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These reaeration rates were then correlated with the hydraulic
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REAERATION IN SMALL MOUNTAIN STREAMS
CHAPTER I
INTRODUCTION

Water quality is especially significant in Oregon's forests. The
majority of Oregon's water resources lie within or originate in
forested areas. Most of the state's 300 municipal watersheds are
forested., Streams are tylpic.a.lly small. Small streams are also the

‘ b.ack_bone of the region's multi-million dollar salmon and steelhead

fishery. These fish seldom spawn in large rivers, but seek small

'strea.-rhs instead. Fing'erliin”g_‘s rre_.ﬁ;-a.in in. tl_::;se ‘st‘reé.ms_ for one year
before migrating to the sea. Thus, the conditions ﬁnder which the
eggs hatch and the young fish grow are determined by the factors
affecting these small streams.

Timber harvest and the related wood proéessing industries are
the largest contributors to the economy of the Pacific Northwest.
Logging is commoﬂly practiced on many municipal watersheds and
adjacent to Ifish spawning streams. Because of silvicultural and econom-
ic reasons, .clear’cut loggfﬁé is the most desirable method of harvest.
This method often res;.11ts in trees being felled or skidded across

stream channels. Limbs, bark, and other logging debris accumulate

in the stream. Fishery biologists and watershed management



5pecia1ists. have recently begun to investigate the pollutional threat
posed by the organic debris left in or near the forest watercourses.
Preliminary results indicate taste, odor, color, and oxygen depletioﬁ
problems in areas of debris accumulation. In sor-ne cases, the oxygen
content of the streams has fallen well below the limits required for
fish furvival.

Similar to our 1arge rive rs, small mountain str-ea.ms have the
ability to assimilate certain quantities of organic pollutants. In the
process of natural purification, the dissolved oxygen used in stabiliza-
tion-of the organic matter is replaced from the atmosphere. The
rate of reaerationis used as a x_n\eja.;_‘_lre‘ of the ability of a stream to
assimilate Eio&egradabie wastes. .Oxygen depletions will not occur
if the reaeration rate exceeds the rate a;t which oxygen is used in the
decomposition process.

Two factors must be known to predict the effects of debris
accumulation on dissolved oxygen, First, the biochemical oxygen
demand (BOD) exerted by the debris must be measured or predicted.
The analysis of the BOD from logging debris'is presently being con-
ducted by other researchers. Second, the ‘reaeration potential of the
stream must be determined or predicted.

Previouslinvestigators have suggésted various models for pre-
dicting stream reaeration. The purpose of these models is to predict

reaeration from easily measured hydraulic characteristics of the



stream channel such as slope, depth, velocity, etc. These models
can be classified into two general categories, The first category in-
cludes those modelé which were developed theoretically by using the
appropriate gas-~transfer laws of physical chemistry. Verification of
these theoretical models generally came from closely controlled °
laboratory experiments.- .The second approach was empirical and
pre'dictive- equations. were deve-loped from reaeration measurements
on large river systems. These studies eya.lua.ted the reaeration
ca.-pé.city of large rivers subjected to oxygen demand.s exerted by muni-
cipal ;nd industrial wastes. These reaeration equations may also be
applicablg to small streams. P_r_ev:i_(_)_;ums-Efgq‘i__eﬁ__t}?.y"e_‘ not tested this
-possibility. - |

The purpose of this study is to specify equations suitable for
predi;ting reaeration in small, turbulent streams, and identify the
factors affecting reaeration under these circumstances, Three
spécific objecti.ves are stated for accomplishing this purpose. First,
the réa.éra.tion' equations which appear in the literature will be tested
for their predictive accuracy when applied to a turbulent mountain
stream. Second, a new set of predictive equations will be developed.
which may predict reaeration more accurately than the existing
equations under turbulent conditions. Third, the factors affecting
reaeration will be identified and examined with regard to their

management potential for improving the reaeration capacity of a



stream and reducing the chances of serious oxygen depletions.

The scope of this study will be limited to invesfigating the re-
aeration process as it occurs on a single mountain stream. The
stream chosen for this study contained a variety of hydraulic condi-
tions typical of those founc_l‘ in other small streams in the Oregon
"Coast Range. Reaeration rates in this stream were determined by
chemically depleting the oxygen content at one point in the stream énd
then measuring the changes in dissolved oxygen as the water moved
downstream. These reaeration rates were then correlated with the
hydraulic characteristics of the -stream. The intent is to extend the
results of this study only to other smail, turbulent st.reams where the

hydraulic conditions fall within the ranges considered in this study.



CHAPTER 11
LITERATURE REVIEW

A review of the literature clearly indicates the importance of
dissolved oxygen in the aquatic environment. The concentration of
dissolved oxygen in a natural stream is viewed by many environmental
-s’c-i;entists as beihg one of the most’ importé.nt parameters controlling
water quality; Oxygen content is used not only as a measure of the
waste assimil;.tive capacity of a stream, but also as an index to the
:biochemical quality required for a healthy and normal distribution of

aquatic flora and fauna, .

Basic to an ﬁnde-rstahd‘ihg-';.»ﬁ{c-lmissoh-/é_d -o#uygen are the principles
of i)hys ical chemistry which define the solubility of oxygen in water,
A discussion of these factors is presented in order to clarify the
following sections. Special attention has been given to the sources and
sinks of oxygen since they determine the oxygen content of the strearﬁ
at any given time. A discussion of the methods used to analyze for
dissolved oxygen content is also included since such measurements
formed the basis of this research. Because this research is directed
towards defining the reaeration capacity of small mountain streams,
no discussion would be complete without a review of the pfevious
studies and theories concerned with stream reaeration. These

studies and theories have been presented in some detail since they not
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only set the stage for the present research, but also offer a convenient
basis of comparison for evaluating the results. By examining and de-
fining thé process of reaeration, these studies have also shown how
certain hydraulic characteristics of the stream can be used to predict

its reaeration capacity.

Gas Laws and the Solubility of Oxygen in Water

General concepts from physical chemistry indicate that the solu-
~ bility of any gas in a liquid depends on thé nature of the gas, the
temperature of the liquid, and the pressure of the gas over the liquid.
Oxygen may be considered a sli_gh’_tly soluﬁle gaé in water. Under
conditions of standard pressure‘(760 mm of Hg) the solubility of
oxygen gas in water varies from 14.6 mg/1 at 0°C to 5.6 mg/1 at
50° C ({American Public Health Asséciation, 1960)., The effect of
atmospheric pressure on oxygen solubility is well understood and can
be predicted from two basic 1é.ws of physical chemistry. Dalton's

law of partial pressures states that: !"In any mixture of gases, the
total'pfessure is equal to the sum of the partial pressures exerted by
the individual gases, The partial pressure‘of any one gas is propor-
tional to the percentage of its ‘molecules in the total mixture!
(Quagliano, 1958). It is generally accepted that the atmosphere of the
earth contains 20.9 percent oxygen gas. Thus the partial éressure of

oxygen in air is 20.9 percent of 760 mm of Hg or approximately 159
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mm of Hg at sea level. Henry's law states that the mass of gas dis-
solved in a given mass of liquid is directly proportional to the pres-
sure of the gas above the solution (Quagliano, 1958). Given these two
laws, it is apparent that the solubility of oxygen in water is directly
proportional to the atmospheric pressure. The effect of pressure on
oxygen solubility can be calculated direc‘tly by applying the following

equations ..

P-p

760 - p (2-1)

Cs! = .Cs

.'In the above equation, Cs' is the solubility of oxygen in mg/l at some
stated prgssure, Cs is the solubility in mg/l at a given temperature
and at 760 mm of Hg, P is the l‘alé'fbm.etric-pre-ssure' in mm of Hg, and .
P is the pressure of saturated water vapor at the temperature of the
water., For elevations of lerss than- 3, 000 ft. and temperature below
25° C, p can be ignored (American Public Health Association, 1960).

| Unfortunately, the relationship between oxygen solubility and

‘temperature is not quite so easily defined. In fact, there is continued
disagreement between various investigators as to the true nature of
-oxygen solubility at a given temperature. Perhaps the most widely
used and accepted saturation values of dissolved o.xygen are those re-
ported in Standard Methods (Américan Public Health Association,
1960). The term 'saturation value' as used here is synonymous with

'solubility'. The values found in Standard Methods are those reported
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by Whipple and Whipple (1911) which were based on calculations frorﬁ
experimental data presented by Fox (1909). The experiments of Fox
were actually performed u;sing pure oxygen instead of air. Using a
gasometric technique, he exposed a given volume of pure dry oxygén
at 760 mm of pressure to a known volume of deaerated water and
measured the. reduction in oxygen volume after equilibrium had been

i

established. Tests were performed at different temperatures and

from this data, the solubility of atmospheric oxygen was calculated,
~assuming that air containéd 2.0.90 percent oxygen. Results were re-
ported in cubic centimeters of oxygen absorbed by 1, 000 cubic centi-
metérs of_v&ater. ‘Using these r_esu}ts, Whipple and” Whipple applied
.corrections for saturation vapof ;r.‘ejs'sure and converted the results
into mg/1 and ppm as found in Standard Methods. The solubility of
dissoived oxygen in distilled water at any pressure may be calculated

by the following equation:

(P - p) 0.678

Cs 35+ T

(2-2)

In the above equation, Cs is the saturation value of oxygen in water
in mg/1 at some temperature, T, P is the baromet;ric pressureﬁi\n\”
mm of Hg, p is the saturation vapor pressure of air for a given
temperature T, é.nd T is the temperature of the water between 0°

and 30° C measured in degrees C (American Public Health Association,

1960),
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For many years, the work of Fox and later Whipple and Whipple

was accepte& without further qualificégion. However, experiments
- conducted by Truesdale et al. (1955) resulted in saturation values
which differed sigﬁiﬁcantly from those previously reported. In
general, Truesdale's values were somewhaf lower. In the tempera-
ture range. of 0° t0 35° C, they were as much as 0,57 ppm lower or
about six percent of the solubility given by Standard Methods, The
following techniqﬁe was used by Truesdale to obtain the published
saturation vaiues;' Using a 10-liter aspirator bottle, eight liters of
distilled water were added and nitrogen gas passed through the bottle

for one hour to deoxygenate the water and air. With the 6xygen con-

centration in the water reduced to well below the saturation point,

CO, free air was pumped into the bottle at a rate.of 100 cc/min, - The
water in the bt;)ttle was slowly stirred-by a paddle wheel_neé.r the
bottom to assure corﬁplete mixing and uniform oxygen concentration
throughout the bottle. Subsamples of water were periodically drawn
off and analyzed for dissolved oxygen. The dis.solved oxygen content
of the samples w-as determined by standard Winkler titration. The
Winkler method is discussed in greater détail in a subsequent section.
Sampling and analysis continued until several successive determina-
tions taken over a period of dayé gave a constant value when correct-

ed for changes in atmospheric pressure. Water temperatures during

each run were held constant by immersing the aspirator bottle in a
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water bath which was thermostatically controlled to t 0. 05° C.
Throﬁgh successive runs at different temperatures, Trﬁesdale deter -
mined the oxygen solubility in both pure and saline water over a
temper.ature range of 2° to 40° C. The results of the experiment can
be.éxpressed by an empirical equation which. relates water tempera-

ture directly to oxygen solubility. Truesdale's equation is:

Cs = 14.161 - 0.3943 T + 0.007714 T° - 0. 0000646 T° (2-3)

whefe- Cs is the saturation concentration in parts of oxygen per
million parts of water and T is the water temperature in °c. I
discussing the apparent disagreement between his results and those

of previous investigators, ‘Truesdale-’C'onciudes that either the Winkler
method is not accurate, of the previously published gasometric solu-
bilities are incorrect. Truesdale states that the later explanation is
more probable since s_uéer-saturation may have résulted from the
vigorous agitatioﬁ used to dissolve the oxygen in the experiments of

" Fox.

Using the results published by Truesdale et al. (1955),

Mackereth (1963) proposes a simpler formula for calculating oxygen

475
€ = BT (2-4)

where Cs is the solubility of oxygen in mg/l and T is the temperature
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in °C.

Churchill, Buckingham and Elmore {1962) discuss the discrep-
ancy between the results of -Fox and those of Truesdale. A careful
- study of the techniques used by the Truesdale group failed to reveal
procedures that could be questioned. Furthermore, the general de-
"sign of the Truesdale experiments included several advantages that
‘ "Were__ considered to be superior to the gasometric techniques used by
Fox and other early workers s;.zch as Winkler. However, since
Churchill, Buckingham and Elmo.r'e could find no explanation for the
differences between the results of Truesdale and Fox, they felt that
furtﬁer ihves_tigations were necessary to resolve the conflict. .The
techniques used by Churchill, B.ﬁc’k'i;'xl?g_}'férh" aﬁdElmore for these in-
vestigations were quite similar to those of Truesdale and will not be
discussed in detail. The .results of these latest studies showed clése
~agreement with the Standard Methods values 'm. the 0° to 10° C range
and lower values in the-10° to 30° C range, but not as low as those
repor'te.d by Truesdale. The best-fit empirical equation developed by

Churchill, Buckingham and Elmore is:

2 3

Cs =14.652 - 0,41022 T + 0.0079910 T - 0.000077774 T ' (2-5)

- where Cs is the saturation concentration of dissolved oxygen and T
is the temperature in degrees C. For comparative purposes, Table

" E-1 has been prepared to show the saturation values predicted by the
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three principle investigators, Fox, Truesdale, and Churchill, over
.t'he temperature range of 0° to 30° C.

The choice of the saturation valve of oxygen for a givén water
temperature is- important from two standpoints. It determines the
direction of oxygen transfer and also the rate of transfer. When the
oxygen concentration in water reaches the saturation value, the partial
pressure of oxygen in the water is the same as the partial pressure of
oxygen in the overlying air. Since thére is no grédient of partial |
ﬁrés sufe at saturation, no net reaeration will occur and an oxygen
equilibrium exists between dissolved and atmospheric oxygen. When
the diséol-ved oxygen content in water falls below the saturation value,
the,pértiai pressure of oxygen in v;./at.e:b.ce.comes less than that of the
atmosphere. A positive gradient is established such that the net trans-
fer of oxygen is from air to water. The reverse can occur under con-
ditions of high photosynthetic activity when the oxygen concentration in
water rises above the satura;tion value, In this case, a negative
pressure gradient exists and oxygen is transferred from water to air.
Thé term generally applied to this transfer is ''reaeration' or simply
“"aeration". These terms are somewhat of a misnomer since they
imply that o}:ygen is being added to the water. They are used not only -
to describe the process by which oxygen enters the water but also to
describe the loss of oxygen from the water to the air. The latter

might better be termed ''deaeration'. However, to avoid
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~confusion, ireaeration” and ""aeration" will be used to describe any
gas transfer between water and atmosphere. The saturation valve is
also related to thé fate of oxygen transfer because it defines the
partial pressure gradient at the air.-water interface, This gradient
is directly related to the réaeration rate. The effect of the gradient
bn the reaeration fa.te will be discussed more fully in a following sec-

tion.

Sources and Sinks of Dissolved Oxygen

The concentration of dissolved oxygen which exists in a natural
stream a-t any time is a function of a number of interrelated factors
and processes. The influence of an')%' of these-factors-or processes
varies with time and dissolved oxygén content. For discussion pur -
poses, these variables can be classified as either sources or sinks of
dissolved oxygen. _

Typical sources are c;xygen rel.eased‘into the water from photo-
syntheti.c activity of algae and other green plants and oxygen from
atmospheric reaeration. - Sinks of dissolved oxygen result from the
respiration of bacteria, algae and green plani_:s,' the loss of oxygen to
the atmosphere, and the use of oxygen to satisfy biochemical oxygen
demands resulting from pollutional loading and bottom def)os its.
These sources and sinks are shown in a diagrammatic form in

Figure 2-1.
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"O'Conner (1967) uses a mass balance approach to define the
oxygen balance in any given strea;m system. To use this conceptual
mode}, a given volume of water or section of the stream is speéiﬁed
to spatially define the system. All the inputs and ohtputs of oxygen to
the éystem are then balanced. Because water flowing into and out of
the stream section or sys.tem fepresents an input or'outp>ut of dis -~
solved oxygen, it has been shown in Fig\;re 2-1 as a source or sink of
dissolved oxygen,

-Algae and green plants act as!both sources and sinks for dis~
solved oxygen. During the daylight hours, the oxygen produced by
‘pla.nts- through photosynthesis usually exceeds their use of oxygen for
respiration, and hence they are é'oﬁr:c-es*of dis‘s'dl'v"ed oxygen. At
night, photosynthesis ceases but respiration coﬁtinues énd plants be-
come sinks for dissolved oxygen. The general effects of large plant
and algae populations are large diurnal variations in dissolved oxygen.
The net effect of plants é.nd algae over a 24-hour period depends upon
the specifics C;of the environment such as sunlight, temperature, mass
pf algae, and nutriments (O'Conner, 1967). In studies on the Fox
River, Wisconsin, Wisniewski (1958) found daily net photosynfhetic/
respiration r#tios ofi 1.4. Thus on a net daily basis, algae under
these conditions were definitely a source of oxygen. In discussing
Dobbins's (1964) article on BOD and oxygen relationships in streams,

Lynch (1965) concludes that respiration and photosynthesis of plankton
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and fixed plants may be a major if not dominating factor in certain
stream situations. O'Connell and Thomas (1965) clearly demonstrate
the truth of Lynch's statement. Their studies of benthic algae in the
Truckee River near Reno, Nevada show the large diurnal fluctuations
resulting from high algae populations and the dominating influence of
algae on the stream's dissolved oxygen c0ntént. They conclude that
. photosynthetic oxygen production will be a liability rather than an
asset if it results from benthic algae or rooted aquatic plants rather
than phytoplankton. Nighttime respiration requirements can cause
seriously low daily minimum dissolved oxygen concentrations. To
support this statement, they cite studies by Warren et al. (1964’
which indicate that the gfowth rates of fish subjected to fluctuating-
dissolved oxygen concentrations are dependent on the minimum con-
centrations occurring at night or early morning rather _than on dailY
mean concenfrations. Besides producing serious nighttime depletions,
algae cause abnormally high mid-day oxygen concentrations.
Gameson and Barrett (1958) discuss cases where dissolved oxygen
concentrations as high as 150 per.cent of the air-saturation values have
occurred as a result of photésynthetic activity.

The exchange of oxygen between the atmosphere and the water is
.still cons_idered to be the predominant mode of transport of oxygen in-
to the water.. However photosynthesis and respiration may exert a

considerable influence on dissolved oxygen under certain circumstances.
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The atmosphere can act as either a source or sink for dissolved
oxygen. The direction of transfer will depend on the relationship be-
tween the saturation value and the actual oxygen concentration in the
water.

In polluted streams, biochémical oxygen demand is a major
sink for dissolved oxygen. Biochemical oxygen demand (BOD) is de~
fined as the amount of oxygen required by bacteria while stabilizing
decomposable organié matter under aerobic conditions (Sawyer, -
1960). While it is true that certain chemical wastes may exert an
oxygen demand exclusive of biological activity, they will ﬁot be con-
éidefed here since such wastes are not normally found in natural
streams drain.in-g undevelopea watersheds. In the past, most of the
work involving-BOD test was directed toward predicting the effects
of municipal and industrial wastes on the dissolved oxygen content
of the receiving waters. In fact, waters containing significant
ampunts of BOD were 6n1y associated with the more heavily populated
areas. However, recent literature suggests that there are also some
natural sources bf BOD which can.affect the oxygen concentrations in
natural streams flowing from undeveloped areas. Chase and Ferullo
(1957) have i'nvestigé.ted the oxygen demand of leaves stored under-
water. The purpose of their research was to_ identify the péssible
oxygen demand created by autumn leaf fall in deciduous forests.

These leaves, when water-logged, sink to the bottom of the stream and
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in the slow proceés of decay exert a sustained demand on the dissolved
oxygen of the éveflying water. Their tests én maple leaves showed
about 750 mg of oxygen consumed per gram of leaf material over a
period of 396 days. This means that maple leaves consumed a weight
of oxygen equivalent to 75 percent of their initial dry weight. About
500 mg of oxygen per gram of ieaf ;'naterial were consumed by either
oak leaves or pine needles -du;ing a-. similar .period.

- Slack and Feltz (1968) studied the effects of autumn leaf fall on
the water quality characteristics of a small Virginia stream. They
found tha_t organic ldading by tree litter can exert a significant control
on water composition, especially during low flow periods. Dissolvéd
oxygen and pH decr_eaéed; and w'ate‘f.:écy:.ol..(:)fi'—,“ Si)e'c'i:ffé" é_bzid'uétanc;e, iron,
manganese, and bicarbonate values increased as the rate of leaf fall
increased. They note that deialetion of dissolved oxygen by decom-
posing litter often results in ﬁéﬁ kills, decreases in bottom fauna,
and in nuisance odors from anaerobic decomposition. During their
study, a few dead fish were observed on October 16, 1963, On
October 25, more dead fish were present, and many fish showed dis-
tress by gulping air at the surface. This period coincided with thé
peak'rate of leaf fall. . During August and September, the rate of leaf
fall was minimal and dissolved oxygen values averaged 6-8 mg/l. By
the end of October, the leaf fall had rleached its peak and d.issolved

oxygen concentrations in the stream had fallen to less than 1 mg/1.
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The flow during this period remained fairly constant at about 0.3
liters/seéond (0. 01 cfs) showing that the low dissolved oxygen did not
result from simply a drop in the volume of flow.

Hall and Lantz (1969) reported on the effects of logging on the
“habitat of coho salrhon and cutthroat trout in coastal Oregon streams.
They found significant reductions in stream dissolved oxygen during
and innnediétely following logging operations. Three experimental
watersheds were ﬁsed in the study.. One was clearcut, one patch-cut,
and one left undisturbéd to serve as a control. Felling began 6n the
clear-cut watershed in March, 1966 and was complete by mid July,
although yarding of felled trees continued through late summer. As a
result of felling and ya:_rding, considez.'abile amounts of fiﬁe debris
composed largely of Douglas-fir neeales, twigs, bark chips, organic
duff and soil were left in the stream channel, forming small dams that
ponded and slowed the flow of water. Periodic sampling of dissolved
oxygen co_ncentrationé in the surface and intragravel waters showed
oxygen levels too low to support éalmon and trout in late June and
through most of July, 1966. Juvenile coho salmon placed in live boxes
in the stream survived less than 40 minutes, and oxygen concentrations
as low as 0,6 mg/1 were obsérved. There was substantial improve-
ment in surface dissolved oxygen levels downstream and after debris
was cleared from .the stream in mid Septefnber. There was further

improvement after fall freshets moved much of the fine debris
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downstream. The oxygen content of the sur-face watér returned to
approximately pre-logging levels by autumn. The low dissolved
. oxygen concentrations found in surface and intragravel waters of the
clearcut watershed during and immediately following logging probably
resulted from a combined effect of three factors. First, it seems
reasonable to assume that the fiﬁely divided‘ oi-ganic debris left in the
stream chanﬁel created a biocheﬁical oxygen demand in the procéss
of decofnposing. .Second, Brown (1969) has shown tﬁat the removal of
riparian vegetation exposes the stream to direct solar radiation,
causing rises in surface water temperatures Which in turn decreases
the soiubility of oxygen in water. T'he higher water temperatures
would also tend to increase the'salugiiity‘ of-dx’-‘ganid 1"e'a§hates from the
debris. Lastly, the ponding and damming effect of the debris probably
reduced the reaeration capacity of the stream. The effects of ponds
and dams on reaeration will be discussed in detail in later sections.

J\;stificafion for aésuming that logging debris causes a bio-
chemical oxygen demand can be found in the literature. In studies of
water quality in log storage ponds, McHugh (1964) shows that floating
logs ad& soluble oi-ganic compounds as well as color and odor pro-
ducing substances to the water. In turn, some of these soluble organic
compounds would be broken down by bacterial activify, producing a
biochemical oxygen demand in the process.

Research to determine the possible pollutional effects of floating
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" log storage is preseﬁtly being conducted by the Department of Civil
Engineering af Oregon State University. Laboratory tests show that
60-80 percent of leachates from selected species of wood stored in
water are organic in nature (Graham and Schaumburg, 1969). Cross-
cut sections of Douglas fir and Poﬁderosa pine submerged in water for
40 days exertéd é chemical oxygen demand (.COD) or 6, 000 to 7., 000
mg per square foot of exposed.su-rface area. Recent work shows t‘ﬁat
the BOD from submerged logs is between 20 to 50 percent of the COD
value. The reason:.for the lerr BOD values is that not all of the |
solubi_e_ organic leachates can be readily broken down by bacterial
activity. The BOD values varied depénding on type of v;./ood and
amount of’ attachéd bark. The cross-cut enés were se.aled with
paraffin in some samples and thg bark or uncut surface in othefs.
Graham and Schaumburg (1969) foun& the leachates were passed to

the watéz; in greater quan_ti.ties through the cross-cut ends. The finely
divided organic debris resulting frc;m logging operations. would
probably exert a much higher BOD on a unit volume basis as com-
pared with cut log _sections. This would result from the éreatly in-.
creased surface area and thé large number of exposed end-cuts.
Large quantities of debris are left on a watershed following logging.
Debris r'ariges in size from sawdust and small wood chips to stumps
and trees which have been felled but not yarded because of their un-

merchantable quality. Williamson and Schaumburg (1969) indicate that
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18 p‘ercent of tﬁe bark from Douglas fir is dislodged during felling and
yarding operations. In conclusion, it seems evident from the fore-
goigg discussion that the potential sources for biochemical oxygen de-

mand would certainly exist on a recently logged watershed.

Reaeration and the Oxygen Balance

The reaeration capacity of a stream, the ability of water to en-
train and absorb atmospheric oxygen, has been a subjéct of increasing
interest and importance. Its importance lies in the fact that the re-
aeration capacity is often used as a measure of the total assimilative
~ capacity of the stream., Biodegradable organic compounds present'ih
tﬁe strea_m use d.issolved oxygen _in ;hg-ggpqrppg§ ition process. Once
.the .initial oi:ygen content of a stream has been depleted, atmospheric

reaeration becomes the major vehicle of transport sﬁpplying oxygen

to the water. Extreme oxygen depletions may occur in situaﬁons of
.high pollutioﬁal loading and low reaeration capacity. Such depletions
pose a threat to the natural flora and fauna of the stream. If o;:ygen'
vallues remain low, anaerobic decomposition may replace the aerobic
process. Odor problems from hydrogen sulfide gas generally accom-
pany anaerobic decomposition. To avoid these problems, efforts have‘
been made to predict the éffec’:t of any given waste on the oxyg'en'content
of the stream. Theoretical and empirical equations have been devel-

oped to predict the reaeration capacity of various streams.
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Streeter and Phelps (1925) were tﬁe first to intensivély study the
phenomenon of oxidation and reaeration in natural streams. Their
"~ classic Wérk on the pollution and natural purification of the Ohio River
lead to the formulé.tion of the oxygen sag equation, a conceptual model
still widely applied by sanitary engineers. The mathematical expres-
smn %or.the oxygen sag .mod.el is composed of two differential equa-
;:iéns, .one to account for the rate of oxygen use by fhe pollutant and a
secénd to specify the rate of oxygén replacement from the atmosphere.
The first equat.:ibn states that in the absence of reaearation.the rate of
bio.che.m‘ical oxidation is proportional to the concentration of unoxidized
matter (ﬁOD). ‘The aésumption madels that the rate of biochemical |
oxit‘iiiation- can be expressed by a first order decay equation in which
the exerted oxygen demand decreases exponentially with time.
Streetef's first equation takes the following form:

dL | o,
rralii -Kl L (2 -6)

where L is the BOD concentration in mg/l, K, is termed the BOD

1
rate constant (base e) in units of 1/days, and t is the time in days.
The second equation is based on the generally accepted proposi-
tion that the rate of gas absorption by a liquid is a first order rate
process. .Therefore in j:he absence of BOD t‘he rate of oxygen absorp-

tion will be proportional to the oxygen deficit. The oxygen deficit

(D) is defined as the difference between the saturation value and the
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actual concentration of oxygen in water of a given temperature, The
form of the second equation is: -

dD '
& = -K,D (2-7)

where D is the oxygen deficit in mg/1, K2 is termed the reaeration
;c;efficient (base .e)_v in @ifs of 1/da§s, ana t is time in days. Equa~
tions 2-6 and 2-7 rﬁust then be combined to express the effects of both
oxida_tion and reaeration. To do this, equ.ation 2-6 must be expressed
in terms of the oxygen deficit (D). .In equation 2-6, L is the BOD
concentrétion in mg/l. BOD is measured in terms of the amount of
oxygen used iﬁ the .d'ecc-»r'néo‘s ition précéss.. over.a given period of time.

" For each mg/1 of oxygen used, the amount of BOD remaining is re-

duced by one mg/l. This can be expressed mathematically as:

dL dc
dt ~ dt (2-8)

where dL/cit is the rate of oxidation and ‘dC/dt is the raté of oxygen
consumption, It i_s convenient here to express the rate of oxygen use
as the r;te chénge of the oxygen deficit. To use the previous example,
for each mg/1 reduction in L, the oxygen deficit (D) will increase by
one mg/l., Mathematically expressed:

dL _ dD
dt dt

(2-9)
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" Equation 2-9 states that the rate decrease in L is proportional to the
rate increase of the oxygen deficit (D)., Eguation 2-6 can now be ex-

pressed in terms of D by:
~— = — = K L (2-10)
and equations 2-6 and 2-7 combined to yield:

dD
el Kl L - KZ'D | (2-11)

Solving equation 2-11 for D results in equation 2-12, The derivation
of équation 2-12 is presented in Appendix B.

K, La TS LI
K, K,

Kzt

D = 4 Dae (2-12)

In eéuation 2-12, La is the initiall BOD in ;-ng/l at t equa.i to 0, Da
is the initial diss4olved oxygen deficit in mg/l at t equalto 0, e is
the base of Naperian or natural logarithms (2. 71828) and the remain-
ing tefms are those previously defined.

In engineering, the first order decay coefficients (K, and KZ) are

1

often expressed to the base 10 rather than the base e and noted as

such by the use of the lower case letters kl and kz. These coeffi-
cients may be converted from one base to the other by the following

relationship:

k (base 10) = 0.434 K (base.e) (2-13)
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Using the conceptual framework of the Streeter -Phelps equation
(2-12), other authors have extended the mathematical model to include
additional factors which may influence the oxygen deficit in the
stream. For instance, O'Connell and Thomas (1965) proposed the
following modification to account for the influence of benthic algae. on

oxygen deficit:

K, La (102 (p p) (1.2
D = - . 25
KK, | K
+ Dae X2t - (2-14)

where PQ-Rs is the net effect of phot'osynthésis minus respiration in

terms of mg/l. Dobbins (1964) proposes several additional modifica -
tions to the basic Str.eeter-Phelps equation to account for multiple
additions of BOD along a given river reach. removal of BOD by
settling cu.f. organic material, and several other cases too numerous to
be inclﬁaed in this discussion,

Streeter's original equation (2-7) defines the rate change in the

oxygen deficit resulting from reaeration. It is possible to solve for

the reaeration coefficient K2 by the following integration and manipu-

lations:

<= = K. D (2-7)

The solution to equation 2-7 in terms of D is similar to the one
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. presented in Appendix B and will not be repeated here. Solving

equation 2-7 for D yields:

e e

D = Da e 2t (2-15)
Equation 2-15 may be resolved for K2 as follows:
InD = ln Da_ -ﬁét - (2-16)
Kt = In D - In Da »(2-17)
KZ - 1nDat-1nD | 7(2-18)
or | kz = l.og Dat - log D : - (2-19)

where Da is the oxygen deficit at t equals 0, D is the oxygen deficit

at time t, tis the time in days, K, is the reaeration coefficient (base

2
e) in units of 1/days, and kZ is the reaeration coefficient (base 10} in
units éf 1/days. - Thé practical signiﬁcance of these equations is that
the reaeration coefficient may be calculated directly from empirical
data. Provided there is no biochemical oxygen demand exerted within

the stream, the reaeration coefficient K_ or kZ can be _calculated

2
directly from equation 2-18 or 2-19, Da is taken as the observed
oxygen deficit at some upstream point, D as the deficit of some down-

stream point, and t as the time of travel between these points. In

cases where a biochemical oxygen demand does exist within the reach,
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the BOD rate constant K1 must be determined and equation 2-12 used

to calculate the reaeration coefficient KZ"

.Development of Reaeration Models

The purpose of t_he foregoing discussion has been to show the

““““ effect of reaeration on the oxygen concentration in a stream under con-
ditions of oxygen deficit. The rémaining remarks will_be directé&
tqv&ard identifying the factors whiqh influence reaeration and specifying.
how they can be used to predict reaeration in a natural system. This
is generally accomplished in one of two ways. Firét, reaeration co--
'e.fﬁci.enfs can be.ded'ﬁc ed from t.hegretical xﬁodels us ing thé appropri-
‘ate gas. tra;nsfer laws and othe.r- pertm;nt —pru;c;plesof .physical chem-
istry. Second, reaeration coefficients can be predicted from empiri-
cal models which relate reaeration to the hydrau}ic characteristics of

the stream channel. The theoretical development relating reaeration

to gas transfer laws will be examined first.

Theoretical Models

About the same time that Streeter and Phelps published their
work, Lewis and Whitman (1924) were examining the principlﬁes of gas
absorption as _rélated to reaeration. They proposed a two-film theory

to explain the process of gas transfer at the liquid-gas interface.

Their theory postulates the existance of two very thin and stagnant
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layers at the interface, one gas and another liquid. Gas must pass
through these 1a.ye-rs by a prochss of molecular diffusion, and the
resistance to tfansfer encountered in the thin layers determines the

rate of diffusion. Their equation specifying this transfer rate is:

t Vo dC _ :

Aat = A & = KelPg- Pi) = K, (Ci-C) | (2-20)

or ac _ A K, (Ci- ) 2-21)
. - dt Vo .

where' Wt is the weight of the solute gas, Kg is the mass traasfer
coefficient through the gas film, KL is_ the mass transfe—r coefficient
‘through the liquid film, Pg is the c.o-;lc.entration of the gas in the main

- body of the gas and Pi 15 the concenfra.tion in the gas film at the inter-
face, C 1is the concentration of the gé.s in the mé.in body of the liquid
and Ci is the concentration in the liquid film at the interface, A is
the area of the gas-liquid interface and Vo is the volume of liquid
undergoing_a:eration.

- For a slightly soluble gas such as oxygen, it is assumed that the
‘resistance of the gas film is negligible, and that the concentration of
the solute gas at the interface is determined by Henry's law, or Ci
equals Cs, where Cs is the saturation valué at a given temperature,

Equation 2-21 may then be rewritten as:

sc AKL(Cs-CO A Ky D X
dt Vo - - Vo (2-22)
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where D = Cs - Ci = oxygen deficit. Since Vo/A equals the depth

(H), a simpler and more familiar form of equation 2-22 is:

K

dC L :
= _ = _ 2.
= D (2-23)

dt

The relationship between the reaeration coefficient K2 and the

liquid film or mass transfer coefficient K. can be specified as

L
follows:
K. D
db  dC L
- "o =K D=—% (2-24)
K .
oF - K =g (2-25)

Lewis and Whitman maintained that with a-stagnant film at the
liquid surface in which steady-state molecular transfer controls the
rate of mass transfer, the mass transfer coefficient (KL) is equal to

the molecular diffusivity (Dm) divided by the film thickness (Lf) or:

Dm '
KL = IF (2-26)
However, their theory predicting K; from Dm and Lf has been
criticized from two'standpoints. First, the existance of a laminar
film in a stable form in the presence of a turbulent flow regime

normally present in most streams is difficult to reconcile physically.

Second, the two-film theory assumes complete and uniform gas
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concentration in the main body of the liquid below the film layer.

. This implies a very higﬁ level of turbulent mixing and is not consis-
tent with the hypothesis of a stagnant surface layer. Furthermore,
any hydrodynamic effect on the process must be accounted for in the
thickness of the hypothetical film.-

Objecting to the steady-state model of Lewis and Whitman,
‘Higbie (19'35) proposed a model called the penetration theory. Higbie
felt that the role of turbulence was to bring elements of bulk fluid to
the surface, where absorption.take's place for a prescribed time Te’
after which the element returns to the fna.in body of the fluid and is

replaced by another, His theory states:

K. = 222 (2-27)

L T Te
where Dm is the molecular diffusivity or diffusion coefficient.
Danckwerts (1951) modified Higbie's model to allow for a
random distribution of exposure times dependent on the rate of re-

placement of surface eler_nents. Called the surface renewal theory, it

is expressed as:
K. = NDm r : (2-28)

where r is the rate of surface renewal and the other terms are the
same as previously defined. The advantage of the penetration and

surface renewal theories is that they account for the hydrodynamic
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effects of turbulence and eddies. Both specify the mass transfer co-
efficient (KL) as being proportional to the square root of the molecular
diffusivity (Dm)-. However, as Fortheséue and Pearson (1967) and
Metzger and Dobbins (1967) point out, both theories involve arbitrary
parameters, Te or T respectively, which must either be determined
experimentally or deduced from physical arguments. Although a
turbulent flow field can yie.ld characteristic times, there were few
attempts to relate these directly to Te or r . Thus, the usefulness
of these theories was somewhat limitéd by the lack of a .verified
theory for the determination of these arbitrary parameters.

Dobbins (1964) and Metzger and Dobbins _(1967) feel that the
surface renewal the'o.z.'y of Danckwe'r-fs.' 15:;'5\71d'es‘fh'e best physical
model for reaeration. They discuss and experimentally verify véri-
ous equations which predict thg T value used in equation 2-28. How-
ever, these eqﬁations also. include severai arbitrary parameters'which
must be determined from graphs based on empirical observations of
previous investigators. The result is better curve fits and correla-

tions between reported and calculated values of K but with con-

L’
siderably more complex calculations.

O'Conner and Dobbins (1958) propose a simpler method of esti-
mating the terms of the Danckwerts surface renewal equation. Their

approach has the advantage that the gas transfer principles of the

Danckwerts model are incorporated into the predictive equations, but
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in a way that allows the reaeration coefficient (kZ) to be calculated
directly from easily measured hydraulic parameters, They initially
pro’posed two-reaera.tion equations, one for nonisotropig flow charac-
terized by a marked velocity gradient, and another for isotropic flow
in comparatively deep éhannels where the velocity gradient approaches
zero. For flow depths less than five feet, turbulence was assumed to
be nonisotropic and the reaeration coefficient predicted by f:he follow -

-ing equation:

kz - 480 Dm" 2 %% H'l‘25 (2-29)

For depths greater than five feet, isotropic turbulence was assumed,

and.the reaeration coefficient calculated by:

kZ' = 127 DM 2 v¥3 gtd (2-30)

where k2 is the reaeration coefficient (base 10) in terms of l/da.ys,
Dm is the liquid-film diffusion coefficient in ftz/day, lS is the channel
slope in ft/ft, H is the mean depth in feet, and V is the mean velocity
in ft/sec. In a subsequent article, O'Conner (1958) abandons the non-
isotropic flow equation 2-29 by showing that equation 2-30 works—_ _
équally well for conditions of either isotropic or nonisotropic turbu-
lence. The numerical coefficient (127) in equation 2-30 is used to
convert the units of measurement into a dimensionally correct form.

O'Conner and Dobbins (1958) show that the r, term in Danckwerts'
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equation 2-28 can be approximated by V/H. With this substitution,

equation 2-30 can be derived directly from equation 2-28.

Empirical Models

Streeter and Phelps (19 25) pioneered the research to define the
relationship betwéen reaeration rates an-d the physical characteristics
-of the stream. They state that 'the reaeration rate should be closely
felated to and governed by those conditions which influence turbulence

of flow, and heuce values of K_, as actually determined in a given

2
" river reach, should bear a close relatioﬁ to the 'several measurable
fac-to.rs .of physical condition which_cause varying degrees of turbu-
lence." They also point out thé ﬁréétic‘él 'applic'at’ibn'.of corfelating
values of KZ with certain measurable factoré of physical stream
condition. These factors may be used to estimate the reaeration
capacities of streams in which no direct measurements have been

made of the reaeration coefficient. ¥rom their work on the Qhio

River, Streeter and Phelps propose the following general relationship:

K= - _ (2-31)

2 2

where K2 is the reaeration coefficient (base e) in 1/days, V is the

flow velocity in feet pér second, H is the mean depth in feet, and ¢

and n, are empirical coefficients defined as follows:
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c = 0.39 (101' 16S) + 17 (for smooth channels,
irregularity factor
equal 2.0 to 3.0) (2-32)
2,3 .
c =1.1 8 (for irregular channels,
irregularity factor
equals 3.1 to 5.0) (2-33)
_y=-0.17 .
T y-1.17 (2-34)

where S is the channel slope in feet per mile, the irregularity factor
is tﬁe number of changes in slope (exceeding one foot) per mile of
ch'a.nnél, and y is the mean increase in -velocity of flow per five foot
increase in gage -he.ight. Equations 2-31 through 2-34 were derived
using the empirical data from the Ohio River study.

Churchill, .Bu-ckinéham and Elmore (1962) poin£ out th_a-t.thex;e
are certain inherent sources of e;'ror associated with the method

used by Streeter and Phelps to determine the value of K In their

2'
study, Streeter and Phelps substituted measured K1 values into

equation 2-12 and solved the equation to obtain the KZ values. These
KZ ‘values were used to derive the empirical relationships shown in
.equations 2-31 through 2-34. The source of error arises from under -
estimating the BOD in a particular stream reach. Bottom deposits
can exert a BOD which is not measured by the standard BOD analysis.
The total or ultimate BOD as measured by standard analysis will be

lower than the actual BOD exerted in the natural environment, Errors

of this type will result in calculated reaeration coefficients which are
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too low.

Subsequent reaeration research has been directed toward
methodsn which circumvent the problems caused by biochemical oxygen
demand. There are two methods.w.hich eliminate these problems.
First, reaeration coefficients can be determined in systems where
no BOD is present, The oxygen deficits required for reaeration
studies can be artificially created under natural or laboratory condi-
tions by the addition of .chemicalr'reducing agents. Second, reaeération
coefficients can be calculated directly from equation 2-18 or 2-19 if
dissolved oxygen measurements are made in streams where natural
oxygen deficits exist but minimal BOD concentrations are encountered.
Situatioes sueh as this arre ﬁet‘>n.ez;¥;11;wfo_undnmi:n' the nat:.ral environ-
ment since BOD.is genera.liy the cause of oxygen deficits and thes both
ere usually present. However, Churchill, Buckingham and Elmore
(1962) were able to take advantage of an unusual situation where
waters released from the deep storage impoundments of the Tennessee
Valley Authority dams were low in dis>solved oxygen but free from
organic pollutants. This natural phenomenon resulted from pro-
longed storage of water under conditions of thermal stratification.

As the water flowed downstream from the impoundments and absorbed
air, they measured the changes in dissolved oxygen and were able to

calculate the reaeration rates in successive river reaches. By

accurately measuring the hydraulic characteristics of each river
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reach, they were able to statistically relate these characteristics to
reaeration. Throu.gh dimensional analysis and multiple regression
techniques, they arr'ived at a set of four predictive equations relating
the reaeration coefficient (kZ) to various combinations of hydraulic

variables. These equations and the resulting coefficients of multiple

_ »correlation (RZ) are:. .
k, = 5.026 y0-969 5-1.673 (RZ = 0.822) (2-35)
"k, = 44.55 y1-29750.230 g2 _ 4. 805 (2-36)

1.049 H-2.262 f-0.823 2

1.477 V (R® =0.841) (2-37)

i

l\?‘_.
i

-0. 669 2

(R% = 0.835) (2-38)-

2.361 -2.753

k, = 0.041 V

where k2 is the reaeration'coefﬁcient {(base 10) in 1/days, V 1is the
mean velocity in ft/sec, H is the mean depth in feet, S is the energy
slope in ft/ft, and f is the resistance coefficient defined as follows:

8 g H S

VZ

f = (2-39)

The correlation coefficient for equation 2-35 is slightly less than
some ot the other predictive equations. However Churchill,
Buckingham and Elmore recommend this equation as being the
simplest and easiest to apply. Without doubt, the work of Churchill,

Buckingham and Elmore is the most detailed and exacting study of
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reaeration ever performed on a natural system.
| Churchill, Buckingham and Elmore compared their actual kz
values to those predicted by the equations of O'Conner and Dobbins _
(1958). They found that the values predicted by the O'Conner and
‘Dobbins isotrépic flow equation (2-30) agreed fairly well with the actual

-wvalues., However, the nonisotropic flow equation (2-29) proposed by

O'Conner and Dobbins underestimated the actual values. In developing
their nonisotrbpic flow equation, O'Conﬁer and Dobbins assumed that |
the turbulence near the surface of the stream was directly related to
the velocity gradient near the surface. Churchill, Buckingham and

Elmore criticize this assumption and show that different states of

turbulence: cé.n exist wifh:identical velocity distributions.

Krenkel and Orlob (1962) studied turbulent diffusion and reaera-
tion in a laboratory flume where oxygeh deficits were created by
additions of sodium sulfite reducing agent. They concluded that re-
aeration is directly related to the degree of turbulence, and that the
energy dissipated per unit mass of water as it flowed through the
flume was a good index of the degree of turbulence. The source of
energy for the flow process is the rate loss of potential energy as the
water moves downslope and can be calculated by the following

equation:

E=S V g © (2-40)
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where E is the rate of energy dissipated per unit mass of water, S
is the slope of the energy gradient (taken as the slope of the water sur -
face profile) in ft/ft, V is the mean flow velocity in ft/se'c, and g is
the acceleration due to gra.vity'in ft/secz. Relating energy dissipation
(E) and flow de'pth (H) to the reaéra.tion coefficient (ki - base 10),
: .K_renkel and Orlob obtained a c-orrela.tion coefficient of 0.86 with the

following predictive equation:

k, = (1.14lx 10'4) gl 408 H'0'66° (2-41)

Thackston (1966) used laboratory and field data to develop an

- equation relating reaeration to the physical properties of the stream.
Laboratory studies of reaeration’were conducted with a re’circula.ting
flume. Reaeration rates were determined under various conditions of
slope, velocity, depth and bottom roughn.ess. Wire fence and then
bricks were used to simulate various ty.pes of bottom roughness.
Field measurement of reaeration were made on the same river reach-
es ulsed by Chqrchili, Buckingham and Elmore (1962). -The resulting

reaeration equation is:

o=

| ' i NHS g
k, = 0.00012 1 -
2 Y R H (2-42

In equation 2-42, kz is the reaeration coefficient in units of 1/seconds

and the remaining terms and units of measurement are the same as
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those used in previous equations. Equation 2-42 can be rewritten as:

Kk, = 0.000125 (1 + Fr/3) ¥ _am FrS) L5 (2-43)

H B

where Fr is the Froude number and V* is the friction or shear
;elocity. Thacicston determined the values of a, b aﬁd c. in-equation
2:43 by what he called "a semi-trial-and-error" method of curve
ﬂtting. In equation 2-43;- the term V*/H was used to estimate ke

The Froﬁde number is used to correct for the difference between the
~actual and pr.ojected surface area.

Uéing the reaeration data published by O'Conner and Dobbins
(1958), Churchill, Buckingham and Elmore (1962), Krenkel and Orlob
- (1962), and Streeter,. Wright and Kehr (1936), Langbein and Durum
(17967) present an additional equation to predict reaeration capacity.

It is based on a best fit regression line relating kZ to mean depth and
velocity and uses the 6bservations of the mentioned investigators as

data points. The regression equation resulting from the combined

data is:

k, = 3.3 v gi3 (2-44)

Langbein and Durum (1967) also show some interesting relationships
between the reaeration coefficient (kz) and mean discharge (Q). Using
hydraulic data from the Kansas, Missouri, and Mississippi rivers,

they plot mean discharge versus reaeration coefficients calculated
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from equation 2-44, The result is a logarithmic decrease in the re-
aerati;m coefficient with increasing discharge. This relationship can’
be explained by the fact that as discharge increases, mean depth in-
creases at a faste.r rate than mean velocity. However, this pattern
did not hold true for smaller streams. Under these conditions, the
reaeration coefficient.(kz) decreased with discharge in riffle sections,
while in poovl sections it increased with discharge. This would seem
to indicate that with increased discharge in shallow sections, depth in-
creases faster than velocity and in deep sections, velocity increases
more rapidly.

The third n-1etho;d of studyi._;}"g__r_eaeration in natural streams is
the one used in this study and is based on the artificial depletion of
oxygen with chemical redu;:ing agents, This method is generaliy
limited to smaller streams since the amount of reducing agent re-
quired for large.streams would be prohibitively large. The advantage
of this method is that streams without measurable BOD concentrations
can be studied and .reaeration coefficients computed directly from
equation 2-18 or 2-19, Owens, Edwards and Gibbs (1964) used this
approach in their studies of reaération in small English streams.

The dissoived oxygen in certain reaches was deplete& by additions of
sodium sulfite reducing agent which chemically combined the free
oxygen gas. By measuring the changes in dissolved oxygen o.;:ontent

" as the depleted water moved downstream, they were able to calculate
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the reaeration rates and related these to the hydraulic characteristics
of the stream. A multii:le regression analysis of their data resulted
in a corrélation coefficlient of 0.94 for the following predictive

equation:

k, = 10.09 y0- 73 L. 75 (2 -45)

By combining their data with the results of previous investigators, a
second predictive equation was derived with a calculated correlation

coefficient of 0.95. The equation is:

k, = 9:41 v0- 67 _H‘-1.85 - (2-46)

In these two equations, kZ is  the reaeration coefficiert (base 10) in

1/days, V is the mean velocity in ft/sec, and H is the mean depth in

. feet.

Effect of Temperature on Reaeration

All of the previous predictive equations have been corrected for
temperature effects.. The calculated reaeration coefficients represent

the k2 or K. values in water at 20° C. A standard temperature of

L
o ' .

20" C was selected because it represented a mean temperature of the

water during most of the reaeration experiments. In general, the

reaeration coefficient increases with increased temperature., As

Churchill, Buckingham, and Elmore (1962) point out, a rise in water
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temperature results in a decrease in viscosity, density, and surface
tension, and convérsely, the velocity of molecular vibrations is in-
creased. It is difficult to distinguish the exact role played by each of
these factofs but it appears probable that the increased velocity of
molecular vibration is the most important. When the temperature of
the water is raised, the rate of movement across the interface in-
creases. At the same time molecular diffusion allows oxygen penetra-
tion to a greater depth as measured in molecular diameters.

Most investigators agree on the general form of the equation

which relates. L% at a given temperature to kl at a standard tempera-

ture of 20° C. . This equation is:

(T-20)

k 0 (2-47)
2T kz20

(20-T) (2-18)

or K, = 0 k&t

20

where kZT is the reaeration coefficient at some temperéture T,.

kZZO is the reaeration coefficient at a _standard temperature of 20°c,
T is the temperature in degrees C, and 0 is an émpirically derived
coefficient. The difference in opinion among various researchers
comes in specifying the value of 0, Streeter and Phelps (1925) used
a mean value of 1; 047 for O in their wprk on the Ohio River and based
their calculation of O on their exper imentarl observations and those of

previous investigators. Using the results of laboratory flume studies
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;:f rea.era‘tion, Streetei', Wright and Kehr (1936) fevised the previous
estimation of 0 a.hd redefined its value as 1. 016. This ﬁgﬁre was
accepted and used by O'Conner and Dobbins (1958) and later by
Krenkel and Orlob (1962), In a detailed laboratory analysis evaluating
'the eff-ects of temperature on reaeration, Churchill, Buckingham and
| ‘Elmore (1962) conclude that a value of 1, 0241 for @ gives the best
agreement with their data. This value was later used by Owens,
Edwards and Gibbs (1964) in their work on English streams, In re-
_cent papers by Metzger and Dobbins (1967) and later by Metzger
(1968), the value qf @ is determined by a graphical solution based on
their observations and the data presented by the previously mentioned
authors. Their value; of 0 are very close to Streéter's value of

1.016 in the 10 to 20 degree C temperature range.’

Methods of Measur'ing Dissolved Oxygen

Technological advances in analytical chemistry and instrumenta-
tion during the past half-century have provided a wide variety of
methods for measuring dissolved oxygen. Each of these methods
utilizes alba.sic physical or chemical property of molecular oxygen.

In titrimetric and colorimetric methods, the oxidizing property of
oxygen is utilized. Voltammetric methods depend on the rate of dif-
fusion of molecular oxygen. Other methods of analysis are based on

the determination of the thermal conductivity or the paramagnetic



45
susceptibility of molecular oxygen (Mancy and Jaffe, 1966). Each of
the many methods has an application to which it is best suited. Manéy
and Jaffe (1966) have presented the most definitive and complete dis-
cussion of the various methods to be found in the literature., Standard
Methods (American Public Health Association, 1960) provides the best
' _ supplement to the wor-k of Mancy and Jaffe, | and contains exact instruc-
tions for the preparation of reagents used in the various titrimetric
methods for measuring dissolved oxygen.

In the field of sanitary engineering and water quality chemist.ry,
the Winkler titrimetric technique and its various modifications are
probably the most widely used a.nd-é.ccepted methods for determiniqg
dissolved .6xy_.gen in water a.-nd. wastéwﬁter.— - The -Az_ ide r;aodification of.
the Winkler technique is the method most commonly aépligd to natural
streams and it .eliminates the interferences caused by nitrite nitrogen
in »t‘r‘1.e water. .The Winkler procedure provides an accurate although
time consuming method'of'determining dissolved oxygen.

. Dissolved oxygen concentrations can also be measured with
membrane electrode systems. The membrane electrode technique has
been developed within the last few years and recent improvements make
the accuracy of the result;s comparable with those of the Winkler
method. This method has several advantages over the Winkler titra-
tion. Almqst instantaneous measurement.;s of dissolved oxygen can be

made, which greatly reduces the time required to perform the test.
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"Oxygen concentrations can be continuously and automatically monitored
over extended periods of time,

Membrane‘ electrode systems can be described as finite-
diffusion electrochemical cells. The rate of diffusidn of oxygen
-through a gas-permeable membrane is measured by two electrodes in-
side tﬁe cell. The rate of diffusion through the membrane is propor-
tional to the partial pressure gradient across the membrane. The
partial pressure gradient in turn is proportional to the oxygen concen -
tration in the water.

There are two main types of finite-diffusion electrochemical
cells; the voltammétric or pola:Ographic membrane electrodes, and K
" the galvanic membfane electrodes. The basic difference between
.volté.mmetric and galvanic systems is that the former rely on an ex-
ternal sourée of applied voltage to polarize the indicator elec.trode,
similar to the conventional polarographic analysis. Galvanic elec-
trodes on the other hand make oxygen.a. reactant at one of the elec-
trodes, t_hereby generating an electrical current without the aid of an
external electromotive force. Thus, the galvanic system becomes a
primary battery or fuel cell in the general sense (Mancy and Jaffe,
1966).

The polarograpﬁi.c or voltammetric membrane electrode system
was used in this study and its principle of ;)pera.tion will be discussed

in greater detail. - The oxygen sensor is a complete polarographic
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system in itself, A thin membrane of Teflon stretched over the end
of the sensor isolates the sensof elements from the environment. The
membrane is permeable to all gases ia_nd allows them to enter the
interior of thelsensor. When a suitable polarizing voltage is applied
across the cell, oxygen will react at the cathode, causing a current to
flow through tﬁe cell. ‘T1.1e oxygen - currenf relationship at the cathode
is stoiciliometric. The fnemBrane passes oxygen at a 'rété proportional
to the partial pressure gradient aéross it. Since oxygen is rapidly
consumed at the cathode, it can be assumed that the oxygen pressure
inside the membrane is zero. Hence, it can be seen that the force
causing oxygen to diffuse through the membrane is proportional to the
absolute pressure lo‘f oxygen Qutsidefthé—membréne.-- 1f the oxygen
pressure incrle’as es, more oxygen diffuses tﬁrough the merﬁbrane and
more cgrrent flows through the cell, A lower §ressure results in less
current (Yellow Springs Instrument Company, 1967). Since the partial
pressure of oxygen.in thé'water varies directiy with the oxygen con-
cerﬁ:ration (mg/1), the voltammetric output from the sensor can be
displayed oh a meter dial which is calibra;ted directly in units qf
oxvygen concentration (mg/1) rather than rin units of partial pressure.
The meter and senéing probe can be easily and quickly calibrated by
exposing the probe directly to atmospheric air. This is possible be-
cause of the fact that the sensing element rveacts to differences in

partial pressure. Since atmospheric oxygen exerts the same partial
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pressure as oxygen saturated water, the meter will read the same
saturation value of oxygen regardless of whethe;‘ it is in air or in
oxygen saturated water, The meter is calibrated in air by measuring
the air temperature and adjusting the meter to read the saturation
. value of oxygen in water at that temperature,

Mancy and Jaffe (1966) view the membrane electrode system as
perhaps the most dramatic developmept in the analysis for dissolved
oxygen since the Winkler test was deireloped. As the use of such
systems becomes more widespread, they will probably equal and sur-
pass the Winkler titration as a method for measuring dissolved
o:;ygen. Ideally suited to applications in environmental science and
engineeriﬁg, fhey a.r.e easily portable -~f-<;r' fiéld use and their lrugg'ed-
ness along with their ability to analyze dissolved oxygen in situ repre-

sent considerable advantages as compared with other methods.
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CHAPTER III
HYDRAULIC CHARACTERISTICS RELATED TO REAERATION

Two different approaches have been used in earlier reaeration
-s.tudies. The theoretical approach seeks to define reaeration in terms
of the physical laws of gas transfef (Lewis and Whitman, 1924;
Higbie, 1935; Denckwerts, 1951). Verification for thesé theoretical
models came from carefully controlled laboratory experiments.

Using theée models for the prediction of in situ reaeration rates re-
quires certain assumptions, First, one must assume that the reaera-

tion process occurring under laboratory conditions adequately de-

scribes thé process occurring iﬁ fhe ﬁégural sigréarh. "No .;:lear proof
exists to support this aséumption. Second, one must assume that all
of the paramete.rs in the theoretical model can be calculated from
.meaSurer.nen-ts of the natural system. As previously discussed, there
is a lack of verified theory for determining some of the arbitrary
parameters in these theoretical models,

The second approach is basically empiriclal but with some
theorgtical justification. Using some statistical technique, the
measured hydrlaulic properties of the stream are correlated with the
observed reaeration rates. The result is a best-fit predictix}e equa-
tion based on the measured variables. Recent investigators (Chﬁrchill,

1962; Owens and Gibbs, 1964) have used this technique to develop
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;aquations which predict reaeration rates quite accurately. This
.approach has been criticized by those who feel that stronger theoreti-
‘ cal framework is required. Questions have been raised regarding the
contribution of such émpirically derived equations to the understanding
-of the reaeration process. Such criticism is not entirely valid. It
can be shown that empirical equatiéns may reflect theoretical con-
siderations.: Furthérmore, these équations may help explain the re-
aeration process in that they indicate how various hydraulic properties

are related to reaeration rates.

Rationale for Selecting Predictive Variables

In any empirical equation, there should be a theoretical or practi-
cal justification for including a variable in the predictive model, Vari-
ous hydraulic characteristics will now be examined with regard to
their hypothétical effect on reaeration.

The importance of turbulence in _the reaeration process should
be stressed again. Streeter and Phelps (1925) recognized the direct
relationship between turbulence and reaerai;ion. The theoretical
models of Higbie (1935) angTaNter Danckwerts (1951) supported the
earlier conclusions drawn by Streeter and Phelps. Their models em-
phasized the role of tufbulence and included arbitrary parameters de-
signed to estimate the degree of turbulence.

The effect of a given hydraulic property on reaeration can often
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be described more adequately by showing its effect on turbulence
rather than relating it directly to reaeration. Stream depth has a
significant inverse rela;tionship to turbulence and hence should have an
inverse relation to reaeration. .As depth increases, the turbulence
created by bottom roughness is dissipated through a larger vertical
section. This results in a proportional decrease in vertical mixiang
and less turbulent transfer between the saturated surface film and the
_ main bulk of the fluia. .In a natural stream, depth is also related to
reaeration because of the inverse rela.tionship which generally exists
between depth, velocity, and stream width. As depth increases,
velocity and stream width generally decrea;e. A decrease in either
"~ velocity or stream width should result in lower reaeration rafes for
reasons discussed below,

" Turbulence in a stream channel increases as the velocity in-
creases., At low velocities, laminar flow is approached in the channel
and the mixing of the fluid is by molecular activity only. As velocity
increases the inertial forces bec;)me greater than the forces of visco-
sity. . When this occurs turbulent flow begins and the laminar flow
pa.tterri breaks into a series of random eddies. Mixing is now
accomplished by the random eddy motion of finite masses of mole-
cules.

The intensity of turbulence is also directly related to velocity.

The term '"intensity of turbulence' refers to the speed of the angular
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rotation of the eddies. Increases in velocity result in corresponding
increases in the speed of eddy rotation and thuvs more intense mixing.
As velocity continues to increase, the laminar sublayer covering the
bottom roughness is destréyed. This results in an even higher level
of turbulent mixing. vReaeration should be direqtly related to velocity
be;_a.use of the direct relationship between velocity and turbulence.

- Stream width is felated to reaeration because of its effect on the
éurface area of the stream. As stream width ‘increases-so does the
surface area. As the surface area increases, the total transfer of
ongen ‘across the interface increases even though the rate of oxygen
diffusion per unit area remains the same. However this does not
mean that surface area can -be coi'rela.vte"d”;-\;v_i-f;n reaeration. The sur-
face area of a given stfeam reach can be calculated from the meanv
wiath and length of the reach. Obviously, the longer the reach, the
greater the surface area. But a longer reach may simﬁly mean é
llarger volume of water undergoing reaeration. Thus if surface area
is to be related to reaeration, it must be .specified as surface area per
unit length. If the unit of length is taken as one foot, then the surface
area is simply one foot times the width. For this reason, width
rather than sufface area should be used in a predictive equation.

Channel slope is related to reaex;ation through its effect on
‘velocity. This effect is shown by the Chezy-Manning equation which

states:
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1.49 0. 66 SO.S

(3-1)

where V is the velocity in ft /s_ec, n is the Manning roughness co-
efficient, R is the hydraulic radius in ft., and S is the channel slope
in ft/ft. The channel slope provides the energy necessary for the
flow process by converting potential energy to kinetic energy through
the for.ce of gravity. The hydraulic radius and 'Manning rougimess co-
efficient account for the energy loss due to the friction drag of the
channel banks and bottorn. Krenkel and Orlob (1962) m#intain that the
loss of pofential energy as the water flows downslope is dissipated
thréugh turbulence; The energy diséi'p’éti'on anci thus the slope ;)f the
stream channel should then be directly related to reaeration. Slope
would also be an important predictive parameter from a second stand-
point.. There were tv&;o waterfalls in the experimental stream section.
As expected, the highest measured reaeration rates occurred in the
waterfall reaches. The reaeration rates in these two reaches differed
markedly from those of any other reaches, as did the channel slopes.
Considering all of the possible hydraulic characteristics, channel
slope seems to best define the waterfall phenomena in a predictive
equation.

Discharge was considered as a variable to be included in a pre-
dictive model. However, tﬁe effect of discharge on reaeration is

largely dependent on the character of individual reaches. As
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pressure as oxygen saturated water, the meter will read the samre
saturation value of oxygen regardless of whethe; it is in air or in
oxygen saturated water. The meter is calibrated in air by measuring

the air temperature and adjusting the meter to read the saturation

. value of oxygen in water at that temperature.

Mfancy and Jaffe (1966) view the membrane electrode system as
perhaps the most dramatic developmept in the ana_lysis for dissolved
oxygen since the Winkler test was de&eloped. As the use of such
systems becomes more widespread, they will probably equal and sur-
pass the Winkler titration as a method for measuring dissolved
o:;ygen. Id_eélly suited to applications in environmental science and
engineeriﬁg, fhey a'r‘e easily portable for fiéld use and their rugéed-
ness along with their ability to analyze dissolved oxygen in situ repre-

sent considerable advantages as compared with other methods.
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Langbein and Durum (1967) point out, stream discharge can be direct-

ly or inversely related to reaeration. He shows that at higher dis-
charges reaerat_io‘n dec;reases in riffle sections but increases in pool
sections. This apparent inconsistency can be explained by the dif-
ferent rates of increase of velocity and depth as discharge increases,
In a'givgn section, ciaanges in discharge could be related to changes
in reaerat;on. However, discfxarge lcould not be used to account for
reaeration differences between oné section and another. An obvious
example of tﬁis would be several successive reaches with different
reaeration rates but the same'discharge. For this reason, discharge
was eliminated as a possible var-iﬁb,le_ for p_redicting reaeration.

All of the hydraulié vériables examined t};us far have been para-
meters which can be obtained from discrete and independent measure-
mer;ts of the stream system. Statisticians sometimes apply the term
peer variables" to such parameters to indicate that they are
measured directly rather than computed from other vériables. Be-
sides these peer varia_bles, there are several computed vai-iables
which may prove useful for predicting reaeration rates. These com-
puted variables will be considered next,

One of these is the Manning roughness coefficient. The
Manning roughness coefficient is defined by Aibertson, Barton and
Simons (1960) as:

n = l.49 A R0.66 SO.S (3-2)
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wheré n ‘is the Manning rdughness coefficient, Q is -the discharge in
cfs,. A 1is the cross-section area of the stream in sq. ft, R is the
hydraulic radius in feet and S is the chann_ei slope in ft/ft. Churchill,
Elmore and Buckingham (1962) point out that the hydraulic radius R
may be assumed equivalent to the méan depth in streams where the
width greatly exceeds the depth. ‘Such was the case with the experi-~
mental stream section used for this study. The Manning roﬁghness co-
efficient should be directly related to reaeration. As channel rough-
ness increéses, so does the scale of turb_ulence. The scale of turbu-
lence is the mean size of the eddies. Thus, increased bottom rough-
ness pro‘motes larger eddy size and greater vertical mixing. The
effect of channel roughness on turbulénce should be most significant
at higher velocities after the laminar sublayer covering the bottom
roughnes.s has been destroyed.

The Darcy-Weisbach resistance coefficient (f) was developed as
a measure of resistance to flow encountered in closed conduits. How-
ever, it can be applied equally as well to open channel flow (Albertson,
Barton, and Simons, 1960). The resistance coefficient is similar to
the Manning roughness coefficient in that it provides an index to chan-
nel roughness. .Churchill, Elmore anci Buckingham (1962) state that
in channels of equal depth and slope, the rougher channels (those with
. larg.er f values) will generate larger eddies than smoother channels.

Larger eddies indicate a greater scale of turbulence and higher
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' reagration rates., Thus the resistance coefficient should be useful in
predicting reaeration rates. The resistance coefficient can be com-
puted from the following formula:

=28 HS (3-3)

V'
where f 'is the fe‘sistance coefficient, g is the acceleration due to
. gravit;Ir in ft/sec;Z, H is theﬂ stream Aepth in feet, S is the channel
sidpe m ft/ft, and V is the velocity in ft/sec.
The point was made in discussing the relationship betweeﬁ

_ velocity -ar}d reaeration that the mixing ch_ara;cter‘is'tics of the stream
were quite different... for turbulent fl'o'w"aér-compared with lamirar flow..
This being rthe case, the Reynolds number should be considered for
inclusion in a predictive equation since it is an index to the type of
flow which érevails.' "The Reynolds number is the ratio of the inertial
forée.per unit area to the viscous force per unit area. A small
Reynolds number indicates laminar flow while a large one character-
izes turbu_lent flow., Fortescue and Pearson (1967) have shown that as
thé Reynolds number increa.ses the coefficient of mass transfer (KL)
also increases. Since the coefficient of mass transfer (KL) and the
reaeration coefficient (KZ) are directly related, the Reynolds number

should be directly related to the reaeration rate. Albertson, Barton

and Simons (1960) show that the Reynolds number can be computed by
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the following equation:

Re = ——— (3-4)

where Re is the Reynolds number, V is the velocity in ft/sec, H is
the depth in feet and v is the kinematic viscosity in sq. ft/sec. The
kinematic viscosity is temperature dependent and the value at any
given temperature can be obtained by consulting standard tables such
as those found in Albertson, Barton and Simons (1960).

The reaeration equation proposed by Thackston (1966) uses the
friction velocity (V*), the flow depth (H) and the Froude number (Fr)
in the pr-ed’ict-iv.eﬂ modeiTha;kstondefmes the friction or sﬁea.r

velocity (V*) as:
v = (H s 9> (3-5)

where H is the flow in feet, S is the channel slope in ft/ft., and g
. . | e 2
is the acceleration due to gravity in ft/sec . The results of
Thackston's experiments show a direct relationship between the re-
aeration coefficient (kZ) and V*/H. For this reason, the friction
velocity will be considered as a variable for predicting reaeration in
- small streams.
The Froude number is used to account for waves and other sur-

face irregularities at the air-water interface. Albertson, Barton and

Simons (1960) state that in a study of flow phenomena 'mv_olving
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irregularities at an interface, the Froude number must be taken into

consideration. They specify the Froude number (Fr) as:

Fr = ———r (3-6)

(gH)0° 5

where V is the velocity in ft/sec, g is the acceleration due to grav-
ity in ft/secz, and H is the depth. Since reaeration is dependent on
the natux_-e of the surface or interface, the Froude number should be
t;eated as a variable for predicting reaeration. Dobbins (1964) sug-
gests the use of the Froude number t,o account for the difference be-
tween the actual and projected surface area undergoing reaeration.
Thackstop (1966) uses the Froud{e num.l_:_gf‘_-fo‘-r_ tfr.!-i_.;__‘pttznrpqse in his re-
aeration research.

Both Dobbins (1964) and Krenkel and Orlob (1962) feel that the
energy dissipation in a given channel reach should be directly related

to turbulence and thus to reaeration. They compute the energy dissi-

' pation (E) by the following equation:

E=V S g (3-7)

where S is the slope of the stream channel in ft/ft, V is the mean
irelocity in ft/sec and g -is the acceleration due to gravity in ft/secz.
As Dobbins (1964) points out ''the energy is withdrawn from the main

flow to create the kinetic energy of turbulence that finally is dissipated
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by viscous-action into heat. For the flow as a whole, the rates of
withdrawal, creation of turbulent energy, and dissipation are equa.l. "
If the rate of energy dissipation is equal to the rate at which turbulent
energy is created, thgn it follows that energy dissipation should be
close.ly related to reaeration rates.

o Two additional va.rial:;les must be considered for inclusion in the
predictiv.e model. They are the temperature of the stream wé.ter (T)
and]',tﬁe molecular diffusivity (Dm). These variables are not generally
considered as hydraulic properties. However they must be included
to account for the effect of temperature on reaeration. The molecular
diffusivity (I-)m) is-.a.fu'ncti;)n of tempera.tur.e and specifies the :_ré.fe of
gas transfer per unit area é.cross .t1v1;a:ir-water interface. Dobbins

(1964) defines the molecular diffusivity (Dm):

Dm 0

2.037(1.037) T 2% (units are 10 2cm? /sec)

20 (3-8)

2.191 (1.037)T' (units are 1078 & /sec)

where T is the temperature in °c.

General Predictive Model

The hydraulic characteristics which have been discussed in the
previous section can be summarized and stated in the form of a

general predictive model.
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k, = £(H, V, W, S5, n, f, Re, V*, Fr, E, T, Dm) (3-9)

The symbols and units of measurement in the above equation are

defined below in Table 3-1.

Table 3-1. Symbols and units of measurement used in equation 3-9,

Symbol Variable Units of measurement
k2 Reaeration coefficieﬁt (base 10) 1/days
: H Mean depth feet

v | Velocity _ ft/sec
3 \ A Width , | feet
S Channelslope o
n Manning'roughness coefficié‘n‘t T - none
£ ' Fri.ctional resistahce coefﬁcienﬁ none
Re Reynolds number none
V= Friction velocity ‘ © . ft/sec
Fr Froude number | none
E Energy dissipation ftz/sec3
T Temperaturé °c

Dm Molecular diffusivity . ftz/ sec




61

CHAPTER IV
FIELD PROCEDURES

Selection and Description of Stream and Reaches

The South Fork of Berry Creek, a small.,. natural woodland
;tf_éam ih the Willamette Rive; Basin of Oregon, was chosen as the
éite for "the reaeration stﬁdies. "i‘his site was selected. primarily be-
cé.usé Berry Creek contained a variety of hydraulic conditions typical
of _tﬁose found in-other small mountain streams in the Oregon Coast
'Ranée. Secondary éonsiderations which made the Berry Creek area
" attractive were thé ease of access, the upstreaﬁi weir fo: determin—.'
ing streamflow and the variety of h);drolqgic characteristics in a
relatively short sectioﬁ of stream c}xannel.

The Berry Creek drainage basin i.s ten miles north of Corvallis,
Oregon on the Adair Tract of MacDonald forest owned by Oi'egon
‘S'tate-University. Above the study section, the South Fork of Berry
Creek. drains an area of 1.. 83 square miles or approximately 1,170
acres. Just below the research area, the South Fork joins the Middle
_and North Forks of Berry Creek and flows into Soap Creek, which
entérs the Luckiamute River, a tributary of the Willametté River,

The aspect of the South Fork watershed is north-facing with

fairly steep topography ranging from 1, 890 feet above MSL at Forest



62
Peak to approximately 320 feet above MSL at the study- site, Typical |
winter and spring fiows through the upstream weir range from 10 to
20 cfs (Warfen et al., 1964). Flows as low as 0.1 cfs frequently
occur during late summer and early fall.

The section_'-of the stream used for the reaeration studies began
about l100 feet below a concrete weir installed by the Department of
FiSheries and Wildiifé anci extended doWnstream for a distance of
342.6 feet. The weir did not control the ﬁydraulic characteristics of
the downstream channel. This section was divided into 16 subsections
or reache-s with each reach marked b.y wooden survey stakes driven
into the stre.am..bottom. Each reach Q;s felectedsuchthat slope, |
depth, and velocity rema'méd fairly uniform throughout the reach. In
this way, pools, riffles, and small waterfalls were divided into sepa-
rate and distinct reaches. The length of the reaches varied between
7.3 feet and 29. 0 feet. The pools were'né,rrow and shallow and
separated by riffle sections, The two waterfalls were small., One had
a drop' of about one foot and the other a drop of about three feet.
Figure 4'.1 shows the experimental sect;Lon of Berry Creek and thé

individual reaches as mapped during the 1969 summer field season.

' Measurement of Hydraulic Characteristics

The six hydraulic characteristics used to define each reach of

‘the study section were length, width, slope, flow, velocity, and
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de.pth. The length, width and survey stake elevations were measured
in September, 1968 and again in June, 1969. Some of the survey
stakes used to define the reaches were washed away during the high

-_ fall and winter flows of 1968-1969, They were replaced early the

~ next summer in approximately the same positions._ This accounts for
the small changes ir; lthe reaches between one summer and the next.
The length of each rt.eajlch was measured with a steel tape. Widths
‘were measured perpendicular to the sta.ke line at two-foot intervals
down the reach.

A Zeiss level and survey rod were used to determine the eleva-
tion at the top of eac:h survey stake. The'se elevations were referenced
to a lag boltl set into a large tree trunk ” Tgeﬂlégbolt .s.éx;vv-ez.:l as a
datum reference point and its elevation was arbitrarily chosen as
320.00 feet above MSL. On the days when reaeration measurements
‘were condﬁcted, the distance from the top-of each station stake to the
water surface below was measured with a steel tape. By knowing the
water surface elevation at the head and tail of each reach and the
length of the reach, it was possible to compute the slope of the water
surface profile within the reach.

Streamflow through the study section was determined by dis -
charge measurements made with a pygmy current meter in a uniform
section of channel between Stations 14 and 15. These values were

compared with the discharges indicated by the stage-discharge rating
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table for the upstr'ea.m weir, and found to be within ten percent of the
rated discharge. The weir discharges tended to be higher than those
obtaiﬁed by current meter measurements. Part of this difference
may be explained by the observed buildup of algal growth on the weir
crest, and the subsequent rise in stage in the stilling pond.

The pygmy current meter proved inadequate for measuring the
average velocity in many of the reaches. The very shra.llow flows in
the riffle sections and the low velocities in the reaches containing
pools made it impossible to obtain reliable velocity measurements
with a current meter. Timing floats and cork granules as they moved
through a reach also proved unfelia.b}e becé.uée .'reproducible resﬁlfé
could not be obtained.

Dye cloud measurements were found to be thé most successful
and reproducable me'thod for measuring velocities within the reaches.
Using an eyedropper, one milliliter of Rhodamine B dye was injected
at the upstream edge of the reach. A thin red film of dye immedi-
ately spread out on the water sufface, but was ignored. The majority
of the dye remained concentrated in a dense orange cloud and was
carried thréugh the reach. A stopwatch was started just as the dye
was injected, and stopped when the most concentrated part of the
cloﬁd passed the dowhstream- edge of the réach. It can be é.rgued that
velocities obtained in this manner were not really average velocities

but something between the average and maximum velocity in the reach.
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While this may be true, there did not seem to be any better method
available for determinin‘g characteristic velocities within the
reaches,

Mean depths were computed from cross-section measurements
made within each reach. Depth calculations for the 1968 data were
based on twé cross-sections per re;ch.. In 1969, the number of cross-
sections per reach was increased to four or five in order to obtain
~more re_pre-s entative mean depths. It should be noted that even with
five cross-sections per reach, it would be possible in extremely shal-
low sections to have a 20 percgnt error in the mean depth. The tape
used in mea’su;-ing individual aepths cou_lc__i be read to an acéuracy of
+ 0.01 feet. .A compﬁted mean depth of 0. 0—5 1_- 001 Afe;at“ ;'epresents
a possible error of 20 percent. However, it is unlikely that errors of
this magnitude occﬁrr;d. Random errors tend to cancel each other
out, especially with the large number of samples used to compute the
mean depths, Care was taken to avoid any deterministic errors
which would consistently overestimate or underestimate individual

depth measurements.

Artificial Depletion of Dissolved Oxygen Using Sodium Sulfite

An oxygen deficit had to be created in order to measure and
study the process of reaeration in the study stream. Various methods

have been used by previous investigators to artificially create an
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oxygen deficit. Probably the most coﬁvenient and widely used method
of femoving free dissolved oxygen from water is by reducing the
oxygen with a- sodium sulfite reduc.in'g agent. The chemical balance
for this reaction is found in Appendix C,.

Any precalculated deficit of oxygen can be achieved by injecting
sodiun; sulfite into thé stream at a constant rate. Subsequent reaera-
tion rates may be calculated by measuring the changes in the dissolved
oxygen content of the water as it moves downstream from the point of
injeqtion; The advantage of artificial depletion is that oxygen deficits
can be created in th_e natural environment without accompapying bio~
ch’eéﬁical oxygen derﬁands. For. reasons discuésed in Chapter II, the
ac_curécy and ease of caléulating ré;;ra£ion rates is considerably im-
proved if Biochem_ical oxygen demands are either not present or small
enough to be negligible.

| A Mafiotte vessel was uéed to inject the sodium sulfite reducing
agent into the stréam. A schematic diagram ;)f the Mariotte vessel is
shown in Figﬁre_ 4-2. The vessel was constructed using a 20-liter
carboy. The advantage of using this type of injection system is that
the flow rate out..of the vessel remains constant, regardless of the
level of liquid in the container. The constant flow-rate principle of
the Mariotte veésel is discussed in Appendix D.. The siphon is estab-
lisﬁed by either blowing into the air inlet tube or by suction at the

orifice. A vacuum is created in the air space at the top of the
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Figure 4-2. Mariotte injection vessel,
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container, equal but opposite to the pressure head. Atmaspheric
pressure operates at Point 1. As the level of thé liquid falls, the
pressure head becomes smaller as doe; the vacuum at the top of the
container. Thesé opp‘osin.g forces remain in balance until the level of
thé liqgid falls below the outlet tube, at which time the siphon is brok-
en and injection ceases.

- The dissolved oxygen in the stream can be artificially depleted
to any given level by using the proper concentration and injection rate
of sodium sulfite reducing agent. To insure a uniform and repro-
ducible injection rate, se.veral orifices were made to fit into the
3/1 6.'.i Tygon tubing used for the outlet tube shown in Figure 4-2. The
orifices were constructed by heating 3/16" hollow glass rods and
' stretching them to the desired thickness. The ends were then cut and
fire-polished. Table 4-1 shows the orifice injection rates using 1.3
feet 6£ effective head, as measured from the bottom of the air inlet
tube to the orifice opening of the M_ariott.e vessel, Under field condi-
tions, 1. 3- feet of efféctive head was obtained by placing the Mariotte
vessel on a metal can near the stream and supporting the orifice by a
ring stand and clamp such that the orifice was level with the bottom of

the can and just above the water surface.
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Table 4.1. Injection rates from the Mariotte vessel
using different orifices at 1.3 feet of
effective head.

~ Injection rate

Orifice number (mls/min)
ol 673
1 454
2 o : : 215
3 143

13/1 6" outlet tube used without any inserted orifice

The required concentration of sodium sulfite was calculated

using equation 3-7. This equation is derived in Appendix C.

Na, SO, concentration (gm/liter) =

2773

1.335x 10%x D (mg/liter) x flow (cfs)
injection rate (mls/min)

(3-7)

Where D = oxygen deficit below saturation value
= saturation value (mg/liter) - desired minimum
oxygen concentration (mg/liter) _

The sodium sulfite reducing agent was prepared in the 20-liter
glass carboy used for the Mariotte vessel injection system. The car-
boy was.filled with 15 liters of distilled water and placed on a magne-
tic stirrer. When all of the reagent had dissolved, 2 mls of Rhodamine
B dye were added and the carboy filled to the 20-liter mark with

distilled water., The dye, a brilliant red tracér, proved very useful
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in following the-oxygen depleted water as it moved downstream. It
also gave somé visual assurance of complete lateral and vertical
mixing of the rleducing agent with the stream water,.

Cobalt chloride is recommended as a catalyst for the sulfite-
oxygen reaction ﬁnd should be added at a concentra.tibn of 5 mg/liter
of réducing agent (Eckenfeider, 19‘66). . To reduce any premature
sulfite-oxygen reaction, the catalyét was not added until just before |
actual injection into the stream. At thié time, a solution containing

100 mg of CoCl, and 5 mls of distilled water was mixed with the re-

2

ducing agent in the carboy.

Dissolved Oxygen and Temperature Measurements

Measurements of dissolved oxygen concentration in Berry Creek
were made with a Yellow Springs Instrument Company Model 54-RC
oxygen meter. This particular instrument employs a Clark type
membrane-covered polarographic probe as the sensing element, The
operating principle of this type of sensor has been discussed in Chap-
ter II.

This method of measuring dissolved oxygen is relatively new.

- A discussion of this technique has not appeared in the literature. .
- The measurement techniques and problems encountered in using the
oxygen meter are discussed here for the benefit of future researchers

who may wish to use this method in their studies.
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lThe instrument is designed to read directly in parts per
million (dissolved oxygen) and is compénsated for temperature effects
on both probe membfane permeability and oxygen solubility in water.
The Model 54-RC is well adapted to field operation since it is easily
portable and has a self-contained power supply. The power is sup-
plied by four 1.25 volt Ni-Cd recﬁargeable batteries.

_Field observations indicate .that some form of agitation is re-
quired when the flow velocity past the probe drops below about 0.5
fps. At these low velocities, ox.ygeﬁ is transmitted through the mem-
brane faster than it can Be supplied by the surrounding water. The
result is a locayliz'e.dr depletion of oxygen in the region immediately - .
surrounding the oufer. surface of fﬁe '15;655‘5 ‘membrane. T'::e effects
of this depletion can-.be observed by the reaction of the metef needle.
Instead of coming to rest on some value after a short equilibrium
period, fhe needle continues to drift downward to lower and lower
reaﬂings. In all cases, this needle drift occurred while measuring
the dissolved oxygen in deeper ponded sections of the stream where

velocities were quite low. In situations such as this, it was neces-

sary to provid‘e sorr;e mechanical agitation of the probe to offsét the
low flow velocities. Experienc_e proved that by slowly éwinging the
probe through fhe water or by raising and lbwering the probe in deeper
areas, a sufficient vélocity past the probe. could be created aﬁd a

reliable and reproducible reading obtained. The only probe
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maintenance required was recharging the saturated KCl electrolyte
soiution in the probe.- This was normall}-r done after eight hours of
continubus operation. Drifting of the meter needle during measure-
ments 6r long lag times (time required for the needle to steady on
some value) indicated that the probe needed to be recharged with
KCl. Whénever the KCll solution was changed, the Teflon membrane

‘was also replaced. After recharging the probe, it was necessary to
recalibrate the meter against some standard reference.

Laboratory and field tests showed that a warm-up period of
about 30 minutes was required before standardizing the meter calibra-
tion. If attempts were made to calibrate the meter as soon as it was
turned on, the needle tended to drift aWay from tHe ca.libra.tion point
and would not remain in calibration until. tﬁe meter had been operating
for a sufficient length of time.

Two methods listed in the instruction manual (Yellow Springs
Instrument Company, 1967) {nlere used for calibrating the oxygen
meter. The firét method calls for the probe to be placed in a water
sample of known oxygen concentration and the meter calibrated to this
concentration. 'Th;ls method was used initially as the primary standard
for calibration. The oxygen concentration of the water was determined
by a standard Winkler titration us ing the azide modification as re-
ported in Standard Methods (American Public Health Association,

1960). The second method of calibration was to place the probe in air
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of known temperature. The meter was then adjusted to the saturation
value of oxygen in water at that temperature. This method was pos -
sible because of the fact that oxygen pressure in air-saturated water
is the same as the pressure in the air above the water. f‘urther
explanation of this principle can be found in Chapter II. This method
of calibration was far more con-venient since it requires only the
measurement of air temperaturé rather than the more complicated
and time consuming Winkler titration. Field and laboratory checks
showed good agreement between these two methods of calibration.
When the probe was air calibrated and placed in a water sample, the
meter reading of dissolved oxygen agreed with the oxygen concentra-
tion as méasured by the Winkler titration.- Conversely, when the
meter was calibrated in water and set to the oxygen concentr-ation
indicated by the Winkler titration, the meter showed the correct
saturation value when placed in air. The air calibration method was
used throughout most of the experiment, but p.eriodic cheéks were

'made using the Winkler titration. These checks showed the continued
agreement between the mefhods. |

One possible criticism of the air calibration method is that the
saturation value of oxygen depends not only on ambient temperature
but also on ambient pressure. No pressure correc}:ions were made
when calibrating the meter and a standard pressure of 760 mm of

mercury was assumed. In order to check the possible errors
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introduced by ’not correcting for ambient pressure, barometric pres-
sure records were obtained for the days on which reaeration studies
were made. These pressure readings were those recorded at the
nearest U. S. Weather Bureau station at Salem, Oregon, and a'ppea.l_'
in Table E-2 of Appendix E. Calculations indicate that the largest
possible error that could have resulted from not correcting for.
pressure was less than 0.6 percent of .the true air saturation value,.
Errors this small would not significantly affect the results.

The YSI Oxygen Meter is also equipped for direct readout of
temperature. The temperature-sensing thermistor used to compensate
for temperature effecfs on the memb;aqe permeability and oxygen
solubility may be switched out of the compensating c;ircuit to show
ambient air or water tefnpera.tur’es directly on the meter dial. The
meter dial is calibrated in both parts per million dissolved oxygen and
in degrees Centigrade. Temperature meas urements made with the
oxygen meter were checked periodically with a meréury-filled glass
thermometer and found to be in close agreement.

Dissolved oxygen concentrations and stream temperatures were
measured at each of fhe 17 station stakes. This was done before any
sodium sulfite was injected into the stream. After the initial survey
.had been complefed, the Mariofte vessel was placed in position up-
stream and a siphon established to start the injection of the sodium

sulfite reducing agent. Using the YSI oxygen meter, the dis s_ol%red
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oxygen in the stream was monitored at a point downstream from the
place of injection. .As the leading edge of the deaerated water
reached the érobe,, the meter reading began to drop and continued to.
do so for several minutes. Figure 4-3 shows actual depletion curves
for three different concentrations of reducing agent, each of which
were recorded during a separate iﬁjection cycle. A total of one liter
of reducing agent was injected during each cycle. For most of the re-
aeration studies, the amount of redhcing ageﬁt injected was increased
to 20 liters. The effect was similar to the depletion curves shown in
Figure 3-3 with the exception that the plateau' of minimum dissolved
oxygen valueswaé e;ctended for considerably longer periods.

It was necessary to wait until tyhé: rate change of aissolx'ed oxy -
gen at any one station became quite small to accurately measure dis-
solved ox}gen changes within éach of the reaches. The probe was
then m(:;vgd to the next do;avnstream station stake and a dissplved
~ oxygen reading taken. As soon as the downstream reading had beén
recorded, another measurement was taken at the upstream stake., The
two upstream readings were averaged and the change in dissolved oxy-
gen within the reach was taken to be the difference between the down-
stream reading and the averaged upstream. readings., This process
was repeated at eacﬁ successive downstream station. Because of the
travel time between injection'point and measuring site, it was often

possible to continue measurements for several minutes after all of
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the re_ducing agent had been injected. Measurements were suspended
after the trailing edgé of the deaerated water passed the measuring
site. The trailing edge could be recognized by a sudden and rapid
increase in dissolved oxygen at a downstream measuring site.

Meter lag-times initially presented timing difficulties. Lag-
times of about 50-70 seconds were observed, The lag-time is the
time required by the meter to reach a steady state a.fter. being placed
in the stream. With three measﬁrements per reach, this meant about
three.minutes per reach, or about one hour to measure all of the 16
reaches. The larger the oxygen depletion, the longer the meter lag
time. Sihcg many of the runs were made ﬁs ing injection rates of
560 mls/min or greater, the lZO-liter Mariotte vessel injected for
only 30-40 miﬁutes. This was not enough time to measure dissolved
oxygen changes throughout the entire study section. Tests with the
YSI oxygen meter showed that the lag time was very short when the
p;'obe was moved from a region of low oxygen concentration to one of
high oxygen concentrafion, such as removing the probe from deaerated
water and exposing it to the air. However, lag times of about one
minute were observed when the probe was placed in deaerated water
after having equilibrated to the air saturation value. Since the probe
was exposed to the air each time it was moved from one station to

another, a long lag time was predictable for each reading. The

problem of lag time was overcome by transporting the meter probe
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in a beaker of deaerated water collected at the last measuring site.
In this way, the probe was never exposed directly to the air and it

was possible to reduce the lag times to 10-20 seconds.
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CHAPTER V
DATA ANALYSIS

Statistical Techniques

The purpose of the statistical analysis was twofold. First,
simple linear regr‘ession was used to compare the reaeration rates
calculated from the study stream with those predicted from the
equations of investigators. Second, stepwise multiple linear regres-
sion anaiysis was applied to the variables listed in Table 3-1. This
resulted in 12 best-fit predictive models based on the data from the
'study stream. These 12 modéls.wei'é_th_gg tested for predictive
accuracy and precision by simple linear regression analysis. The
results of this analysis were compared with the regression results for
the rreaera.tion equations cited from the literature.- This comparison
showed which equations were most suitable for predicting reaeration
in small, turbulent mountain streams., The CDC 3300 Computer
System at.Oregon State Uni-versity was used to perform these
analyses.

The first part of the statistical analysis provided a measure of
the predictive accuracy and precision of the reaeration equ;tions cited
in the literature. The reaeration coefficients (kz) predicted by these

equations were calculated by substituting the appropriate field
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measurements into the équations and solving for kz These predicted
values will be referred to as kz (predicted)., The actual reaeration
coefficients determined from the measurements of dissolved oxygen in
the study stream will be referred to as kZ {(actual).

Simple linear regression was used to compare kZ (actual) with

kZ (prédicted). The slope of the regression line was used as a mea-

sure of the predictive accuracy of the equation. A slope of 1,0 indi-

cates a 45 degrée slope or a 1:1 relationship between kz (actual) and

kZ (predicted). The accuracy of the predictive equation increases as

the slope approaches 1.0, Slopes less than 1.0 indicate an over-

~ estimation of kZ (actual). Slopes greater than 1.0 indicate an under-

estimation of k2 (actual).. The regréssion line was forced through the
origin in order to give a uniform basis for comparing the slopes of
different equations, |

The simple correlation coefficient (r) was used as a measure of
the predictive 'precision of the equation. The simple correlation co-
efficient is a measure of the variance or scatter of points about the
regression line. The precision of the predictive equation increases
as the simple correlation coefficient approaches its maximum value
of 1,0. Figure 5-1 illustrates the coﬁclusions which can be drawn
from this type of analysis. The results of this analysis appear in the
following chapter.

Stepwise multiple linear regression analysis was used to develop
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Figure 5-1. Statistical inferences from simple linear regression

analysis.
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_the reaeration equatibns proposed in this study. The computer pro-
gram for this type of analysis is stored as a library subroutine under
the code name *STEP on the CDC 3600 conﬁputer at Oregon State
University (Yates, 1969). As applied to this study, the *STEP pro-
gram treated the first variable (kz) in Table 3-1 as the-dependent
variable, and the next ten variables (H through E) as the independent
or predicting variableé. The last tw6 variables in Table 3-1 (T and
Dm) were not included in this analysis. The reason for this will be
'diécussed later. The *STEP program assigns a best-fit linear rela-

tionship to the following generalized equation:

y = a+ bx1 + cxz.,.+_ dx3 ..... + mx (5-1)

where y is the dependent variable, x, through xn are the independent

1
variables, and a through m are computer-assigned constants. Equa-
tion 5-1 is an additive model. The same program can be used for a

multiplicative model if the appropriate transformations are observed.

The format for a multiplicative model would be:
y = a X, b 4 b 4 A 4 (5-2)

The multiplicative model 5-2 can be stated in the terms of an additive
model through logarithmic transformations. Making the appropriate

transformations, equation 5-2 can be restated as:
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logy = loga+b(log xl) + c(log xz) + d(log x3) «e...t+ m(log xn)
(5-3)

' Equation 5-3 is now in a suitable form for analysis by the *STEP pro-
gram. The option' of transforining the input variables before analyzing
~them is available through a subroutine of the *STEP program. The
computer output from the program spéciﬁes thé values of log a, b,

¢, d ..... m. The terms b through m in equation 5-3 become the
exponents in équation 5-2 .- The antilog of ‘log a' from equation 5-3
becomes the 'a' value in equation 5-2. Both a multiplicative and an
adtiitive modei were uéed in developing the proposed reaeration
equations. In these 'énalyses the r'egress.ion line was not forced
through the origin. This is shown by 'tlie'fa'ct‘: that intercept ‘2' has a
finit‘e, n.é'n-zero value.

. Step ‘1 of the stepwise mutiple linear regression analysis enters
the independent variable (xl) which explains the greatest amount of
variahce in the dependent variable (y). Step 2 adds a second indepen-
dent variabie (xz) to the regression model. This process is repeated
until all _of the statistically significant independent variables (x1
through xn) have been added to the regression equation. The test for
statistical significance is based on an F-level test. Variables which
were not significant at the 95 percent level were omitted.

Regression equations were also developed by replicating the

form of selected literature equations and recomputing the coefficients.
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The purpose of this type of analysis was to see how well the factors
‘used in the literature equations would predict reaera.fion when fit to
the actual reaeration data from the study stream,

The temperature (T) and the molecular diffusivity (Dm) were
not included in the regression analysis. Instead, equation 5-4 was
used to correct for temperature in fhe proposed reaeration equations.
Equation 3-8 shows that molecular diffusivity is a function of
tempera.ture.- The effect of molecular diffusivity on reaeration is
accounted for in the temperature correction. The small range in
. temperatures and the large range in reaeration coefficients made an
iridependent analysis of temperé.ture effects impractical. The

temperature correction used in the proposecd equations is:

(T-20) (5-4)

kZ = 1,016 kl

T 20

where kZT is the reaeration coefficient at some temperature 'T’,
kZZ.O is the reaeration cbefficient at a standard ten:ipera.ture of 20° C,
and T is the temperature of the stream in degrees C. This equation
was first recommended by Streeter, Wriéht and Kehr (1936) and
later verified b'y .Metzg.er and Dobbins- (1967) and Metzger (1968).

The proposed reaeration equations are listed in the following
chapter. Théy were tested for their predictive accuracy and pre-

cision by the same techniques applied to the literature equations.
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This provided a standard basis of comparison on which to judge the

relative merits of each reaeration equation.

.Calculation of the Actual Reaeration Coefficient

The actual reaeration coefficient (k, - actual) determined from

2
dissolved oxygen measurements was calculated for each reach of the
stream using equation 2-19.

log D, - log D
k., = (2-19)

The oxygen deficits, D, and D,, were computed in the following

1 2’

manner. The temperature and dissolved oxygen nbncenfré.tion were
measured at the beginning (subscript 1) and the end (subscript 2) of

and Cs,, were

each reach. The saturation values of oxygen, Cs1 2

computed by applying the Churchill formula (equation 2 -5).

Cs =14.652 -0,41022T + O. 0079910T2 - 0. 000077774T3 (2-5)

The Churchill equation was selected after a careful review of the
various formulas for predicting the saturation value of oxygen. The
values obtained by Churchill- are in good agreement with those ob-
tained by several other investigators. Furthermore, the use of these
‘values has been recently endorsed by'the.Committee on Sanitary

.Engineering Research (Isaacs and Gaudy, 1968). Using these values,
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the oxygen deficits were calculated as follows:

D1 = Cs1 - C1 (5-5)
DZ = Cs2 - C2 : (5-6)
where C1 a.n.d'C2 are the measured oxygen concentrations at the be-

ginning and the end of the reach. The travel time through the reach
was Aeterm‘med by dye cloud measurements as discussed in Chapter
NI, The travel time in seconds was converted to days and substituted
for "t" in eqﬁation 2-19, By converting travel time to days, the unit
for the reaeration coefficient becomes 1/days rather than 1/seconds.

This is consistant with the existing literature.

- Data Modification

Some modification of the field data and the calculated reaeration
coefficients was required. In six of the original 122 reaeration calcu-
lations, the reaeration coefficient was negative. This meant that
oxygen was removed rather than added to the stream in these six
reaches. The only significant sink for dissolved oxygen in the stream
was the sodium sulfite reducing agent. The negative reaeration rates
can be explained in two ways. In all six cases, the negative réaera.-
tion rates occurred within the first three reaches immediately below

the injection point.
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Initially, it was assumed that the reaction between the sodium
sulfite and the dissolved oxygen was instantaneous. However, some
small but finite reaction time may have been required to carry the
reaction to completion. If this was the case, the water entering the
reach éould be higher in dissolved oxygen than the water leaving the
reach. This would result in and accounf fér the negative reaeration
rates.

A second explanation was also considered. The oxygen concen-
tration was assumed to be uniform throughout the cross-section of the
stream. It is possible that complete mixing had not occurred in the
reaches just_below the inject_ion point.. Thus, the measufed oxygen
concentration would depend on-the 1':ooé.it'1'<'>n of the sensing probe in the
cross-section. Calculated reaeration rates could be negative if the -
measured oxygen values were not represent#tive of the mean concen-
tration in the cross-section.

The data for these six reaches were not used in the statistical
analysis. There seemed to be reasonable justification for disregard-
ing these data. Justification for eliminating these data _coﬁld be based
on either incomplete mixing or insufficient reaction time.

One further moﬂification of the data was made. In several in-
stances, the calculated reaeration c.oefficient was zero. This meant
that there was no change in the dissolved oxygen content within the

reach. This situation was generally found to occur in the deeper
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reaches where the velocity was quite low. It is probable that some
reaeration did occur, but that it was too small to be measured. To
perform the necessary statistical analyses, a logarithmic transfor-
mation of the variables was required. Since thé logarithm of zero has
no mathematical definition, a calculated reaeration coefficient of
zero could not be transformed. To avoid this problem, the zero re-
aeration coefficients were assignéd a value of 0. 0001 so that the
transformations could be made. This assigned value was several
orders of magnitude less than the next highest reaeration coefficient.

It would have no significant effect on the outcome of the analysis.
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CHAPTER VI
RESULTS

The results of the statistical comparison betwegn l% (actual)
and 5 (predicted) are shown in Tables 6-1 and 6-2. In both tables,
the proposed reaeration equations have been ranked in the order of
their predictive accuracy. The -predictive accuracy and precision in
this discussion refer to the comparison between the predicted» reaera-
tion rates and the actual reaeration rates calculated from measure-
ments on the study stream. As previously discussed, the slope of
thg regreséion line was used as a measure of predictive accuracy.
Those equations. with a slope nearestto-l.0 have been ranked first;
The. prediétix}e precision of the various equations is shown by the
simple correlation coefficient (r). The higher the simple correlation
coefficient, the higher the predictive precision.

The reaeration equation proposed by Owens, Edwards and Gibbs
(1964) comes closer than any of the other literature equations to pre-
dicting the actual reaeration rates measured in the stream. A plot of
kZ (actual) versus 5 (predicted) by this equation appears in Figure
6-1. This figure shows that the equation tends to overpredict reaera-
tion at the lower values and slightly unde.rpredict it at the higher
values. All but one of the equations shown in Table 6-1 tend to under-

predict the reaeration rates found in the mountain stream.
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- Table 6-1. Equations for predicting the reaeration coefficient (kz) proposed by previous investigators.

Slope Simple correlation
Predictive equation (S) coefficient (r)

Owens, Edwards and Gibbs, 1964 (Eq. 6-1):
kzr = 1.02a1T"20 19 g9 O 73 173 1.006 0. 9016
Churchill, Buckingham and Elmore, 1962 (Eg. 6-2):
sz = 1.0241T720 44 55 §0-230 41297 1.168 0. 8002
Owens, Edwards and Gibbs, 1964 (Eq. 6-3):‘
kop = 1.0241T720 g 4y 67 1.8 0.811 0. 8959
Churchill, Buckingham and Elmore, 1962 (Eq. 6-4):
k, = 5.026 0 969 -1.673 | 2.128 0.9303
Churchill, Buckingham and Elmore, l1962 (Eg. 6=5):
kzr = 1.0241(T"20 | 447 1049 y-2.262 -0.823 2.158 0. 9265
Churchill, Buckingham and Elmore, 1962 (Eq. 6-6):
k, = 1.0241{T-20) 5 gz 0969 y1-673 2.379 0.9323
0'zonner and Dobbins, 1958 (Eg. 6-7):
sz = 1016729 40 p0- 5 0 Syt % 2. 810 0. 8046
Churchill, Buckingham and Hlmore, 1962 (Eq. 6-8):
sz = 102 T g, 041 v 361 =2 753 -0.669 2.976 0.9320
O'Conner and Dobbins, 1958 (Eg. 6-9): _
kzr =.1.o16(T'2°) 37, 497 Dm°° 50347066 3.330 0.8343
Thackston, 1966 (Eq. 6-10):
k, = 10.08 {1+[V(gH-)°' 5]°' 5} (ng)°'5 6. 148 0. 8916
Langbein, 1967 (Eg. 6-11):
k, = 3.3 V yl-38 ' : 8. 357 0. 9196
Krenkel and Orlob, 1962 (Eq. 6~12):

(T-20)  og5g g0 408 14~0-660 10. 037 0.9013

k = 1,01
z.r 6
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Underprediction is inaicated by slopes which exceed 1,0,

Table 6-2 presents the reaeration equations proposed for small,
turbulent streams which were developed by stepwise multiple -linea.r
regression analysis. As discussed in the previous chapter, both an
additive and a mﬁltiplicative model were used to de.velop these equa-
tions. - Equations 6-13 thr-ough 6-19 in Table 6-2 would be defined
mathematically as additive models. However the energy dissipation
term which appears in the first four equations is a product of slope,
velocity and gravity. Velocity in furn is a function of slope and
gravity. Therefore equations 6-13 through 6-16 reflect a multiplica-
~ tive process but are'stated in an adi’;t_iy_e form.

Equations 6-13.through 6-18 predicted reaeration rates more
accurately than any of thos.e cited in the literature. The slopes of
these six equations were very close to 1.0 because the regressibn
equé.tion was fitted to the data. Since the slopes did not differ sig-
nificantly, the simple.corr'ela.tion coefficients were used in choosing
the bést predictive equation, The precision of the first four equations
was very good, All had simple correlation céefﬁcients above 0,99,
Equations 6-15 and 6-16 demonstrated the best predictive accuracy

~and precision, Statistically, there is little _difference between these
two equé.tions. Selection of the '""best" equation can therefore be made
on such non-statistical grounds as ease of application.

Each of the first four equations contains the energy dissipation
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Table 6-2. Equations for predicting the reaeration coefficient (kz) developed from multiple linear
regression analysis. '

- Predictive equation

Slope
(S)

Simple correlation
coefficient (r)

Equation 6-13:
k2

T

= 1,016

(T-20)

Equation 6-14:

k

ZT

= 1.016

(T-28)

Equation 6-15:
k = 1,016
21-

(T-20)

Equation 6-16:

. = L. 0167729 (184.6 E - 1789 § + 14.25 W - 9, 085)

‘@ation 6-17:
= 1.0167 20 (8545 H + 4573 S + 1043 V - 804. 1)

ZT'

k

Equation 6-18: )
= 1.0167 2 (7552 5 - 168.7)

k

ZT

Equation 6-19:
= 1.016{T"20 (5616 S + 468.5 V - 364.7)

k

2

Equation 6~20:

k

27

= 1.016(T 720 17,260 S

Equation 6-21:
= 1.0167720 6 928 5 H

k

21.

Equation 6-22:

k

2,1.,

Equation 6~23:

k
2'1‘

= 1.016“'20_) 56.84 E

Equation 6-24:

k
2
T

= 1,016

(T-20)

(152.1 E - 20. 16)

(152.6 E + 48.90 H - 30. 26)

(181.6 E - 1657 S + 20. 87)

1.852

1,152

-2.549 .

= 1. 016('1'-20) 9.623 Sl. 056 V0. 589 _.-2.369

1,483

0. 3451 Eo' e

H

H

=2, 295

1.047

1. 164

0.794

0.9903
0. 9903

0. 9920

0. 9921

0.9514 .
'0.9332
0.9375

0.9838

0.9555
0.9571
0.9841

0. 9560
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term (E). Energy dissipation has beén defined by equation 2-40 and it
states that: E = S V g. Gravitational acceleration (g) is constant
and does not require field measurement. However, cha.nnel slope (S)
and flow velocity (V) must be determined in order to calculate energy
dissipation (E). Therefore, all of the firét four equations require at
least three variables in order to predict reaeration. The third vari-
able i_s stream temperature (T). Equations 6-14 and 6-16 require a
fourth mea.sn.lred va.;ria.ble for predicting reaeration. From a practical
standpoint, the most desireable equation contains the fewest variables,
if this can be done without sacrificing the statistical accuracy and
precision of the lpredictioﬁ... A case in point is equations 6-15 and 6-16.
Both have the same accuracy and precision, yet equation 6-15 requires
one less variable or field fneasurement-. On this basis, equation 6-15
was selected as the best predictive quation.

Figure 6-2 shows a plot of kZ (actual) versus kZ (predicted)
using equation 6-15. The scatter of points about the line is much
more uniform than those in Figure 6-1. There does not appear to be
any tendency to overpredict or underpredict reaeration in any given
region. A graphical solution.to equation 6-15 is presented in Figure
6-3.

Several hydraulic characteristics generally associated with
turbulence and réaera.tion do not appear in the equations proposed for

small turbulent streams. Table 6-3 lists all of the hydraulic
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characteristics used in the stepwise multiple linear regression

analysis. Tﬁe theoretical relationships between these characteristics
and reaeration has been discussed in Chapter IIi. The factors in
Table 6-3 have been listed in the order in which they entered the step-
wise reéression analysis. The factor which expla.ined the greatest
amount of variance in the dependent var.ia.ble (kz) was entered first,
The next factor entered was the one which explained the greatest
amount of the remaining variance.

Table 6-3, Factors used in the stepwise multiple linear regression

analysis, showing order entered and simple correlation
coefficients (r).

Order ' o : Simple correla.tion.
entered Symbol : Factor - -.. -~ .. coeificient (r)
1 Energy dissipation 0.9885
2 S Slope : _ 0.9200
3 W Width | -0.2218
4 Re Reynolds number 0.1207
5 Vi Friction velocity 0.6373
6 Fr - Froude number 0.9186
7 A2 Velocity _ 0.8686
8 f Frictional resistance -0, 0567

‘ coefficient
9 ' n Manning roughness - -0.1196
coefficient :

10 H Depth -0.2391
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Only the first three factors entered were statistically significant.
This means that the addition of any of the other factors would not sig-
nificantly improve thé predictive equation. The amount of unexplained
variance was so small after entering the energy dissipation term (E)
that most of the remaining terms dropped out of the equation. For this
reason, m;Dst of the other factors; from Table 6-3 do not appear in the
predict:we equations listed in Table 6-2 uniess they were forced into
an equation.

The best combination of factors for predicting reaeration is not
necessarily a combination of factors having the highest simple corre-
lation coefficients. Table 6-3 s_h_fpw_s_ that the Froude number (Fr) and
the velocity (V) had the third and fo;zrth highest sirﬁple correlation co-
efficients. However, they were the sixth and seventh factors to enter
the equation., This apparent anomaly can be explained by the close
inter-relafioﬁships among some of the fac.tors. | The velocity (V) is
used in computiﬁg the energy dissipation term (E). Therefore its
effect on reaeration is reflected ip the energy dissipation term. A
similar relationship exists betwelen velocity and the Froude number.
The high correlation between reaeration and the Froude number is
mainly a result of using velocity to calculate the Froude number. The
statistical significance of any factor contajning the velocity term is
greatly reduced after accounting for the influence -of velocity through

the energy dissipation term.
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The sign of the simple correlation coefficient (r) indicates a
direct or inverse relationship between a variable and reaeration.
Theoretically, all of the terms in Table 6-3 except stream depth (H)
should be directly related to reaeration. .wa,ever the width (W), the
frictional resistance coefficient (f) and the Manning roughness coeffi-
cient (n) showed inverse relatiohships. The correlation coefficients
for the latter two terms were too small to be significant. In this case,
the correlation coefficients should be interpreted as showing a lack
of relationship rather than an inverse relationship.

The inversé relationship between width and reaeration was
probably a result of the strong -{;ifl;ﬁ-'ence of slope and velocity on _re-- :
aeration. Velocity increases in response to increases in slope. The
discharge remained constant between one reach and the next. Accord-
ing to the continuity equation (Q = A V) the cross-sectional area of
the stream must decrease if the velocity increases. The cross-
sectional area is generally reduced by proportional decreases in width
and depth. Thus, the reaches with high velocities and high reaeration
rates were characteristically narrower., This accounts for the inverse
relationship between width and reaeration.

The positive and negative signs in equations 6-13 through 6-19
resulted from a statistical fit of the regrels sion line to the data.

These signs should not be interpreted as indicating direct or inverse

relationships between predictive variables and reaeration.
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For comparative purposes, the actual and predicted changes of
dissolved oxygen in the study stream were plotted on the same graphs.
Reaeration data from three different days are shown. These seté of
data were chosen because dissolved oxygen measurements were avail-
able for the entire length of tﬁe study channel. The actual dissolved
oxygen concentrations are shéwn by the soiid lines in Figures 6-4,

6-5 and 6-6. Using the measureci hydraulic characteristics, the re-
aeration rates were predicted in each reach by equation 6-15. These
reaeration rates were then substituted into equation 2-15 to determine
the predicted oxygen deﬁcit at the end of each reach. The predicted
dissolved.oxygén concentrations at the ’end of each reach were obtained |
by subtracting the caiculated’ o#yéeﬁ deficits from the saturation
values.‘ The dashed lines in Figures 6-4, 6-5 and 6-6 represent the
predicted dissolved oxygen concentrations at various points along the
stream.

Figures 6-4 through 6-6 show that in most cases the predicted
changes in dissoived oxygen are quite close to the changes actually
measured. This is demonstrated by the fact that the line joining the
predicted values is nearly parallel to the line joining the actual values. _

Figure 6-5 shows the greatest discrepancy between predicted
and actual values. This discrepancy is largely due to the under-
prediction of reaeration in the three reaches between Stations 4 and 7.

The predicted values from this point on were less than the actual
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values. Figure 6-5 gives the false impression that reaeration was
_underpredicted in all of the remaining reaches. This is not the case.
" The predicted and actual dissolved oxygen changes were quite similar
as shown by the nearly parallel slopes in the downstream reaches.
The divergence of the lines caused by the earlier prediction errors
.decreasés in the last two reaches where the reaeration rates were
slightly overpredicted.

Actual and predicted dissolved oxygen values were quite close
at the last measured point in the stream, This was a result of coinci-
dence and should not be interpreted as a demonstration of predictive
-accuracy over. an.ext_enaed section of stream channel. . However, one
would‘expect. Athat som.e of. these predictive err-ors would tend to be
cdxﬁéensative. Figure 6-3 shows that the scatter of points is evenly
distributed about the regression line. This indicates that thére is an
equal chance of u‘nderpredicting or overpredicting in any single reach.
Figure 6-2 also shows that the scatter of points increases at lower
values. These_points represent the measurements made in the pool
reaches where reaeration rates are characteristically lower. This
scatter can be e#plainéd by the measurement inaccuracies at. low
velocities and shallow slopes. A m.eas.urement error in velocity of
+ 0 0l ft/sec represents a ten percent error when the fneasured
velocity is 0.10 ft/sec but only a one percént error when the measured

velocity is 1. 00 ft/sec. Analogous reasoning can be applied to the



106
measurement of slope.
It can be concluded from these results that equation 6-15
adequately predicts the reaeration rates in this stream. Extrapola-
-tion of these results to other streams with similar hydraulic charac-

teristics will be discussed in the next chapter.
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- CHAPTER VII
DISCUSSION AND CONCLUSIONS

Application of Proposed Equations

Reaeration studies have been performed under many types of

| laboratory and natural conditions. The majority of studies conducted

under natural conditions were in rivers and streams which were much

larger than the one used for this study. One would intuitively expect
reaeration rates in these déeper, slow moving rivers to be lower than
those in a shallow, swift-moving mountain stream. This is indeed the
case. The average réaeratipn rates found in the mountzin stream
were about 100 times greater than those reported in the literature for
larger streams and rivers.

All of the equations proposed in the literature (Table 6-1) except
those of Owens, Edwards and Gibbs (1964) tend to underpredict the
actual reaeration rates found in the mountain stream. .It seems sig-
nificant that the type of stream used by Owens, Edwards and Gibbs
most closely approximated the type of stream used in this s.tudy.

This implies that empirical reaeration equations should not be extra-
polated or extended much beyor;d the range of the expe.rimenta,l data.
With this in mind, equation 6-15 should not be applied to channels

where the slope exceeds 0.4 ft/ft, the velocity exceeds 2.0 ft/sec, or
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the depth exceeds 1. 0 feet.

Equation 6-15 is recommended as the best equation for predict-
ing reaeration in small, turbulent mountain streams. From a statis-
tical standpoint, the éredictive accuracy.and precisiori of this equation
is quite good. From the standpoint of practical application, reaera-

tion can be predicted from three easily measured stream characteris-

tics. Equation 6-15 states: -

k'zT = 1.016!T72% (181.6E - 16575 + 20.87)
(6-15)

1.016!T-20) [181.6 (5 v g) - 16575 + 20.87]

where k‘ZT is the reaeration coefficient (base 10) in units of 1/days,

T is the stream temperature in degrees C, E is the energy dissipa-
tion in ftz/sec3, S is the channel slope in ft/ft, V is the flow velocity
in ft/sec, and g is the gravitational acceleration constant in ft/sec .

The stream temperature (T) can be easily measured with a

thermometer. Temperature is the least sensitive variable in

equation 6-15,
The slope of the stream channel (S) can be determined by

appropriate surveying methods. The slope of the channel can be

measured quite accurately in short sections with a transit or engineer-

ing level. The slope should be measured over a fairly long section of

channel if determined by devices such as a hand level. In this case,
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an average value of slope would be use& in equation 6-15,

The flow velocity (V) should be determined by dye cloud mea-
surements. As discussed in Chapter III, these characteristic veloci-
ties fall between the méan velocity and the maximum velocity of the
reach. Measuring velocity with dye has several advantages. First,
dye cloud measurements require less equipment and time than con-
ventional current meter measurements. Second, the extremely shal-
low and turbulent conditions found in these mountain streams often
makes current meter measurements impractical. Third, small
variations in velocity within a reach are taken into account by the dye
cloud method. Variations of this sort would noi-: be reflected by cur-
rent meter me_aSure.ments unless meéasureients were mzde at numer -
ous points throughout the reach. The velocity can be measured most
accurately by dividing a long stream channel into a number of shorter
reaches. The dye-cloud method of measuring velocities is most
accurate in short reaches where the amount of dispersibn in the dye
cloud is minimized. The mean velocity would be determined by
averaging the individual vglocities measured in the shorter sections.

The assumption has been made that the mountain stream used
in this study typifies the type of stream flowing through many c;f the
forested areas of the Oregon Coast Range. This assumption seems
reasonable. The major criterion used in selecting the study stream

was that it contained a variety of hydrologic conditions typical of those
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observed in other mountain streams. A second ass.umption must be
made when applying the proposed equation. One must assume that the
1.-eaeration process observed in this stream adequately describes the
process occur;-ing in other streams of. similar size. Complete proof
of this assumption woﬁld require detailed reaeration data from other
streams. However, the number of measurements and variety of
hydraulic conditions consi&ered by this study rﬁake extrapolation of
these results to other streams less questionable.

One final point should be made regarding the use of equation
6-15. One of the objectives of this study was to provide an accurate
and convenient method of predic_ting reaeration in small rﬁountain
streams. When applied to a spec;ﬁc. stream, the objective will
probably be to estimate mean reaeration over a relatively long section
of stream channel. This can best be accomplished by subdividing the
stream into a number of hydraulically uniform reaches and predicting

reaeration for each individual reach.

Process Implications

In Chapter III the point was made that empirical studies often
help explain thé reaeration process in that they indicate how various
hydraulic properties influence reaeration. Probably the most sig-
nificant process implication drawn from this study is the relationship

between energy dissipation and stream reaeration.
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Energy dissipation was found to be an excellent indication of re-
aeration. This relationship supports the earlier conclusions drawn
by Krenkel and Orlob (1962) and Dobbins (1964). Many previous in-
vestigators have commented on the c.lose relationship which should
exist between turbulence and reaeration. However there has been
considerable disagreement as to the ‘best method of estimating turbu-
lence in a.stream or river. Krenkel and Orlob (1962) and Dobbins
(1964) argue that turbulence and reaeration can best be predicted and
explained through an energy balance approach. They feel that the
source of energy for the turbulence process is related to and derived
from the _loss in potential energy as the water flows downslope. The

data from this study support this conclusion.

Two additional points should be considered when us ing an
energy balance approach to explain the reaeration process. First,
the loss in potentié.l energy can be calculated for any given stream
reach. However, the amount of potential energy lost is not directly
equivalent to the amount of energy dissipated by turbulence. Some
of the potential energy is expended in overcoming the frictional resis-
tance of the channel bottom. Second, the loss in potential energy may
not equal the amount of energy dissipated by turbulence, even after
accounting for the frictional losses. Some of the potential energy
may be converted to kinetic energy instead of being dissipated by tur-

bulence. This would be the case if the velocity at the end of a
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measured reach were greatei' than the velocity at the beginning of the
reach. The higher velocity at the end of the reach would indicate that
some of the potential energy had been expended to increase the
kinetic energy.‘ Apparently this point was overlooked by Krenkel and
Orlob (1962). Problems of this type would not be encountered in the
flume experiments used by Krenkel and Orlob to develop their reaerar-
tion equation. In the flume studies, the velocity was always uniform
throughout the channel length. However some consideration should
have bee,n given to this question when recommending their flume
equation for predicting reaeration in natural streams.

The literatqre equafions underpredicted reaeration. Most of
these literature equations were deveioi‘igd’ for and based on reaeration
in larger river systems. This implies that the reaeration process in
a large river is not the same as the process in a small turbulent
str_e_am. This is probably the case. However turbulence is probably
the controlling fa.ctor in both situations.

Turbuience facilitates reaeration in two ways. Turbulence may
increase the effective area for oxygen transfer. This occurs through
deformation of the stream surface and by entrainment of air bubbles.,

Air bubbles were present in the plunge pools beneath the two
waterfalls of the study stream. As expected the highest reaeration
rates occurred in theée reaches. The turbulence which existed in the

shallow, swift-moving riffle sections was probably sufficient to
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entrain air bubbles. The reaeration rates in tﬁese reaches were also
q‘uite high. Oxygen transfer from entrained air bubbles would explain_
why the actual reaeration rates were higher than those predicted by
the existing literature.

Most of the previous investigators have specified that their
equations were not intended for predicting reaeratiop under conditions
of a '"heaving surface" (O'Conner and Dobbins, 1958) or "white water!
(Churchill, Elmore and Buckingham, 1962). These terms refer to
extreme states of turbulence where significant quantities of oxygen
could be transferred to the water by entrained air bubbles.

Turbulence also promotes' reaeration through vertical mixing.
This maximizes the probability that oxygen deficient water will contact
the atmosphere. The degree to which turbulent mixing extends
through the bulk of the fluid is depth dependent. This is best appreci-
ated by looking at the influence of depth (H) in Tables 6-1 and 6-2.
The influence of depth on reaeration is significantly different in a
“small turbulent stream than in a large river. All of the literature
equations include depfh as a predictive variéble. Table 6-3 shows .
that in a small turbulent stream depth is one of the least signiﬁcanf
variables., Apparently, depth becomes a significant variable only at
the lower levels of turbulence typicaLly found in deep, slow-moving
rivers. The turbulence encountered in a small mountain stream is

probably so great that it penetrates uniformly through the entire depth
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and thus is not depth dependent. O'Conner and Dobbins (1958) suggest
suéh a relationship by propos;mg two different reaeration formulas,
Eguation 6-7 was to predict reaeration for depths less than five feet.
Equation 6-9 was for streams with depths in excess of five feet.

Table 6-1 shows that equation 6-7 predicted reaeration in the study
stream more accurately than 'did equation 6-9. Thus, the difference
in reaeration between large rivers and small streams is related to the

degree to which turbulence extends through the bulk of the fluid.

. BOD Considerations

The objective of this disgqasion is to demohstréte the combine-ci
effects of biochemical oxygen demand (BOD) and reaeration on the
dissolved oxygen concentration in a typical mountain stream.‘ The
source of the BOD could be organic leachates and decomposing debris
from slash which accumulated in the stream during the logging opera-
tion. For demonst-ration purposes, several simplifying assumptions
have been made. A uniform set of characteristics was assumed for
the stream. A velocity of 0.5 ft/sec and a channel slope of 0. 04 ft/ft
were used. The reaeration coefficient was assumed to be. constant
fhroughout the reach. The value chosen for the reaeration coefficient
‘was 68.2 1/days. This was the mean value of the reaeration rate
calculated for the study stream. A point source of BOD was also

assumed.
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The BOD rate constant (kl) was assigned a value of 0.30 l/dlays.
Research is presently underway to determine the BOD from floating
logs. The value used for the BOD rate constant was based on the
initial results from this study (Atki‘nson and Schaumburg, 1970), A
BOD rate constant has not been determined for fineiy-divided, organic
debris normally found on logged watersheds. The BOD rate constant
for floating logs was considered to be the best available estimate.

One would suspect this estimate to be conservative. The water
temperature. in the stream was assumed to be 15, 1° C. The satura-
tion value at this temperature is 10,00 mg/1. . Three different values
w?re used for the.initial or qltimat:_e ?OD cq;ncez;yr;.;ion (La.); These
were 1,000, 100 and 10 mg/1l. With tﬁese assumptions, equation

2 -12 was used to predict the oxygen deficits at various points along
the stream. The deficits were then subtracted from the saturation
value to obtain th;a predicted dissolved oxygen concentrations. The
results of these calculations are shown in Figure 7-1.

Several significant conclusions can be drawn from the oxygen
sag curves shown in Figure 7-1. First. it demonstrated the tech-
nique to be uéed, in predicting the effects of logging on downstream
oxygen concentrations. When niethods are available to predict tﬁe
initial or ultimate BOD from slash accumulations, this technique will
find appliéation in forest management decisions. Despite the assump-

tions used to derive these curves, the effects of slash accumulation
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can be implied. Figure 7-1 shows that with an initial BOD of 1, 000
mg/1, the minimum oxygen concentration was 5 70 mg/1. McGauhey
(1968) points out that normal domestic sewage has a five-day 20° ¢
BOb of 200 to 250 mg/1.

Compare this information with the observations of Hall and
Lantz (1969). They reported dissolved oxygen concentrations as low
es 0.6 mg/1 from a stream dreining a clearcut watershed. Only a
combination of high water temperatures, low reaeration rates, and
high BOD from slash accumulations could produce such a low dis-
solved oxygen concentration.

Tﬂe loﬁr oxygen concentrations reported by Hall and Lantz
(1969) occurred on Needle Branch. __'_I'hts stream was one of three used
in a study of the effects of logging on aquatic resources. Hypothetical
oXygen sag curves were developed for Needle Branch usmg unpub -
lished data collected by Brown (1969) and Hall and Lantz (1969). These
data show Needle Branch to have a slope of 0.0144 ft/ft, a velocity of
0.05 ft/sec and a stream temperature of 27° C. The saturation value
of oxygen at 27° C is 7.87 mg/l.. Using these stream characteristics
the reaeration coefficient predicted by equation 6-15 was 1,43 l/dey.
A point‘ source of BOD and a BOD rate constant of 0.30 1/day were
assumed. The same techniques used in ealcula.ting the oxygen sag

curves in Figure 7-1 were used to develop the curves shown in Figure

7-2. Figure 7-2 shows the hypothetical oxygen sag curves for Needle
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Branch using assumed initial BOD concentrations of 50, 25, and 10
mg/1.

Comparing Figuies 7-1 and 7-2 emphasizes the importance of
reaeration and stream temperature in maintaining acceptable dis -
solved oxygen levels. In Figure 7-1 high reaeration rates and cool
stream temperatures offset an initial BOD concentration of 1000
mg/l. The minimum dissolved oxygen concentration under these con-
ditions was 5. 70 mg/l1. In Needle Branch, the same minimum dis -
solved oxygen concentration could have resulted from an initial BOD
~of only 25 mg/1. The potential for natural purification was signifi-
cantly less in Needle Branch becaﬁse of the low reaeration rate and
elevated stream temperature. An initial BOD con;ent:'atiop of 52
mg/1 would have produced the 0.6 mg/1 dissolved oxygen value re-
pc;rted for Needle Branch by Hall and Lantz (1969). |

The possibility of BOD affecting the reaeration rates calculated
for the study stream has been considered. If significant amounts of
BOD had been present, the calculated reaeration rates would have
been less than the actual rates. It was assumed that no BOD was
present in the stream. Even though no measurements of BOD were
made, ‘it is unlikely that any significant amount existed. This conclu-
sion was based on the measurements of stream dissolved oxygen be-
fore injecting the reducing agent. These measurements showed that

the initial dissolved oxygen concentrations were at or very close to
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the saturation value. If any BOD had been present, the initial oxygen

concentrations would have been depressed below the saturation value.

Management Recommendations

The purpose of studying reaeration in small mountain streams
is to be able to predict a stream's potential for natural purification.
By knowing the reaeration capabilities of a stream, the effect of
organic loadi_ng on the dissolved oxygen content can be predicted.

This has been demonstrated in the previous section. The management
6bjective is to'p.revent oxygen depletions which would endanger the
anadromous fish population. :I'his can be acéompiished by removing
or diminishiné the sources of organic loading and promoting conditions
favorable to reaeration.

The stream-side buffer strip is one of the most practical
methods of preventing serious oxygen depletions. A buffer strip is an
area of undistrubed vegetation bordering a stream which flows through

a clearcut watershed. This management technique accomplishes

several pgrposés. A buffer strip acts as a trash rack and prevents
large debris from accumulating in the stream channel. Thus, some
of the sources of organic loading are removed or at least diminished.
This also reduces the chances of the streafn becoming choked with
finely-divided organic debris. Large accumulat.ions of organic debris

can reduce the flow velocity and often the surface area of the stream.
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Figure 6-3 shows that reaeration rates decrease as the velocity is
reduced. If the water is forced to seep through accumulations of
finely-divided debris, it may have no direct contact with the air.
Reaeration would certainly be suppressed under such conditions.

Water temperature regulation is another recognized benefit
resulting from buffer strips (Brown, 1969). Riparian vegetation left
to shade the stream prevent the large increases in water temperature
observed on clearcuts without buffer strips. Cooler water tempera-
tures provide a more optimum environment for fish. Lower tempera-
tures also promote higher oxygen con;entrations. | Table E-1 shows
thaf the lower the Wa;er temperature the higher the satu.ration value
of oxygen. Subtracting any given bxygen deficit from an elevated
saturation value yields a higher resulting dissolved oxygen concentra-
tion.

In cases whe1;e no buffer strip is left, some form of channel
clearance is recommended. Removal of the larger slash will reduce
some of the sources of BOD. It will also help prevent the formation
of debris dams. Water see.ping through closely packed debris dams
has little or no potential for reaeration. Furthermore, the rate of
organic leaching would be greatly accelerated under such conditions.
By removing debris which would otherwise impede the flow of water,
higher reaeration rates will result from increases in velocity and

turbulence.
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The effects of. logging on stream dissolved oxygen would be
most severe immediately following logging. Most of the floatable
organic debris would be washed from the watershed by the high winter
flows common in the Oregon Coast i?ange. The effects of debris can
be severe, but in most casés they are temporary. Howevex; in logged .
watersheds where the larger debris has not been removed from the
channel, high winter flows can create massive debris dams. Oxygen
depletions could then be expected below these debris dams the follow -

ing summer.

Suggestions for Further Research

This research has been ;-:l.ir.c-e;:ted towards methods of estimating
reaeration in small mountain streams. Some general watershed
management recommendations have been indicated. Further research
is required to understand and predict the effect of logging on the dis-
solved oxygen content of these mountain streams. Research is pres-
ently underway to determine the biochemical oxygen demand from
various types of logging debris. Initial estimates have already been
made for the BOD rate. constant (k'l). This study provides a method
for estimating the reaeration coefficient (kz). If the initial or ulti-
mate BOD (La) can be predicted, then equation 2-12 can be used to
predict th.e effect of logging on downstream oxygen concentrations.

Figure 7-1 showed a hypothetical solution to equation 2-12 for
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various downstream points using assumed values for the initial BOD.
‘Some method of estimating the amount of debris o.r BOD per foot of
logged stream channel is needed. With this information, the predic-
tive equation could be worked backwards for any given stream. Given
the étream characteristics and the lowest acceptable oxygen concen-
tration, a maximum allowable length could be set for a cutover stream
channel, .

Further evaluation of the proposed reaeration equation (6-15)
is also recommended. Reaeration data from other streams should be
collected to supplement the data points shown in Figure 6-2. Better
definiti;)n of the regression line espécially at the higher values would
lbe helpful. If Suéh studies are cc:;nd\i'c'ted the continued use of the YSI
dissolved oxygen meter is recommended. This technique of measur-
ing dissolved oxygen proved invaluable in this study. A specially
constructed BOD probe is available for tﬁe oxygen meter. A probe
such as this could be used effectively in the previously recommended
BOD research.

Little is néw known about the reaeration process in a natural
stream when entrained air bubbles are present. From an academic
standpoint, this process certainly needs further definition. Howevér, '
the predictive value of such research is questionable. If research of
this sort is to be used as a predictive tool, some method of deter-

mining the size and distribution of entrained air bubbles will have to
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be developed.

An alternative approach to this study should be considered. The
approach used in this research was to study one stream which could
be subdivided into 16 hydraulically- different reaches. An alternative
would be to choose 16 different streams, each of which exhibited a
different hydraulic condition. In either case, the degree of confidence

in extending the results to other streams would be quite similar,
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APPENDIX A

NOTATION -

7

dissolved oxygen concentration
concentration of oxygen at the liquid
interface

saturation value of oxygen

oxygen deficit

initial oxygen deficit

molecular diffusivity
mathematical constant

energy dissipation

frictional resistance coefficient
Froude number

gravitational acceleration constant
stream depth

total head

BOD rate constant (base e) .
reaeration coefficient (base e)
mass transfer coefficient through gas
film

mass transfer coefficient through liquid
film

orifice correction

BOD .rate constant (base 10)
reaeration coefficient (base 10)
BOD concentration :

initial BOD concentration

liquid film thickness

solution normality

Manning roughness coefficient
barometric pressure
concentration of oxygen in main
body of gas

concentration of oxygen at the gas
interface

oxygen from photosynthesis
pressure of saturated water vapor
discharge

hydraulic radius _

multiple correlation coefficient
Reynolds number |
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2
ft or cm
rng/l
mg/l

mg/1
mg/1
mg/1
ft*/sec
none
ft% /sec
none
none
ft/sec
ft -

ft

3

- 1/day-

1/day
none

none

none
1/day
1/day
mg/1
rng/l

- ft

equiv/mole
none
mm of Hg

mg/l
rng/l

mg

mm of Hg
ft3/sec

ft

none
none



N - nH N
§€§§< .(;].H s «

T £

o n U‘fnl

oxygen used for plant respiration
simple correlation coefficient
surface renewal rate

channel slope

temperature

absorption time

time

velocity

friction velocity

volume of liquid undergoing reaeration
stream width

weight of solute gas

elevation head

specific weight
kinematic viscosity
mathematical constant

empirical coefficients or

constants
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mg
none
sec
ft/ft
°cC
sec
sec or day
ft/sec
ft/sec
ft3

ft

lbs

ft

1bs/ft>

ft2 /sec
none

none
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APPENDIX B

DERIVATION OF THE OXYGEN DEFICIT EQUATION
(EQUATION 2-12)

db. _ k. L | (1)

Given: e 8!
dD . -
% = K1 L - K2 D | (2)
Solving (1) for L:
dL
T = -K1 dt (3)
L t |
o
La 0 '
In (4), La = Latt = 0 - -
L .
dL L
S‘ T = lnL—lnLa-lnL—; (5)
La .
t
g dt = t . (6)
0
Substituting (5) and (6) into (4):
L _
in Ta = ° Kl t (7)
Exponentiating both sides:
in L -K.t

e La = e 1 (8)
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L | '
iz = ¢ (9)
-Klt

L = La e : . (1 0)

—Klt ‘

Substituting La e for L in (2):
. -K.t '
dD I |

Equation (11) may be solved for D by using a general solution present-
ed in Differential Equations by Agnew (1960) on page 71.

dy ek |
o tmy =e (12)

The solution to (12) is:

e + C e A (13)

By algebraic manipulation, (11) can be arranged in the form of (12)
as: '

d D D -K.t
K. La 2 K,.La = e (14)

D = 1 e.Klt + C e-K‘Zt (15)
KlLa -Kl+K2
o _ K1 La —Klt . o -Kzt 16)
Y T KK, ¢ ¢
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In (15) and (16), C and C' are arbitrary constants and C' = C KlLa_
Since K, and La are constants, they can be included in the arbitrary
constant C'. This can be done without affecting the ultimate solution.
The value of C' can be determined by solving (16) for C' att = 0:

K1 La o o
Da = ﬁ— e + C'e
2 _ 1
K1 La )
_ Tt C' (17)
= KZ-KI N
K1 La
C' = Da - — (18)
KZ-KI

In (18), Da is the oxygen deficit at t equal to 0. Substituting the value
of C from (18) into (16) yields:

| K. La Kt Da - K, La] K2t
D = 1 e ' 1 e

K>-K, KX
K La Bt Kt Lk La Kt

_ ) e + Dae )
KK, K,
K, La [ Kt _ -KZtJ - -K,t

= e e (19)
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APPENDIX C

DERIVATION OF SODIUM SULFITE CONCENTRATION EQUATION
The basic chemical balance for the sulfite-oxygen reaction is:

ZNaZSO3 + 02—> ZNaZSO4

(2 moles) + (1 mole)—» (2 moles)

The equivalent weight of NaZSO3 per mole of O2 is then:

2 (mole weight NaZSO3)
equivalent weight §f NaZSQ3 = mole weight O

2

252 gm Na,SO,
= = 7.86 gm Na

32 gm O2

,50;/gm O,

To reduce the oxygen concentration in the stream to a given
level below saturation (D), an equivalent amount of sulfite must be
added at a rate proportional to the amount of oxygen in the water and

the flow rate of the stream. The term D is defined as:

D = oxygen deficit below saturation value

= saturation value (mg/l) - desired minimum dissolved oxy-
gen concentration (mg/1)

Beginning with a mass balance equation, an equation can be de-

rived to calculate the required concentration of sodium sulfite reducing
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agent.

amount NaZSO injected = amount O_ reduced (D) x eqﬁivalent

3 2

wt. NaZSO or:

3
. Lgms 1000 mg injection  mls,. liter
conc. of Na,50; §iom)x — = x "lite ‘min’ * T000 mis
g £t 60 sec 28,3 liters 7.86 gm NaZSO3
( ) x flow (——2 x —— x : x
se min . ft3 gm OZ

Cancelling terms and rewriting:

: - . (BmS, _
required concentration of NaZSO3 (1iter)

4 R
1.335 x 10) x D mg, x flow (cfs)
( 1te1')

mls
min

)

injection rate (
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APPENDIX D

The Bernoulli equation can be used to prove constant injection
ra.i:e. The injection rate depends only on the elevation head and the
orifice characteristics, and not on the level of the liquid in the con-
tainer, Consider the basic Bernoulli equation as presented by

) Albertson, Barton and Simons (1960):

total head (Ht) = pressure head + velocity head + elevation head

2
£ + y_ + z (1)
Y g

T : =
o H ¢

Where .Ht is the total head in lbs/sq ft, P is the pressure in
lbs/sq ft, Yy is the specific weight in lbs/cu ft, V is the velocity in
ft/sec, g is the acceleration due to gravity in ft/secz, and z is the
elevation in feet, |

The Bernoulli equation can in the following form because the

energy or total head must be the same at all points in the system:

H, (Point 1) = H (Point 2) (2)
2 2
PL e Yy + z Po v+ V2 4+, (3)
or 1 = 2
Y 2g Y 2g

PI/Y and PZ/Y are equal and drop out of the equation because atmos-

pheric pressure operates at both Point 1 and Point 2, There is no
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velocity head at Point 1, so Vlz/Zg is zero.. Since z, is the eleva-

2

tion head datum, it also is zero.

Collecting terms and rewriting, the equation becomes:

v 2
2
2y T Z2g (4)
or Vz = N2g z, (5)

The discharge from the orifice can be specified by applying the con-

tinuity equation (Q = A - V) and an orifice correction (K):
(.'2=K0.A'V=K0A'\/2g'zl ‘ (6)

where A is the cross-sectional area of the orifice in sq ft. The
pressure head (or the level of the liquid inside the container) hﬁ.s no
effect on the discharge from the orifice since the discharge (Q) is
dependent only on the characteristics of the orifice and the elevation

head (zl).
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Table E-1. Saturation values of dissolved oxygen in pure water at
760 mm Hg pressure.

Temperature Truesda.le1 Churchill2 Standard Methods3
(Deg. C) (mg/1) ~ (mg/1) (mg/1)
0 14.16 14,65 14.6
1 13.77 . 14. 25 14. 2
2 13.40 13.86 13,8
3 13,05 13.49 13.5
4 12,70 13,13 ‘ 13.1
5 12.37 12.79 12.8
6 12.06 12. 46 12.5
7 11.76 12.14 12.5
8 11.47 11.84 11.9
9 11.19 11.55 11.6
10 10.92 : 11.27 11.3
11 - 10,67 - 11.00 11,1
12 10.43 . - 10,75 10.8
13 10,20 -« - 10. 50 10. 6
14 9.98 10.26 10.4
15 9.76 10,03 10.2
16 9.56 9,82 10.0
17 9,37 9. 61 9.7
18 9.18 - 9. 40 9.5
19 9.01 9,21 9.4
20 8.84 9.02 9.2
21 8.68 8. 84 9.0
22 8.53 8.67 8.8
23 8. 38 8.50 8.7
24 8.25 8.33 8.5
25 77F 8.11 . 8,18 8.4
26 7.99 8. 02 8.2
27 7.86 7.87 8.1
28 7.75 7.72 7.9
29 7.64 7.58 7.8
30 7.53 7.44 7.6
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