n is the Manning n. This form would account for the
role of both streambed roughness and inertial energy in
generating surface disturbances. The composite test equa-

tion:

g, C4
C3 b
D

can be shown te be equivalent to equation 119 when the
square root of the molecular diffusivity at 20°C (szo) is
accounted for by Cj, Cy is equal to 1.5, C4 is equal to 0.5, °

C5 is equal to 1.0, and the parameters E_, and HD are equiva-

D
lent to E and H. The terms E and H are the average unit
energy dissipation rates and depth, respectively.

The values of C, and C3 were initially fixed at the
values suggested by Gangadharaiah,and equation 151 was
solved for Cl’ C4 and C5. A solution for all five coeffi-

cients was also attempted. The R2

values for these models
were considerably smaller than those developed in the pre-
vious equations and the standard errors of the coefficients
were large./ For these reasons, this more complex equation

was also rejected.
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Selecting the Final Model

The exponents for the energy dissipation and depth
terms derived for equations 143 and 145 were similar to
values suggested by other studies and were theoretically
justifiable. Three sets of exponents were tested to deter- .
mine if they would yield satisfactory predictive equations.
For each of these sets of exponents regression techniques
were used to derive the value of the coefficient C.

Krenkel and Orlob (1962), using dimensional analysis,

suggested that an equation in the form:

1/3
Ep

D

could be justified. When C is a dimensionless coefficient,
both sides of this equation are in the units of time-l.

The reaeration rate coefficient has been theoretically‘
described by Thackston and Krenkel (1969) as proportional
to the renewal rate and by O'Connor and Dobbins (1956) as
proportional to the square root of the renewal rate. The
renewal rate is a function of surface turbulence. The unit
energy dissipation rate has been used to describe the scale
of turbulence. Because of energy transfer considerations,
the reaeration rate has been described as proportional to a

function of the unit energy dissipation rate within a speci-

. fied range of exponents. The exponents used in predictive
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equations for K, have ranged from 0.25 by Lamont and Scott
(1970) to 1.0 by Holtje (1972). Theoretical developments
by Danckwerts (1951) and O'Connor and Dobbins (1956) indi-
cate that reaeration is proportioﬁal to the square root of
the surface renewal for small turbulent streams. If the
unit energy dissipation rate is assumed to be proportional
to stream turbulence and to renewal rate at the surface
then.the exponent for the energy function should be 0.5.

The predictive equation derived by Krenkel and Orleb
(1962) from channel tests suggests that-K2 is proportional
to HD-2/3. Field data from the current study confirms
this. If these relationships are used, the form of the

predictive equation becomes

1/2
Ep \
K220 = C H—27-3— (153)
D

The coefficient C now has units of:

timel/2

1 1/3 °

ength

When the square root of the molecular diffusivity is

accounted for in the coefficient, the remaining units are:

time

length4:3'

If the reaeration rate is assumed to be proportional

to the square root of the energy dissipation, if the
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surface area exposed to gas exchange is planar, and if K2
is inversely proportional to the active depth, then the

equation becomes:

K2,5 = C —g © (154)

When the square root of the molecular diffusivity is
accounted for in the coefficient C, the remaining units are
time/length.

The results of the regression analysis of these equa-
tions are shown in Figures 6, 7, and 8. The energy and
depth functions were treated as a composite variable and
£he coefficient C was determined. A comparison of the fit
of these three equations to the-stream.data is shown in

Table 6.

Table 6. Comparison of simplified theoretical equations.

Equation Number Coefficient R2 Slope
152 50 0.945 1.0
153 37 0.990 ' 1.0
154 11 0.956 1.0

A model in the form of equation 153 was selected as
ﬁhe best fitting equation. The R2 and slope values show
that this equation is a precise and accurate predictor for
the range of reaeration coefficients measured. The fit is

particularly good for the lower K, values where oxygen
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deficits are most likely to occur. The final form of this

equation is:
- E 1/2
D
D

Simplified Reaeration Model Based on
Stream Width and Slope

For many timber sales, the collection of field data
for harvest planning ;s done by technicians who do not have
extensive training in hydrology, fluid mechanics, and water
chemistry. Furthermore, the time and funding required to
make detailed measurements of streamflow and bed charac-
teristics is often not available. These problems could be
avoided if the reaeration model includes only parameters
which are easy to measure.

The field data from this study were therefore fit to
some very simple models with easily measured parameters.
Regression analysis was used to test the hypothesis that
acceptable predictions of reaeration could be made using
only stream slopes and the width of the stream surface as
independent variables.

. Under many conditions, slope will be the only para-
meter known. Since slope is an imporﬁant component of the
unit energy dissipation rate (E) and is also important in
determining velocity, it is potentially an effective para-

meter for estimating reaeration rates. Because slope does
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not provide information on surface or streambed contact
area, volume, or roughness, the relationship between slope
and reaeration rate is approximate. If only the slope of
the streambed is known, the reaeration rate coefficient can
be predicted using the following equation which was derived

using a simple linear regression:

Ky, = 4861 s (156)

where s is the slope in ft/ft. The regression coefficient
for this equation is 0.79866; the slope between the pre-
dicted and measured values is 1.000.

If the stream width and slope are known, then the

reaeration rate can be estimated with the equation:

sO.S

W

K29 = 110.7 (157)

Equation 157 is a simplified multiplicative model. Although
this equation fits the measured data quite well (R® =
0.93774; slope = 1.000), its application to other streams
may be inappropriate because of the influence of pools in
this study. For example, when stream depth and velocity

are included in the model, the reaeration rate coefficient
is proportional to the width of the stream. With a simpli-
fied model, that relationship is influenced by the presence
of pools. In the pools found in this study, increases in

width were associated with increases in depth and decreases
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in stream velocity. This accounts for the inverse relation-
ship expressed in equation 157. The applicability of this
simplified model may be largely determined by the presence
or absence of pools of this same nature. In a stream where .
increased width is due to the presence of shallow riffles,
equation 157 would become inappropriate. Under these same
conditions, equation 155 would still be expected to provide

a meaningful estimate of the reaeration rate.

Dissolved Oxygen Sag Curve

Reaeration coefficients were calculated for the stream
segments on Oak Creek, ﬁeedle Branch, and Watershed 3 from
equation 155 and the field data used to derive the.reaera-
tion model. The coefficients were then used to calcﬁlate
dissolved oxygen concentrations through the study reaches
by means of the oxygen sag method described by equation 7.
The calculated values can be compared to the measured
values at each station. Two reaeration runs are shown for
each stream reach as a means of replicating the sag curve
calculations. The observed and predicted_concentrations
for Oak Creek, Needle Branch, and Watershed 3 are shown in
Figures 9, 10 and 1l1l. Oak Creek provides a good comparison
of the predicted and observed dissolved oxygen concentra-
tions because it is a long test reach with several segments

that vary in their reaeration rates. Watershed 3 and
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Figure 9. Measured and predicted values of dissolved
oxygen using equation 155 for two field tests

at Oak Creek.



~
o —
£
z. ——
V]
O -
5>
X
®
(]
V]
> -
'
® -
wn
®
= -
0 1 | 1
o) 100 200

DISTANCE DOWNSTREAM, FT

Figure 10. Measured and predicted values of dissolved
oxygen using equation 155 for two field
tests at Needle Branch.
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Needle Branch Creek are shown as examples of streams with
rapid ahd slow reaeration rates, respectively.

The reaeration rate coefficients for Needle Branch are
.several orders of magnitﬁde‘smaller than those measured in
the test segments of Watershed 3. Despite this large dif-
ference, the change in deficit per ft is very similar for
the two streams. The seemingly rapid reaeration noted for
Needle Branch is the result of slow velocities and a large
initial deficit created by the artificial deoxygenation.
When an instantaneous oxygen demand is used to deaerate a
stream, as was done in this study, no residual demand is
transported into the test segments. The source of oxygen
demand under harvest impact conditions is submerged organic
debris. An increase in the retention time within a seémént
will allow more leaching and BOD oxidation. Under these
conditiens, the larger reaeration rate coefficients would
be more evident in the higher downstream oxygen concentra-
tions. Examples of what might be expected when organic
debris are deposited in a stream are presented in the dis-
cussion section.

Deviations of the predicted and observed oxygen concen-
trations for all 7 study streams exceeded 1 mg/l at only 3
points. More often, the divergence was less than 0.5 mg/l.
Therefore, the model provides a very good estimate for
field use and for evaluation of potential inputs from tim-

ber harvesting. Fitting errors were the greatest for very
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long segments. Under these conditions, a small error in
the calculated reaeration rate was maintained over a long
distance. Where several segments were evaluated, the ran-
dom value of the errors tended to offset each other. Per-
haps more important than the fit of the individual points
is the comparison of the recovery slopes for predicted and
observed oxygen concentrations. As can be seen from the
Oak Creek example, the recovery slopes were very accurately

modeled.
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DISCUSSION

During normal forest harvesting activities, organic
debris can be deposited in small streams within or border-
ing the cutting site. If this deposited debris consists of
green vegetation and it is in large enough quantities, the
oxidation of that organic debris can reduce the dissolved
oxygen in the stream to a level which is harmful for
aquatic erganisms. The magnitude of the oxygen deficit is
dependent upon the quantity and characteristics of the
organic debris, the stream environment, and the reaeration
rate. The objective of this study has been to develop a
predictive equation for this reaeration rate coefficient
from field data for small Oregon streams. The applicabi-
lity of this equation was then checked with oxygen sag
curves for these streams. Using equation 155, together
with estimates ©f organic loading and decay rate constants,
a forester can predict where logging debris accumulations
might reduce dissolved oxygen bélow acceptable levels.

This approach will help identify the sites where harvesting
practices should be modified to reduce potential impacts

on the oxygen concentration of a stream.

| The application of any fundamental theory to the high-
ly variable conditions encountered in the field can be both
difficult and inaccurate. Inaccuracies may arise from

several sources of error. These include modeling errors
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used in the physical description of the reaeration process
and errors in field measurements of the variables that are
required by the moedel structure. Ultimately, the prediction
of impacts is tied not only to the physical system but also
to the biological changes which occur. This chapter
addresses the possible sources of error in the proposed

model and provides an example of model application.

Comparing Reaeration Models

The reaeration model developed in this study has a
simple structure and implies a simple reaeration process.
In developing the predictive eqﬁation for reaeration in
small streams, the roles of many factors including energy
dissipation, depth, bed roughness, surface distortion, and
bubble entrainment have been considered. The predictive
equation which fits the observed data best, however, is a
function of the stream segment slope, maximum velocity,
width, and discharge. More complex models, designed to
account for bubble entrainment and surface distortion,
failed to provide as accurate a prediction as this simpler
model. Some possible_reasons for this incongruence are the
use of incorrect models by other authors to account for
surface area increases, the insensitivity of parameters in
these more complex models to the conditions encountered in
small streams, and errors in measuring the variables re-

quired in these models.
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Model Errors

Many attempts have been made to develop a predictive
equation for the reaeration rate coefficient. The
approaches developed in this study seem to be consistent
with known gas exchange phenomena. For turbulent-conditions“
the reaeration rate should be proportional to the square
root of both molecular diffusivity and energy dissipation.
As the width of a segment increases and diséharge'decreases,
the reaeration rate should increase. This model can be
considered simple or incemplete in that it does not account
for increases in surface area due to turbulence.

Models that were tested to account for increases in
the surface area due to turbulence proved unsuccessful.
These models used the Froude number and bed roughness to
account for changes in the surface area exposed to gas ex-
change. Because film renewal and surface area distortion
result from turbulent eddies at the surface, both should be
strongly correlated to turbulence. If surface turbulence
can be estimated using the unit energy dissipation rate,
then the gas transfer coefficient (KL) and the increase in
surface area (CA) should also be estimated by an energy
dissipation term. However, the parameters used in these
models were largely developed for steady, uniform flow. In
contrast, the conditions in this study ranged from steady,
gradually varied flow to rapidly varied flow. The applica-

tion of parameters developed for uniform flow to these
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conditions may lead to unaccountable errors. An example is
the advection of relatively large amounts of kinetic energy
between segments.

Several other problems arise from trying to use.Man—
ning's n and the Froude number to predict the ratio of the
actual surface area to observed surface area (CA). Two
types of energy—dissipating systems are recognized in the
streambed. The first type is the particle or skin rough-
ness which describes the roughness resulting from the
irfegular shapes and sizes of particles on the streambed
surface. This corresponds to the roughness caused by sand
particles attached to the surface of sandpaper. The second
type of roughness, called form resistance, represents the
apparent roughness of the regular or irregular undulation
of the streambed when measured against an assumed flat
plane. With increased form roughness, energy is dissipated
and less energy is available for mixing. The composite of
these two roughness components is the total bed roughness.

In Graf's (1971) review of bedform mechanics, he notes
the historical use of the Froude number to describe the im-
portance of the two resiétance components. When F is less
than 1, form roughness predominates, resulting in the de-
velopment of some vertical eddies and surface boils. At
critical flow, F equals 1 and transitional conditions
occur. When F is greater than 1, flow is supercritical.

With supercritical flow conditions, the water surface flows
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parallel to the bottom. Skin or particle roughness pre-
dominates during supercritical flow. For the small streams
in this study, the Froude number was rarely greater than
1.0 and therefore férm roughness dominated the energy dis-
sipation mechanisms. This is further reflected in the very
large Manning roughness coefficients developed in pool seg-
ments. The roughness coefficients in the rapids and
riffles (where particle roughness contributes greatly to
mixing) were often much lower than in these pools. From a
visual inspection of the streams it is obvious that surface
area distortion is the greatest in turbulent riffles.

In the Gangadharaiah (1970) study, form roughness was
not a component of the resistance to flow. The flume used
in the test was a flat chute. Because the Gangadharaiah
relationship was developed with only surface roughness, it
appears to be an inappropriate estimator of increased sur- "
face area where form roughness is important.

The simple model developed in this study has a struc-
ture similar to the equation developed by Krenkel and Orlob
(1962) for a recircﬁlating flume. Although the configura-
tion of this testing apparatus is biased toward sidewall
effects, it represents conditions similar to those found in
small, dissected streams. Krenkel and Orlob did not attempt

to model the role of increased surface area.
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Measurement Errors

Errors in the measurement of stream characteristics
- and reaeration rates could also influence the model results.
Possible sources of error in the field data include both

incorrect estimations of stream hydraulic parameters and

incorrect measurements of the ongen concentration which is
used to compute the reaeration rate coefficient. Composite
variables such as the Froude number and Manning's n may be
more susceptible to errors because of compounding inaccura-

cies.
Hydraulic Parameters

The measured hydraulic characteristics which were most
often subject to error and had. the greatest influence on the
accuracy of the model were the slope, depth and dis-
charge.

Slope measurements were usually quite accurate and re-
producible. This was especially true for segments with[é
large change in elevation. However, for segments wit?]very
shallow slopes, such as the upper portions of Oak Creek and
Berry Creek, the calculation was dependent on a measured
drop of onlf 0.01 ft. Additional error was introduced from
rippling on thé surface. Independent measurements of the
slopes of these two segments varied by 100 percent. These
discrepancies may be partially attributed to changes in the

surface profile at different discharges. For most segments,
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where the slope of the stream surface was moderate, the
measured slopes were very consistent.

The accuracy of the depth measurements was also depen-
dent on the character of the individual segment. When the
streambed character changed rapidly, it was necessary to
sub-divide each segment. The relative errors were the
greatest in the shallow segments, such as the bottom of
Watershed 3. However, comparison of £he cross—-sectional
areas measured at different discharges showed consistent
relationships.

Discharge was determined by measuring the velocity and
cross—-section of the stream. Discharge could also be
checked by measuring the deficit near the injection point.
Where possible, the discharge was measured by recording the
time required to fill a metal container. (See Field Measure-
ments.) Measurements were repeated several times in order
to establish reproducible results. The discharge estimated
by using the collection method was usually slightly less
than the results of the other techniques.

Discharge estimates using the artificial deficit
created by a known injection rate are influenced by the
downstream reaeration process. With this method, as the
reaeration process continues, the estimated discharge be-
comes larger. Measurements of dischérgé that use the
average cross-section and mean velocity are also subject to

errors. These errors can result from inadequate
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adjustments for velocity variations in the cross section of
the stream and overestimates of the active cross-sectional
area. Velocity measurements made with a pygmy meter and
drops of dye were compared to the collection method and
found to yield similar results.

Although the discharge measured by the collection
method was usually less than the values calculated from the
other techniques, the difference was often less than 10%. In
this case, the collection method value was used. If re-
sults were not within this range, the measurements were
repeated until the disagreement could be resolved and a

precise estimate of the discharge could be obtained.
Oxygen Concentration

The sources of error in measuring the concentration of
oxygen include inaccuracies from the Winkler Test and
instrument errors from the D.O. meter. "Standard Methods"
reports that the Azide modification of the Winkler techni-
que has a precision of 0.1 to 0.02 mg/l depending on the
purity of the water. The two test samples collected prior
to the addition of sodium sulfite to the stream always
agreed within 0.05 mg/l. The calibrated meter was stan-
dardized to the results of the idometric ﬁetermination and
closely agreed with post-treatment idometric measurements.
The manufacturers report that the meter has an accuracy of

$0.1 mg/l and precision of 0.05 mg/l. It was noted in
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field applications that insufficient stream current could
depress the oxygen concentration measured by the meter.
Where possible, the stations were established at locations
that provided adequate current. If the meter had to be
agitated by hand, the reading may not have been as accurate.

An adjustment period was required for the meter to
reach equilibrium with the oxygen concentration at each:
station. This time-~lag has been previously reported .
(Holtje 1971). The delay period was reduced by transport-
ing the meter probe in a container filled with deaerated
water taken from the last measurement station. Not allow-
ing the meter to reach equilibrium could introduce errors.

Care was taken to aveoid the problems involved in
measuring ongen concentrations. Measurements were con-
tinuously monitored for extended periods and also were re-
peated in order to insure accurate and reproducible re-
sults. Repeated oxygen concentration measurements at each
station agreed within 0.05 mg/l.

The reaeration rate was calculated from the observed
oxygen recovery and the calculated mean velocity. The
saturation concentration was assumed to be the concentra-
tion observed prior to injection of the reducing agent.
This seemed to be appropriate because elevational and pres-
sure variations made an accurate calculation of the solubi-
lity difficult. Calculated solubilities usually agreed

closely with measured dissolved oxygen concentrations. The
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low BOD concentrations measured during the tests confirmed
the use of the initial dissolved oxygen concentration. An
exception was the first test on Needle Branch. This site
had an oxygen concentration which was 33% less than would
have been expected from the temperature measured and baro-
metric pressure reported. However, the reaeration rates
measured in this test appear to be consistent with the
other data. When the reaeration rates were calculated
assuming an instrument error (i.e., reading too low), the
results were not significantly different. Because this
test provided data for the lowest flow conditions and had
comparable results with the other data, it was retained in

the analysis.

Examples of Model Applications

The c;pability of predicting reaeration rates allows
foresters to estimate the position and magnitude of the
Bxygen deficits that will be created by logging slash. The
reaeration rate constant can also be used to estimate the
distance required for a stream to recover from a deficit.
Berry (1975), using a finite difference model, simulated
the oxygen demand and oxygen deficit created in streams
draining a harvesting site. This section will present a
few examples of simulated stream recovery under different
conditions to illustrate the usefulness of predicted K2

values in decision making.
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Predicting Stream Deficits

Incorporating the predicted K2 values into an estimate

of the responses of a stream to organic debris would require

the following steps:

Step 1:

Step 2

Step 3:

Step 4:

Step 5

Step 6:

Step 7:

Divide the stream into segments of uniform
hydraulic characteristics.

Measure the stream discharge (Q) and the
depth (H), width (W), slope (S), and maximum
velocity (Up) of each segment.

Calculate the reaeration rate (K2) using
equation 155. Calculate U using equation 122.
Estimate the potential quantity of debris (in
mg/l of ultimate BOD) that will be depositéd
in the stream by a silvicultural procedure.
Estimate the BOD rate constant (Kl), and
leaching rate constant (K4) from values re-
ported by Berry (1975).

Calculate the dissolved oxygen sag curve
using the Berry finite difference oxygen
model. The Berry oxygen model can account
for longitudinal loading variations along the
stream reach and can also adjust for tempera-
ture changes within a clearcut.

Evaluate the consequences of the harvesting
technique on water quality and fish popula-

tions in the stream.
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Of these operations,step 4 will be the most difficult
to gquantiy with the present state of knowledge. The weight
of organic debris which enters a stream channel due to
logging has been shown to be highly variables (Dykstra and
Froehlich, 1976). The ultimate BOD of that debris may vary
even more due to differences in species, age, and season.

Some. examples of stream»recovery from an oxygen deficit
are presented to demonstrate the use of the reaeration
rate constant in oxygen modeling. These examples simulate
the recovery of a stream from an oxygen deficit imposed
upstream by a clearcut. It is assumed that no additional
leaching of soluble BOD-will occur through the downstream
reaches. The temperature of the stream should also remain
constant if the stream flows through undisturbed or re-
vegetated sites (Brown et al., 1971). Under these simpli-
fied conditions, the downstream deficits can be modeled
using equation 7 (rather than the Berry finite differences
mocdel) in step 6.

L0 K

L
p = L oK1t (b, - 170 . -Kaot

—=] e
K=Ky

(7)

Equation 155 is used to define the reaeration rate co-
efficient (K,) for the various stream conditions. Simpli-
fied to its basic parameters for field application and
adjusted for temperature effects according to equation 118,

equation 155 becomes:
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2/3 1/2 1/2 . 1/6
(T-20) 37WD s 9 Up

K2 373 (158)

= 1.016

T Q

where K2m is the reaeration rate constant in days_l at tem-

perature T in °C, WD is the mean active stream wgkh in ft, v
Up is the maximum velocity in ft/s, g is the gravitational §i%
constant in ft/sz, and Q is the discharge in ft3/s. Y 4ﬁ4}/
The mean velocity and maximum velocity are assumed to
be equal for this approximation of the downstream oxygen
recovery. This will result in a conservative estimate of
the affected stream length, If the impact on thé stream
is shown to be significant using this simplification, then
a more detailed evaluation using the measured mean velocity
and maximum velocities would be warrénted.
The stream characteristics for the simulations are

listed in Table 7. In examples 1 and 2, it is assumed that

Table 7. Simulated stream conditions.

Test % s ) o By K X o T
no. ft /s ft/ft ft/s ft ft 1l/day 1l/day mg/l °C
1 0.1 0.1 1.0 5 0.02 195 0.16 0 20
2 0.1 0.01 0.05 5 0.4 40 0.16 0 20
3 0.1 0.1 1.0 5 0.02 195 0.16 450 20
4 0.1 0.01 0.05 5 0.4 40 0.16 450 20

there is no soluble BOD in the stream. This simplifies the
solution of the oxygen recovery but is not a realistic con-

dition. Examples 3 and 4 assume a soluble BOD concentration
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of 450 mg/1 and a K, value of 0.16. The deficit is assumed
to be 3 mg/l. Kl’ I.,, and D are consistent with values that
have been simulated for the downstream end of a 1000 ft
clearcut (Berry 1975).

Figure 12 shows the oxygen sag curve for the four
examples and compares these recoveries to water quality
standards.

From the simulated oxygen recovery curves, it is
apparent that the reaeration rate constant alone cannot be
used to predict the distance required for a stream to re-
cover from a deficit. The recovery distance is also depen-
dent on the size of the deficit (D), concentration of the
soluble oxygen demand (L), BOD rate constant (Kl), stream
velocity (V), and the standard to be met. As the reaera-
tion rate constant is reduced, the distance for recovery
is extended. With more oxygen demand or larger Kl values,
the continuing removal of oxygen also extends the recovery
distance. With a rapid stream velocity, the volume ele-
ments are transported downstream with less time available
for changes in the oxygen concentration.

The recovery from the oxygen deficit behaves very dif-
ferently for the examples with and without soluble BOD. 1In
the case where no oxygen demand is present, the importance
of the reaeration rate may be masked by velocity differ-
ences. For example, in cases 'l and 2 the stream with the

larger reaeration rate takes a longer distance'to recover
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because its velocity is much larger. However, when a sig-
nificant continuous demand on the oxygen results from
soluble BOD, the importance of the reaeration rate will
become more evident as is shown in examples 3 and 4.

Debris contributions to some class II streams should be
limited due to water quality requirements of a downstream
class I stream with spawning sites. Under these conditions
the dissolved oxygen at the confluence would be estimated
as:

Q,C, + Q,C
1“1 2%2

where Cl and C2’ and Ql and Q,2 are the concentrations and
discharges respectively for streams 1 and 2. .C3'is_the
oxygen concentration for the combined streams. Any oxygeni
sag routing downstream wili'bé a function of the downstream
conditions. Particular care éhould be taken where a class
II stream discharges into a small class I stream with a

relatively low reaeration rate.

Forest Practices to Control Disseolved Oxygen Impacts

Where the impacts of harvesting are expected to exceed
the tolerable limits, forest practices must be implemented
to avoid or ameliorate the detrimental influences of har-
vesting on the dissolved oxygen. Several forest practices

can be used to either minimize solar inputs, reduce the
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sources of organic debris, or avoid detrimental modifica-
tion of the stream channel. All of these procedures may be
costly to iﬁplement. Dykstra and Froehlich (1976) have
shown that the costs of applying special harvesting prac-
tices are site-specific. The economic and sociologic im-
pacts of these practices must be considered along with
their effectiveness in maintaining dissolved oxygen goals.

Buffer strips are commonly used to maintain shade for
temperature control. They also reduce the direct input of
organic debris into the stream channels. Buffer strips\
can, however, sacrifice merchantable timber and isolate
valuable timber growing sites. Where a class II stream is
flowing into a sensitive class I stream, a lengthy buffer
may be required near the confluence to avoid additions of
deaerated water with high BOD concentrations into the class
I stream.

Uphill, cable-assisted felling or full support felling
can be used to reduce debris inputs. McGreer (1975) re-
ports that uphill, cable-assisted felling reduces small
debris in the streambed to 39% of the amount found during
conventional felling. These special felling procedures are
significantly more costly than conventional techniques.

Stream cleanup is an ameliorating procedure that is
often required as a condition of a timber sale. The
rationale is to remove organic debris that may influence

dissolved oxygen, obstruct fish migration, or contribute to
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a debris torrent. From the leaching and BOD equations, it
is obvious that the highest oxygen demands occur very
shortly after debris enters the stream. The small debris
_(needles, leaves, twigs) that contributes the most to the
short term BOD concentrations in streams may also be the
most difficult to remove. For these reasons, stream clean-
up may not be effective in sensitive sites. Hand cleanup
costs have been estimated to range from $100 to $500 per
100 £t of stream (Dykstra and Froehlich: 1976).

Where organic debris is not detrimental to dissolved
oxygen concentration, it serves as a food source. Large
debris can also be a stabilizing component in the streams
and provide valuable stream habitat.

Channel-bank breakdown can fill, widen, and dam the
streambed; resultant reduced velocities decrease the
reaeration rate. Where gquiescent pools are created, the
oxygen balance is disturbed by a decreased energy dissipa-
tion rate, an increase in the depth to width ratio, and an
increase in the contact time available for leaching of
organic debris. Yarding and tractor activities can be ex-
cluded from the streambed in_order to maintain the stabi-
lity of the streambed. Like special felling procedures,
these restrictions may result in an increase in the cost of
harvesting due to decreased productivity.

Where there is planning flexibility, cutting site

boundaries can be oriented to minimize the stream reaches
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exposed to uphill harvesting. Harvesting can also be
planned for periods when the stream is the least sensitive.
For example, harvesting may be scheduled for the winter
when flows are high. The cold stream temperatures would
also retard the rate of oxidation and result in higher
saturation values. However, because this period coincides
with the development of salmonid eggs in the streambed,
this strategy may satisfy water quality requirements while

sacrificing the real objective of protecting the fish.

Suggested Research

\

Preliminary studies have been made on the contributions
of natural debris fall and logging activities to the accumu-
lation of organic materials in streams. Additional informa-
tion is needed on the amount of small debris that is enter-
ing forest streams and the oxygen demand it creates. This
kind of information would be especially helpful if it could
be used to evaluate the relative contributions expected
from different management practices and forest types.

Reaeration directly influences the oxygen concentration
of surface waters. In locations where rearing habitat is
'limiting, the surface oxygen concentration is one valid
parameter for assessing the stream habitat for fish popula-
tions. Where spawning beds are limiting, it is the intra-
gravel oxygen concentration that must be evaluated. Intra-

gravel oxygen concentrations are indirectly influenced by
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reaeration through exchanges with surface waters. The con-
centrations of oxygen in intragravel waters have reportedly
been depressed by logging activities and may be slow in re-
covering. This problem requires continued investigation.
Specifically, the reasons for the delay in recovery must be
determined..

Additional development of the roles of bubble entrain-
ment, surface distortion, and turbulence could improve the
reaeration model. These factors are all very difficult to
measure because of their transient nature. The use of hot-
‘wire current detectors might be one method for estimating
stream turbulence. The extreme variability of natural
streams makes these components difficult to evaluate in
reaeration studies., -

- Pinally, the predictive equation for reaeration rates
and the oxygen models cited in this study should be
validated for debris induced deficits. The accuracy and
sensitivity of Kyr Ky, and K, values must be evaluated

under natural conditions.
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SUMMARY

Reaeration is the physical process of oxygen moving
into solution. An equation based on hydraulic parameters
has beeﬁ developed to estimate the reaeration rate coeffi-
cient for small étreams. The model was developed ffom data
collected in seven small Oregon streams. A total of 45
test segments were used in the analysis. Oxygen was arti-
ficially depleted by injecting sodium sulfite into the
streams. The reaeration rates were determined by monitor-
ing the recovery of the oxygen concentrations in the ziream
segments.

Simplified to its basic parameters for field applica-

tion, the reaeration rate equation is:

W 2/3 s1/2 g1/2 UD7/6

D
27 (158)

Ky, = 1.016(T720) 37

T 0

»

where Ky, is the reaeration rate coefficient in days ' at

temperature T (in °C), Wy is the mean active stream width

in ft, Up is the maximum velocity in ft/s, g is the gravita-

tional censtant in ft/sz, and Q is the discharge in ft3/s.
The maximum unit energy dissipation rate (sUDg) was

found to be an important composite parameter. The energy

dissipation rate was used to estimate turbulence. Turbu-

lence promotes reaeration by maintaining an oxygen gradient
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at the surface. The width of the stream provides informa-
tion on the contact area available for molecular diffu-
sion. The discharge of the stream describgs the volume that
is receiving the flux qf molecules. As the discharge in-
creases, a greater flux of molecules is required to reaerate
the stream.

The model provides a precise and accurate fit through-
out the range of reaeration rates measured. This is parti-
cularly important for the low reaeration rates where oxygen

2 for

problems would be expected to occur. The overall R
the model was 0.99.

This model is relatively easy to apply and requires a
minimum amount of data. The measurements that are. needed
are uncomplicated. -This simplicity may aid in the imple-
mentation of this model for predicting impacts on water
quality.

In general, ﬁhe reaeration rates for the selected
forest streams were rapid. Most streams could assimilate
large amounts of organic debris without incurring large
oxygen defiqits.

Future research is needed to establish the quantity

and characteristics of debris that will result from various

harvesting procedures.
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LIST OF TERMS
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Other
Symbol Definition SI Units* Units* |[Dimensions**
a Rate of photosynthesis kg/m3/s mg/1/day M/L3/T
ag Activity of gas in solution - - -
. 2 2 2
A Surface or interface area m ft L
. 2 2 2
AD Surface area with dye m ft L
. 2 2 2
AW Cross sectional area of streamim ft L
b Percent of molecules lost
from h - - -
bf Coefficient for fall pattern
of cascades - - -
c Coefficient or constant - - -
o] Gas or solute concentration kg/m3 mg/1 M/L3
CA Surface area increase
coefficient - - -
CL Concentration of gas in bulk 3 3
flow kg/m mg/1l M/L
Cs Saturation concentration kg/m3 mg/1l M/L3
Cs' Saturation concentration at 3 3
P . kg/m mg/1 M/L
st
cw Concentration of gas at 3 3
surface : kg/m mg/1 M/L
4a Diameter of a molecule m A L
de Equivalent diameter of a
bubble m cm L
dT Transitional depth m ft L
D Gas deficit (cs-C) kg/m3 mg/l, ppm M/L3
DL Longitudinal mixing
coefficient m/s ft/day L/T
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Other
Symbol Definition SI Unitsx* Units* |{Dimensions**
Dm Molecular diffusivity m2/s ft2/s L2/T
Dox Rate of o2 transfer through 2 2 2
the surface kg/m”/s g/m“/day |M/L/T
Dx Longitudinal dispersion m2/T milesz/day L2/T
coefficient ft2/s
E Rate of energy dissipation per 2 3 '2 3 2 3
unit mass m /s ft%/s L°/T
ED Maximum rate of energy dissipa- 2 3 2 3 2 3
tion per unit mass m/s £t /s L°/T
£ Fugacity of gas above selution |Pascal mm Hg M/L-T
fox Exchange coefficient m/s m/day L/T
F Froude number - - -
FD Froude'number with dye
measurements - - -
g Gravitational constant (32.2 5 5 5
ft/sz) m/s ft/s L/T
h Thickness of liquid available
for gas loss m ft L
H Hydraulic depth of a stream m ft L
HD Active depth of stream m ft L
HL Henry's Law constant kg-ms/ mg-cm3/ LF/Ti
Pascal mm Hg
H Depth above minimum flow m ft L
Ht Elevation m ft L
I Injection rate m3/s ml/min L3/T
J Flux of molecules per unit
area - - -
k2 Reaeration coefficient (base -1 -1 -1
10) s days T
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Other
Symbol Definition SI Unitsx Units* |[Dimensionsk*
kL Liquid film coefficient o
(base e) ' m/s ft/day L/T
kG Gas film coefficient
(base e) m/s ft/day L/T
ky Average eddy diffusivity m2/s ftz/day L2/T
Kl BOD rate constant (base e) s-l c‘iays_l T_l
K Reaeration coefficient (base
2 -1 -1 -1
e) [ days T
K BOD settling rate constant
3 -1 -1 -1
(base e) s days T
X Leaching rate constant (base
4 -1 -1 -1
e) s days T
KD Droplet oxygen transfer -1 -1 -1
coefficient (base e) s days T
K Overall gas film coefficient
G -1 -1 -1
(base e) s days T
X . , , -1 -1 -1
KH Weir drop reaeration coeffi- |s days T
cient (base e)
KI Impeller oxygen transfer -1 -1 -1
coefficient (base e) s days T
KL Overall liquid film coeffi-
cient (base e) m/s ft/day L/T
K Boltzmann's constant - - -
Ky von Karman's constant (= .4) - - -
1 mixing length m ft L
L Ultimate BOD concentration kg/m3 mg/1 m/L3
Le Size of square rolling cell m cm L
m Mass kg grams M
M Molecular weight of a gas kg/mole grams/mole |M



Appendix I (continued)

162

Other
Symbol Definition SI Units* Units* |Dimensiong**
Mg Surface compression modulus - - -
n Manning's n - - -
ng Number of-fresh surfaces at
the interface - - -
N Net flux of oxygen per unit 5 5 5
area of film kg/m”/s mg/cm /s (M/L°/T
Ne Avagadro's number (6,023 x
1023) molecules/mole - - -
P Vapor pressure of water Pascal mm Hg M/L-Tz
pgas Partial pressure of a gas at 2
saturation Pascal mm Hg M/L-T
Pg Partial pressure of a gas in 5
the gas phase Pascal mm Hg M/L.T
P Partial pressure of a gas at 5
the interface Pascal mm Hg M/L.T
P Barometric pressure Pascal mm Hg M/L-T
PB Rate of photosynthesis pro- 2 2
duction by bottom plants kg/m~/s g/m“/day |M/L/T
Pox Rate of oxygen production by 2 5 2
photosynthesis kg/m”/s g/m”/day |M/L°/T
PP Rate of oxygen production by 5 5 5
phytoplankton kg/m“/s g/m”~/day M/L°/T
‘ 2,3
Pr Power of rainfall ergs/s-mz watts M/L°/T
2
P, Standard barometric pressure {101,308 760 mm Hg (M/L°T
Pascal
2 2 2
q Unit discharge m°/s ft%/s L°/T
3 3 3
0 Discharge m/s ft7/s L°/T
Qox Rate change of dissolved 5 5
oxygen g/m”~/day M/L°/T

kg/mz/s
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Other
Symbol Definition SI Units* Units* Dimensions**
r Renewal rate of surface- -1 -1 -1
volume elements [} days T
Iy Deficit ratio - - -
T, Rate of gas molecules
entering fluid kg/s - M/T
r, Rate of gas molecules leaving
the fluid . kg/s - M/T
R Ideal gas constant - l-atm/°K -
Rh Hydraulic radius ,h ft L
Rm Rate oxygen is respired by 2 2 5
bottom deposits kg/m“/s g/m“/day | M/L°/T
be Rate oxygen is used for 2 2 5
respiration kg/m”/s g/m"/day . M/L°/T
Bp Rate oxygen is respired by
unattached photosynthetic kg/mz/s g/mz/day M/Lz/T
oxganisms _
Rr Rainfall rate m/s cm/s L/T
RB ~ Rate oxygen is respired by 2 2 5
bottom plants kg/m" /s g/m~/day | M/L°/T
R The Reynelds number - - -
[} Slope - - -
s? Sine function of the slope
angle - - -
s slash BOD (unleached) kg/m3 mg /1l M/L3
t Time s days T
tD Time of flow measured by dye [} days T
te Contact period s days T
T temperature °c °F, °K t
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Other
Symbol Definition Si Units* Units** |[Dimensions**
'I‘i Titrant used to gain break- 3
poeint 1l ml L
Ty Tebbutt's deficit ratie - - -
ﬁ; Deviation of instantaneous
velocity from the mean
velocity m/s ft/s L/T
um Minimum escape velocity m/s ft/s L/T
U Mean downstream velocity m/s ft/s L/T
u* Shear velocity m/s ft/s L/T
Ub Velocity of a rising bubble m/s ft/s L/T
Ud Velocity of a falling drep m/s ft/s L/T
UD Velocity of dye in stream m/s ft/s L/T
v Velocity of a molecule m/s ft/s L/T
v Volume of fluid m3 1, ft3 L3
. 3 3 3
Vo Volume of fluid and air m 1, ft L
w Weight of a water column kg 1bs M
w Stream width m ft L
-1 -1 -1
We Weir reaeration constant m ft L
WD Stream width influenced by dye|m ft L
Wb Wetted perimeter m ft L
X Distance in longitudinal
direction m ft L
X Film thickness m ft L
Yy Depth from the surface m ft L
¢ Surface age distribution

function
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Other
Symbol Definition SI Unitsx Units#+ {Dimensions#**
¢F Coefficient adjusting for
general fit - - -
¢s Coefficient adjusting for
channel shape - - -
o) Coefficient adjusting for
P water purity effects - - -
¢T Coefficient for temperature
effects - - -
¢U Coefficient for velocity
distribution - - -
¢UN Coefficient for adjusting
units s - - -
G Age of surface volume
elements s days T
3 3 3
p Density kg/m slug/ft M/L
c Surface tension Pascal-m Slug/s2 M/T2
U Viscosity of water Pascal:s |sluy/ft.s |M/L..
v Kinematic viscosity of water mz/s ftz/s LZ/T
€y Momentum transfer coefficient |m2/s ftz/day LZ/T
*Abbreviations ** Dimensions
Symbel Definitien Symbol _Pefinition Symbol Definition
ft feet mm Hg millimeter mercury L Length
g grams s seconds M Mass
kg kilegram °C degrees centigrade T Time
1 liter °F degrees fahrenheit t Temperature
lbs pounds °K degrees Kelvin
m meters
mg milligrams




166

APPENDIX II. THE RELATIONSHIP BETWEEN THE OVERALL
LIQUID FILM COEFFICIENT AND PARTIAL
LIQUID FILM COEFFICIENT

The total drop in cencentration across the two phase

films can be expressed as:

(Cg = C) = (Cg = ¢C4) + (Cy -Cp) (II-1)

where Cs is the saturation concentration (dependent on the
partial pressure of oxygen in the atmesphere) in mg/1, C,
is the concentratioen in the bulk flow in mg/l, and Cy is
the concentration in the interface in mg/l.

The flux of molecules (N) across the gradients can be

defined as:

N = kL(ci - CL) (1I-2)
N = K (C - Cp) (II-4)

where kL is the liquid film coefficient in ft/day, kG is
the gas film coefficient in ft/day, Ko is the overall
ligquid £ilm coefficient in ft/day, N is the flux of mole-

cules in mg/ftz/day, and Pg and p; are the partial pressures
of oxygen in the atmosphere and at the interface in mm Hg.
Henry's Law constant H (in mg-cmz/mm Hg) can be used

to show that:
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Appendix II (continued)
Pg =HC (II-5)
p; = H Cy (I1-6)

Substituting equations 5 and 6 with equation 3 results

in the equation:

N = kG H(cs - C;) (II-7)

1

Equations 2, 3, and 7 can be rearranged and substi-

tuted into equation 1 to yield the equation:

_N‘..=_N_..+§_
KL HkG kL

(II-8)

Dividing both sides by N simplifies the equation to

the form:

1 1 1
— TR e e m—— (II"9)
KL HkG kL

When H is large, as in a sparingly soluble gas like oxygen,

the relationship simplifies to the equation:

1 1
- = = (I1-10)

From this development it can be concluded that for
sparingly soluble gases; the transfer across the film is
dependent on transfer through the liquid volume rather than

the gas phase.
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APPENDIX III. SOLUBILITY OF DISSOLVED OXYGEN TN PIIRE
WATER AT 760 mm Hg PRESSURT

Temperature |_ 1 2 3 Whipple4&
°C Churchill Montgomery Truesdale Whipple
0 14.65 14.81 14.16 14.6
1 14.25 14.36 13.77 14.2
2 13.86 13.93 13.40 13.8
3 13.49 13.53 13.05 13.5
4 13.13 13.15 12.70 13.1
5 12.79 12.79 12.37 12.8
6 12.46 12.45 12.06 12.5
7 12.14 12,12 11.76 12.5
8 11.84 11.82 11.47 11.9
9 11.55 11.52 11.19 11.6
10 11.27 : 11.25 10.92 11.3

11 11.00 10.99 10.67 11.1
12 10.75 10.73 10.43 10.8
13 10.50 10.49 10.20 10.6
14 10.26 10.26 9.98 10.4
15 10.03 10.04 9.76 10.2
16 9.82 9.83 9.56 10.0
17 9.61 9.63 9.37 9.7
18 9.40 9.44 9.18 9.5
19 9.21 9.25 9.01 9.4
20 9.02 9.07 : 8.84 9.2
21 8.84 8.90 8.68 9.0
22 8.67 8.73 8.53 8.8
23 8.50 8.57 8.38 8.7
24 8.33 8.42 8.25 8.5
25 8.18 8.26 8.11 8.4
26 8.02 8.13 7.99 8.2
27 7.87 7.99 7.86 8.1
28 7.72 7.85 7.75 7.9
29 7.58 7.72 7.64 7.8
30 7.44 7.60 7.53 7.6
1

Churchill et al. (1962): Cg = 14.652 - 0.41022(T) +
0.0079910(T)2 - 0;000077774(T3)

2Montgomery (1964) : Cg = 468/(31.6 + T)

'14.161 - 0.3943(T) + 0.007714 (T?)
0.0000646 (T3)

3Truesdale (1955): Cg

YWhipple & Whipple (1911): Co = (B -p) [(0.678)/(35 + T)]
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VAPOR PRESSURES FOR WATER
AT DIFFERENT TEMPERATURES

Temperature
°C Bars mm of Hg Pascal
0 0.006,107 4.581 15,511
1 0.006,566 4.925 16,676
2 0.007,055 5.292 17,918
3 0.007,576 5.683 19,242
4 0.008,131 6.099 20,651
5 0.008,721 6.542 22,151
6 0.009,349 7.012 23,743
7 0.010,016 7.513 25,439
8 0.010,725 8.045 27,240
9 0.011,478 8.609 29,150
10 0.012,277 9.209 31,182
11 0.013,124 9.844 33,332
12 0.014,022 10.518 . 35,614
13 0.014,974 11.231 38,028
14 0.015,982 11.988 40,591
15 0.017,049 12,788 43,300
16 0.018,178 13.635 46,168
17 0.019,373 14,531 49,202
18 0.020,635 15.478 52,409
19 0.021,969 16.478 55,795
20 0.023,378 17.535 59,374
21 0.024,866 18.651 63,152
22 0.026,435 19.828 67,138
23 0.028,091 21.070 71,343
24 0.029,836 22.379 75,775
25 0.031,676 23,759 80,448
26 0.033,613 25.212 85,368
27 0.035,653 26.742 90,548
28 0.037,800 28.352 96,000
29 0.040,058 30.046 101,736
30 0.042,433 31.827 107,766
Source: American Institute of Physics, 1972. American

Institute of Physics Handbook.
Company.

McGraw-Hill Book
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